












through September with the highest in June (12.4 h) 
and this corresponds to wet and warm season. How
ever, the difference is not significant and the annual 
average daylight hour is 12.00.

3.2. Clearness index

The clearness index (Kt) is a measure of atmospheric 
clarity, calculated as the ratio of actual global solar 
radiation to extraterrestrial radiation at the top of the 
atmosphere [18]. It varies between 0 (completely 
overcast skies) and 1 (perfectly clear skies). The 
monthly clearness index values, situated at a latitude 
of 7.8◦, highlight significant seasonal variations influ
enced by the region's tropical climate.

In this study, the clearness index is highest during 
the dry season, with values peaking in November 
(0.5316) and December (0.5227). These months mark 
the end of the rainy season and the onset of the 
harmattan, characterized by minimal cloud cover and 
clear skies. The values for January (0.4675) and 
February (0.4729), while slightly lower, still indicate 
favorable solar conditions. The reduction in these 
months could be attributed to harmattan dust, which 
scatters solar radiation and reduces clarity slightly. 
Overall, this period provides the best conditions for 
solar energy generation, dominated by beam radiation 
with minimal atmospheric interference [19].

As Kogi State transitions from the dry season to the 
rainy season, the clearness index gradually declines. 
The value in March (0.4529) signifies increased at
mospheric moisture and cloud cover. The trend con
tinues in April (0.4213) and May (0.4191), with cloud 
cover becoming more persistent. By June (0.4036), the 
clearness index approaches the threshold for cloudy 
conditions. This gradual decline signifies a transition 

from dominance of beam radiation to a greater 
dependence on diffuse radiation, as clouds begin to 
scatter and reflect incoming solar radiation [20]. The 
clearness index reaches its lowest values in July 
(0.3668) and August (0.3278), reflecting the peak of 
the rainy season. During this period, thick cloud cover 
and frequent rainfall significantly reduce atmospheric 
clarity. Beam radiation is minimal, and solar energy is 
almost entirely dependent on diffuse radiation. The 
dominance of diffuse radiation poses challenges for 
photovoltaic systems, requiring careful consideration 
of system design, such as steeper tilt angles to capture 
scattered light. The clearness index begins to recover 
in September (0.3787) and continues improving in 
October (0.4443). These months mark the gradual 
retreat of the rainy season, with decreasing cloud 
cover and increasing solar radiation. The improving 
clearness index reflects a transition back to favorable 
conditions for solar energy generation. By October, the 
beam radiation component becomes more prominent, 
signaling the approach of the dry season.

The clearness index results for Kogi State reveal a 
clear seasonal cycle as shown in Fig. 4. During the dry 
season, with high clearness index values, photovoltaic 
systems can rely on beam radiation, which is more 
effectively captured with moderate tilt angles (e.g., 
7.8◦, corresponding to latitude). In the rainy season, 
however, the dominance of diffuse radiation requires 
design adaptations, such as steeper tilt angles to 
maximize energy capture. Adjustable systems could 
enhance efficiency by accommodating seasonal varia
tions, but for simplicity and cost-effectiveness, fixed 
systems can be optimized for the dry season, which 
offers the best energy generation potential.

The sunset hour angle (u s) is an important factor in 
solar energy studies, as it determines the length of 
daylight hours and influences the amount of solar en
ergy received at a specific location [21]. It represents 
the angular distance of the sun from the meridian at 
sunset and is calculated based on the latitude of the 
location and the solar declination angle for the day. For 
Kogi State, Nigeria, which lies at a latitude of approx
imately 7.8◦, the results reveal a clear seasonal pattern 
in the sunset hour angle, ranging from 86.66◦ in 
December to 93.35◦ in June.

During the dry season, which spans from November 
to February, the sunset hour angle starts at 86.66◦ in 
December and gradually increases to 88.19◦ in 
February. This period is marked by shorter daylight 
hours as the sun moves farther south. Although the 
days are brief, the skies are typically clear, which en
hances solar energy generation. These shorter days 
often bring cooler temperatures and minimal cloud 
cover, making the dry season an ideal time for solar 
power systems. As the region transitions into the wet 

Fig. 3. Monthly average daylight hours.
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season, the sunset hour angle steadily increases, 
starting from 89.67◦ in March and reaching 92.67◦ in 
May. The longer daylight hours during this period are a 
result of the sun's apparent movement northward. 
However, as the wet season begins, the presence of 
increased atmospheric moisture and cloud cover re
duces the clarity of the skies, slightly impacting the 
efficiency of solar energy capture. The peak of the wet 
season, which occurs from June to August, coincides 
with the maximum sunset hour angle of 93.35◦ in June. 
This period has the longest daylight hours of the year, 
but the frequent cloud cover and heavy rainfall 
significantly limit the amount of direct solar radiation 
that can be harnessed. Although July and August 
maintain relatively high sunset hour angles of 93.04◦

and 91.88◦, respectively, the dominance of diffuse ra
diation during these months presents challenges for 
solar energy systems, which need to be designed to 
capture scattered sunlight effectively [22].

As the rainy season begins to retreat, the sunset 
hour angle gradually decreases from 90.30◦ in 
September to 87.31◦ in November. This transition 
marks the return of shorter daylight hours as the sun 
moves southward. By this time, the atmospheric con
ditions also improve, with reduced cloud cover and 
clearer skies, making the later months of the year ideal 
for solar energy generation. The result of sunset hour 
angle is presented in Fig. 5. The combination of clear 
skies and moderate daylight duration during this 
period creates optimal conditions for photovoltaic 
systems. The findings on the sunset hour angle for 

Kogi State highlight the seasonal variations in daylight 
duration. While longer daylight hours in June provide 
extended opportunities for solar energy capture, the 
effectiveness of photovoltaic systems also depends on 
atmospheric clarity. Designing solar systems for this 
region requires a balance between capturing the 
maximum sunlight during the wet season and opti
mizing performance during the dry season when con
ditions are more favorable. This emphasizes the 
importance of incorporating seasonal adjustments, 
such as tilt angle modifications, to ensure consistent 
energy generation throughout the year [23].

3.3. Prediction of solar radiation at horizontal surface

The solar radiation modeling utilized ExMod and 
MatMod, with NiMET's global horizontal surface radi
ation data as inputs. Both models had similar perfor
mances, as evidenced by the MATLAB and Excel 
outputs.

The agreement between MATLAB and Excel outputs 
validates the correctness of both modeling tools. The 
very good agreement between them further un
derscores the robustness of the computational 
approach. Fig. 6 presents the MatMod Beam and 
Diffuse Radiation tilt at Horizontal surface. The models 
well reconstructed missing solar radiation data and 
provided accurate predictions for beam and diffuse 
radiation.

The 0◦ tilt angle, or flat orientation, achieved the 
lowest total efficiency for every month. While it 

Fig. 4. Result of clearness index.
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absorbed moderate levels of beam radiation over the 
dry period, its lack of adjustment for the sun's chang
ing altitude by the year saw it lose astronomical 
amounts of energy. The planar orientation proved 
particularly inefficient throughout the wet season, 
where diffuse and beam levels of radiation both fell 
below their respective levels when absorbed by tilting 
panels. This reinforces optimal tilt angles being 
necessary to take full advantage of solar energy yields. 
The ExMod Beam and Diffuse Radiation tilt at Hori
zontal surface is presented in Fig. 7.

3.4. Effect of tilt angles on solar radiation

During the dry season months, from November to 
March, beam radiation, which is the direct component 
of solar radiation, showed higher values due to clearer 
atmospheric conditions. In contrast, a declining trend 
was observed during the wet season, from April to 
October, as increased cloud cover reduced the amount 
of solar radiation, as illustrated in Fig. 8. The average 
beam radiation in the year was found to be 52.88% 
and the month with higher beam radiation was found 

Fig. 6. MatMod beam and diffuse radiation tilt at horizontal surface.

Fig. 5. Result of sunset hour angle.
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to be at the month of November. In order hand, diffuse 
radiation was much higher in the wet season, because 
of cloud and atmospheric particle scattering effects. 
This inverse correlation between beam and diffuse 
radiation indicates seasonal variation in solar energy 
potential in Kogi State. The yearly average of diffuse 
radiation was found to be 47.12%. Tilt angle of a 
photovoltaic (PV) system is a significant parameter 
which decides the intensity of solar radiation received. 
Tilt angles studied in this research were 0◦, 7.8◦, 22.8◦, 
37.8◦, and 52.8◦. The performance of every tilt angle 
was taken for different months depending on beam 

radiation, diffuse radiation, and total global radiation 
[24]. It has been seen from the results that tilt angle 
plays a dominant role in receiving solar radiation and 
is seasonal-dependent, particularly for the climatic 
condition of Kogi State.

The 7.8◦ tilt angle, which corresponds to the latitude 
of Kogi State, registered the maximum amount of total 
solar radiation throughout the year. The angle places 
the solar panels near right angles to the sun's rays, 
thus guaranteeing maximum radiation absorption. 
During the dry and wet seasons, the 7.8◦ tilt had a 
good balanced performance for beam and diffuse 

Fig. 7. ExMod beam and diffuse radiation tilt at horizontal surface.

Fig. 8. Beam and diffuse radiation at latitude of 7.8 ◦ .
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radiation. This renders it the optimum choice for sys
tems applied to year-round energy production. Uni
formity in its performance means that an optimum tilt 
at 7.8◦ can minimize system complexity without 
compromising optimal energy production [25].

The 22.8◦ and 37.8◦ tilt angles had better perfor
mance during the dry season, particularly between 
November and March when the sun was at lower an
gles. During this time, beam radiation prevailed, 
since clear skies permitted free sunlight. Such angles 
effectively collected direct radiation and were thus 
well-suited for use in high energy output applications 
during the dry season [26]. During the wet season, 

their effectiveness decreased because they struggled to 
collect diffuse radiation. This trade-off indicates that 
such tilt angles are better suited for systems priori
tizing energy optimization in dry seasons. Fig. 9 pre
sents the ExMod Beam and Diffuse Radiation at 22.8◦

and while Fig. 10 presents at 37.8◦ tilt angles.
The 52.8◦ tilt angle performed better in the wet sea

son (April to October) with an increase in more diffuse 
radiation when compared to the lower tilt angles. Cloud 
cover during the wet season scatters sunlight, which 
decreases beam radiation but increases diffuse radia
tion. Oblique sunlight impacts were less during the wet 
season because the elevated angle had increased 

Fig. 9. ExMod Beam and diffuse radiation at 22.8◦ tilt angle.

Fig. 10. ExMod Beam and diffuse radiation at 37.8◦ tilt angle.
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scattered rays received. But the 52.8◦ tilt angle per
formed poorly during the dry season when there was 
prevailing direct sunlight. Fig. 11 presents the ExMod 
Beam and Diffuse Radiation at 52.8◦ and while Fig. 12
presents the MatMod tilt angles. This result suggests 
that high tilt angles may be optimally suited for systems 
that operate in diffused light conditions, such as during 
periods of extended cloud cover or in latitudes north of 
where this study took place [27].

The study established a clear seasonal variation in 
beam and diffuse radiation. During the dry season, 
beam radiation was significantly higher due to clear 
weather conditions, accounting for most of the total 
global radiation. In contrast, diffuse radiation was 
minimal during this period. However, the situation 
reversed in the wet season, as beam radiation 
decreased with increased cloud cover, making diffuse 
radiation the dominant component. The 7.8◦ tilt angle 
provided a uniform capture of beam and diffuse radi
ation throughout the year, whereas steeper angles like 
52.8◦ were better at capturing diffuse radiation in the 
wet season.

The varying solar irradiation seasonally reflects the 
requirement for tilt maximization [28]. Employing 
adjustable tilt systems would serve to tilt the PV 
panels relative to the migrating position of the sun. For 
low-cost and low-maintenance systems, a fixed tilt 
angle of 7.8◦ is recommended since it offers high 
performance during all seasons. The analysis of tilt 
angles has significant implications for the design of 
photovoltaic systems. With the application of appro
priate tilt angles based on seasonal priorities, system 
efficiency can be significantly enhanced. Fixed-angle 
systems at 7.8◦ offer simplicity and reliability for 
general applications. Conversely, adaptive systems 
may further optimize performance by reacting to 
seasonal change, albeit at higher complexity and cost. 
These outcomes are necessary to achieve the best solar 
energy systems in terms of highest energy output and 
least installation and maintenance cost [29,30].

4. Conclusion

The study focused on addressing the missing solar 
radiation data for Kogi State to enhance photovoltaic 
system performance. By using ExMod and MatMod 
models with global radiation data from NiMET, it 
analyzed beam and diffuse radiation components, 
daylight hours, clearness index, and the impact of tilt 
angles. The findings provided valuable insights for 
optimizing photovoltaic systems in the region, 
ensuring reliable and efficient energy generation. The 
results showed stable monthly average daylight hours 
ranging between 11 and 12.4 h, indicating predictable 
energy generation throughout the year. The clearness 
index analysis revealed higher values during the dry 
season, reflecting optimal solar conditions, and lower 
values during the wet season due to atmospheric 
conditions. This seasonal variation underscores the 
importance of considering weather patterns in photo
voltaic system design. Furthermore, the study identi
fied the optimal fixed tilt angle for Kogi State tropical 
savanna region as 7.8◦, aligning with its latitude, which 
balanced beam and diffuse radiation for year-round 
performance. Alternative angles such as 22.8◦ and 
37.8◦ performed better during the dry season, while 
the steeper 52.8◦ angle captured more diffuse radia
tion in the wet season. These findings emphasize the 
importance of tilt angle optimization, recommending 
fixed or adjustable systems based on application needs 
and budget constraints.

The current challenges are not limited to the vari
ability of local weather patterns, particularly during 
the transitional months between seasons, making it 
challenging to achieve consistent model validation. 
Advanced solar monitoring equipment is essential. 
Additionally, field validation of the optimized tilt 

Fig. 11. ExMod Beam and diffuse radiation at 52.8◦ tilt angle.

Fig. 12. MatMod Beam and diffuse radiation at 52.8◦ tilt angle.
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angles may be limited by restricted access to physical 
PV installations for experimental verification. Future 
research should prioritize long-term experimental 
validation of the proposed tilt angles using installed 
PV systems equipped with real-time monitoring 
sensors. Incorporating machine learning algorithms 
and satellite-based solar data could further enhance 
predictive accuracy and automate seasonal adjust
ment modeling.
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