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Abstract

In field practice, panels for solar photovoltaic (PV) installations in Kenya, which lies astride the equator,
are tilted at angles between 150 and 200. This generally goes against the principle of tilting the panel
at an angle equal to the latitude of the installation. Effects of non-optimized tilting generally include
losses arising from cosine effects, increased installation costs due to the higher tilt angles and bolting
to prevent wind load damage. However, the singular most important challenge is reduced power
output, which creates the need for additional panels to achieve optimal power. This study
demonstrated by use of field studies employing such tools as adjustable mounting clamps that lower
tilt angles provide better power outputs and lowered cosine effects. Use of tilt angles greater than 00
but less than 80 result in an increase of power output by +0.6%. The aspect of seasonality (long and
short rains, long and short dry seasons) is captured by the azimuth investigations, since seasons can
be directly linked to the sun’s horizon irradiance. The sun, on the other hand, is directly overhead
during the Spring (20th March) and Fall (22nd September) equinoxes, while for the rest of the year, it
is at an azimuth of 0°to 360°. The study demonstrated the need for lower tilt angles for solar PV and
solar thermal installations. The study established that for Wajir Town, which lies at a latitude of about
20, the maximum tilt angle should match the latitude angle for maximum productivity.
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1.0 Introduction

At the top of the earth’s atmosphere, the average solar irradiance (extraterrestrial radiation) is
estimated at 1,366 W/m? (solar constant). As the irradiance traverses the atmosphere, it is
attenuated mainly by clouds, generating a maximum of 1,000 W/m? as it reaches earth’s surface.
At and around the equator, solar irradiance strikes the earth at or almost at 90°. Towards the
Antarctica or Arctic region, the irradiance reaches the surface at an increased tilt angle. Further to
this, the solar irradiance is distributed over a smaller area at the equator due to minimal earth
curvature, but in polar regions, it is distributed over larger area. This results in higher solar
irradiance in equatorial than other regions of the world. However, the higher solar irradiance is
ameliorated by presence of clouds, resulting in comparatively less insolation at the equatorial
regions (5° N to 5° South) than the tropics (23°N to 23°S), but still higher when compared to the
mid-latitude regions. Thus, the equatorial region is a sub-set of the tropical regions — which is
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bounded by two latitudes - the Tropic of Cancer (23° North) and Tropic of Capricorn (23° South).
Consequently, sites at or near the equator are considered to have the highest solar energy
potential, but this has historically not been the case due to factors such as cloud cover, latitude,
aerosols, shading and elevation. Thus, disregarding weather conditions, the main factors affecting
solar PV output can be restricted to three, namely, azimuth of PV panel, tilt angle, and, module
temperature during operation. Of these factors, the tilt angle plays the greatest role in determining
performance of the solar PV, since maximum output generation is achieved when the sun’s rays
are directly perpendicular to the panel. The tilt is dependent on such factors as site location and
time of the day. In Kenya, it has been established that most solar PV installation firms do solar PV
installations at 15%-20° in equatorial counties like Wajir, Garissa, Mandera, Isiolo, Meru, Kisumu and
Mombasa.

Despite multiplicity of studies on PV solar installation, no research has looked into the impact of tilt
on the solar PV output for equatorial regions in the Eastern Africa region. It is against this
background that this study explored the impact of tilt variations from 1°to 20° on the solar PV
output in Wajir.

Soulayman &Sabbagh (2015) provided an algorithm for determination of the optimum tilt angle for
any solar PV at any altitude on any day or period of the year, with azimuth angle between 0° and
809, as long as the panel is south-facing. This augmented a study by Nijegorodov, Devan, Jain &
Carlsson (1994) that determined the optimum tilt angle for any location between 60° South and
60° North. As the irradiance input, the Hay, Davies, Klucher, and Reindl (HDKR) anisotropic sky
model was generally used to determine the available hourly solar radiation on inclined surface using
the location metrological data (Chikere, Al-Kayiem & Karim, 2013).

The Reindl model (Kalogirou, 2023) holds that;

Ge = (Gp + GpMIRy + Gp(1 — 4)[== 2] [1 + /G:TEGD sin3 (f)] + (65 + Gp)p [ (1)

Due to the additional term, the Reindl model provides slightly higher diffuse irradiance than the
Hay-Davies model. The model accounts for isotropic diffuse, circumsolar radiation and horizontal
brightening. Unlike the Reindly model, the Hay-Davies model (Nwokolo et al (2023) does not have
the following term;

Gg 5 (B
1+ jGB +g, ™ (E)
1—-cos (B)

In addition, this term [T] is put in a positive sum as [—HCOS (ﬁ)]

2

Armed with the G;an optimal annual tilt angle can be determined. A study by Chikere, Al-Kayiem,
& Karim (2013) established that the optimum annual tilt angle for the location using the tilt to
horizontal radiation ratio was equal to the location latitude angle. Studies by Kalogirou (2023) and
Nwokolo (2023) pointed out influence of rain or dust as major influences for higher tilt angles than
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just the latitude at which the solar PV panel was located. The work was mainly undertaken by use
of equations and MATLAB simulations as well as literature review, and arrived at the conclusion
that optimum tilt for South-facing panel is 15° during dry seasons (April to August), 18° during rainy
season (Sept to March), while in dust situations, the annual tilt based on literature was established
to be 15° facing south.

From the foregoing, it is notable that the studies have mainly been based on equations and
literature review. In summary, the optimal panel tilt angle S,,;) can be obtained by equation (2);

.Bopt =L-96 (2)
where L — Latitude and & — Solar declination

By definition, & is the angle between the equator and a line drawn from the centre of the earth
to the centre of the sun. It can be determined by equation (3);

8§ = —23.45% x cos (% x (d+ 10)) (3)
T . 284+d
6 = 2345 % 5o ¥ Sin [27r (365.25)] (4)

Equation (3) can be reformulated using Cooper’s equation (Duffie, Beckman & Blair, 2020) to obtain
Equation (4), in which d is the day of the year, January 1 being considered as d = 1. Upon
determination of &, equation (1) can be resolved to provide the optimal tilt angle as provided in

Table 1: Daily optimum panel tile angle for equatorial and tropical regions
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8(°) O Date  Latitude L in degrees (°)

0 5 -5 10 -10

23.0 1/1 33.7 38.1 29.3 42.5 25
21.2 15/1 314 35.8 27 40.3 22.5
17.5 1/2 26.6 30.9 21.7 355 17.1
13.2 15/2 20.2 25 155 29.8 10.7

8.2 1/3 12.8 17.7 7.9 22.8 0
2.7 15/3 43 9.3 -0.7 14.2 -5.7
-4.1 1/4 -6.4 0 -11.4 35 -16.4
-9.5 15/4 -14.7 -9.9 -19.6 0 -24.5
-15.0 1/5 -22.8 -18.1 -27.5 -13.4 -322

-18.8 15/5 -28.2 -23.7 -32.8 -19.2 373
-22.1 1/6 -32.5 -28.1 -36.9 -23.7 414
-23.3 15/6 -34.1 -29.8 -38.5 -255 429
-23.1 1/7 -33.8 -29.5 -38.2 -25.1 42,6
-21.5 15/7 -31.7 -27.3 -36.2 -229 406

-17.9 1/8 268  -223 314  -17.7  -36.0
-13.7 15/8  -21.0  -162  -257  -11.5 -30.4
7.9 1/9 -11.9 -7.0 -16.8 0 917
2.2 15/9 33 1.7 -8.3 6.7  -133
43 1/10 6.8 11.7 0 167 32

9.6 15/10 15.2 19.9 10.2 247 0

15.4 1/11 23.5 28.1 18.8 32.8 14.1
19.2 15/11 28.7 33.2 24.2 37.8 19:7
221 1/12 32.6 37.0 28.2 41.4 23.8
233 15/12 341 38.5 29.8 429 255

Source Agrawal and Tiwari (2011)

From, Kenya, which lies between 5° North and 5° South, should have significantly high tilt angles
(greater than 5° North or South), except in March and September when they fall around +2°, this
being due to the equinoxes. The implications of these studies are that:

(i) Use of Equation (2) for determination of the optimum tilt may not be the optimal approach in
determination solar PV tilt angle for lower latitudes (less than 5° North to 5° South).

(ii) Generally, the closer the tilt of a solar PV panel to its latitude, the more effective it will be in
generating power. Accumulation of dust is thus not a prudent reason to warrant a higher tilt angle
than the latitude. In addition, high tilt angle enhances the cosine effect, reducing the panel power
production.

(iii) The studies are mostly based on empirical models and literature review. There is therefore need
for use of practical data to ascertain the optimal tilt angle. Most previous studies are focused on
rooftop solar PV systems. For instance, a study conducted by Agrawal & Tiwari (2011) was based
on non-integrated and integrated rooftop panels, while Elhassan (2011) experimented with
building-integrated photovoltaic designs using four PV modules were inclined to the East, North,
West and South. The study showed that optimum power was obtained when the panel was tilted
at an angle equal to the latitude of its location. Theoretical analysis Ekoe (2022) based on the
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parabolic path of the sun is conducted through Equation (4)
I,(B) = 1.12058° — 20.1618* + 126.2353% — 396.578% + 915.64F +913.95 (5)

Based on the foregoing equation, the theoretical monthly electrical output was determined for
various latitudes (Fig 1)
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Fig 1: Monthly electrical output for various tilt angle.

Boji¢ et al. (2012) determined the optimum tilt angles at which electrical energy generation was
maximum for PV systems located in four towns in Reunion Island, France, using the Hooke Jeeves
algorithm. The discrepancy between latitude and optimum tilt angles shows the need for physically
determining optimum tilt angles for every location. The figure demonstrates that at Latitude 0°, the
energy is as high as 200 kWh. This underlines the need for physical understanding of relationship
between optimum tilt angle and the latitude of the site. The knowledge leads to an increase in the
power output of the panel due to minimization of the cosine effect. Thus, the formula(s) requires
a review because disproportionately high tilts work for lower latitudes. Consequently, this study
aimed at investigating the physical relationship between the tilt angle and the power output —and
in turn the optimal tilt angle for lower latitudes (below 5°) in Kenya.

2.0 Materials and Methods

2.1 Experimentation and field work

This was done by installing solar radiation measurement equipment at desired locations in Wajir
over an extended period to determine the solar energy potential and record the solar energy yields
from fixed and varied tilts. The experimental data was analyzed and compared with historical data
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from PVsyst, a solar simulation software that is available online. The output power corresponding
to the various tilts was analyzed and compared with the current practice in Kenya where panels are
installed at tilts of 15%-20°.

Table 2: Materials required

Tool Function

Pyranometer Tomeasure the amount of solar radiation falling on a horizontal surface in wattsi.e. The
amount of energy received each second per m2.

variable tilt board This will be used to act to hold the solar panel and tilt it incrementally

Inclinometer To measures the tilt angle of the panel in degrees

Figure 3-1 shows the experimental set-up that was used to collect solar radiation data on site. The tools
were set-up and radiation data collected and recorded.

Fig 2: Experimental procedure for measurements on site.

3.2. Simulation procedure

Simulation involved mathematical modelling of the cosine angle to determine the optimum tilt angle.
Geograpbhical location of a pilot site in Wajir was done, with the coordinates well established. Using the
site location data, the optimal tilt angle which is the angle of inclination of a PV module measured from
the horizontal was calculated. Calculation of optimal tilt angle of a PV panel needs an understanding of
the declination angle of the earth. The angle varies between the extremes of 23.45% and a simple
sinusoidal relationship that assumes a 365-day year and which puts the spring equinox on day n = 81
provides a very good approximation. The tilt angle of the first day of each month in a year for Wajir town
was interpolated, Excel Macros program recorded, and results displayed graphically. In the
determination of the optimal tilt angle for solar PV panel, an optimization algorithm that considers solar
energy availability was designed.

3.0 Results and discussion
The results depicted in this section feature data quality control and validation procedure, solar radiation
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for Wajir for fixed and variable tilts, and determination of the optimal tilt angle for solar PV panel for
equatorial counties in East Africa.

3.1 Solar radiation

3.1.1 Solar irradiance average hourly profiles for July-Sep 2023.

The results for the average hourly profiles of solar irradiance (w/m?) for the months of July, August, and
September are illustrated in Figure 4-1. The measurements were taken for each hour during these time
intervals. The highest monthly total solar irradiance was in September, followed by August, then July.
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Fig 3: Average hourly recorded irradiance (W/m?)

The results for the average hourly profiles of solar irradiance (w/m?) for the months of November
and December 2023 are indicated in Figure 4-2.
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Fig 4: Average hourly irradiance W/m?/month for Nov and Dec 2023.

The highest values recorded between 13:00H-14:00H in November (763.23W/m?) and 12:00 H-
13:00 H in December (871.8w/m?). This was when the sun was typically highest in the sky and
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provided the most energy.

3.1.2 Daily solar energy yield
Figure 4-3 represents daily solar insolation in (kWh/m?%d) for different time intervals and months
(July, August, and September).
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Fig 5: Daily solar insolation in kWh/m?/d July-Sep 2023

The highest hourly total solar insolation was recorded over the 12.00H-13.00H, with July giving an
average insolation of 7.66kWh/m?, as depicted in Figure 4-4.
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Fig 6: Daily solar insolation [kWh/m?/d] for November and December 2023

URL: https://ojs.jkuat.ac.ke/index.php/JAGST 25
ISSN 1561-7645 (online)
doi: 10.4314/jagst.v24i2.2




Journal of Agriculture Science & Technology JAGST 24 (2) 2025, 18 -31

Determination of optimal tilt angle for solar PV panel for Kenya

The simulation software, PVsyst, was utilized to verify the measured data. Figure 4-5 shows the
variation in solar energy through the day and across months, which is influenced by such factors as
the angle of the sun, daylight duration, and existing weather conditions.
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Fig 7: Average hourly profiles of insolation from PVsyst (kWh/m?) for 2023
3.1.3 Monthly solar energy yield

Figure 4-6 represents monthly solar insolation (kWh/m?%month) for different time intervals and
months (July, August and September 2023).
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Fig 8: Monthly solar insolation in kWh/m?/month for July-Sep 2023

The highest monthly total solar insolation was in September, followed by August, then July. This
suggests that September had the greatest amount of solar energy received over an entire month.
PVsyst provided the graph represented in Figure 4-7 by way of simulation. The graph represents

URL: https://ojs.jkuat.ac.ke/index.php/JAGST 26
ISSN 1561-7645 (online)
doi: 10.4314/jagst.v24i2.2




Journal of Agriculture Science & Technology JAGST 24 (2) 2025, 18 - 31

Determination of optimal tilt angle for solar PV panel for Kenya

the monthly values of global horizontal solar radiation, measured in kilowatt-hours per square
meter (kWh/m?) for each month of the year, as well as the total for the entire year. Global

horizontal solar radiation refers to the amount of solar energy that strikes a horizontal surface,
regardless of its orientation.
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Fig 9: Monthly solar radiation for the year 2023

January had the highest monthly solar insolation value (209.1 kWh/m?), suggesting that the month
experienced the most solar energy available during the year. June has the lowest monthly solar
insolation value (159.7 kWh/m?), indicating that it had the least solar energy.

3.2. Experimental results of change in tilt against measured solar irradiance

Figure 4-8 shows the solar irradiance recorded with changes in the tilt during peak solar hours in
July-September 2023 (12:00H-13:00H)
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Fig 10: Solar irradiance variation with tilt change
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It was noted that as the tilt was increased from an of angle of 0°, solar irradiance readings also
increased up to a maximum of 331 W/m? in September, 328 W/m? in August and 327 W/m? in July
for tilt angle of 8°. The solar irradiance readings decreased thereafter despite positive adjustments
of the tilt. The test was conducted for tilts up to 20°. Figure 4-9 shows the highest solar irradiance
recorded, with tilt angles ranging from 0° to 20° for November and December 2023.

Change of solar irradiance (w/m?) with tilt during 12pm-13pm for
1000 November and 13pm-14pm December2023

irradiance w/m?

800
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Tilt in degrees

e N\Ovember e December

Fig 11: Change of solar irradiance (W/m?) with tilt

It was noted that as the tilt was increased from 0°, the highest solar irradiance readings also
increased, up to a maximum of 947 W/m? in November and 905 W/m? in December for tilt angle
of 8°. The solar irradiance readings decreased thereafter despite positive adjustments of the tilt.
The test was conducted for tilt angles of up to 20°.

The performance of solar panel (energy generation) is shown in Figure 4-10. It shows the
relationship between the tilt angle (degrees) of the solar panel and the corresponding yield
(insolation) in kWh/m?. A transposition factor of 1 was used. The transposition factor is the ratio of
the incident (irradiation GlobInc) on the plane, to the horizontal irradiation (GlobHor), i.e., the gain
(or lose) when tilting the collector plane. It may be defined in hourly, daily, monthly or yearly values.
Tilt angle is the angle at which the panel is positioned relative to the horizontal surface. The ideal
tilt angle for maximum energy production often depends on factors like the latitude of the
installation location and the time of year.

URL: https://ojs.jkuat.ac.ke/index.php/JAGST 28
ISSN 1561-7645 (online)
doi: 10.4314/jagst.v24i2.2




Journal of Agriculture Science & Technology JAGST 24 (2) 2025, 18 - 31

Determination of optimal tilt angle for solar PV panel for Kenya

Variation of solar radiation yield (kWh/m?) vs Tilt
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Fig 12: Variation of solar insolation yield (kWh/m?) vs Tilt

From the data, it can be observed that as the tilt angle increases from 1° to 99, the insolation
generally increases from 2,236 kWh/m? to 2,248 kWh/m?2. After 99 the energy yield remains
relatively stable until it begins decreasing as the tilt angle becomes more vertical (closer to 909).
This data is useful for optimizing the performance of solar panels by determining the ideal tilt angle
for a given location and time of year to maximize energy production. It is important to strike a
balance between capturing more sunlight during the day and aligning the panel for the best overall
annual yield.

3.3 Comparison of measured data with recorded PVsyst

The measured results for the solar irradiance (W/m?) versus change in tilt (0-20°) gave maximum
solar insolation for a tilt angle of 8°. In comparison, results obtained from PVsyst for solar insolation
(kWh/m?) versus tilt change gave maximum solar insolation of 2,249 kWh/m? for tilt angles between
7% and 8°. From PVsyst results, January had the highest monthly solar insolation, at 209.1 kWh/m?,
suggesting that it was the month with the highest solar energy available during the year. June on
the other hand had the lowest solar insolation of 159.7 kWh/m?, indicating that it was the month
with least available solar energy.

The average measured sun-hours for the months of July (4.8 hours), August (5.0 hours), September
(5.2 hours), November (5.6 hours) and December (5.8 hours) were all less than the yearly sun-hours
of 6 hours from PVsyst. This could be as a result of such factors as errors in precise calibration of
the tool, taking measurements under heavy cloud cover, and parallax errors during tilt variations,
among other reasons. The performance optimization tool was designed by considering parameter
formulae for azimuth, solar declination angle, hour angle, latitude of location, date and time for the
PV generation, sun’s altitude and azimuth angles, in order to determine the optimal cosine angle
for each tilt.

4.0. Conclusions and recommendations
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This study was useful in optimizing the performance of solar panels, since an ideal tilt angle of 8°,
which optimizes energy production for the given location in Wajir, was arrived at experimentally.
In comparison, data from PVsyst gave ideal tilt of 79-8° optimum production of solar energy. It is
important to strike a balance between capturing more sunlight during the day and aligning the
panel for the best overall annual yield. It has been observed that higher solar insolation during the
day can be obtained between 11:00H and 14:00H. This shows that the local weather and location
also affect the energy yield and tilt angles. It has been noted that the self-cleaning aspect of the
panels is main reason for installing panels at above 15°in Kenya. Lower tilt angles of between 1°
and 2°may not provide excellent self-cleaning capabilities over the higher tilt angles, even though
they provide improved energy yield. The cleaning challenge at low angles can be overcome through
automation by installation of water outlets on the higher ends of the panels or increasing frequency
of manual cleaning. The optimization tool gives a good estimate for the PV optimized generated
output, which is better than the normal PV generated output, and this is bound to improve the
performance of the PV system and reduce the installation costs. At 8°, there is approximately +0.6%
increase in power output, making the angel the most optimal for solar energy generation. However,
the actual PV generation is influenced by various other factors such as weather condition and
shading.

To maximize the fixed solar PV panel's performance, the study recommends that tilt angles be
adjusted to correspond with the latitude of the location of the solar PV panel. Higher tilt angles of
159-20° which are used in solar PV installation in Kenya are more costly and add no value in terms
of power output compared to low tilts that correspond to the respective location latitude. In Wajir,
8% is recommended since the town is very dusty, precipitating accumulation of much dust on the
panels, leading to shading. Additionally, Microsoft Excel Macros was used to simulate the solar PV
system in this research, leading to more precise findings. It is also recommended that a software
application be designed to determine the optimal energy yield and optimal tilt angles of PV panel.
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