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Abstract: In this paper, the optimal tilt angle for each month in a year was determined for a location in Imo
state based on the global solar radiation on the tilted plane. PVSyst software was used to download the solar
radiation data for the site from NASA portal. Also, the PVSyst software was used to transpose the solar
radiation from the horizontal plane to the tilted plane. Quadratic regression models were developed to
determine the optimal tilt angle for some of the months that have increase in solar radiation capture due to
transposition on a tilted plane. The results showed that the months of April to September require no tilted
plane, as such their tilt angle is 0° whereas the rest of the months has their different optimal tilt angles. The
month of December has an optimal tilt angle of 36.2°. The gains in using monthly optimal tilt angle over the
yearly fixed optimal tilt angle of 8° for the study site were demonstrated. There is about 5% annual gain in
solar radiation capture when the monthly optimal tilt angles were used whereas there was only 1% annual
gain in solar radiation capture when the yearly fixed optimal tilt angle of 8° is used. Also, for the month of
December, at the 8 tilt angle only 7.3 % gain can be realized whereas up to 18.8 % will be realized by
tilting the plane at the December optimal tilt angle of 36.2°. In all, the study has demonstrated the needed for
monthly adjustment in the tilt angle of the solar panels used in a solar power system,
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. Introduction

As the quest for greater adoption of green energy increases, the need for optimal utilization of the available solar
resource becomes more prominent [1,2,3,4,5,6,7,8,9]. This is particularly important given that presently, the solar
technology is still evolving, the efficiency of the various solar technologies are still low and the unit cost of solar
power is high compared to the grid [10,11,12,13,14,15,16]. One way of improving on the efficiency of the solar
power system is by ensuring optimal tilting of the solar panel to ensure optimal solar radiation captured by the
panels [17,18,19,20].

Over the years, sun tracking technologies have been used to track the sun and position the solar panels for optimal
solar radiation capture [21, 22]. However, the sun tracking mechanism attracts additional cost and adds to the
complexity of the system. In any case, with minimal effort and additional infrastructure, it is possible to design a
solar system that can be manually adjusted once a month. In view of this, this paper is focused on developing the
monthly optimal tilt angle for such manually adjusted solar panels. The study is based on the global solar radiation
incident on the tilted plane at various tilt angles.

Furthermore, the potential gains achievable by using the monthly optimal tilt angle are demonstrated by comparing
the transposition factor of the yearly fixed tilted plane with the monthly adjusted tilted plane. The requisite
procedures and analytical expressions are used to achieve the set objective of the paper are presented.

Il.  Methodology

A. Data collection for the global solar radiation on the tilted plane

The study site is located in Owerri , Imo state with 5.51 latitude and 7.04 longitude. The global solar radiation
on the horizontal plane was downloaded from the NASA portal [23] directly into PVSyst software [24]. Then, by
using Perez physical transposition model in the PVSyst, the software was used to determine the global solar
radiation incident on an inclined plane. First, the inclined plane was set at 5° and the tilt angle was increased in
the step of 5° each time till tilt angle of 50° . At each tilt angle, the global radiation on the inclined plane was
captured. Based on the values of the global solar radiation on the tilted plane for the various months, the dataset
was divided into two sets, the first dataset (Figure 1) is for those months (April to September) which do not have
any increase in global solar radiation by using tilted plane; the second dataset (Figure 2) is for those months
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(January to March and October to December) that showed significant increase in global solar radiation by using
tilted plane.
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Figure 1 The Months without Potential Gain in Effective Collected Solar Radiation on a tilted Plane
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Figure 2 The Months with Potential Gain in Effective Collected Solar Radiation on a tilted Plane
(kKWh/mz2.mth)

B. Determination of the optimal tilt angle for the solar radiation on the tilted plane

Next, the quadratic regression models were developed for each of the months (January to March and October to
December) in the second dataset to determine the global solar radiation on a tilted plane as a function of the tilt
angle. The models are then used to determine the optimal tilt angle for the global solar radiation on titled plane
for the each of the months. On the other hand for those months (April to September) in the first dataset, the optimal
tilt angle is set to zero degree (0°). The following parameters symbols were used;

His the solar radiation on a tilted plane in kWh/m2.mth

Pis the tilt angle of the tilted plane in °
The quadratic regression model and the optimal tilt angle for the month of January is determined as follows;
H,,yis the solar radiation on a tilted plane in KWh/m2.mth for the month of January
Bjanopeis the tilt angle of the tilted plane in © for the month of January

Then, for the month of January, Hy4y is given in terms of { as follows;
Hjan= - 0.02401864799 (B?) + 1595114218 (B) + 171.2657343 (1)

The optimal tilt angle (ﬁ,AN(,,pt))for the month is obtained by differentiating the expression for H;,y and equating
it to zero and then solve for B4y (ope) s follows;

—5(;’,;’)”) = 004803729598 (B) + 1.595114218 @)

8(Hjan) _ . 1595114218 o . . . .
Then, when - 0 5 Banepn = 502803729598 =33.217° So, for the location considered in Owerri, the

optimal tilt angle for the tilted plane in the month of January is 33.217°. Similarly, for the other months’ quadratic
regression models and optimal tilt angles are given as follows;
For the month of February,
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Hppg=- 0.021501(B%) + 1.096876(B) + 162.0825 ©)

1.096876

BFEB(opt) = m = 25.50737 °
For the month of March,

Hyarcn= - 0.018587(B%) +0.372098(B) + 165.0161 4
0372098 \
BmarcH(opt) = 503,12 = 10.00941
Hocr= - 0.014256(82%)  + 0.451002(8) + 132.4175 ©)
0451002

Bocropr) = 70:028513 = 15.81753°

Hyov=-0.019108(82%) + 1.140098(p) + 145.1371 (6)
1.140998 °
Broviopt) = ssaere = 29.71637
Hppc= - 0.023599(B2) + 1.710135(B) + 163.8685 @

1.710135 o
BoEciopt) = 5 oa719e = 36-23311
For the months of April to September , their optimal tilt angle is zero (0°)

C. Comparison of the Yearly Fixed and Monthly Optimally Adjusted titled plane

Transposition factor is used to denote the gain or loss incurred by tilting the incident plane of the solar radiation.
The transposition factor (TF) with respect to the solar radiation on the horizontal plane is given as follows;
TF =L ®)
0
Where Hgthe solar radiation incident on a tilted plane is inclined at an angle 8 and Hg is solar radiation incident
of the horizontal plane, thatis, § = 0
Transposition factor in percentage is denoted as TF(%) where;

TF(%) = (Z—’:) 100 % )
The optimal tilt angle in degree for the yearly fixed plane, denoted as Byg(ope) is given as [25, 26];
BYR(Opt) = 3.7 + 0. 69|¢| (10)

Where @ is the latitude of the site , in this case, @ = 5.51. So,
Byrpry = 3.7 +0.69|5.51| = 7.5019° ~ 8°
The results for the transposition factor for the tilted plane at the yearly fixed tilt angle of 8° and at the various
monthly adjusted optimal tilt angle are given in Table 1 and Figure 3.
Table 1 Comparison of the transposition factor (%) for the solar radiation on the yearly-fixed optimal tilt
angle of 8° and transposition factor (%) based on the monthly optimal tilt angle .

L Transposition
Monthly | Solar Radiation Solar Soola:]ragﬂlt?]tllon Transposition Factor (%) for the
Optimal On 0° Tilted Radiation On Ootimal Tilt%a/d Factor (%) forthe | Solar Radiation On
tilt Angle Plane 8° Tilted Plane P Plane Solar Radiation Monthly Optimal
© (kwWh/m2.mth) (kwWh/m2.mth) (kWh/mz2mth) On 8° Tilted Plane Tilt AB?;geTllted
Jan 33.2 171.4 182.4 197.7 106.4 1154
Feb 255 162.1 169.5 176.1 104.6 108.6
Mar 10.0 164.9 166.9 166.9 101.2 101.2
Apr 0.0 152.7 150.1 152.7 98.3 100
May 0.0 146.3 140.9 146.3 96.3 100
Jun 0.0 129.3 1234 129.3 95.4 100
Jul 0.0 119.3 1145 119.3 96.0 100
Aug 0.0 116.9 114.2 116.9 97.7 100
Sep 0.0 118.2 117.9 118.2 99.7 100
Oct 15.8 1324 135.1 136.0 102.0 102.7
Nov 29.7 145.2 153 162.1 105.4 111.6
Dec 36.2 164 175.9 194.9 107.3 118.8
Yearly Sum 150.5 1722.7 1743.8 1816.3 1210.3 1258.3
Yearly Average 143.6 145.3 1514 100.9 104.9
Normalized
With Respect
To Radiation on 0 1.2 5.4 1 5
The Horizontal
Plane
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Figure 3 Comparison of the transposition factor (%) for the solar radiation on the yearly-fixed optimal
tilt angle of 8° and transposition factor (%) based on the monthly optimal tilt angle .

The results in Table 1 show that in the month of December , at the 8° tilt angle only 7.3 % gain can be realized
whereas up to 18.8 % will be realized by tilting the plane at the December optimal tilt angle of 36.2°. Similarly,
for the month of November, at the 8° tilt angle only 5.4 % gain can be realized whereas up to 11.6 % will be
realized by tilting the plane at the November optimal tilt angle of 29.7°.
On the other hand, for the months (April to September) with zero degree as there optimal tilt angle, for the month
of May, at the 8¢ tilt angle there will be a loss of about 4 % captured solar radiation whereas by leaving the
plane at 0° there would have been no loss.
In all, on annual bases, at the 8° tilt angle there is a total gain of 1% in captured solar radiation on the tilted plane
whereas with the monthly adjusted optimal tilt angle there is a total gain of 5%. The implication of the finding is
that in the months of April to September the solar module should be kept on the horizontal plane (at 0°) whereas,
for the other six months , the tilted plane should be adjusted once in the month based on the optimal tilt angle
listed in Table 1.

I1l. Conclusion

The implication of tilting the incident plane of solar radiation capturing solar panel is studied for a given case
location in Imo state. The results showed that tilting the plane of the solar panel can result in gain or reduction in
the overall captured solar radiation. The particular effect depends on the months of the year. Accordingly, relevant
mathematical models were developed to determine the optimal tilt angle that will ensure maximum m gain or
avoid loss altogether in the captured global solar radiation in any given month. The solar radiation data for the
study sited was used for the analysis and PV Syst software was also used to carry out the transposition of the solar
radiation on the tilted plane. The results showed also that the months of April to September do not require any
tilting of the plane but the other months require optimally adjusted plain for maximum solar radiation capture.
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