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Abstract: Photovoltaic (PV) panels’ orientation (azimuth angle) and tilt angle significantly affect the energy output of PV 
power plants. The reason is because the photovoltaic panels produce more electric energy when their surfaces are 
perpendicular to the sun's rays. Researchers have developed models for estimating the optimal tilt angle for any given 
location across the globe. In this paper, a site specific model is developed for more accurate estimation of the optimal tilt 
angle for fixed-tilt angle PV installations at the Ibom E-Library in Uyo metropolis, Akwa state of Nigeria. The solar 
radiation data used for the study was obtained from the National Aeronautics and Space Administration Surface 
meteorology and Solar Energy (NASA SSE) website. PVsyst simulation software was used to perform the transposition of 
the global radiation on horizontal plane to tilted plane. For the location with latitude of 5.123° the existing model estimated 
the optimal tilt angle as 7.16035° whereas, the site-specific model estimated 11.5° for the optimal tilt angle. The model has 
prediction accuracy of 99.77% and root mean square error of 0.002567. The optimal tilt angle model can be employed for 
fixed tilted plane PV installations in the nearby locations. 
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1. Introduction 

Photovoltaic (PV) orientation (azimuth angle) and tilt angle 
significantly affect the energy output of PV power plants. 
Generally, the optimal azimuth angle for PV installations, is 
0 °. However, optimal tilt angle is dependent on parameters 
such as, one, the latitude of the geographical location where 
the PV panels are to be installed and two, the time of year 
considered in the PV energy production system. With respect 
to the second issue, the optimal tilt angle varies all through the 
year and detailed mathematical equations exist to determine 
the optimal tilt angle at any given day. However, in practice, 
for fixed tilted plane PV installations, optimal tilt angle are 
determined approximately based on yearly or seasonal solar 
radiation. In another case, the tilt angle is based on the worst 
case month of solar radiation. The popular model for 
computing optimal tilt angle based on yearly average solar 
radiation is 3.7+0.69 |�| ; where �  is the latitude of the 

location where the PV panel is to be installed. 
Despite the wide adoption of the given model, it fails to 

give the optimal tilt angle for fixed tilted plane PV 
installation in Uyo, Akwa Ibom state of Nigeria. 
Consequently, in this paper, solar radiation data from the 
National Aeronautics and Space Administration Surface 
meteorology and Solar Energy (NASA SSE) website and 
PVSyst simulation software are used to study the variations 
in the transposition factor for fixed tiled plane PV 
installation in Ibom E-Library in Uyo. Mathematical model 
for computing the optimal tilt angle is developed from the 
simulation results. The transposed solar radiation on tilted 
plane and the transposition factor for the new model is 
compared with those of the existing model.  
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2. Review of Relevant Literature 

After passing through the Earth's atmosphere, solar 
radiation includes both a direct component from the Sun itself 
and a diffuse component which is made up of radiations 
reflected off clouds, as well as moisture vapour and other 
particulates within the sky [1, 2]. The satellite-derived NASA 
SSE solar radiation data consist of the global horizontal 
irradiance and the direct component also on the horizontal 
plane [3, 4, 5, 6]. The global horizontal radiation is the sum of 
both the diffuse radiation and the direct radiation components 
as measured incident on horizontal plane [8]. 

In practice, the irradiation on the tilted plane of the PV 
array is used in the computation of the solar energy 
potential at any location [9]. However, in many cases PV 
panels are installed on tilted planes, as such, the irradiance 
on the tilted plane has to be estimated. Transposition is the 
calculation of the incident irradiance on a tilted plane, from 
the horizontal irradiance data [9, 10, 11]. PVsyst offers two 
transposition models, namely, Hay's model and Perez 
model. In this study, the Perez transposition model as 
implemented in PSyst is adopted. 

The radiation that reflects from surroundings (so called 
albedo) is of importance for some surfaces that are inclined 
under some angle to the horizontal surface. This radiation is 
mainly diffuse and comes to the receiving surface under 
different angles [12, 13]. The intensity of the reflected solar 

radiation depends on the surroundings that it is reflected from. 
The total solar radiation on tilted surface (HT) is the sum of 
direct or beam solar radiation (HB), sky diffuse solar radiation 
(HS) and the ground reflected radiation (HR) and is given by 
[14, 1, 15]: 

HT=HB+HS+HR                 (1) 

When global irradiation on horizontal plane is given, then 
the irradiation on the inclined plane is given as [16, 17]: 

����
����	
� � 1 � 4.46 ∗ �10����β � β���� � 	1.19 ∗ �10����β � β�����  (2) 

where	G  in Wh/m2 or KWh/�� is the global irradiation and 
the optimal inclination can be calculated with: 

β��� �3.7+0.69|∅|              (3) 

where ∅ is the local latitude, β is the tilt angle, and β���is 
the tilt angle, where β, β��� and ∅	are in degrees. 

3. Methodology 

Step 1. Get The Site Location Data 
The geographic coordinates of the PV installation site are 

obtained from Google map. The site location data are; IBB 
Avenue, Uyo, Nigeria at the coordinates; latitude5.015197, 
7.913180. 

 

Figure 1. The Google Map Location Data for the PV Installation Site at Ibom E-Library, Uyo, Nigeria. 

Step 2. Download The Solar Irradiation Data 
PVSyt Tool Dialogue Box (Figure 2) is used to download 22-year monthly average global radiation on horizontal plane from 

NASA SSE website for the given PV Installation site at Ibom E-Library, Uyo, Nigeria. 
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Figure 2. PVSyt Tool Dialogue Box for downloading the monthly average global radiation on horizontal plane from NASA SSE website. 

Step 3. Decomposition Of The Global Irradiation On 
Horizontal Plane To Its Component Parts 

PVsyst simulation software is used to first decompose the 
Global irradiation on horizontal plane into its component parts, 
namely; horizontal diffused irradiation and horizontal beam 
irradiation, as well as the albedo component. 

Step 4. Transposition Of The Global Irradiation On 
Horizontal Plane To The Global Irradiation On Tilted Plane 

The PVSyst is used to transpose the Global irradiation on 
horizontal plane into its Global irradiation on tilted plane for 
any selected Tilt angle. 

Step 5. Compute The Transposition Factor 
The transposition factor (TF) is the ratio of the Global 

Irradiation on tilted plane to the Global Irradiation on 
horizontal plane 

"#$%&'(&)*)(%	+$,*(#	�"+� � -./01.	233142152/6	/6	52.574	8.167
-./01.	233142152/6	/6	9/32:/651.	8.167  (4) 

In step 4, PVSyst provides monthly and yearly average of 
the Global irradiation on horizontal plane along with the 
Global irradiation on tilted plane for the selected tilt angle. As 
such, in step 5, the transposition factor is computed for each 
month and for the yearly average data. 

Step 6. Generate The Data Set and Model For The 
Computation Of The Optimal Tilt Angle 

In order to generate the model for computing the optimal tilt 
angle, step 4 and step 5 are repeated for a set of different tilt 
angles starting from zero to a value that is at least twice the 
latitude of the location. The transposition factor of the yearly 
average irradiation is plotted against the tilt angle and a trend 
line equation is fitted on the graph plots to generate the model 
for computing the optimal tilt angle. Specifically, the optimal 
tilt angle is obtained by finding the tilt angle at which the 
gradient of the trend line equation is zero. The optimal tilt 
angle obtained from the model is then compared with the tilt 

angle obtained from the popularly used equation 3.3. 
Performance Analysis Of The Model 
In this paper, in order to validate the effectiveness of the 

proposed model, Root Mean Square Error (RMSE) and 
Prediction Accuracy (PA) were calculated. The Root Mean 
Square Error (RMSE) is calculated as follows: 

MSE � >?@6 A∑ CD"�1E5F1.��2� � D"�83742E574��2�	C�2G62G@ HIJ
  (5) 

where: 
D"�1E5F1.��2�	 is the actual solar radiation on tilted surface 

in KWh/m2 
D"�83742E574��2�	  is the predicted solar radiation on tilted 

surface in KWh/m2 
n is the number of data points. 

Then, the accuracy (PA in %) based on mean absolute 
percentage deviation (MAPD) or Mean Absolute Percentage 
Error (MAPE) is calculated as follows: 

PA � M1 � @
6 N∑ OCPQ�RSTURV��W��PQ�XYZ[WSTZ[��W�	CPQ�RSTURV��W� O2G6	2G@ \] * 100%  (6) 

4. Results and Discussion 

Table 1 shows sample data on the global irradiation on 
horizontal plane decomposed and transposed onto a 6/ tilted 
plane with albedo component of 0.20 or 20%. Figure 3 shows 
the monthly and yearly transposition factor at tilt angle of 6 
degrees and azimuth angle of 0. According to Figure 3, 
December has the highest transposition factor whereas June 
has the lowest transposition factor. The tilt angle in this case is 
determined in PVSyst to suit the yearly average solar 
irradiation data. Accordingly, the result in Figure 3 shows that 
about 6 months (half of the year) have transposition factor 
above 1 whereas another 6 months (half of the year) have their 
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transposition factors less than 1. The result would have been 
different if the tilt angle is determined based on a given 
seasonal or monthly average irradiation data. However, the 

focus of this paper is on the optimal tilt angle based on the 
yearly average irradiation data. 

Table 1. Sample Data on the Global Irradiation on Horizontal Plane Decomposed and Transposed Onto a 6/ Tilted Plane With Albedo Component Of 0.20 or 

20%. 

Plane: Tilt 6°; Azimuth 0°; Albedo 0.20 

 

Global Irradiation on 

Horizontal Plane 

Diffused Irradiation on 

Horizontal Plane 

Beam Irradiation on 

Horizontal Plane 

Global Irradiation 

on Tilted Plane 
Transposition Factor 

 
KWh/^_.mth KWh/^_.mth KWh/^_.mth KWh/^_.mth 

 
Jan 171.4 62.3 109.1 180.3 1.0519 
Feb 156.5 61.15 95.4 161.3 1.0307 
Mar 164.9 72.09 92.8 166.4 1.0091 
Apr 152.7 74.7 78 150.6 0.9862 
May 146.3 75.71 70.6 142.2 0.9720 
Jun 129.3 73.5 55.8 125.1 0.9675 
Jul 119.3 68.94 50.4 116.1 0.9732 
Aug 116.9 80.07 36.8 115.2 0.9855 
Sep 118.2 75.19 43 118.1 0.9992 
Oct 132.4 80.37 52 134.6 1.0166 
Nov 145.2 72.04 73.2 150.9 1.0393 
Dec 164 66.33 97.7 173.2 1.0561 
Year 1717.1 862.38 854.8 1733.9 1.0098 

 
Figure 3. The Monthly and Yearly Transposition Factor At tilt Angle of 6 Degrees. 

Table 2. The Monthly and Yearly Transposition factor For Different Tilt Angles. 

Tilt Angle in degrees 0° 3° 6° 9° 12° 15° 18° 21° 

Jan 1 1.027 1.052 1.074 1.094 1.111 1.126 1.138 
Feb 1 1.017 1.031 1.042 1.052 1.059 1.065 1.067 
Mar 1 1.005 1.009 1.01 1.01 1.007 1.001 0.994 
Apr 1 0.994 0.986 0.976 0.964 0.95 0.934 0.917 
May 1 0.987 0.972 0.955 0.936 0.915 0.893 0.869 
Jun 1 0.985 0.968 0.948 0.928 0.906 0.882 0.856 
Jul 1 0.987 0.973 0.957 0.939 0.92 0.898 0.875 
Aug 1 0.994 0.985 0.976 0.965 0.952 0.937 0.92 
Sep 1 1.001 0.999 0.996 0.991 0.984 0.975 0.964 
Oct 1 1.009 1.017 1.022 1.026 1.027 1.026 1.023 
Nov 1 1.021 1.039 1.056 1.07 1.082 1.092 1.099 
Dec 1 1.029 1.056 1.08 1.102 1.123 1.14 1.154 
Annual Average 1 1.006 1.01 1.012 1.011 1.009 1.005 0.998 
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Figure 4 shows the plot of the yearly transposition factor for different tilt angles. The quadratic trend line model fitted to the 
transposition factor plots is given as: 

Y=-0.0001x2+0.0023x+1.0026                                   (7) 

where Y is the transposition factor and x is the tilt angle I degrees. 

 

Figure 4. Yearly Transposition Factor Versus Tilt Angle. 

 
Figure 5. Actual and Predicted Yearly Transposition Factor vs Tilt Angle. 

Figure 5 shows the actual and predicted yearly 
transposition factor versus tilt angle. The prediction accuracy 
of the model in Equation 4.1 is 99.77% with root mean square 
error of 0.002567. The slope of the quadratic trend line 
polynomial model of Equation 4.1 is given as: 

Y´=-0.0002x+0.0023              (8) 

The optimal tilt angle, `/85 is the tilt angle at which the 
slope in Equation 4.2 is zero. Hence, 

`/85 � a.aa�b
a.aaa� �11.5               (9) 

The optimal tilt angle from Equation 3.3 is computed as 
c/85 �3.7+0.69|∅| �3.7+0.69|5.015| � 7.16	 f 7	ghihh& . 
From Figure 5 at c/85 � `/85 �7, the transposition factor is 
1.00852 where at c/85 � `/85 � 11.5 f 12 the transposition 
factor is 1.01052. Essentially, the predicted optimal tilt angle 
based on the existing model is less than the optimal tilt angle 
as given in Figure 5 The new model developed in this paper 

gives a better prediction result for the optimal tilt angle. 

5. Conclusion and Recommendation For 

Further Works 

5.1. Conclusion 

In this paper, a site specific model is developed for 
computing the optimal tilt angle based on the yearly average 
solar irradiation. The model is developed for PV power 
installation at a given site, namely, Ibom E-library in Uyo 
Akwa Ibom state of Nigeria. The model is developed through 
the use of PVSyst simulation software and satellite-derived 
NASA SSE solar radiation data on the global irradiation the 
horizontal plane. The result showed that the new model 
developed in this paper predicted the optimal tilt angle better 
than the existing model that is widely used by PV designers. 
The study shows how to obtain such optimal tilt angle model 
for any given location across the globe. 
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5.2. Recommendation for Further Works 

The study in this paper has focused on the optimal tilt angle 
with respect to the yearly average. Further work is required to 
determine the seasonal or monthly optimal tilt angles. Also, 
further work is required to extend the work to determine the 
effect of selecting non-optimal tilt angle on the performance 
of the PV plants. 
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