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Abstract— In this study analysis of 400 KW 
photovoltaic plant array layout design with fixed 
tilt angle and internal shading mitigation row 
spacing is presented. The case study site geo-
coordinates of 4.621437 (latitude) and 7.763922 
(longitude) along with the sun elevation angle of 
17.82° and azimuth angle of 115.712° for a typical 
day with the longest shadow angle are obtained. 
For this study, 2000 units of 200 W photovoltaic 
(PV) module are used each with dimensions of 
1.580m by 0.808 m, PV module area of 1.27664𝒎𝟐) 
and PV array area of 2553.28 𝒎𝟐). The two optimal 
tilt angles considered are 6.88879153 ° and 
4.621437°. The results show that with optimal tilt 
angle of 6.88879153° the row spacing factor is 
1.1546 which is higher than 1.1055 obtained with 
optimal tilt angle of 𝟒. 𝟔𝟐𝟏𝟒𝟑𝟕°. The results show 
that with optimal tilt angle of 6.88879153° the 
corrected row space of 0.255734 m is needed 
which resulted in row pitch of 1.824327 m and row 
spacing factor of 1.1546 while with optimal tilt 
angle of 𝟒. 𝟔𝟐𝟏𝟒𝟑𝟕°. The corrected row space of 
0.17179 m is needed which resulted in row pitch of 
1.746653 m and row spacing factor of 1.1055.  This 
implies that the space requirement for PV 
installation at the optimal tilt angle of 6.88879153° 
is higher than that of optimal tilt angle of 
𝟒. 𝟔𝟐𝟏𝟒𝟑𝟕°. Notably, the required PV array area is 
2948.113 𝒎𝟐  for tilt angle of 6.88879153° and 
2822.591𝒎𝟐 for tilt angle of 𝟒. 𝟔𝟐𝟏𝟒𝟑𝟕°. Also, the 
lower tilt angle of 𝟒. 𝟔𝟐𝟏𝟒𝟑𝟕 ° has higher (and 
hence better)  land utilization factor of  90.2 %  
and power density of 141.7 KW/𝒎𝟐 compared to 
land utilization factor of  86 %  and power density 
of 135.7 KW/ 𝒎𝟐 obtained with tilt angle of 
6.88879153°.  In all, the case study site and PV 
module parameters were used to establish the 
reference row spacing for the case study 400 KW 
PV power plant such that all through the year, 
there will not be inter row shading in the array 
layout. 

Keywords— Internal shading, Photovoltaic 
plant, Row spacing, Shading mitigation, Yearly 
fixed tilt angle. 

1. Introduction  
Nowadays, in Nigeria, the increasing cost of 

energy from the national grid and the requirement for more 
environmentally friendly energy generation has triggered 
renewed effort to install solar photovoltaic (PV) power 
plants in Nigeria [1,2,3,4] towards development of 
sustainable infrastructure [5]. This has also drawn the 
attention of researchers on the land requirement for 
installation of large number of PV modules that are needed 
for high capacity PV power plants [6,7,8,9].  

Apart from the increasing cost of land, there is 
also, the challenge of shading mitigation from adjacent PV 
rows in a PV array layout design [10,11]. Internal shading 
will reduce the energy generation from the PV array. On the 
other hand, row spacing can be done to avoid the inter row 
spacing. However, excessive row spacing can amount to 
wastage of land and poor land utilization and low power 
density [7,8,12,13]. As such, this study is aimed at 
determining the appropriate row spacing that will have high 
land utilization factor and at the same time mitigate the 
incidence of internal row shading. The analysis is 
conducted for a case study   400 KW PV power plant 
installation at Akwa Ibom State University main campus. 
The details of the mathematical models and analysis are 
presented and two PV tilt angle options are considered. 
2 Methodology 
The layout design of PV plant array with fixed tilt angle is 
greatly affected by the row spacing which is a function of 
the shadow length of adjacent rows [13,14]. In order to 
mitigate internal shading from adjacent rows, the shadow 
length of the tilted PV modules is determined such that 
even in the day with the longest shadow length, the adjacent 
row is not shaded [15,16]. The study therefore considered 
the various parameters that can affect the row spacing 
determination and also the impact of the selected row 
spacing on the land utilization and power density of the PV 
array. 
2.1 Analytical model for the PV module row spacing 
In this work, the adjacent row spacing is analyzed using the 
diagram in Figure 1 which has β as the PV module tilt 
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Figure 2 The graph of sun elevation angle between 8 an and 8 pm 

 
 

 
Figure 3 The graph of 1/ Tan(Elevation angle) for the sun elevation angle between 8 an and 8 pm 

 
In many works, the value of Di is corrected using the sun 

azimuth angle, ϒ. If the azimuth angle-corrected Di is 
denoted as 𝐷𝑖௖௢௥, then; 

𝐷𝑖௖௢௥ ൌ 𝐷𝑖 ሺ𝐶𝑜𝑠ሺϒሻሻ  ൌ  
௛ሺ஼௢௦ሺϒሻሻ

்௔௡ሺఈሻ
ൌ

௅ ሺௌ௜௡ሺఉሻሻሺ|஼௢௦ሺϒ|ሻሻ

்௔௡ሺఈሻ
        

(3) 
Hence,  
𝐷 ൌ 𝐿 ሺ𝐶𝑜𝑠ሺ𝛽ሻሻ ൅ 𝐷𝑖௖௢௥        (4) 

𝐷 ൌ 𝐿 ሺ𝐶𝑜𝑠ሺ𝛽ሻሻ ൅
௅ ሺௌ௜௡ሺఉሻሻሺ|஼௢௦ሺϒሻ|ሻ

்௔௡ሺఈሻ
          (5) 

𝐷 ൌ 𝐿 ቂሺ𝐶𝑜𝑠ሺ𝛽ሻሻ ൅
 ሺௌ௜௡ሺఉሻሻሺ|஼௢௦ሺϒ|ሻሻ

்௔௡ሺఈሻ
ቃ          (6) 

If the PV module width is denoted as 𝐿ത, then the effective 
area, 𝐴ఉ௉௏ of the tilted PV module is expressed as; 

𝐴ఉ௉௏ ൌ    𝐿തሺ𝐷ሻ ൌ  ሺ𝐿തሻ 𝐿 ቂሺ𝐶𝑜𝑠ሺ𝛽ሻሻ ൅
 ሺௌ௜௡ሺఉሻሻሺ|஼௢௦ሺϒሻ|ሻ

்௔௡ሺఈሻ
ቃ          

(7) 

Since, ሺ𝐿തሻ 𝐿 is the actual area, 𝐴௉௏ of the PV module with 
dimension 𝐿 and  𝐿ത , then, the 𝐴ఉ௉௏ can be expressed as,  

𝐴ఉ௉௏ ൌ    𝐿തሺ𝐿ሻ൫𝑓௥௦௣൯ ൌ    𝐴௉௏൫𝑓௥௦௣൯         (8) 
Where 𝑓௥௦௣ is the row spacing factor which is defined as; 

𝑓௥௦௣ ൌ
஽

௅
ൌ

஺ഁುೇ

஺ುೇ
ൌ 𝐶𝑜𝑠ሺ𝛽ሻ ൅

 ሺௌ௜௡ሺఉሻሻሺ|஼௢௦ሺϒሻ|ሻ

்௔௡ሺఈሻ
             (9) 

And  
𝐴௉௏ ൌ  ሺ𝐿തሻ 𝐿           (10) 

The higher the value of row spacing factor, the more the 
ground or land area required to accommodate the given PV 
array power rating.  From the expression for the row 
spacing factor, the tilt angle, the sun elevation angle and the 
sun azimuth angle are the key parameters that influence the 
resultant land utilization factor. Notably, the row spacing 
factor consists of two components, namely, the land 
utilization factor (𝑓௅௉௏)  which is the fraction of the land 
that is occupied by the PV module, the shading mitigation 
cum walkway factor (𝑓ௌௐ)  which is the fraction of the land 
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Figure 5 The graph of the azimuth angle (°) at  08:00:00 for the whole year 

 

 
Figure 6 The graph of Cos(Azimuth)/Tan(Elevation) versus day number where the elevation angle and azimuth angle are taken 

at 8 am per day 
3. RESULTS AND DISCUSSION 

The case study site geo-coordinates and the results 
of the sun position angles and the resultant row spacing 
factor,  𝑓௥௦௣ based on the sun angles are shown in Table 3 
for the two selected optimal tilt angle options. It is seen 
from the results that with optimal tilt angle of 6.88879153° 
the row spacing factor is 1.1546 which is higher than that 
obtained with optimal tilt angle of 4.621437°.  

The PV module dimension and the resultant PV 
module area, PV array area are shown in Table 4. The 
dataset in Table 4 shows that there are 200 PV module in 
the array. Also, the actual PV module area is 1.27664 𝑚ଶ) 
and the actual PV array area is 2553.28 𝑚ଶ). The same PV 
module and PV array data in Table 4 are used in the 
analysis for the two optimal tilt angle options. 

The results for the row spacing and the resultant 
row spacing factor,  𝑓௥௦௣ based on the PV module are and 
row spacing distance are shown in Table 5. The results 
show that with optimal tilt angle of 6.88879153° the 

corrected row space of 0.255734 m is needed which 
resulted in row pitch of 1.824327 m and row spacing factor 
of  1.1546 while with optimal tilt angle of 4.621437°. the 
corrected row space of 0.17179 m is needed which resulted 
in row pitch of 1.746653  m and row spacing factor of  
1.1055.  This implies that the space requirement for PV 
installation at the optimal tilt angle of 6.88879153° is 
higher than that of optimal tilt angle of 4.621437° as can 
be seen in Table 6,  where required PV array area is 
2948.113 𝑚ଶ for tilt angle of 6.88879153° and 2822.591𝑚ଶ 
for tilt angle of  4.621437°. 
Also, the lower tilt angle of 4.621437° has higher (and 
hence better)  land utilization factor of  90.2 %  and power 
density of 141.7 KW/𝑚ଶ compared to land utilization factor 
of  86 %  and power density of 135.7 KW/𝑚ଶ obtained with 
tilt angle of 6.88879153°, as shown in Figure 7, Figure 8 
and Table 6.  
Evaluation of the effectiveness of the selected reference 
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the optimal tilt angle of 6.88879153° is shown in Figure 9 
and at the optimal tilt angle of 4.621437° is shown in 
Figure 10.  As can be seen in Figure 9 and Figure 10, the 
row spacing required for each day of the year is less or 
equal to the selected reference row spacing obtained from 
the set of input dataset. None of the row spacing 

requirement is above the reference row spacing obtained. 
As such, there will not be inter row spacing in the PV array 
layout if the parameter specifications stated in this study are 
maintained for the PV plant installation.  

 

Table 3  The sun position angles and the resultant row spacing factor,  𝑓௥௦௣ based on the sun angles 

𝜷𝒐𝒑𝒕𝒚𝒓 (°)  Latitude  Longitude  Date 
Day 

Number 
Time 

Elevation 
angle, 
𝜶 (°) 

Azimuth 
angle, 
𝜶 (°)ϒ  

𝒇𝒓𝒔𝒑

=  𝑪𝒐𝒔ሺ𝜷𝒐𝒑𝒕𝒚𝒓ሻ ൅
 ሺ𝑺𝒊𝒏ሺ𝜷ሻሻ|𝑪𝒐𝒔ሺϒሻ|

𝑻𝒂𝒏ሺ𝜶ሻ
 

6.88879153 
4.621437 7.763922 

4th 
January. 

2024 
4  

8:00:00   
(AM) 

17.82 115.712 1.1546  

4.621437 
4.621437 7.763922 

4th 
January. 

2024 
4  

8:00:00   
(AM) 

17.82 115.72 1.1055 

 
 

Table 4   The PV module dimension and the resultant PV module area, PV array area 

PV module 
length,   𝐿  

(m) 

PV module 
width, 𝐿ത    (m) 

PV module 
power rating, 
𝑃௉௏ெ    (Watt) 

PV Array Power 
Rating, 𝑃௉௏஺௥௥ 

(KW) 

Number of 
PV 

modules 
required, 

𝑁ఉ௉௏    

Actual area of PV 
module, 𝐴௉௏ 

(𝑚ଶ) 

Actual area of PV 
array, 𝐴஺௥௥௔௬ 

(𝑚ଶ) 

1.580  0.808  200  400   2000  1.27664  2553.28 

 
Table 5 The results for the row spacing and the resultant row spacing factor,  𝑓௥௦௣ based on the PV module are and row spacing 

distance 

𝜷𝒐𝒑𝒕𝒚𝒓 (°)  h (m)  Di  (m)  Dicor (m)  Row pitch, D (m)  𝐴ఉ௉௏ (𝑚ଶ)  𝑓௥௦௣=ൌ
஽

௅

஺ഁುೇ

஺ುೇ
 

6.88879153  0.189509  0.589377  0.255734  1.824327  1.474057  1.154638 

4.621437  0.127304  0.395916  0.17179  1.746653  1.411296  1.105477 

 
Table 6 The results for the required PV array area, land utilization factor, walkway/ shading mitigation factor and power 

density 

𝜷𝒐𝒑𝒕𝒚𝒓 (°) 
Required PV array area, 

𝐴ఉ஺௥௥௔௬ 
Land Utilization Factor,  

𝑓௅௉௏ (%)   

Walkway/ Shading 
Mitigation Factor, 𝑓ௌௐ 

(%)  

Power Density,  
𝑃ௗ௘௡௦௜௧௬ , (KW/𝑚ଶ) 

6.88879153  2948.113  86.0  14.0  135.7 

4.621437  2822.591  90.2  9.8  141.7 
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Figure 7 The land utilization factor, walkway/ shading mitigation factor for the two optimal tilt angle options 

 
Figure 8 Power Density (KW/m^2) at the two optimal tilt angle options 
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Figure 9 Evaluation of the effectiveness of the selected reference row spacing parameters in mitigating inter row shading at the 

optimal tilt angle of 6.88879153° 

 
Figure 10 Evaluation of the effectiveness of the selected reference row spacing parameters in mitigating inter row shading at 

the optimal tilt angle of 4.621437° 
 

 
Figure 11 Row Space Difference 

 
 

4. CONCLUSION 
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The analysis for proper row spacing determination in the 
layout design of a PV plant is presented. The analysis 
considered the tilt angle of the PV modules and the 
appropriate sun angles selection for effective row spacing 
that will mitigate inter row shading throughout the year.  
The choice of the parameters are based on the installation 
site geo-coordinates, the PV module dimensions and insight 
on the sun angle analytical models.  
In all, the case study site and PV module parameters were 
used to establish the reference row spacing for the case 
study 400 KW PV power plant. The study considered two 
optimal tilt angle options and the results showed that the 
lower tilt angle has better land utilization factor and also 
better power density value. 
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