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Abstract: In this paper, a method for the determination of the optimal tilt angle for yearly fixed flat-plate photovoltaic (PV)
module at any given location is presented. The method is based on yearly global radiation incident on a horizontal plane as
downloaded from NASA website. Futrthermore, PVSyst software that uses transposition model is used to generate the yearly
global radiation incident on a tilted plane for various tilt angles, from 0° to 46°. The study is conducted for a health facility in Uyo,
Akwa Ibom state, Nigeria with longitude of 7.860761, latitude of 5.011474 and elevation of 67.506 m. The optimal tilt angle is
obtained from the quadratic trendline equation fitted to the graph of the transposition factor versus tilt angle. The result is that the
optimal tilt angle for the yearly fixed flat-plate PV module at the selected Flocation is 9.71° which gives average yearly
transposition factor 1.0105. Essential, the results indicate that about additional 1.05% of solar radiation will be captured per year
by tilting the PV module at optimal tilt angle of 9.71°. At any other tilt angle less solar radiation will be captured per year.
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1. Introduction

At various steps in the design or simulation, as well as
performance evaluation of photovoltaic (PV) power system,
accurate solar radiation data are necessary. In flat-plate PV
power systems, the PV modules are generally installed on
either fixed tilted planes or tracking receivers [1-4]. However,
in most cases, the fixed tilted plane is used because of lower
cost of installation and maintenance. Nevertheless, data on
solar radiation are generally provided for horizontal planes
[5-8]. In this wise, algorithms and mathematical models are
used to transpose the available solar radiation data on
horizontal plane to the solar radiation on the tilted plane. Such
mathematical models are referred to as transposition model
[9-12].

Total or global radiation incident on a tilted plane consists
of three components: beam radiation, diffuse radiation and
reflected radiation from the ground [13-18]. In order to
determine the global radiation incident on a tilted plane,

PVsyst software offers two transposition models, namely
Hay's model and Perez model [19, 20]. The two models differ
by the way they determine the diffuse component of the
radiation incident on a tilted plane. In the Hay model, the
diffuse irradiance is divided into an isotropic contribution, and
a "circumsolar" part, which is proportional to the beam
component [21-25]. On the other hand, Perez-Ineichen model
introduces the "horizon band" as a third diffuse component [19,
26]. It divides the sky into sectors, and parameterizes the
transformations of the circumsolar and the horizon band
according to correlations established on the basis of data of
several dozen of measurement sites, distributed all over the
world.

By default, the earlier versions of PVsyst software was
using the Hay model. However, recent works of Pierre
Ineichen [27-29] came to the conclusion that the Perez model
is slightly better in any case, even with synthetic data.
Therefore with the version 6, the Perez model is proposed as
default.
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Studies have shown that different tilt angles give different
solar radiation values on the tilted plane. As such, PV power
system designers are always interested in determining the tilt
angle that gives the highest solar radiation value on the tilted
plane. Such angle is referred to as the optimal tilt angle
[30-32]. Also, studies have shown that the optimal tilt angle
varies with the location of the site. Particularly, the optimal tilt
angle has been related to the latitude of the location of the PV
module [33-36]. The optimal tilt angle varies also with time.
Different hours in a year have optimal tilt angle that may differ
from that of other. Also, when considered in terms of average
solar radiation on daily or monthly basis, the optimal tilt angle
also is not the same for different days and different months in
a year.

In any case, in this paper, the focus is on the method for
determination of optimal tilt for flat plate PV modules that are
installed on fixed tilted planes for a whole year. The study will
use the meteorological data from NASA portal [37].
Particularly, the yearly global radiation incident on a
horizontal plane is downloaded from the NASA portal in
PVSyst software. The Perez transposition model is used in the
in PVSyst software to transpose the yearly global radiation
incident on a horizontal plane to yearly global radiation
incident on the tilted plane. The transposition factor model is
then derived alone with the optimal tilt angle for yearly fixed
tilted PV module and the yearly optimal transposition factor.

2. Determination of the Optimal Tilt
Angle for Yearly Fixed Flat-Plate
Photovoltaic Modules

Let Gyy be the total yearly global radiation on the
horizontal plane and let Gyrg)y be the total yearly global
radiation on the titled plane at tilt angle . Now, at tilt angle of
zero, thatis B = 0, Gyy = Gyr(o)- The yearly transposition
factor at tilt angle B is denoted as Tfyg) where;

Gyrp) _ Gyrp)
o Gvno) M
YH YT(0)

Ty =

The Perez transposition model is used in the PVSyst
simulation software to generate the total yearly global
radiation on the tilted plane, Gy, for various values of tilt
angle, [3; for B = 0. Assuming the value of the jth tilt angle is
denoted as f; and a total of n tilt angles are considered, then
the yearly transposition factor at tilt angle B; is denoted as

TfY(B]. y where;

T = Gyrep)
Y6 = g -
G .
= for j= 0,12,..n-1 )
YT(0)

The graph of TfY(Bj)Versus B; is plotted a quadratic

trendline equation is fitted to the graph. The quadratic
trendline equation is of the form:

Tfy@y =A (B)*+ D(B) +E 3)

In order to obtain the yearly fixed optimal tilt angle,
denoted as By, the first derivative of the quadratic trendline
equation is obtained as follows;

9(Tfyeg)) _
@ 2(A)B)+ D 4
9(Tfyg))

By equating the to zero and solving for 3, the

2B
yearly fixed optimal tilt angle, By, is obtained as;
-D
BYopt = B = m (5)

The yearly optimal transposition factor is denoted as Tfyqpt,
where;

TfYopt =A (BYopt)2+ D(BYopt) +E (6)

3. Simulation Process, Results and
Discussions

The study is conducted for PV modules located at on a
health facility at Uyo, Akw Ibom state, Nigeria with longitude
of 7.860761, latitude of 5.011474 and elevation of 67.506 m.
The yearly global radiation incident on a horizontal plane (as
shown in column 2 and column 5 of Table 1) is downloaded
from NASA website into PVSyst meteorological directory.
Then, PVSyst transposition model is set to Perez model, as
shown in figure 1. The PVSyst software is then used to
generate the yearly global radiation incident on a tilted plane
for various tilt angles, from 0° to 46° (as shown in column 3
and column 6 of Table 1).

Table 1. The Yearly Global Radiation Incident on A Horizontal and Yearly Global Radiation Incident on A Tilted Plane For Various Tilt Angles.

Yearly Global Radiation Yearly Global

Yearly Global Radiation Yearly Global

Tilt Angle (°) Incident On A Horizontal Radiation Incident On Tilt Angle (°) Incident On A Horizontal Radiation Incident On
Plane A Tilted Plane Plane A Tilted Plane
0 1827.6 1827.6 24 1827.6 1806.6
2 1827.6 1835.2 26 1827.6 1793.9
4 1827.6 1841.1 28 1827.6 1779.5
6 1827.6 1845.3 30 1827.6 1763.6
8 1827.6 1847.8 32 1827.6 1745.9
10 1827.6 1848.5 34 1827.6 1726.7
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12 1827.6 1847.6 36 1827.6 1706.2

14 1827.6 1845 38 1827.6 1684.2

16 1827.6 1840.7 40 1827.6 1660.8

18 1827.6 1834.7 42 1827.6 1636

20 1827.6 1827.1 44 1827.6 1609.7

22 1827.6 1817.7 46 1827.6 1582

- Physical models

r~liradiation Transposition Model

" Hay model (robust)

(¢ Perez-Ineichen model (sophisticated)

2|

Figure 1. The PVSyst Setting for The Transposition Model.

From the data in Table 2 and the yearly transposition factors
in Table 2, it appears that the maximum yearly global
radiation incident on a tilted plane is obtained at tilt angle of
10° and the maximum yearly transposition factor of 1.0114

Yearly Transposition Factor
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also occurred at the tilt angle of 10°. However, the optimal tilt
angle is greater of equal to this apparent maximum yearly
transposition factor.

y =-0.0001113x2 + 0.0023839x + 0.9983805
R? = 0.9999045

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Tilt Angle (°)

Figure 2. The Graph of Yearly Transposition Factor, T fy g, versus Tilt Angle, B (°).
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Table 2. Yearly Transposition Factor for Various Tilt Angles.

Tilt Angle (°) Yearly Transposition Factor Tilt Angle (°) Yearly Transposition Factor

0 1 24 0.9885

2 1.0042 26 0.9816

4 1.0074 28 0.9737

6 1.0097 30 0.965

8 1.0111 32 0.9553

10 1.0114 34 0.9448

12 1.0109 36 0.9336

14 1.0095 38 0.9215

16 1.0072 40 0.9087

18 1.0039 42 0.8952

20 0.9997 44 0.8808

22 0.9946 46 0.8656

Th.e optimal tilt angle is obtained from the. trendline By setting 9(Ty(g)) — 0 and solving for B the optimal tilt

equation fitted to the graph of yearly transposition factor, a(B)
Tf, g, versus tilt angle, B (°) as shown in Figure 2. From angle for the yearly fixed flat-plate PV module is obtained as;

figure 2, the trendline equation is given as;

Tfy) = —0.0001113 % + 0.0021613 8 +1.00  (7)
The first derivative of the trendline equation is given as;
6(%;()3)) = —0.0002226 £ + 0.0021613 ®)

Tfyopt = — 0.0001113 (Bygpe)” + 0.0021613 (Byope) + 1.00

8 _ —0.0021613
Yot ™ 5(-0.0001113)

=971 )

The yearly transposition factor at the optimal tilt angle

for the yearly fixed flat-plate PV module is obtained as
follows;

(10)

Tyepe = — 0.0001113 (9.71)% + 0.0021613 (9.71) + 1.00 = 1.0105

For the a health facility at Uyo, with longitude of 7.860761,
latitude of 5.011474 and elevation of 67.506 m the optimal tilt
angle for the yearly fixed flat-plate PV module is 9.71° and
the average yearly transposition factor at the optimal tilt angle
is 1.0105. This means that about additional 1.05% of solar
radiation will be captured per year by tilting the PV module at
optimal tilt angle of 9.71°. At any other tilt angle less solar
radiation will be captured per year.

4. Conclusion

The method for determining the optimal tilt angle for the
yearly fixed flat-plate PV module at any given location is
presented. A sample health facility in Uyo, Akwa Ibom state,
Nigeria with longitude of 7.860761, latitude of 5.011474 and
elevation of 67.506 m is used to demonstrate the applicability
of the method. In all, the optimal tilt angle for the yearly fixed
flat-plate PV module at the selected location is determined
along with the average yearly transposition factor at the
optimal tilt angle.

References
[1] Miller, W., Dejong, J., Ocegueda, V., Ruiz, V. L., Paretich, C.,
& Wlodarczyk, A. (2015). U.S. Patent No. 9,074,797.
Washington, DC: U.S. Patent and Trademark Office.

[2] David, M., Lauret, P., & Boland, J. (2013). Evaluating tilted
plane models for solar radiation using comprehensive testing
procedures, at a southern hemisphere location. Renewable
Energy, 51, 124-131.

[3] Norwood, Z., Nyholm, E., Otanicar, T., & Johnsson, F. (2014).
A Geospatial Comparison of Distributed Solar Heat and Power
in Europe and the US. PloS one, 9 (12), e112442.

[4] Das, P. K., Habib, M. A.,, & Mynuddin, M. (2015).
Microcontroller Based Automatic Solar Tracking System with
Mirror Booster. International Journal of Sustainable and
Green Energy, 4 (4), 125-136.

[5] Lave, M., Hayes, W., Pohl, A., & Hansen, C. W. (2015).
Evaluation of global horizontal irradiance to plane-of-array
irradiance models at locations across the united states. /EEE
Journal of Photovoltaics, 5(2), 597-606.

[6] Badescu, V. (2014). Modeling solar radiation at the earth's
surface. Springer.

[7] Basunia, M. A., Yoshiob, H., & Abec, T. (2012). Simulation of
solar radiation incident on horizontal and inclined surfaces. J
Eng Res, 9 (2),27-35.

[8] Khalil, S. A., & Shaffie, A. M. (2016). Evaluation of
transposition m odels of solar irradiance over Egypt.
Renewable and Sustainable Energy Reviews, 66, 105-119.

Tuomiranta, A., & Ghedira, H. (2015, June). Evaluation of
decomposition and transposition models for irradiance data
conversion under a hot desert climate. In Proc. 3rd Int. Conf-
Energy & Meteorology (ICEM), Boulder, USA.



84

[10]

[11]

[12]

[15]

[16]

[17]

[18]

[21]

[23]

Okon Dominic Ekanem and James O. Onojo:

Determination of Yearly Fixed Optimal Tilt Angle for

Flat-Plate Photovoltaic Modules Based on Perez Transposition Model

Lave, M., Hayes, W., Pohl, A., & Hansen, C. W. (2015).
Evaluation of global horizontal irradiance to plane-of-array
irradiance models at locations across the United States. [EEE
Journal of Photovoltaics, 5 (2), 597-606.

Kuo, C. W., Chang, W. C., & Chang, K. C. (2014). Modeling
the hourly solar diffuse fraction in Taiwan. Renewable Energy,
66, 56-61.

Engerer, N. A. (2015). Minute resolution estimates of the
diffuse fraction of global irradiance for southeastern Australia.
Solar Energy, 116,215-237.

Jakhrani, A. Q., Othman, A. K., Rigit, A. R., Samo, S. R., &
Kamboh, S. A. (2012). Estimation of incident solar radiation on
tilted surface by different empirical models. International
Journal of Scientific and Research Publications, 2 (12), 1-6.

Jakhrani, A. Q., Othman, A. K., Rigit, A. R. H., Samo, S. R.,
Ling, L. P., & Baini, R. (2010). Evaluation of Incident Solar
Radiation on Inclined Plane by Empirical Models at Kuching,
Sarawak, Malaysia. [EEE ICSET.

Noorian, A. M., Moradi, I., & Kamali, G. A. (2008). Evaluation
of 12 models to estimate hourly diffuse irradiation on inclined
surfaces. Renewable energy, 33 (6), 1406-1412.

Kamali, G. A., Moradi, 1., & Khalili, A. (2006). Estimating
solar radiation on tilted surfaces with various orientations: a
study case in Karaj (Iran). Theoretical and applied climatology,
84 (4),235-241.

Tina, G. M., Ventura, C., & De Fiore, S. (2012, June).
Sub-hourly irradiance models on the plane of array for
photovoltaic energy forecasting applications. In Photovoltaic
Specialists Conference (PVSC), 2012 38th IEEE (pp.
001321-001326). IEEE.

Stanciu, C., & Stanciu, D. (2014). Optimum tilt angle for flat
plate collectors all over the World—A declination dependence
formula and comparisons of three solar radiation models.
Energy Conversion and Management, 81, 133-143.

Mitra, 1., Davis, M., & Pasicko, R. (2011). MS32, MS34.

Burgess, P. A., Vahdati, M. M., Davies, D. D., & Philip, S. K.
Development of A Virtual Pyranometer For Solar Energy
Monitoring. TSBE EngD Conference, TSBE Centre,
University of Reading, Whiteknights, RG6 6AF, 5th July 2011.
Available at:
http://www.reading.ac.uk/web/files/tsbe/burgess_tsbe conf 2
011.pdf. Accessed on December 24™ 2016.

Loutzenhiser, P. G., Manz, H., Felsmann, C., Strachan, P. A.,
Frank, T., & Maxwell, G. M. (2007). Empirical validation of
models to compute solar irradiance on inclined surfaces for
building energy simulation. Solar Energy, 81 (2), 254-267.

Frydrychowicz-Jastrzebska, G., & Bugala, A. (2015).
Modeling the Distribution of Solar Radiation on a Two-Axis
Tracking Plane for Photovoltaic Conversion. Energies, 8 (2),
1025-1041.

Wiodarczyk, D., & Nowak, H. (2009). Statistical analysis of
solar radiation models onto inclined planes for climatic
conditions of Lower Silesia in Poland. Archives of Civil and
Mechanical Engineering, 9 (2), 127-144.

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Jakhrani, A. Q., Samo, S. R., Rigit, A. R. H., & Kamboh, S. A.
(2013). Selection of models for calculation of incident solar
radiation on tilted surfaces. World Applied Sciences Journal,
22(9), 1334-1343.

Sultan, S., Wu, R., Ahmad, 1., & Ahmad, M. F. (2014).
Modeling of Diffuse Solar Radiation and Impact of Complex
Terrain over Pakistan Using RS/GIS. Journal of Geographic
Information System, 6 (04), 404.

Perez, R., Seals, R., Ineichen, P., Stewart, R., & Menicucci, D.
(1987). A new simplified version of the Perez diffuse
irradiance model for tilted surfaces. Solar energy, 39 (3),
221-231.

Handoyo, E. A., & Ichsani, D. (2013). The optimal tilt angle of
a solar collector. Energy Procedia, 32, 166-175.

Mehleri, E. D., Zervas, P. L., Sarimveis, H., Palyvos, J. A., &
Markatos, N. C. (2010). Determination of the optimal tilt angle

and orientation for solar photovoltaic arrays. Renewable
Energy, 35 (11), 2468-2475.9].

Kaddoura, T. O., Ramli, M. A., & Al-Turki, Y. A. (2016). On
the estimation of the optimum tilt angle of PV panel in Saudi
Arabia. Renewable and Sustainable Energy Reviews, 63,
626-634.

Lan, H., Dai, J., Wen, S., Hong, Y. Y., Yu, D. C., & Bai, Y.
(2015). Optimal Tilt Angle of Photovoltaic Arrays and
Economic Allocation of Energy Storage System on Large Oil
Tanker Ship. Energies, 8 (10), 11515-11530.

Karafil, A., Ozbay, H., Kesler, M., & Parmaksiz, H. (2015,
November). Calculation of optimum fixed tilt angle of PV
panels depending on solar angles and comparison of the results
with experimental study conducted in summer in Bilecik,
Turkey. In 2015 9th International Conference on Electrical
and Electronics Engineering (ELECO) (pp. 971-976). IEEE.

Handoyo, E. A., & Ichsani, D. (2013). The optimal tilt angle of
a solar collector. Energy Procedia, 32, 166-175.

Jamil Ahmad, M., & N Tiwari, G. (2009). Optimization of tilt
angle for solar collector to receive maximum radiation. The
Open Renewable Energy Journal, 2 (1).

Carroquino, J., Dufo-Lopez, R., & Bernal-Agustin, J. L. (2015).
Sizing of off-grid renewable energy systems for drip irrigation
in Mediterranean crops. Renewable Energy, 76, 566-574.

Waziri, N. H., Usman, A. M., Enaburekhan, J. S., & Babakano,
A. (2014). Determination of Optimum Tilt Angle and
Orientation of a Flat Plate Solar Collector for Different Periods
in Kano.

Calabro, E. (2013). An algorithm to determine the optimum tilt
angle of a solar panel from global horizontal solar radiation.
Journal of Renewable Energy, 2013.

Stackhouse, P. W., & Whitlock, C. H. (2008). Surface
meteorology and Solar Energy (SSE) release 6.0, NASA SSE
6.0. Earth Science Enterprise Program, National Aeronautic
and Space Administration (NASA), Langley, http://eosweb. larc.
nasa. gov/sse. http://eosweb.larc.nasa.gov/sse.



