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Abstract. One of the applications of solar energy is through Solar Power Plants. Tadulako
University is committed to independently implementing a Solar Power Plants. One of the
efforts includes utilizing vast land areas as interconnected Solar Power Plants fields, often
referred to as on-grid or grid-connected Solar Power Plants. The performance of solar
panels in generating electrical energy depends on various factors. The tilt angle is a crucial
factor as it significantly impacts solar panel performance. The correct tilt angle allows the
panels to capture maximum solar radiation while minimizing the accumulation of dirt on
the surface. In Indonesia, the tilt angle for solar panels typically ranges from 6° to 11°.
However, this study aims to critically evaluate the optimal tilt angle using several methods.
The methods applied include mathematical calculations and simulations using PVsyst
software. This approach is used to determine the optimal tilt angle for constructing a 5 MW
on-grid Solar Power Plants at Tadulako University.
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1 BACKGROUND

The utilization of solar energy offers a solution for the development of alternative energy, playing a
pivotal role in mitigating global warming and climate change. This aligns with the Regulation of the
Minister of Energy and Mineral Resources No. 17/2013 Article 2 Paragraph 1, which mandates the
government to instruct PT Perusahaan Listrik Negara (Persero) to purchase electricity from Solar
Power Plants to meet national electricity demands by harnessing environmentally friendly solar
energy[1]. Indonesia's geographical location along the equator provides advantageous solar radiation
exposure, supporting this initiative. Solar energy is harnessed through photovoltaic (PV) technology,
which converts solar radiation into electrical energy. This technology is widely implemented in PLTS
using various types of photovoltaic modules, differing in power capacity and the number of solar cells,
typically made from semiconductors such as silicon[2].

PV systems are categorized into three topologies: on-grid, off-grid, and hybrid systems[3]. Off-grid
systems rely entirely on solar energy without supplementary power sources and store the energy in
batteries[4]. Conversely, on-grid systems operate in parallel with conventional energy sources, such as
the electricity grid (PLN), with any excess energy fed back into the grid. The advantages of on-grid
systems include reducing dependence on large electricity providers like PLN [5] and producing clean
energy without significant transmission or distribution losses. Despite these advantages, PV systems
incur some losses, which can be divided into system losses and inverter losses[6]. System losses
include degradation of module quality, array mismatch, ohmic losses in cables, and virtual array
energy losses. Inverter losses involve inverter efficiency, operational losses, and losses associated
with nominal power and voltage. The primary material used in PV cells is crystalline silicon, which is
divided into monocrystalline and polycrystalline types[3]. Monocrystalline PV panels exhibit higher
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efficiency (>17% under Standard Test Conditions) compared to polycrystalline and thin-film panels.
This higher efficiency is due to the high purity of silicon in monocrystalline solar cells. The
performance of a photovoltaic system is also influenced by atmospheric parameters such as solar
radiation, ambient temperature, and wind speed, which can vary with seasonal changes[7]. Favorable
climatic conditions, especially direct sunlight exposure, will enhance the system’s performance,
although increased ambient temperature can negatively affect the module's efficiency. According to
international standards, solar radiation energy exceeding 35 kWh/m? in a zone makes solar power
equipment, such as solar collectors or photovoltaic systems, economically viable[8].

Tadulako University, as one of Indonesia’s higher education institutions, plans to build a Solar Power
Plant as part of its renewable energy development initiative, implementing a 5 megawatt (MW) on-
grid Solar Power Plants program. The availability of approximately 455 hectares of vacant land on the
university’s campus, out of a total area of +180 hectares according to the master plan, supports this
project[9]. Additionally, the university benefits from ample solar radiation, with an average of 456
kWh/day from January to December, underscoring the economic potential of constructing a PLTS on
campus.

The performance of a PV system is influenced by several factors, including photovoltaic cell materials,
installation methods, tilt angle or orientation of the system, the support structure for the PV array, and
local climatic conditions[10]. Optimizing PV systems depends on two key installation characteristics:
the orientation according to the solar path and the tilt angle[7]. The tilt of the PV modules should be
adjusted according to the installation site's latitude, and it should exceed 10° to ensure self-
cleaning[11]. The safe standard tilt angle that can be applied in Indonesia ranges between 6°-11°. In
the planning of a centralized Solar Power Plant, the azimuth angle refers to the orientation of the solar
module relative to either the north or south direction. If the centralized Solar Power Plants is located
south of the equator, the solar module or PV should be oriented facing north (azimuth 0°). Conversely,
if the Solar Power Plants is located north of the equator, the solar module should be oriented facing
south. In other words, the solar module should be directed at an azimuth of 180°. The purpose of this
orientation is to capture maximum solar radiation.

Various algorithms and schemes have been developed to optimize tilt angles based on latitude, time
intervals, local positions, and specific regions. Solar tracking is also implemented to follow the sun’s
trajectory throughout the year or during a specific season[12]. However, not all Solar Power Plants
systems can utilize solar trackers, and the optimal tilt angle varies depending on the location[13].
Therefore, the optimization of the tilt angle needs to be conducted through multiple approaches,
including both mathematical calculations and experimental methods. Sometimes, mathematical and
experimental data may differ due to environmental factors such as temperature, dust, and dirt[14].
Furthermore, dust can alter the effect of tilt angle on system performance[15]. Hence, it is essential to
combine these approaches with simulations using Solar Power Plants design software to achieve the
most accurate positioning.

2 METHODOLOGY

The determination of the optimal tilt angle for solar panels can be carried out using the sky isotropic
model developed by Liu and Jordan. The optimal angle is determined by calculating the monthly
average total solar radiation using the following equation:

Hy = H (1= 24) Ry + Hy (2) + H(Z2L)p M
Where:

. HT = Total daily solar radiation on the tilted surface.
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. H = Direct daily radiation on the horizontal surface.
. Hd= Diffuse daily radiation on the horizontal surface.
. p= Ground albedo or reflectivity (typically 0.2)

Rb is the projection factor or the ratio of direct radiation on a tilted surface compared to a horizontal surface. The
equation for Rb is as follows:

R cos (9—P) cos cos 8 SiN sin w's +#m; sin (p—P) sinsin § @
b= cos ¢ cos cos § SN sin W, +is-w, sin g sin sin & )

The solar hour angles at sunset for a horizontal surface and a tilted surface are given by the following equations:
W, = Cos™' (— tangtantan §) 3)

w's = Cos~1 (— tan (¢ + B) tantan &) @)

. . . . . . 1
Whereg is the latitude, and £ is the tilt angle. The tilt angle has the constraint:-—-— < tan (p+B) < P——

The value of § (declination) depends on the day of the year (N). The value of N. N is represented by Klein's
method, with representative values provided in Table 1. The equation for declination & is:

360(284+N)

§ = 23.45 sin sin 365

(&)

Table 1. The number of days in the year with representative days proposed by Klein.

Month Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec

Date 17 16 16 15 15 11 17 16 15 15 14 10
N 17 47 75 105 135 162 198 228 258 288 318 344

3 RESULT AND DISCUSSION

Tadulako University is located at a latitude of -0.83° south and a longitude of 119.89° east, with a
global horizontal irradiation of 5.117 kWh/m? per day and a diffuse horizontal irradiation of 2.371
kWh/m? per day. Based on these conditions, the range of the tilt angle 8 for solar panels that can be
tested is from -86° to 88°, as shown in Table 2

Table 2. Range of the tilt angle

Month Date N Interval tilt
min max
jan 17 17 -68,253 69,913
feb 16 47 -76,215 77,875
maret 16 75 -86,752 88,412
april 15 105 -79,755 81,415
mey 15 135 -70,378 72,038
jun 11 162 -66,084 67,744
juli 17 198 -67,986 69,646
agustus 16 228 -75,715 717,375
sep 15 258 -86,953 88,613
okt 15 288 -79,571 81,231
nop 14 318 -70,258 71,918

des 10 344 -66,120 67,780
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The tilt angles will be tested incrementally from -86° to 88° by applying them to the Liu and Jordan
mathematical model, in order to determine the single tilt angle that produces the highest Hr. A Matlab
algorithm incorporating the Liu and Jordan mathematical model was developed to facilitate the
calculations. Each angle within the specified range was input into Equations 1 to 5, and the maximum
Hr value was obtained for a specific PV tilt angle, applied throughout the year using the N values from
Table 1. The optimization results showed that the highest total Htr was 5.362 x 10° at a tilt angle of 1°.
The investigation of the PV tilt angle can also be conducted using PVsyst software. Before simulating
tilt optimization, the distance between PV panels must be considered to avoid shading effects between
panels. Shading will still occur due to nearby structures around the PV installation area (see Error!
Reference source not found.). However, this shading is considered minimal, as the shading factor is
relatively small, around 0.378. Darker areas in the figure indicate that the PV panels are shaded by
boundary walls

Fig. 1. shading scene construction on PVsyst

After positioning all the PV panels in the area designated for the PLTS construction, the process of
optimizing the PV tilt angle can be conducted. The tilt angles for the PV panels were set within the
range of 0° to 30°. The results obtained are shown in the graph in (see Error! Reference source not
found.). In Fig. 2, the optimal tilt angle is found to be between 0° and 6°. If the PV panels are
installed with a tilt angle greater than 6°, a reduction in energy output is observed. Using the same
design, data collection

experiments were conducted using PVsyst at tilt angles of 6° and 11°. The results for the global
incident irradiation (Globlnc) on the collector plane for these two angles are shown in Table 3.
From the table, the highest average solar irradiation received on the tilted surface occurred with the
PV panels installed at a 6° tilt angle.
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Fig. 2. The Curve of Tilt optimation tool in PVsyst



4

Investigation of Optimal Tilt Angle to Maximize Solar Panel 135

Table 3. Comparison of global incident irradiation values at 2 different angles

. GlobInc (kWh/m2)
Tilt

May Jun Jul Aug Sep Oct Nov  Dec  Average

6° 142,3  143.1 1094 141.7 1477 179.8 130.7 134.7 1423
11° 1456 1478 1119 144 1475 1759 126,1 128,7 1409375

CONCLUSION

The investigation of the optimal photovoltaic tilt angle was conducted using two methods:
mathematical calculations and simulations using PVsyst. From the mathematical analysis, an optimal
tilt angle of 1° was obtained. Meanwhile, the simulation results from the PV tilt optimization indicated
that the optimal tilt angle range lies between 0° and 6°. These findings can be further developed
through experimental tests in the designated area.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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