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Rooftop photovoltaic (RPV) systems are becoming increasingly popular as a
source of renewable energy. One key factor that significantly affects the
performance of RPV systems is the tilt angle of the solar panels. This study
aims to determine the optimal tilt angle to maximize electricity production
for the RPV system installed on academic building, Department of Electrical
Engineering, Faculty of Engineering, University of Riau. The research
method used is the PVSyst simulation. The simulation data input was used
as daily weather for one year. In this study, variations in roof tilt angles of
5°, 10°, 15°, 20°, and 25° were examined. The results show that the optimal
tilt angles for this location are 5° and 10°. At a 5° tilt angle, the RPV can
generate 247,128 kWh per year with a performance ratio (PR) of 83%. And
then at a 10° tilt angle, the system can generate 248,012 kWh per year with a
PR of 82%. Based on the simulation results, other tilt angles also produced
higher energy outputs but yielded lower PR values. This study provides

practical recommendations for designing RPV systems in regions with
similar weather conditions.
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1. INTRODUCTION

Solar energy, as one of the most abundant energy resources on Earth, provides an estimated
potential of 3.9x10° EJ annually (1 EJ=10'® J). Globally, the power of solar energy is estimated to reach
around 160,000 TW, with solar radiation intensity of approximately 1 kW/mz2 on a clear day [1]. The sun’s
irradiation and temperature energy generation of solar photovoltaic (PV) [2]-[4]. Indonesia possesses
significant renewable energy potential to support its primary energy mix targets. This potential includes
approximately 94.3 GW from hydropower, 28.5 GW from geothermal resources, 207.8 GWp from solar
energy, 60.6 GW from wind power, and 17.9 GW from ocean energy [5], [6]. Solar energy is one of the
options considering the huge energy potential in Indonesia. PT PLN has the potential to increase the use of
rooftop photovoltaic (RPV) in Indonesia [7]. The National Energy Policy (KEN) based on Government
Regulation No. 79 of 2014 has a target by 2025 the achievement of primary energy of renewable energy of
23%, oil <25%, coal at least 30% and natural gas at least 22%, and then in 2050 has a target as much as 31%
renewable energy, oil <20%, coal at least 25% and natural gas at least 24%. Based on the the roadmap on
renewable energy development in Indonesia by 2028 is the total installed PV capacity reached 908 MWp,
where in 2019 it only reached 63 MWp [8]. PV development in Indonesia is developed by State Electricity
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Company (PT PLN) for areas that have access constraints or power grid expansion and transportation access
difficulties [9], [10]. The negative relationship between cost and installed capacity highlights that the small-
scale renewable energy scheme subsidy provided at the outset effectively encouraged solar energy
development [11]. Renewable energy sources are gaining increasing attention due to the depletion of fossil
fuels, growing concerns over energy security, rising electricity demand, and heightened awareness of
environmental challenges [12], [13].

At present, the use of conventional energy sources, such as coal and oil, will decrease because they
generate air pollution, and these reserves are non-renewable. One source of energy that is always available
every day is energy from the sun. In addition, solar power generation does not bring air pollution to the
atmospher [14]. Global climate change, driven by the excessive consumption of fossil fuels such as coal,
petroleum products, and natural gas in sectors including power generation, transportation, and industry, has
led to the release of billions of tons of carbon into the atmosphere [15]-[17]. Global surveys confirm that
Indonesia is among the world's largest contributors to climate change, of 18% [18]. Economically, under
current conditions, investment in rooftop on-grid PV systems will provide a payback period of about 9-10
years. Statistical data indicate that daily solar irradiation in Indonesia could generate more than 500 GW of
solar energy potential. Nevertheless, the development and monitoring of the solar PV sector in Indonesia
remain limited. It is noted that since 2013, the Indonesian government through the Directorate General of
New Renewable Energy and Energy Conservation of the Ministry of Energy and Mineral Resources has
started to regulate the solar energy sector in Indonesia. The first policy issued was Regulation No. 17/2013.
In the early years, solar technology was still considered expensive and relatively unreliable. Based on this
regulation has resulted in a lack of market for solar energy. In the course of time, there have been regulatory
changes. The latest Ministry of Energy and Mineral Resources Regulation No. 49/2018 has also been
socialized. To accelerate the increase in the utilization of new and renewable energy as a tangible
manifestation of the government's encouragement in its utilization, the Minister of Energy and Mineral
Resources Regulation No. 49/2018 has been issued. The regulation specifically regulates the utilization of
rooftop solar power generation systems [19].

The green campus concept emphasizes environmental conservation, energy efficiency, and the
integration of renewable energy as a pathway toward sustainability [20]. In this regard, a grid-connected
rooftop solar PV system has been proposed and evaluated using PVsyst software with NASA meteorological
data for feasibility analysis [21]. Furthermore, assessing and comparing greenhouse gas (GHG) emissions
from power generation technologies supports global initiatives to mitigate climate change by reducing
reliance on fossil fuels [22], [23].

Moreover, several studies have demonstrated that the efficiency of PV systems can be significantly
improved through solar tracking technologies. For instance, a dual-axis tracker utilizing GPS and Arduino
achieved an energy yield increase of 33-38% compared to a fixed system [24]. Similarly, single-axis and
dual-axis systems demonstrated 24.37% and 32.25% higher outputs, respectively, with reduced payback
periods [25]. In addition, a low-cost single-direction tracker based on photodiode sensors improved energy
output by approximately 20% [26], while an optimized dual-axis system yielded an annual energy gain of
about 42% [27].

Consequently, based on these findings, the rooftops of campus buildings can be strategically utilized
as renewable energy harvesters to address existing energy demands. To maximize PV array performance,
solar panels should be positioned perpendicularly to the sun at optimal angles in order to minimize shading
losses. Therefore, this paper introduces the design of a rooftop solar PV system for the Faculty of
Engineering, University of Riau, developed and simulated using PVsyst software.

2. ENERGY EVALUATION

The main factors to consider for rooftop solar power systems are the total installation cost, the
amount of electricity generated as well as government policy support on solar energy development. The
nominal output of the PV plant in Wp can be computed using (1) [28].

PPV,required = Npanel,required X Ppanel,rate (1)

Ppy requirea 1S the required PV system capacity (Wp). This value represents the total nominal power
that must be installed to meet a specific energy demand. Npgneirequirea 1S the number of solar panels

required (Pcs). This value is obtained by dividing the total PV system capacity by the nominal power of each
panel. Pyunerrace 1S the nominal power of a single solar panel (Wp), as specified in the manufacturer’s
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datasheet, determined under standard test conditions (STC) (STC: irradiance 1000 W/m? and cell temperature
25 °C).

In its implementation, PV can be constructed off and on grid, and nowadays RPV systems are also
widely used. The following description will explain some commonly used PV system constructions. Then,
the quality of system operation is determined by the performance ratio (PR) as shown in (2) [29].

PR(%) = “24¢ x 100 )

PR is the PV system performance factor (0-1 or %). PR indicates the overall efficiency of the
system after considering all losses, including temperature effects, shading, inverter conversion losses, soiling,
and others. E,,. ¢ is the actual output energy of the PV system (kWh), measured after the inverter
conversion into alternating current (AC). Esr¢ is the theoretical energy (kWh) that the PV system would
produce if it operated continuously under STC corresponding to the received irradiance.

The PR is defined as the difference in final yield (Y;) and reference yield (Y;.). The actual energy
produced by the solar PV system compares with the expected energy from its nameplate rating. The PR can
be calculated using (3), as per IEC 61724 [30].

PR=Z 3)

Y

The net AC energy produced by PV systems combined with the installed PV array's peak power at
STC during a certain period can be compared to the Y; results. In (4) shows how to express the Y; in daily,
monthly, and yearly periods.

Eou
=t @

PN

The Y, compares total in-plane irradiance to the reference irradiance of the PV. STC are used to
measure the PV reference irradiance, which is 1000 W/m2. In (5) describes the Y, formula.

__ Totalin plane irradiance (5)

PV reference irradiance

Y is the final yield of the PV system (kWh/kWp), calculated as the ratio of actual output energy to
nominal system capacity. It represents how much energy is generated per installed 1 kWp of PV capacity. Y,
is the reference yield (kWh/kWp), calculated as the total in-plane irradiance divided by the reference
irradiance of 1 kW/m2. This value is equivalent to the number of peak sun hours.

3. PHOTOVOLTAIC STRUCTURE

The proposed solar PV power system comprises a PV array, inverter, cabling, mounting structures,
protection devices, and battery storage [31]. Appropriately rated power and control cables are essential for
interconnections between modules or panels within an array, between the array and the charge controller, and
between the charge controller and the loads. Cable sizing is determined by considering the full-load current
and allowable voltage drop, with a maximum permissible drop of 2.5% under full-load conditions. Derating
factors must also be taken into account when selecting conductors. For the protection of both equipment and
personnel, proper earthing is required. Two main grounding methods are employed: system earth, which
involves grounding one leg of the circuit, and equipment earth, where non-current-carrying metal parts are
bonded to the ground to prevent electric shock during faults. Junction boxes must be properly rated and
capable of withstanding environmental factors such as dust and water. Additionally, fuses of adequate rating
should be installed to safeguard solar arrays against short-circuit conditions.

Within the category of distributed systems, PV installations can generally be classified into four
types:
— Mall-scale, up to 250 kW;
— Medium-scale, ranging from 250 kW to 1 MW;
— Large-scale, from 1 MW to 100 MW,
— Very large-scale, with capacities exceeding 100 MW.

Utility-scale PV systems typically employ a specialized layout that incorporates multiple
transformers, inverters, and PV arrays. In this configuration, each PV string is connected to its own inverter,
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resulting in a higher number of inverters compared to power plants that utilize a single central inverter

(Figure 1).
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Figure 1. A generating unit that utilizes PV at a grid level [32]
4. METHOD

4.1. Site information and design process

This research is focused on the classroom building of the Building C, Faculty of Engineering,
University of Riau. The first step was to measure height and area of the building. And then, the building plan
was designed using software application, and then will later be imported into special software to design RPV
in specified building. The coordinate of the building is at latitude 0.479994°, longitude 101.376736° and
altitude 26 m respectively. Location observation is aimed to determine the position of the building against the
position of the sun at any time. In one year, the sun changes its position every month so that the sun's
declination point is at 23.45° in every northern and southern part of the earth, where the area of the Faculty of
Engineering, University of Riau is + 84,200 m?.

The building height was measured with a digital laser meter (LSM), and the roof inclination was
measured with an inclinometer meter (IM). These parameters serve as inputs for SketchUp software to design
a 3D model of the building. The 3D building model is then imported into PVsyst software to design the RPV
system. Meteorological data were collected using an automatic weather station (AWS) installed on the
rooftop of the Coversion Energy Laboratory, Department of Electrical Engineering, Faculty of Engineering,
University of Riau. The entire process is illustrated in Figure 2.

Measurement

Inclinometer Digital
Digital Laser Meter

The Blueprint of the Faculty of Engineering Building,

University of Riau.

Rooftop PV Design for the Faculty of Engineering 3D Design of the Faculty of Engineering Complex,
Building, University of Riau University of Riau

Figure 2. Diagram for designing a RPV system
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In this study, the automatic weather station (AWS) records data on solar radiation, humidity,
temperature, and other parameters at five minute intervals, producing 12 data points in a hour. The radiation
measured by the AWS is global horizontal irradiance (GHI), which represents the total shortwave radiation
received by a horizontal surface on a flat plane. This parameter is particularly important for RPV systems that
do not employ large solar tracking devices. GHI consists of both direct normal irradiance (DNI) and diffuse
horizontal irradiance (DHI). In addition, the AWS also records ambient temperature and relative humidity of
the surrounding environment.

4.2. Analysis method

The RPV system design requires an actual building design to illustrate the exact roof conditions.
Each building in the Building C, Faculty of Engineering, University of Riau has a different roof shape and
slope. The design was built is used as a RPV design using a 3DS file type. Based on this figure, from each
sides of the roof that can be installed RPV, where the total roof area that can be installed RPV is 1,612.55 m?.
The rooftop code markings as shown in Figures 3(a) and (b) can easily identify the meteonomic position of
each rooftop. The azimuth of the building roof is -178°.
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Figure 3. The 3DS and RPV system design of academic building, Building C, Faculty of Engineering,
University of Riau: (a) the 3DS design of building and (b) designing an RPV system

Based on the PVSyst software simulation results, the number and area of PV panels that can be
installed on each rooftop are shown in Table 1, and the design of the RPV can be seen in Figures 3(a) and (b).

To ensure realistic simulations, key assumptions were applied: monthly cleaning corresponding to
~2% annual soiling loss, module degradation of 0.5%/year, and system availability of 98%. In PVsyst,
shading was modelled using the 3-D tool based on rooftop geometry, temperature effects with the normal
operating cell temperature (NOCT)-based thermal model and manufacturer’s coefficient, mismatch and
wiring losses were set to 2% and 1.5%, respectively, and inverter efficiency to 97%. These assumptions are
explicitly stated to improve transparency and reproducibility.

Table 1. Number and area of panels on building based on roof angle

Item Degree
5° 10° 15° 20° 25°
Panel (Pcs) 600 612 640 660 680
Panel area (m? 1,060.80 1,082.02 1,131.52 1,166.88 1,202.24
Area effective (m?) 1,116.40 1,138.76 1,190.77 1,228.11 1,265.24

5. RESULT AND DISCUSSION

The panel angle represents the tilt of the solar panel relative to the horizontal. Determining this
angle is important as it affects the amount of solar radiation received and the energy output generated by the
solar panel. Pmgp (Wp) is the maximum power that can be generated by the solar module in Watt peak (Wp).
Pinv (W) is the maximum power fed into the inverter, measured in watts. This indicates the amount of power
converted by the inverter from DC to AC. The inverter (unit) is the number of inverters used to convert
power from the solar panels to the electrical system. Vmax Array (V) is the maximum voltage produced by the
solar module array. Imax Array (A) is the maximum current produced by the solar module array. Module in
Series refers to the number of solar modules arranged in series within the array. The number of strings is the
number of solar panel circuits (strings) connected to generate electrical power. Table 2 shows how changes in
the solar panel angle affect the power generated and system configuration. The solar panel angle shows the
tilt of the PV module relative to the horizontal line. In RPV applications, this angle is crucial as it affects the
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amount of solar radiation received by the panel surface. The more optimal the angle, the greater the energy
that can be generated.

At a 5° angle, the panels are almost flat relative to the ground surface, allowing for good radiation
reception in tropical regions. At a 25° angle, the panels are tilted more sharply, suitable for optimal sunlight
absorption in locations with varying radiation intensity throughout the year. Pmp, (Watt peak) is the maximum
power the solar panel can generate under optimal conditions, when the module operates at the maximum
power point (MPP). This value varies depending on the installation angle. At a 5° angle, the maximum power
generated is 210,000 Wp. At a 25° angle, the maximum power increases to 238,000 Wp, showing that a
larger panel angle can generate more energy in certain conditions.

Table 2. Capacity and topology of the RPV system for building
Tilt (°)  Panel (Pcs)  Pupp (KWpP)  Piny (KW)  Inverter (unit)  Vimacarray (V)  Inaxarray (A)

Module in  Number of

series string
5° 600 210.0 168.0 8 701 324 12 50
10° 612 214.2 1714 9 701 314 12 51
15° 540 224.0 179.2 9 585 393 10 64
20° 660 231.0 184.8 9 701 338 12 55
25° 680 238.0 1904 9 585 418 10 68

Pinv (W) represents the maximum power that can be supplied to the inverter within the system. The
inverter functions to convert the direct current (DC) produced by solar panels into AC, making it suitable for
use by electrical devices or for distribution to the power grid. At a 5° angle, the inverter receives a power of
168,000 W, while at a 25° angle, the inverter can handle a higher power of 190,400 W. The number of
inverters required in the system converts DC power to AC power. More inverters are needed to handle higher
power. At a 5° angle, 8 inverter units are required. From angles of 10° to 25°, the number of inverters needed
increases to 9 units, as the power generated by the panels rises. Vmax array is the maximum voltage produced
by the solar module array, indicating the voltage level that can be generated from the series configuration of
modules. At a 5° angle, the module array produces a maximum voltage of 701 V, which is the same at 10°
and 20° angles. However, at 15° and 25° angles, the maximum voltage is lower at 585 V, indicating a
different panel arrangement configuration to achieve optimal power. Imax array represents the maximum
current generated by the module array in a single string. The higher the current generated, the greater the
potential power output. At a 5° angle, the maximum current produced is 324 A, which decreases slightly to
314 A at a 10° angle. At a 25° angle, the maximum current increases to 418 A, indicating a higher energy
output at steeper angles.

The number of solar modules connected in series within an array determines the system’s total
voltage. At a 5° angle, 12 modules are connected in series, as well as at 10° and 20° angles. At 15° and 25°
angles, the number of modules connected in series decreases to 10, adjusted to a lower voltage configuration.
Number of strings represents the total number of strings or circuits connected within the PV system. Each
string contains modules connected in series and parallel to achieve the desired power output. At a 5° angle,
there are 50 strings connected, while at a 25° angle, the number of strings increases to 68, indicating
adjustments in the number of circuits needed to reach optimal power at larger angles. From the data in
Table 2, it is evident that adjusting the panel angle affects various performance aspects of the solar system,
including Pmpp, Pinv, Voltage, current, and circuit configuration. A larger angle tends to increase both Py, and
Pinv but also requires more strings and modules to optimize energy output. Choosing the optimal angle in
RPV installations is crucial to ensure maximum energy efficiency in specific geographic regions.

The PR is a key parameter used to evaluate the overall efficiency of a PV system, as it accounts for
the influence of temperature, system losses (Ls), and environmental conditions on energy production.
Figure 4(a) describes monthly PR of the PV system over one year. The PR values remain stable across all
months, with an annual average of 0.832, reflecting consistent system efficiency under varying
environmental conditions. Figure 4(b) presents the monthly PR of the RPV system over a one-year period.
The results indicate that the PR values remain relatively uniform throughout the year, ranging closely around
the annual average of 0.823.

This stable trend suggests that the PV system consistently converts incident solar energy into usable
electrical energy with minimal seasonal variation. The absence of significant fluctuations across the months
implies that factors such as shading, dust accumulation, and temperature effects exert only limited influence
on the system performance. The relatively high and stable PR also indicates that the system design,
installation, and maintenance strategies are effective in mitigating energy losses. For instance, module
orientation, tilt angle, and inverter efficiency likely contributed to maintaining reliable energy vyield.
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Furthermore, this finding highlights the suitability of RPV systems in achieving consistent energy output
throughout the year in equatorial regions, where solar irradiance levels are relatively stable. Overall, the
results demonstrate that the installed system performs efficiently and can provide a reliable energy supply for
building-scale applications. The high PR achieved further confirms the potential of RPV as a sustainable
solution for reducing dependency on conventional energy sources.

Performance Ratio = Performance Ratio

1 f B FrR: Performance Ratio (YtYr): 0.832 ]:1 I PR: Performance Ratio (Yt/Yr): 0.823
1.0 1.0
0.9 0.9

w 0.8 e 0.8

% 0.7 E‘: 0.7

T‘; 0.6 g 06

§ 05 % 0.5

g 04 504

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

@ (b)

Figure 4. The PR change graph at angle variations of: (a) tilt angle 5° and (b) tilt angle 10°

Figure 5(a) illustrates the normalized daily energy yield of the 210 kWp PV system, expressed in
kWh/kWp/day. The annual average useful energy (Y;) is 3.22 kWh/kWp/day, while collection losses (Lc) and
Ls account for 0.58 and 0.07 kWh/kWp/day, respectively. The results show that Lc dominate overall Ls,
remaining relatively stable throughout the year but slightly higher during months of greater solar radiation
(June—August). Ls, mainly from inverter conversion, are minimal and consistent across months, indicating
stable inverter performance. Seasonal variations in Y; are evident, with higher production between April and
August and lower values in January and December, likely due to solar radiation differences. Overall, the PV
system demonstrates reliable energy production, with Lc identified as the primary area for efficiency
improvement. Figure 5(b) presents normalized daily energy production of the 214 kWp PV system, expressed
in KWh/kWp/day. The useful energy yield (Y;) averages 3.17 kWh/kWp/day, while Lc and Ls account for
0.61 and 0.07 kWh/kWp/day, respectively. The results indicate that Lc dominate overall Ls, while Ls remain
minimal and stable across months, reflecting consistent inverter performance. Seasonal variations in Yf are

observed, with higher production in May and lower output in November—December, mainly influenced by
changes in solar irradiance.
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Figure 5. The energy production change graph at angle variations of: (a) tilt angle 5° and (b) tilt angle 10°
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Figure 6(a) presents the normalized energy production and loss factors of a 210 kWp PV system.
The results show that 83.2% of the available energy is delivered as useful output (Y;), while 15% is lost
through Lc and 1.8% through Ls. Lc, mainly due to dust, shading, or module mismatch, constitute the largest
share, whereas Ls from inverter conversion are minimal and stable throughout the year. Then, Figure 6(b)
illustrates normalized production and loss factors of the 214 kWp PV system. The results show that 82.3% of
the available energy is delivered as useful output, while 15.9% is lost through Lc and 1.8% through Ls. The
performance remains stable throughout the year, indicating consistent system efficiency under varying
environmental conditions.

Overall, the system demonstrates good efficiency with consistent energy production across all
months. Reducing Lc, for instance through panel cleaning or optimal tilt adjustment, could further enhance
performance. Simulation results indicate that tilt angles of 5° and 10° provide the most suitable configuration
for RPV installation on the Faculty of Engineering building, University of Riau. More details are shown in
Table 3.

Mormalized productions and Loss Factors: Mominal power 210 kWp Normalized productions and Loss Factors: Nominal power 214 kWp

Le: Collection Loss (PV-array losses) 159 %
Ls: System Loss (invertar, ...} 18%

Yt: Produced useful energy (imverter output) 83.2 %

Le: Collection Loss (PV-array losses) 15%
Ls: System Loss (inverter, ...) 1.8 %
¥t: Produced useful energy (inverter output) 832 %
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Figure 6. The normalized production and loss factors change graph at angle variations of: (a) tilt angle 5° and
(b) tilt angle 10°

Table 3. The effect of tilt angle changes on PR
Tilt (°)  Number of panels (Pcs)  Inverter (Pcs)  Egriga (kWh)  Woerig (KW) PR

5° 600 8 247,128 28.211 0.83
10° 612 9 248,012 28.312 0.82
15° 640 9 248,856 28.408 0.80
20° 660 9 246,446 28.133 0.78
25° 680 9 240,168 27.416 0.75

Figure 7 presents comparative visualization of PR and annual energy output across different tilt
angles (5°-25°). The results show that while differences in PR and energy yield are relatively small, they
remain relevant for site-specific RPV optimization. This dual-axis plot highlights the trade-off between PR
stability and incremental changes in energy production, providing practical insights for rooftop design
decisions in tropical contexts.

Figure 8 presents the trade-off between the number of installed panels and the PR at different tilt
angles. The results show that increasing the tilt angle from 5° to 25° allows more panels to be installed (from
600 to 680 Pcs). However, this increase comes at the cost of a lower PR, which decreases from 0.83 to 0.75.
This trend suggests that larger tilt angles provide greater installation capacity but reduce the system’s ability
to capture solar radiation effectively, leading to lower efficiency.

When considering energy delivered to the grid (Egrid), the results confirm that the highest energy
output (248,856 kWh) occurs at 15° with 640 panels, despite the PR decreasing to 0.80. Beyond this point,
additional panels do not compensate for the reduction in PR, causing Egrid to decline. Therefore, the 15°
configuration represents the most balanced option, offering the maximum energy yield while maintaining
acceptable efficiency. This trade-off highlights the importance of optimizing tilt angle in RPV system design,
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where maximizing the number of panels alone does not guarantee higher energy production. Instead, the
interplay between PR and installed capacity determines the optimal configuration, which in this case lies at 15°.

250.000 0.84
248.000 .“_:,;.s-..,,\....: 0.82 &
. ce, o
246.000 S-o 08 o
< 244.000 = g
= Tee e 0.78 &«
= 242.000 S, 3
= "R 076 £
L5 240.000 2 £
238.000 074 2
(O]
236.000 072 &
234.000 0.7
50 10° 15° 20° 25°
Tilt Angle (9)

Figure 7. Comparative visualization of the relationship between tilt angle, Ecria, and PR
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Figure 8. Comparative visualization of tilt angle, number of installed panels and PR

This study assessed the impact of different tilt angles (5°—25°) on the PR and annual energy output
of a RPV system at University of Riau using PVsyst simulations. The results indicate that lower tilt angles,
consistent with tropical solar geometry, deliver marginally higher PR and energy vyield. Although the
differences are small, they remain practically relevant for RPV design in constrained urban contexts.

The study’s novelty lies in applying a site-specific, rooftop-constrained approach that highlights
trade-offs between PR stability and incremental energy gains. Comparative visualizations provide practical
insight into how even minor tilt adjustments can influence system performance and economic outcomes.
While statistical significance testing, sensitivity analysis, and real-world validation were beyond the present
scope, these limitations have been acknowledged and represent important directions for future research.

Beyond site-specific findings, the methodological framework is adaptable to other tropical and
urban regions. Tilt optimization contributes not only to improving system efficiency but also to supporting
grid integration, off-grid energy reliability, and potential synergies with storage and demand-side
management. Thus, this work provides both practical guidance for RPV deployment and a foundation for
broader research into scalable, sustainable solar energy strategies in tropical climates.
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6. CONCLUSION

This study conducted a comprehensive analysis of the effect of tilt angle on the performance of RPV
systems. The results reveal that: i) the tilt angle significantly influences the number of solar panels that can
be installed on a given roof area. Larger tilt angles allow for more panels, while smaller tilt angles limit panel
installation; ii) an increase in tilt angle reduces the panels' ability to capture direct sunlight, resulting in lower
energy output. Conversely, smaller tilt angles enhance the panels' capacity to harness solar radiation, thereby
increasing energy generation; iii) the PR is inversely related to the tilt angle; higher tilt angles lead to lower
PR values, while lower tilt angles correlate with higher PR values; and iv) based on the results, the optimal
tilt angles for the design of RPV systems on the academic building of the Building C, Faculty of Engineering,
University of Riau are determined to be 5° and 10°.

These conclusions highlight the importance of selecting the appropriate tilt angle in maximizing the
efficiency and energy output of RPV installations. Further optimization of other system components may
enhance overall performance.
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