‘ energies

Article

Assessing the Viability of Rooftop Solar PV in Energy-Intensive
Industries: A Techno-Economic and Safety Framework for the
Indonesian FMCG Sector

Almaaidah Puri Galevien !, Mohammad Kholid Ridwan 2* and Awang Noor Indra Wardana >

check for
updates

Academic Editor: Armando Oliveira

Received: 17 September 2025
Revised: 31 October 2025
Accepted: 2 November 2025
Published: 6 November 2025

Citation: Galevien, A.P.;; Ridwan,
M.K.; Wardana, A.N.I. Assessing the
Viability of Rooftop Solar PV in
Energy-Intensive Industries: A
Techno-Economic and Safety
Framework for the Indonesian FMCG
Sector. Energies 2025, 18, 5859.
https://doi.org/10.3390/
en18215859

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Industrial and Systems Engineering, Faculty of Engineering, Universitas Gadjah Mada,
Yogyakarta 55281, Indonesia; almaaidahpurigalevien@mail.ugm.ac.id

Department of Nuclear Engineering and Engineering Physics, Universitas Gadjah Mada,

Yogyakarta 55281, Indonesia; awang.wardana@ugm.ac.id

Correspondence: kholid@ugm.ac.id

Abstract

Energy-intensive sectors in emerging nations have the simultaneous difficulties of trying
to diminish greenhouse gas emissions while maintaining a stable and cost-effective en-
ergy supply. Rooftop solar photovoltaic (PV) systems offer a viable solution, especially in
tropical areas like Indonesia that have elevated solar irradiance. This study employs a com-
prehensive methodology to evaluate the structural, economic, and safety viability of rooftop
photovoltaic adoption in the Fast-Moving Consumer Goods (FMCG) sector. Structural
analysis utilizing the PMM Ratio verified that industrial rooftops can support a 599 kWp
photovoltaic system with minimal reinforcements. The economic assessment revealed
substantial feasibility, featuring a Levelized Cost of Energy (LCOE) of Rp 261.40/kWh
(about USD 0.016/kWh), yearly savings of Rp 1.36 billion (approximately USD 89,000),
a Return on Investment (ROI) of 570%, and a payback duration of 3.73 years. The safety
evaluation utilizing the Hazard Identification and Risk evaluation (HIRA) technique found
significant hazards—working at height, electrical faults, and fire risks—and recommended
mitigation measures in accordance with IEC and Indonesian standards. The findings estab-
lish a replicable paradigm for assessing rooftop photovoltaic systems in energy-intensive
sectors and furnish actionable recommendations for policymakers and industry executives
to expedite the adoption of renewable energy in tropical emerging economies.

Keywords: photovoltaic (PV) systems; renewable energy; FMCG industry; energy
efficiency; sustainability

1. Introduction

The global shift to low-carbon energy systems has increased the demand for enter-
prises to incorporate renewable energy solutions that provide sustainability, dependability,
and cost effectiveness [1]. Photovoltaic (PV) systems are unique among renewable technolo-
gies due to their scalability, low installation costs, and quick technological advancements [2].
Rooftop PV is a strategic way to reduce greenhouse gas emissions and enhance energy re-
silience in tropical nations like Indonesia, where solar irradiation averages 4.8 kWh/ m? [3].

Indonesia’s National Energy Policy (Presidential Regulation No. 79/2014) aims to
achieve a 23% renewables contribution of the national energy mix by 2025 [4]. However,
fossil-based energy sources continue to dominate the industrial sector, which accounts for
over 40% of the total power usage [5]. This reliance exposes sectors to cost volatility and
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carbon-related risks, particularly in the Fast-Moving Consumer Goods (FMCG) industry,
which is distinguished by continuous 24-h operations and energy-intensive equipment
including chillers, conveyors, and packing systems [6].

In this regard, the Fast-Moving Consumer Goods (FMCG) industry is notably energy-
intensive. Manufacturing facilities function on continuous 24-h production cycles, utilizing
high-capacity machinery including chillers, automated packaging systems, and storage
units with stringent cooling specifications [6]. Notwithstanding prior attempts to harness
alternative renewable resources like biomass and biogas, their dependability is frequently
constrained by irregular fuel availability and variable energy production [7]. Thus, rooftop
photovoltaic systems present a viable alternative; yet, their adoption in the fast-moving
consumer goods sector is limited.

Previous research has looked into rooftop PV applications in residential, commercial,
and utility-scale settings, but their relevance to the FMCG industry remains unknown.
Singh et al. [8] investigated the economic benefits of PV adoption in India, but neglected
structural reliability issues in existing industrial buildings. Coglan et al. [9] found that roof
material and geometry have a substantial impact on module temperature and long-term
performance. However, their analysis was limited to technical issues and did not include
economic or safety concerns. Broader investigations, such as the IEA (2021) and Naspolini
et al. [10], corroborated the global competitiveness of rooftop PV systems, but only a few
studies have addressed occupational safety or contextualized findings for tropical industrial
environments. In the Indonesian context, Rababah et al. [11] evaluated PV feasibility for
factories but limited their scope to techno-economic evaluation, leaving structural and HSE
(Health, Safety and Environment) factors unexplored.

These limitations underscore the lack of an integrated framework that takes into
account structural integrity, economic feasibility, and safety risks, especially in energy-
intensive FMCG factories operating in tropical climates.

The uniqueness of this study stems from its complete methodology, which combines
structural, economic, and safety considerations into a unified scientific framework. The
structural evaluation uses the PMM (Axial Force-Moment-Moment) Ratio to account for the
combined effects of axial compression and biaxial bending on rooftop elements, assuring
load-bearing safety. Economic viability is assessed using important variables such as
the Levelized Cost of Energy (LCOE), Return on Investment (ROI), and Payback Period.
Meanwhile, safety is assessed using the Hazard Identification and Risk Assessment (HIRA)
approach, which is compliant with IEC 60364 and ISO 45001 standards [12]. Figure 1
outlines the primary concerns evaluated in these three dimensions—structural, economic,
and safety—as well as environmental conditions that affect module performance, such as
temperature rise and limited cooling on industrial rooftops. By incorporating these factors,
the study presents a repeatable and contextually appropriate approach for evaluating
rooftop PV systems in the FMCG sector, thereby filling a significant vacuum in academic
literature and industrial practice.

This research utilizes real electricity consumption data from an FMCG company in
Indonesia, offering a detailed case study that enhances both academic discussion and
practical decision-making. The results illustrate the technical and economic appeal of
rooftop photovoltaic systems while also suggesting a repeatable framework for mitigating
risks associated with solar investments in the industrial sectors of tropical emerging nations.

The implementation of rooftop photovoltaic systems in industrial buildings neces-
sitates thorough structural assessment, as the majority of fast-moving consumer goods
industries in Indonesia were not initially engineered to support extra rooftop weight [13].
This study employs the PMM (Axial Force-Moment-Moment) Ratio approach to assess
the synergistic impacts of axial loads and biaxial bending moments on structural compo-



Energies 2025, 18, 5859

30f20

nents [14]. A PMM ratio under 1.0 signifies secure structural performance for simultaneous
loading conditions, thereby guaranteeing that the roofing can consistently sustain PV
installations without jeopardizing factory safety [15].

FACTOR
CONSIDERED
|
I 1 1
STRUCTURAL ECONOMIC SAFETY
Axial Working at
Compression CAPEX Height
[— Baxial Bending | | OPEX - Electrical
Combine load Tariff .
— X — . — Fire Hazard
Interaction Excalation

Figure 1. Classification of factors considered in the integrated techno-economic and safety assessment
of rooftop PV systems.

Moreover, the on-grid rooftop photovoltaic (Figure 2) arrangement is chosen for its
appropriateness for uninterrupted industrial activities. In contrast to off-grid systems
that necessitate costly battery storage, the on-grid architecture directly links to the public
power grid, facilitating immediate utilization of solar energy and effortless integration with
current factory systems [16]. In the utilities section of the case study, the system is integrated
via a Change Over Switch (COS) network, which was selected over the Static Transfer
Switch (STS) to protect production lines from instability during switching events [17].

Solar Module

DC AC : Import Flow
: Export Flow
r AC Line
: DC Line
-
Inverter On Grid Meater Conventional Electricity

Figure 2. On-Grid Rooftop PV system.

Notwithstanding the optimistic prospects, space constraints hinder the comprehensive
implementation of rooftop photovoltaic systems in the FMCG case study plan [18]. The
available roof surface is inadequate to accommodate a system that can fulfill the factory’s
whole energy requirement, which surpasses 200,000 kWh per month [19]. This study
concentrates on the utility area, an essential support zone comprising chillers, compressors,
lighting systems, and auxiliary pumps to mitigate this constraint. This location was
deliberately chosen due to its significant contribution to daily electricity consumption
(about 6982 kWh) and its relative insensitivity to brief switching delays compared to
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production lines. By focusing on the utility area, the rooftop photovoltaic system can
optimize the integration of renewable energy within current spatial constraints, diminish
reliance on grid electricity, and maintain continuous production in essential manufacturing
processes [20].

The configuration of photovoltaic (PV) systems consists of three main types: on-grid,
off-grid, and hybrid. The on-grid photovoltaic (PV) system is a system directly connected
to the public electricity grid, where the energy produced by solar panels can be used
directly for daily needs, and excess energy can be fed back into the grid. This system
does not require batteries for energy storage, resulting in a lower initial installation cost;
however, it relies on a stable electricity grid. Unlike on-grid systems, off-grid solar power
systems operate independently, without being connected to the electrical grid, and require
batteries to store energy so that it can still be used at night or during cloudy weather. This
system is suitable for remote areas that lack access to the electrical grid, although the initial
cost is higher due to the requirement for batteries. Meanwhile, the hybrid photovoltaic
(PV) system is a combination of on-grid and off-grid, with the system connected to the
electrical grid and equipped with batteries for energy storage. Thus, hybrid Rooftop PV
systems allow users to store excess energy in batteries, utilize energy from the grid when
needed, and continue operating during power outages. Although more flexible in energy
management, hybrid Rooftop PV systems tend to have higher installation costs due to the
inclusion of more complex components and controls.

2. Materials and Methods

The case study in this research was a Fast-Moving Consumer Goods (FMCG) enterprise
in Indonesia characterized by significant electricity usage and ongoing production cycles. The
scientific approach incorporates structural, economic, and safety evaluations to thoroughly
assess the viability of using rooftop photovoltaic (PV) systems in industrial settings.

2.1. Structural Assessment

A structural integrity examination was initially performed to verify that the existing
factory rooftop could safely support the extra photovoltaic loads. The majority of FMCG man-
ufacturing structures in Indonesia were not initially engineered to accommodate additional
rooftop loads, including photovoltaic modules, mounting frameworks, and inverters.

The analysis utilized the PMM (Axial Force-Moment-Moment) Ratio approach, which
assesses the cumulative effect of axial compression and biaxial bending moments on
structural components [21]:

M, My

P
PMM Ratio = — + +
Py My« Mny

where P is the axial load, Py, is the nominal axial capacity, My and M, are the applied
bending moments, and M,y and My are their corresponding nominal moment capacities.
A ratio < 1.0 indicates structural safety.

The computations were executed with SAP2000 version 23 software [22]. Load as-
sumptions adhered to Indonesian standards: SNI 1727:2020 for dead and live loads, SNI
1726:2019 for seismic design, and SNI 1727:2020/ASCE 7-16 for wind loads [23]. In in-
stances where structural elements neared critical thresholds, reinforcements like steel
brackets and angle profiles were recommended. These efforts were classified as ordinary
building maintenance instead of direct photovoltaic project expenses.

The PMM ratio study was performed to assess the roof structure’s capacity to en-
dure supplementary loads from the PV modules. The results indicated that most of the
structural functions were within acceptable safety margins; however, several spots neared



Energies 2025, 18, 5859

50f 20

the maximum permitted stress limit. This circumstance is represented in Figure 3, which
demonstrates the distribution of PMM ratios among the building elements. The visual-
ization distinctly identifies structural components nearing their maximum design limits,
thereby acting as an essential reference for assessing reinforcing requirements.

(b)

Figure 3. Depicts (a) the configuration of the FMCG facility in Indonesia and (b) the implementation

of the rooftop solar power system.

The reinforcement assessment was represented in a structural map, as illustrated in
Figure 4. The green portions in this picture denote roof sections with adequate structural
integrity to securely support the solar modules without alterations. Conversely, red sections
denote areas of the building necessitating supplementary reinforcement measures, such
as the installation of steel brackets or angle profiles, to assure load-bearing capacity. This
color-coded depiction offers a clear differentiation between secure areas and reinforcement
zones, facilitating a focused and effective fortification plan.

Figure 4. Rooftop structural map showing areas suitable for PV installation and sections requiring reinforcement.

Figure 4 depicts both the level and slightly sloped roof structures of the FMCG plant.
The majority of roof sections are flat, but some segments—particularly those above the
utility and packaging zones—have slopes of 5-10° relative to the horizontal plane. To
maximize incident irradiance, all photovoltaic modules were oriented north-northwest,
in accordance with Indonesia’s ideal sun azimuth. The row-to-row spacing of 1.2 m was
chosen to reduce self-shading while maintaining adequate airflow for module cooling.
These geometric characteristics were included in the structural and energy simulations
to ensure that the combined impacts of tilt, spacing, and wind loads were appropriately
represented in the PMM ratio study.

2.2. Analysis of Electricity Consumption

The utility area was designated as the integration point for the rooftop PV system
since geographical constraints on the factory rooftop rendered full-scale backup impractical.
The utilities section includes essential supporting systems such as chillers, compressors,
pumps, and lighting, which together consume roughly 6982 kWh daily.

Electricity use was tracked daily, weekly, and monthly to create a baseline load profile,
as summarized in Table 1 [24]. Integration was implemented via a Change Over Switch
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(COS) network instead of a Static Transfer Switch (STS) to mitigate the risks of instability
in production lines [25]. The photovoltaic system was designed to accommodate chillers
and lighting loads, which represent the predominant portion of utility demand, while
maintaining operational safety.

Table 1. Electricity usage in each period.

Electricity Usage (kWh)

Period (Average) - - - -
Chiller Lightning Incoming COS
Daily 4648 2333.83 6981.83
Weekly 32,536 16,336.81 48,872.81
Monthly 139,440 70,014.9 209,454.9

Analysis of Economic Feasibility
The economic evaluation was conducted utilizing three financial metrics: Levelized
Cost of Energy (LCOE), Return on Investment (ROI), and Payback Period (PBP) [26].

Total CAPEX + Y OPEX

LCOE = Solar plant life time energy

_ Savings Over 25 Years — CAPEX
N CAPEX

_ CAPEX
~ Annual Saving

ROI x 100%

PBP

Principal assumptions encompassed:

- Capital Expenditure: Rp 8,500,000 per kilowatt-peak (total about Rp 5.09 billion for
599 kilowatt-peak).

- Operational Expenditure: Rp 80,000 per kWp annually (about Rp 47.9 million per year).

- Annual inflation rate: 3% (average from Bank Indonesia, 2020-2024).

- Module degradation: 0.5-0.7% year (according to IEC 61724-2 and IEA PVPS data) [27].

- Operational lifespan: 25 years.

- Tariff benchmark: Rp 1444.70/kWh (PLN unsubsidized 2024).

A sensitivity analysis was conducted to evaluate differences in CAPEX, OPEX, in-
flation, and PLN tariff hikes to improve robustness [28]. Results were illustrated using
tornado charts, highlighting the elements that most significantly impact ROI and return.

Evaluation of System Safety.

A safety assessment was performed utilizing the Hazard Identification and Risk
Assessment (HIRA) technique to identify potential hazards and establish suitable control
measures [29]. The investigation identified many significant risks, including more labor
during rooftop installation, electrical failures in inverters or wiring, and fire threats due
to overheating modules or short circuits. To mitigate these risks, fall protection devices,
full-body harnesses, and scaffolding were utilized for elevated work; grounding, surge
protection, and overcurrent devices compliant with IEC 60364 were installed to manage
electrical hazards [30]; and arc fault detection, fire suppression systems, and thermal
monitoring were employed to reduce fire risks. All steps were executed in accordance with
IEC 62446 and IEC 60364 [31], assuring conformity with Law No. 30/2007 on Energy and
MEMR Regulation No. 2/2024 in Indonesia [32].
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3. Results

Some structures require reinforcement, as depicted in the figure below. Therefore, the
reinforcement that will be carried out will be illustrated.

Figure 5 illustrates the structural analysis of the building after reinforcement has been
implemented. The diagram on the left represents the distribution of the stress ratio, also
known as the PMM (P-M-M Ratio), on the building frame elements [33]. The colors in
the diagram indicate the level of utilization of the structural element’s capacity, where the
green color signifies a safe utilization ratio (<1.0). The analysis results show that all frame
elements have a PMM Ratio below 1.0, which means that the structure is in a safe condition
and capable of withstanding the applied load.

Additional 10 mm plate
on 4 existing coloumns

10 mm plate welded
to the flange

Figure 5. Strengthening of building structure 4.

Meanwhile, the diagram in Figure 6 shows the maximum deformation or displacement
of the structure after reinforcement. The maximum displacement recorded was 76.6 mm,
which is smaller than the allowed limit, namely L /240 = 108.33 mm (where L is the length
of the structural element) [34]. This indicates that the deformation remains within safe
limits and does not compromise the structure’s stability.

Figure 7 illustrates the strengthening design concept for Building Structure 9. The
central diagram on the left shows a 3D model of the building structure with areas requiring
reinforcement marked by dashed circles labeled A, B, and C. This model provides an
overview of the structural elements that will be reinforced to enhance their stability and
strength. On the right, three detailed sections illustrate the structural elements to be
reinforced. Label A illustrates reinforcement on the central vertical elements, including
columns. Label B shows reinforcement on the horizontal aspects, such as beams, in the
middle of the structure, and Label C shows the addition of truss or frame elements to
increase the rigidity and stability of the structure. This reinforcement aims to ensure that
the structure in building nine can withstand additional loads or meet new design standards,
particularly if there are changes in function or an increase in load capacity [35]. With this
reinforcement design, the structure is expected to exhibit improved strength and stability,
meeting the specific needs.
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Stress Ratio and Displacement after reinforcement

The design ratio value of 0.808 for
each structural member indicates
an efficient and safe design.

A utility ratio approaching 1.0
(red) signifies that the structural
component is close to failure and
ratic of 0 denotes optimal safety.

Pt Obj: 42
| I Pt Elm: 42
3 e ee (U1=-00016
—t—t—t—t—" U2=06968 * = + o
U3 =-76.6361
0.9 R1=-0.00028
R2 = -5.746E-08
R3 = 8.846E-06
0.7
0.5
0
- L]

PMM Ratio all Frame < 1.0
(OK)

Max Displacement = 76.6 mm < L/240 = 108.33 mm
(OK)

Figure 6. Strengthening of building structure 6.

Letters A B, and C
indicate different
reinforcement locations
on the structure.

Figure 7. Preliminary concept for reinforcing structural integrity of building structure 9.

The summary of all structural reinforcement measures discussed above is presented

in Table 2.

Table 2. Summary of Structural Reinforcement Measures for Rooftop Solar PV Implementation.

No. Structure/!Bulldlng COI‘l.dltIOI‘l Before Reinforcement Reinforced Elements Additional Notes
Section Reinforcement Method
Several elements Addition of Primary columns and PMM Ratio after
1 Structure 4 showed PMM Ratio supplementary };)eams reinforcement < 1.0
approaching limit (1.0) structural elements (safe condition)
Deformation Max deformation
. Structural design Beams and connecting 76.6 mm, below
2 Structure 6 approaching safety . . .
threshold adjustments joints L /240 limit of
108.33 mm
Main vertical elements Indicated in the

3 Structure 9—Area A

lacked
adequate support

Column strengthening

Vertical main columns

diagram as Area A
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Table 2. Cont.
No. Structure/!Sulldmg Con.dltlon Before Reinforcement Reinforced Elements Additional Notes
Section Reinforcement Method
Mld—spar} beams . Horizontal central Indicated in the
4 Structure 9—Area B required Beam reinforcement .
- L beams diagram as Area B
additional rigidity
5 Structure 9—Area C Inadequate stiffness Addition of a truss or Supplementary Indlcated in the
under added load frame system structural frames diagram as Area C
Weak connection ioints Installation of knee Beam-column Reinforcement
i . . J braces (WF200 x 100) joints and points are marked in
6  Critical points (various) under solar . . . . .
anel loads and angle profiles (2L horizontal /diagonal red circles in the
P 60 x 60 x 6) members simulation diagrams

Figure 8 illustrates the structural reinforcement plan for critical elements, employing
two primary methods: the use of knee braces and angle profiles. (2L). In the first part,
reinforcement is carried out by adding a knee brace using a WF200 x 100 profile, which
serves as a diagonal element to connect the horizontal beam with the vertical column [36].
This reinforcement aims to increase the stiffness and stability of the structure, especially at
critical points marked with red circles. In the second part, the same reinforcement method
is applied, but at more points to provide additional stability to the structure that requires
greater support. Meanwhile, in the third section, reinforcement is carried out by adding a
2L 60 x 60 x 6 profile, which is an “L”-shaped angle profile installed in certain areas to
provide additional stiffness to horizontal or diagonal elements. The installation locations of
these profiles are also marked with red circles. Overall, this image illustrates a structural
reinforcement strategy by utilizing knee braces and angle profiles to enhance the strength,
stiffness, and stability of the structure, thereby enabling it to withstand additional loads
and ensuring the safety of the building.

/__— = —-———
( ” '\‘- e N g
N\ / ) S SN
“:-,.__.-" W\ s f‘f f T\
S - 5 + /
-~
1 - . &
Reinforcement with knee
— brace WF 200=<100
(=
= '1" s T -
. it e * 7 "
No# ¥ e
S S { + “fr——y
LY H 4 \ | S
SO SR
Fd .
—— =
. .(. e,
- b S -
) - - - :' ':

Reinforcement with the
3 =ddition of 2 60=60=5 profile

Figure 8. Preliminary concept for reinforcing structural integrity of building structure 9. (Note: 1,2,
and 3 identify the critical reinforcement details and sections to be strengthened).



Energies 2025, 18, 5859

10 of 20

Stress Ratio after reinforcement

Figure 9 illustrates the distribution of stress ratios in the reinforced structure. The
colored diagram uses a color scale to depict the stress ratio values, where red indicates
a ratio approaching the maximum limit (1.0), and green or blue indicates lower values,
showing that the structure is within safe limits. The text “Stress Ratio Frame < 1000 (OK)”
suggests that all frame elements have a stress ratio below 1, which means the structure has
been adequately reinforced and is in a safe condition against material failure. The additional
diagram at the bottom shows the stress ratio details for various structural elements.

The design ratio value of 0.6 for
each structural member indicates
an efficient and safe design.

o . - 2% ; . ’ The design ratio value of 0.72 for U
‘ 5 e = each structural member indicates
an efficient and safe design.

Stress ratio frame < 1 (OK)

09
. 07
v
...... 05
3 0
- - ” ..
——— . S "
0.387 e ] ° &
% b O
o 0051 o 1 e g,gss by 0619
e/ <8y = %y -0 - P73z
L o 7 .D .)‘.\19 3045
0.509 0.307 0.1 0.079

Figure 9. After the structural reinforcement of building 9.

After the structural reinforcement of the building is completed, the installation of the
rooftop PV system will be carried out as part of the initiative to utilize renewable energy
within the industrial environment. The system design considers the limited available roof
area, thereby restricting the number of solar modules that can be installed. Despite this
limitation, the configuration has been optimized to deliver a significant energy contribution
to the facility.

This solar power system will consist of two types of photovoltaic (PV) modules:
681 units of the first solar module type and 395 units of the second solar module type, both
of which are newly acquired [37] (Figure 10). The average peak power output of these
modules is approximately 540 Wp and 560 Wp, respectively. In total, 1076 modules will be
installed, with a combined installed capacity of roughly £599 kWp.

The total surface area required for the installation of all PV modules is estimated
to be approximately 2615 m?. Each module type has similar dimensions, measuring
approximately 2.278 m x 1.134 m (£2.58 m? per unit). Thus, the first module type will
occupy an estimated 1758 m?, while the second module type will require approximately
1020 m2. These figures do not account for spacing between modules, maintenance pathways,
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or other technical allowances, so in practice, the actual roof space required will be slightly
greater than the calculated module footprint alone.

st Cell Mono

Weight 28.1kg
r— Dimensions 227842mmx1134+2mmx35+1mm
101
- Cable Cross Section Size  4mm? (IEC) , 12AWG(UL)
j sk
3 ’ﬁ H No. of cells 144(6%24) (a)
8 guial
Short rame Junction Box 1P68, 3 diodes
o
Dv‘ Connector MC4-EVO2/ QC 4.10-35
5= | CableLength Portrait: 200mm(+)/300mm(-)
i (Including Connector)  Landscape: 1300mm(+}/1300mm(-)
ong Ve
pac : 31pes/Pallet
Pacicong Confgurton 620pcs/40HQ Container
&
_ Mounting holes A MECHANICAL PARAMETERS
f— %
Yl Cell Mono
e L® Weight 31.8kg
z Mounting holes B Dimensions 2278+ 2mmX 1134 2mm X 30 Lmm
JA Cable Cross Section Size 4mm(IEC), 12 AWG(UL)
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=5 ] Junction Box 1P68, 3diodes
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Long frame Packaging Configuration  36pcs/Pallet, 720pcs/40HQ Container

color I lable upon request

Figure 10. The first solar module with a total installation of 681 units (a), and the second solar module
with a total installation of 395 units (b).

Although the number of panels used is relatively limited due to land constraints, this
system is designed to generate electricity in optimal amounts. Assuming an average solar
irradiation intensity of 4.5 kWh/kWp per day, this solar power system is estimated to
produce approximately 2695 kWh of electrical energy per day [38], or around 80,850 kWh
per month under ideal operational conditions. This estimate remains theoretical and can
be influenced by various factors, including system efficiency, ambient temperature, panel
orientation and tilt, as well as weather conditions. Nevertheless, this solar power system is
expected to provide significant energy savings and support more efficient and sustainable
industrial operations.

As part of the rooftop solar power system to be installed, a total of five inverter units
(Table 3) will be used to convert the direct current (DC) electricity generated by the solar
panels into alternating current (AC) electricity suitable for industrial use. These inverters
comprise three high-capacity units that will be reused, along with two newly procured
units with varying capacities [39]. All inverters are designed to ensure optimal performance
of the solar power system and are equipped with advanced features such as multi-MPPT
technology for improved efficiency, overcurrent protection, and intelligent monitoring
systems that support remote operation and maintenance.

With a total inverter capacity of 500 kWac, this system is optimized to match the
total solar panel capacity of 599 kWp, ensuring the configuration remains within the
reasonable limits of the DC/AC ratio, which typically ranges from 1.1 to 1.3 [40]. This
ratio aims to optimize the inverter’s utilization without experiencing excessive loading
or significant energy loss. The installation of the inverter will be carried out strategically,
based on the panel installation zoning, to minimize losses and facilitate future maintenance
processes. The presence of this inverter system becomes a vital component to ensure
reliability, efficiency, and safety in the distribution of electrical energy from the solar power
system to the internal industrial electrical network.
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Table 3. The inverter that will be used.
. . Number of
Inverter Name Model Type Capacity Main Features Units
Al-Powered Arc
Smart PV SUN2000-150K- Inverter 150 kKW Protection, Smart I-V 1 unit
Controller MGO On-Grid Curve Diagnosis,
Support 1 + X Inverter
Smart PV SUN2000- Inverter 0 KW PIFDuiifi%‘;egfnﬁiCI | unit
Controller 50KTL-M3 On-Grid e
Monitoring
High Efficiency (Max
. . 98.6%), Smart O&M, .
String Inverter 5G110CX Multi-MPPT 110 kW IP66 Protection, Type 3 unit
II SPD

The utility area was designated as the integration point for the rooftop photovoltaic
system due to space constraints. Consumption monitoring revealed an average daily
demand of 6982 kWh, with chillers accounting for around 67% and lighting for 33%. A
rooftop photovoltaic system with a total capacity of 599 kWp was designed, compris-
ing 1,076 modules and five inverters (total capacity of 500 kWac, DC/AC ratio = 1.2).
Given Indonesia’s average irradiation of 4.5-4.8 kWh/kWp/day, the system is projected
to generate 944,271 kWh per year, reflecting a capacity factor of approximately 18% [41].
This generation is predominantly assigned to utility loads, such as chillers and lighting.
Given the cessation of export compensation under MEMR Regulation No. 2/2024, Table 4
presents four self-consumption (SC) scenarios (85-100%) were assessed to quantify the real
contribution of photovoltaic (PV) energy to the facility’s demand.

Table 4. Self-consumption scenarios for the 599 kWp rooftop photovoltaic system, together with their
associated energy coverage and cost savings.

Self-Consumption Self-Consumed Coverage of Utility Gross Savings Net Savings After
Ratio Energy (kWh/yr) Load (%) (Rp/yr) OPEX (Rp/yr)
85% 802,630 31.9% 1,160,994,161 1,113,094,161
90% 849,844 33.8% 1,227,323,197 1,179,423,197
95% 897,057 35.7% 1,293,652,232 1,245,752,232
100% 944,271 37.6% 1,359,981,268 1,312,081,268

(Note: Tariff = Rp 1444.70/kWh; OPEX = Rp 47.9 million/year; Utility load = 2,513,458.8 kWh/year).

The financial evaluation indicated that the rooftop photovoltaic system presents sub-
stantial economic feasibility. The projected capital expenditure (CAPEX) was assessed at Rp
5.09 billion (about USD 334,000), whilst the annual operating expenditure (OPEX) totaled
Rp 47.9 million (approximately USD 3140 per year). The computed Levelized Cost of En-
ergy (LCOE) was Rp 261.40/kWh (about USD 0.016/kWh), significantly cheaper than the
existing grid rate [42]. The system is anticipated to yield yearly savings of Rp 1.36 billion
(about USD 89,000), leading to a return on investment (ROI) of 570% and a payback period
of 3.73 years. Sensitivity analysis (Figure 11) revealed that ROl is predominantly influenced
by variations in the PLN tariff, followed by capital expenditure, whilst inflation and OPEX
have comparatively negligible effects.
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Figure 11. Sensitivity analysis of ROI for the rooftop PV system.

The safety assessment was conducted using the Hazard Identification, Risk Assess-
ment, and Determining Control (HIRADC) methodology [43], in accordance with the
project-specific HSSE strategy developed for the rooftop PV installation. The principal
hazards identified included working at height during photovoltaic module installation
and maintenance, as well as lifting and rigging operations using cranes and hoists for
module and inverter placement. Additional risks were electrical hazards, particularly
short circuits and inverter malfunctions during commissioning and fire hazards resulting
from overheated modules or damaged cable insulation. These hazards were evaluated
through a risk matrix (Figure 12), where likelihood and severity determined their classifi-
cation. Preliminary assessments categorized working at height and electrical hazards as
high-risk activities.

Mitigation measures were implemented in line with the HSSE plan. Personal Pro-
tective Equipment (PPE) included safety helmets (SNI/ANSI Z89.1), protective footwear
(EN ISO 20345), full-body harnesses (EN361), safety goggles (ANSI Z87.1), and insulated
gloves for electrical work [44]. Operational protocols required Job Safety Analyses (JSAs)
prior to each task, the use of certified scaffolding, controlled lifting and rigging procedures,
lockout-tagout (LOTO) systems for electrical operations, and permits for welding and
cutting. Emergency preparedness provisions included fire extinguishers (APAR), spill
kits, first aid kits, stretchers, and communication devices stationed onsite, alongside regu-
lar emergency drills and toolbox meetings. Training and competency measures ensured
that all personnel underwent HSE induction and task-specific training, while specialist
roles such as scaffolders, hoist operators, first aiders, and fire wardens were staffed by
certified individuals.

Following the implementation of these controls, residual risk levels were reduced to
medium or low, ensuring compliance with the Indonesian Occupational Safety Law (Law
No. 1 of 1970), Ministry of Manpower Regulation No. 5/2018, and international standards,
including ISO 45001:2018 and IEC 60364 [45].
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Figure 12. Risk levels of rooftop PV installation hazards before (left) and after (right) mitigation.
(Note: Green: Low Risk/Acceptable, Yellow: Moderate Risk/Tolerable with Control, Orange: Signif-
icant Risk/Requires Immediate Action, Red: High Risk/Unacceptable/Immediate Stop Work).

4. Discussion

The study demonstrated that installing a 599 kWp rooftop PV system on an FMCG
utility building can reduce annual grid electricity consumption by up to 37%, depending
on self-consumption levels [46]. These results align with Rababah et al. [11], who observed
35% coverage in tropical factories.

Structurally, the analysis considered both flat and slightly inclined roof segments, as
shown in Figure 3, where spatial orientation and inter-row spacing were optimized to
minimize shading and thermal accumulation. Roof inclination angles ranged between
5° and 10° relative to the horizon, typical for industrial sheds in Indonesia. This parameter,
together with row spacing (1.2 m), was factored into irradiance modeling and structural
loading distribution.

The use of the PMM Ratio method ensured that axial compression and biaxial bending
interactions remained below safety thresholds, consistent with standards suggested by
Galvis & Smith-Pardo [21]. After reinforcement, all structures achieved a PMM < 1.0,
validating safe operation even under combined loading and wind pressure conditions.

Economically, the calculated LCOE (Rp 261.40/kWh or USD 0.016) is highly competi-
tive compared to local grid tariffs and international benchmarks [47]. The projected payback
period of 3.73 years is less than the figures documented in numerous international stud-
ies [48]. For instance, Naspolini et al. (2019) reported LCOEs of USD 0.020-0.025 in Brazil,
while IRENA [49] projected USD 0.018-0.021 for Southeast Asia. The achieved payback
period (3.73 years) also outperforms the global average of 5-7 years in similar contexts [50],
primarily due to Indonesia’s high solar irradiance and relatively low installation cost.

In contrast, research conducted in China has demonstrated quicker returns of
3-5 years, mostly attributable to economies of scale and reduced capital expenditures [51].
The swift 3.73-year payback period in the Indonesian scenario is thus deemed extremely
competitive, akin to the top-performing markets. This result is influenced by three pri-
mary factors: (1) elevated solar irradiation in tropical Indonesia (4.5-4.8 kWh/kWp/day),
(2) competitive local installation expenses, and (3) comparatively high grid energy pricing,
which enhance the economic benefit of self-consumption.
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Safety wise, findings corroborate earlier works by Seklecki et al. [52], which empha-
sized that rooftop PV deployment introduces high-risk activities such as electrical faults,
working at height, and fire hazards. By implementing HIRA-based controls, PPE com-
pliance, lockout-tagout, and scaffolding standards—the residual risk level was reduced
to “low” or “medium,” consistent with ISO 45001:2018 and IEC 60364 requirements [53].
This aligns with other research on renewable energy construction safety, emphasizing the
significance of comprehensive HSSE planning in extensive rooftop PV initiatives.

When compared to other studies, the integration of structural reinforcement, economic
sensitivity analysis, and formal HSE evaluation distinguishes this research. It not only
quantifies energy and cost benefits but also ensures occupational safety and structural
reliability—dimensions often neglected in similar techno-economic analyses [54].

Nevertheless, this study recognizes certain limitations. The case study focuses on a
single FMCG facility and does not incorporate dynamic modeling of module temperature
variations due to deteriorating cooling conditions. Future research should employ compu-
tational fluid dynamics (CFD) or empirical temperature monitoring to assess this impact
on module efficiency and lifespan more accurately [55].

This study has significant drawbacks. The analysis concentrated on a singular FMCG
plant and may not adequately reflect other industrial environments with varying load char-
acteristics. The lack of hourly load data limits the accuracy of self-consumption modeling;
future research should use high-resolution demand profiles to enhance the temporal align-
ment between photovoltaic output and industrial operations [56]. Third, the study excluded
hybridization with battery storage, which might further augment reliability and extend
photovoltaic contributions beyond daylight hours [57]. Mitigating these constraints would
yield a more thorough comprehension of the function of photovoltaic rooftop systems in
ensuring energy reliability for uninterrupted industrial activity.

As shown in the comparative Table 5 and the radar diagram in Figure 13, earlier
studies typically focused on either structural, techno-economic, or contextual aspects in
isolation. In contrast, this work uniquely integrates structural PMM-based evaluation,
comprehensive financial analysis including sensitivity scenarios, and a formal HIRA-based
safety framework tailored to the FMCG sector in a tropical emerging economy. This holistic
assessment distinguishes the present study and demonstrates a replicable model for safe,
economically optimized, and structurally compliant industrial rooftop PV deployment.

Comparative Study Summary for Discussion Section

Singh Coglan et al. Rababah  ==@==This study (2025)

Structural Analysis

Tropical Industrial
Focus

conomic Evaluation

Industrial Contex afety / HSE

Figure 13. Comparative analysis of the rooftop PV research scope across prior studies and this study,
based on Singh [8], Rababah [11], Coglan et al. [9], and This study (2025).
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Table 5. Comparison of the methodology scope between prior rooftop PV studies and this study.

Structural Economic Safety/HSE . .
Study Scope Analysis Evaluation Evaluation Case Context Key Findings
PV adoption Economic Focused on economic
Singh [8] . P! Not included s No HSE Industrial benefits; no discussion on
in India Feasibility
structure or safety
Coglan Rooftop PV Roof material ~ No economic . Roof geometry impacts
. No HSE Commercial performance; structural
etal. [9] performance & geometry analysis focus only
Rababah PV fo? No PMM Techno- Industrial Ev.al.u.ated finandial
Indonesian . R No HSE . feasibility; structural &
etal. [11] . ratio economic (Indonesia)
factories safety not analyzed
PMM HIRA-based Integrated framework
This stud FMCG structural LCOE, ROI, risk Energy- ensuring structural safety,
(2025) y rooftop PV in ratio & Payback & mitigation intensive high economic return, and
Indonesia reinforcement sensitivity aligned with FMCG factory  safe execution in a tropical
plan ISO & IEC industrial context

5. Conclusions

This study assessed the technical, economic, and safety dimensions of incorporating a
599 kWp rooftop photovoltaic system within the utility zone of a fast-moving consumer
goods business in Indonesia [58]. The results indicate that, under existing policy settings,
the system can fulfill roughly 35-37% of the yearly utility electricity demand, predominantly
addressing chiller and lighting loads during daylight hours [59]. The economic research
validated substantial financial viability, with a Levelized Cost of Energy (LCOE) of Rp
261.40/kWh (about USD 0.016/kWh), yearly net savings above Rp 1.2 billion, and a
payback duration of 3.73 years [60]. These findings are exceptionally competitive when
juxtaposed with worldwide standards, demonstrating Indonesia’s advantageous solar
resources, competitive installation expenses, and comparatively elevated grid pricing [61].

The safety evaluation highlighted critical hazards—working at height, lifting and
rigging, electrical malfunctions, and fire hazards—and illustrated that systematic HSSE
methods can mitigate residual risks to acceptable levels, assuring adherence to Indonesian
and international safety standards [62].

The study demonstrates that rooftop photovoltaic systems provide a technically feasi-
ble and economically advantageous solution for decreasing energy expenses and promoting
sustainability in the fast-moving consumer goods sector [63]. Spatial limitations restrict
load coverage, while the lack of energy storage confines the backup capacity to daytime
hours exclusively [64]. Subsequent research ought to integrate high-resolution load data
and hybrid photovoltaic-battery setups to augment system reliability and support uninter-
rupted industrial production [65].
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Abbreviations

The following abbreviations are used in this manuscript:

PV Photovoltaic

FMCG Fast-Moving Consumer Goods

COSs Change Over Switch

STS Static Transfer Switch

FCU Fan Coil Unit

PMM Between the axial force (P) and the bending moment (M)
LCOE Levelized Cost of Energy

ROI Return on Investment

HIRA Hazard Identification and Risk Assessment
SOP Standard Operating Procedure

OSH Occupational Safety and Health

PPE Personal Protective Equipment

DC Direct Current

AC Alternating Current

HIRADC Hazard Identification, Risk Assessment, and Determining Control
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