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This research examines the technical and economic viability of a 275 kWp
hybrid photovoltaic (PV) system intended for a government facility in
Bireuen, Aceh. It specifically addresses the regulatory changes in Indonesia
set in 2024, which eliminate net metering credits. The research was
conducted to determine if a hybrid system that combines solar panels with
battery storage could maintain its financial viability and structural stability in
light of new circumstances demanding independence from the electrical grid.
The employed methodology combined structural engineering with techno-
economic modelling. An analysis of the building’s portal frame was
conducted using the demand-capacity ratio (DCR) to ensure compliance
with wind load requirements of up to 40 m/s. Performance simulations were
executed using the system advisor model (SAM) to evaluate energy outputs
against a 240 kVA load profile. Key findings suggest that the system is both
structurally sound and economically viable. The findings indicate that the
proposed 275kW grid-connected PV system can effectively support the
building’s 240kVVA load capacity, regardless of battery storage. Moreover,
the financial assessment revealed a positive net present value (NPV) of
approximately IDR 3.1 million, an internal rate of return (IRR) of 9.7%,
which has a relatively short payback period of 9.3 years, suggesting that the
project is financially sound.
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1. INTRODUCTION

Renewable energy sources, especially solar and wind power, are gaining popularity because they
provide clean energy and can be renewed naturally. Recently, there has been a significant increase in the use
and exploration of clean energy resources due to growing global environmental concerns around the globe
[1], [2]. A solar photovoltaic (PV) system is a key renewable energy technology that harnesses sunlight. The
electricity generated by these solar panels depends on the sunlight available. During the day, there is plenty
of sunshine to maximize their output; however, at night, the energy production drops significantly. Even
though most electricity is used during the day, there is still a demand for it after dark. Grid-tied PV systems
are the most common option for generating power and meet the growing energy demands. In these systems,
any extra electricity produced can either be stored in batteries or sent directly to the electrical grid, depending
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on whether it’s alternating current (AC) or direct current (DC) coupled. Grid-connected PV energy is a key
renewable energy source that has been extensively studied. Energy storage technology plays a crucial role in
addressing electricity shortages during peak demand times. There is a need to address financial and technical
challenges in various energy storage solutions, such as thermal storage, pumped hydro storage, fuel cell
storage, batteries, and supercapacitors [3]-[6].

Many countries have developed plans to boost renewable energy and mitigate the effects of global
warming in response to rising energy demands. For example, countries like Austria, Finland, Sweden, and
Australia aim to achieve renewable energy shares of 34%, 38%, 49%, and 20%, respectively, by the year
2020 [7]-[9]. Additionally, the cost of solar panels has significantly decreased over the past 35 years,
dropping from $75 per Watt to nearly $0.75 per Watt. In contrast, the price of fossil fuels, such as coal, has
risen by 13% since 2008. As a result, the installation of PV systems has become increasingly popular, with
data indicating a 50% annual growth over the last five years. This is expected to reach 80% in the coming
years [10], [11].

Bireuen Regency latitude is between 04° 53’ 20.3”” and 05° 16 25.8°” to the North and longitude
between 96° 05° 30.1°” and 96° 19 45.9” to the East. Bireuen Regency spans an area of 1,797 square
kilometers. It is located in a key spot within Aceh Province. The elevation ranges from 0 to 2,637 meters
above sea level. Bireuen is a tropical area that experiences a monsoon climate. The land varies from coastal
lowlands in the north to highlands and mountains in the south, which are part of the Bukit Barisan
Mountains. Because of this, the eastern and northern parts tend to be drier than the western and southern
regions. The Figure 1 shows a map of Bireuen Regency.
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Figure 1. Administrative map of Bireuen Regency, Aceh Province, Indonesia, illustrating district boundaries
and adjacent regions including Pidie Regency, North Aceh Regency, and Bener Meriah Regency

Several studies that mitigate both the grid-tied and stand-alone PV systems, respectively, are as
follows. The grid-tied PV system, which partially supplies residential areas in Houghton, Michigan, and
Tucson, Arizona, USA, Ovali [12] is discussed. The study that focuses on two specific areas with high solar
radiation, namely Darab and Meybod, Razmjoo et al. [13] is discussed, which are located in Fars and Yazd
provinces, respectively, in Iran. Another study, which is focused on the economic and environmental analysis
of the grid-connected PV system for Dr. Hilla Limann Technical University in the Upper West Region in
Ghana [14]. A case study that took place in Australia’s outback that forecast the short-term PV in a diesel-
PV-battery off-grid power supply system [15]. Mai et al. [16], a simulation study was conducted that
mitigated the design of a 30 MWp grid-connected solar PV system in a rural area in Bangladesh. For
modelling a battery into a grid-tied PV system, Mirletz and Guittet [17] have conducted the system
improvement through a simulation model. Studies that have been carried out to explore off-grid PV systems
used by residents in various cities in Indonesia and abroad are as follows. One study focused on designing
and evaluating an off-grid PV system to meet the electricity needs of small homes in Indonesia, which
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requires about 1.61 kWh per day [18]. Another source discusses an off-grid PV system implemented in
Kupang, Indonesia, noting that the electricity costs for this system ranged from $0.31 to $0.33 per kilowatt-
hour, with an average cost of $0.30 per kilowatt-hour. Amiruddin et al. [19] presented a study on optimizing
energy storage within Indonesia’s super grid. The performance of off-grid PV mini-grid systems in Sukabumi
was examined using the PVSYST platform as detailed by Artiyasa et al. [20]. A case study conducted on
Legundi Island evaluated how an off-grid hybrid solar system performed in a remote area [21]. Additionally,
Awopone [22] has discussed the viability of an off-grid system that included PV panels, batteries, and diesel
generators in Ghana, designed to serve 80 homes with a total electricity demand of 224.06 kWh per day.
Also, a simulation study of a standalone PV solar power plant for a housing estate in Abuja, Nigeria [23].

Bireuen Regency holds great potential for solar energy due to its location in Indonesia, a tropical
nation that receives abundant sunlight, averaging around 4.80 kWh/m? per day. This solar energy can be
harnessed for a range of purposes, including large solar power plants, residential use, and specific
applications like drying crops. The Bireuen government facility can effectively use solar energy by installing
rooftop solar power systems. This is possible because the area has a great location in a tropical region close
to the equator, with a Global Horizontal Irradiation (GHI) of 1696.2 kWh/m?/year [24]. This GHI value
positions the city as an area where PV systems will be highly feasible, and sunlight is strong and consistent
all year round. Local research indicates that solar power plants in Bireuen can operate with high efficiency
(over 85%), and the grid-tied PV system can be easily connected to the network utility.

This study seeks to fill these gaps by conducting a thorough evaluation of a proposed rooftop PV
installation for a government facility in Bireuen Regency, Aceh, Indonesia. The region offers favorable
conditions for solar energy implementation due to its tropical climate, an annual GHI of approximately
1,696.2 kWh/m?/year, and a growing demand for sustainable electricity alternatives. However, effectively
implementing large-scale rooftop PV systems in government structures necessitates not only an assessment
of energy generation and financial viability but also an assurance of structural integrity in relation to local
environmental factors. Consequently, this research combines structural engineering analysis utilizing the
demand-capacity ratio (DCR) method with techno-economic simulations performed through the system
advisor model (SAM). Additionally, it assesses the feasibility of a 275 kWp grid-tied PV system within
Indonesia’s post-2024 regulatory landscape, where optimizing self-consumption and minimizing grid exports
are becoming essential design priorities. By integrating structural, technical, and economic evaluations within
a practical governmental framework, this study offers a viable model for advancing solar energy initiatives in
public-sector buildings throughout Indonesia.

The structure of the paper is as follows. Section introduction describes the renewable energy use
from global to local area alike Bireuen Regency. The topography is also described briefly. Section method
details the proposed PV grid-tied system and the approach using the National Renewable Energy Laboratory-
SAM (NREL-SAM). Section results and discussion describes the results of the grid-tied PV system, which is
simulated through the SAM platform within the developed scenarios, namely, with and/or without a battery
storage system. Eventually, the last section is the conclusion, which summarizes the conducted study.

2. METHOD

In this section, the authors put several considerations of the proposed grid-tied PV system, namely,
weighing the roof structure to comprehend the load on the building so that a simulation of its frame structure
can be carried out. Determining the appropriate size for the PV system, including all necessary components
and their arrangement on the rooftop, and also examining the financial factors such as net present value
(NPV), internal rate of return (IRR), and payback period. Then, the authors are also developing two
scenarios, which are run through the SAM platform of NREL for the proposed grid-tied PV system.

2.1. Roof structure

To examine the roof structure, several aspects need to be considered, namely (i) description of
structural elements, (ii) numerical model of structural elements, (iii) specifications of structural elements, and
(iv) loading of structural elements [25]-[27]. After examining the condition of the roof frame on the existing
Bireuen Regency government building, two designs for solar panel support frames are suggested. Figure 2(a)
features a structure with three columns and multiple beam spans. Each column is designed to be 0.6 meters
tall, and each beam span measures 5.0 meters in length. These dimensions have been chosen to create a portal
configuration that effectively allows for the analysis of deflection behavior, joint rotation, and interactions
between axial forces and moments that typically occur in steel frame systems. Figure 2(b) consists of a frame
with two columns and one beam span; this model includes bracing on the second support to help reduce
deformation and torsion in the beam. The configuration of the proposed frame structures is illustrated in
Figure 2.
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Figure 2. PV panel frame structure model: (a) model 1 and (b) model 2

During the numerical modeling phase, each structural part is represented by a steel profile
commonly used in modern steel frame designs, as illustrated in Figure 3. In Model 1, the column is modeled
with a 100x100x6x8 H profile because it has the right strength for both bending and axial loads needed for a
medium-scale steel frame. The beam in this model uses a 100x100x4.5 hollow profile. For Model 2, the
column, beam, and brace elements are designed just like in Model 1; however, the beams in the mid-span
area use a 100x150x4.5 hollow profile instead. This hollow box-shaped profile offers good resistance to
bending moments and has a symmetrical design that makes numerical analysis and stress distribution easier.
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Figure 3. Numerical structure of models 1 and 2

All structural elements used in the modeling refer to ASTM A992 grade 50 steel [28], [29]. This
type of steel is a standard material widely used in structural steel frame elements due to its good strength and
ductility. Based on the standard specifications, the material has a minimum yield strength (Fy) of 345 MPa
and an ultimate tensile strength (Fu) of 379 MPa. The use of this steel grade also ensures that the model
provides a realistic depiction of structural behavior and is in accordance with the characteristics of steel
materials commonly applied in steel building construction in the field.

In this study, the loads exerted on the portal structure comprise both dead load and wind load, which
are determined in accordance with established structural loading standards. The dead load encompasses the
self-weight of the steel frame portal components as well as the permanent load from the solar panels affixed
to the structural system. The calculation of dead load adheres to SNI 1727:2020 [30], [31], which outlines
minimum loads for designing buildings and other structures, mandating that all permanent structural and non-
structural elements be accounted for as dead loads. Specifically, the weight of the solar panels imposes a
uniform load of 30.21 kg/m? on the beam elements based on their installation configuration. In addition to the
dead load, wind loads impact the structure from two orientations: pressure (positive pressure) and suction
(negative pressure). For modeling purposes, a wind load intensity of 1.4 kN/m?2 is utilized, corresponding to a
wind speed of 40 m/s. This value is derived from SNI 1727:2020 and informed by building aerodynamics
principles articulated in ASCE/SEI 7-16 — minimum design loads and associated criteria for buildings and
other structures [32]. It is important to note that solar panel systems mounted on open-frame structures
experience increased wind loads due to enhanced uplift effects and localized turbulence. Consequently, in the
model, wind loads manifest as a uniform pressure and suction load amounting to 292.58 kg/m? applied to the
beam elements, as illustrated in Figure 4. The uniform application of these two types of loads across the
beam elements ensures that the numerical model accurately captures the structural response under conditions

TELKOMNIKA Telecommun Comput El Control, Vol. 24, No. 5, October 2026: 1827-1842



TELKOMNIKA Telecommun Comput EI Control O 1831

analogous to those encountered in real-world solar panel installations. Therefore, the analysis generated
reflects actual circumstances while adhering to both national and international loading requirements.

30 ) ) 30

292,58 292,58

Figure 4. Dead load of solar panels and wind load (in kg/m)

2.2. Grid-tied PV system design and layout

To determine a rooftop PV system capacity, it relies on the average daytime energy consumption
[33]. The primary objective is to ensure that the electricity produced aligns with the demand, thereby
preventing excess generation from needing to be stored in batteries or wasted. This is particularly important
given current regulations that restrict both the export and import of surplus electricity into the grid. In the
planning phase of PV power installations, a design factor of 1.2 is commonly employed as a safety or
efficiency multiplier to assess the necessary capacity of inverters or charge controllers in relation to the
overall capacity of the solar panel array [34]. There are two primary considerations that arise regarding the
application of the 1.2 design factor.

2.2.1. DC/AC ratio (inverter overclocking)

System designers typically opt to install a solar panel (DC) capacity that exceeds the inverter’s (AC)
capacity. The industry commonly adopts a ratio of 1.2 for this purpose. For a solar panel with a capacity of
275 KWp, an optimal inverter capacity would be approximately 200 kW. This approach is intended to reduce
power losses associated with factors such as heat accumulation, dust accumulation, and cable inefficiencies,
thereby enabling the inverter to function effectively at peak capacity for extended durations throughout the
day.

2.2.2. Safety factor

When determining the specifications for protective components such as cables, breakers, or fuses,
the National Electrical Code (NEC) advises incorporating a safety factor of 1.25; however, this is often
simplified or adjusted to 1.2 in various practical scenarios. This precaution is vital to prevent overheating or
tripping of components when solar panels produce peak current, which may occur during transient
phenomena like cloud edge effects that temporarily elevate solar radiation levels.

PV system capacity = installed electricity capacity X 1.2 Q)

The advantages of this system include:

— A solution without electricity exports: under the 2024/2025 regulations [35], which no longer count
electricity exports to the grid as a bill reduction, a hybrid system is the best solution because excess
power is “stored” in the battery itself, rather than being discharged into the grid.

—  Backup during power outages: unlike a purely on-grid system, which shuts down during a power outage, a
hybrid system still functions as a giant uninterruptible power supply (UPS) to keep operations running.

—  Peak load management (peak shaving): a battery can be used to supply energy during high grid
electricity rates or when the building’s usage is at its peak.

However, this system requires a higher investment than a traditional on-grid system, as battery costs
can reach 30-50% of the total project. Furthermore, this system requires additional space (a temperature-
controlled battery room) in addition to the approximately 1,800 m2 panel area. This system provides
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significantly greater energy independence than a traditional on-grid system, especially for critical facilities
that cannot afford power outages. Figure 5 illustrates the PV panels’ layout and frame design.

2.3. Financial aspects

In the design and execution of investment projects, particularly within the energy sector, financial
considerations are paramount as they constitute the fundamental basis for making investment choices. Grid-
tied PV system power plant initiatives, despite their environmental benefits and contributions to
sustainability, necessitate thorough financial assessments due to the significant initial capital outlay involved.
Inadequate financial scrutiny can expose these projects to potential losses, even when they are technically
and environmentally viable [36]. From a financial standpoint, investors and stakeholders need to have
confidence that the economic returns produced by the project will not only recoup the initial investment but
also yield an adequate rate of return that reflects the associated risks. Consequently, a systematic financial
feasibility assessment is imperative to determine whether a solar power plant project can generate additional
economic value and is viable for implementation. This analysis gains further importance when considering
the time value of money, as future benefits must be evaluated in terms of their present value [37], [38].

Given the long-term nature of investments in solar power plants, employing a financial feasibility
analysis that incorporates NPV, IRR, and payback period metrics is particularly relevant. These indicators
furnish a comprehensive understanding of profitability, investment efficiency, and risk associated with
returns on investment. A detailed financial analysis is anticipated to provide a robust foundation for
assessing the viability of solar power projects, thereby facilitating rational and objective investment
decisions aimed at promoting long-term economic sustainability [39].

Figure 5. PV panels layout and frame design

2.4. SAM platform

The SAM of the NREL is a complementary desktop application designed for the techno-economic
evaluation of energy technologies. This tool is utilized by project managers, engineers, policy analysts,
technology developers, and researchers to explore inquiries regarding the technical, economic, and financial
viability of power generation initiatives. SAM serves as a techno-economic feasibility model tailored for
renewable energy initiatives. It is intended for a diverse array of users, such as project developers, system
designers, policymakers, financial analysts, and academic researchers [17], [33], [40]. SAM features provide
the variety of rooftop space available and allow users of the data to extract the total amount of ideal rooftop
space available for PV, depending on their particular research questions. Providing the data in this manner
allows for a greater range of research with various PV technologies, as well as the ability to adapt research
with this data set as PV technology continues to become more efficient.
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In this study, the authors developed two scenarios that can be run through SAM. The scenarios are
the grid-tied PV system without battery storage and with battery storage. The flowchart in Figure 6 illustrates
how each scenario runs in the simulation process. The flowchart illustrates the operational framework of a
PV system that is integrated with battery storage and connected to the utility grid. The process initiates with
the assessment of solar irradiance (W/m?2) to evaluate the potential availability of solar energy. In instances
where the measured solar irradiance is adequate, the PV system not only meets the power requirements of the
load but also charges the battery concurrently. The DC generated is subsequently converted into AC by an
inverter prior to being supplied to the load. This scenario emphasizes the preference for utilizing renewable
energy while ensuring that the battery remains charged and ready for use. Conversely, if solar irradiance falls
short, the system then assesses whether the utility grid is accessible. If grid access is confirmed, electrical
power is drawn directly from it to satisfy load demands. However, in cases where grid availability is lacking,
the system examines the state of charge (SoC) of the battery. When the SoC reaches or exceeds 80%, power
to meet load requirements is provided from the battery through the inverter. If, on the other hand, the SoC
drops below this predetermined threshold, monitoring will continue until sufficient energy resources become
available. The process ends once all load demands are adequately addressed, thereby ensuring a dependable
and prioritized energy supply that responds dynamically to solar availability, grid conditions, and battery
capacity.

The load profile was derived from a comprehensive inventory of all electrical loads linked to the
system, along with their respective operating schedules. The power usage for each load was documented and
compiled on an hourly basis to assess the total load demand over the course of the day. When possible, real-
time data from smart energy meters were employed to enhance precision. This resulting load profile acted as
the key input for the energy management algorithm, facilitating optimal integration between PV generation,
battery storage, and grid electricity in accordance with the operational framework illustrated in Figure 6.

Measure Solar Irradiance
(W/m2)

4’ Grid Available? —’ Taken from Grid

g

No Y,

Figure 6. Flowchart of the developed scenario

3. RESULTS AND DISCUSSION

The results of this study were gained from the simulation of two developed scenarios provided and
systematically arranged as mentioned in the previous section, which include the analysis of the roof structure,
the analysis of the grid-tied PV system, and the analysis of the financial aspects. Table 1 summarizes the
SAM input parameters and battery specifications.
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Table 1. Summary of SAM simulation input parameters and battery specifications

Category Parameter Value Unit
Site location Location Bireuen Regency, Aceh, Indonesia -
Solar resource GHI 1696.2 kWh/m2/year
Solar resource  Average solar irradiance 4.8 kWh/m2/day
PV system System capacity 275 kWp
PV module Module type Longi Hi-MO 6 -
PV module Module rating 550 Wp
PV module Number of Modules 500 (approx.) units
PV array Tilt angle 10 degrees
PV array Mounting type Fixed rooftop -
Inverter Inverter capacity 200-275 kw
Inverter DC/AC ratio 1.2 -
Load Building connected load 240 kVA
Load Load profile source Hourly measured building demand -
Grid Grid connection type Grid-tied -
Grid Export limitation Zero-export policy -
Battery Battery technology LiFePO4 -
Battery Battery capacity 500 kWh*
Battery Battery Round-trip Efficiency 90-95 %
Battery Minimum State of Charge 20 %
Battery Battery dispatch strategy Peak shaving/self-consumption -
Battery Discharge threshold SoC >80 %
Economic Project lifetime 25 years
Economic Electricity tariff 1,700 IDR/kWh
Economic Initial investment (without battery)  3,850,000,000 IDR
Economic Initial investment (with battery) 4,950,000,000 IDR
Economic Annual electricity production 357,500

Simulation tool

Software version

NREL SAM (latest version used)

kWh/year

3.1. Roof structure analysis

The evaluation of structural performance was carried out utilizing the DCR parameter, a widely
recognized approach for assessing the safety of structural components in relation to design loads. DCR is
defined as the ratio of the internal force exerted on an element (demand) to its nominal capacity (capacity). A
DCR value of less than 1.0 signifies that the element’s capacity can adequately support the applied load,
whereas a value that approaches or exceeds 1.0 indicates that the element is in a critical or unsafe condition.
Consequently, this parameter offers a quantitative assessment of structural reliability and serves as a
fundamental criterion for determining the practical applicability of the structural configuration under real-
world conditions. According to the analysis results presented in Figure 7, all column and beam elements
within the portal for models 1 and 2 exhibited DCR values below the regulatory threshold of 1.0. This
observation suggests that the structure maintains a sufficient safety margin against the combined effects of
dead and wind loads as modeled in this investigation. Furthermore, the low DCR values observed in these
elements imply that their structural response remains within elastic limits, without reaching material yielding
or excessive deformation levels that could compromise overall system stability.

Qe s

Figure 7. DCR
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3.2. Grid-tied PV system sizing analysis
In the proposed design for the PV system, the installed electricity capacity of the Bireuen Regency
government facility is 240KV A. Thus, the proposed PV system capacity is calculated in (2).

PV system capacity = 240kVA x 1.2 = 275kWp 2

The 275 kWp capacity is classified within the medium to industrial scale category and possesses the
capability to generate substantial energy outputs suitable for factories, commercial establishments, or
communal areas. This capacity was selected based on an anticipated daily energy production ranging from
approximately 1,100 to 1,375 kWh (assuming an average of 4-5 hours of effective sunlight per day in
Indonesia), leading to an estimated annual energy yield between 400 and 500 MWh. Additionally, fulfilling
component requirements entails approximately 50 solar panels if utilizing modules rated at 550 Wp each.
Typically, multiple large string inverters are employed in parallel configurations such as two inverters rated
at 100 kW each or four rated at 50 kW each to meet the total required capacity. Alternatively, one could
deploy a single inverter unit rated at 200 kW.

The roof area necessary for this installation is estimated to be around 2,000 m2 (with the assumption
that each kWp necessitates roughly 7 m2 of space, inclusive of maintenance access). Table 2 presents
appropriate configurations for solar panels corresponding to various capacities, along with details regarding
land requirements. Main components (estimated scale 275 kWp):

— PV panels: approximately 460-500 modules (assuming 550-600 Wp per panel).

—  Hybrid inverter: several large inverter units connected in parallel (e.g., 5 units x 55 kW or 3 units x 100
kW) capable of regulating bidirectional power flow.

—  Battery system (BESS): Lithium (LiFePO4) batteries with customized capacity. For this scale, battery
cabinets with capacities of hundreds of kWh are typically used.

—  Controller (BCR/EMS): energy management system to optimize when to charge the batteries or use
PLN electricity.

Table 2. Detailed requirements of the rooftop area

Parameter Specifications

Auvailable roof area Assuming a sun-tracker model, with one 10-meter span (optional)
Panel type Longi Hi-MO 6 550W (2.278 x 1.134 m)

Number of panels 5 panel — 2.75 KW (per string)

Array area 20,502 m2 (9 x 2,278 m?)

Roof type Flat concrete (slab)

Designed wind speed 40 m/s

Tilt angle 10° (optimal)

3.3. Simulation results

The parameters that are shown when the simulation runs for the developed scenarios are the annual
irradiance of Bireuen Regency, the annual electricity, both from the grid and from the system, and the annual
load profile. Figure 8 illustrates the daily variations of GHI and diffuse horizontal irradiance (DHI)
throughout each month of the year in Bireuen Regency. In every month analyzed, both GHI and DHI display
a bell-shaped daily trend, commencing with an increase in the early morning hours, reaching their peak
around solar noon (approximately between 11:00 and 13:00), and subsequently declining as evening
approaches. Throughout all months, GHI consistently surpasses DHI values, highlighting the predominance
of direct and circumsolar radiation in the overall solar resource, while diffuse radiation contributes a smaller
yet notable fraction. The maximum GHI values typically range from 600-700 W/m?2, whereas peak DHI
values are comparatively lower, generally falling between 300-500 W/mz2. Seasonal fluctuations are distinctly
evident. Elevated irradiance levels are observed from March to August, with maximum GHI peaks occurring
during the mid-year months, indicative of favorable solar geometry and diminished atmospheric attenuation.
Conversely, reduced irradiance intensities are noted from November to January, when both GHI and DHI
peaks decline likely attributable to increased cloud cover and seasonal climatic patterns. The temporal
patterns of the DHI curves closely resemble those of GHI but exhibit flatter peaks, signifying a greater
influence from atmospheric scattering and cloud conditions. Months characterized by higher fractions of DHI
suggest an increase in diffuse radiation, which is typically linked to partially cloudy skies.

The load profile of the government facility of Bireuen Regency as can be seen in Figure 9, illustrates
a distinct single-peaked annual trend characterized by low values at the start of the year, followed by a
significant increase that culminates in a peak around mid-year, and subsequently experiences a decline as the

Development and assessment of grid-tied photovoltaic system of government facility in ... (Nelly Safitri)



1836 O ISSN: 1693-6930

year concludes. This pattern is commonly observed in systems affected by seasonal variables, including
climatic conditions, operational cycles, or patterns of energy consumption.
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Figure 8. Annual irradiance
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Figure 9. Load profile

Based on the proposed scenarios, it is possible to implement a hybrid system on a rooftop solar
power plant with a capacity of 275 kWp, because the energy solution combines the advantages of an on-grid
system and a system using batteries. The 275 kWp hybrid system operates with three complementary energy
sources, namely, (i) priority 1 (solar): electricity from the solar panels directly supplies the load during the
day; (ii) priority 2 (battery): excess energy is stored in the battery. if the sun is low (cloudy or evening), the
battery supplies the load; and (iii) priority 3 (grid/generator): if the battery is empty and solar production is
low, the system automatically draws power from the grid or turns on the generator as a last resort.

The illustration presented in Figure 10(a) shows monthly hourly energy profiles that contrast the
electricity sourced from the grid with the electricity provided to the load by the system throughout a year.
The data reveal a predominant solar contribution during daytime hours, exhibiting significant seasonal
fluctuations. Notably, grid electricity consistently compensates for deficits during nighttime and periods of
low generation, particularly in months characterized by reduced solar availability. The illustration presented
in Figure 10(b) the output of the system is closely linked to both the duration and intensity of sunlight.
Throughout nighttime hours, the system continually consumes power for recharging purposes. Although the
energy production peaks during July and August, it remains insufficient to meet the significant rise in
building energy demand primarily for cooling which leads to the highest reliance on grid power coinciding
with the peak output of the system.
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Figure 10. Annual energy from grid and PV system: (a) without battery and (b) with battery

The novelty of this work lies in the combination of structural engineering evaluation and techno-
economic analysis within a unified assessment framework for the implementation of rooftop PV systems in
public-sector buildings. This research assesses the feasibility of a large-scale rooftop PV system in light of
Indonesia’s recent zero-export policy, which necessitates an emphasis on maximizing self-consumption as a
key design goal. Consequently, this study presents a multidisciplinary framework that concurrently addresses
structural integrity, energy generation, battery usage, grid interaction, and financial practicality for
applications within government facilities.

3.4. Financial aspects analysis

This study examines the development of a grid-connected PV system with a capacity of 275 kWp
and an anticipated operational lifespan of 25 years. The system is engineered to produce electricity by
employing solar modules as its fundamental component, which convert solar energy into electrical power.
This generated electricity is subsequently processed through an inverter to align with the requirements of the
electrical grid. The initial investment for the project encompasses all expenses related to the acquisition of
primary and auxiliary equipment, construction and installation processes, as well as testing and
commissioning activities. Upon becoming operational, the solar power facility incurs significantly lower
operation and maintenance (O&M) costs in comparison to traditional fossil fuel-based power plants. The
foundational assumptions and financial parameters are derived from several key premises outlined in Table 3.

Table 3. Assumptions for calculating financial aspects

Description Without battery With battery

Plant capacity 275 kWp 275 kWp
Electricity production 357500 kWh/year 357500 kWh/year
Tariff IDR 1700 IDR 1700
Monthly benefit IDR 50,660,000 IDR 50,660,000
Annual benefit IDR 607,920,000 IDR 607,750,000
Project span 25 years 25 years
Investment/kWp IDR 14,000,000 IDR 18,000,000
Investment value IDR 3,850,000,000 IDR 4,950,000,000
Savings (%) 61%/mo 61%/mo

A project is considered feasible if the NPV is positive, indicating that the project is capable of
providing added economic value. If the IRR is greater than the discount rate or cost of capital, the project is
considered feasible. The payback period indicator provides an overview of the project’s liquidity risk level. A
sensitivity analysis is conducted to test the project’s resilience to changes in assumptions, specifically
changes in annual economic benefits of £10%. Thus, the required initial investment and cost allocation per
component for 275 kWp. Table 4 lists the cost portion of the proposed 275kWp grid-tied PV system with and
without battery storage. Table 5 illustrates the financial viability of the grid-tied PV system, both with and
without battery storage.

Although the battery system requires higher upfront costs, it delivers higher returns, faster payback,
and better long-term profitability. In contrast, the system without a battery remains financially viable but
shows lower economic resilience and slower capital recovery, making it less optimal from a long-term
investment perspective. To further evaluate the resilience of the 275 kWp hybrid system, a straightforward
sensitivity analysis is conducted to examine how variations of £10%-20% in critical financial parameters
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affect the project’s feasibility. The initial investment emerges as the primary risk factor, as battery expenses
can constitute between 30% and 50% of total project costs. A 20% increase in capital expenditure (CAPEX)
would significantly jeopardize the current NPV of IDR 3.1 million. Since benefits are derived from bill
reductions due to self-consumption rather than energy exports, the project’s robustness is maintained even
amidst moderate fluctuations in tariffs. With an IRR of 9.7%, the project exhibits a moderate sensitivity to
changes in discount rates; it remains viable as long as the cost of capital does not exceed this threshold.

Table 4. Cost portion of the proposed 275kWp grid-tied PV system

Components Portion (%) without battery Cost (IDR) Portion (%) with Cost (IDR)
Battery
PV panels 55% 2,117,500,000 45% 2,227,500,000
Inverter 12% 462,000,000 10% 495,000,000
Mounting structure 10% 385,000,000 8% 396,000,000
DC and AC cable 6% 231,000,000 5% 247,500,000
Protection and combiner 5% 192,500,000 4% 198,000,000
Monitoring system 2% 77,000,000 2% 99,000,000
Installation and commissioning 7% 269,500,000 6% 297,000,000
Engineering and project 3% 115,500,000 3% 148,500,000
management
Baterai (BESS) - - 17% 841,500,000
Total 100% 3,850,000,000 100% 4,950,000,000

Table 5. Financial viability of the grid-tied PV system
Financial aspects  System with battery  System without battery

NPV (IDR) 3,183,019,000 1,872,093,681
IRR (%) 13 9.7%
Payback period 7 years 9.3 years

Assumptions regarding battery lifetime and replacement can be made by considering their
operational lifespan, while the overall PV system is designed for a 25-year operational lifespan; however,
batteries typically possess a shorter cycle life. To enhance battery longevity, the system is configured to
initiate discharge only when the SoC reaches or exceeds 80%. Should the SoC fall below this level, discharge
will cease to safeguard the battery cells. Although the initial investment per kWp increases from IDR 14
million to IDR 18 million with the inclusion of batteries, it is essential to incorporate replacement costs into
the long-term O&M budget to uphold the “zero-export” benefit throughout the project’s 25-year duration.
Additionally, assumptions include providing a temperature-controlled environment for battery storage to
mitigate degradation risks associated with Bireuen’s tropical monsoon climate.

To enhance the realism of the long-term economic evaluation, the financial analysis incorporated
considerations for component degradation and replacement expenses. PV modules undergo gradual
performance decline over time as a result of factors such as environmental exposure, thermal cycling, and
material aging. In alignment with industry standards and manufacturer warranties, an annual degradation rate
of 0.5% for PV systems was assumed throughout the project’s 25-year duration. As a result, the annual
electricity output is expected to diminish progressively from its initial value of 357,500 kWh per year. The
LiFePO4 battery technology was developed due to its extended cycle life and compatibility with tropical
climates. Although the overall project duration extends to 25 years, it is anticipated that the battery system
will necessitate replacement after approximately 12 years of service. Consequently, a battery replacement
cost amounting to 70% of the original investment was factored into Year 12 of the financial model. This
assumption takes into account projected reductions in future battery prices while also considering installation
and replacement costs.

A sensitivity analysis was performed to evaluate the project’s resilience under varying economic
and technical conditions. Five critical parameters were identified due to their substantial impact on financial
performance: CAPEX, electricity tariff rates, annual energy production levels, battery replacement costs, and
discount rates. Each parameter was adjusted by +10% and +20% relative to a baseline scenario while keeping
all other variables constant. The findings reveal that CAPEX is the most significant factor affecting project
feasibility; a 20% increase in investment costs markedly diminishes NPV and prolongs payback periods.
Electricity tariffs are identified as the second most sensitive parameter since project revenues are closely tied
to reductions in purchased grid electricity. Variations in annual energy production due to weather fluctuations
or system degradation also have considerable implications for profitability. Battery replacement costs exert a
moderate influence on economic performance, whereas changes in discount rates primarily affect long-term
cash flow valuation.
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4. CONCLUSION

This research assessed the technical and financial viability of a 275 kWp rooftop grid-connected PV
system, both with and without battery energy storage, for a government facility located in Bireuen Regency.
The evaluation was carried out through a comprehensive analysis that included structural assessment, system
sizing, energy performance simulation, and economic appraisal. The analysis of the roof structure indicated
that all components meet safety standards, as evidenced by DCR values remaining below the permissible
threshold. The outcomes of the PV system sizing and simulation revealed that Bireuen Regency has
significant solar potential, characterized by stable daily irradiance patterns and enhanced solar availability
during the mid-year months. The system is poised to make a substantial contribution to the facility’s
electricity consumption, particularly during daytime hours. Seasonal and hourly assessments indicate that
while PV generation effectively decreases reliance on grid power, peak electricity demands, especially during
cooling periods in mid-year, still require backup from the grid. From a financial standpoint, both
configurations are deemed economically feasible, as demonstrated by positive NPV, satisfactory IRR, and
acceptable payback durations. Notably, the battery-integrated system surpasses its hon-battery counterpart by
providing higher NPV, elevated IRR, and a reduced payback period. Despite incurring higher initial
investment costs, incorporating battery storage boosts energy self-consumption, enhances load management
capabilities, and fortifies long-term economic resilience. The primary scientific contribution of this research
lies in the establishment of a dual-validation framework that effectively integrates concepts from electrical
engineering and structural mechanics within a “zero-export” regulatory context. This work notably advances
the discipline by providing a quantitative assessment of DCR associated with solar retrofitting on large-scale
industrial buildings, thereby setting a new technical standard for safety-oriented solar energy deployment. In
light of these outcomes, policymakers should consider implementing subsidies or tax incentives for battery
storage components to mitigate the elevated initial expenses associated with hybrid systems, which would
facilitate the more rapid adoption of decentralized energy solutions. Additionally, for practical application,
project developers should give precedence to conducting localized structural assessments as an essential step
before solar installation to guarantee long-term operational safety and adherence to regulatory standards.
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