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This study presents a contextually tailored off-grid hybrid energy system
consisting of solar photovoltaic (PV), diesel generator (DG), and battery
storage, designed for the remote mountains village of Jifak in Papua,
Indonesia. The objective is to evaluate the technical, economic,
environmental, and social feasibility of electrification in underserved
regions. A comprehensive feasibility analysis was conducted using HOMER
software, incorporating realistic communal load profiles, National
Aeronautics and Space Administration (NASA) climate data, and field-based
social assessments. The optimized system achieved a net present cost (NPC)
of $10.43 million, a levelized cost of energy (LCOE) of $0.5095/kWh, and
annual emissions of 7,965 kg CO.. Sensitivity analysis was performed on
fuel cost, discount rate, and inflation rate to assess system robustness.
Beyond the technical metrics, the study assessed the socio-economic impacts
of electrification, revealing improvements in lighting quality, education,

productivity, income generation, and environmental awareness. The findings
provide a replicable model and decision-making framework for
policymakers and practitioners aiming to deploy low-carbon, sustainable
electrification strategies in similarly remote regions.
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1. INTRODUCTION

Electrical energy increases proportionally to population expansion, which drives home electrical
appliance consumption and industrial growth in emerging countries. Greater access to dependable energy
services drives sustainable local economic growth. However, developing countries, where more than people
lack electricity, face this energy shortage. These populations are mostly in remote, powerless rural areas.
Thus, grid extension electricity supply systems are often uneconomical and unfeasible. The International
Energy Agency (IEA) reported in 2022 that fossil fuels have provided 80% of global energy over the
decades. In 2030, natural gas, oil, and coal will peak [1]. Many environmental and health issues result from
fossil fuel use. Additionally, these resources are going to run out soon. Consequently, a substitute electricity
generation is essential.

Renewable energy is leading the energy transition due to environmental concerns, the decline of
conventional energy sources (coal, oil, and natural gas), and their rising costs [2]. Renewable energy sources,
which use clean, unlimited natural energy, can meet today's energy needs. Renewable energy sources are
sustainable and have fewer environmental impacts than fossil fuels. These benefits are increasing interest in
renewable energy [3]. According to the IEA data for 2022, global clean energy investment rose 40% from
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2020. IEA energy outlook study recommends distributed approaches as the most cost-effective option for
lighting over fifty percent of the nation's 77 million population until 2030. [1]. Diversifying electricity supply
will ensure electricity security for developing countries, especially rural areas. Worldwide, renewable energy
systems are seen as the best option for rural electrification and a major contributor to sustainable energy
infrastructure. Most places have clean, environmentally friendly RES.

In 2022, Indonesia's renewable energy supply reached 30 million TOE, constituting 12.3% of the
total primary energy supply [4]. Nonetheless, the status of renewable energy accomplishments remains
inferior to the forecasts established by the National Energy General Plan, as illustrated in Figure 1.
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Figure 1. Primary energy mix in 2022

Indonesia possesses substantial potential for renewable and new energy. Figure 2 illustrates the updated
data on renewable energy potential in 2021. By 2022, we have only harnessed 0.3%, or 12.6 GW, of the total 3.687
GW of renewable energy potential for power generation. The limited utilization of renewable energy for electricity
generation is due to the comparatively high cost of new renewable energy-based power plants. Consequently, it is
challenging to calculate the efficiency of fossil fuel power plants, particularly those utilizing coal. Furthermore,
investing in renewable energy requires significant capital due to the lack of support from the domestic industry for
new renewable energy components and the difficulty in securing low-interest funding or loans.
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Figure 2. Potential and utilization of renewable energy in 2022

Renewable energy sources are unstable and cannot generate energy regularly. Hybrid power sources
are being used to solve this problem. Hybrid energy systems generate energy from multiple sources [5]-[7].
These systems collaborate to produce energy more efficiently. Other energy sources can compensate for one's
inactivity in these systems. The environmental impact of hybrid systems is also significant. Facilities for hybrid
generation based on renewable energy are necessary to lower CO, emissions. Research indicates that fish
farming and campus energy needs can effectively utilize alternative power-based hybrid systems. Hybrid
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technologies can reliably meet agricultural, commercial, and other energy needs outside suburban zones and
since the power lines does not accessible. Generating electricity near consumption centers reduces transmission
line losses. Energy efficiency and economic losses will improve with fewer losses. In earthquake-prone areas,
producing electrical energy from local resources is essential to meet post-disaster energy demand.

— Literature review

Addressing rural communities' energy needs with one renewable energy source is insufficient and
sometimes uneconomical. Renewable energy is stochastic. Solar photovoltaic (PV) output is highly
dependent on insolation, which changes daily. A variety of operational, economic, social, policy, and
regulatory issues. Integrating numerous renewable energy sources into a hybrid power system is better than
utilizing one or an expansion of the national grid to improve rural electricity supply. Two complementary
energy generation and storage systems make up a renewable energy system. Subsequently may use only
renewable energy, non-renewable energy, or both. It boosts power supply efficiency and sustainability.
Hybrid power systems are now widely used in remote rural areas for efficient and reliable off-grid power.
The system can also be enhanced with storage units. Thus, when energy generation is high, the rest is stored
for later use. Storage units raise system costs and cause losses.

Many authors have studied renewable energy technologies and their solutions worldwide. A
248 kWh/day hybrid system with a peak load of 44.41 kW is both economically and technically feasible.
This setup yields 60% RF, $0.28/kWh cost of energy (COE), and $612,280 net present cost (NPC). The
decrease in carbon dioxide emissions when utilizing batteries compared to diesel generators (DG) is 59.6%
and 40.5%, respectively [8]. Power from the hybrid system costs 5.51 PKR/kWh, resulting in a savings of
4.84 PKR/kWh relative to the utility price of 10.35 PKR/kWh. The payback period is 9.5 years, a reduction
from the initial projection of 25 years by Shahzad et al. [9]. Halabi et al. [10] concluded that hybrid systems
in the region can improve the economy with the creation of new jobs. Kundankar and Katti [11] conducted a
hybrid hydro-PV system can serve a load of 58.9% with a composition of PV 47.8%, micro-hydro 11.1% and
the rest is stored in the battery. The battery can store energy safely for 5.26 hours with a capacity of
100 kWh. Analysis of levelized cost of energy (LCOE), NPC, and CO, between PV-diesel-battery
configurations resulted in NPC of $158,206 and COE of $0.895/kW more economical and environmentally
friendly when compared to DG alone [12], [13]. PV/wind/DG/battery with 90% renewable energy
penetration, COE $0.213, NPC $187 [14]. Research was conducted in rural areas off-grid as well as on-grid.
The on-grid system [15]-[17] is carried out in areas that have a national distribution network system or in
areas where there is no distribution network but it is economically profitable to do an interconnection system
rather than an isolated system, on the other hand, the off-grid hybrid system [18]-[20] is carried out on
communal loads and does not have access to the national distribution network. Research of hybrid systems in
Indonesia have been undertaken, encompassing PV-diesel, PV-diesel-wind, and hydro-diesel configurations.
This is attributable to various factors, notably the prevalence of conventional energy sources in the electrical
systems of rural and island regions. The second factor is that the potential for solar and wind energy sources
is extensive and widespread across all regions [5], [13], [21]-[23].

The paper presents an original hybrid energy model that is context-specific and adapted to the
distinct socio-environmental conditions of Papua, Indonesia, integrating multi-scenario technical-economic-
environmental analysis with community-level social effect evaluation. In comparison with previous research,
this study introduces a novel, comprehensive feasibility framework that employs realistic communal load
data and field-based social insights. This model is replicable and can be used to elucidate underserved
mountainous regions in a similar manner.

— Aim of the study

Most of the authors discussed above conducted research on various renewable energy sources and
hybrid system topologies that can meet the energy needs of various study areas. Very few have conducted
research on hybrid DG and solar PV using the study area of Papua, Indonesia. In other words, the various hybrid
system setups studied differ in terms of parameters such as load demand, application, study site, vegetation, and
climate data. Using Jifak village as a case study, this paper examines the technical and economic viability of an
off-grid PV/DG/battery hybrid system for rural electricity in Papua, the hybrid system reduces costs, meets load
demand, improves rural socio-economic welfare, and quality of life without harming the environment.

Organization of the paper: section 1 covers the study's progress, previous research, as well as goals.
Section 2 covers the research region, system design, and energy analysis. The findings and evaluation are in
section 3. Section 4 offers suggestions and findings.

2. METHOD
2.1. System design

Figure 3 presents a comprehensive flowchart outlining the updated research methodology for
designing a hybrid solar PVV—diesel-battery system aimed at rural electrification in Jifak, Papua. The process
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begins with defining the project objective—delivering electricity access to the rural community. This is
followed by data collection, which includes daily and hourly load profiles, and solar radiation and
temperature data sourced from National Aeronautics and Space Administration (NASA). After gathering the
necessary data, the system configuration step specifies the components to be modeled, such as PV panels,
DG, batteries, and inverters. These configurations are then inputted into HOMER Pro software, where both
load and resource data, along with component specifications and cost parameters, are entered.
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s 7 System Configuration Load data
Rgral elvectnﬁcatlon in Load Prgﬁlg (daily & hourly) Components: PV, Diesel Pasol o han
Jifak village, Papua Solar radiation & temperature Generator, Battery, Inverter Component specifications
(NASH) Economic parameters

Analysis Results Run Optimization
Conclusion & Selec optimal configuration Evaluate scenarios
Recomendation Techno-economic and Compare NPC, COE,
social Emissions, Unmeet load
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Time horizon: 20 years
Dispatch sttategy: LF & CC

Figure 3. Methodology for hybrid solar-diesel-battery system

The flowchart's second section covers modeling and analysis. Load following (LF) and cycle
charging dispatch techniques are used in the simulation to determine a 20-year project time horizon. Next, the
optimization procedure assesses numerous scenarios using NPC, COE, emissions, and unmeet load. After
optimization, analysis findings choose the best configuration based on techno-economic and social impact.
The final recommendation suggests the region's most cost-effective and sustainable hybrid energy system.

The model depicted in Figure 4 comprises a solar energy source, a DG, a battery, and an inverter.
The evaluation of multiple situations is conducted via HOMER software. The proposed energy management
model effectively and economically satisfies the energy requirements of the load. To fulfill load demands, an
inverter converts PV system-generated DC energy into AC. These systems store some of their energy in
batteries and use inverters to convert it back to AC for AC loads. DG supply AC power straight to AC loads.
When constructing a hybrid system, a feasibility study must be conducted effectively.
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Figure 4. Proposed hybrid system design in HOMER

HOMER program simulates the best economic, environmental, and technical system. The program offers
a user-friendly interface for designing and optimizing grid-connected or standalone hybrid energy systems. It can
concurrently simulate loads and energy units, including PV panels, wind turbines, fuel cells, hydroelectric power
plants, biomass energy sources, regenerative generators, battery storage systems, and gas tanks [7], [24], [25].

HOMER classifies various configurations based on their order of suitability. The software not only
performs complex calculations of the above-mentioned systems, but also performs a thorough analysis of
environmental impacts such as greenhouse gas emissions. The literature review showed that HOMER
software is often used in research on hybrid renewable energy systems because it can model, improve, and
study complicated energy systems that use both renewable and traditional energy sources. Choosing the right
sizes for components, examining costs like NPC and LCOE, and testing how changes in fuel prices,
renewable resources, and energy demand affect the system make it easier to study if the system will work
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well [20], [26], [27]. HOMER helps designers make cost-effective and efficient hybrid energy solutions by
checking both connected and standalone systems, looking at resource changes every hour, and studying key
reliability factors like power shortages and the risk of outages. Its widespread use in academics and industry
makes it essential for renewable energy planning and microgrid feasibility assessments.

2.2. Load profile

In this study, a renewable energy-based microgrid with DG is modeled to meet the electrical energy
needs in rural areas. Jifak village in Suru-Suru district, Papua which is located at the location point -4.77772,
138.5205 is the research location [28], [29]. Figure 5 presents the load profile that will supply 100 household
units. Other facilities are the village hall, school and house of prayer each totaling 1 unit. Jifak village has an
average energy of 3281.9 kWh/day with 136.75 kW of power. The maximum power is 371.43 kW,
accompanied at an operating ratio of 0.37.

Time (Hour)

Figure 5. Load profile

2.3. Wheather condition

Two meteorological characteristics serve as input variables for HOMER program to analyze the optimal
design of microgrid systems utilizing PV electricity at the study sites. The solar radiation and temperature profiles
at each site are different for each location in Indonesia. Hence, the findings in the present research may be taken to
develop a PV/DG hybrid system to fulfill the supply of electrical power on remote islands. The parameters used
are solar radiation and brightness index as shown in Figure 5 while the temperature is shown in Figure 6.
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Figure 6. Radiation and clearness index

Figure 6 illustrates the correlation between solar energy and the brightness rating provided by the
NASA (https://power.larc.nasa.gov/data-access-viewer/) from 2013 to 2023 [30]. The average solar radiation
throughout the year is 4.68 kWh/m?/day. The highest radiation is in the months of January and February
while the lowest is in July. The trend of the clearness index curve is similar to that of the radiation with the
highest in January at 0.492 and the lowest in August.

Figure 7 represents the monthly variation of daily temperature. From January to May, the daily
temperatures hover between 22.79 °C and 21.67 °C, showing a stable and relatively consistent temperature pattern.
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A notable dip is observed in June, where the temperature decreases to approximately 21.4 °C, which is the lowest
point on the chart. The months of July and August continue to reflect lower temperatures, around 20.21 °C,
indicating a possible cooler season during mid-year. Starting from September, temperatures begin to rise again,
with October and November showing a significant increase, peaking around 21.59 °C in November, which is the
highest recorded temperature. December shows a slight decline from the November peak but remains relatively
high compared to the mid-year values. This cyclical pattern suggests a seasonal variation, with cooler temperatures
around mid-year and warmer temperatures at the beginning and end of the year, which could be relevant for
renewable energy generation potential, especially for systems dependent on temperature fluctuations.
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Figure 7. Temperature

2.4. Mathematical system component models
2.4.1. Diesel generator

The output of a DG (Ppg) is contingent upon fuel consumption and efficiency, with the fuel
consumption rate (F) determined for electricity generation. Both variables can be determined using (1) and (2):

_ Myyel XNpg X LHV

t @

F = aCDG + bPDG (2)

PDG

where my,, is fuel mass consumed (kg), np is efficiency of the DG, LHV is lower heating value of the fuel
(kJ/kg), and t is time (hours). The product's data sheet gives fuel curve slopes a and b as 0.246 L/kwWh and 0.08145
L/kWh, as well. Cp is the DG capacity and Pj,; its electrical power. The utilization of fuel (F) is none whenever
the DG gets idle, but this formula applies when it is running. DG replacement costs depend on operating hours.

The NPC of a DG (NPCy,;) is determined by its initial expense (Cp), fuel price (F), maintenance
and operational rate (Cop—p¢), and the cost of substitution (Cr_ps) as expressed in (3)—(5):

NPCpe = Cpg + Com-pg + Cr_pc + F (3)

Cpc = Mpe X Ppg (4)
146\ ¢

Cont-p6 = trun * Tity (12) )

2.4.2. Solar photovoltaic
Solar panel power production is determined by employing (6):

Ppy = Ypy fpy (%) [1+ a,(Te — Tesre)] ©)

TC

where Yy, is the output power of the solar panel under (STC) conditions (kW), a,, is the power temperature
coefficient (% oc): fpv is the capacity reduction factor (%), Gr,sr¢ refers to the incident radiation under STC
standards (1 kW/mz), G is the direct solar radiation on the solar panel (1 kW/mz), T, is the temperature of
the solar cell (°C), and T gr¢ is the temperature of the solar cell under STC standards (25 °C). G is the solar

radiation (1 kW/mz). The calculation of solar cell temperature is influenced by ambient temperature and
solar radiation shown in (4) [31].
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2.4.3. Battery system

For off-grid PV-diesel-battery hybrid energy systems, lead-acid batteries have been used.
Parameters that are often considered include lifespan, efficiency, and total cost. The specifications of battery
modules with hybrid energy systems depend on the depth of discharge, temperature, and life of the battery.
The battery state of charge (SOC) may be calculated by applying (7) and (8):

SOC41) = SOC(H[1—o(@®)] + [%} -
A
S0C(41y = SOC(D[1 — o (D] + [%] ®

where SOC is the state of charge, o(t) is the periodic discharge rate per hour, I, is the battery current, Cy is the
battery nominal capacity (A hours), tn. is the charging effectiveness, and 5, is the discharge effectiveness.
Battery systems store and release energy based on SOC. The stored energy E,,; in a battery is modeled by (9):

Epar = Eratea x SOC )

where E, ;.4 IS rated battery capacity (Wh or kWh) and SOC is state of charge, typically between 0 (empty)
and 1 (full).

Table 1 shows the economics of the hybrid energy system's DG, solar PV panels, battery system,
and energy converter. DG require initial investment, replacement, and continuing maintenance. It has a
lifespan and needs a minimum load to run properly, depending on fuel price and capacity. The PV system'’s
installation, replacement, and annual maintenance costs indicate its low running costs and long-term viability.
Lead-acid batteries require one-time purchase, replacement, and annual maintenance, and their economic
performance depends on how often they are charged and discharged. The converter, which converts AC/DC
power between system components, is the most expensive per unit capacity due to its technical role in system
efficiency and stability, with significant capital and maintenance expenses. Optimizing system configuration
and assessing feasibility with HOMER Pro requires component cost and performance assumptions.

Table 1. Parameter economy of components [13]

Parameter Value Unit
Diesel generator Capital cost 1,500 $/kW
Replacement cost 750 $/kwW
O&M cost 0.081  $/kW/hour
Lifetime 150,000 Hour
Minimum load rasio 25 %
Diesel price 1162  $/L
Capacity factor 70-89 %
PV Capital cost 1,320  $/kw
Replacement cost 1,000  $/kw
O&M 40 $IkWiyr
Battery Capital cost 300 $
Replacement cost 200 $
O&M 40 $IkWiyr
Converter Capital cost 3,000 $/kw
Replacement cost 2,500  $/kw
O&M 800 $IkWiyr
Economic parameters  Inflation rate 3 %
Discount rate 4.88 %

3. RESULTS AND DISCUSSION
3.1. Optimization result

The HOMER modeling is a powerful tool for hybrid system feasibility studies. The simulation
includes system optimization and sensitivity analysis to provide significant insight into the feasibility of
various configurations. The optimization findings are presented from two unique perspectives: a
comprehensive overview featuring all feasible hybrid systems, sorted by COE and increasing NPC values.
The NPC defines the price derived by deducting the current fair value of all costs associated with the setup
and operation of the system parts during the project's lifespan from the prospective value of all revenues
generated throughout the duration of the project. COE is the average cost of producing 1 kWh of useful
energy in the system (excluding losses) over its lifetime.

In the simulation process, HOMER estimates the cost and at the same time determines the feasibility of
hybrid systems throughout the year with a list of system configurations and their capacities sorted by the lowest

Feasibility study of solar-diesel generation hybrid power systems: a case study of rural ... (Marthen Liga)



3334 O3 ISSN: 2302-9285

COE and NPC. In this study, among many configured energy systems, six different scenarios were evaluated to
find the optimized system configuration both technically and economically as presented in Table 2.

Table 2. Simulation results summary of different scenarious

Parameters Scenario1  Scenario 2 Scenario 3 Scenario 4
DG capacity (kW) 410 410 410 -
PV capacity (kW) - 5.48 - 2,113
Inverter capacity (kW) - 1.38 0.431 344
Number of battery - 9 22 5,321
Capital costs ($) 165,000 629,060 622,892 542 M
Replacement costs ($) 236,331 240,606 240,959 341 M
Operating costs ($) 49M 499 M 499 M 9.78 M
Fuel costs ($) 47M 476 M 477TM -
Excess energy (KWh/yr) 0 1,589 0 1,263,790
Unmeet load (kWh/yr) 0 0 0 105
Fuel consumption (L) 348,639 347,422 348,639 -
Specific fuel consumption (L/kWh) 0.291 0.291 0.291
Carbon dioxide (kg/yr) 7,992 7,964 7,992

3.2. Cost analysis

In addition to carefully considering costs and rewards, the economic analysis also looks carefully at
the overall financial picture of the system. A careful in-depth analysis shows that there are two main parts:
replacement cost and O&M price. Resource selection during system design determines installation cost. The
operating cost depends on whatever source produces how much when. All these difficulties complicate
hybrid system design. Comparative investigations were done across all system configurations with uniform
boundary values. Choosing the best energy system involves minimizing NPC, COE, renewable energy
percentage, capacity shortages, surplus power, and fuel use. A thorough examination of these factors yields
an ideal energy system with lower NPC and COE, higher renewable energy fraction, fewer capacity
shortages, less surplus power, and lower fuel use. In quest of sustainable and efficient hybrid energy
solutions, this thorough technique ensures informed decision-making.

Figure 8 showed the relationship between the COE and the NPC across four different scenarios. In
scenarios 1 to 3, the COE remains relatively constant, hovering around $0.50, while the NPC also remains
relatively stable, with minor variations at around $10.5 million. This suggests that the costs associated with
these scenarios are relatively optimized, with a balance between energy cost and total system cost. However,
in scenario 4, there is a significant increase in both COE and NPC. The COE jumps to around $0.86, while
the NPC rises sharply to approximately $17.77 million. This drastic change indicates that scenario 4 involve
additional factors and higher operational costs that drastically increase the overall economic burden of the
system. It could represent a less efficient scenario, possibly due to higher fuel dependence, increased
operational complexity, or expensive storage components within the hybrid energy system. Analyzing these
patterns helps identify optimal configurations for minimizing costs in renewable energy systems.
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0.85
0.80 -CDE

1 s—NPC
0.75

0.70

COE ($)
NPC (MS)

0.65

Scenario

Figure 8. Comparison between COE and NPC
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Figure 9 reveals areas for cost savings and optimization in the hybrid DG-PV system. The
generator's fuel and O&M costs are high. This illustrates the financial costs associated with diesel
dependence. Solar is cost-effective over time because the PV system has lower costs in most categories,
especially fuel (zero) and O&M. Increasing PV capacity or energy storage could reduce generator usage and
fuel and O&M costs. Total cost includes capital, O&M, fuel, replacement, and salvage. Due to high O&M
and fuel costs, the generator accounts for most of the "system" total of $10,427,436.42. Diesel fuel costs
$4,749,125.92, demonstrating operational dependence on a non-renewable resource.

$6,000,000
$5,000,000
$4,000,000
$3,000,000
$2,000,000
$1,000,000 -
$0 ‘
($1,000,000) 1 T T
Capital Operating Replacement Salvage Fuel
Component Capital ($) Replacement ($) O&M (§) Fuel () Salvage ($) Total ($)
Autosize Genset $615,000.00 $236,331.91 $4970,559.36 $4,749,125.92 ($188,121.94) $10,382,895.23
Generic TkWh Lead Acid $2,700.00 §1,543.50 $6,150.85 $0.00 $0.00 $10,394.35
Generic flat plate PV $7.233.36 $0.00 §3,745.06 $0.00 ($805.87) $10,172.54
System Converter 34,126.82 §2,730.78 $18,802.53 $0.00 (§1,685.83) $23,974.30
System $629,060.18 $240,606.19  $4,999,257.79 $4,749,125.92 ($190,613.65) $10,427436.42

Figure 9. NPC of each component of scenario 2

Figure 10 illustrates that all simulated renewable energy system scenarios exhibit a negative return
on investment (ROI) in comparison to the pure diesel system (DG only), which serves as a reference with an
ROI of 0%. The DG/battery scenario exhibits an ROI of -23.5%, signifying the most substantial economic
detriment attributed to the elevated expenses of batteries in the absence of renewable energy support. The
DG/PV/battery and PV/battery scenarios exhibit negative ROIs of -10.8% and -10.1%, respectively,
indicating that the savings from reduced fuel use are insufficient to offset the initial investment expenses.
This hybrid system is currently not economically viable under existing simulation settings; nonetheless, it
possesses potential for enhancement via technical optimization and policy assistance.

Scenario

DG Only DGIPV/Battery DG/Battery PViBattery
0 T

Return on Investment (%)

-20 4

-25

Figure 10. Comparison of ROI in various scenarios

Figure 11 shows the sensitivity of NPC and COE to changes in diesel fuel price, showing that both
metrics increase as fuel price rises from $0.80/L to $1.00/L. This indicates that the economic performance of
the hybrid energy system worsens with higher fuel costs, primarily due to the increased operational expenses
of the DG. The NPC, representing the total lifetime cost, and COE, representing the average cost of
electricity production, both show sharp increases initially and begin to stabilize slightly at higher fuel prices.
This trend highlights the importance of integrating more alternative power sources, like solar PV and
batteries, to reduce dependency on diesel and improve the system’s long-term economic sustainability.
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Figure 11. The relationship between fuel prices and NPC and COE

Figure 12 presents the sensitivity of the NPC and COE to variations in discount rate and inflation
rate in a hybrid renewable energy system simulated by HOMER model. The left chart illustrates that
increasing the discount rate leads to a decrease in NPC due to heavier discounting of future costs, while COE
slightly increases, reflecting the higher relative weight of upfront capital costs. In contrast, the right chart
shows that as the inflation rate rises, NPC increases because future costs such as fuel and maintenance
become more expensive, while COE decreases slightly due to the effect of inflation on discounted energy
production costs [32]. These trends highlight the importance of accurately estimating financial parameters, as
they significantly affect the perceived economic viability of hybrid energy systems.
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Figure 12. The relationship between discount rate, inflation rate with NPC and COE

3.3. Electrical production

Figure 13 illustrates the annual energy generation by DG and PV systems under various scenarios.
Scenario 1 shows high DG production with low PV input, indicating high DG reliance. In scenario 2, DG
production remains high, similar to scenario 1, but PV contribution is at its highest, showing an increased
role for PV, though still much lower than DG. In scenario 3, DG production drops significantly and PV
contribution drops to near zero, suggesting limited power production from both sources. The graph shows
that all scenarios rely heavily on DG, especially scenarios 1 and 2. PV contributes significantly only in
scenario 2, while scenario 3 shows minimal power from both sources, likely due to energy requirements or
source configurations.

Figure 14 shows how important the DG is in this hybrid system, as PV alone cannot meet demand.
HOMER software can optimize such a system by adjusting PV capacity or load requirements to improve
energy mix, cost-efficiency, and environmental impact. This system appears to rely on the DG to meet
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energy demand, likely due to low PV production throughout the year. This could mean the PV capacity is
low, the solar potential is low, or the system prioritizes the generator for stable, continuous energy supply.
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Figure 14. Montlhy electric production of scenario 2 (DG-PV)

3.4. Social benefit

Today's society relies on electricity, which may transform an individual's and community's
socioeconomic existence. This research reports the social advantages of regional electrification based on field
visits, expert opinion, personal assessment, and literature review. It is observed that electricity is an essential
need for the local people to improve their socio-economic status. Access to electricity infrastructure is an
essential step in modern activities and plays a significant role in improving the socio-economic conditions of
communities. In addition, electricity services enable community members, especially women and children, to
make the best use of their time in household activities and education, thereby increasing household income.

Green power sources, including solar, wind, and hydro, are generally more labor-intensive than
fossil fuel or nuclear power generation units. These technologies require workers for manufacturing,
installation, operation, and maintenance, often at a higher rate than the highly automated processes found in
traditional energy sectors. Consequently, renewable energy creates significantly more jobs per unit of energy
produced. For example, studies have shown that solar PV employs about twice as many workers as coal
plants per megawatt of energy generated [33]. These jobs cover a range of roles, from research and
development in new renewable technologies to positions in local project installations and maintenance.
Furthermore, as the renewable energy sector expands, it generates regional jobs, benefiting local
communities and reducing dependency on centralized, nonrenewable plants [34].

Rural electricity helps combat destruction of forests since rural residents cook with wood and
natural wastes. Lamp and biomass cooking smoke is harmful. Without clean drinking water, the community
suffers serious health issues. Electricity is necessary for drinking water and irrigation pumping systems.
Research shows that after getting electricity, users can work after sunset, earning extra money from various
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activities and improving their social life and status. Electricity brings radio and TV to the locals, keeping
them informed and entertained. Hybrid power systems may improve rural communities' living standards,
economic activity, women's empowerment, security, employment, and sustainable development.

4. CONCLUSION

This study examines the possible use of hybrid systems for electrifying rural villages by modeling
an efficient hybrid energy system with optimal cost assessment and emission management of hazardous
substances. The present research examined four distinct scenarios of hybrid systems, selecting ideal
configurations from minimized energy costs, reduced greenhouse gas emissions, and their respective pros
and drawbacks. The research also investigated the significant results of various configurations in terms of
NPC, COE, emission, capacity of renewable energy and renewable energy penetration. Using the developed
HOMER model, the paper conducted a technical, economic, and environmental analysis. The results showed
an annual emissions level of 7,965 kg, a LCOE of $0.5095, and a NPC of $10.43 million. The effects of
electrification on lighting, education, social structure, the environment, and household income are examined
in this paper. Electricity has improved the economic status of villagers, according to the research, because it
automates daily tasks, provides better lighting, and powers productive activities.

This study supports the use of an off-grid PV/DG/battery hybrid system as a sustainable solution for
electricity of remote are in Jifak, Papua, offering an alternative to grid extension. It demonstrates the techno-
economic viability of similar structures in the region, considering Papua’s high solar energy potential.
However, the study's use of generalized communal loads and the absence of sensitivity analysis for key
variables, such as diesel price, limit its optimization accuracy.

To ensure successful adoption, the study recommends targeted policy and operational measures,
including financial incentives, technical regulations, capacity building, and the integration of local resources
like micro-hydro or biomass. Improvements in storage technology and community-based ownership models
are also highlighted to enhance sustainability. Future research should explore the long-term viability of rural
electrification by considering institutional, socio-cultural, and economic factors, especially the community’s
ability and willingness to manage operation and maintenance costs.
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