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This study aims to evaluate the technical and economic performance of the hybrid solar
panel and biogas power generation system to support the operation of the electric
vehicle charging station in Malang City. The system is designed in two network
scenarios, namely grid and off-grid, and analyzed using PVsyst software and HOMER
Pro. The simulation results show that the off-grid configuration produces 1,054,693
kWh/year of energy, while the on-grid scenario achieves 985,216 kWh/year. The
Performance Ratio value of the photovoltaic system is 0.83, reflecting relatively high
reliability in humid tropical climate conditions. Economically, the off-grid system has
a Levelized Cost of Energy (LCOE) of IDR 1,825.07/kWh with a payback period of
4.13 years, while the on-grid scenario shows an LCOE of IDR 3,610.73/kWh with a
payback period of 2.64 years. This study shows that integrating hybrid systems is
feasible as a clean and efficient energy solution to support the electric vehicle

ecosystem, especially in urban areas with high renewable energy potential.

1. INTRODUCTION

Global energy needs increase as population growth,
urbanization, and the electrification of various sectors,
including transportation, increase. Dependence on non-
renewable fossil fuels has had a variety of negative impacts,
such as increased greenhouse gas emissions, environmental
damage, and energy price volatility [1-3]. To answer this
challenge, the use of renewable energy sources such as solar
power and biomass is getting more attention to create a clean
and sustainable energy system [4, 5]. Integrating the two
energy sources in the system, hybrid energy is considered to
increase the reliability of energy supply, with solar panels as
the primary source, primarily during the day, and biogas
generators as a complement at night or in bad weather
conditions. This combination provides greater flexibility and
efficiency than using a single technology [6-8].

Various previous studies have explored the system's
potential, hybrid PV-biogas, in the context of remote and
urban electricity. Table 1 summarizes a simulation approach
using the HOMER Pro software, which is widely used to
examine the technical and economic aspects of renewable
energy combinations, both off-grid and on-grid scenarios.
These studies show that Hybcan lowers the Levelized Cost of
Energy (LCOE), significantly reduces carbon emissions, and
offers financially viable, sustainable energy solutions.
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However, most previous studies have been limited to the
general energy supply aspect and have not been specifically
directed to applications in electric vehicle charging stations
(EV charging stations). The electric transportation sector is
one of the main focuses in global energy decarbonization.

Electric vehicle charging stations (EVCS) have relatively
large power requirements and are volatile, depending on the
time and intensity of use. For this reason, the energy
generation system used must not only be able to meet energy
needs sustainably, but also be stable in anticipating load spikes
[9, 10]. About Us, hybrid PV-biogas has the potential to
answer this challenge because it can take advantage of the
advantages of photovoltaic technology and biogas plants
synergistically [11-13]. In addition, integrating renewable
energy systems in EVCS also encourages the transformation
of transportation infrastructure towards zero emissions (net-
zero emissions with national and global clean energy policies.
However, the practical implementation of this system needs to
be studied more deeply through a modeling and simulation
approach based on actual location data and real operational
conditions [14-16].

This research focused on Malang City as a case study
location with high solar energy potential and a relatively
abundant source of biomass. Using annual weather data and
technical parameters of system components, system
performance simulations are carried out for a hybrid PV-
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biogas system using Vsyst and HOMER [17, 18]. This analysis
includes technical evaluation in energy generation
performance and performance ratio photovoltaic systems, and
economic assessments that include net present cost (NPC)
calculations and LCOE [19]. In addition, this study also
considers environmental aspects in the form of estimating
exhaust emissions and system capacity in supporting electric
vehicle charging stations with fast charging technology (quick
charging). With this approach, it is hoped that a
comprehensive picture of the technical and financial feasibility
of the system will be obtained, in the context of a real
application [20, 21].

Table 1. Research related to PV-Biogas

Source Approach Findings
y nﬁg\t’i{fﬁg 1 Offgrid system with PV 200
biogas. and ’ kW, biogas 100 kW, COE:
[20] £2s, . $0.2094/kWh, NPC: $1.92
electrolyzer hybrid e o
systems (off-grid and mllhon,.COz emission
Y . reduction: 95.78%.
on-grid).
.HOMER Pro The PV-Wind-Biogas-
simulation on a .
o Biomass-Fuel Cell-Battery
combination of PV, .
[22] wind. bioeas configuration has the lowest
_ wing, Dlogas, COE of $0.214/kWh, suitable
biomass, ful cell, for off-grid villages
and battery. & £6S:
PV-biogas hybrid The 110 kW mini-grid
models for EV produces 395 MWh/year,
[23] charging, irrigation, LCOE $0.06/kWh, reduces
and livestock, with 137 tons of CO, and
sensitivity analysis to produces 156 tons of
gasification ratios. biofertilizer.
The Grid-PV-Diesel system
Comparison of has a COE of $0.280/kWh, an
[24] HOMER NPC of $115,355 — more
configurations for expensive and less
backup systems. environmentally friendly than
PV-biogas.
A 100 kW PV system + 30
Techno-cconomic kW biogas engine + 280 kWh
. . battery yields a $0.15/kWh
modeling using COE. Harmful emissions
[25] HOMER Pro and life )

were achieved thanks to 180
tons of biochar/year with a
potential carbon credit of
€31.14/MWh.

cycle analysis (LCA)
of biochar.

Recent studies have investigated the integration of
renewable sources for EV charging infrastructure with various
configurations and application contexts. Himabindu et al. [24]
conducted a techno-economic assessment of PV-powered EV
charging stations across four Indian cities with different solar
irradiance profiles, emphasizing the importance of regional
solar potential and local grid conditions in determining
feasibility. Their study also recognized the utility of
microgrids in supporting rooftop PV-based EV charging
systems, similar to those of Irfan et al. [25] simulated hybrid
systems using HOMER Pro for decentralized EV loads
demonstrated that combinations such as PV—wind—biomass—
battery can reduce emissions and improve reliability in peri-
urban and rural zones. In another contribution, Zhang et al.
[26] focused on PV-biogas hybrid systems applied to
agricultural and transport sectors, presenting the benefits of
dual-use systems that produce biofertilizer while supplying
energy for EV charging stations.
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These studies highlight the potential of hybrid renewable
energy systems, but tend to focus on rural applications,
generalized mini-grids, or isolated system performance. Few
have assessed the performance of hybrid PV-biogas systems
tailored to EV charging applications in tropical urban contexts
with actual charging station load profiles. Moreover,
comparative evaluations between off-grid and on-grid network
scenarios under such conditions remain scarce. Therefore, this
study addresses those gaps by integrating renewable energy
modeling focusing on the dynamic energy needs of EV
charging infrastructures under tropical climate conditions.

The novelty of this research lies in integrating the hybrid
PV-biogas and electric vehicle charging applications studied
simultaneously in two network scenarios: off-grid and on-grid.
In addition, the modeling approach is carried out in detail by
taking into account the technical data of the components, the
typical load of electric vehicles, and the operational
fluctuations of the charging station [27, 28]. This differs from
previous studies on the generation system, which did not
consider specific aspects of EV load or adaptive biogas
utilization. Thus, this study makes a new contribution to the
development of relevant renewable-based integrated energy
system designs to support the adoption of electric vehicles,
particularly in tropical regions such as Indonesia. These
findings are expected to serve as a reference for policymakers,
investors, and energy industry players in developing more
efficient and sustainable low-emission transportation
infrastructure.

2. METHODOLOGY
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Data

Homer Simulation:
PV, Biogas, and EV
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Figure 1. Research methodology flow diagram



This research follows a series of structured steps to ensure
that the data collected can be analyzed comprehensively and
in a targeted manner. Each stage is designed to provide a
smooth running of the research process and achieve the
predetermined objectives. This systematic stage is the key to
maintaining the accuracy and consistency of the results
obtained. With a precise process flow, research results can be
scientifically accounted for. A flow diagram depicting the
stages in the research of PV-Biogas hybrid generation systems
for electric vehicle charging stations can be seen in Figure 1.
This flow picture helps visualize how each step in this study is
interrelated and supportive of the others.

2.1 Location details

Selecting a location with adequate solar and biomass energy
potential is a strategic step in designing a reliable and
sustainable renewable energy system. Malang City was chosen
as the research location in this study because of its cool and

humid tropical climate characteristics and its position in the
highlands. The city is located at the coordinates of -7.9797°
South Latitude and 112.6304° East Longitude with an altitude
of 440 meters above sea level, as shown in Figure 2. Based on
climate data in 2024 obtained from PVsyst software version
8.1 concerning Meteonorm, Malang City shows good solar
radiation potential with a global average of horizontal
irradiation of 5.57 kWh/m?/day and a clearness index of 0.562
as listed in Table 2. The annual average air temperature
reaches 25.8°C, the wind speed is 1.8 m/s, and the yearly
relative humidity is 75.9%. At the same time, the Linke
turbidity value of 4.586 indicates a fairly straightforward
atmospheric condition for using solar energy. These
meteorological parameters are an essential basis for the
feasibility analysis and technical simulation of PV-biogas
hybrid systems for electric vehicle charging stations, which are
modeled using HOMER software to achieve optimal system
efficiency and reliability.

Figure 2. Location coordinate point

Table 2. Malang weather data in 2024

Month Global Horizontal Irradiation Clearness Temperature  Wind Velocity Linke Relative
(kWh/m?*/day) Index (°C) (m/s) Turbidity [-] Humidity (%)
Jan 5.41 0.500 254 1.8 4.599 80.8
Feb 5.51 0.509 253 1.9 4.57 81.6
Mar 5.34 0.509 25.7 1.3 4.484 80.9
Apr 5.59 0.574 26 1.3 4.504 80.2
May 5.21 0.599 26.4 1.6 4.361 76.2
Jun 5.09 0.608 25.4 1.8 4.187 76.3
Jul 5.31 0.623 253 22 3.992 72.2
Aug 5.67 0.613 25.4 2.3 4.146 70
Sep 6.03 0.597 25.7 22 4.354 69.6
Oct 6.32 0.594 259 1.9 5.175 69.5
Nov 5.75 0.533 25.6 1.4 5.628 75.5
Dec 5.67 0.527 26 1.29 5.033 78.6
Year 5.57 0.562 25.8 1.8 4.586 75.9

2.2 Schematics of solar and biogas panel hybrid systems

The PV-biogas hybrid system model in this study is
designed to support the operation of EV charging stations with
Level 3 fast charging technology, with simulations using
HOMER. This study takes the example of a Hyundai Ioniq 5
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car, which has a battery capacity of 58 kWh and charges using
a Level 3 electric vehicle charging station with an output
capacity of 150 kW and 4 operating charger units. The power
for charging electric vehicles is calculated based on the
average charging time of 0-80 percent within 20 minutes. The
electricity tariff per kWh in Indonesia is estimated at Rp 2,466,



affecting the system's total operating and maintenance costs.
On the other hand, Figure 3 illustrates the configuration of a
hybrid PV and biogas system, which shows how these systems
can meet the energy needs of electric charging stations by
utilizing a combination of renewable energy and existing
natural resources.

Biogas
Generator

AC DC

Electrical Load

v

Inverter

N

Photovoltaic

Grid

S

Charging Station

B

0@*{;

Figure 3. PV and biogas hybrid system configuration

To dig deeper, Figure 4 shows the energy consumption
patterns at electric vehicle charging stations, which compares
energy use between weekdays and weekends. This energy
consumption pattern is significant in planning capacity and
investment needs for electric vehicle charging infrastructure,

especially in optimizing the use of renewable energy and
reducing dependence on fossil energy. In addition, Table 3
provides a detailed overview of the estimated initial
investment costs, replacement costs, operational and
maintenance costs, and service life for the main components
in a PV-Biogas hybrid system. This information will help with
long-term planning, where cost factors and component
lifespan are essential considerations in decision-making for
developing and operating efficient and environmentally
friendly electric vehicle charging stations.
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Figure 4. Energy consumption patterns at level 3 electric
vehicle charging stations

Table 3. Estimated investment and lifetime of PV-biogas system components

Parameter LONGi Solar LR6-72  Fnerstore 30 Agile Flow  Leonies MTP-41I7H ¢\ 7. 13 prime
Battery 300kW
Initial Investment Costs IDR 1,500,000 IDR 50,000,000 IDR 15,000,000 IDR 200,000,000
Replacement Costs IDR 1,500,000 IDR 50,000,000 IDR 15,000,000 IDR 200,000,000
Operation aé‘gslt\gamtenance IDR 100,000 IDR 4,000,000 IDR 1,000,000 IDR 20,000
Lifetime 25 Years 30 years 10 Years 90,000 Hours

2.3 Solar and biogas energy system planning and modeling

The selection of specific component models—LONGi Solar
LR6-72 panels, EnerStore 50 Agile Flow batteries, Leonics
MTP-4117H inverters, and CAT-C13 Prime generators—was
based on a combination of market availability, proven field
performance, and cost-effectiveness in the Indonesian context.
These components are widely available in local and regional
markets, ensuring practical applicability and future scalability.
The economic analysis assumed an inflation rate of 6.6% and
a discount rate of 2.54%, derived from Bank Indonesia and
previous techno-economic studies relevant to renewable
energy infrastructure [29, 30]. Standard photovoltaic and
biogas system operational life projections selected a 25-year
project lifetime.

2.3.1 Solar panels

Solar energy can be converted into electricity using solar
panels that work on the principle of photovoltaics, where
semiconductor materials respond to solar radiation by
generating an electric current. The estimate of the electrical
power that can be generated from this system can be
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formulated by a mathematical approach that does not take into
account the effect of the temperature of the module, as
explained by the following equation [31, 32]:

Gr

Ppy = Fpy X Ypy X

(1)

T,STC

The functional dimensions of each variable in the formula
are as follows:

Ppy: Power output of the solar panel system (kW)

Fpy : Performance degradation coefficient representing
system loss

Ypy: Solar panel capacity based on standard test conditions
(kW)

Gr: Actual solar radiation intensity received by PV modules
(kW/m?)

Grsrc @ Radiation amount based on Standard Test
Conditions (1 kW/m?)

In this simulation, the photovoltaic module used is the
LONG:i Solar LR6-72 type, a product from Canada. The visual
representation of the panel is shown in Figure 5, while the
complete technical information is listed in Table 4.



Figure 5. Visual LONGi Solar LR6-72 [33]

Table 4. Technical characteristics of components

LONGi Solar LR6-72
Technical Specifications

Technical Data

Maximum Power (Pmax) 350
Temperature Coefficient -0,410
Voltage at Maximum Power (Vmpp, 60°C) 32.2 Volt
Open Circuit Voltage
(Voc, -10°C) 52.2 Volt
Short Circuit Current (Isc, 20°C) 11.29 Amps
Efficiency 18.1%
Leonics MTP-4117H 300kW
Output Power Capacity 300 kW
Maximum Output Power 300 kW
DC Side Input Voltage 480 Volt
Electrical Output Frequency 50/60 Hz
Inverter Conversion Efficiency 96%
EnerStore 50 Agile Flow Battery
Standard Operating Voltage (V) 100 Volts
Stored Energy Capacity (kWh) 50 kWh
Electrical Capacity (Ah) 500 Ah
Roundtrip Efficiency 72%
Maximum Current at Charge (A) 150 A
Maximum Current at Discharge (A) 300 A
CAT-C13 Prime
Installed Power 320 kW
Fuel Consumption 6.37 L/h
Operating to Load Ratio 25 %

2.3.2 Inverter

Inverters play a key role in photovoltaic systems, with the
primary function of converting the direct current (DC)
generated by solar panels into alternating current (AC)
compatible with household electrical and distribution network
standards. In addition, the inverter is also equipped with a
control mechanism to adjust the power output to be efficient
and stable according to the load needs. The output power of
the inverter can be calculated using the formula [34, 35]:

Piny = Viny X Iiny (2)

The explanation of the variables in the formula is as follows:

P;n,: Active power generated by the inverter (kW units)

Vinw: Output voltage of the inverter (Volt)

Iiny: The magnitude of the current output of the inverter
(Ampere)

In the design of this system, a Leonics MTP-4117H inverter
type with a capacity of 300 kW is used, which has been
specially optimized to support solar energy applications. A
physical illustration of this device can be seen in Figure 6,
while the full technical details are listed in Table 4.
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Figure 6. Visual Leonics MTP-4117H 300kW [36]

2.3.3 Battery

Batteries function as an energy storage medium by
converting electricity into chemical energy, which can be
released back as electrical energy when needed [37]. In
photovoltaic systems, batteries are vital as a power buffer,
mainly when solar panels do not produce electricity optimally,
such as at night or in cloudy conditions. Battery capacity is
generally expressed in kilowatt-hours (kWh), which indicates
the amount of energy that can be stored and released. In
addition, the amount of storage can also be calculated by
multiplying the current and the available voltage. In this
system configuration, six battery-type units are used. The
EnerStore 50 Agile Flow Battery is designed to support
medium- to large-scale energy loads. A visual representation
of this storage system is presented in Figure 7, while details of
the technical specifications of each unit can be seen in Table
4.

N

Figure 7. Visual EnerStore 50 Agile Flow Battery [38]

2.3.4 Generator

A generator is a device that converts mechanical energy,
usually from the combustion of fuel, into electrical energy.
Different types of generators can be modeled in a simulation
platform like HOMER, including thermoacoustics-based
systems, fuel cells, photovoltaic panels, micro-turbines, and
Stirling machines. To estimate the amount of fuel consumed
during the power generation process, the following
mathematical equation is used, which relates output power to
fuel consumption rate [13, 39]:

F=Fy+F XFBep 3)



With the following explanation:

Pyen: Power generated by the generator (in kW)

F: Fuel consumption rate (L/h)

Fy: Initial coefficient of fuel consumption (L/hour/kW)

F;: Fuel consumption curve gradient (L/hour/kW)

In this system model, a CAT-C13 Prime type generator is
used, which is known to be reliable in high-load applications.
Technical drawings of the device are presented in Figure 8,
while detailed information on its operational specifications is
given in Table 4.

Figure 8. Visual generator CAT-C13 prime [39]

2.4 Theoretical basis in economic analysis

The economic aspect plays a crucial role in the planning
process of the energy generation system. Some key parameters
to consider include the project's duration, the type of currency
used, the annual inflation rate, and the discounted interest rate.
Considering this project is being implemented in Indonesian
territory, the rupiah is the central monetary unit in all financial
analyses. Based on the latest data from Bank Indonesia and the
results of previous studies, the inflation rate is assumed to be
6.6%, while the discount rate is set at 2.54%. The project is
designed to have an operational life of 25 years [29, 40]. The
economic value of the assets involved in this project will
change over time due to inflation and discount factors.
However, if the influence of these two factors can be managed
effectively, then the impact on the decline in asset value can
be minimized.

2.4.1 Net Present Cost (NPC)

NPC represents the project's overall cost, which has been
converted to its current value through the discount process.
This value considers the accumulation of various expenses
over the project's life, including initial investments, annual
operating costs, maintenance, and other related expenses, all
of which are adjusted for the value of money over time. NPCs
assess how much of the total financial burden will be incurred
over the project's life, making it useful in technical and
economic decision-making processes. To calculate NPCs, the
following formula is used [41, 42]:

NPC =1, +i Ce 4
- Li(1+1) “)

Description of variables:
Iy: Total initial investment cost (in currency units)
C,: Costs incurred in the year t (e.g. annual operating or
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maintenance costs)
r: Annual discount rate (in decimals)
n: Project duration in years

2.4.2 Levelized Cost of Energy (LCOE)

LCOE is an economic indicator that shows the average cost
of producing one unit of energy, usually in kWh units during
the operating life of an energy generation system. This
parameter is essential for comparing the cost efficiency of
different generation technologies, both conventional and
renewable, considering all the costs involved and the energy
generated over the project's life. LCOE combines all cost
components, including initial investment, operational,
maintenance, and replacement of value-adjusted components,
to the present using a specific discount rate. After discounting,
this total cost is divided by the energy produced in the same
project period to get an average cost per kWh. The calculation
formula is formulated as follows [43, 44].

n _Ct
Zf=1(1+r)‘5
n _Et
t=1(14n)t

LCOE = %)

Description of variables:

C,: Costs incurred in the year t (e.g. annual operating or
maintenance costs)

E;: Energy produced in the year t (in kWh or other units of
energy)

r: Annual discount rate (in decimals)

n: Project duration in years

3. RESULT AND DISCUSSION

3.1 Performance ratio performance in solar power
generation systems

Evaluating the performance of solar power generation
systems is an essential indicator in assessing the effectiveness
of converting solar energy into electricity. One of the main
parameters used is the Performance Ratio (PR), which
represents the efficiency of the photovoltaic system against its
ideal conditions, considering factors such as temperature,
radiation, and system losses. This study conducted a PR
analysis to determine the variation in the monthly performance
of solar panel systems operated in Malang City during 2024.
The simulation results are shown in Figure 9, which shows
fluctuations in the performance ratio from January to
December. The highest PR value was recorded in January at
0.840, while the lowest was in September at 0.819. These
fluctuations indicate the influence of seasonal climatic
conditions on the solar system's output, which is the basis for
designing system optimization and maintenance strategies to
keep annual performance optimal.

The annual average PR of 0.83 is notably higher than many
comparable systems in humid tropical settings, which
typically range from 0.75 to 0.82 according to recent studies
[45, 46]. This suggests that the selected PV modules and
system configuration are well-suited for the local climate of
Malang, benefiting from stable solar irradiation and efficient
component integration. Seasonal variation, while present,
remains within manageable limits and indicates consistent
year-round performance. This strengthens the case for using
similar hybrid systems in other tropical urban contexts.
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Figure 9. Solar panel system performance ratio

3.2 System performance evaluation through HOMER
simulation

Simulations using HOMER software were used in this study
to evaluate the performance of PV-biogas hybrid systems in
two operational scenarios, namely off-grid and on-grid. This
analysis aims to determine the contribution of each component
to the total annual electrical energy production and the
distribution of its consumption at renewable energy-based
electric vehicle charging stations. Table 5 and Figure 10
present the results of the energy output simulation for both
configurations. In the off-grid scenario, the contribution of
biogas generators (CAT-C13 Prime) reached 57.1% of the
total production of 1,054,693 kWh/year, while solar panels
(LONGi Solar LR6-72) accounted for 42.9%. In contrast, in
on-grid systems, the proportion of production from solar
panels increased slightly to 45.9%, with biogas generators at
30.7%, and the remaining 23.4% coming from grid purchases,
indicating a lower reliance on fossil fuels in this scheme.

In terms of energy consumption, the off-grid system
recorded a total usage of 1,094,321 kWh/year, with the
primary load (AC primary load) of 76.4% and the remaining
23.6% used for electric vehicle charging (EV charger served),
as shown in Table 6. In the on-grid configuration, the
distribution of energy consumption is relatively similar to the
total consumption of 1,097,661 kWh/year. However, a small
surplus of 0.3% is sold back to the grid (grid sales). The
efficiency of electric vehicle charging station services is
analyzed through operational indicators summarized in Table
7, showing that the system can serve 8,562 charging sessions
per year with a total energy of 209.469 kWh. The average
energy consumption per session reached 28.6 kWh with a
daily frequency of around 20.9 sessions, indicating that the
system has sufficient capacity to support the operation of
medium-scale electric vehicle charging stations.

From an environmental perspective, this simulation also
evaluates the potential impact of annual exhaust emissions
generated by hybrid systems during 2024, as detailed in Table
8. Total carbon dioxide (CO:) emissions reached 443,869
kg/year, the dominant component contributing to greenhouse
gases. In addition, other emissions such as carbon monoxide
(35.7 kg/year), non-flammable hydrocarbons (1.02 kg/year),
particulate matter (33.36 kg/year), sulfur dioxide (1,813
kg/year), and nitrogen oxides (1,384 kg/year) are also of
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concern in environmental impact evaluation. This data shows
the importance of emission reduction strategies and
optimization of renewable resource-based energy systems.
Thus, the integration of PV-biogas systems addresses energy
needs and offers significant emission reduction potential
compared to fossil-based systems in full.

In terms of environmental impact, the annual CO2 emission
of 443,869 kg/year is considerably lower than emissions from
conventional diesel-based charging stations, which can exceed
750,000 kg/year for similar energy output [47, 48].
Additionally, reductions in other pollutants such as sulfur
dioxide and nitrogen oxides further emphasize the ecological
advantage of hybrid renewable energy systems. These findings
underscore the emissions reduction potential of integrating
biogas and PV in EVCS infrastructure, aligning with national
and global net-zero emission targets. Such integration
contributes meaningfully to decarbonizing the transportation
sector.

Table 5. Electrical energy production results system

Component Production Percent
Off. P (kWh/yr) (%)
Grid LONGI Solar LR6-72 452,022 429
CAT-C13 Prime 602,670 57.1
Total 1,054,693 100
LONGI Solar LR6-72 452,022 459
On- CAT-C13 Prime 302,301 30.7
Grid Grid Purchases 230,892 234
Total 985,216 100
Table 6. Energy consumption distribution
Component Consumption Percent
P (KWh/yr) (%)
Off- AC Primary Load 884,852 76.4
Grid EV Charger 209,469 236
Served
Total 1,094,321 100
AC Primary Load 884,852 74.6
Grid Sales 3,340 0.3
On- EV Charger
Grid & 209,469 233
Served
Total 1,097,661 100
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Figure 10. Annual distribution of electrical energy output



Table 7. Performance recapitulation of level 3 electric
vehicle (EV) charging stations

Measurement Results
8,562 sessions
209,469 kWh

28.6 kWh
20.9 session for Hari

Performance Indicators
Number of Charging Sessions per Year
Total Energy Distributed per Year
Average Energy per Charge Session
Average Daily Charge Frequency

Table 8. Annual estimated exhaust gas emissions in 2024

Total Annual Emissions
443,869 kg/year
35.7 kg/year

Types of Emissions
Carbon Dioxide
Carbon Monoxide

Unburned Hydrocarbons 1.02 kg/year
Particular Matter 33.36 kg/year
Sulfur Dioxide 1.813 kg/year
Nitrogen Oxides 1.384 kg/year

3.3 System economic analysis

Evaluation of economic aspects is a key component in
assessing the feasibility of implementing renewable energy
systems, especially for hybrid PV-biogas configurations used
in electric vehicle charging stations. This study conducted
economic analysis for off-grid and on-grid scenarios,
considering several main cost components such as start-up
capital, operational costs, reprocurement costs, residual value,
and energy supply costs. Details of the full cost estimate are
shown in Table 9, which includes various system units such as
the CAT-C13 Prime biogas generator, EnerStore 50 Agile

Flow battery, Leonics MTP-4117H inverter, LONGi Solar
LR6-72 solar panel, and Highway Charger Level 3. The results
show that the system's total cost reaches Rp 25.29 billion in
the off-grid scenario. In contrast, in the on-grid scenario, the
total is lower, namely Rp 10.24 billion, due to the support of
the power grid, which reduces dependence on generators.

Further investment feasibility analysis was carried out by
calculating financial indicators such as NPC, LCOE, simple
payback period, discounted payback period, return on
investment (ROI), and internal rate of return (IRR), which are
summarized in Table 10. In the off-grid scenario, even though
the NPC value is higher, which is IDR 25.29 billion, the
system shows quite a promising financial performance with an
LCOE of IDR 1,825.07/kWh, a simple payback in 4.13 years,
and an IRR of 24.6%. Meanwhile, in the on-grid configuration,
although the LCOE is higher by IDR 3,610.73/kWh, the main
advantage lies in the faster return on capital, which is only 2.64
years in simple terms and 2.85 years in discount. In addition,
the ROI on the on-grid system reaches 29%, and the IRR is
even higher, at 36.4%.

The difference in LCOE and payback periods between off-
grid and on-grid configurations is primarily driven by system
dependency on grid electricity and component usage intensity.
The off-grid system, while more capital-intensive due to
higher storage and generator capacity, results in a lower LCOE
over time due to reduced energy purchase costs. On the other
hand, the on-grid setup benefits from immediate cost savings
by leveraging existing grid infrastructure but incurs higher
LCOE because of energy purchase and peak-time rates. These
trade-offs highlight the importance of location-specific
planning and investment strategy alignment.

Table 9. Estimated investment in PV-Biogas and EV charging integrated energy systems

Off-Grid
Unit Initial Operating Reprocurement Residual Energy Supply Overall Cost
Capital Expenses Costs Value Costs Amount
. IDR 200 IDR 1,22 11 - IDR IDR 12.0 IDR 11,6
CAT-CI3 Prime Million Billion PR 1OMillion e 3\ fillion Billion Billion
EnerStore 50 Agile Flow IDR 400 IDR 502 -IDR 25.3 IDR 877
Battery Million Million IDR 0,00 Million IDR 0,00 Million
. IDR 4.50 IDR 4.71 o1 - IDR 852 IDR 13.5
Leonics MTP-4117H 300kW Billion Billion IDR 5.12 Billion Million IDR 0,00 Billion
LONGi Solar LR6-72 IDR 1 29 IDR .2'69 IDR 0.00 IDR 0.00 IDR 0.00 IDR .3'98
Billion Billion Billion
Highway Charger (Level 3, - IDR 6.55 - IDR 6.55
On-Demand) IDR 0,00 Billion IDR 0,00 IDR 0,00 IDR 0,00 Billion
. IDR 6.39 IDR 2.57 o -Rp. 905.6 IDR 12.0 IDR 25.29
System Accumulation Billion Billion IDR 5.23 Billion "\ i11ion Billion Billion
On-Grid
Unit Initial Operating Reprocurement Residual Energy Supply Overall Cost
Capital Expenses Costs Value Costs Amount
. IDR 200 IDR 2.75 s -IDR 26.5 IDR 26.5 IDR 26.7
CAT-CI3 Prime Million Billion IDR 361 Million Million Billion Billion
EnerStore 50 Agile Flow IDR 50.0 IDR 62.8 -IDR 3.16 IDR 110
Battery Million Million IDR0.00 Million IDR0.00 Million
Grid IDR0.00 Rp. 275 IDR0.00 IDR0.00 IDR0.00 -IDR 27.5
Billion Billion
Leonics MTP-4117H 300kW ]DR 4'50 ]DR 4'71 IDR 5.12 Billion ) IDR.852 IDR 0.00 [DR .13'5
Billion Billion Million Billion
LONGi Solar LR6-72 IDR 1.29 IDR 2.69 IDR 0,00 IDR 0,00 IDR 0,00 IDR 3.98
Billion Billion Billion
Highway Charger (Level 3, -IDR 6.55 - IDR 6.55
On-Demand) IDR 0,00 Billion IDR 0.00 IDR 0.00 IDR 0.00 Billion
. IDR 6.04 - IDR 24.78 o - IDR 881.66 IDR 26.7 IDR 10.24
System Accumulation Billion Billion IDR 5.48 Billion " pintion Billion Billion




Table 10. Total system economic evaluation

Net Present Cost IDR 25.29 Billion
Levelized Cost of Energy (Rp/kWh) IDR 1,825.07
. Simple payback 4.13 Years
Off-Grid Discount payback 4.60 Years
Return on Investment 21 %
Internal Rate of Return 24.6%
Net Present Cost Rp. 10.24 Billion
Levelized Cost of Energy (Rp/kWh) IDR 3,610.73
. Simple payback 2.64 Years
On-Grid Discount payback 2.85 Years
Return on Investment 29 %
Internal Rate of Return 36.4%

This analysis shows that both configurations have viable
economic potential, depending on the investment objectives
and operational context. Off-grid systems are superior in
energy production cost efficiency per kWh, making them
suitable for remote locations without power grid access. In
contrast, on-grid systems offer faster returns on capital and a
lighter cost structure overall, making them a rational choice in
urban or semi-urban areas with the electrical infrastructure
already in place. Therefore, the best configuration should be
tailored to the stakeholders' location conditions, long-term
goals, and financial readiness.

To strengthen the credibility and robustness of the economic
assessment, a sensitivity analysis was performed by altering
several key input parameters that significantly affect system
feasibility. These parameters include component costs (with a
variation of £20%), biogas fuel prices (£15%), and electric
vehicle (EV) penetration rates (£30%). These values were
selected based on plausible fluctuations observed in local
market trends and national policy adjustments. This analysis
aims to evaluate how changes in these parameters influence
the financial performance metrics such as LCOE and payback
period for both off-grid and on-grid scenarios.

The simulation results show that the LCOE for the off-grid
system ranged from IDR 1,550/kWh in the most favourable
conditions to IDR 2,130/kWh in more challenging economic
scenarios. Meanwhile, the on-grid configuration exhibited
LCOE values between IDR 3,120/kWh and IDR 4,090/kWh.
The simple payback period for the off-grid system fluctuated
between 3.4 and 5.2 years, while it varied from 2.2 to 3.1 years
for the on-grid scenario. These findings suggest that the
proposed hybrid system retains economic viability within a
reasonable range of uncertainty, reinforcing its potential
scalability and applicability across different contexts.
Moreover, this sensitivity assessment underlines the
importance of adaptive planning and policy support in
mitigating investment risks.

3.4 Research limitations

This study has several limitations that need to be considered
when interpreting the results and implications of the analysis.
First, the meteorological data used is sourced from PVsyst
software with Meteonorm reference, which is generalized and
does not include daily or seasonal microclimate dynamics
locally in Malang City. This can potentially affect the accuracy
of solar energy production simulation results. Second, the
system simulation was carried out using HOMER software,
which, although comprehensive in technical and economic
calculations, has limitations in modeling component
degradation, energy price variability, and electric vehicle
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demand dynamics in the long term. In addition, this study
assumes that the energy consumption pattern of electric
vehicle charging stations is fixed and linear. In contrast, in
operational reality, energy demand can fluctuate highly
depending on the day, season, and growth of electric vehicle
users.

Furthermore, the cost and return on investment analysis are
based on macroeconomic projections such as inflation,
discounts, and unit prices of energy and system components
that are assumed to be constant during the study period.
Uncertainty over exchange rate fluctuations, energy policies,
and government incentives can significantly alter the system's
economic viability in real implementation. In addition, the
exhaust emissions analyzed in this study only include direct
emissions from biogas generators and do not consider indirect
emissions from the production process and distribution of
system components, so the overall environmental potential has
not been fully described.

Considering these limitations, the results of this study
should be positioned as a preliminary study that provides an
overview of the technical and economic potential of a hybrid
PV-biogas system integrated with electric vehicle charging
stations. To obtain more accurate and applicable results,
follow-up studies are needed with a field data-based approach,
life cycle assessment, and national and regional energy policy
integration. A deeper evaluation of grid stability, electric
vehicle user behavior, and system response to peak load
scenarios will also enhance the validity and relevance of the
results of this study in the context of real implementation.

4. CONCLUSIONS

This study successfully evaluated the technical and
economic potential of the hybrid PV-biogas integrated power
generation system to support the operation of electric vehicle
charging stations (EV charging stations) in Malang City.
Based on the results of simulations using PVsyst and HOMER
software, it was obtained that this system can generate annual
electrical energy of up to 1,054,693 kWh in the off-grid
configuration and 985,216 kWh in the on-grid scheme. Solar
panels and biogas generators significantly contribute to the
energy supply, with the annual average performance ratio (PR)
of photovoltaic systems reaching 0.83, indicating a relatively
high efficiency of the system in humid tropical climate
conditions. From the economic side, the off-grid system shows
an LCOE value of IDR 1,825.07/kWh with an NPC of IDR
25.29 billion and a payback period of 4.13 years. Meanwhile,
the on-grid configuration has a lower NPC, IDR 10.24 billion,
but with a higher LCOE, IDR 3,610.73/kWh, and a faster
capital return period of 2.64 years. This indicates that both
systems are financially feasible, but the selection of schemes
must be tailored to the objectives of implementation and the
availability of power grid access. Overall, PV-biogas hybrid
systems are proving to be a reliable and sustainable solution in
supporting the clean energy transition in the electric
transportation sector, especially for areas with sound solar
radiation and biomass potential. However, this study has
limitations regarding the accuracy of input data and static
economic assumptions. Therefore, advanced studies based on
field data, dynamic modeling, and lifecycle analysis are
needed to strengthen the validity and applicability of the
system on a broader implementation scale. Future research is
recommended to explore the integration of artificial



intelligence for real-time energy management and the socio-
economic impacts of renewable-based EV infrastructure on
local communities. These aspects could provide deeper
insights into system optimization and sustainable policy
development.
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