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This paper presents a preliminary study on the design of an off-grid solar PV system
for an isolated island. It conducts a case study for Sukun Island that has the highest
potential for solar energy in Indonesia. The study includes climate research,
consumption estimation, system sizing, simulation, quasi-dynamic analysis, and
environmental analysis. Climate data from Solargis and Meteonorm is utilized. The
greatest difficulty in conducting an initial PV system planning study is pre-sizing.
Using PVsyst simulation, this study confirms the validity of simplified theoretical
calculations stated in the paper for system pre-sizing, with the theoretically calculated
system (285 kWp solar power plant with 2.91 MWh storage system) managed to get a
Loss of Load Probability (LOLP) valued at 0.17%, meeting applicable standard. The
proposed method of combining simulation using PVsyst and quasi-dynamic analysis
using DIgSILENT Powerfactory can be used to verify the power stability of the
designed PV-BESS system. The simulations attest to the use of battery energy storage
systems (BESS) in maintaining the stability of the solar PV network by preventing the
vulnerability of electrical networks to insufficient electricity (loss of load) and voltage
sags, proven by the minimum voltage level of 96.6%, meeting international safety
standards.

1. Introduction

Electricity is one of the most important aspects of
modern life. It is necessary for all parts of society to
have electricity that is reliable and economical.

Mucahit [1] investigated whether there is a long-
term relationship between electricity consumption
and economic growth. Even so, in developing
countries, there are several problems to be faced in
implementing electricity, especially in rural areas.
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Blimpo and Cosgrove-Davies [2] stated that these

include policy stability, technical support, and

technology flexibility. Furthermore, COP23 [3]

declared that isolated islands are considered the most

vulnerable areas to climate change and rising sea
levels in the world.

Jaiswal et al [4] concluded that the advancement
and refinement of sustainable energy sources have
the potential to significantly contribute to both
economic expansion and the preservation of
environmental well-being. However, Alshardy et al
[5] found that, like most developing countries in the
world, several areas in Indonesia do not have access
to electricity. One example is the province of East
Nusa Tenggara (NTT). It is a province that has the
lowest electrification rate, as low as 92.33%, as
discovered by Likadja et al [6]. The main reason
behind this is the geographical aspect of the
province, which has hundreds of isolated islands that
can’t be connected to on-grid electricity on bigger
islands like Timor Island.

Mustayen et al [7] stated that off-grid systems
have traditionally relied heavily on diesel engines or
fossil fuels, with the problem being pollution and
high fuel costs. Nuttall et al [8] found that pursuing
low-carbon targets while reducing reliance on non-
renewable sources has created powerful economic
incentives to execute the transition to renewable
energy. Kalbasi et al [9] observed that using
renewable energy sources gets rid of unknown future
fuel costs, but at the risk of high upfront
investments. Solar power plants are considered the
better option for off-grid power plants on remote
islands for several reasons.

1. Plenty of Sunlight: Amiroh et al [10] concluded
that remote islands, especially those near the
equator, receive plenty of direct sunlight all year
round. Solar power plants take advantage of this
abundant sunlight and convert it into electricity.

2. Energy independence: Remote islands often rely
on imported fossil fuels to meet their energy
needs, which can be expensive and logistically
challenging, as discussed by Alves et al [11].
Sanchez et al [12] advised using solar power
plants to provide a renewable local source of
energy, reducing dependence on fossil fuels.

3. Environmental compatibility: Solar energy is a
clean and renewable energy source. Kabeyi and
Olanrewaju [13] stated that there was near-zero
carbon  emission during its  operation,
contributing to the mitigation of climate change
and reducing the impact on the environment.

4. Scalability and Modularity: Solar power plants
can be designed to meet the unique energy needs
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of remote islands. Hannan et al [14] confirmed

that solar power plants can be easily scaled up or

down, allowing incremental expansion as the
island's population and energy demand increase.

5. Long term cost savings: The initial investment to
install a solar power plant can be higher than a
conventional power plant, but Steffen et al [15]
found that in the long run, the operating costs of
solar energy are lower. Running costs are
relatively low and are mainly limited to
maintenance and occasional part replacements.

6. Resilience and Reliability: Ghadimi et al [16]
stated that solar power plants can be equipped
with energy storage systems, such as batteries, to
store excess energy during the day and use it at
night or when solar irradiation is low. This
makes the power supply more reliable, reducing
the risk of blackouts and outages on remote
islands and also avoiding overvoltage issues, as
observed by Al-Saffar and Musilek [17].

A solar power plant utilizes photovoltaic
technology in solar cells that convert solar
irradiation into electric current. Kumar et al [18]
stated that it also needs some main auxiliaries, such
as batteries and inverters. Lakshika et al [19]
confirmed that a solar inverter is required to convert
DC (direct current) to AC (alternating current) that
can be used on existing electrical loads.

Naderipour et al [20] stated that one of the main
problems of solar-based power plants is load loss, a
situation where available generated power is less
than the system load. Yin et al [21] described that
Loss of Load Probability (LOLP) in a solar power
plant as a metric used to assess the reliability and
adequacy of power supply from a renewable energy
source, such as solar power, to meet demand. It
quantifies the likelihood or probability that the
power plant's output will not be sufficient to meet
the load or demand during a specific time period,
usually expressed in percentage or hours per year.

Khalkho et al [22] investigated that LOLP takes
into account various factors, including the
intermittent nature of solar energy due to weather
conditions (cloud cover, nighttime, etc.), system
design, operational constraints, and the balance
between power generation and load requirements.
It's an important metric for ensuring a consistent and
reliable power supply, especially in off-grid or
hybrid systems where there isn’t any grid backup.

By assessing how often and for how long the
system's generation falls short of meeting the
demand, the probability of load shedding or outages
due to inadequate power supply can be determined.
Sulaiman et al [23] stated that their metric helps
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system designers, operators, and planners make
informed decisions about system sizing, backup
solutions, and energy storage requirements to ensure
a desired level of reliability.

This paper will discuss the design of a solar PV
system to meet electricity needs on Sukun Island,
one of the most isolated islands in East Nusa
Tenggara (NTT), as an example of an isolated
island. The solar PV system is expected to help
improve the quality of life in the area. Proper and
well-directed management of electrical energy
resources will help the area develop optimally.

The power generation and required size of a PV
system can be estimated using the simulation
software PVSyst. PVSyst software will be used to
design and simulate a photovoltaic system to meet
the energy demands of Sukun Island. What sets this
paper apart from its predecessors is the combination
of PVsyst with DigSILENT PowerFactory for
simulation and analysis. Several of the newest
papers by Kumar et al [24], Satish et al [25], and
Salmi et al [26] only paid attention to the
performance (yield ratio) of a solar power system
without regard to the voltage level or LOLP of the
system.

Thotakura et al [27] stated that the photovoltaic
(PV) yield ratio is a metric that evaluates the
efficiency and performance of a solar photovoltaic
system by comparing the actual energy output to the
theoretically calculated energy output. The PV yield
ratio primarily focuses on the energy generated by
the solar panels during daylight hours and compares
it to the energy that could be generated under ideal
conditions. While the PV vyield ratio provides
valuable insights into the efficiency of the solar PV
system, Zhao et al [28] observed that it doesn't
directly address the aspect of system reliability in
terms of meeting the required voltage, or LOLP.

The analysis of LOLP will be carried out on
PVsyst, while the analysis of system voltage will be
carried out on quasi-dynamic analysis using
DigSILENT Powerfactory. Starevi¢ et al [29]
confirmed that quasi-dynamic analysis in the context
of electric systems refers to a method of analysis that
falls between static and dynamic analyses. Zare
Oskouei and Mohammadi-Ivatloo [30] described
that it examines the steady-state conditions as well
as the time-varying behavior of the system.

This paper will assess the hourly voltage level of
the system, which involves considering the energy
generation profile, load demand profile, and storage
capacity. This is the time when DigSILENT
PowerFactory performs quasi-dynamic analysis so
that the designed PV-BESS system can provide

1611

constantly available electricity with a voltage that
complies with applicable standards.

2. Materials and Methods

The methodology used in this study began with a
preliminary survey of similar papers in the electric
energy field. After a preliminary survey, the location
of the planned solar PV system was determined. The
climatic conditions and weather in the area were
investigated. The data comes from meteorological
databases, papers, and international online databases.

Once the location and power consumption were
determined, simulations for the construction of the
solar power plant were conducted. After determining
the required energy consumption and suitable
installation locations, this study used PVSyst
software to analyze system performance technically.
Digsilent Powerfactory is then used to simulate the
quasidynamic load flow of the observed system. The
research-related flowchart is shown in Figure 1.
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Location and Climate Simulation
Research (DIgSILENT
F'm-'.'er‘fhamor}-,:
r—“—'\ Ty
Consumption PV System
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Figure 1. Flowchart Methodology of the Study
2.1. Study Location

In this study, Sukun Island, West Alok, Sikka,
and East Nusa Tenggara are selected as the sites.
This research was conducted in an effort to address
the importance of electricity in an area that doesn’t
have any connection to the electrical grid. It is also
an area consisting of low- and middle-income
communities. The research site is more precisely
located at the following coordinates: -8.1137,
122.1183.
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As many as 1,088 residents of Sukun lIsland,

Semparong Village, Alok District, and Sikka
Regency are eager for electricity and
telecommunication  networks.  Difficulties in

accessing these aspects make it difficult for the
public to report incidents and obtain information. The
closest city to this island is Maumere, with a travel
time of 3 hours via sea transportation.

Figure 2. Specific Location of Installation
on Google Earth

Establishing an on-grid electricity connection in
an area that is located far from the national grid can
present several challenges and complications. This
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includes infrastructure costs as observed by Hassan
[31], power losses as observed by Hayes et al [32],
and maintenance difficulties as observed by Luo et al
[33]. These challenges result in the need to use off-
grid electricity. With an area of 4.882 km?, this island
is considered big enough for the construction of the
solar PV system to provide their own electricity
without relying on the national grid.

2.2. Location Climate Parameters

East Nusa Tenggara also has a very good
potential for solar energy. This province has the best
solar energy potential in Indonesia, mainly thanks to
its high global horizontal irradiation. This potential is
based on data from Solargis that is conferred as
follows: Based on Figure 3, this site has a relatively
higher direct normal irradiation than the average of
other Indonesian areas.

The data in Figure 4 represent the average hourly
profiles of direct normal irradiation in the area. It is
shown that most of the time, energy can be obtained
from 6:00 a.m. to 6:00 p.m. Most of the daytime load
can be supplied without using batteries, while the
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Figure 3. Direct Normal Irradiation in the Location of Installation on Solargis
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Figure 4. Average Hourly Profiles of Direct Normal Irradiation on Solargis
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nighttime load can be supplied with the battery that is
being charged during daylight.

2.3. Simulation Climate Parameters

In PVsyst, a meteo file is a data file that contains
meteorological data, such as solar irradiance,
temperature, and wind speed, which is used as input
for the simulation and analysis of photovoltaic (PV)
systems. Kumar et al [24] stated that Meteo files are
used to represent the climate conditions of a specific
location or region and are crucial for accurate
performance prediction and energy yield assessment
of PV systems. The meteorological database for
simulation can be taken from AEMET, NASA,
Meteonorm, ISPRA-GIS, Helios, Solaris, etc. PVsyst
uses it to simulate and analyze the performance of
PV systems under different weather conditions,
including solar energy production, and temperature
effects on PV module performance. In this study,
meteo data from Meteonorm 8.0 (2010-2014),
Sat=100% is being used. The data is stated in table 1.

Sari et al [34] assessed that sunpath diagram, also
known as a solar path diagram or solar chart, is a
graphical representation that illustrates the path that
the sun takes across the sky at different times of the
year for a specific location on Earth. It provides
valuable information about how the sun's position
changes over time, which is crucial for understanding
solar energy availability, shading analysis, and
architectural design. As seen in Figure 5, the solar
elevation angle changes throughout the day as the
sun rises, reaches its highest point (solar noon), and
sets. The solar elevation will be 0° from 6 p.m. until
6 a.m. the next day, meaning that electrical energy
can be harnessed from 6 a.m. until 6 p.m.

Table 1. Monthly Meteo Data of The Location

Month GHI HDI Temperature
kWh/m?/day kWh/m?/day °C
January 5.59 2.81 275
February 5.00 2.79 27.3
March 5.42 2.54 274
April 6.12 2.14 27.3
May 5.47 1.88 27.4
June 5.35 1.66 26.0
July 5.62 1.65 26.0
August 6.10 1.98 26.1
September 6.24 2.28 26.9
October 6.55 2.62 28.5
November 6.43 2.48 285
December 6.03 2.75 28.0

Table 1 shows the GHI, HDI, and temperature of
the location that will be the main aspect for PVsyst
in predicting the electricity production of the PV
system monthly.

2.4. Electricity Consumption Estimation

Before the PVSyst simulation is done,
calculations are used to estimate load requirements in
the area. By estimating the load requirements, solar
PV system design can be approximated. This
approximation will be simulated to ensure the
reliability of the PV system design that has been
carried out. Sizing is done to determine the optimum
combination of array size and storage capacity based
on load requirements in the village. The
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specifications of the load required are as follows.

Figure 5. Sunpath Diagram of the Location
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Table 2. Load Requirements in Sukun Island

2.5. Electricity System Estimation

Equipment Units Power Daily Usage
— (Watts) (Hours) The PV module serves as the primary component
Peak Residential Load 320 30 2 of the solar PV system, responsible for converting
Intermediate 320 80 6.5 the energy from the sun's light into direct current
Residential Load (DC) electricity. This DC electricity is then stored in
Base Residential Load 320 0 24 the battery using a controller. The power generated
Lighting System 100 20 12 by the module, denoted as Pev, can be calculated
using the following formula by Khatib et al [35].
Water Pump 10 500 4
E
Commercial Load 15 400 7 M __ Tload Sf (1)
77577inv pSh
Daily consumptions
Number Appliance Power Daily use Hourly distrib. Daily energy
100 |~ [Uighting System 20 viflamo 12.0 | hiday 24000 Wh
320 Peak Load 30 W/app 2.0 | h/day 19200 Wh
320 |~ [intermediate Load 30 Vijopp 6.5 | hiday 166400 Wh
0 0.0
320 Base Load 90.0 W aver. 24,0 | h/day 691200 Wh
10 Water Pump 500 W /app 4.0 | hiday 20000 Wh
15 [Commerdial Load 00 | Wiepp 7.0 | hiday 42000 Wh
Stand-by consumers 24 h/day 0 wh
- Total daily energy 962800 Wh/day
9 e Monthly energy 28884.0 kWh/mth
Lighting System Peak Load Intermediate Load Base Load Water Pump
124 124
o SR o SR
l‘ ) 4 \
6H g{ Total 12 H 18+ ] Total6S H g 18
LY
P21H }”\ -~

Figure 6. Daily Load Setting

The hourly distribution of the daily load
requirements as stated in Figure 6 is plotted as
follows: 542,400 Wh are needed for night load and
420,400 Wh are needed for day load, making a total
of 962,800 Wh daily. It is assumed that the loads are
constant over the year. This results in a load profile
that is peaked at 19:00-21:00, as depicted in Figure
7 from PVsyst software.
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Figure 7. Load Profile of the System
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where Ejoqq is the total load in Wh, psh is the peak
sun hour in h, ns and niny is the efficiency of PV and
inverter system in %, and Sy is the safety factor.

Another vital element of a photovoltaic system is
the battery storage, which is incorporated into the
system to provide electricity during the night. The
size and capacity of the battery are optimized to
ensure reliable performance throughout the year. The
capacity of the battery, denoted as Cpa, can be
calculated using the following equation from Ibrahim
et al [36].

_ Eload A.I
bat
nbat DO DVbat

where Ejoqq is the total load (night) in Wh, A, is the
number of autonomy days, mwa is the efficiency of
batter in %, DOD is depth of discharge in %, and Vpa
is the nominal voltage of the battery. These equations
will be evaluated and verified through the
simulations using PVsyst.

@
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3. Results and Discussion

Solar PV design is a detailed process that
involves  careful  consideration of  various
specifications to ensure an efficient and effective
photovoltaic system. This includes evaluating site
conditions, determining system sizing based on
energy demand, selecting appropriate PV panels and
inverters, designing electrical and mechanical
components, and analyzing system performance.

Abubakar and Almeida [37] discussed that
system sizing plays a vital role in determining the
number and type of solar panels needed to efficiently
capture solar energy, as well as calculating the
battery capacity required to store and save energy for
periods of low or no sunshine, This requires careful
consideration of factors such as load requirements,
peak demand, solar irradiation, and ground space in
the location for PV installation.

As stated in the methodology, after determining
the required power consumption and suitable
installation location, component sizing and selection
are done using the discussed formulas. After that, this
study used PVSyst for technical analysis of system
performance and Digsilent Powerfactory to simulate
the quasi-dynamic load flow of the observed system.
All of this are done to prove the formulas and
evaluate the system so that it complies with
applicable standards.

3.1. Component Sizing and Selection

Component sizing and selection are one of the
important aspects of solar PV design, which involves
choosing the right PV panels, inverters, and other
system components that are compatible and efficient
for the specific project. Factors such as panel
efficiency, inverter type, and other parameters are
considered during component selection.

% >

Transformer
Solar PV DC/DC DC/AC

®

BESS

Load

|

Figure 8. Basic Structure of
Solar Power Generation System

This off-grid solar power generation system
comprises several solar PV modules paralleled to
battery energy storage system (BESS) that are
connected in series with an inverter, making it DC-
coupling/BESS side solar PV system, as
recommended by Lo Franco et al [38] based on its
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efficiency. The inverter serves as a link between the
modules and the controller. The controller plays a
crucial role in managing the flow of power from the
solar power generation system to both the battery
branch and the user.

Two equations from Part 2.3 of this paper,
equation (1) and equation (2), are now applied to
calculate the load requirements, which are already
specified in Table 2. For a simple calculation
purpose, the efficiency of the PV system is set to 0.8,
the efficiency of the inverter is set to 0.9, and the
safety factor is set to 1.1. The needed watt-peak of
the system can be calculated as follows.

962800
P 0.8x0.9x4.849

x1.1=285505Wp (3)

As it has been shown, a solar PV system size of
303,350 Wp is needed to ensure the availability of
sustainable electricity for the load. After calculating
the needed solar PV system size, battery size also
needs to be considered. To simplify the calculation,
the depth of discharge is set to 0.6, and the
efficiency of the battery is set to 0.8. Ali and Saleh
[39] recommended 2-3 autonomy days so that the
battery would be large enough to supply continuous
energy for full 2-3 days without charging. 2.5 is
taken for the calculation. To make a more reliable
and resilient system during the night, with a nominal
battery voltage of 874 volts (as specified in Table 4),
the battery storage needed by the system can be
calculated as follows.

542000x 2.5

=22 3230 AN
0.8x0.6x874

4)

It is calculated that a battery storage of 3230 Ah
is needed to ensure the availability of electricity at
night when sunlight is not available. The solar
panels and batteries that are used in the simulation
are specified as follows.

Table 3. Solar Panel Parameters

Parameters Value
Nominal Power 570 Wp
Short Circuit Current 13.67 A
Max Power Point Current 1299 A
Temperature Coefficient 0.048 %/°C
Open Circuit Voc 53.09 V
Max Power Point Voltage 43.89V




Josia/Journal of Solar Energy Research VVolume 8 Number 3 Summer (2023) 1609-1621

Table 4. Battery Parameters

Parameters Value
Nominal Voltage 873.8V
Capacity at C10 222.3 Ah

Charge Cut-Off Voltage 999.6 V
Discharge Cut-Off Voltage 7140V
Voltage at SOC = 50% 880.6 V
Columbic Efficiency 96.0 %

These results are used as a consideration to
calculate units needed for solar panels and batteries
specified in Table 3 and Table 4. Considering the
size of overall PV and battery system needed and the
size of PV and battery system per unit, the
calculations are as follows.

285505 )
=—— =500units 5
V570 ©)
3230 .
n... =——=15units 6
At 2223 ©

The number of solar panels used are rounded to
500 units and the number of batteries used are
rounded to 15 units. This makes a final system of
285 kWp (500 x 570 Wp) solar power plant with
2.91 MWh (15 x 194 kWh) battery storage.

3.2. PVSyst Simulation

The solar PV system design simulation on
PVSyst is divided into several different systems,
namely grid-connected systems, stand-alone systems,
and pumping systems, as confirmed by Aghaei et al
[40]. For this study, a stand-alone system was used
because of the lack of an electricity grid at the
research site. The final parameter inputs on
orientation and system are explained in Table 5.

Table 5. PV Panel Orientation

Parameters Value
Plane Tilt 15°
Azimuth 0°

A plane tilt of 15° means that the angle between
the plane of the PV panel and the horizontal state of
the ground is 15° while an azimuth of 0° means that
the PV panel is perfectly facing the southern
hemisphere. These values are recommended by
Mukisa and Zamora [41] to provide the best possible
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production of electricity in low latitude equatorial
regions, similar to the location of this study.

To simulate the system, array losses are as
follows. Array losses refer to the various factors that
can reduce the overall efficiency and energy output
of a solar photovoltaic (PV) array. These losses can
occur for multiple reasons throughout the system,
like wiring, component aging, shading, etc. This can
result in reduced energy generation and imbalanced
performance among the panels, as observed by Yang
etal [42].

Table 6. Array Losses Input

Parameters Value
Thermal Loss Factor 20 W/m?K
DC Wiring Losses 0.5%at STC
Light Induced Degradation 15%
String Mismatch Loss 0.1%
Serie Diode Loss 0.4 % at STC
Module Quality Loss 0.3%
Module Mismatch Losses 2.0 % at MPP

In PVsyst, representation plays a crucial role in
obtaining reliable and accurate results. The software
provides a comprehensive database of solar panels,
inverters, and batteries, allowing users to select the
specific models and parameters that match the real-
world components they are using. The structure of
the system that is simulated is displayed in Figure 9.
This schematical structure reveals the technical
representation of the basic structure of solar grid in
Figure 8, with 25 parallel strings of 20 PV modules
in each array.

25 parallel strings

Controlier User

o

Figure 9. Schematical Structure of
Simulated Solar Grid on PVsyst

Simulation on PVsyst gives several important
results, such as normalized production and losses
diagram. Monthly normalized production per kWp
(kilowatt peak) is a metric used to evaluate the
performance of a solar photovoltaic (PV) system
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over time by calculating the production of energy in
kWh per kWp of the PV system each day,
considering variations in solar irradiance and other
factors. It helps provide a more accurate assessment
of a solar system’'s output by accounting for the
changing solar conditions throughout the year. This
aspect is displayed in Figure 10.

10 T | — T E— T T
Lu: Unused energy (battery full) 1.17 KWh/kWp/day
Lc: Collection Loss (PV-array losses)  1.11 kWh/KWp/day
Ls: System losses and battery charging 0.28 kWh/kWp/day
Yf: Energy supplied to the user 3.37 kWh/kWp/day

rgy [KWh/kWp/day]

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

Figure 10. Normalized Production of the System
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-24.27%

379956 kWh
N-0.01%
N 0.00%
N 0.00%
- 364292 kWh
Wasing Djrect use Stored
energy [26.9% 73.1% | 4+0.04%
0.17% N
601.2 kWh
-3.22%
-2.73%
-0.11%
350821 kWh
351422 kWh

+1.7%

-2.13%
-1.50%

-0.43%

-10.62%

Figure 10 shows a bar chart that describes
electricity production in kWh/kWp. The figure
presents that the total energy supplied to the user is
3.37 kWh/kWp/day with total losses from PV-array,
system, and battery charging of 1.39 kWh/kWp/day.
This results in a total system efficiency of 70%.

Figure 11 shows the detailed losses of the PV
system. It considers the array losses parameters in
Table 6. The figure also reveals the estimated
missing energy of the system, which is also
synonymous with loss of load probability (LOLP).
The LOLP of the system is estimated to be 0.17%.
This is already lower than the Indonesian standard,
which requires an electrical grid to have a LOLP
below 0.274%. When referring to a low LOLP for a
system, it means that the probability of experiencing
an insufficient power supply is low, so it indicates a
high level of reliability in meeting the electricity
demand, as confirmed by Boroujeni et al [43].

Global horizontal irradiation
Global incident in coll. plane

|AM factor on global

Soiling loss factor
Effective irradiation on collectors

PV conversion

Array nominal energy (at STC effic.)

PV loss due to irradiance level
PV loss due to temperature

Module quality loss
LID - Light induced degradation
Mismatch loss, modules and strings

Ohmic wiring loss
Unused energy (battery full)
Effective energy at the output of the array

Converter Loss during operation (efficiency)
Converter Loss due to power threshold
Converter Loss over nominal conv. voltage
Converter Loss due to voitage threshold
Converter losses (effic, overload)
Battery Storage

Battery Stored Energy balance

Battery efficiency loss

Charge/Disch. Current Efficiency Loss
Battery Self-discharge Current
Energy supplied to the user

Energy need of the user (Load)

Figure 11. Losses Diagram of the System Simulated on PVsyst
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3.3. Quasi-Dynamic Analysis

In a power system study, quasi-dynamic analysis
refers to a method used to study and analyze the
voltage profile in power systems. Gaitan et al [44]
stated that it is an approximation technique that
combines aspects of both steady-state and dynamic
analysis to assess the voltage behavior over time. The
quasi-dynamic  analysis is conducted  using
DIgSILENT PowerFactory. The system voltage
profile (per unit) is as below.

5.000
1,5.000h
”””””””” 0871 pu

Figure 12. Voltage Profile of the System -
Simulated on DigSILENT PowerFactory

In the Definition and Classification of Power
System Stability by Hatziargyriou et al [45], voltage
drop can occur in an electric system when the
electrical load increases. Voltage drop refers to the
reduction in voltage levels between the power source
(such as a utility grid or a generator) and the point of
electrical load. It occurs due to the inherent resistance
in the electrical conductors, such as wires and cables,
that make up the distribution network.

When the load on an electrical system increases,
more current flows through the conductors to power
the additional devices or equipment. An increase in
current results in a proportional increase in voltage
drop due to the resistance of the conductors.

Figure 12 shows the voltage profile of the
electrical system on the AC distribution side. The
voltage of the system at maximum peak load at 8:00
p.m. is 96.6% of the nominal voltage. This means
that the system is still at a very safe voltage
according to standards (more than 90% and less than
110%) and meets the power system stability
requirements, as confirmed by Ymeri et al [46].

3.4. Environmental Analysis

In PVsyst, CO, emission estimation is a feature
that allows users to assess the environmental impact
of a photovoltaic (PV) system by estimating the
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amount of carbon dioxide (CO,) emissions reduced
through the generation of renewable energy.

There are four results that can be analyzed: The
total saving of CO; emissions in tons over the
expected lifetime of the PV system, the annual
reduction of CO; emissions, the reduction of CO;
emissions per installed power, and the annual savings
of CO, emissions per installed power. The simulation
will compare CO; emission that is reduced by the PV
system compared to Indonesian average grid
emissions of 734 gCO,/kWh. The result is as follows.
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Figure 13. Total CO, Emission
Reduction Simulated on PVsyst

Figure 13 shows total CO, emission reduction
over the expected lifetime of the PV system with
1.5% annual degradation. It is calculated that the
average annual reduction of CO, emission by the
installation of this solar PV system is 398.897 tCO..
This shows that the installation of the solar panel is
in accordance with energy transition in reducing
emission to address global warming.

4, Conclusions

Based on the simulation results, a 285 kWp solar
power plant with 2.91 MWh of battery energy
storage system (BESS) is considered necessary to
ensure sustainable electricity on the island, which is
estimated to consume 962,800 kWh daily. This result
is close to the result of a simplified theoretical
calculation, meaning that this study has contributed
to significant findings in the form of proving that the
calculation can be used as a fast method in estimating
solar PV system sizing before doing simulation.

Using PVsyst and DIgSILENT Powerfactory, the
LOLP of the system is estimated to be 0.17%, lower
than the Indonesian standard that requires an
electrical grid to have an LOLP below 0.274%. The
voltage of the system in peak load is obtained at
96.6% of the nominal voltage that is a safe voltage
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according to standards. It is found that the
combination of these two software can verify the
designed PV-BESS system to be able to maintain the
stability of the power system in accordance with
applicable standards. The simulations have also
shown the significant impact of battery energy
storage systems (BESS) in addressing the
vulnerability of electrical networks to insufficient
electricity (loss of load) and voltage sags.

The field of off-grid solar design is dynamic and
continually evolving, offering numerous avenues for
future studies including newer energy storage
solutions, load forecasting, policy review, and
application of other software for power stability
analysis. Overall, solar power generation system
provides an efficient and reliable way to harness the
power of the sun for practical use. The steps
explained in this paper can be a guide for other
renewable energy project planners to make a
preliminary design of similar solar PV system,
especially in isolated places with no electricity grid.
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Nomenclature

BESS Battery Energy Storage System

GHI Global Horizontal Irradiation (KWh/m?)

HDI Horizontal Diffuse Irradiation (kWh/m?)

DNI Direct Normal Irradiation (kWh/m?)

PVOUT Specific photovoltaic power output
(kKWh/kWp)

ELoap Practical generated electricity (kwWh)

#s PV system efficiency

Hinv Inverter efficiency

Hbat Battery efficiency

DOD Depth of Discharge

psh Peak Sun Hour (hours)

Vb Battery voltage (V)

Ay Autonomous days

Ppv Maximum Power Output (kWp)

Cb Battery capacity (Ah)

STC Standard Test Condition
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MPP
LOLP
LOLE

Maximum Power Point
Loss of Load Probability (%)

Loss of Load Expectation (hours/year)
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