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The main problem with electricity supply on densely populated islands is reliable, low-carbon, and
sustainable electricity. The availability of potential energy needs in-depth observation to ensure that the
system can be built sustainably. This paper examines the integration of PV systems and diesel power
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Optimisation, Optimal Control and Nonlinear Dynamics in Electrical Power, Energy Storage and Renewable
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The main problem with electricity supply on densely populated islands is reliable, low-carbon, and
sustainable electricity. The availability of potential energy needs in-depth observation to ensure that the
system can be built sustainably. In this paper, we have studied the integration of PV systems and diesel
power systems on Karimunjawa island to meet the need for reliable systems from economic, ecological,
and technological aspects. The DigSilent Power Factory program is used to obtain the system response
interference and penetration of the Photovoltaic (PV) system. Furthermore, we have tested short circuit
analysis and economic feasibility analysis. Also, the Levelized Cost of Electricity (LCOE) and Electric
Production Cost (EPC) approaches was validated. The results show that the availability of irradiation can
handle the electricity needs on Karimunjawa Island. In addition, we have designed the requirements for an
integrated PV power system and Diesel Power Plant (DPP) system. Also, we have succeeded in capturing
the synergistic profile of PV and DPP working coordination within 24 hours.
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English language and
style

( ) Extensive editing of English language and style required

(x) Moderate English changes required

( ) English language and style are fine/minor spell check required
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improved improved applicable

@

Does the introduction provide sufficient
background and include all relevant references?

) (x) ) )

Is the research design appropriate? () () ) (@]

Are the methods adequately described?  (x) (@] ) )

Are the results clearly presented? () (x) () ()

Are the conclusions supported by the results?  (x) () () )

Comments and
Suggestions for Authors

Submission Date

Date of this review

What about the possibility of using wind energy on the island? Has the possibility of using it been
analyzed? What is the goal of the study?

Line 98: CO2/liter — should be: CO,/liter
Line 116: (EDEG) — should be: (Epes)

Line 117: PDEG is a rate of power output (watts), hDEG — should be: Ppeg is a rate of power
output (watts), hpeg

Line 145 (kWh/m2), A is the surface area in (m2) — should be: (kWh/m?2), Ais the surface area in
(m3),

Figure 1 — better quality/resolution is needed
Line 169: Equation (9) — should be: Equation (8)
Line 173: Equation (10) — should be: Equation (7) — rather Dependency (7) — (I guess)

Equations (1) - (19) — references are needed for each case separately unless these are the
authors' own equations

Figure 3 and 7 0 the quality must be corrected (purity of the drawing)

Figures 11, 12, 14 — if the trend line is included, its equation and R2 value should be given
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The main problem with electricity supply on densely populated islands is reliable, low-carbon, and
sustainable electricity. The availability of potential energy needs in-depth observation to ensure that the
system can be built sustainably. In this paper, we have studied the integration of PV systems and diesel
power systems on Karimunjawa island to meet the need for reliable systems from economic, ecological,
and technological aspects. The DigSilent Power Factory program is used to obtain the system response
interference and penetration of the Photovoltaic (PV) system. Furthermore, we have tested short circuit
analysis and economic feasibility analysis. Also, the Levelized Cost of Electricity (LCOE) and Electric
Production Cost (EPC) approaches was validated. The results show that the availability of irradiation can
handle the electricity needs on Karimunjawa Island. In addition, we have designed the requirements for an
integrated PV power system and Diesel Power Plant (DPP) system. Also, we have succeeded in capturing
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power systems on Karimunjawa island to meet the need for reliable systems from economic, ecological,
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Suggestions for Authors  for Tourist Island in Karimunjawa Indonesia’, are given below,

1. The author gives a detailed article about the Hybrid (PV- Diesel) system for an Island in
Indonesia. The title is not convening it should be edited with proper meaning. 2. English and
grammatical error must be checked and corrected throughout the manuscript. This will help the
readers for good understanding

3. Quality of all the images must be improved. Especially the one taken as reference from other
article. Authors can try to recreate the same image with same content

4. Legends are missing in few figures. Kindly check and include the legends. 5. Check the
nomenclature. There are few mistakes in the units and parameters. Typos are there. Faktor?

6. All the Equations must be typed using math type not in images. It is clearly visible few of the
equations were not in proper format. 7. Comparison to be added by comparing with similar PV-
diesel plant installed at different location. 8. Uncertainty/Error analysis also to be added if
applicable to the hybrid system.
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Journal: Energies

Paper Title: Evaluated and design Hybrid (PV-Diesel) System for Tourist Island in Karimunjawa
Indonesia

Paper ID: energies-1473318

Authors:

We acknowledge the Review Reports received on our submission to Energies. We have carefully revised
our manuscript according to the suggestions given by Reviewers 1, 2 and 3. Our specific responses to
review comments on energies-1473318 are detailed below.

Reviewer 1:

1. Improve the quality of all figures

Authors:
We thank you for this suggestion. We have improved all figure and highlight with yellow color.

2. Don't use the active voice
Authors:
We thank you for this suggestion. we agree with the Reviewer and corrected active voice to passive voice.

3. Add a summary plan in your introduction

Authors:
We thank you for this suggestion. We have added summary plan in my introduction. For detailed,
reviewer can refer line 78 to 80.

4. Improve the quality of equation (1, 2, 4, and 8)
Authors:
we agree with the Reviewer and corrected this and other misprints. For detailed, reviewer can refer line
124, 164, 174 and 212.
5. Add more disscussion
Authors:

We thank you for this suggestion. We have added more discussion about wind energy possibility in
Karimun Jawa Island. For detailed, reviewer can refer in line 405-452.
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Authors:

We acknowledge the Review Reports received on our submission to Energies. We have carefully revised
our manuscript according to the suggestions given by Reviewers 1, 2 and 3. Our specific responses to
review comments on energies-1473318 are detailed below.

Reviewer 2:

1. The author gives a detailed article about the Hybrid (PV- Diesel) system for an Island in Indonesia.
The title is not convening it should be edited with proper meaning.
Authors:
We thank you for this suggestion. We have suggest new title “Design of Hybrid (PV-Diesel) System for
Tourist Island in Karimunjawa Indonesia”

2. English and grammatical error must be checked and corrected throughout the manuscript. This will
help the readers for good understanding.
Authors:

We thank you for this suggestion. The paper has been extensively corrected and polished from errors.
Grammatical errors, typos and semantic issues have been corrected in the novel version of
the manuscript.

3. Quality of all the images must be improved. Especially the one taken as reference from other article.
Authors can try to recreate the same image with same content.

Authors:
We thank you for your correction. We have improved all figure and highlight with yellow color

4. Legends are missing in few figures. Kindly check and include the legends.
Authors:
We thank you for your correction, We have add legend for Figure 17.a, Figure 14

5. Check the nomenclature. There are few mistakes in the units and parameters. Typos are there. Faktor?

Authors:

We thank you for this suggestion. We have improved the typo in nomenclature “Power Faktor” become
“Power factor”. For detailed, reviewer can refer into Tabel Nomenclature.

6. All the Equations must be typed using math type not in images. It is clearly visible few of the equations
were not in proper format.

Authors:



we agree with the Reviewer and we have using mathtype for all Equations in the paper and we also
improve the caption of the Equations. For detailed, reviewer can refer line 124, 164, 174 and 212.

7. Comparison to be added by comparing with similar PV-diesel plant installed at different location.
Authors:

We thank you for this suggestion. We have compared PV-diesel plant from different location (island) in
Karimunjawa island and Celagen Island. For detailed, reviewer can refer line 497 -503.
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Abstract: The main problem with electricity supply on densely populated islands is reliable, low-
carbon, and sustainable electricity. The availability of potential energy needs in-depth observation
to ensure that the system can be built sustainably. This paper examines the integration of PV systems
and diesel power systems on Karimunjawa Island to meet the need for reliable systems from eco-
nomic, ecological, and technological aspects. Using the DigSilent Power Factory program to obtain
the system response interference and penetration of the Photovoltaic (PV) system. Furthermore, this
paper also tests short circuit analysis and economic feasibility analysis while validating the Lev-
elized Cost of Electricity (LCOE) and Electric Production Cost (EPC) approaches. The results show
that the availability of irradiation can handle the electricity needs on Karimunjawa Island. In addi-
tion, it proposes the designed requirements for an integrated PV power system and Diesel Power
Plant (DPP) system. The research has also captured the synergistic profile of PV and DPP working
coordination within 24 h.

Keywords: photovoltaic system; Diesel Power Plant (DPP), Levelized Cost of Electricity (LCOE);
Karimunjawa Island; DigSilent Power Factory

1. Introduction

Karimunjawa is an Indonesian archipelago in the Java Sea. Economic growth that is
not high but is one of the islands of tourist visits, then the island of Karimunjawa becomes
more attention from the central government. One of the government’s goals is to improve
energy efficiency through energy diversification on the island of Karimunjawa Therefore,
in this article, an in-depth observation was carried out regarding the characteristics of
energy needs and the potential of new renewable energy sources on the island of Kari-
munjawa. And the energy optimization aspect of a hybrid-based system on a small island
is a priority challenge. Several analyzes were performed in this research, including power
flow analysis, short circuit analysis, Levelized Cost of Electricity (LCOE) calculation anal-
ysis, and Electric Production Cost (EPC).

Currently, all electricity production on Karimunjawa Island is supplied from the Die-
sel Power Plant (DPP) system with a capacity of 2 x 2.7 MW. The increasing price of diesel
fuel causes the cost of production to be very high, reaching 0.464 $/kWh. This reason was
a consideration for Grid system in Karimunjawa.

Karimunjawa to try to reduce the cost of production. In line with the central govern-
ment’s plan, that the addition of this renewable energy plant has started running a renew-
able energy program with a target of 23% by 2025 [1]. Therefore, a low-cost hybrid-based
Intermittent generator reduces the cost of producing electric power [2]. DPP hybrid power
plants with Photovoltaic (PV) systems were believed to reduce production costs [3].
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The Photovoltaic (PV) system is an energy source that is environmentally friendly
and inexpensive because it does not require fuel for its generation [4]. PV system is widely
recommended as a feasible system of an integrated power plant [5]. However, the use of
PV in large quantities and the long term [6] will contribute to serious environmental prob-
lems in the future [7]. These severe problems have an immediate and long-term impact on
the environment. There are two sources of problems from the PV system: the high carbon
emissions during the solar panel production process at the factory. Then there is no tech-
nology for recycling waste solar panels that can no longer be used. We believe that scien-
tists have not found a solution to decomposing waste solar panels that are no longer used
[8].

The PV penetration analysis is a method used to determine the feasibility level of the
system as a power plant [9] and to determine the economic value of the PV system [10].
In addition, the existing DPP system needs to be analyzed to calculate the PV system by
considering the various PV penetrations. Therefore, this paper proposed a hybrid-based
power generation system (PV & DPP) in a case study on Karimunjawa Island, Indonesia.

We have carried out several tests in this work. First, the simulation of PV penetration
at an extreme value of 75% and analyzed the system’s response. Second, investigation on
the penetration relationship from 0% to 100% of energy production costs. In addition, it
presents that each system works synergistically for 24 h by adjusting the characteristics of
daily electrical loads and features of available energy sources with the availability of en-
ergy sources from DPP systems, PV systems, battery discharge, and battery charging. The
Levelized Cost of Electricity (LCOE) and Electric Production Cost (EPC) calculate eco-
nomic feasibility. Finally, we have tested the penetration of 10% to 100% to get the opti-
mization value on the generating system. We have tested the penetration of 10% to 100%
to get the optimization value on the generating system. The DigSilent Power Factory pro-
gram is used to analyze the system’s response to a 75% reduction in solar radiation.

The performance of the generating system is represented based on the index value of
the analysis results. Load flow simulation determines the voltage at each end of the feeder
and losses in the generator system model. In contrast, the short circuit ratio simulation is
used to determine the breaking short-circuit current (Ib) or the passable limit of the critical
current value. Transient simulation is used to determine the value of frequency stability
when the condition is intermittent or the loss of photovoltaic (PV) generators at low loads
or when clouds cover the solar panels.

The next research plan is, we will offer a hybrid system involving several new re-
newable energy sources such as Oscillating water column (OWC) for low ocean wave en-
ergy extraction, power wind system, solar collector system

The main goal of this study is to design and analyze the integrated DPP system and
PV system model. Therefore, exploration and analyzing the response of the PV system to
variations in radiation penetration in the solar module to obtain a reliable system based
on load characteristics and the existing DPP system.

2. Background Theory
2.1. Hybrid Power Generation

A hybrid system uses two or more power plants with different sources [3] in a rural
area, and a hybrid system is a way out to meet electricity needs [11]. Hybrid systems are
part of energy diversification. So in the general case, the primary purpose of the hybrid
system is basically that in power systems with multiple sources. It could be said that there
is a cross-subsidization or symbiosis-mutualism system. One system to another fulfills
each other alternately or together, either simultaneously or at a partial time.

The hybrid system is a solution to increase the generated and achievable power ca-
pacity and reduce carbon production [12]. Although several researchers have conducted
studies on different energy sources in hybrid PV-diesel systems [13], hydro-PV [14], the
main problems of hybrid systems are control and power quality.
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2.2. Diesel Power Plant (DPP) System 97

Diesel Power Plant (DPP) system is the most commonly used generation technology 98
for electric power systems in remote islands [2]. Diesel generators operate most efficiently 99
at a given load, generally 65-80% of maximum capacity [15]. Island power plants are typ- 100
ically designed to meet various demands while keeping the generator as close to load as 101
possible. The DPP system is currently a problem due to the high cost of procuring diesel 102
fuel. For the size of a small island, DPP can contribute to increased carbon pollution, 103
namely 1 kg to 5 kg CO/liter [16] or 148.5 kg COz/h [17], noise pollution at up to 96 dB 104
[18], so it can reduce the comfort to humans around. At the same time, the island power 105
plants are generally designed to meet various demands while keeping the generator as 106
close to the load as possible. This technique provides higher efficiency and provides 107
backup power to meet increasing needs. 108

The DPP system works because the engine burns fuel and converts chemical energy 109
into heat energy (wasted heat) and rotational energy. The machine is attached to an alter- 110
nator which converts rotational kinetic energy into electrical energy. Diesel generators 111
operate most efficiently at a given load, generally 62-63% [19]. 112

Many stationary power-generation units use diesel engines because of their high 113
torque output, size flexibility, durability, and fuel efficiency [20]. When diesel engines are 114
coupled to a synchronous machine and run in parallel with renewable energy sources in 115
remote communities in Canada [21], the most demanding application provides light and 116
energy services to small communities. The following expression gives a diesel generator’s 117
hourly energy output (Epec) as Equation (1) [22]. Where the Eptc is the energy output 118
hourly from DPP (Wh), Porc is a rate of power output (watts), nozc is the diesel generator 119
efficiency (%). 120

Epes (1) = Poes (0770es )
An inverter and rectifier module are combined in the converter unit. Batteries and 121
PV systems are connected to the DC bus, while diesel generators are connected to the AC 122
bus and then to the system loads. The dummy load system converts the excess power 123
generated by the diesel generator into a charge sent to the battery. In addition, the diesel 124
generator will charge the battery, and Equation (1) represents the model of the rectifier. 125

2.3. Photovoltaic (PV) Power Plant System 126

PV system is a power generation system that converts photons from the sun into 127
electricity using photovoltaic wafers [23]. In Indonesia, Photovoltaic (PV) power plant 128
systems are currently experiencing a high use trend. The PV system is one of the major 129
government programs to increase the Renewable Energy (RNE) percentage for primary 130
energy availability [24]. The high use of PV systems then impacts the decrease in installa- 131
tion costs and the cost of solar panel modules. Based on the report from the Ministry of 132
Energy and Mineral Resources of the Republic of Indonesia. Many researchers have esti- 133
mated the decrease of PV system plan cost, from the initial cost of 1329 $USD/kWp in 2014 134
to 362 $USD/kWp in 2050, or a decrease in installation costs 40% to 75% [25]. One of the 135
plausible reasons for this decline is consumers” high demand for solar systems in the last 136
five years. Figure 1 shows the development of the study on PV (1975-2020) from the Na- 137
tional Renewable Energy Laboratory (NREL). The evolution of PV since 1975 has made 138
significant progress. Starting with thin-film type PV with an efficiency of less than 10%, 139
then progressing to Crystalline Si Cells type PV starting at around 15% efficiency (1977), 140
and then multijunction type PV Cells starting at around 16% efficiency (1983), Emerging 141
PV started at efficiency 5% (1991). Then in 2015, all types of PV experienced an efficiency 142
increase. Multijunction cell type PV in particular (three-junction concentrator) reached 143
46% [26]. 144
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Figure 1. PV efficiency research developments of various types from 1975 to 2020 [26].

The daily energy in hourly (Ervc) that is produced from solar radiation can be calcu-
lated by Equation (2) [22]. The Ervc(t) is energy output hourly from PV system (Wh), G(t)
is the hourly irradiance in (kWh/m?), A is the surface area in (m?), P is the PV penetration
level factor, nrve the efficiency of PV generator (%).

The primary considerations why PV systems are suitable to be implemented in Indo-
nesia. Because solar energy is available in large quantities in Indonesia, diversification,
and distribution of power allow it to be built in remote areas because it does not require
energy transmission or transportation of energy sources [27]. The calculation of solar ra-
diation with wave characteristics such as wavelength (A) is inversely proportional to the
photon’s energy [28].

The energy produced from the inverter (kWh) is calculated by Equation (3) [22],
where Ervein(t) is the hourly energy output from inverter in (kWh), Epve(t) is the hourly
energy output of the PV generator niv is the efficiency of inverters.

Epvs (1) = G(t) APz @

Erve-in (1) = Epve Oy 3)

2.4. Power Storage System

Power storage in hybrid systems generally uses a Battery Cell Unit (BCU) [29]
equipped with an energy management system with an intelligent approach to cope with
peak loads [30]. In this case, the battery capacity B, in (Ah)is calculated using Equation
(4) as in [29], where I is the current capacity (A), and t is the operating time (hours). Bewy
can also be calculated based on the operational energy requirements of the installed load.
In addition, it is also necessary to pay attention to the current capacity of the Iscu (A),
where the current capacity of the Iscu (A) must be greater than the output current from
the solar panel (Imaxpat) [31], so the battery current capacity Iscu is mathematically ex-
pressed in Equation (5) [31].

B, = It 4)

IBCU > ImaxPaneI (5)
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Equation (6) is the equation to calculate the energy output of the inverter where Esar-
mv(t) [22] is the hourly energy output from the inverter in case of battery (kWh), Esar(t —
1) is the energy stored in battery at hour 1 (kWh), Eroap(t) is the hourly energy consumed
by the load side, kWh, n,yy is the efficiency of the inverter (%), and 7pcye is the battery
discharging efficiency (%) and battery bank was calculated by Equation (4).

(EBAT (t _1) — ELOAD (t))
(7 v 1 ocris)

Egarmv () = |: (6)

2.5. Power Flow Analysis and Short Circuit Ratio (SCR)

Load flow studies are used to determine voltage, current, active power, or reactive
power at various points/buses on the power grid under normal operating conditions [2].
The reliability of a hybrid-based power system is tested for short circuits in the system
[32], or on the inverter module [33], in the distribution network [34], so that losses, voltage
regulation, electricity production costs, and Short Circuit Ratio (SCR) are recognizable.
This test was carried out on a simulation model using the Dig Silent Power Factory pro-
gram. SCR is defined as the ratio of the short-circuited MVA at the interconnect point
(before generator interconnection) to the MW of the interconnect generator. SCR is used
to measure the power of the electric power system concerning the generator interconnec-
tion [35]. The lower the SCR, the weaker an electric power system is. Vulnerable systems
become more prone to problems when a hybrid power plant with a fast controller is con-
nected to the primary power system. SCR in the range of 2—20 is used as a rule of thumb
[2]. Where, Icr is the max current limit on the response of the current breaker module
(A) [34], Sc is the apparent power capacity of the interconnect points (MVA), Pg is the
active power capacity of the interconnect generator (MW).

Sc

lscr = P_g @)

2.6. Levelized Cost of Energy (LCOE) and Electric Production Cost (EPC)

Measured energy costs or LCOE are similar to the concept of energy system returns.
However, instead of measuring how much is required to cover the initial investment. The
LCOE determines how much to pay per unit of electricity (kWh). Includes initial capital
investment, maintenance costs, fuel costs for the system (if any), all operating costs, and
discount rates. LCOE, in this case, can be calculated using Equation (8) [36]. Where it is
the investment in year f, M:is the cost of operation and maintenance in year ¢, F: is the cost
of fuel in year ¢, Etis the electrical energy produced in year ¢, r is the discount rate, and n
is the life of the system. (years). Electric Production Cost (EPC) is the average cost of gen-
eration in a power system. In the power system at Karimunjawa, there is only one type of
power plant, namely Hybrid generators. Therefore the EPC can be said to be the same as
the LCOE value [36].

LCOE is calculated using Equation (8) [36,37], where I: is the investment expenditures
in year t (including financing). M:is the operations and maintenance expenditures in a
year (t). And F is the fuel expenditures in a year (t). It is the electrical energy generated in
(t). r is the discount rate, and 7 is the assumed useful life of the system.
zn=1lt+M‘+Fl

¢ @+r)

LCOE=——=¢
2=t
C )
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3. Materials and Methods
3.1. Karimunjawa Island

Karimunjawa Island is located in the northern part of the Java sea 50 km from Jepara
Regency, Central Java, coordinates —5.847193, 110.443920 with total coverage area is 71.2
km?. The distance from Jepara to Karimunjawa Island is about 3 h by boat (see Figure 2).
in Karimunjawa, 25 tourist attractions are favorite tours for domestic and international
tourism. The superior products of the Karimunjawa Island are marine tourism objects,
culinary delights, and views from small islands around which are not the same as other
islands in Indonesia. Figure 3 shows that the existing DPP system location in Karimun-
jawa Island.

Based on the annual report on tourist visits from The Ministry of Tourism and Crea-
tive Economy Indonesia in 20142020 [38], the number of tourist visits to Karimunjawa
Island experienced a positive trend from 2014 to 2019. Then due to the COVID-19 pan-
demic, there was a negative trend in 2020 (see Figure 4).

The location of the DPP system is Legon Bajak in the north of Karimunjawa Island
[39], as seen in Figure 5, with a capacity of 2 x 1.8 MW/20 kV. We have observed daily
solar irradiation data on the island of Karimunjawa through visual capture by satellite
using the Homer Energy program. We were using linear regression based on data on elec-
tricity usage characteristics from 2017-2018.

Solar irradiation data in Karimunjawa Island uses historical data from NASA’s pre-
diction of Worldwide Energy Resource (POWER) database in a range of 30 years (January
1984 to December 2013). Meanwhile, the wind speed data from the region used the data
collected in 22 years range (July 1983 until June 2005) at the height of 50 m above the
earth’s surface. Homer Energy is used to capture irradiation data and wind speed.
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Figure 2. Karimunjawa Island maps.
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3.2. Power System Model and Scenario

The Karimunjawa Island electricity system is a stand-alone electricity system without
interconnection with Java Island, Central Java. Electricity on the island of Karimunjawa is
supplied from the DPP Legon Bajak system. The electrical network diagram of the Legon
Bajak DPP system is shown in Figure 5. It appears that the DPP system capacity is 2 x 1.8
MW7/20 kV to supply power to Feeder 1 (19.87 kV) and Feeder 2 (19.86 kV). The average
load is known to be 0.98 MW, with losses of 1.01%.

There is a tendency that the use of electricity is increasing every year on the island of
Karimunjawa. In contrast, solar energy in the islands of Karimunjawa has not yet been
used as the main power plant, apart from the existing DPP system. Therefore, we propose
a hybrid system consisting of a DPP system and a PV system. Thus, the natural potential
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will optimally supply the electricity availability and support the available DPP system
energy sources.

We propose the concept of a hybrid on-grid system as the line diagram of the system
show Figure 5. The hybrid system consists of a PV system to supply electricity to the ex-
isting grid. The DPP system is also still used as a primary power source. In addition to
providing electricity to the load, the PV system can also charge the power storage system
simultaneously. During the day, the solar panels charge the battery and deliver the load.
Then in the afternoon, the load system is powered by batteries. At night until the morning,
the load system is supplied by the DPP system. When there is intermittency, the battery
system will provide power to the system. The proposed hybrid system concept consists
of the DPP and PV systems connected to a single bus, the Legon Bajak Power Plant. In the
Karimunjawa electrical system, the configuration of the PV system is made of 2 clusters
with a capacity of 0.99 MW/20.09 kV (see: Figure 6), with the aim that when a disturbance
occurs in one of the PV modules, the PV system can still work with supply from the PV
module cluster. The operating pattern on the Karimunjawa system is that the DPP system
will perform at night or when the load is peaked, while the PV system works during the
day or at low loads. A generator system will regulate the switch from the DPP system to
the PV system. The generator system has been set according to the specified operation
mode.

KARIMUNJAWA “i,

007515 3 45 6
K

& ‘% A Losd disvibuton

Figure 6. Load distribution and PV, DPP system location.

During the day, when the PV has excess energy, the PV and battery control will com-
mand the switch to ON so that the power from the PV can charge the battery. In this con-
dition, the battery does not function as full storage but as intermittency and frequency
control. Thus, the battery will only work when the DPP system changes to PLTS and PLTS
to the DPP system and when a disturbance causes the PV power to decrease, for example,
when clouds cover the PV.

The number of PVror requirements is calculated using Equation (9) as in [40], where
Nwodut is the number of solar panel modules (11) [40], Nestring is the number of strings in one
array (12) [40], and Narmy is the number of arrays (13) [40]. Vi« is converter output voltage
(V), Current converter output voltage (V;), Vu is DC voltage to obtain AC voltage, and M.
is Constanta of inverter modulastio index, in this case, Mo = 0.9. Vi is the maximum out-
put voltage of the solar panel (volt). Pa is the power produced by one array (Watts). Pstring
is the overall string power (Watts). Solar field area requirements (PVara) are calculated
using Equation (14) [40], Arv is the area of PV modules per unit (m?), including the opera-
tional area, generally requiring additional space of 1 m?/module.

PVTOT = z N Modul z NString Z NArray (9)

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269

270
271

272
273
274
275
276
277
278
279
280
281
282

284
285
286



Energies 2021, 14, x FOR PEER REVIEW 9 of 25

— Vidc

Nyosur = (10)
mpp

23,

V., = 11
idc \/§Ma ( )
P
NSlring = P_A (12)
String
® s
N prray = F‘;" (13)
A
. (14)
1000

The delay in PV performance degradation caused by blocking from the cloud can be
seen through Equation (15) [40]. Where ¢ is the power drop time from 100% to 25%, Prv is
the PV power (watts), { is the PV performance drop (%), m is the power drop gradient
(MW/s). The value of m is calculated using Equation (16) [40], where Vu is the wind speed
around PV (m/s), and 4 is the available PV field area (m?).

t= —P':f (15)
P
m=—2, (16)

4. Result and Discussion
4.1. Daily Load Characteristic in Karimunjawa Island

Karimunjawa Island is a small tourist island with many annual visits, especially be-
fore the COVID-19 Pandemic (see Figure 4). Although with a relatively small area, around
71.2km?, and a population of 9784 people in 2019, the island of Karimunjawa has stunning
natural beauty and is a domestic and foreign tourist destination. The hospitality of the
natives is support for tourism activities that will then impact improving the economy. In
addition, tourism supporting facilities need to be improved, one of which is the diversifi-
cation of electricity through natural resources.

Figure 6 shows the proposed the location of PV system near the DPP system existing.
This decision was considered the operational cost in operation and maintenance for two
different resources. We have successfully collected data on daily electrical energy usage
through interviews with the DPP operator of the Legon Bajak system, as shown in Figure
7 shows the daily electricity load profile on Karimunjawa Island in 24 h. It appears that
the highest electricity usage occurs in the afternoon until the evening, which is 1 8:00 to
23:00. From 00:00 to 16:00, electricity usage tends to decrease. The character of electricity
consumption is because, on Karimunjawa Island, there are no large factory buildings or
industrial buildings as in big cities, so in the morning until late afternoon, electricity is not
widely used. Then from 15:00 to 23:00, there is an increase in electricity usage. The peak
load occurs from 19:00 to 20:00 because the street lighting and entertainment and night
tourism places are getting crowded with visitors. Figure 8 shows the forecasting the daily
electricity demand in 2022.
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The position allows the PV system to stay close to the DPP system and away from
crowds. Utilizing the distribution network that is already available, so there is no need to
build a new distribution, certainly saves operational costs. The schematic of the integra-
tion of the DPP system and the PV system is shown in Figure 9. It appears that the hybrid
system that we proposed is the on-grid model. So the power storage is involved in the
power system. The controller module functions as a unit for controlling charging and dis-
charging decisions. When the power output from the PV system has been used enough
by the load, the excess power output from the PV system will be used for battery charging.
In case of the PV cannot serve the load, the power stored in the battery system is used to
supply power to the load system. The energy from the PV system or the battery is con-

verted from DC to AC by the converter module.
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Figure 7. Daily power consumption.
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Figure 8. Forecasting the daily electricity demand in 2022.
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DPP System PV System
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Figure 9. Schematic hybrid system.

Profile of daily electricity demand on Karimunjawa Island based on observations of
daily consumption usage. The average daily electricity demand on Karimunjawa Island
was 0.8 MW. The range of electricity consumption in 2017 was 0.7 MW-1.0 MW, and in
2018 it was 0.7 MW-1.1 MW. It can be seen in Figure 10 from the character of electricity
consumption from 2017 to 2018. Thus, linear regression can predict that the daily electric-
ity demand in 2022 is 0.9 MW-1.4 MW. Therefore, we propose a PV system to handle the
load of 1.4 MW, and the land area for the PV system is calculated using Equation (9). The
PV system was planned to produce a power of 0.99 MW. The battery capacity was 3.3
Mah, computed using Equation (4), and Figure 10 also shows the prediction of electricity
demand for Karimunjawa Island in 2022, assuming the characteristics of daily electricity
use are the same and as planned by the central government, that the increase in electricity

demand is targeted at least 11%.
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Figure 10. Daily characteristic irradiation on Karimunjawa Island.

PLTS penetration is assumed to take place in 2022. Based on the load curve in De-
cember 2018, it can be assumed that the load curve in the year of PLTS plant development
is 2022, considering an increase in load of 3.48% per year. In this development, the Kari-
munjawa system reached a peak load of 1.4 MW. At low load conditions, no loading and
stress limits are exceeded. For the value of losses from the low rate of load system, this
system is 1.01%. In this system, only the DPP system operates. This power flow simulation
shows that the power provided is 0.99 MW for a loading power of 0.98 MW.
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The design of a hybrid-based power system on the island of Karimunjawa produces
several favorable conditions compared to the states before implementing the hybrid sys-
tem. We analyzed the system using the program computer Digsilent Power Factory. It
appears that with the presence of a PV system with a capacity of 0.99 MW/20.09 kV (Figure
6), the performance of the power system in Karimunjawa has decreased losses. Loss re-
duction in conditions before PV system penetration was 1.01% to 1% after PV penetration
(Figure 17a).

Considering the investment cost and the location which has a high level of clearness
index [41,42], our proposed PV is polycrystalline type with Puy =320 Wp, Vi =371V,
Imp=8.63 A, Vo, 45.8 V, I = 9.1 A, Efficiency = 16.51%. Using Equation (9). It is assumed
that the input voltage on the inverter module for output of 0.4 kV (V;4.) is 587.9 V. Power
on the AC system is 0.99 MW, assuming the power factor is 0.8. V then the number of PV
modules (Nyoqy;) is the ratio of Vite/Vimp, and Vi is calculated using Equation (10), then the
value of Vi« is 587.9 volt, and the number of PV modules per PV string is 16 units/string.
The value of Ngying is calculated by Equation (12), where parameters such as the power
generated by one PV array (PA) =1 MW, and the power generated from the PV string
(Pstring) is 5120 Watt, then Ngging = 196 Strings. The number of PVs in the array (Nyyray)
is calculated using Equation (13), where Ppiis = 0.99 = 1 MW, and PA = 1.24 MWp, then
Nprrqy = 1.24 array. Finally, we can calculate the total number of PV modules needed for
solar fields is 16 x 196 x 1.24 = 3889 pieces of PV modules. We assumed that 0.25 m? of land
is required for PV maintenance needs for each PV module, and the area of PV modules
(Apy) as according to the manufacture specifications is 1.92 m?, then through Equation
(14), the required land area for solar fields is 1.41 ha.

A hybrid power plant with an EPC value is feasible when the hybrid power plant
scenario has a lower EPC than the EPC before the penetration of the mixed power plant.
So, the Karimunjawa system hybrid power plant’s solution uses the design as shown in
Table 1. The battery specifications we propose are 12 VDC, capacity 1000 Ah, rated current
was 10 A. Using Equation (4), where the energy requirement in one day is 26,479 MWh
and with a power factor = 0.8, then the battery capacity is 3.3 Mah. The hybrid system
recapitulation is presented in Table 1.

Table 1. Hybrid system profile at 100% penetration.

\%
Total Load PV Field Area PV System Battery DPP System  LCOE Wind
(MW) (m?) (MW) (MAh) (MW) ($/kWh) (m/s)
1.41 11.300 0.99 4.1 2x27 257.770 18

4.2. Solar Energy Potential in Karimunjawa Island

We have captured the irradiation for one year monthly, and solar irradiation data in
the Karimunjawa Islands were obtained from satellites using the Homer Energy program.
The data was collected 50 m above the surface for 22 years, from July 1983 to June 2003,
as shown in Appendix A.

As Figure 10 shows, it appears that Karimunjawa Island gets quite a lot of irradiation
for a whole year with an average of 5.23 kWh/m?/day and an average clearness index of
53%. This value means that the island of Karimunjawa is an island that is not too cloudy
and tends to be sunny. In one year, the highest shading in PV due to clouds only occurs
for four months, from May to August. The significant solar irradiation occurs monthly
from March to October throughout the year.

The value of the clearness index (CI) and the radiation value in Figure 10 are dis-
played in the form of a numerical equation with a polynomial approach shown in Equa-
tion (17) with the coefficient of determination (R?) value of 0.967. Meanwhile, radiation is
shown in Equation (22), with the coefficient of determination (R2) being 0.756. related to
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Equations (17) and (19), where the CI is clearness index (%) and Irrumontiy is monthly solar 398

irradiation (kWh/m?/day), and x is a month (January to December). 399
Cl =-0.0008x® +0.0086x” +0.0180x +0.3746 17)
R? =0.967 (18)
I oy = —0.0100%° +0.1460x” —0.3620X + 4.7668 19)
R?=0.756 (20)

We also capture daily irradiation to determine the characteristics of daily irradiation 400
on Karimunjawa Island in detail. This irradiation value was essential to know the maxi- 401
mum irradiation in one day and the average daily irradiation. Daily capture results from 402
the irradiation from 6:00 to 17:00 are displayed in graphical form in Figure 11. In numeri- 403
cal form using polynomial, we have created the trend equation as shown as Equation (24), 404
where the Irraiy) is daily solar irradiation (%), and x is an hour with arranging from 5.00 405
t0 17.00. Figure 11 shows that the maximum solar radiation occurs duration in three hours, 406
from 10:00 to 12:00. The average rate from 6:00 to 16:00 was 70%, and this value indicates 407
that the daily solar radiation in Karimunjawa Island. 408
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4.3. Wind Energy Potential in Karimunjawa Island 411

Indonesia is a country with low to medium wind speed relatively. From Figure 12, 412
which is a wind capture in Indonesia from the Global Wind Altas website [43], from the 413
wind map presented, the Karimun Island is an area with medium wind speeds compared 414
to another location. Wind energy potential on the Karimunjawa Island has become a hot 415
issue for researchers, as in paper [44]. Still, so far, only limited articles are discussing the 416
wind energy feasibility on Karimunjawa Island. However, Jannis Langer et al. (2021), ina 417
study on the potential of new and renewable energy in Indonesia, stated that atan average 418
wind speed of 4 m/s to 6 m/s, every 100 kW of wind power requires an area of 0.25 km?2 419
[45]. 420

Then, the wind speed distribution was recorded from the land surface of Karimun- 421
jawa Island from the Global Wind Altas website [40]. The wind speed varies based on 422
land elevation. At 10 m above of land surface, the average wind speed is 3.67 m/s (see 423
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Figure 13a), at 50 m above of land surface, the average wind speed is 4.37 (Figure 13b),
and at 100 m above of land surface, the average wind speed is average 4.76 m/s (Figure
13c¢).

There are two approaches to capture wind speed on the island of Karimunjawa used
in this research. Figure 14 shows that the first is based on the Homer Energy program, and
the second is based on the Global Wind Altas website [40]. As shown in Appendix B, the
Homer energy program measured 30-years (January 1984 to December 2013) and was
taken from 50 m above the land surface. The result shows that the average wind speed
was 4.71 m/s. The characteristics of the average wind speed trends for one full year are
shown in Equation (26), with the coefficient of determination (R2) = 0.284. Where Viyyp is
a rate of wind speed (m/s), x is a month.

For comprehensive results related to the feasibility of wind energy potential on Ka-
rimunjawa Island, there are three standard approaches for classifying wind energy poten-
tial; (1) According to the MIT Department of Earth, Atmospheric and Planetary Sciences
(EAPS) [46], the wind speed of 4.37 m/s at an elevation of 50 m is classified as poor, mean-
ing that it is not feasible to build wind power plants. (2) According to the wind class stand-
ard table from The International Electrotechnical Commission (IEC) shown in Table 2, the
average wind speed on Karimunjawa Island does not even fall into the lowest class. This
result means that the potential for wind energy on Karimunjawa Island is not feasible to
build wind power plants. (3) Based on the findings in [45], which are the motivation to
find out the relationship between the wind power generated based on the area require-
ment, it can be concluded that the Karimunjawa Island area is 71.2 km? the wind energy
density on Karimunjawa Island is 400 w/m?2. This wind energy density is classified as
“Good” [47] or ranked in the 4th [48,49], but the classification at the average wind speed
is 7m/s. On the other hand, the average wind speed on the island of Karimunjawa is 3.67—
4.76 m/s, so it can be concluded that it is not feasible to build wind power plants.

Although the wind speed on Karimunjawa Island is relatively low, the possibility is
still open to harvesting wind energy. The application of a wind turbine specifically de-
signed for low rates is one of the solutions, including using a fish-ridge type VAWT tur-
bine that has better energy conversion efficiency than the Savonius turbine [50,51].

Table 2. IEC wind class standard [52].

I (High Wind) II (Medium Wind) III (Low Wind)

IEC Wind Classes (m/s) (m/s) (m/s)
Reference Wind Speed 50 42.5 37.5
Annual Average Wind Speed (Max) 10 8.5 7.5
50-year Return Gust 70 59.5 52.5

1-year Return Gust 52.5 44.6 394
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4.3. Levelized Cost of Electricity (LCOE) and Electric Production Cost (EPC) System

LCOE analysis and calculation are carried out with several penetration scenarios.
This analysis aims to obtain the level of optimization of the power plant economically.
Figure 15 shows the system power flow after penetration of PV system with PV system
integrated with DPP. The LCOE and EPC values based on the PV penetration percentage
are presented in Table 3 using Equation (10). Assumption the increase of 10.9%, the pre-
dicted electricity demand will increase with a peak value of 1.422 MW. Therefore, it can
be concluded that the lowest LCOE value is at 100% penetration with an EPC value of
0.26601 USD/kWh and the highest EPC occurs at 10% PV penetration with a value of
0.309129 USD/kWh.

The total investment, operational, and maintenance costs for one year are 302,732
USD. In comparison, the total energy generated in 1 year at 100% penetration reaches
966,474 MWh. The cost contribution to the three main items in the LCOE is Investment (I}
=96.76%, OM Cost (M) = 3.22%, Fuel cost (Ft) = 0.02%. In contrast, the power generated
from a hybrid system (DPP system and PV system) is 966,474 MWh, then the percentage
contribution to the system can be assumed to be 100% (Table 1). LCOE is calculated using
Equation (10). Table 4 shows the results of the calculation of LCOE and EPC values based
on PV penetration. In the power supply system in Karimunjawa, there was only one type
of power plant existing. Therefore the LCOE value is the same as EPC for each scenario
penetration.

Table 3. LCOE and EPC calculation variables.

No Item Value Contribution (%)
1 Ii = Investation (USD) 288.33 96.76%
2 M:=OM Cost (USD) 9.59 3.22%
3 Fi=Fuel cost (USD) 51 0.02%
4 E: = Energy produced (MWh) 966.47 100%

Table 4. LCOE and EPC.

] . LCOE =EPC

Penetration (%) ($/MWh)
10 299.554
20 294911
30 290.269
40 285.626
50 280.983
60 276.340
70 271.697
80 265.827
90 261.184

100 257.770
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Figure 15. System Power Flow after penetration of PV system.

Based on the analysis results in Table 4, the highest LCOE occurs at 10% PV penetra-
tion, meaning that in conditions where 10% PV is active, then LCOE increases by 299,554
$/MWh. When the PV module is 100% was achieved, LCOE decreases to 257,770 $/MWh.
Our observation of the LCOE results is that the ideal penetration considering the LCOE is
70% to 100%. This result means that the PV system becomes optimal at the penetration
value between 271,697 $/MWh to 257,770 $/MWh.

Figure 16 shows the change in LCOE vs. PV penetration with data from Table 5. The
trend equation for the relationship between LCOE vs. PV penetration is expressed in lin-
ear regression form as Equation (25). Y is the LCOE value, and x is the penetration value
with the coefficient of determination (R?) = 99.9%. The maximum cost (299.554 $/MWh)
occurred in penetration of 10%, and contras when penetration 100%, the energy produc-

tion cost was filled the minimum value 260 $/MWHh. So we conclude that the range of
LCOE the system proposed is 260 $/MWh to 299.554 $/MWh.
Y = -0.4732 (x) + 304.44 ©5)
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Figure 16. Relationship of PV penetration (%) to LCOE.
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Short-circuit analysis was carried out to determine the maximum short-circuit cur-
rent that the system can accept before the penetration of the PV system. Short circuit anal-
ysis was carried out based on the symmetrical short-circuit breaking current (Ib) parame-
ter. In this study, the fault analyzed is a three-phase short circuit. From the short circuit
analysis results, it was known that the short circuit breaker capacity (Ib) for the system
voltage at 20 kV that Ib was between a minimum of 12.5 kA and a maximum of 14 kA.

Table 5. PV system short circuit analysis.

Substation Ib (kA)
Legon Bajak 0.65173

The results of the analysis of energy production costs in the hybrid system that we
describe in Table 3 show that there are differences in the ratio of costs to population. If we
compare with reference [13], that the cost of energy production to the population is
0.00006 MWh/person, while our results show a significant difference, namely 0.02635
MWh/person. This happens because the analysis aspect in reference [13] does not involve
PV penetration, wind speed that affects the possibility of shading and the response system
to PV penetration varies.

4.4. System Response Analysis vs. Irradiation Reduction

To ensure that the system can run properly, we simulate the system response to dis-
turbances in the PV system. There is a decrease in electricity production performance in
the PV system by up to 75%. Figure 17a—d shows the simulation results on the response of
the PV system, active power, battery, and frequency.

This test also determines the system response in conditions where the PV suddenly
loses irradiation due to blocking from the cloud. The scenario used here is a 75% decrease
in irradiation or a reduction in the average solar irradiation power from 1000 W/m? to 250
W/m?2. Using Equation (18) and the data in Table 1 and the load power (Prv) is 0.99 MW,
and then the performance degradation (¢) is 75%, the average wind speed (V) in the PV
field is 18 m/s, the land area (a) is 11.300 m?, then the delay (t) can be known as 4.47 s. We
have proven this result through simulation with the DigSilent Power Factory program, as
shown in Figure 17a. It appears that there is a significant decrease in solar irradiation from
1000 W/m? to 250 W/m?. The total response time according to calculations using (18) is
447 s.

The decrease in PV penetration to 75% also impacts the active power output from
0.992 MW to 0.138 MW in 4.47 s and then steady at 0.198 MW. In Figure 17b, it appears
that the total response time from when the system is disturbed until it reaches steady is
13 s. This transient time is quite good and acceptable. The battery system also exhibited
the opposite behavior. Figure 17c shows that the power in the battery system increases
significantly from 0 MW to 0.746 MW in 4.47 s, then slowly becomes steady at 0.602 MW.
Figure 17c also shows the total response of the system since receiving the disturbance to
a constant value is 22.5 s. The disruption in the form of a 75% decrease in irradiation also
impacts the frequency provided by the system. Figure 17d shows the change in system
frequency from 50 Hz to 49.89 Hz and then becomes steady at 49.91 Hz. Figure 17d also
indicates that the total response of the system from receiving the disturbance to steady in
22.5 s. From the simulation results, it appears that the decrease in irradiation is up to 75%.
And the power quality of the system is still entirely accepted because it seems that the
lowest frequency occurs at 49,889 Hz. This frequency value is still acceptable. Besides that,
the battery system also has an excellent response to the decrease in irradiation.

From the simulation results, the mapping of operational characteristics of the elec-
tricity load on the island of Karimunjawa has been successfully conducted. The loading
system consists of a PV system, DPP system, and battery in a hybrid coordination chart,
as shown in Figure 17a-d, using Table 5. The daily electrical load for 2022 is adopted as
Figure 10.
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Figure 18 shows the operational curve of a hybrid system involving three different
systems, the PV system, DPP system, and battery system, during a 24-h operation. Three
types of strategies to support the daily electricity load on the island of Karimunjawa. As
the energy demand forecasting in Figure 8 shows, the peak load reaches 1.4 MW. The
average daily electricity load is 0.9 MW, so from a general point of view, the 24-h opera-
tion of the system starts at 00:00 and ends at 23:00. It shows that in Figure 18, the energy
consumption characteristic curve follows the characteristics shown in Figure 8. There are
four transition sessions in the hybrid system operation (A1, A2, A3, and A4) as in Figure
18, the point in A1 is the switch over from DPP to the battery system, and A2 is the switch
from battery to PV and A3 is the switch over from PV to batt system, and A4 is from batt
to DPP. At 00:00, the system load is supplied from DPP until the state on Al occurs at 5:00.
A1 operates for 3 h, and then at 08:00, when the PV system begins to receive solar irradi-
ation, the system switching (A2) occurs. The PV system operates for 7 h, then at 15:00, a
system switch occurs, where the load supplied from the PV system switches to the battery
system (A3). The battery system runs for 5 h, and then at 20:00, the system switches from
battery to DPP. DPP operates for 9 h. The operational description above shows that for 24
h, the DPP system works for 9 h, the battery system operates for 8 h, and the PV system
operates for 7 h. Solar irradiation with a value more excellent than the load occurs from
10:00 to 12:00. Table 6 shows the mapping hybrid operational schedule form time 00:00 to
23:00.
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Figure 18. Hybrid system operational cycle.

Table 6. Mapping hybrid operational schedule.

Time Load (kW) PV (kW) DPP (kW) Batt Charge (kW) Batt Discharge (kW)

0:00 1126 0 1126 0 0
1:00 1105 0 1105 0 0
2:00 1052 0 1052 0 0
3:00 1031 0 1031 0 0
4:00 1044 0 1044 0 0
5:00 1104 0 1104 0 1104
6:00 1152 310 0 0 1178.8
7:00 1004 846 0 0 1027
8:00 995 995 0 353 1000
9:00 976 976 0 745 0
10:00 942 942 0 1013 0
11:00 936 936 0 1054 0
12:00 949 949 0 964 0
13:00 985 985 0 746 0
14:00 974 974 0 421 0
15:00 934 934 0 11 950
16:00 926 423 0 0 950
17:00 1003 0 0 0 1003
18:00 1367 0 0 0 1367
19:00 1422 0 0 0 1422
20:00 1377 0 1377 0 1390
21:00 1351 0 1351 0 0
22:00 1264 0 1264 0 0
23:00 1195 0 1195 0 0

The simulations and observations show an interesting fact: there is great potential for
supplying electrical energy from PV and DPP systems. However, DPP is a source of diesel
fuel, which produces carbon emissions that can disrupt the ecosystem around the island
of Karimunjawa. Therefore, in this article, we recommend replacing DPP with a low-car-
bon power source. Several low-carbon power sources are recommended, from the sea
breeze, ocean waves, PV. The technology for converting ocean waves into electricity that
can be applied is the oscillating water column (OWC) because, in addition to generating
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electricity, OWC can also protect a beach from abrasion [50,53]. Using low carbon sources
is a real effort in the United Nations program on a sustainable, low carbon environment.

5. Conclusions

The load characteristics for Karimunjawa Island are concentrated from morning to
evening. However, we have successfully designed a power system model based on a hy-
brid PV system and a DPP system on a densely populated tourist island. Our proposed
power system model has been successfully tested using the Digsilent Power Factory pro-
gram.

Although Karimunjawa Island is an offshore island, the average wind speed is min-
imal, so a wind power system with a turbine designed to operate at high speed is not
feasible to implement.

In this study, the performance of the Karimunjawa electricity system before the PLTS
penetration was quite good, with losses of 1.01%. However, because the essential cost of
generation is relatively high, namely 0.445 USD/kWh, the solution to reduce EPC is car-
ried out by penetrating the PV System. Based on the study results, it can be concluded
that if penetration of hybrid power plants is to be carried out, the best composition for
hybrid power plants is as shown in Table 1. The penetration of hybrid power plants with
this composition indicates that the system EPC will decrease, power flow, short circuit
current level, and transient when a decrease in irradiance from 100% to 25%. The number
of PV modules is 3889 units, and the required land area is 1.41 ha. Type PV is polycrystal-
line, and battery capacity is 3.3 MAh.

The simulation results show the power system performance after PV penetration is
4.47 s. This response is acceptable, and even losses drop to 1.00%. Besides that, the simu-
lation results also show satisfactory power flow quality, short circuit ratio, and the condi-
tion of intermittency when irradiation decreases from 100% to 25%, the frequency is still
above the limit of 49.5 Hz.

The implementation of PV on Karimunjawa Island can guarantee the availability of
extra energy. However, the use of PV systems still can produce high carbon emissions in
the PV module production process. In addition, another fact is that PV waste is unrecy-
cled. Considering sustainable low-carbon power generation, we propose further research
on the technology of heat-collector or thermal collector systems for electricity sources as a
low-carbon alternative.
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Symbol

NDEG
Erve

G

Epve-in(t)
Epvc(t)
niNv
Eat-iNv(t)
Esar(t-1)
Eroap(t)
Minv
NbcHe

Bcap

Ek

cosQ
NpcHe
Ninv

ISCR

Sc
Pg
LCOE
EPC
Ii
M:
F:
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PVTDT
N, Modul
Nstring
NArray
Vidc
Vmpp
Vu
Ma
Pa
DPstring

PVarea

Description
the diesel generator efficiency

The daily energy in hourly that produced from solar

radiation

the hourly irradiance in

PV penetration level factor

the surface area

The efficiency of PV generator

solar radiation

speed of light = 299,792,458

Constanta Planck = 6.62607015x10-34 J-s
photon energy

the hourly energy output from the inverter
the hourly energy output of the PV

the efficiency of the inverter

the hourly energy output from the inverter
the energy stored in a battery at hour t-1
the hourly energy consumed by the load side
the efficiency of the inverter

The battery discharging efficiency

battery capacity

Current capacity

duration of operation

the energy needed by consumers

Nominal voltage

Power Factor

the battery discharging efficiency

the efficiency of the inverter

max current limit on current breaker module
response

Interconnect point apparent power capacity
interconnect generator active power capacity
Levelized Cost of Energy

Electric Production Cost

investment in year t

operating and maintenance costs in year t
fuel cost in year t

the electrical energy produced in year t
discount rate

system operational period

Total PV module

Total number of PV module

Number of strings

Number of arrays

converter output voltage

maximum output voltage of the solar panel
DC voltage to obtain AC voltage

constanta of inverter modulastio index
power produced by one array

string power

Solar field area requirements

Unit
%

Wh
kWh/m?

m?2

o,
o

(m/s)

Joule. second
Joule

kWh

kW

o,
o

kWh
kWh
kWh
%

%
Ah

hour
Watt
VDC

%
%

MVA
MW

usD
UsD
usD
Wh

Year
Unit
Unit
Unit
Unit
Volt
Volt
Volt
OO
Watt
Watt
Watt
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Symbol Description Unit
Arv area of PV modules m?2
4 PV performance drop %
Prv PV power Watt
m power drop gradient MW/s
Vo wind speed around PV m/s
a PV field area m?2
cI clearness index %
R? coefficient of determination
Irramontiyy monthly solar irradiation kWh/m?/day
ITT(qairyy  daily solar irradiation %
Vwp rate of wind speed m/s
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Abstract: The main problem with electricity supply on densely populated islands is reliable, low-
carbon, and sustainable electricity. The availability of potential energy needs in-depth observation
to ensure that the system can be built sustainably. This paper examines the integration of PV systems
and diesel power systems on Karimunjawa Island to meet the need for reliable systems from eco-
nomic, ecological, and technological aspects. Using the DigSilent Power Factory program to obtain
the system response interference and penetration of the Photovoltaic (PV) system. Furthermore, this
paper also tests short circuit analysis and economic feasibility analysis while validating the Lev-
elized Cost of Electricity (LCOE) and Electric Production Cost (EPC) approaches. The results show
that the availability of irradiation can handle the electricity needs on Karimunjawa Island. In addi-
tion, it proposes the designed requirements for an integrated PV power system and Diesel Power
Plant (DPP) system. The research has also captured the synergistic profile of PV and DPP working
coordination within 24 h.

Keywords: photovoltaic system; Diesel Power Plant (DPP), Levelized Cost of Electricity (LCOE);
Karimunjawa Island; DigSilent Power Factory

1. Introduction

Karimunjawa is an Indonesian archipelago in the Java Sea. Economic growth that is
not high but is one of the islands of tourist visits, then the island of Karimunjawa becomes
more attention from the central government. One of the government’s goals is to improve
energy efficiency through energy diversification on the island of Karimunjawa Therefore,
in this article, an in-depth observation was carried out regarding the characteristics of
energy needs and the potential of new renewable energy sources on the island of Kari-
munjawa. And the energy optimization aspect of a hybrid-based system on a small island
is a priority challenge. Several analyzes were performed in this research, including power
flow analysis, short circuit analysis, Levelized Cost of Electricity (LCOE) calculation anal-
ysis, and Electric Production Cost (EPC).

Currently, all electricity production on Karimunjawa Island is supplied from the Die-
sel Power Plant (DPP) system with a capacity of 2 x 2.7 MW. The increasing price of diesel
fuel causes the cost of production to be very high, reaching 0.464 $/kWh. This reason was
a consideration for Grid system in Karimunjawa.

Karimunjawa to try to reduce the cost of production. In line with the central govern-
ment’s plan, that the addition of this renewable energy plant has started running a renew-
able energy program with a target of 23% by 2025 [1]. Therefore, a low-cost hybrid-based
Intermittent generator reduces the cost of producing electric power [2]. DPP hybrid power
plants with Photovoltaic (PV) systems were believed to reduce production costs [3].
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The Photovoltaic (PV) system is an energy source that is environmentally friendly
and inexpensive because it does not require fuel for its generation [4]. PV system is widely
recommended as a feasible system of an integrated power plant [5]. However, the use of
PV in large quantities and the long term [6] will contribute to serious environmental prob-
lems in the future [7]. These severe problems have an immediate and long-term impact on
the environment. There are two sources of problems from the PV system: the high carbon
emissions during the solar panel production process at the factory. Then there is no tech-
nology for recycling waste solar panels that can no longer be used. We believe that scien-
tists have not found a solution to decomposing waste solar panels that are no longer used
[8].

The PV penetration analysis is a method used to determine the feasibility level of the
system as a power plant [9] and to determine the economic value of the PV system [10].
In addition, the existing DPP system needs to be analyzed to calculate the PV system by
considering the various PV penetrations. Therefore, this paper proposed a hybrid-based
power generation system (PV & DPP) in a case study on Karimunjawa Island, Indonesia.

We have carried out several tests in this work. First, the simulation of PV penetration
at an extreme value of 75% and analyzed the system’s response. Second, investigation on
the penetration relationship from 0% to 100% of energy production costs. In addition, it
presents that each system works synergistically for 24 h by adjusting the characteristics of
daily electrical loads and features of available energy sources with the availability of en-
ergy sources from DPP systems, PV systems, battery discharge, and battery charging. The
Levelized Cost of Electricity (LCOE) and Electric Production Cost (EPC) calculate eco-
nomic feasibility. Finally, we have tested the penetration of 10% to 100% to get the opti-
mization value on the generating system. We have tested the penetration of 10% to 100%
to get the optimization value on the generating system. The DigSilent Power Factory pro-
gram is used to analyze the system’s response to a 75% reduction in solar radiation.

The performance of the generating system is represented based on the index value of
the analysis results. Load flow simulation determines the voltage at each end of the feeder
and losses in the generator system model. In contrast, the short circuit ratio simulation is
used to determine the breaking short-circuit current (Ib) or the passable limit of the critical
current value. Transient simulation is used to determine the value of frequency stability
when the condition is intermittent or the loss of photovoltaic (PV) generators at low loads
or when clouds cover the solar panels.

The next research plan is, we will offer a hybrid system involving several new re-
newable energy sources such as Oscillating water column (OWC) for low ocean wave en-
ergy extraction, power wind system, solar collector system

The main goal of this study is to design and analyze the integrated DPP system and
PV system model. Therefore, exploration and analyzing the response of the PV system to
variations in radiation penetration in the solar module to obtain a reliable system based
on load characteristics and the existing DPP system.

2. Background Theory
2.1. Hybrid Power Generation

A hybrid system uses two or more power plants with different sources [3] in a rural
area, and a hybrid system is a way out to meet electricity needs [11]. Hybrid systems are
part of energy diversification. So in the general case, the primary purpose of the hybrid
system is basically that in power systems with multiple sources. It could be said that there
is a cross-subsidization or symbiosis-mutualism system. One system to another fulfills
each other alternately or together, either simultaneously or at a partial time.

The hybrid system is a solution to increase the generated and achievable power ca-
pacity and reduce carbon production [12]. Although several researchers have conducted
studies on different energy sources in hybrid PV-diesel systems [13], hydro-PV [14], the
main problems of hybrid systems are control and power quality.
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2.2. Diesel Power Plant (DPP) System 97

Diesel Power Plant (DPP) system is the most commonly used generation technology 98
for electric power systems in remote islands [2]. Diesel generators operate most efficiently 99
at a given load, generally 65-80% of maximum capacity [15]. Island power plants are typ- 100
ically designed to meet various demands while keeping the generator as close to load as 101
possible. The DPP system is currently a problem due to the high cost of procuring diesel 102
fuel. For the size of a small island, DPP can contribute to increased carbon pollution, 103
namely 1 kg to 5 kg CO/liter [16] or 148.5 kg COz/h [17], noise pollution at up to 96 dB 104
[18], so it can reduce the comfort to humans around. At the same time, the island power 105
plants are generally designed to meet various demands while keeping the generator as 106
close to the load as possible. This technique provides higher efficiency and provides 107
backup power to meet increasing needs. 108

The DPP system works because the engine burns fuel and converts chemical energy 109
into heat energy (wasted heat) and rotational energy. The machine is attached to an alter- 110
nator which converts rotational kinetic energy into electrical energy. Diesel generators 111
operate most efficiently at a given load, generally 62-63% [19]. 112

Many stationary power-generation units use diesel engines because of their high 113
torque output, size flexibility, durability, and fuel efficiency [20]. When diesel engines are 114
coupled to a synchronous machine and run in parallel with renewable energy sources in 115
remote communities in Canada [21], the most demanding application provides light and 116
energy services to small communities. The following expression gives a diesel generator’s 117
hourly energy output (Epec) as Equation (1) [22]. Where the Eptc is the energy output 118
hourly from DPP (Wh), Porc is a rate of power output (watts), nozc is the diesel generator 119
efficiency (%). 120

Epgg(t) = Ppgg (t)-Npeg 1)

An inverter and rectifier module are combined in the converter unit. Batteries and 121
PV systems are connected to the DC bus, while diesel generators are connected to the AC 122
bus and then to the system loads. The dummy load system converts the excess power 123
generated by the diesel generator into a charge sent to the battery. In addition, the diesel 124
generator will charge the battery, and Equation (1) represents the model of the rectifier. 125

2.3. Photovoltaic (PV) Power Plant System 126

PV system is a power generation system that converts photons from the sun into 127
electricity using photovoltaic wafers [23]. In Indonesia, Photovoltaic (PV) power plant 128
systems are currently experiencing a high use trend. The PV system is one of the major 129
government programs to increase the Renewable Energy (RNE) percentage for primary 130
energy availability [24]. The high use of PV systems then impacts the decrease in installa- 131
tion costs and the cost of solar panel modules. Based on the report from the Ministry of 132
Energy and Mineral Resources of the Republic of Indonesia. Many researchers have esti- 133
mated the decrease of PV system plan cost, from the initial cost of 1329 $USD/kWp in 2014 134
to 362 $USD/kWp in 2050, or a decrease in installation costs 40% to 75% [25]. One of the 135
plausible reasons for this decline is consumers’ high demand for solar systems in the last 136
five years. Figure 1 shows the development of the study on PV (1975-2020) from the Na- 137
tional Renewable Energy Laboratory (NREL). The evolution of PV since 1975 has made 138
significant progress. Starting with thin-film type PV with an efficiency of less than 10%, 139
then progressing to Crystalline Si Cells type PV starting at around 15% efficiency (1977), 140
and then multijunction type PV Cells starting at around 16% efficiency (1983), Emerging 141
PV started at efficiency 5% (1991). Then in 2015, all types of PV experienced an efficiency 142
increase. Multijunction cell type PV in particular (three-junction concentrator) reached 143
46% [26]. 144
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Figure 1. PV efficiency research developments of various types from 1975 to 2020 [26].

The daily energy in hourly (Ervc) that is produced from solar radiation can be calcu-
lated by Equation (2) [22]. The Ervc(t) is energy output hourly from PV system (Wh), G(t)
is the hourly irradiance in (kWh/m?), A is the surface area in (m?), P is the PV penetration
level factor, nrve the efficiency of PV generator (%).

The primary considerations why PV systems are suitable to be implemented in Indo-
nesia. Because solar energy is available in large quantities in Indonesia, diversification,
and distribution of power allow it to be built in remote areas because it does not require
energy transmission or transportation of energy sources [27]. The calculation of solar ra-
diation with wave characteristics such as wavelength (A) is inversely proportional to the
photon’s energy [28].

The energy produced from the inverter (kWh) is calculated by Equation (3) [22],
where Ervein(t) is the hourly energy output from inverter in (kWh), Epve(t) is the hourly
energy output of the PV generator nv is the efficiency of inverters.

Epye(t) = G().A.P.npyg )

Epye () = Epve(D)-ninv 3)

2.4. Power Storage System

Power storage in hybrid systems generally uses a Battery Cell Unit (BCU) [29]
equipped with an energy management system with an intelligent approach to cope with
peak loads [30]. In this case, the battery capacity B, in (Ah)is calculated using Equation
(4) as in [29], where 1 is the current capacity (A), and t is the operating time (hours). Bey
can also be calculated based on the operational energy requirements of the installed load.
In addition, it is also necessary to pay attention to the current capacity of the Iscu (A),
where the current capacity of the Iscu (A) must be greater than the output current from
the solar panel (Imaxpanet) [31], so the battery current capacity Iscu is mathematically ex-

pressed in Equation (5) [31].
Beap =1t @
Incy > hyax panet ®)

Equation (6) is the equation to calculate the energy output of the inverter where Esar-
mv(t) [22] is the hourly energy output from the inverter in case of battery (kWh), Esar(t —
1) is the energy stored in battery at hour 1 (kWh), Eroan(t) is the hourly energy consumed
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by the load side, kWh, n,yy is the efficiency of the inverter (%), and 7pcye is the battery
discharging efficiency (%) and battery bank was calculated by Equation (4).

(©)

2.5. Power Flow Analysis and Short Circuit Ratio (SCR)

Load flow studies are used to determine voltage, current, active power, or reactive
power at various points/buses on the power grid under normal operating conditions [2].
The reliability of a hybrid-based power system is tested for short circuits in the system
[32], or on the inverter module [33], in the distribution network [34], so that losses, voltage
regulation, electricity production costs, and Short Circuit Ratio (SCR) are recognizable.
This test was carried out on a simulation model using the Dig Silent Power Factory pro-
gram. SCR is defined as the ratio of the short-circuited MVA at the interconnect point
(before generator interconnection) to the MW of the interconnect generator. SCR is used
to measure the power of the electric power system concerning the generator interconnec-
tion [35]. The lower the SCR, the weaker an electric power system is. Vulnerable systems
become more prone to problems when a hybrid power plant with a fast controller is con-
nected to the primary power system. SCR in the range of 2-20 is used as a rule of thumb
[2]. Where, Iscg is the max current limit on the response of the current breaker module
(A) [34], Sc is the apparent power capacity of the interconnect points (MVA), Pg is the
active power capacity of the interconnect generator (MW).

I = S @)
SCR P,q

2.6. Levelized Cost of Energy (LCOE) and Electric Production Cost (EPC)

Measured energy costs or LCOE are similar to the concept of energy system returns.
However, instead of measuring how much is required to cover the initial investment. The
LCOE determines how much to pay per unit of electricity (kWh). Includes initial capital
investment, maintenance costs, fuel costs for the system (if any), all operating costs, and
discount rates. LCOE, in this case, can be calculated using Equation (8) [36]. Where it is
the investment in year t, Mtis the cost of operation and maintenance in year t, F:is the cost
of fuel in year t, E:is the electrical energy produced in year ¢, r is the discount rate, and n
is the life of the system. (years). Electric Production Cost (EPC) is the average cost of gen-
eration in a power system. In the power system at Karimunjawa, there is only one type of
power plant, namely Hybrid generators. Therefore the EPC can be said to be the same as
the LCOE value [36].

LCOE is calculated using Equation (8) [36,37], where I:is the investment expenditures
in year t (including financing). M:is the operations and maintenance expenditures in a
year (t). And F: is the fuel expenditures in a year (t). It is the electrical energy generated in
(t). r is the discount rate, and 7 is the assumed useful life of the system.

I+ M +F

=1 T
LCOE = # (8)

=ty
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3. Materials and Methods
3.1. Karimunjawa Island

Karimunjawa Island is located in the northern part of the Java sea 50 km from Jepara
Regency, Central Java, coordinates —5.847193, 110.443920 with total coverage area is 71.2
km?. The distance from Jepara to Karimunjawa Island is about 3 h by boat (see Figure 2).
in Karimunjawa, 25 tourist attractions are favorite tours for domestic and international
tourism. The superior products of the Karimunjawa Island are marine tourism objects,
culinary delights, and views from small islands around which are not the same as other
islands in Indonesia. Figure 3 shows that the existing DPP system location in Karimun-
jawa Island.

Based on the annual report on tourist visits from The Ministry of Tourism and Crea-
tive Economy Indonesia in 20142020 [38], the number of tourist visits to Karimunjawa
Island experienced a positive trend from 2014 to 2019. Then due to the COVID-19 pan-
demic, there was a negative trend in 2020 (see Figure 4).

The location of the DPP system is Legon Bajak in the north of Karimunjawa Island
[39], as seen in Figure 5, with a capacity of 2 x 1.8 MW/20 kV. We have observed daily
solar irradiation data on the island of Karimunjawa through visual capture by satellite
using the Homer Energy program. We were using linear regression based on data on elec-
tricity usage characteristics from 2017-2018.

Solar irradiation data in Karimunjawa Island uses historical data from NASA’s pre-
diction of Worldwide Energy Resource (POWER) database in a range of 30 years (January
1984 to December 2013). Meanwhile, the wind speed data from the region used the data
collected in 22 years range (July 1983 until June 2005) at the height of 50 m above the
earth’s surface. Homer Energy is used to capture irradiation data and wind speed.
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Figure 2. Karimunjawa Island maps.
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Figure 3. The location of the DPP system and load distribution on the island of Karimunjawa.
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Figure 4. Tourist visit to Karimunjawa Island 2014-2020.
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Figure 5. Line diagram of the system proposed with DPP-PV.

3.2. Power System Model and Scenario

The Karimunjawa Island electricity system is a stand-alone electricity system without
interconnection with Java Island, Central Java. Electricity on the island of Karimunjawa is
supplied from the DPP Legon Bajak system. The electrical network diagram of the Legon
Bajak DPP system is shown in Figure 5. It appears that the DPP system capacity is 2 x 1.8
MW7/20 kV to supply power to Feeder 1 (19.87 kV) and Feeder 2 (19.86 kV). The average
load is known to be 0.98 MW, with losses of 1.01%.

There is a tendency that the use of electricity is increasing every year on the island of
Karimunjawa. In contrast, solar energy in the islands of Karimunjawa has not yet been
used as the main power plant, apart from the existing DPP system. Therefore, we propose
a hybrid system consisting of a DPP system and a PV system. Thus, the natural potential
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will optimally supply the electricity availability and support the available DPP system
energy sources.

We propose the concept of a hybrid on-grid system as the line diagram of the system
show Figure 5. The hybrid system consists of a PV system to supply electricity to the ex-
isting grid. The DPP system is also still used as a primary power source. In addition to
providing electricity to the load, the PV system can also charge the power storage system
simultaneously. During the day, the solar panels charge the battery and deliver the load.
Then in the afternoon, the load system is powered by batteries. At night until the morning,
the load system is supplied by the DPP system. When there is intermittency, the battery
system will provide power to the system. The proposed hybrid system concept consists
of the DPP and PV systems connected to a single bus, the Legon Bajak Power Plant. In the
Karimunjawa electrical system, the configuration of the PV system is made of 2 clusters
with a capacity of 0.99 MW/20.09 kV (see: Figure 6), with the aim that when a disturbance
occurs in one of the PV modules, the PV system can still work with supply from the PV
module cluster. The operating pattern on the Karimunjawa system is that the DPP system
will perform at night or when the load is peaked, while the PV system works during the
day or at low loads. A generator system will regulate the switch from the DPP system to
the PV system. The generator system has been set according to the specified operation
mode.

KARIMUNJAWA “i,

007515 3 45 6
K

& ‘% A Losd disvibuton

Figure 6. Load distribution and PV, DPP system location.

During the day, when the PV has excess energy, the PV and battery control will com-
mand the switch to ON so that the power from the PV can charge the battery. In this con-
dition, the battery does not function as full storage but as intermittency and frequency
control. Thus, the battery will only work when the DPP system changes to PV System and
PV System to the DPP system and when a disturbance causes the PV power to decrease,
for example, when clouds cover the PV.

The number of PVror requirements is calculated using Equation (9) as in [40], where
Nwodut is the number of solar panel modules (11) [40], Nestring is the number of strings in one
array (12) [40], and Narmy is the number of arrays (13) [40]. Vi« is converter output voltage
(V), Current converter output voltage (V;), Vu is DC voltage to obtain AC voltage, and M.
is Constanta of inverter modulastio index, in this case, Mo = 0.9. Vi is the maximum out-
put voltage of the solar panel (volt). Pa is the power produced by one array (Watts). Pstring
is the overall string power (Watts). Solar field area requirements (PVara) are calculated
using Equation (14) [40], Arv is the area of PV modules per unit (m?), including the opera-
tional area, generally requiring additional space of 1 m?/module.

PVTDT = Z NMudul x 2 NString 2 NArray (9)
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(10)

P = a

The delay in PV performance degradation caused by blocking from the cloud can be
seen through Equation (15) [40]. Where ¢ is the power drop time from 100% to 25%, Prv is
the PV power (watts), { is the PV performance drop (%), m is the power drop gradient

(MW/s). The value of m is calculated using Equation (16) [40], where Vu is the wind speed
around PV (m/s), and a is the available PV field area (m?).

e S @15)
m
_PPV
m—\—/;.VW (16)

4. Result and Discussion
4.1. Daily Load Characteristic in Karimunjawa Island

Karimunjawa Island is a small tourist island with many annual visits, especially be-
fore the COVID-19 Pandemic (see Figure 4). Although with a relatively small area, around
71.2 km?, and a population of 9784 people in 2019, the island of Karimunjawa has stunning
natural beauty and is a domestic and foreign tourist destination. The hospitality of the
natives is support for tourism activities that will then impact improving the economy. In
addition, tourism supporting facilities need to be improved, one of which is the diversifi-
cation of electricity through natural resources.

Figure 6 shows the proposed the location of PV system near the DPP system existing.
This decision was considered the operational cost in operation and maintenance for two
different resources. We have successfully collected data on daily electrical energy usage
through interviews with the DPP operator of the Legon Bajak system, as shown in Figure
7 shows the daily electricity load profile on Karimunjawa Island in 24 h. It appears that
the highest electricity usage occurs in the afternoon until the evening, which is 1 8:00 to
23:00. From 00:00 to 16:00, electricity usage tends to decrease. The character of electricity
consumption is because, on Karimunjawa Island, there are no large factory buildings or
industrial buildings as in big cities, so in the morning until late afternoon, electricity is not
widely used. Then from 15:00 to 23:00, there is an increase in electricity usage. The peak
load occurs from 19:00 to 20:00 because the street lighting and entertainment and night
tourism places are getting crowded with visitors. Figure 8 shows the forecasting the daily
electricity demand in 2022.

The position allows the PV system to stay close to the DPP system and away from
crowds. Utilizing the distribution network that is already available, so there is no need to
build a new distribution, certainly saves operational costs. The schematic of the integra-
tion of the DPP system and the PV system is shown in Figure 9. It appears that the hybrid
system that we proposed is the on-grid model. So the power storage is involved in the
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power system. The controller module functions as a unit for controlling charging and dis-
charging decisions. When the power output from the PV system has been used enough
by the load, the excess power output from the PV system will be used for battery charging.
In case of the PV cannot serve the load, the power stored in the battery system is used to
supply power to the load system. The energy from the PV system or the battery is con-
verted from DC to AC by the converter module.
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Figure 7. Daily power consumption.
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Figure 8. Forecasting the daily electricity demand in 2022.
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Figure 9. Schematic hybrid system.
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Profile of daily electricity demand on Karimunjawa Island based on observations of
daily consumption usage. The average daily electricity demand on Karimunjawa Island
was 0.8 MW. The range of electricity consumption in 2017 was 0.7 MW-1.0 MW, and in
2018 it was 0.7 MW-1.1 MW. It can be seen in Figure 10 from the character of electricity
consumption from 2017 to 2018. Thus, linear regression can predict that the daily electric-
ity demand in 2022 is 0.9 MW-1.4 MW. Therefore, we propose a PV system to handle the
load of 1.4 MW, and the land area for the PV system is calculated using Equation (9). The
PV system was planned to produce a power of 0.99 MW. The battery capacity was 3.3
Mah, computed using Equation (4), and Figure 10 also shows the prediction of electricity
demand for Karimunjawa Island in 2022, assuming the characteristics of daily electricity
use are the same and as planned by the central government, that the increase in electricity
demand is targeted at least 11%.
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Figure 10. Daily characteristic irradiation on Karimunjawa Island.

PV System penetration is assumed to take place in 2022. Based on the load curve in
December 2018, it can be assumed that the load curve in the year of PV.System plant de-
velopment is 2022, considering an increase in load of 3.48% per year. In this development,
the Karimunjawa system reached a peak load of 1.4 MW. At low load conditions, no load-
ing and stress limits are exceeded. For the value of losses from the low rate of load system,
this system is 1.01%. In this system, only the DPP system operates. This power flow sim-
ulation shows that the power provided is 0.99 MW for a loading power of 0.98 MW.

The design of a hybrid-based power system on the island of Karimunjawa produces
several favorable conditions compared to the states before implementing the hybrid sys-
tem. We analyzed the system using the program computer Digsilent Power Factory. It
appears that with the presence of a PV system with a capacity of 0.99 MW/20.09 kV (Figure
6), the performance of the power system in Karimunjawa has decreased losses. Loss re-
duction in conditions before PV system penetration was 1.01% to 1% after PV penetration
(Figure 17a).

Considering the investment cost and the location which has a high level of clearness
index [41,42], our proposed PV is polycrystalline type with Pupp = 320 Wp, Vi =37.1V,
Imp=8.63 A, Vo, 45.8 V, I = 9.1 A, Efficiency = 16.51%. Using Equation (9). It is assumed
that the input voltage on the inverter module for output of 0.4 kV (V;4.) is 587.9 V. Power
on the AC system is 0.99 MW, assuming the power factor is 0.8. V then the number of PV
modules (Nyoqy) is the ratio of Viae/Vimp, and Vi is calculated using Equation (10), then the
value of Vii is 587.9 volt, and the number of PV modules per PV string is 16 units/string.
The value of Ngying is calculated by Equation (12), where parameters such as the power
generated by one PV array (PA) =1 MW, and the power generated from the PV string
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(Pstring) is 5120 Watt, then Ngs.ing = 196 Strings. The number of PVs in the array (Nyyrqy)
is calculated using Equation (13), where Prv = 0.99 = 1 MW, and PA = 1.24 MWp, then
Nprrqy = 1.24 array. Finally, we can calculate the total number of PV modules needed for
solar fields is 16 x 196 x 1.24 = 3889 pieces of PV modules. We assumed that 0.25 m? of land
is required for PV maintenance needs for each PV module, and the area of PV modules
(Apy) as according to the manufacture specifications is 1.92 m?, then through Equation
(14), the required land area for solar fields is 1.41 ha.

A hybrid power plant with an EPC value is feasible when the hybrid power plant
scenario has a lower EPC than the EPC before the penetration of the mixed power plant.
So, the Karimunjawa system hybrid power plant’s solution uses the design as shown in
Table 1. The battery specifications we propose are 12 VDC, capacity 1000 Ah, rated current
was 10 A. Using Equation (4), where the energy requirement in one day is 26,479 MWh
and with a power factor = 0.8, then the battery capacity is 3.3 Mah. The hybrid system
recapitulation is presented in Table 1.

Table 1. Hybrid system profile at 100% penetration.

Total Load PV Field Area PV System Battery DPP System  LCOE

(MW) (m?) (MW)  (MAh)  (MW) @/kwp) Wind
(m/s)
1.41 11.300 0.99 4.1 2x27 257.770 18

4.2. Solar Energy Potential in Karimunjawa Island

We have captured the irradiation for one year monthly, and solar irradiation data in
the Karimunjawa Islands were obtained from satellites using the Homer Energy program.
The data was collected 50 m above the surface for 22 years, from July 1983 to June 2003,
as shown in Appendix A.

As Figure 10 shows, it appears that Karimunjawa Island gets quite a lot of irradiation
for a whole year with an average of 5.23 kWh/m?/day and an average clearness index of
53%. This value means that the island of Karimunjawa is an island that is not too cloudy
and tends to be sunny. In one year, the highest shading in PV due to clouds only occurs
for four months, from May to August. The significant solar irradiation occurs monthly
from March to October throughout the year.

The value of the clearness index (CI) and the radiation value in Figure 10 are dis-
played in the form of a numerical equation with a polynomial approach shown in Equa-
tion (17) with the coefficient of determination (R?) value of 0.967. Meanwhile, radiation is
shown in Equation (22), with the coefficient of determination (R?) being 0.756. related to
Equations (17) and (19), where the CI is clearness index (%) and Irremontuy) is monthly solar
irradiation (kWh/m?/day), and x is a month (January to December).

Cl=-0.0008 x*+ 0.0086 x*+0.0180 x +0.3746 (17)
R2=0,967 @a8)

Irrtnanniy = -0.0100 3° +0.1460 x* = 0.3620 x + 4.7668 (19)
R'=0.756 (0)

We also capture daily irradiation to determine the characteristics of daily irradiation
on Karimunjawa Island in detail. This irradiation value was essential to know the maxi-
mum irradiation in one day and the average daily irradiation. Daily capture results from
the irradiation from 6:00 to 17:00 are displayed in graphical form in Figure 11. In numeri-
cal form using polynomial, we have created the trend equation as shown as Equation (24),
where the Irraiy) is daily solar irradiation (%), and x is an hour with arranging from 5.00
to 17.00. Figure 11 shows that the maximum solar radiation occurs duration in three hours,
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from 10:00 to 12:00. The average rate from 6:00 to 16:00 was 70%, and this value indicates 407
that the daily solar radiation in Karimunjawa Island. 408
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4.3. Wind Energy Potential in Karimunjawa Island 411

Indonesia is a country with low to medium wind speed relatively. From Figure 12, 412
which is a wind capture in Indonesia from the Global Wind Altas website [43], from the 413
wind map presented, the Karimun Island is an area with medium wind speeds compared 414
to another location. Wind energy potential on the Karimunjawa Island has become a hot 415
issue for researchers, as in paper [44]. Still, so far, only limited articles are discussing the 416
wind energy feasibility on Karimunjawa Island. However, Jannis Langer et al. (2021), ina 417
study on the potential of new and renewable energy in Indonesia, stated that atan average 418
wind speed of 4 m/s to 6 m/s, every 100 kW of wind power requires an area of 0.25 km? 419
[45]. 420

Then, the wind speed distribution was recorded from the land surface of Karimun- 421
jawa Island from the Global Wind Altas website [40]. The wind speed varies based on 422
land elevation. At 10 m above of land surface, the average wind speed is 3.67 m/s (see 423
Figure 13a), at 50 m above of land surface, the average wind speed is 4.37 (Figure 13b), 424
and at 100 m above of land surface, the average wind speed is average 4.76 m/s (Figure 425
13c). 426

There are two approaches to capture wind speed on the island of Karimunjawa used =~ 427
in this research. Figure 14 shows that the first is based on the Homer Energy program, and 428
the second is based on the Global Wind Altas website [40]. As shown in Appendix B, the 429
Homer energy program measured 30-years (January 1984 to December 2013) and was 430
taken from 50 m above the land surface. The result shows that the average wind speed 431
was 4.71 m/s. The characteristics of the average wind speed trends for one full year are 432
shown in Equation (26), with the coefficient of determination (R?) = 0.284. Where Viyyp is 433
a rate of wind speed (m/s), x is a month. 434

For comprehensive results related to the feasibility of wind energy potential on Ka- 435
rimunjawa Island, there are three standard approaches for classifying wind energy poten- 436
tial; (1) According to the MIT Department of Earth, Atmospheric and Planetary Sciences 437
(EAPS) [46], the wind speed of 4.37 m/s at an elevation of 50 m is classified as poor, mean- 438
ing that it is not feasible to build wind power plants. (2) According to the wind class stand- 439
ard table from The International Electrotechnical Commission (IEC) shown in Table 2, the 440
average wind speed on Karimunjawa Island does not even fall into the lowest class. This 441
result means that the potential for wind energy on Karimunjawa Island is not feasible to 442
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build wind power plants. (3) Based on the findings in [45], which are the motivation to
find out the relationship between the wind power generated based on the area require-
ment, it can be concluded that the Karimunjawa Island area is 71.2 km? the wind energy
density on Karimunjawa Island is 400 w/m?2. This wind energy density is classified as
“Good” [47] or ranked in the 4th [48,49], but the classification at the average wind speed
is 7 m/s. On the other hand, the average wind speed on the island of Karimunjawa is 3.67—
4.76 m/s, so it can be concluded that it is not feasible to build wind power plants.

Although the wind speed on Karimunjawa Island is relatively low, the possibility is
still open to harvesting wind energy. The application of a wind turbine specifically de-
signed for low rates is one of the solutions, including using a fish-ridge type VAWT tur-
bine that has better energy conversion efficiency than the Savonius turbine [50,51].

Table 2. IEC wind class standard [52].

I (High Wind) II (Medium Wind) III (Low Wind)

IEC Wind Classes (m/s) (m/s) (m/s)
Reference Wind Speed 50 42.5 37.5
Annual Average Wind Speed (Max) 10 8.5 7.5
50-year Return Gust 70 59.5 52.5

1-year Return Gust 52.5 44.6 39.4

Karimunjawa
Istand

Long term average of daily/ycarly sum, period from 2007 (1399 in the West) to 2018
Daily sum: <« 30 34 3. 2 46 >
S /o

Yearlysum: < 1095 1261 1387 1534 1680 >

Figure 12. Wind velocity in Indonesia based on Global Wind Altas [43].
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Figure 13. Wind velocity distribution in Karimunjawa Island with a variety of elevations based on global wind altas web- 457
site (a) 10 m; (b) 50 m; (c) 100 m. 458
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459
Figure 14. Rate monthly wind velocity in Karimunjawa Island form data base of Homer Energy. 460

Vaint = -0.008x3 + 0.1666x2 — 1.0946x -6.877 23)
R?=0.284 24)

4.3. Levelized Cost of Electricity (LCOE) and Electric Production Cost (EPC) System 461

LCOE analysis and calculation are carried out with several penetration scenarios. 462
This analysis aims to obtain the level of optimization of the power plant economically. 463
Figure 15 shows the system power flow after penetration of PV system with PV system 464
integrated with DPP. The LCOE and EPC values based on the PV penetration percentage 465
are presented in Table 3 using Equation (10). Assumption the increase of 10.9%, the pre- 466
dicted electricity demand will increase with a peak value of 1.422 MW. Therefore, it can 467
be concluded that the lowest LCOE value is at 100% penetration with an EPC value of 468
0.26601 USD/kWh and the highest EPC occurs at 10% PV penetration with a value of 469
0.309129 USD/kWh. 470

The total investment, operational, and maintenance costs for one year are 302,732 471
USD. In comparison, the total energy generated in 1 year at 100% penetration reaches 472
966,474 MWh. The cost contribution to the three main items in the LCOE is Investment (It) 473
=96.76%, OM Cost (M) = 3.22%, Fuel cost (Ft) = 0.02%. In contrast, the power generated 474
from a hybrid system (DPP system and PV system) is 966,474 MWHh, then the percentage 475
contribution to the system can be assumed to be 100% (Table 1). LCOE is calculated using 476
Equation (10). Table 4 shows the results of the calculation of LCOE and EPC values based 477
on PV penetration. In the power supply system in Karimunjawa, there was only one type 478
of power plant existing. Therefore the LCOE value is the same as EPC for each scenario 479

penetration. 480
Table 3. LCOE and EPC calculation variables. 481
No Item Value Contribution (%)
1 [ = Investation (USD) 288.33 96.76%
2 M: =OM Cost (USD) 9.59 3.22%
3 Fi = Fuel cost (USD) 51 0.02%
4 E: = Energy produced (MWh) 966.47 100%

Table 4. LCOE and EPC. 482
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. LCOE = EPC
Penetration (%) ($/MWh)
10 299.554
20 294911
30 290.269
40 285.626
50 280.983
60 276.340
70 271.697
80 265.827
90 261.184
100 257.770

PLTD LEGON BAJAKT  PLTD LEGON BAJAR 2
1X1.8 MW 1X1.8 MW
N

LEGON BAJAK SUBSTATION LEGON BAJAK POWER PLANT
20KV 20KV
Apu 1pu

FEEDER 1
19.88 kV
FEEDER 2
19.98 KV

PV SYSTEM
0.99 MW

Karimunjawa Island System
Generation : 0.9

I
I
o |
ook I/{Cost - 050 M
12.4 PV SYSTEM oads
Lt | |Losses 4w
| 1 pu |

Figure 15. System Power Flow after penetration of PV system.

Based on the analysis results in Table 4, the highest LCOE occurs at 10% PV penetra-
tion, meaning that in conditions where 10% PV is active, then LCOE increases by 299,554
$/MWh. When the PV module is 100% was achieved, LCOE decreases to 257,770 $/MWh.
Our observation of the LCOE results is that the ideal penetration considering the LCOE is
70% to 100%. This result means that the PV system becomes optimal at the penetration
value between 271,697 $/MWh to 257,770 $/MWh.

Figure 16 shows the change in LCOE vs. PV penetration with data from Table 5. The
trend equation for the relationship between LCOE vs. PV penetration is expressed in lin-
ear regression form as Equation (25). Y is the LCOE value, and x is the penetration value
with the coefficient of determination (R?) = 99.9%. The maximum cost (299.554 $/MWh)
occurred in penetration of 10%, and contras when penetration 100%, the energy produc-
tion cost was filled the minimum value 260 $/MWh. So we conclude that the range of
LCOE the system proposed is 260 $/MWh to 299.554 $/MWh.

Y =-0.4732 (x) + 304.44 (25)
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Figure 16. Relationship of PV penetration (%) to LCOE.

Short-circuit analysis was carried out to determine the maximum short-circuit cur-
rent that the system can accept before the penetration of the PV system. Short circuit anal-
ysis was carried out based on the symmetrical short-circuit breaking current (Ib) parame-
ter. In this study, the fault analyzed is a three-phase short circuit. From the short circuit
analysis results, it was known that the short circuit breaker capacity (Ib) for the system
voltage at 20 kV that Ib was between a minimum of 12.5 kA and a maximum of 14 kA.

Table 5. PV system short circuit analysis.

Substation Ib (kA)
Legon Bajak 0.65173

The results of the analysis of energy production costs in the hybrid system that we
describe in Table 3 show that there are differences in the ratio of costs to population. If we
compare with reference [13], that the cost of energy production to the population is
0.00006 MWh/person, while our results show a significant difference, namely 0.02635
MWh/person. This happens because the analysis aspect in reference [13] does not involve
PV penetration, wind speed that affects the possibility of shading and the response system
to PV penetration varies.

4.4. System Response Analysis vs. Irradiation Reduction

To ensure that the system can run properly, we simulate the system response to dis-
turbances in the PV system. There is a decrease in electricity production performance in
the PV system by up to 75%. Figure 17a—d shows the simulation results on the response of
the PV system, active power, battery, and frequency.

This test also determines the system response in conditions where the PV suddenly
loses irradiation due to blocking from the cloud. The scenario used here is a 75% decrease
in irradiation or a reduction in the average solar irradiation power from 1000 W/m? to 250
W/m?2. Using Equation (18) and the data in Table 1 and the load power (Prv) is 0.99 MW,
and then the performance degradation ({) is 75%, the average wind speed (Vw) in the PV
field is 18 m/s, the land area (a) is 11.300 m?, then the delay (t) can be known as 4.47 s. We
have proven this result through simulation with the DigSilent Power Factory program, as
shown in Figure 17a. It appears that there is a significant decrease in solar irradiation from
1000 W/m? to 250 W/m?. The total response time according to calculations using (18) is
4.47s.

The decrease in PV penetration to 75% also impacts the active power output from
0.992 MW to 0.138 MW in 4.47 s and then steady at 0.198 MW. In Figure 17b, it appears
that the total response time from when the system is disturbed until it reaches steady is
13 s. This transient time is quite good and acceptable. The battery system also exhibited
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the opposite behavior. Figure 17c shows that the power in the battery system increases
significantly from 0 MW to 0.746 MW in 4.47 s, then slowly becomes steady at 0.602 MW.
Figure 17c also shows the total response of the system since receiving the disturbance to
a constant value is 22.5 s. The disruption in the form of a 75% decrease in irradiation also
impacts the frequency provided by the system. Figure 17d shows the change in system
frequency from 50 Hz to 49.89 Hz and then becomes steady at 49.91 Hz. Figure 17d also
indicates that the total response of the system from receiving the disturbance to steady in
22.5 s. From the simulation results, it appears that the decrease in irradiation is up to 75%.
And the power quality of the system is still entirely accepted because it seems that the
lowest frequency occurs at 49,889 Hz. This frequency value is still acceptable. Besides that,
the battery system also has an excellent response to the decrease in irradiation.

From the simulation results, the mapping of operational characteristics of the elec-
tricity load on the island of Karimunjawa has been successfully conducted. The loading
system consists of a PV system, DPP system, and battery in a hybrid coordination chart,
as shown in Figure 17a-d, using Table 5. The daily electrical load for 2022 is adopted as
Figure 10.

fwjma)

99405 P Ske 4in MW

Pawer (MW)
e =
B A
H
B

T 5 __mams o o
4.4 0746 MW - — -
s 0.602 MW T
— 030 | ..

Elecirical Frequency (Hz)

;,

Frequency (Hz)

495

—— Total Active Power (MW)

Figure [17L Respons system analysis; (a) PV system response; (b) PV active power response; (c) Battery system response;

(d) Frequency system response.

Figure 18 shows the operational curve of a hybrid system involving three different
systems, the PV system, DPP system, and battery system, during a 24-h operation. Three
types of strategies to support the daily electricity load on the island of Karimunjawa. As
the energy demand forecasting in Figure 8 shows, the peak load reaches 1.4 MW. The
average daily electricity load is 0.9 MW, so from a general point of view, the 24-h opera-
tion of the system starts at 00:00 and ends at 23:00. It shows that in Figure 18, the energy
consumption characteristic curve follows the characteristics shown in Figure 8. There are
four transition sessions in the hybrid system operation (A1, A2, A3, and A4) as in Figure
18, the point in A1 is the switch over from DPP to the battery system, and A2 is the switch
from battery to PV and A3 is the switch over from PV to batt system, and A4 is from batt
to DPP. At 00:00, the system load is supplied from DPP until the state on A1 occurs at 5:00.
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Al operates for 3 h, and then at 08:00, when the PV system begins to receive solar irradi-
ation, the system switching (A2) occurs. The PV system operates for 7 h, then at 15:00, a
system switch occurs, where the load supplied from the PV system switches to the battery
system (A3). The battery system runs for 5 h, and then at 20:00, the system switches from
battery to DPP. DPP operates for 9 h. The operational description above shows that for 24
h, the DPP system works for 9 h, the battery system operates for 8 h, and the PV system
operates for 7 h. Solar irradiation with a value more excellent than the load occurs from

10:00 to 12:00. Table 6 shows the mapping hybrid operational schedule form time 00:00 to
23:00.
1,600 Load Peak seasion
1,400 Solar Peak seasion < T > A4
1,200
1,000
5 800
600
400
200
0
12 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Daily time
& Load DBatt discharge oPVv » Batt charge mDPP L Average

Figure 18. Hybrid system operational cycle.

Table 6. Mapping hybrid operational schedule.

Time Load (kW) PV (kW) DPP (kW) Batt Charge (kW) Batt Discharge (kW)

0:00 1126 0 1126 0 0
1:00 1105 0 1105 0 0
2:00 1052 0 1052 0 0
3:00 1031 0 1031 0 0
4:00 1044 0 1044 0 0
5:00 1104 0 1104 0 1104
6:00 1152 310 0 0 1178.8
7:00 1004 846 0 0 1027
8:00 995 995 0 353 1000
9:00 976 976 0 745 0
10:00 942 942 0 1013 0
11:00 936 936 0 1054 0
12:00 949 949 0 964 0
13:00 985 985 0 746 0
14:00 974 974 0 421 0
15:00 934 934 0 11 950
16:00 926 423 0 0 950
17:00 1003 0 0 0 1003
18:00 1367 0 0 0 1367
19:00 1422 0 0 0 1422
20:00 1377 0 1377 0 1390
21:00 1351 0 1351 0 0
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Time Load (kW) PV (kW) DPP (kW) Batt Charge (kW) Batt Discharge (kW)
22:00 1264 0 1264 0 0
23:00 1195 0 1195 0 0

The simulations and observations show an interesting fact: there is great potential for
supplying electrical energy from PV and DPP systems. However, DPP is a source of diesel
fuel, which produces carbon emissions that can disrupt the ecosystem around the island
of Karimunjawa. Therefore, in this article, we recommend replacing DPP with a low-car-
bon power source. Several low-carbon power sources are recommended, from the sea
breeze, ocean waves, PV. The technology for converting ocean waves into electricity that
can be applied is the oscillating water column (OWC) because, in addition to generating
electricity, OWC can also protect a beach from abrasion [50,53]. Using low carbon sources
is a real effort in the United Nations program on a sustainable, low carbon environment.

5. Conclusions

The load characteristics for Karimunjawa Island are concentrated from morning to
evening. However, we have successfully designed a power system model based on a hy-
brid PV system and a DPP system on a densely populated tourist island. Our proposed
power system model has been successfully tested using the Digsilent Power Factory pro-
gram.

Although Karimunjawa Island is an offshore island, the average wind speed is min-
imal, so a wind power system with a turbine designed to operate at high speed is not
feasible to implement.

In this study, the performance of the Karimunjawa electricity system before the PV
System penetration was quite good, with losses of 1.01%. However, because the essential
cost of generation is relatively high, namely 0.445 USD/kWh, the solution to reduce EPC
is carried out by penetrating the PV System. Based on the study results, it can be con-
cluded that if penetration of hybrid power plants is to be carried out, the best composition
for hybrid power plants is as shown in Table 1. The penetration of hybrid power plants
with this composition indicates that the system EPC will decrease, power flow, short cir-
cuit current level, and transient when a decrease in irradiance from 100% to 25%. The
number of PV modules is 3889 units, and the required land area is 1.41 ha. Type PV is
polycrystalline, and battery capacity is 3.3 MAh.

The simulation results show the power system performance after PV penetration is
4.47 s. This response is acceptable, and even losses drop to 1.00%. Besides that, the simu-
lation results also show satisfactory power flow quality, short circuit ratio, and the condi-
tion of intermittency when irradiation decreases from 100% to 25%, the frequency is still
above the limit of 49.5 Hz.

The implementation of PV on Karimunjawa Island can guarantee the availability of
extra energy. However, the use of PV systems still can produce high carbon emissions in
the PV module production process. In addition, another fact is that PV waste is unrecy-
cled. Considering sustainable low-carbon power generation, we propose further research
on the technology of heat-collector or thermal collector systems for electricity sources as a
low-carbon alternative.
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Nomenclature
Symbol Description
Eprc A diesel generator’s hourly energy output
Porc a rate of power output
MDEG the diesel generator efficiency
Erve The daily energy in hourly that produced from solar
radiation

G(t) the hourly irradiance in
P PV penetration level factor
A the surface area
nPve The efficiency of PV generator
A solar radiation
c speed of light = 299,792,458
h Constanta Planck = 6.62607015x10-34 J-s
E photon energy
Ervein(t)  the hourly energy output from the inverter
Erve(t) the hourly energy output of the PV
NNV the efficiency of the inverter
Esaranv(t)  the hourly energy output from the inverter
Esar(t-1)  the energy stored in a battery at hour t-1
Eroan(t) the hourly energy consumed by the load side

Minv the efficiency of the inverter

Npcug  The battery discharging efficiency

Beap battery capacity
I Current capacity
t duration of operation
Ek the energy needed by consumers
\%4 Nominal voltage

cos¢p Power Factor

Npcue  the battery discharging efficiency

Ninv the efficiency of the inverter

loon max current limit on current breaker module

response
Sc Interconnect point apparent power capacity
Pg interconnect generator active power capacity

LCOE Levelized Cost of Energy
EPC Electric Production Cost
Ii investment in year t
M operating and maintenance costs in year t
F: fuel cost in year t
E: the electrical energy produced in year t
r discount rate
n system operational period

PVTOT

Total PV module

Unit
Wh
Watt
%

Wh
kWh/m?

m?2

o,
o

(m/s)
Joule. second
Joule
kWh
kW
kWh
kWh
kWh
%

%
Ah
A
hour
Watt
VDC

%

o,
o

MVA
MW

usD
uUsD
usD

Year
Unit
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621
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623
624

625

626



Energies 2021, 14, x FOR PEER REVIEW

22 of 25

Symbol Description
Nyoawr  Total number of PV module
Nstring  Number of strings
Ngrray ~ Number of arrays
Viac converter output voltage
Vinop maximum output voltage of the solar panel
Vi DC voltage to obtain AC voltage
M. constanta of inverter modulastio index
Pa power produced by one array
Pstring string power
PVarea Solar field area requirements
Apv area of PV modules
4 PV performance drop
Prv PV power
m power drop gradient
Vo wind speed around PV
a PV field area
CI clearness index
R? coefficient of determination
Irreontiy)  monthly solar irradiation
I aaityy  daily solar irradiation
Vwinp rate of wind speed
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