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1. Introduction

Electrical energy for the province of the Yogyakarta Special
Region is part of the interconnection system of the Java-Madura-
Bali system that covers seven areas on the island of Java, the
island of Madura, and the province of Bali (Al Hasibi et al., 2018).
This system is an interconnection system with an extra-high volt-
age network (500 kV) that stretches along the island of Java to the
province of Bali (Syahputra et al, 2015). It is the most extensive
electric power system in Indonesia and consumes almost 80%
of Indonesia's total electricity production. State-owned electricity
companies in Yogyakarta are in charge of serving the electricity
needs of people in the Yogyakarta region. Eight substations sat-
isfy this need, with a total capacity tl'meaches 616 MW. This
increase in capacity must be balanced with the addition of new
energy sources. Most of the energy now used comes from fossil
fuels, which cannot be renewed and will run out if they are used
continuously. Humans are thus required to look for other energy
sources that are renewable sources to the extent possible (Tang
et al,, 2017; Kumar and Sudhakar, 2015; Sher et al., 2018; Ahmed
and Salam, 2018).
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Indonesia’'s attention to renewable energy began in the past
few decades, especially in the general policy in the energy sec-
tor called the General Energy Sector in 1989 (Syahputra and
Soesanti, 2019), and has been revisited in the Mational Energy
Policy 2003-2020, which focused on energy efficiency, conserva-
tion energy, energy, and environmental diversification (Syahputra
et al,, 2014). Regarding energy diversification, the government,
via the Ministry of Energy and Mineral Resources, is encouraging
people to empower environmentally friendly renewable energy.
The government's renewable energy target is 23% of total supply
by 2025 (Syahputra et al., 2016).

The Indonesian government has prioritized the development
and use of local energy potential, especially renewable energy,
to increase supply and guarantee the availability of electricity,
especially in rural, remote, and border areas. The government
has also issued a regulation concerning the provision of small-
scale energy sources in rural or remote areas called the Decree of
the Minister of Energy and Mineral Resources concerning Scat-
tered Small Scale Generators. The focus of this regulation is to
empower local communities and encourage the development of
local energy resources, namely, renewable energy (Syahputra and
Soesanti, 2020).

Renewable energy sources are expected to play an active role
in the energy diversification scenarios of the future because they
are environmentally friendly. For example, solar energy, which
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is an alternative emergy source with very adequate availabil-
ity (Wang et al,, 2013). Additionally, water energy is an alterna-
tive energy source with potential for development. However, the
development of these two alternative energy sources is strongly
influenced by geographical conditions. Renewable energy sources
have the potential to produce electricity for an individual com-
munity (Ghasemi et al., 2018; Hauck et al.,, 2018). The process of
developing technology to use renewable energy sources at a small
scale that is cheap and can meet the needs of people is still being
develop eng et al., 2018). Moreover, the development of re-
newable energy can be used to reduce dependence on electricity
generated from fossil fuels such as oil and coal. To overcome the
above problems, many hybrid techniques are used to combine
several types of power plants (Patel and Chowdhury, 2018).

Several researchers have conducted studies on renewable en-
ergy power s and their applications in various regions of the
world (Kalla et al, 2018; Li et alfff®19; Kusakana et al., 2009;
Mosobi and Gao, 2018; Rajadurai et al,, 2017; Tudu etf;fl., 2014;
[{han et al., 2014). Kalla et al. (2018) conducted a study of a single
phase standalone microgrid power@#stem. In their study, they
used adaptive sliding mode control to improve the power quality
of the microgrid system. Microgrid system, which is the objective
of research is a renewable energy power generation;ystem. This
system integrates wind, micro-hydro and solar power plants,
which are integrated into a single-phase standalone grid system
through a suitable voltage converter. The study conducted by
Kalla and his colleagues is worthy of being used as a reference in
research on independent power plants that utilize the potential
of renewable energy in an area. In the study, shear mode control
is applied to maintain the balance of energy produced by power
plants, namely micro-hydro, wind, and solar power plants. Be-
sides, the sliding mode control is also useful for estimating the
real power that is output from the system, making it easier to
control the frequency.

Li et al. (2019) performed a multi-objective optimization of
hybrid power generation systems derived from micro-hydro,
photovoltaic solar pumped hydro storage. The optimization
method used is a modified multi-objective particle swarm opti-
mization (MOPSO). Optimization is carried out for hybrid system
operation so that there is a similarity between the generation
and the electrical | it serves. The operating strategy applied
in optimization is based on hour-l&%) data of seven days of
pumped hydro storage. This strategy aims to maximize the value
of similarity between the power generation curve and economic
inc from the storage of pumped hydro. The study was carried
out In Xiaojin county, Sichuan province, China. It resulted in a
similarity between electricity generation and load, which could
be increased by 7.89% under participation of pumped hydro
storage.

Research on independent power generation systems which
are a combination of solar photovoltaic and micro-hydropower
plants has been carried out by Kusakana et al. (2009). In their
study, they named the power plant a hybrid power plant. The
effort made by Kusaka et al. is noble because it is trying to build
a self-generating plant in a rural area that does not yet have
electricity energy facilities. Research conducted by Kusaka et al.
is also worthy of being used as one of the references because
it is closely related to resear@Mconducted by the author. In this
study (Kusakana et al., 2009),8lar and micro hydro-based hybrid
power plants are designed for low-cost electricity generation,
so that the selling price of electricity also becomes affordable.
This effort is very reali€flic because the power plant is designed
to meet the needs of electrical energy in remote and isolated
areas. In this study optimization of the hybrid power plant system
has been carried out, which includes technical and economic
considerations. Another factor that supports the research is that
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micro-hydro and solar energy are sustainable sources of energy
in the area of research. Optimization related to technical and
economic issues in the study was carried out with the help of
Homer software. The focus of the problem is the availability of
solar and hydro energy. However, studies are also carried out
with the possibility of on-grid electricity distribution networks
supplied by diesel power plants.

Mosobi and Gao 18) conducted a study on the integra-
tion of photovoltaic solar power plants, wind power plants, and
micro-hydro plants. Hybrid generator performance analysis is
performed on changes in temperature, solar radiation and wind
speed. In their study, they also considered battery storage sys-
tems and micro-hydro systems which function to help reduce
the effects of sporadic variations on hybrid systems due to ex-
treme weather conditions. Their study also discussed the use of
power converters, namely power inverters and power rectifiers,
to integrate the system into the DC bus. Furthermore, Rajadurai
et al. (2017) have conducted a study of a new methodology to
replace conventional energy storage mechanisms in photovoltaic
solar power generation systems. The ph oltaic directly serves
the load of a DC motor to lift water. The water is then stored in a
water storage tank. In this direct system, the fluctuating intensity
of solar light can affect water discharge. In the water storage
tank, a drainage pipe will be installed, then used to drive the
micro-hydro turbine. In this system practically does not require
maintenfE® costs.

Tudu et alff014) conducted a study on optimizing the design
and size of micro-hydro, the solar, wind, and fuel cell-based

brid power generation systems. Optimization has been done
using the bees algorithm (BA) and compared with the particle
swarm optimization (PSO) algorithm. The optimal size of the sys-
tem design is obtained based on its net present value (NPV). The
results of their study have concluded that the system is quite fea-
sible in meeting the burden with suitable energy costs. The results
of the analysis of the method show that although both algorithms
can provide a global solution, the PSO method is faster in achiev-
ing the optimal solution and less time consu@ERg than the BA
method. In research in the same field, Khan et al. (2014) have
conducted studies on the optimization of hybrid renewable en-
ergy syss for resort islands. Optimization is carried out on an
optimal combiqn of hybrid systems based on side-generation
energy audits, techno-economic analysis, and assessment of the
availability of seasonal renewable energy resources versus the
electricity load profile. Their research has been carried out on the
island of Tioman, the South China Sea, which has been highly
dependent on diesel generators. Their study has produced an
optimal hybrid system configuration, which includes investment
costs, fuel savings, and improvements in CO, emissions.

our study, the renewable energy systems planning based
on micro hydro and solar photovoltaic for rural areas has been
carried out. A case study is in the Yogyakarta area, Indonesia. The
Special Region of Yogyakarta, located in Java island, Indonesia,
has a large geographic potential for the development of solar and
hydro energy (Suyono et al., 2018; Raza et al.,, 2018). Because of
the location of Yogyakarta near the equator, solar energy can be
obtained most of the year with sufficient radiation levels to be
used as an alternative energy source. In terms of geography, vil-
lages in the Special Region of Yogyakarta have significant energy
potential. In irrigation canals, the resulting hydro discharge can
reach 7000 1/s. Generally, the hydro potential here is only used
to meet household needs and agricultural ation, even though
this energy potential has great potential to be used as a renewable
energy source, especially for the supply of electrical energy. Be-
cause of the background of these problems, it is necessary to plan
to develop the potential of existing renewable energy sources
as providers of electrical energy. The purpose of this study is
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to design a grid-connected power generation system model to
support solar radiation and hydro energy use. Another goal is to
determine the estimated benefits otgned from the construction
of renewable energy power plants. This research is expected to
be the best reference for renewable energy power generation
systems in the Special Region of Yogyakarta, Indonesia, based
on the potential data about solar radiation and hydro energy
production and electrical loads at the same time i als.

The novelty of this study is that the calculated hydro energy
potential comes from irrigation channels that have a low head
but with stable water flow. So far, irrigation canals are only used
for their primary purpose, which is to flow through paddy fi€lls
in the province of the Yogyakarta Special Region. This study also
considered the potential of solar energy, which is very abundant.
Indonesian territory is crosﬂ by the equator, and the entire re-
gion thus receives sunshine throughout the year. The potential of
hydro and solar energy is combined into hybrid power plants. The
next step is an analysis of hybrid systems ffinning that includes
the power production capacity of the plant, capital cost, grid sales,
cost of energy (COE), and net present value (NPV) in the analysis
of optimal hybrid systems. The use of extended particle swarm
optimization (PSO) techniques in COE and NPV optimization also
strengthens the novelty of this study. A literature review has
also been carried out in tabular form to know this research's
contribution, as shown in Table 1. Based on the literature study
summarized in Table 1, it can clearly show this research’s position
towards previous studies.

This research is beneficial for the people of Indonesia, espe-
cially in the province of the Special Region of Yogyakarta. The
hydro and solar potential of this province are still not optinf3lly
used. Irrigation channels that have been built since the pre-
independence era of the Republic of Indonesia in the 1940s have
historical values that are very important to the communities, and
the existence of the irrigation channels will undoubtedly continue
to be maintained. The potential of solar energy is also not yet
optimally used. Therefore, this research is expected to be a source
of awareness for all components of the nation, including the
government, academics, companies, and the public, about how
hydro and solar energy sources can be economically beneficial
and beneficial for supplying electrical energy to regions that do
not yet have electricity.

2. Renewable energy systems based on micro-hydro and solar
photovoltaic

Renewable energy sources are expected to have an active
role in the energy diversification scenario in the future because
theserg}..r sources are environmentally friendly. For example,
solar energy, can be used as a very available alternative energy
source (Roncallo et al., 2020). Additionally, hydro energy is an
alternative energy source with the potential to be developed (Hui
et al, 2015). However, the development of these two alternative
energy sources is strongly influenced by geographical conditions.
Renewable energy sources have the potential to produce elec-
tricity for communities (Younas et al, 2018). The process of
developing technology to utilize small-scale renewable energy
sources that are cheap and able to meet the needs of people is
still being developed (Ronad and Jangamshetti, 2015; Murni et al,,
2012; Metry et al, 2017).

Hydro energy is a cheap and relatively plentiful source of
energy because kinetic energy is stored in the flowing w
Hydropower is the energy obtained from flowing water; it can
be used in the form of mechanical strength and electrical energy.
The use of water energy is mostly achieved by waterwheels or
water turbines that use the presence of a waterfall or the water
flow in a river or ditch (Younas et al, 2018).
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The amount of hydropower available from a hydro source de-
pends on the size of the head and the water flow. The mathemat-
ical model of a micro-hydropower plant begins with calculating
the water discharge from a water source. The water discharge can
be calculated based on the catchment area. The catchment area is
an area where rain falls towards the intended water source. Thus,
the hydro potential of an area can be stated as follows,

Qarea = Ks (M) quugt (U
Agauge

where Que, 1s the water discharge available at the micro-hydro
power plant site (m?/s) is the scaling constant, Ay, is the
water catchment area of the micro-hydro power plant [rnzj,Agwgt
is the catchment area of the gauge at the power plant site micro-
hydro power plant (m?), Qgayge is the water discharge in the gauge
(m?[s). ﬁ
Concerning a water reservoir, the head is the height ditference
between the water level at the reservoir and the water level com-
ing out of the water wheel or water turbine. The total available
energy from a hydroelectric reservoir is hydro-potential energy
expressed as follows:

9? mgh (2)
ere m is the mass of water (kg), his the head (m), and g is the
gravitational acceleration constant (m/s?).

In addition to using @ ling water, hydropower can be obtained
from low water flows. In this case, the available energy is kinetic
energy given by the following:

1
E= irmﬂ (3)

where m is the mass of water (kg) and v is the velocity of water
flow (m/s).
The potential hydro power can be expressed by the following:

1 3
P = — phAv (4)
2
where p is the water density (kg/m?), A is the cross-sectional area
of water flow (m?), and v is the velocity of water flow (m/s).

21. Micro-hydro systems

Micro-hydro systems is the term used for electrical power
plant installations that use hydro energy and are small in size
(micro); the term micro-hydro is not a standard term in prac-
tice. The water conditions that define micro-hydro’s potential
use as a power source are a specific flow capacity, EBight and
installation (Tudu et al, 2014). The potential power capacity of
micro-hydropower plants can be seen from the characteristics
of the available hydropower. Two important factors determine
the water discharge and high head of water flow. The higher
the water discharge and the head high of a water source, such
as a river or irrigation canal, the higher the micro-hydropower
capacity generated. Three main components must be met to build
a micro-hydropower plant, namely flowing water that is used as
an energy source, turbines used as a generator of mechanical en-
ergy driving generators, and generators as a producer of electrical
energy.

As described above that the capacity of micro-hydro plants
depends on water discharge and head height, so to build a micro-
hydro plant requires a comprehensive study of water discharge
and head height. Data about water discharge and head height are
essential to get the potential electrical power to be generated.
This fact is since the construction of micro-hydropower plants
also pays attention to economic aspects. The financial issue, in
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Table 1
Literature review related to this research.
Authors Power plant Research parameters Real object Methods and tools
Micro- Solar PV Objectives Technical Economical HOMER PsO Other
hydro aspect aspect method
Kalla et al. F F Estimating the real power by F Adaptive
(2018) controlling the output systems, sliding mode
such as frequency and output control
voltage
m‘l L v ¥ Multi-objective optimization of F F
( /] hybrid system for a similarity
between the generation and
lectrical load
Kusakana Vv Vv phimization of the hybrid Vv Vv Vv Vv
et al. (2009) power plant system
Mosobi and F F Hybrid performance analysis in F Conventional
Gao (2018) change of temperature and
solar radiation
Rajadurai v v Replace conventional energy v Conventional
et al. (2017) storage mechanisms
Tudu et al. W W Optimizing the design and size W v W Bees
(2014 of hybrid system algorithm
Khan et al v v Optimization of hybrid v v v v
(2014) renewable energy systems for
@rt islands
Suyono ¥ ynamic stability impact of the ¥ ¥ Stability
et al. (2018) hybrid wind and micro-hydro analysis
system
Raza et al Enhance the control v v
(2018) performanc SC stations
Roncallo F F Analyze the impact of F W F EnergyPLAN
et al. (2020) grid-scale energy storage in a tool
hydro dominated power
system
Younas v v Economic planning of hybrid v v v
.(2018) energy system
onad and F Optimal cost analysis of W F F
Jangamshetti wind-solar hybrid systems
(2015) m
Murni et al. W mpacts of a micro hydro W W Conventional
(2012) system on rural communities
This v v Optimization of hybrid power v v v v v
research systems based on micro-hydro
and solar PV

this case, is a calculation of whether the micro-hydro generator
that will be produced is capable of producing sufficient electrical
energy to be sold to consumers. It cannot be denied that the con-
struction of micro-hydro plants requires a high amount of costs
related to the physical structure of the plant. The investment
costs incurred include civil works to make dams with the water
discharge control system and the costs of turbine and generator
components.

Micro-hydro power plants are known as renewable and envi-
ronmentally friendly power plants (Tudu et al., 2014). This power
plant utilizes natural resources, namely river water flow or exist-
ing irrigation canals, so there is no fuel cost. In addition, there
is also no pollution generated, so it is beneficial to help reduce
the greenhouse effect. The energy that comes from running water
with a difference in height between upstream and downstream
can then be converted into electrical energy. Micro-hydro power
plants are prevalent in potential areas because they have a sim-
ple construction and easy maintenance. The investment costs
to be incurred are also quite competitive when compared to
other power plants of the same capacity (Younas et al,, 2018).
A community can build this power plant independently, without
having to have high knowledge and expensive costs (Murni et al.,
2012). This power plant can be made in remote areas that do not
yet have a grid system from electricity supply companies. The
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waterpower used can be in the form of water flow in irrigation
systems, dammed rivers, or waterfalls.

The principle of operation of a micro-hydropower system is a
power plant that utilizes the difference in water level and volume
of water every second in a flowing water source such as a river,
waterfall, or irrigation canal. The kinetic energy flow of water
that has an adequate discharge is used to turn turbines in micro-
hydro power plants to produce mechanical energy. The turbine
shaft that is coupled with the generator will automatically turn
the generator, thus producing electrical energy. This electricity is
utilized by electricity consumers who are in dire need, especially
in remote areas. In the construction of micro-hydropower plants,
begins with the construction of dams that function to regulate
the volume and flow rate of water. This water flow is utilized by
micro-hydro. This dam is usually made of concrete. These dams
are usually equipped with sluice gates and a filter for dirt or
rubbish.

In this study, the source of water used as an object for micro-
hydropower plants is the irrigation canal. This irrigation canal
was made with concrete construction that had begun to be built
since 1942, To utilize this irrigation canas a micro-hydropower
plant, a fast pipe must be made to flow water before entering the
turbine, In this rapid pipeline, the potential energy of water in
the sedation pond is converted to kinetic energy which will turn




R. Syahputra and L Soesanti

Energy Reports 7 (2021) 472-490

Fig. 1. Irrigation canal in Semawung, Banjarharjo Village, District of Kalibawang, Kulon Progo Regency, Special Region of Yogyakarta.

the turbine wheel. Rapid pipes are usu@ made of steel pipes
which are rolled and welded. This pipe must be supported by a
foundation that can withstand stati d dynamic loads during
the operation of micro-hydro plants. Foundations and stands are
kept as easy as possible because they must be designed according
to the soil conditions around the plant site.

The primary device in a micro-hydropower system is water
turbines, electricity generators, and control systems. This pri-
mary device is placed i building that is separate from the
water source. Usually, the foundation of the turbine and generator
must also be separated from the foundation of the building.
This building separation is intended to avoid problems due to
vibration. Turbine houses must be designed so that operators
are B8y to carry out maintenance and inspection. After exiting
the pipe rapidly, water will enter the water turbine in the inlet
section. Inside there is a propeller guide to adjust the opening
and closing of the turbine and adjust the amount of water that
enters the turbine's main component, the runner or blade. Blades
from water turbines are usually made of h tensile strength
steel. Water flow with sufficient discharge will rotate the blade
and produce kinetic energy which will rotate the turbine shaft.
Power arising from the turbine shaft rotation is then transmitted
to the generator. The entire turbine and generator system of't
micro-hydro system must be balanced. Water turbines need to
be equipped with a casing that serves to direct the water to the
blade. In the carrying part of the turbine casing, there is a turbine
key. Furthermore, there are also bearings mounted on the left
and right sides of the shaft that serves to support the beam so
that it can rotate smoothly. The shaft power of this turbine
be transmitted to the generator so that it can be converted into
electrical energy. Generators that can be used in micro-hydro are
synchronous and induction generators. The power transmission
system can be in the form of a linear transmission system (shaft
power directly connected to the generator shaft with the help of
a clutch) or an indirect power transmission system that uses a
belt to move energy between two parallel axes.

The advantage of the linear transmission system is that it is
more compact, easy to maintain, and has higher efficiency. How-
ever, the shaft axis must be completely straight, and the generator
shaft rotation must be the same as the turbine shaft rotational
speed. The problem of axis non-alignment can be overcome with
the help of flexible clutches, and a gearbox can be used to cor-
rect the rotation speed ratio. Indirect transmission systems allow
variations in generator use more broadly because the rotating
speed of the generator shaft does not need to be the same as the

turbine shaft rotational speed. The type of belt commonly used
for large scale micro-hydro is a flat belt type, whereas v-belts are
used at scales below 20 kW. Supporting components needed in
this system are pulleys, bearings, and couplings. The electricity
produced by the generator can be directly transmitted via a cable
to the electricity pole next to the consumer’s house.

2.2. Potential micro-hydropower in Yogyakarta Special Region, In-
donesia

The initial stage of the development of the micro-hydro power
plant began with a field survey to determine the potential of
irrigation channels that could be developed into a hydropower
source for micro-hydro plants. After obtaining a location for re-
search, data for the physical irrigation canal were collected and
calculated, along with the potential for electric power. Tests were
conducted on the irrigation canal in Semawung, Banjarharjo Vil-
lage. The village is administratively included in the District of
Kalibawang, Kulon Progo Regency, Special Region of Yogyakarta,
Indonesia. Data is collected from April 27, 2018, to May 24, 2018,
as seen in Fig. 1.

In this work, the testing procedure was as follows: (a) deter-
mine the canal width using a meter, (b) measure water depth
FBing long bamboo poles, and then measure by the meter, (c)
measure the speed of water using a small plastic ball washed on
a 10-meter long channel, then calculate the travel time using a
stopwatch. The measurement was done repeatedly to obtain a
more valid water speed. Based on the testing procedures con-
ducted in 2 irrigation canals, the measurement results were ob-
tained and are shown in Table 2. For testing purposes, the width
of the irrigation canal was 9.4 m, the water level from the bottom
of the irrigation was 1.9 m, and the length of the irrigation canal
tes@ERBwas 10 m.

sed on data obtained from the Ministry of Energy and Min-
eral Resources, the water resources for the Kalibawang micro-
hydro drive originated from the Progo river, which then entered
the Kalibawang, Kulon Progo, Yogyakarta irrigation canal. This
canal has a capacity of approximately 7000 Lfs, which irrigate
6377 hectares of rice fields. The field testing was carried out in
April and May 2018 to validate the water discharge data obtained
from the I[rrigation Department of Kulonprogo, Yogyakarta, In-
donesia. For planning, debit data for the Kalibawang irrigation
channel for the last eight years (2010-2017) were obtained from
the [rrigation Department of Kulon Progo Regency, Yogyakarta.
The average flow rate on the Kalibawang irrigation channel is 6,96
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Table 2
Results of velocity testing of irrigation canals in Yogyakarta.

Testing mnination in April 2018 Examination in May 2018
Tiymbers ime (s) Velocity (mfs)  Time (s) Velacity (m/s)
1 28.86 0.347 2472 0405
2 28.38 0.352 26.26 0381
3 26.02 0.384 2478 0404
4 20.62 0.485 24.46 0409
5 2428 0.412 24.90 0402
[ 21.40 0.467 25.56 0391
7 22.26 0.449 25.20 0397
8 2372 0.422 24.02 0416
9 2472 0.405 23.12 0433
10 23.26 0.430 22,68 0441
Average 24352 0.415 2457 0408
The annual debit on the Kalibawang irrigation
Kulon Progo, Yogyakarta
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Fig. 2. The annual debit of the Kalibawang irrigation canal, Kulon Progo,
Yogyakarta.

L{s. The annual flow rate data on the Kalibawang irrigation canal,
Kulon Progo, Yogyakarta hown in Fig. 2.

The potential power generated from a micro-hydro power
plant on the Kalibawang irrigation canal is 622 kW. This potential
was obtained by calculations using Eq. (4), based on head height
data for the Kalibawang irrigation canal. The head height is 12.20
and the efficiency is 80%. The water density is 997 kg/m?, the
cross-sectional area of water flow 17.84 m? and the velocity of
water flow is 0.412 my/s. The velocity is taken from the average
measurement results in April to May 2018, as shown in Table 2.

As the principle of supplying electrical energy that in addi-
tion to available supply, information on demand must also be
obtained. In this case, supply is the capacity of micro-hydropower
plants. At the same time, demand is the profile of the electricity
load at the study site, namely Banjarharjo Village, Kalibawang
District, Kupon Progo Regency, Yogyakarta Special Region
province, Indonesia. Like Indonesia in general, there are only
two seasons in this tropical country, namely summer and rainy
season. Changes in electricity | characteristics for the two
seasons are not too significant. Thus, th&Jlectrical load profile
for each year is assumed to be the same. Based on data obtained
from the Central Statistics Agency of Kulon Progo Regency, the
number of potential households as electricity customers in 2018
is 962 houses. Thus, data on 962 houses are used as a reference
for the number of electricity customers who need to be supplied.

The electricity load in this study is entirely a household ex-
pense, following survey results and data from the Central Statis-
tics Agency. Naturally, the nature of a household type of electrical
load is random, where the tendency is to experience a peak load
at night, from 18:00 to 21:00. In this study, the nature of the
daily electrical load is assumed to have a 15% variance over an
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hour. The average electricity used in one day is 4,628 kWh. The
highest peak load in one year that urs in the time range of
18:00 to 21:00 is 643 kW. In each day, the average electricity
load every hour is 193 kW with a load factor of 0.3. A profile of
monthly electricity expenses in one year in Yogyakarta, Indonesia,
as shown in Fig. 3. The profile shows the electricity load profile
from January to December for 2018. The profile of daily electrici
load for each month for 2018 is shown in Fig. 4. In the figure, it
can be seen that the peak load always occurs at night, which is
from 18.00 to 21.00. The lowest load generally occurs in the early
hours of 00.00 to 04.00.

The flow rate of irrigation channel of 6500 Lfs is the average
water flow rate in the Kalibawang irrigation channel, Kulon Progo,
Yogyakarta. The profiles of the monthly water flow rates in one
year on the irrigation channel are shown in Fig. 5. In the figure, it
can be seen that from January to December, the flow rate of the
irrigation canal is relatively stable at 6500 L/s. This fact is indeed
following the real conditions in Yogyakarta that in one year, the
Kalibawang irrigation canal which has a water supply from the
Progo River is relatively stable.

2.3. Solar photovoltaic power plants

In its application, a photovoltaic solar power generation sys-
tem can be classified into an on-grid system and an off-grid
system (Sher et al., 2018). An on-grid system is a system where
a photovoltaic solar power plant is connected to an existing
grid system; for example, the distribution network of a state
electricity company in Indonesia. An off-grid system is a sys-
tem where a stand-alone photovoltaic solar power plant that
only serves a specific electricity load, for example, for house-
hold needs, office buildings, rural areas, and others. This off-grid
system is widely applied in Indonesia (Syahputra a Soesanti,
2020). Off-grid solar photovoltaic power generation systems are
widely applied in Indonesia, especially in remote areas, remote
islands, hilly areas, or isolated areas, which have not yet been
electrified by state electricity companies. However, off-grid type
of solar photovoltaic systems can also be installed in urban for
specific purposes such as when renewable energy power plants
are required because of environmental problems or because it
is too expensive to tap electricity from the electricity network.
Yogyakarta Special Region, Indonesia has a significant portion
of its territory with conventional electricity networks owned by
state electricity companies. However, there are still areas that
have not been served by the electricity network. Solar energy is
thus very appropriate for use in the regions that are in dire need.

Before discussing more solar power generation, a mathemat-
ical model of solar photovoltaic devices is introduced. The rep-
resentation of a solar photovoltaic module can be started with a
simplified circuit model, as shown in Fig. 6. The representation
of a solar photovoltaic module in this study refers to thep-
resentation described in research (Vinod and Singh, 2018; Bana
and Saini, 20 gZWbrahim et al,, 2020). This figure shows that solar
photovoltaic 1s modeled with a current source (I, nnected in
parallel with a diode. By Kirchhoff's first law, the output current
(I) can be expressed in the following equation,

I=1Iy—1 (5)

where | is'@ output current of a solar photovoltaic module (A),
I, is photo-current of a solar photovoltaic module (A) and I; is
diode current (A).

The Shockley diode current equation describing the current-
voltage characteristics of solar photovoltaics is stated as follows,

qVac 1] (6)

=1 [e—2 —
¢ S[N;KADTO
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Fig. 3. Profile of monthly electricity expenses in one year in Yogyakarta, Indonesia.
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Fig. 4. Hourly electricity load profiles for each month of the year in Yogyakarta, Indonesia.

where I; is short-circuit current (A), e is exponential function, g
is charge of an electron (1.602 x 10~ ' °C), Vqc is open-circuit
voltage (V), Ns is photovoltaic cells n r connected in series, K
is Boltzmann's constant ( 1.380 x 10~ J/K), Ap is diode constant,
and Ty is real-time temperature (K ).

By substituting the diode current (I;) in Eq. (6) into Eq. (5), the
following equation is obtained,

qVoc
I=hn—I|e—2_ —1
B ‘[N;mpr., ]

Finally, the DU power of a solar photovoltaic module for a
simplified model can be expressed by the following equation,
GV

Bl (- ke _1
(”“ SI:NSKADT., D

where P is the real output power of a solar photovoltaic module
(W) and V is the output voltage of a solar photovoltaic module
(V).

The ideal representation 5olar photovoltaic module can be
represented by a real circuit model, as shown in Fig. 7. The model
has added a resistance (Ry) connected in parallel with the diode.

(7)

(8)

As with the previous model, Kirchhoff's first law equation for the
output current of solar photovoltaic (I) is stated as follows,

I=ly—li—1 (9)

where I, is the parallel current (A).
The Shockley diode current equation describing the current-
voltage characteristics of solar photovoltaics is stated as follows,

I = 10
'd 5 NstTo { )
where Rs is the series resistance of a solar photovoltaic module
(£2).
And, the parallel current (I,) is stated as follows,
Vi IR,
_ oc + IR {11)
R

By substituting the diode current (Iy) in Eq. (10) and parallel
current (I,) in Eq. (11) into Eq. (9), the following equation is
obtained,

_ 1]

Q{Voc + IRS) ]
e—————— =1

I

q(Vac +IRs)

Voc + IR
I=ln—1L|e ==
N;KApT,

Rs

(12)
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Fig. 5. Profiles of the monthly water flow rate in one year on the Kalibawang irrigation channel, Kulon Progo, Yogyakarta.
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Fig. 6. Model of simplified circuit of solar photovoltaic.
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Fig. 7. Model of real circuit of solar photovoltaic.

Finally, the ou power of a solar photovoltaic module for a
real circuit model can be expressed by the following equation,

Voc + IR Vo + IR
P:V(Iph—fs[EQE OC+ S)—l]— OC+ S)

NKApT, Rs
In itsqmllation, an on-grid type of solar photovoltaic system
involves a battery bank as a storage medium for electrical energy.

(13)
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Generally, the batteries used for photovoltaic solar power gener-
ation systems are deep cycle types that can be recharged. This
type of battery has characteristics that correspond to the storage
needs of electrical energy from solar cells, because of its deep-
cycle nature makes the battery has a relatively long service life.
Batteries are handy in solar photovoltaic power plant installations
for the use of electrical energy when there is very little or no
sunlight, such as at night.

Fig. 8 shows the typical scheme of an on-grid solar photo-
voltaic system. [n photovoltaic solar systems, the devices needed
are solar panels with the appropriate power capacity, solar charge
controller systems, battery banks for storing electricity, and power
inverters. Theﬁction of photovoltaic solar panels is as a device
that converts light energy from the sun into electrical energy in
the form onrect current (DC). The output voltage of photovoltaic
solar cells 1n the form of DC voltage varies depending on the in-
tensity of sunlight that hits the solar cell. The higher the intensity
of sunlight, the voltage produced by photovoltaic solar cells is
also higher. A solar charge controller is a device that functions to
control the output voltage of photovoltaic solar cells that enter
the battery to store an electric charge. The input voltage to the
battery is controlled such tha? is still within the safe limit of
the battery charging voltage. A power inverter is a device that
functions to change the DC voltage generated by a battery or
photovoltaic solar cell directly into an AC voltage that is ready
for: by electrical loads.

urface meteorology and solar energy (SMSE) data trom the
National Aeronautics and Space Administration (NASA) were used
as information sources for solar radiation in the Kulon Progo area,
Yogyakarta. The SMSE-NASA database comes from meteorological
and solar energy parameters that have been recorded for 27 years
by more than 200 satellites, with data accuracy ranging from 6%
to 12%. Solar energy data for the Kulon Progo region, Yogyakarta,
are shown in Table 3, and the clearness index is shown in Fig. 9.
The Kulon Progo region has a relatively good level of solar radia-
tion even though it is slightly lower than the ideal solar radiation
from 5 to 6 kWh/m?/day, and its clearness index is very sufficient.

It is very interesting to utilize the potential of available re-
newable energy resources if the power plants are combined into
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Fig 9. Profile of monthly sunlight illumination in one year in Yogyakarta, Indonesia.

a hybrid power plant. As discussed in this article.gvo types of po-
tential renewable energy power plants in Yogyakarta, Indonesia,
are micro-hydro and solar photovoltaic power plants. Besides in-
creasing the capacity of the generating system, this hybrid power
plant also increases system reliability. For example, at night, the
solar photovoltaic generator does not work, so it does not produce
electrical energy stored in the battery bank. At that time, micro-
ropower plants still play a role in producing electrical energy.
n the other hand, during the dry season, when the water supply
is reduced, the micro-hydro power plant’s electrical energy is not
optimal. At that time, the sun's r. are at their peak during
the day to produce the maximum energy stored in the ery
bank. Fig. 10 shows the typical scheme of an on-grid hybrid
micro-hydro and solar photovoltaic systems.

480

24. Objective function and optimization of hybrid systems

Analysis of cm-hydm and solar PV-based hybrid power
plants includes annual total costs consisting of annual cost of cap-

|, annual operating and maintenance costs, annual replacement
costs, grid sales, cost of energy, and net present value.

The annual electricity generation costs (GC) can be defined as
follows:

GC = Conn/Pg (14)

ere Cyny is the total year-long cost of the hybrid systems,
and P; is the absolute electric power generated by hybrid power
plants in kW.
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Fig. 10. Typical on-grid hybrid micro-hydro and solar photovoltaic systems.

Table 3
Solar energy data for the Kulon Progo region, Yogyakarta.

Number Month Sun radiation Clearness
@ (kWhim?{day) index
January 4214 0.392
2 February 5.104 0.473
3 March 5.751 0.547
4 April 5.920 0.604
5 May 4.926 0.550
6 June 4.605 0.543
7 July 4.550 0.525
8 August 4.678 0.496
9 September 4.720 0.464
10 October 4.709 0.443
1 November 3.895 0.364
12 December 4.095 0.384
Average 4.761 0.478
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Thegt of energy (COE) of a hybrid system can be defined as

follows:
COE = Cym/PL (15)

where P, is the total electrical load power that is served by hybrid
power plants in kW.

The total net present value @l} of a hybrid system can be
defined as follows (Murni et al,, 2012):

Cann

NFV = ——————
CRF(1, Rorj)

(16)

to Load
Voltage control and Grid
Synchronizing network
9

Fig. 11. The Optimization Concept Using PSO.

38
where i 1s the annual real discount rate in %, Ry is the project

lifetime in years, and CRF{) is a function that returning the capital
recoverfeffactor.

The total power generated by a hybrid system is not always
the same as the system load. This fact is due to a power surplus or
power deficit that occurs. Therefore, the COE and GC values can be
different. In this study, the optimization of the hybrid generating
system is based on net present value (NPV).

In this study, optimization of the renewable energy system
is using extended PSO algorithm (Syahputra et al, 2015). The
method was inspired by a swarm in trying to find food. This
food search process is used as a great optimization model. This
optimization model of foraging by swarms is represented in a
velocity vector, as shown in Fig. 11. The resultant velocity vector
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can be expressed in an equation as follows:

KI.(” U= B -Kl-m+t:1-ranl[o)-[Qbesr,-—Sl-m )-H:z-ranz[o)-[Rbesr,-—Sl.m)
(17)

where §; = (si, ,Bf, ..., 5in) is the position of the i-th particle; K; =
(ki1, . Kid, ..., kin) 15 the speed of the i-th particle; Qbest; = (gbest;,
..., ghestyg, ..., ghest;,) is the partic st experience i-th; Rbest; =
(rbesty, .., rbesty, ..., rbest £¥8 the best global position for swarm
sear is the iterations; 1= (1, 2, ..., N) is the index of particle;
mm‘&nd ran, (o) are random number from 0 to 1; and N is the
number of swarm.

The best solution shown by the particle position in final is
expressed by:

Sfr F) _ 5.'m T Slgr }1) (18)
Inertia weight g in Eq. (17) can be solved by:
BB

B = B, x t (19)
tm

where £, and 8, are the minimum and maximum inertia weights,

respectively, t, is maximum iteration. In our works, the

weight A decreases linearly (from 0.9 to 0.5). The extended PSO
algorithm flow-chart was shown in Fig. 12.

3. Methodology

37

The method used in this study includes three main stages: the
study of dynamic loads, studies of potential renewable energy,
and system design. The three stages are focused on the research
location in Semawung hamlet, Kulon Progo district, Yogyakarta
Special Region. The site chosen as the basis for the research
plan was the irrigation channel in Banjarharjo Village. The vil-
lage is administratively included in the District of Kalibawang,
Kulon Progo Regency, Special Region of Yogyakarta, Indonesia.
Geographically, the village is located at coordinates 7.7° South
Latitude and 110.21° East Longitude. The area on the map, which
is pfl of Java island, Indonesia, is shown in Fig. 13. Data regarding
the potential of micro-hydropower plants have been described in
Section 2.2. The electrical load data at the research location has
also been described in the section.

The detailed steps of this study are shown in Fig. 14. The
procedures for the testing and analysis steps in this study include
load data collection and calculation, taking and measuring water
flow, data collection of sunlight intensity, modeling using Homer
software, a software by HOMER Energy LLC, Boulder, Colorado
USA. The software is to design and analysis the optimal power
generation system in terms of electricity, economy emissions
produced as an electricity source in Banjarharjo Village, Kulon
Progo district, Yogyakarta Special Region, Indonesia.

Photovoltaic solar energy, which is discussed in this study, is
a renewable energy source that is being actively developed by
Indonesia. S | regions in Indonesia have built large capacity
photovoltaic solar pﬂ@r plants through the local government's
cooperation and the ministry of energy and mineral resources.
The potential of solar energy in Indonesia, located in the equato-
rial region, is shown in Fig. 15 (Suri et al,, 2017). Fig. 15 shows
a map of solar radiation in Indonesia, which consists of Eastern
Indonesia and @t Indonesia. The distribution of electrical en-
ergy potential for the eastern region is 5.1 kWh/m?/day with a
mnhlj..r variation of around 9%, while for the western region, it
is 4.5 kWh/m?/day with a monthly variation of 10%. Yogyakarta
Special Region is med in the western part of Indonesia, so this
research refers to solar energy's potential in the region.

The potential of solar energy in Indonesia has attracted the
International Renewable Energy Agency (IRENA) to examine the
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Fig. 12. The extended PSO technique flow-chart.

development of power plants in this tropical country. Based on
IRENA projections, Indonesia will experience rapid growth in
solar power generation until 2030. This projection is in line with
the government's commitment to developing renewable energy,
as stated in Government Regulation No. 79 of 2014 concern-
ing national energy policies. IRENA estimates that the capacity
generate electricity from solar energy until 2030 is 47 GW.
%is estimate is based on the 2017 Roadmap for the Future of
Renewable Energy, as shown in Fig. 16 (Liebman, 2019).
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Fig. 13. The research location on the map, which is part of the island of Java, Indonesia,

Table 4 le 5
Specifications of the micro-hydropower plant. Specifications of the PV system.
Parameters Units Parameters Units
Generator type AC PV panel type Poly crystals
er capacity 622 kW p«ver capacity 30 kW
ost of capital Us§ 1,317,312.32 ost of capital US$ 50,000
Cost of replacement Uss 950,000 Cost of replacement USE 50,000
Cost for operational and maintenance U538 52,692 Cost for operational and maintenance uss o
Efficiency 80% Lifetime 25 years
Available head turbine 122 m Derating factor B0%
Flow rate of channel 6,500 Lis Slope 712 deg
Flow ratio in minimum B0% Azimuth 180 deg
Flow ratio in maximum 110% Ground reflectance 20%
Lifetime 25 years Efficiency 17%

4. Results and discussion
4.1. Micro-hydro system design

In this study, the capacity design d analysis of the micro-
hydro power system were carried out using Homer software. The
specifications of the micro-hydropower plant to be applied in
Kulon Progo, Yogyakarta are shown in Table 4. From the speci-
fications of the micro-hydropower plant as shown in Table 4, it
can be seen that the electrical machine type used is an alternating
current (AC) machine with a nominal power of 622 kW. More-
over, in terms of economic calculation, the generator capital cost
is US$ 1,317,312.32, with a cost of replacement of US$ 950,000.
Costs for operations and maintenance of the micro-hydropower
plant is US$ 52,692. The generator lifetime is estimated to be
25 years. For the turbine physical specifications, the available
turbine head is 12.2 m, flow rate of channel is 6500 L/s, the
minimum flow ratio is 80%, the maximum flow ratio is 110%, and
the turbine efficiency is 80%.

4.2. Photovoltaic system design

7
The design of a photovoltaic (PV) systems gnsof 3 main
parts. There are unit size, cost, and capacity were considered in
this study. The price of a PV system with an output power of
300 watts is US$ 500. Assuming that if there is damage to the
system, it must then be replaced by the overall components, with
the replacement cost the same as the cost of capital The PV
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capacities considered are ﬁw. 10 kW, 20 kw, 30 kW, and 40
kW, respectively.

The specifications of the PV system to be implemented in
Kulon Progo, Yogyakarta are shown in Table 5.

As generally renewable energy power plants, so especially
for the type of photovoltaic solar power plants combined with
micro-hydropower plants requires an electrical energy storage
media. Electric energy storage media that are commonly used
are batteries. Storage in the battery is intended to optimize the
electrical energy generated by the generator, so that as much
as possible the energy can be utilized, by minimizing wasted
ergy. The battery system design in this study consists of three
main parts, namely the unit size, capacity, and cost for supplying
Fdtteries. The battery used is a 4KS25P Surrette branded battery
with a nominal voltage of 4 Volts and a nominal electric charge
storage capacity of 1900 Ah. The cost of procuring this type of
battery is USS 1444, The assumption used in this study is that if
the battery is damaged, the action taken is to replace the battery
with a new battery with the same capacity and brand. Thus, the
cost of procuring a battery is the same as the capital cost when
supplying a battery in the initial designf]

The design of this renewable energy power generation system
is to use a battery device as a storage medium for ele@€frical
energy. Therefore a power inverter is also needed. The power
inverter functions to change the DC power voltage which is the
output from the battery or the output of a solar power plant
directly into an AC power voltage to serve the electrical load or
to be injected into an available grid system. The power inverter
design in this study must meet four main criteria, namely unit
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Table 6
Total of cost of capital for some combination of the renewable energy systems.

Number of Combination of renewable Total of cost of
combination power systems capital (U55)
1 Grid system + micro-hydro 1317310
+ Solar PV of 0 kW
2 Grid system + micro-hydro 1465961
+ Solar PV of 10 kW
3 Grid system + micro-hydro 1482627
+ Solar PV of 20 kW
4 Grid system + micro-hydro 1499294
+ Solar PV of 30 kW
5 Grid system + micro-hydro 1515961

+ Solar PV of 40 kW

¥
/ Data collection /

v v

Electricity load data Field test data
| I |

Renewable power plant
optimization design

!

Analysis of renewable power
plants: Cost of Capital (CC),
Grid Sales (GS), Cost of Energy,
and Net Present Value (NPV)

!

Justification of the optimal
renewable power plants

Potential data

No

lYes

Conclusions and Recommendations

Fig. 14. A flowchart which shows the steps in this study.

size, procurement costs, power capacity, and efficien he total
power capacity of this power inverter is adjusted to the total

city of the solar power plant, which is possible at 40 kW. The
combination of solar power plants hybridized micro-hydro
is made in five scenarios, namely capacities of .10 kW, 20
kW, 30 kW, and 40 kW, respectively.

Furthermore, the recommended power inverter efficiency in
this study is a power inverter with 90% efficiency. This efficiency
is in accordance with the power inverters on the market. The
cost of procuring a power inverter is US$ 2000 for each kW. The
amount of this fee is obtained based on information from high-
quality power inverter distributors in Indonesia. In this study, it

is assumed that if the power inverter is damaged in its operation,
then a new inverter must be replaced. Thus, the cost required to
replace a new inverter is the same as the capital cost of the power
inverter.

4.3. Design of renewable energy systems based on micro-hydro and
solar photovoltaic

In our work, planning, :mations, and maintenance simula-
tions were conducted for renewable energy system based on
micro-hydro and solar photovoltaic using Homer Energy soft-
ware. Simulations were conducted using input system configu-
rations and component data to produce several comparisons of
predetermined parameters. Cdffiparisons of each parameter from
all settings used included cost of capital, grid sales, cost of energy,
and net present value.

Total of costs of capital can be defined as costs that must be
spent to ﬁnancme entire project, in this case, for financing the
construction of renewable energy based on micro-hydro and solar
photovoltaic energy. In this work, the t@%J cost is the initial costs
incurred to build a renewable energy power generation system
based on micro-hydro and solar photovoltaics. The total of cost
of capital for some combination of the renewable energy systems
are shown in Table 6 and Fig. 11.

Both Table 6 and Fig. 17 show an evaluation of the cost of
capital of a micro-hydro and solar photovoltaic renewable energy
generation system. The evaluation results indicate the lowest to
highest investment costs that must be spent to build a renewable
energy power generation system with various combinations of
generating power capacity. The lowest cost of capital is a renew-
able energy generation system with a combir@n of a grid and
micro-hydro system, where solar photovoltaic plants are assumed
to have a capacity of 0 kW. The lowest cost of capital is US$S
1,317,310. Furthermore, the highest cost of capital is a renewable
energy generation system with a combination of a grid system, a
micro-hydro generator, and a solar photovoltaic generator with a
capacity of 40 kW. The highest cost of capital for this combination
is US$ 1,515,961. The capacity of solar photovoltaic power plants
detdffhines the value of investment costs that must be spent,
the greater the capacity, the |€gher the investment costs. This
fact is since in this study the capacity of micro-hydro plants is
considered to be fixed at 622 kW because it takes into account
the potential of irrigation canals that are used as energy sources
for micro-hydro plants.

After the cost of capital, the subsequent analysis will be grid
sales for micro-hydro and solar photovoltaic renewable energy
generation systems. Grid sales can be defined as the cost of sales
obtained from a managed system, in this case, the costs obtained
from excess electrical energy caused by excess energy needed by
the load served by renewable energy power generation systems.
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Fig. 16. Renewable energy power generation capacity in Indonesia and its projections until 2030 (Liebman, 2019},

Table 7

gis excess energy can be sold to the state electricity company
Grid sales for some combination of the renewable energy systems.

through a grid distribution system available in the Kulonprogo

area, Yogyakarta Special Region. Gri les for some combinations Number of Combination of renewable Grid sales

of renewable energy systems could be seen in Table 7 and Fig. 18. Combination power systems (kWhfyear)
Table 7 and Fig. 18 show the evaluation results on the sale 1 Grid system + micro-hydro 4263921

to the grid for renewable energy power generation systems in + Solar PV of 0 kW

this study. The lowest selling value to the network is when the 2 Grid system + micro-hydro 4,271,803

combined power plant consists of a grid system, a micro-hydro +_5°"" PV of 10 _"W

generator with a capacity of 622 kW, and a solar photovoltaic 3 i’goffrs‘lfglo:rz';t:z'hydro 4279687

plant with a capacity of 0 kW. In this composition, it can also be ; .

said@Bat the only reliable power plants are micro-hydro plants. i irgogrﬂlfgl;gﬂz'hydm L0

The electrical energy that can be sold to the grid in this combi- ) Crid system + micro-hydro S

nation i##,263,921 kWh in one year. Based on the optimization
results, it can be seen that the highelthe capacity of integrated
solar photovoltaic power plants, the higher the electrical energy
that can be sold to the grid. Optimization results show that the

+ Solar PV of 40 kW

most considerable electricity that can be sold to the network
is for the composition of renewable energy plants consisting of
a grid system, a micro-hydro plant with a capacity of 622 kw,
and a solar photovoltaic plant with a capacity of 40 kW. In this

combination, the electricity that can be sold to the grid in this
combination is 4,295,454 kWh in ol ear.

In this study also analyzed the cost of energy (COE). Cost of
energy is the cost incurred to produce electrical energy of 1 kWh.
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Fig. 17. Total of cost of capital for some combination of the renewable energy
systems.

Grid Sales of Various Configurations
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Fig. 18. Grid sales for some combination of the renewable energy systems.

In conventional power plants, the cost of energy is calculated
based on the consumption of fuel oil, coal, or gas, to prffluce
electricity every 1 kWh. In connection with this research is the
application of renewable energy power plants, where the fuel
used is water and sunlight obtained free of charge. The cost of
energy is minimal to a minus value. This fact can be seen from
the calculation of the cost of electricity from some combinations
of renewable energy systems, as shown in Table 8 and Fig. 19.
The cost of energy for various combinations of renewable energy
power systems is minus. This fact is due to the cost of free
fuel and renewable energy generation systems capable of selling
excess energy to the grid system. The highest price of electricity
is for a combination of a grid system, a micro-hydro plant with
a capacity of 622 kW, and a solar PV generator with a capacity
of 40 kW, which is valued at USS -0,131 per kWh. The cost of
energy value is the same as the composition of the grid system, a
micro-hydro generator with a capacity of 622 kW, and a solar PV
generator with a capacity of 30 kW. The best cost of energy value,
in this case, the lowest price per kWh, is the composition of the
grid system, a micro-hydro generator with a capacity of 622 kW,
and a solar PV generator with a capacity of 0 kW, which is USS$ -
0,147 per kWh. In other words, the composition of the generation
system with the best energy costs is a generating system that
relies on micro-hydro.

In this study, an optimization of the COE using the extended
PSO technique was also carried out to ensure optimal results from
Homer software further. Optimization results for both COE and
NPV using the Extended PSO method have been being compared
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Table 8
Cost of energy for some combination of the renewable energy systems.

Number of Combination of renewable Cost of energy
combination power systems (USS/kWh)
1 Grid system + micro-hydro —0.147
+ Solar PV of 0 kW
2 Grid system + micro-hydro —0.133
+ Solar PV of 10 kW
3 Grid system + micro-hydro —0.132
+ Solar PV of 20 kW
4 Grid system + micro-hydro —0.131
+ Solar PV of 30 kW
5 Grid system + micro-hydro —0.131
+ Solar PV of 40 kW
Cost of Energy of Various Configurations
1}
002 3 4 b
-0.04
= 006
z
& -0.08
2
B 01
o
012
0.14 o o OHOMER
016
Number of Configurations

Fig. 19. Cost of energy for some combination of the renewable energy systems,
comparison based on HOMER and Extended PSO.
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Fig. 20. Cost of Energy optimization using extended PSO technique.

with HOMER. The PSO parameter used is a population of size
20 with the highest number of iterations is 50. The results of
COE optimization using the extended PSO technique are shown
in Fig. 20. As shown in Fig. 20, the optimal COE is USS -0,147 per
kWh obtained in the 8th iteration he 50 iterations tested.

The final analysis in this work 1s the net present e (NPV)
of the renewable energy power generation system. Net present
value can be defined as the difference betwexpenditure and
income, which has been reduced by the cost of capital. Net
present value can also be understood as estimated future cash
flows discounte this time. In determining the net present
value, data on estimated investment costs, operational costs,
and maintenance costs, as well as estimated benefits from the
planned project, are needed.
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Table 9
Net present value for some combination of the renewable energy systems.
Number of Combination of renewable Net present
combination power systems value (USS)
1 Grid system + micro-hydro —1961277
+ Solar PV of 0 kW
2 Grid system + micro-hydro —1,772556
+ Solar PV of 10 kW
3 Grid system + micro-hydro —1,761662
+ Solar PV of 20 kW
4 Grid system + micro-hydro —1,750,766
+ Solar PV of 30 kW
5 Grid system + micro-hydro —1,739872

+ Solar PV of 40 kW

Net Present Value of Various Configurations
0
200,000 2 3 4 b
-400,000
600,000
-800,000
1,000,000
-1,200,000
1,400,000
-1,600,000
-1,800,000 S
42,000,000

NPV {USS)

Number of Configurations

Fig. 21. Net present value for some combination of the renewable energy
systems, comparison based on HOMER and Extended P50.
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Fig. 22. Net present value optimization using extended PSO technique.

Table 9 and Fig. 21 show the net present value for a combina-
tion of the renewable energy systems in this study, comparison
based on HOMER and Extended PSO. The net present value for
all combinations of renewable energy generation is negative. This
negative value is due to the high income obtained from renewable
energy generation systems by selling electricity to the existing
grid system. The best net present value is a renewable energy
electricity generation system with a combination of a grid system,
a micro-hydro generator with a capacity of 622 kW, and a solar
photovoltaic plant with a capacity of 0 kW. In this composition,
the net present value is US § -1,961,277. In other words, the most
optimal renewable energy generation is a combination that relies
on micro-hydro generation.
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Table 10

Optimal renewable energy power generation systems.
Number The parameters considered Values
1 Solar photovoltaic size (KW) 1]
2 Micro-hydro size (kW) 622
3 Battery of S4KS25P 0
4 Power inverter size (kW) 1]
5 Grid size (kW) 1000
[ Cost of capital (US$) 1,217.310
7 Cost for operating (USS/year) —318,269
8 MNet present value (US§) —1961,277
9 Cost of energy (USS/KWh) —0,147
10 Renewable fraction 1

An optimization of the NPV using the extended PSO technique
was also carried out to ensure optimal results from Homer soft-
ware further. The PSO parameter used is a population of size
20 with the highest number of iterations is 50. The results of
NPV optimization using the extended PSO technique are shown
in Fig. 22. As shown in Fig. 22, the optimal NPV is US$ -1,961,277
obtained in the 11th iteration of the 50 iterations tested.

The net present value evaluation results are an important
parameter in determining the combination of renewable energy
power generation systems in this study. The best net present
value resulting from optimization shows the most optimal renew-
able energy power generation system. Based on this net present
value, the best combination of renewable energy generation is
a grid system and a micro-hydro generator with a capacity of
622 kW. The parameters of the best renewable energy power
generation system are shown in Table 10.

The evaluation results using Homer software and extended
PSO method as summarized in Table 10, that the electrical energy
produced by micro-hydro plants is 5,458,713 kWh per year. In
this condition, the purchase of the grid system is 0%, meaning
that this renewable energy generation system does not require
additional electrical energy from the grid system. Electricity con-
sumption for 962 households is 1,194, kWh per year. This
energy consumption is only about 22% of the total electrical
energy produced by the micro-hydro system. Thus, 78% of the
remainir@ectrical energy generated by this micro-hydro sys-
tem can be sold to the existing grid system. The value of 78% of
electrical energy is equivalent to 4,263,921 kWh per year.

Fig. 23 shows the electrical power produced by renewable
energy systems on average every month. The highest average
power in this study is in July 2018, which is 665 kW. This highest
power is caused by high rainfall in the month, which results in
very high water discharge in irrigation canals. Conversely, the
lowest power produced by renewable energy systems is in May
2018, which is 586 kW. This relatively small power is caused by
low rainfall which causes the water discharge in the irrigation
canal to be quite. Besides, Fig. 24 shows electric power generated
from renewable energy systems on average ev@‘nonth that
can be sold to the grid system. In the figure, it can be seen
that the electricity sold to the grid system follows the pattern
of household load characteristics. The peak burden for household
consumers occurs at 6:00 to 09:00 PM. In this period, consumer
electricity demand is very high, so electricity that can be sold to
the grid system is low. Conversely, in the time range of 00.00 to
04.00 AM, the cﬂumption of electrical power by consumers is
relatively small, so that excess electrical power that can be sold
to the grid system is high.

5. gxlusions

Based on the results of the analysis in this study, Kulon Progo
Regency, located in the Special Region of Yogyakarta, Indonesia
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Fig. 23. Electrical power produced by renewable energy systems on average every month.
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Fig. 24. Electricity generated from renewable energy power generation systems on average every month that can be sold to the grid system.

has concluded that g potential of renewable energy sources in
the area is very high, especially micro-hydropower and photo-
voltaic solar power. Micro-hydro and solar photovoltaic plants
have the opportunity to be used as an alternative solution in pro-
viding electricity to rural communities. [rrigation channel orig-
inating from the river Progo, capable of producing an average
water flow of 6696 at a head height of 12.2 m. If a micro-
hydropower plant is built on the irrigation channel, an output
power of up to 622 kW can be produced. This enormous power
capacity is significant for rural communities in the Kulon Progo
region. Based on simulation results using Homer software, electri-
cal energy can be generated from micro-hydropower plants or in
combination with solar photovoltaic power plants. This combined
power plant can service the electrical load of 962 households.
The production of electricity to supply the domestic housing load
is 3273 kWh per day. In addition to meeting the needs of the
local area, excess electrical power from micro-hydro and solar
photovoltaic plants can also be sold to available grid systems.
Based on the analysis, the excess electricity that can be sold every
year is 4,263,951 kWh.

Nomenclature
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A
Ap
Aﬂ rea

Cross-sectional area of water flow [m?]

Diode constant

Water catchment area of the micro-hydro power
plant [m?]

Catchment area of the gauge at the power plant
site micro-hydro power plant [m?]

Minimum inertia weights

Maximum inertia weights

Total year-long cost of the hybrid systems

Cost of energy [USS]

Function that returning the capital recovery factor
Hydro-potential energy []]

Gravitational acceleration constant (m/s?)

Annual electricity generation costs [US$]

Head of water source (m),

Annual real discount rate [¥%]

Output current of a solar photovoltaic cell module
[A]
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Iy Diode current [A]

Is Short-circuit current [A]

1 Parallel current (A).

Ion Photo-current of a solar photovoltaic cell module

[A]
@ Boltzmann's constant = 1.380 x 10 2 J/K

K Scaling constant

m Mass of water (kg),

N PV cells number connected in series

Np PV cells number connected in parallel

NPV total net present value of a hybrid system [USS]

P Real output power [kW]

Pc Absolute electric power generated by hybrid
power plants [kW]

P Total electrical load power served by hybrid power

m plants [kW]

q Charge of an electron = 1.602 x 10~ !9 °C

Qarea Water discharge available at the micro-hydro
power plant site [m?/s]

Water discharge in the gauge [m?/s]

Series resistance of a solar photovoltaic module

[£2]

R, Parallel resistance of a solar photovoltaic module
[£2]

Rproj Project lifetime [years]

P Water density [kg/m?]

T, Real-time temperature [K]

tm Maximum iteration

1% Output voltage of a solar photovoltaic module [V]

v Velocity of water flow [m/s]

Vor open-circuit voltage (V)
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