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Abstract - The increasing demand for electricity has driven the development of hybrid renewable energy systems (HRES) in
developing countries and remote areas. HRES combines various renewable energy sources to overcome the limitations of each
source by utilizing their respective strengths. Although HRES has advantages such as flexibility and low pollution, the development
of renewable energy needs to consider environmental impacts and principles of sustainable development. This study aims to find
the optimal configuration of a hybrid renewable energy system in the new capital region of Indonesia, namely IKN Nusantara in
East Kalimantan province. We conducted a geospatial approach and literature review to gather relevant information, such as solar
radiation data, hydropower potential, and biomass potential. We utilized the hybrid optimization model for electric renewables
(HOMER) software to design the HRES, and we optimized the results using the multi-criteria decision-making (MCDM) method. The
experimental results show that the combination of PV and hydro is the optimal configuration in terms of energy and environmental
aspects, with a relative closeness value of 0.675 compared to the ideal solution. Therefore, the implementation of MCDM to evaluate
and determine the best configuration of HRES in the IKN Nusantara region is worth considering for further research and development.
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1. INTRODUCTION decades [1, 2]. The issue of energy scarcity in emerging
nations has emerged as a significant global concern in

The growing demand for power, particularly in devel- contemporary times. The depletion of fossil fuels and
oping nations and isolated locations with limited elec-  the threat of global warming have compelled the glob-
trical access, has pushed the development of hybrid  al community to transition towards renewable energy
renewable energy systems (HRES) over the past few sources [3]. However, the inherent stochasticity of re-
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newable energy hinders it, making it unpredictable and
less dependable. Hence, the inclusion of HRES is very
important because it can combine numerous renew-
able energy sources [4], thereby reducing the problems
connected with individual sources while taking advan-
tage of the benefits of others [5]. The utilization of re-
newable energy resources for electricity generation
offers a multitude of benefits, including its widespread
accessibility, long-term viability, and contribution to
environmental conservation. HRES offers numerous
advantages, such as versatility, dependability, minimal
environmental impact, and the capacity to provide
power to distant settlements, major urban areas, and
tiny municipalities [6]. Despite the potential for ener-
gy creation and their emission-free status, renewable
energy sources such as solar power, wind power, and
hydropower development still have environmental re-
percussions. The non-compliance of renewable energy
technologies with sustainable development principles
can give rise to a range of consequences, encompass-
ing both advantageous and detrimental impacts on
human health and climate change. Considering the
principles of sustainable development, it is impera-
tive to prioritize the development of renewable energy
technologies [7, 8].

The field of HRES has garnered significant interest
from researchers, leading to the conduct of numerous
investigations [9]. Several prominent studies evaluat-
ing HRES using the HOMER software have been carried
out. For instance, a study in Iran identified the optimal
off-grid HRES model from environmental and economic
perspectives using the hybrid optimization model for
electric renewables (HOMER) [10]. The researchers con-
ducted a separate study to assess the technical, load,
environmental, and economic factors in residential
regions, yielding favorable outcomes [11]. The Nige-
rian Space Research Laboratory has utilized HOMER to
evaluate environmental and economic factors [12]. The
findings of a study indicate that off-grid HRES have the
potential to provide the whole energy requirements of
six isolated settlements while also having minimal envi-
ronmental consequences [13]. In a separate study, the
University of Lethbridge employed the particle swarm
optimization (PSO) algorithm to optimize the design
of an on-grid HRES. This approach yielded a significant
reduction in carbon emissions, exceeding 75%, and a
power supply outage probability of 5% [14]. Research-
ers in India found that using the multi-objective genetic
algorithm (NSGA-II) in MATLAB software can develop a
hybrid system that can meet the electrical needs of rural
areas near the Sundarbans region at a cost of 0.1967 $/
kWh. Additionally, this system has the capability to re-
duce CO2 emissions by 75,832 kg/year [15]. A separate
investigation conducted a comparison between the NS-
GA-ll and Interactive Decision-Making Approach (IDEA)
methodologies, revealing that the NSGA-Il performed
superior optimization in terms of both environmental
and economic aspects [16]. Researchers have conducted
numerous studies to evaluate the economic and energy
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aspects of HRES. However, the energy and environmen-
tal aspects of HRES in emerging urban or settlement re-
gions continue to receive insufficient attention.

Numerous scholarly investigations have demonstrat-
ed the wide-ranging utilization of HRES in various geo-
graphic regions, applying multi-criteria decision making
(MCDM) techniques to achieve optimal design and im-
plementation. The energy requirements of an academic
township in Sikkim, India, are addressed by an autono-
mous HRES that incorporates solar, wind, biogas, syngas,
and hydrokinetic energy sources. We also utilize batter-
ies as a backup power source. The system successfully
attains a competitive levelized cost of energy (LCOE) of
0.095 kWh/kWh by utilizing the analytical hierarchy pro-
cess [3]. In Kenya, a methodical decision-making frame-
work employing geographic information systems (GIS)
and the best worst method (BWM) assesses solar, wind,
and hybrid systems for energy access, with a preference
for solar/wind/diesel/battery HRES due to its efficiency
and cost-effectiveness [17]. Optimized HRES planning
is advantageous for airports since it involves the use
of MCDM models to estimate the appropriate size of
renewable energy and storage devices. This planning
takes into account both environmental and social ben-
efits simultaneously [18]. Moreover, Cameroon is imple-
menting grid-connected HRES in residential buildings
across various climatic zones. By employing sophisticat-
ed optimization techniques, this study aims to identify
configurations that exhibit reduced costs and green-
house gas emissions. These findings have significant po-
tential for addressing energy deficiencies in developing
regions. These studies highlight the adaptability and ef-
fectiveness of MCDM-based methods in creating HRES
customized to particular situations, hence supporting
sustainable energy transitions and tackling global en-
ergy concerns [19].

The utilization of MCDM techniques plays a crucial
role in the development of HRES in diverse settings, as
demonstrated by numerous research initiatives. To ad-
dress the issue of gas flaring in oil and gas fields, a novel
approach called combinational MCDM has been devel-
oped. This approach incorporates various techniques,
such as equal distribution, intuitive distribution, and
the Analytical Hierarchy Process (AHP), to determine
the weights assigned to different criteria. Additionally, a
modified technique for ordering preference by similarity
to the ideal solution (TOPSIS) is employed to accurately
rank appropriate locations for gas flares [20]. In the con-
text of off-grid power solutions in Malaysia and South
Africa, the implementation of a complete approach that
incorporates numerical approaches, multi-objective
principles, and group decision-making processes is
crucial to achieve optimal designs. This approach aims
to minimize the probability of load loss and minimize
life cycle costs [21]. The ideal configuration for a HRES
in Faro-Poli, Cameroon, is determined by MCDM. This
process takes into account performance ratings while
also considering social and environmental restrictions.
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MCDM is advantageous for hospitals as it allows for the
identification of a cost-effective mix of PV, WT, and DG
systems using the TOPSIS approach [22]. Furthermore,
the evaluation of the appropriateness of renewable
energy systems in the southern region of the Philip-
pines is conducted through the utilization of fuzzy-AHP
and GIS methodologies, with a particular focus on the
significance of energy production. The utilization of a
multi-objective framework in the operation of on-grid
PV-PHS hybrid energy systems exhibits notable depend-
ability and cost-effectiveness, as evidenced by the evalu-
ation of MCDM [23]. This framework facilitates optimal
decision-making inside intricate energy systems. These
studies jointly emphasize the importance of MCDM ap-
proaches in effectively resolving various issues and en-
hancing the performance of HRES designs in different
geographical and operational settings.

The utilization of MCDM techniques has been dem-
onstrated to yield significant advantages in the optimi-
zation of decentralized energy systems, with the identi-
fication of 1945 best designs for ensuring a dependable,
cost-effective, and environmentally sustainable energy
supply [24]. MCDM approaches such as TOPSIS, com-
bined with weighing methods, were employed to se-
lect cost-effective and ecologically sustainable designs,
emphasizing the significance of MCDM in enabling ef-
ficient decision-making processes for energy systems
[25]. Favourable prospects for remote regions without
grid connectivity are presented by decentralized HRES.
The study showcases how MCDM assists in identifying
the most cost-effective and environmentally friendly
solutions [26]. The integration of photovoltaic, wind
generators, and lithium-ion technologies proves to be
both technically and economically feasible. The priori-
tization of dependability over economic efficiency in
the integration of PV and WT (wind turbine) systems
for rural energy distribution leads to enhanced reliabil-
ity and decreased costs for standalone hybrid renew-
able energy systems [27]. Moreover, the significance of
providing clean energy to underserved locations is em-
phasized, demonstrating that the combination of PV,
WT, bio, and batteries is the optimal solution for areas
in Iran. [28] Furthermore, a thorough examination of
energy system designs for a geographically isolated ru-
ral community in India underscores the significance of
MCDM in the process of determining the most advan-
tageous configuration, considering technical, econom-
ic, and environmental considerations [29]. In general,
the aforementioned findings highlight the significant
importance of MCDM in the progression of sustainable
energy solutions and the resolution of energy require-
ments in rural and underprivileged populations [30].

In determining the appropriate renewable energy
sources for use in HRES, the decisions made are often
not directly related to the core issues. This is due to the
complex criteria involved in determining HRES. Cur-
rently, there is limited research on the development of
HRES design for new development areas, such as the

Volume 15, Number 8, 2024

new capital city of Indonesia located in IKN Nusantara,
East Kalimantan province. This is because the current
focus of HRES development is mainly on providing
energy for remote, off-grid areas. However, there has
been relatively little research conducted on the devel-
opment of grid connected HRES designs with a focus
on energy and environmental aspects. Some studies
tend to be partial and focus on only one aspect, while
others are more centered on economic analysis. There-
fore, it is necessary to adopt an approach that com-
bines suitable methods and software when designing
grid connected HRES. This is especially important for
selecting hybrid renewable energy options suitable
for the development of new residential areas, such as
the IKN Nusantara region, which is planned to become
the new capital city of the Republic of Indonesia. In this
research, the contribution lies in the design of HRES us-
ing the proposed HOMER software combined with the
MCDM CRITIC-TOPSIS (Criteria Importance Through
Intercriteria Correlation-Technique for Order of Prefer-
ence by Similarity to Ideal Solution) method in the grid-
connected area of IKN Nusantara, with a specific focus
on energy and environmental aspects.

2. METHODS

2.1. RESEARCH PROCEDURE

The present study encompasses two unique phases,
both of which contribute to a full analysis of the adop-
tion of renewable energy. The primary stage of the pro-
cess is the processing of data using the HOMER tool.
During this phase, the procedure begins with a thor-
ough identification of the optimal location for the de-
ployment of the proposed renewable energy system.
Following this, a thorough compilation of pertinent
data from renowned international journals ensues.
The provided data not only serves to inform the proj-
ect, but also acts as a fundamental resource for making
well-informed decisions. Subsequently, a comprehen-
sive evaluation is undertaken to determine the extent
of renewable energy capacity within the designated
geographical area. Simultaneously, a comprehensive
assessment of the electricity demand in the IKN region
is being conducted to guarantee that the suggested re-
newable energy solutions are customized to adequate-
ly address the unique requirements of the local com-
munity. In addition, robust data validation protocols
are implemented to guarantee the precision and de-
pendability of the collected information. The research
progresses to the subsequent level alone once the vali-
dation of the data has been confirmed. During the sec-
ond phase, a thorough design process is undertaken
to create various combinations of on-grid renewable
energy sources. Each combination is carefully tuned to
maximize energy production and delivery within the
specific region. The phase encompasses the novel ele-
ment of the study, as it aims to establish the optimal
and environmentally friendly approaches to meet the
energy requirements of the IKN region.
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Within the scope of this study, the evaluation of al-
ternative designs for renewable energy systems (HRES)
involves a series of key steps in the application of the
TOPSIS (Technique for Order of Preference by Similarity
to Ideal Solution) algorithm process, as seen in Fig. 1.

Determination of
positive and negative
ideal solutions

Criteria data for
each altematiw

Create a decision
matnx

Determine the range of
l values for each alternative
with positive and negative
ideal solutions

Develop 2 normalized
decision matrix
l Calculation of Relative
Closeness to the Ideal
Weighted with the Solution
CRITIC method
Preference
Calculation of 2
. rankin
weighted normalized atrang
decision matrix
End

Fig. 1. TOPSIS procedure

The initial stage of the TOPSIS algorithm involves
the identification of criteria that will be utilized for the
evaluation of HRES alternatives. These criteria often
encompass performance factors, including energy ef-
ficiency, environmental effect, cost, and additional
considerations. The criteria frequently rely on optimiza-
tion outcomes obtained by software applications like
HOMER, which is utilized for the purpose of designing
renewable energy systems. After the establishment of
the criteria, the relevant data pertaining to each de-
sign choice for the Hybrid Renewable Energy System
(HRES) is inputted into the decision matrix. The ma-
trix provides a comprehensive representation of the
performance of each alternative across all criteria. To
enhance the accuracy of decision-making, the matrix
then undergoes a process of assigning weights. During
the weighting stage, the CRITIC approach is employed
to ascertain the relative weight assigned to each cri-
terion. The methodology employed in this approach
is founded upon the intercorrelation among criteria,
resulting in the derivation of weights that accurately
represent the relative significance of each criterion in
relation to the desired objective. The outcome of the
weighting phase yields a decision matrix that has un-
dergone both normalization and weighting processes.
The matrix presented herein provides a more accurate
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evaluation of the performance of each alternative in re-
lation to pre-established criteria. The matrix also serves
as a reflection of the researcher's choices about each
criterion. Subsequently, the normalized and weighted
matrix is examined to ascertain the positive and nega-
tive ideal solutions. The positive ideal solution refers
to the optimal combination of values for each crite-
rion, whereas the negative ideal solution represents
the converse, namely the least favorable combina-
tion of values. By utilizing positive and negative ideal
solutions, it is possible to determine the proximity of
each alternative to the positive ideal solution and the
distance it deviates from the negative ideal solution.
These values offer a more comprehensive perspective
on the degree to which each alternative aligns with the
researcher's preferences. In general, the performance
of an alternative tends to improve as it approaches the
positive ideal solution and moves away from the nega-
tive ideal solution.

2.2, STUDY AREA

IKN Nusantara, situated in the North Penajam Paser
and Kutai Kartanegara Regencies of East Kalimantan,
is designated as the future National Capital. This desig-
nated area encompasses a total expanse of 256,142.74
hectares, with the central city covering 56,180.87 hect-
ares, and the administrative center occupying 5,664
hectares [31, 32]. The development of IKN Nusantara
is expected to pose environmental challenges, which
the government plans to address by implementing the
concepts of a smart city and forest city. These concepts
aim to create a sustainable and eco-friendly urban
environment by harmonizing nature and technology,
thereby preventing ecological degradation resulting
from development [33]. Furthermore, there's a strong
emphasis on utilizing renewable energy sources to
meet the energy demands of IKN Nusantara. The East
Kalimantan Province boasts a significant renewable en-
ergy potential, estimated at around 23,841 MW [34]. To
cater to the power needs of the research site, a priority
is placed on harnessing locally available renewable en-
ergy sources. This approach aligns with the core prin-
ciple of IKN Nusantara's development - the integration
of nature and technology. Solar energy, hydropower,
wind energy, and biomass represent a few examples
of renewable energy sources that can be effectively
deployed within IKN Nusantara. Leveraging locally
sourced renewable energy not only reduces reliance
on nonrenewable resources but also promotes a path
toward sustainable development.

The researchers opted for a site situated near the
Sepaku Semoi Dam, with precise coordinates at
0°54'32.01" Southern Latitude and 116°50'25.72" East
Longitude, located in Tengin Baru Village, Sepaku Dis-
trict, North Penajam Paser Regency. As seenin Fig.2, this
location was chosen due to its substantial renewable
energy potential and a land area spanning 6,230.87
hectares, rendering it suitable for the establishment
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of a hybrid power plant integrating hydro power with
other renewable energy sources. Furthermore, the se-
lection of this site was influenced by its proximity to
the zero point of IKN Nusantara, located approximately
16.3 kilometers away.
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Fig. 2. The research site map

2.3. CRITIC METHODS

The Criteria's Significance the through inter criteria
correlation (CRITIC) technique is an analytical method
that employs correlation analysis to investigate signifi-
cant decision criterion specifications. This method can
determine the appropriate weight by employing con-
trast strength and conflicting criteria [35]. The initial
step in applying the CRITIC method is to normalize the
initial decision matrix using the following equation:

min
xij—xl-

Tij= T (1)
Using the standard deviation and the correlation be-
tween one criterion and other criteria, determine the
weight of the wij criteria using the following equation:
— _C
I 2)

wj

Where, Cj is the quantity of data contained in the j-th
criterion established in:

Cj=0 Y2, (1—m1y) (3)

Where, o, the standard deviation of the j-th criteria
and ryis the correlation coefficient of the j-th and i-th
criteria. A higher Cj value indicates that more informa-
tion is obtained from a given criterion, thereby indicat-
ing that the criterion has a higher level of significance
in the decision-making process [36].

2.4, TOPSIS METHODS

TOPSIS was chosen as the MCDM method due to its ef-
ficacy in decision-making processes for energy systems.
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The TOPSIS method is well-suited for scenarios in
which it is necessary to simultaneously consider nu-
merous criteria to assess and prioritize different solu-
tions. TOPSIS enables the optimization of decentralized
energy systems by considering multiple criteria, includ-
ing cost-effectiveness, environmental sustainability,
and technological feasibility. The study seeks to de-
termine the most advantageous designs that achieve
a balance between these requirements by utilizing
TOPSIS in conjunction with weighing methodologies.
Therefore, the selection of TOPSIS was based on its ca-
pacity to offer thorough assessments and enable well-
informed decision-making in intricate energy system
optimization endeavors.

TOPSIS is a practical and valuable technique for rank-
ing and selecting alternative options based on Euclid-
ean distance that arises from various multicriteria de-
cision making techniques. It is a straightforward, con-
ceptually, and practically simple ranking method. This
methodology's objective is to identify ideal solutions
and negative ideal solutions to compare the relative
performance of alternatives and to identify alterna-
tives that are closer to the ideal solution. The first step
in implementing this strategy is to create a normalized
decision matrix. [371]:

Xij
i = )

=T @

Then calculate the normalized and weighted matrices:
Vij = WjTij (5)

The positive ideal solution is derived from the opti-
mal performance of the normalized and weighted ma-
trix to formulate ideal and anti-ideal solutions:

max .
j vli €1

A ={v,v3, . v} = min (6)
. vu|l er’
J
min .
j Uij|l € 1,

A" ={v,v7, . v} = max (7)
j Uull e’

Determine the D *and D;” value values for each alter-
native using the formulas:

Dl* = Z;L:l(vij - -U;‘)Z (8)

Di = |Xj_(vij —vj)? 9)

Lastly, the Relative Closeness to the Ideal Solution
calculation:

D:

G =5 (10)

i = p* —
D; +D;

C* is always between 0 and 1 and an alternative is
best if it is close to 1. This is calculated for each alterna-
tive and is defined as the above equation [38].
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3. DATA AND HOMER DESIGN INPUT

3.1. DATAINPUT

Before starting to optimize the design of the HRES,
there is an important first step that needs to be taken:
gathering and analyzing data about the potential of
solar radiation, the viability of water sources, the avail-
ability of biomass, and the needs of the electrical load.
This information is very important for making sure that
the HRES design can meet the location's energy needs
effectively. If we know how much potential solar ra-
diation there is, we can guess how much solar energy
can be turned into electricity. In the same way, looking
at how easy it is to get to water sources and biomass,
along with electrical load data that accurately shows
energy needs, gives a full picture of the resources avail-
able and the energy needs.

Indonesia boasts significant potential for the ad-
vancement of solar power as a viable alternative en-
ergy source, owing to its equatorial location and the
abundant solar radiation it receives. The East Kaliman-
tan region, in particular, benefits from an exceptional
level of solar radiation, rendering it ideally suited for
the efficient harnessing of solar energy. Within this
geographical area, solar energy stands out as the pre-
dominant renewable energy source, constituting a
substantial 74.89 percent of East Kalimantan's overall
renewable energy potential. [39, 40].

The data provided in Table 1 applies to the solar ener-
gy capacity in the village of Tengin Baru Sepaku, which
is one of the chosen locations within the IKN Nusantara
region.The data utilized in this study was obtained from
NASA POWER and encompasses information regarding
the mean solar radiation levels seen during the months
of January to December during a duration of 21 years,
specifically spanning from 2000 to 2021. The average
solar radiation possesses the capability to generate a
monthly electricity output of 4,661 kWh/m?/day.

Table 1. Average solar radiation

Daily Radiation Daily Radiation

Month (kWh/m?/day) Month (kWh/m2/day)

January 4.555 July 4.481

February 4914 August 4.699
March 4.898 September 4.775
April 4.800 October 4.608
May 4.633 November 4.609
June 4.406 December 4.563

Average 4.661

East Kalimantan, characterized by its abundant river
flow and substantial water discharge, presents a highly
auspicious prospect for the development of hydroelec-
tric power plants. Additionally, the government's Na-
tional Energy General Plan (NEGP) supports this claim,
saying that East Kalimantan has a large energy poten-
tial of 13,479 MW thanks to its many water and solar
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resources [41, 42]. Within the scope of this study, we
leverage the region's substantial water resources, with
a particular focus on harnessing the water discharge
from the Sepaku Semoi Dam for the establishment of
a hydroelectric power plant.

Table 2. Water discharge of the Sepaku Semoi dam

Month Discharge m?/s Month Discharge m?/s
January 2.21 July 3.07
February 2.06 August 2.35
March 1.75 September 217

April 2.78 October 1.96

May 3.26 November 1.99

June 3.58 December 2.21

Average 2.45m?/s

Table 2 provides data indicating that the maximum
water discharge occurred in June at 3.58 m3/s, while
the minimum discharge was observed in March at 1.75
m3/s. The annual mean discharge stands at 2.45 m3/s.
Based on precipitation calculations spanning the previ-
ous two decades, it is ascertained that water availabil-
ity remains consistently adequate. Given a hydraulic
head of 15.85 meters, the total electricity generation
potential amounts to 2,593,140 kWh annually [43].

116°5230°E 116°540°E
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0°48'0"S

0°49'30"S
0°49'30"S
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0%1'0"8

0°%55'30"S 0%4'0"S 0°%52'30"S
0°%7'0"S 0°%55'30"S 0%4'0"S 0°%52'30"S

0%7'0"S

0°%58'30"S
0°%58'30"S

A e

116°4630°E 116°480E 116°4930°E 16°510°E 116°5230°€ 118°540°E

Fig. 3. Tengin Baru village river flow

Fig. 3 presents a comprehensive visualization of the
river flow distribution within Tengin Baru Village. This
visualization was meticulously analyzed using the ro-
bust ArcGIS software. The primary objective of this
analysis was to precisely evaluate and quantify the hy-
dropower potential inherent to the specific study site
under investigation. The utilization of ArcGIS software
allowed for a thorough examination of the geographic
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and hydrological factors influencing the hydropower
prospects in the area, enhancing the accuracy and reli-
ability of the results obtained.

Indonesia, recognized as one of the world's leading
palm oil producers, grapples with a significant volume
of palm oil waste. Based on the results of the thorough
survey, there is a huge potential for making electricity
from palm oil waste, which adds up to an impressive
12,654 megawatts (MW). Among the regions assessed,
Sumatra exhibited the highest potential, with a capac-
ity of 8,812 MW, while Kalimantan demonstrated the
lowest potential at 3,384 MW. This remarkable revela-
tion underscores the immense opportunity to harness
palm oil residue as a sustainable and renewable energy
source within the region [44]. Moreover, Table 3, which
is presented herewith, offers a detailed breakdown of
palm oil waste production in the East Kalimantan Prov-
ince, a province within the Kalimantan region. This da-
taset was collected in 2019, revealing that ten regen-
cies and local communities in East Kalimantan collec-
tively generate approximately 800 million tons of palm
oil solid waste annually [45].

Table 3. Production of palm oil waste

No Districts -{tlil'(s ?teor :)t Cal('l&l[(‘a)ng
1 Kutai Kartanegara 808265 464323 171971
2 Kutai Timur 1866382 1072177 397103
3 Kutai barat 263456 151347 56.055
4 Mahakam Hulu 29871 1716 6356
5 Penajam paser utara 219584 126144 46720
6 Paser 563094 323479 119807
7 Berau 557463 320245 118609
8 Samarinda 2501 1437 532
9 Balikpapan 110 63 23
10 Bontang 79 45 17

3.1. HRES DESIGN USING HOMER

The research site is where the modeling and simula-
tion of the HRES takes place. This is done by gathering
and analyzing relevant data. The visual representa-
tion in the Fig.4. showcases four distinct HRES design
models, each meticulously developed using HOMER
software. While these design schemes share com-
mon load requirements and component ratings, their
uniqueness lies in the combination of renewable ener-
gy sources employed within each design. Design 1 em-
brace a blend of biomass and photovoltaic (PV) sourc-
es, whereas the design 2 integrates hydropower with
PV.In the Design 3, biomass and hydropower come to-
gether, and the design 4 stands out by combining hy-
dropower, biomass, and PV sources. These diverse com-
binations of renewable energy sources have been stra-
tegically chosen to optimize the simulation outcomes,
with a primary focus on enhancing energy efficiency,
promoting sustainability, and mitigating the environ-
mental impact of the energy generation process. By
running these simulations, the researchers hope to find
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the best HRES configuration—one that not only meets
the site's energy needs but also fits with the main goals
of reducing damage to the environment and promot-
ing long-term energy solutions. Fig. 4 shows the four
HOMER designs in this study.

SCHEMATIC SCHEMATIC

Bio Electnc Load Electnc Load PV

-

M _'. ' .‘ “D -
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608.64 kWh/d dro Inverter
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&
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N :'l
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Fig. 4. HOMER Design (a) PV-Biomass (b) PV-Hydro
(c) Biomass-Hydro (d) PV-Biomass-Hydro

The load profile implemented at the research site is
initially assumed to be representative of the Bali Pro-
vincial DPRD (Regional People's Representative Coun-
cil) office building [46] (see Fig.5).

B0kW

60kW+

40kw+

20kW+

Okw=

Fig. 5. Daily load profile for the research location

This assumption is based on the premise that such
an office facility may offer a reasonable approximation
for the energy usage patterns encountered in the area
under study. However, to enhance the accuracy and
relevance of the load profile, further adjustments are
made to align it with the specific daily load character-
istics observed at the Office of Highways and Irrigation
located in Badung Regency [47]. This meticulous cali-
bration process ensures that the load profile accurately
reflects the real-world energy consumption patterns
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observed in the study location. This considers the Of-
fice of Highways and Irrigation's unique operational
needs and scheduling quirks, which may be different
from those of the Bali Provincial DPRD Office building.
This fine-tuning of the load profile is essential for the
reliable modeling and simulation of the hybrid renew-
able energy system (HRES) under consideration, facili-
tating more precise and context-appropriate results.

Figure 5 shows the daily load data used in the IKN
region in a visual way, which helps us understand how
energy use changes over time. On average, the daily
energy consumption stands at a noteworthy 608.64
kWh. Notably, a discernible spike in electricity usage
is observed during the hours spanning from 08:00 to
17:00. This time frame corresponds to the conventional
working hours, and as a direct consequence, it leads to
a substantial surge in energy demand. This data reveals
the prominent role of daily work routines in shaping
the energy consumption pattern within this region.

The annual load profile at the study site is depicted
in Fig. 6. By analyzing this load profile, trends, and pat-
terns of energy consumption over a certain period can
be identified, forming the premise for designing and
optimizing renewable energy systems that can effi-
ciently meet energy demands.

23:00
21:00

100kW

Time

50kw

1 92 183 274 365
Days

Fig. 6. Annual load profile for research site

The components used in this study have been adapt-
ed to the potential and environment of the research
site. Where the following components are used:

«  The Tirani Solar Vertex 500 WP is a flat panel with
a DC current output and a capacity of 0.5 kW. The
initial investment and replacement costs for this
component are USD 1726,74. The operational and
maintenance expenses are 20% of the initial in-
vestment, or USD 50 [48]. This PV component has
a depreciation factor of 80% and a useful life of 25
years.

«  Francis’s turbine model HL110-WJ-30 This turbine
has a minimum head requirement of 10 m and a
capacity of 10 kW. The initial investment cost and
replacement cost of this water turbine are USD
4759,60, and operational and maintenance costs
are 12% of the initial investment, which is USD
571,15 [49, 50].
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« A 15-kW biogas generator with the model number
15GFT-J. With an initial investment cost and re-
placement cost of USD 6712,25, this generator has
operational and maintenance costs of USD 50 [51].
A generator with a lifespan of 20,000 hours.

«  50-250kW Growatt inverter with 99% efficiency
and a 15-year service life. Initial investment and
replacement expenses total USD 4116,51 while op-
erational and maintenance expenses total IDR USD
82 [52].

The grid is used to sell excess electrical energy pro-
duced by hybrid generators so that it is not wasted.
With an electricity purchase price of USD 0,098 per
kWh and a selling price of electricity to PLN of USD
0,075 per kWh [53].

4. RESULTS AND DISCUSSION

4.1. RESULTS

After simulating alternative designs using HOMER
software, results are obtained that include various
parameters related to economic, energy, and environ-
mental aspects. However, in the context of this study,
the main emphasis is placed on energy and environ-
mental aspects. The results of the optimization of the
four designs that have been made are then presented
in detail in Table 4. Furthermore, these data are used as
input to calculate the weight of each criterion using the
CRITIC method.

Table 4. Homer Pro optimization results for four

HRES designs
System configuration
Criteria
Design1 Design2 Design3  Design 4
C1: Renewable
Fraction (%) 85.7 934 79.9 94.4
C2: Max
Renewable 111 109 100 108
Energy
Penetration (%)
C3: Production
(Kwh/Y) 266613 377188 276704 345762
Cé4:Energy Sold  ggg65 179780 124160 143044
(Kwh)
C5: Energy
Purchased (Kwh) ARl 26385 69609 20310
C6: Carbon
Dioxide (Kg/Y) 27993 16675 44022 12858
C7: Sulfur
Dioxide (Kg/Y) 121 723 191 55.6
C8: Nitrogen
Oxides (Kg/Y) 59.6 354 93.5 27.4

At this stage, the CRITIC method is applied to de-
termine the weight of the criteria. The first step in this
process is to create a normalized decision matrix using
equation (1). Then the standard deviation values for
each criterion will be obtained as follows: 0= (0.47201,
0.43913, 0.48453, 0.41661, 0.4486, 0.44882, 0.44848,
0.44922).
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After the standard deviation is obtained, determine
the value of the correlation coefficient. The final step
in the decision-making process, where the weights for
each criterion are determined using equations (2) and
(3). The weight calculation results for each criterion are
then presented in Table 5.

Table 5. Weight of each criterion

(&} 2 ca ca c5 c6 c7 cs8
0.0727 0.2341 0.146  0.2464 0.0752 0.0751 0.0753 0.0749

The decision matrix normalization table shows how
different designs perform against the criteria. Design 4
has the highest scores in most criteria (C3, C4, C5, C6,
C7, and C8), as shown in the Table 6. Due to its better
energy production, energy sales, and greenhouse gas
emissions, Design 4 may be a better choice. Design 2
has high energy production (C4) but low purchased
energy (C5). Design 3 has a high purchased energy (C5)
but lower renewable fraction and maximum renewable
energy penetration. Design 1, which scores wellin some
criteria, has the lowest production score (C3), suggests
it may not produce energy efficiently. The final decision
about which design is best must take weighting criteria
and decision-makers' preferences into account.

Table 6. Normalization of the decision matrix

c1 2 c ca (e c6 c7 cs
0484 0518 0417 0316 0497 0498 049 0,498
0,527 0509 0,589 0,688 0342 0342 0342 0,341
0451 0467 0432 0,655 0,960 0,960 0,960 0,960
0,533 0,504 0,540 1,000 1,000 1,000 1,000 1,000

Design 1
Design 2
Design 3
Design 4

Table 7 displays the weighted normalization matrix,
in in which the corresponding criteria weight mul-
tiplies each value in the decision matrix. The criteria
weights indicate the importance of each criterion in
the decision-making process. By examining this table,
we can observe the relative contribution of each cri-
terion to the overall assessment of each design. From
the table, criterion C4 has the highest weight among
all criteria for all designs. This indicates that C4 has a
significant influence on the final assessment. Further-
more, criterion C2 also holds a relatively high weight
for all designs, suggesting its importance in the deci-
sion-making process.

Table 7. Construction of
weighted normalization matrix

c1 2 c c4 cs5 c6 c7 cs
0,035 0,721 0,061 0,078 0,037 0,037 0,037 0,037
0,038 0,119 0,086 0,169 0,026 0,026 0,026 0,026
0,033 0,109 0063 0,761 0,072 0,072 0,072 0,072
0,039 0,118 0,079 0,246 0,075 0,075 0,075 0,075

Design 1
Design 2
Design 3
Design 4

Table 8 provides the positive ideal solution (V+) and
negative ideal solution (V-) for each criterion. The posi-
tive ideal solution represents the best possible values
for each criterion, while the negative ideal solution
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represents the worst possible values. From Table 8, we
can observe that the positive ideal solution (V+) has
higher values compared to the negative ideal solution
(V-) for all criteria. This indicates that higher values are
desirable for criteria such as C1, C2, C3, and so on, while
lower values are desirable for criteria such as C4, C5,
and others.

Table 8. Identify positive ideal solutions and
negative ideal solutions

a1 2 c ca cs c6 c7 cs
V+ 0,039 0,121 0,086 0,246 0,075 0,075 0,075 0,075
V- 0,033 0,709 0,061 0,078 0,026 0,026 0,026 0,026

Table 9 provides the Euclidean distance (S+) from
each alternative to the positive ideal solution (V+), the
Euclidean distance (S-) from each alternative to the
negative ideal solution (V-), and the proximity score
(Pi) calculated based on these distances. The proxim-
ity score represents how close each alternative is to
the positive ideal solution relative to the negative ideal
solution. From Table 9, we can see that Design 4 has
the shortest Euclidean distance to the positive ideal
solution (S+), indicating that it is closest to the ideal
solution among all alternatives. On the other hand, De-
sign 1 has the longest Euclidean distance to the posi-
tive ideal solution. Similarly, Design 4 has the shortest
Euclidean distance to the negative ideal solution (S-),
while Design 1 has the longest Euclidean distance.

Table 9. Calculation of Euclidean distance,
proximity score, and alternate ranking

Design 1 Design 2 Design 3 Design 4
S+ 0,1862 0,1251 0,0890 0,0079
S- 0,1880 0,1574 0,1534 0,1963
Pi 0,5025 0,5572 0,6328 0,9614
e s a2

The proximity scores (Pi) are then calculated by di-
viding the distance to the positive ideal solution by the
sum of the distances to both the positive and negative
ideal solutions. Better performance relative to other
alternatives is indicated by a higher proximity score.
Based on the proximity scores, the highest score is at-
tained by Design 4, indicating that it is the most prefer-
able alternative among all designs. Conversely, the low-
est proximity score is achieved by Design 1, suggesting
that it is the least preferable alternative.

A sensitivity analysis was performed to verify the
outcomes of decision-making using the CRITIC-TOPSIS
approach. The experiment was conducted by manipu-
lating the weight of each criterion by 25% and 50%, re-
spectively. The outcomes of this manipulation are de-
picted in Fig. 7. The importance of sensitivity analysis
in this work lies in its ability to provide a deeper under-
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standing of how changes in the weight of evaluation
criteria affect the choice of HRES design. This allows for
the identification of designs that exhibit greater resil-
ience to change, facilitates the exploration of trade-
offs across criteria, and incorporates uncertainty into
the decision-making process. Through the utilization
of sensitivity analysis, the decision-making process can
be enhanced, and multiple pertinent factors can be
considered when implementing renewable energy.

Initial Weight
1,000

—Designt —e—Designt

—e—Design2 ~e—Design2
=e=Design3 ~e-Design3

—e—Designd —e—Design4

——Design1 =o=Design1

—e-Design2 ~e—Design2
——Design3 —e—Design3

—e—Designa ~e=Designd

(d)

Fig. 7. Sensitivity to changes in performance score:
(a) Experiment 1:25% weight gain; (b) Experiment 2:
25% weight reduction; (c) Experiment 3: 50% weight

gain; and (d) Experiment 4: 50% weight reduction

Different responses to weighting the evaluation cri-
teria were observed for each design. In Experiment 1,
with a 25% weight gain, Design 1 was found to be per-
forming consistently, while renewable energy penetra-
tion and production were increased in Design 2, but
energy sales decreased. Design 3 was associated with
higher emissions of carbon dioxide and sulfur dioxide,
whereas Design 4 saw an increase in the utilization of
purchased energy. Experiment 2 revealed a different
response pattern with a 25% weight loss. Energy pur-
chases increased in Design 1; sulfur dioxide emissions
increased in Design 2; energy production increased
but nitrogen oxide emissions decreased in Design 3;
and energy production and sales decreased in Design
4. Analysis of experimental results with weight addition
and reduction by 50% showed significant changes in
the evaluation of HRES designs. In experiments with a
50% weight increase, it was seen that some designs ex-
perienced increased values on several evaluation crite-
ria, such as energy production (C3) and renewable en-
ergy penetration (C2). However, the increase in weight
also led to increased emissions of carbon dioxide (C6)
and sulfur dioxide (C7) in some designs, suggesting that
increased focus on certain criteria could have a nega-
tive impact on environmental aspects. Meanwhile, in
experiments with a 50% weight reduction, it was seen
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that there were designs that improved in some criteria,
such as energy production (C3), but also decreased in
other criteria, such as energy sales (C4). This suggests
that weight reductions on certain criteria can change
design priorities and result in trade-offs between dif-
ferent criteria. From the experimental results provided,
Design 1 shows good relative consistency in perfor-
mance relative to weight changes. Despite fluctuations
in some criteria, such as energy purchase (C5), Design
1 tends to maintain stability in its relative performance.

4.2. DISCUSSION

This study aims to obtain the best configuration of
HRES design in accordance with the environmental
and energy potential of Indonesia's new capital re-
gion, namely the IKN Nusantara area in East Kaliman-
tan province. The results of multi-criteria analysis using
the CRITIC TOPSIS method and sensitivity analysis de-
termined that design 4 (a combination of hydropower,
biomass, and PV sources) became the main choice to
be implemented in the case study area. We have prov-
en this design to provide the optimal performance in
various aspects, and the results of sensitivity testing
demonstrate its robustness against variations in crite-
rion weight. The incorporation of various renewable
energy sources in Design 4 enables improved energy
efficiency, sustainability, and a holistic reduction of en-
vironmental impact [54,55]. By harnessing the power of
water, biomass, and solar energy, this design can pro-
vide a reliable and sustainable energy supply to meet
electricity needs in the country's capital, IKN Nusantara.

However, it's important to remember that the final
decision about a more robust design also depends on
your preferences and specific goals. For example, if the
top priority is reducing emissions of carbon dioxide
and sulfur dioxide, then Design 1 may not be the best
choice, as Design 1 is likely to increase emissions of
both pollutants under some conditions. In this case, we
may need to look at other designs that are more consis-
tent in reducing those emissions. Increased or reduced
weights on evaluation criteria can have significant
consequences on the relative performance of HRES de-
signs [56], [57], by affecting economic, environmental,
and technical aspects [17]. Therefore, in decision-mak-
ing related to the implementation of HRES, it is impor-
tant to consider the impact of weight changes on the
evaluation criteria thoroughly and choose the design
that best suits the needs and desired goals.

The potential for the implementation of HRES that
combine PV, hydropower, and biomass at research sites
in East Kalimantan is very large. High solar radiation
throughout the year, with a daily average of 4,661 kWh/
m2/day, creates opportunities to build solar panel instal-
lations and expand the use of solar energy in the power
sector. In addition, the existence of abundant river flows,
with water discharge reaching 3.58 m3/s in several
months, allows the construction of hydropower plants
that can provide a stable and sustainable supply of elec-
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tricity. Indonesia also has great potential to produce
energy from palm oil waste, which is one of the largest
producers in the world. The research site in Kalimantan,
which generates significant amounts of palm oil waste,
enables the development of biomass power plants to
expand the renewable energy portfolio in the region
[58]. By harnessing all these potentials together, the im-
plementation of HRES, which combines solar, water, and
biomass energy sources, can be an effective solution to
meet the sustainable energy needs of East Kalimantan.

In this study, which introduces a new alternative
combination method between the HOMER software
and MCDM CRITIC-TOPSIS, this methodology functions
as a highly effective, comprehensive, and dependable
instrument for determining the viability of a hybrid
power plant in a specific region. Among the limitations
of this study is its reliance solely on expert opinions
gathered through content analysis studies of interna-
tional journals, as opposed to obtaining field data di-
rectly. This can result in less accurate research results
compared to research involving direct participation.
In addition, the limited availability of data on other re-
newable energy potential limits alternative solutions
for hybrid generation to waterpower, biomass, and
solar panels. And finally, in this study, the plan alludes
only to a prototype government building.

5. CONCLUSION

This study has identified the best configuration for
HRES design in Indonesia's new capital region, the IKN
Nusantara area in East Kalimantan province. Through
multi-criteria analysis using the CRITIC TOPSIS method
and sensitivity analysis, Design 4 emerged as the op-
timal choice, combining hydropower, biomass, and PV
sources. This design offers superior performance across
various aspects and demonstrates robustness in sensi-
tivity testing. By integrating diverse renewable energy
sources, Design 4 enhances energy efficiency, sustain-
ability, and environmental impact reduction. The po-
tential for implementing HRES in East Kalimantan is
substantial, leveraging high solar radiation, abundant
river flows, and palm oil waste. However, decision-
makers must carefully consider their priorities and
goals when selecting the most suitable design. Despite
limitations like reliance on expert opinions and limited
data availability, this study's methodology effectively
assesses hybrid power plant viability, providing a com-
prehensive and reliable approach for sustainable en-
ergy solutions in the region.

The implications of these findings highlight the ur-
gency of optimizing renewable energy resources to
meet sustainable energy needs in the East Kaliman-
tan region and beyond. Design 4 stands out as an ap-
proach that has the potential to reduce dependence
on fossil energy sources and reduce environmental
impact. Therefore, we recommend that governments
and stakeholders take these findings into account
when planning and implementing energy projects in
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the region. Further research may include an investiga-
tion of social, economic, and political factors that might
influence HRES implementation, as well as technologi-
cal development and innovation in the field of renew-
able energy. To ensure the achievement of long-term
sustainability goals, we need to carry out continuous
monitoring and evaluation of the performance of
implemented energy systems. The suggestions also
lead to more research using better or more advanced
MCDM methods like AHP or TOPSIS, along with ad-
vanced analytical techniques like fuzzy logic or grey
system theory. There is also in-depth research on the
social, economic, and political factors that affect how
well HRES is put into place.
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