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Abstract: Integration of a grid with an under-developed remote hilly area faces various technical
and geographical challenges. Thus, generation of power from renewable resources in off-grid
conditions has become one of the most cost-effective and reliable solutions for such areas. The present
research deals with the possible application of an integrated solar/hydro/biomass/battery-based
system to generate power in autonomous mode for a remote hilly town of a northeastern Indian
state. Four different cases of the integrated energy system (IES) were designed using the hybrid
optimization model for electric renewable (HOMER Pro), examining the performance of each case.
The best combination of the integrated system was chosen out of several cases depending upon the
optimized solution that can meet the load demand of the proposed hilly town sustainably, reliably
and continuously. The simulation results show that the integrated battery/biomass/hydro/solar-
based system is the best optimized, cheapest and most suitable solution to generate renewable-based
power for the specified location, having the lowest net present cost (NPC) of USD 644,183.70 with
a levelized cost of energy (COE) of 0.1282 USD/kWh. Further, the result also indicates that the
optimized configuration reduces the emission of CO2 gas in the environment compared to the
battery/biomass/hydro system having the worst emission rate. A sensitivity study was also carried
out with variation in load, hydro stream flow and solar irradiation, respectively that may largely
affect the technical as well as economical aspect of an integrated energy system.

Keywords: biomass system; cost of energy; HOMER Pro software; hydro power; integrated energy
system; net present cost; sensitivity analysis; solar PV; techno-economic analysis

1. Introduction

The economical and social enhancement of any nation depends largely on electricity.
At present, electricity plays a crucial part in various activities related to humankind. In
general, the majority of the generation of electricity to date has depended on fossil fuel-
based resources, viz., oil, gas and coal. Such conventional sources are estimated to be
in limited quantity by 2050, creating a tremendous effect on the environment because
of detrimental CO2 emissions [1]. Thus, there has been an increasing curiosity towards
renewable-based sources of energy in the last twenty years because of their lack of emission
of pollutants, accessibility all around the globe and reliability. A large number of developing
/ under-developed nations have low reserves of fossil-based fuels and therefore have to
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buy them from foreign nations at a very high price. Therefore, renewable-based integrated
energy systems (IESs) can act as the best solution for providing a good quality, along with
the most reliable supply, of power [2] in comparison to single-source power generation
such as a coal-based power plant [3]. Various geographical and technical challenges are the
main reasons why integration of a grid in remote hilly regions has not become possible.
Therefore, the cost-effective renewable-dependent IES offers the best solution to supply
power to such areas. Solar, hydro, biomass, wind and fuel cells are now the most popular
sources for generating renewable-based power, which helps to supply both environmentally
friendly and sustainable electricity. Renewable resources, mainly wind and solar, are the
most popular forms of renewable sources [4], that depend largely on factors related to
the geographical location of a particular area [5,6]. For an autonomous mode system,
biomass-based power generation has gained huge publicity in recent times for fulfilling the
energy requirement of remote regions [7].

Generation of renewable power from fuel cells is also becoming popular as a next
generation green energy resource because of their structural flexibility, higher efficacy and
lack of carbon emission. Thus, the formation of a renewable-dependent IES is carried
out by adding multiple sources and utilizing their best characteristics, overcoming the
constraints in order to achieve the highest efficacy [8,9]. Moreover, due to the deficiency
of primary facilities in remote locations and because of the lack of electricity supply, the
migration of rural dwellers to urban areas is growing immensely. Therefore, in order to
restrict this kind of immigration, which creates an imbalance in the demography of any
nation, there is a high requirement for sustainable autonomous supply of electricity to hilly
and rural areas [10]. Hence, the major challenge for engineers is to provide cost-competitive,
sustainable and optimized electricity from an autonomous renewable-supplied IES to hilly
and rural areas for improving their quality of life along with reducing the migration rate to
urban areas.

In the last decade, a huge number of studies have been reported related to the genera-
tion of electricity from autonomous renewable-supplied IESs [11]. In [12], an integrated
energy system (IES) optimized through HOMER is developed for defining various cost-
related factors such as NPC and COE. In [13], an IES is developed by utilizing a genetic
algorithm for fulfilling the demand of load to various parts of a remote village in the state
of Karnataka of India. In [14], IESs of various combinations were designed for six different
regions of Nigeria using HOMER. The optimization outcome shows that, considering a
sensitivity study of USD 1.1 per liter to USD 1.3 per liter of diesel depending upon COE and
NPC, a battery/diesel-generator/solar-based IES is the best solution for all the specified
rural locations. Here, the optimal price of the diesel is considered to be USD 1.1 in [14]
since the study was carried out as per the rate of diesel per liter available during the
month of October in the year 2014 in Nigeria [15,16]. In [17], an optimized autonomous
solar/wind-based IES has been proposed for a rural location of Nigeria depending upon
the statistical investigation of the renewable resources of that area by using HOMER as a
software tool. In [18], a comparison is carried out among two autonomous IESs comprising
battery/diesel-generator/solar and battery/diesel-generator/solar/wind with the tradi-
tional coal-fed electricity generating system. The optimization result concludes that the
battery/diesel/solar-based IES having NPC and COE of USD 69,811 and 0.409 USD/kWh
is the most viable solution. In [19], a novel optimization technique was proposed for
optimum designing of an autonomous IES that uses three algorithms, simulated annealing
and chaotic and harmony search. This newly developed algorithm is capable of reviewing
the feasibility of the recommended system more reliably.

In [20], two models are compared with each other, i.e., a diesel-generator/solar-
based IES with autonomous solar PV for supplying the load. The result indicates that the
integrated diesel-generator/solar-based system is the most effectual in comparison to the
autonomous solar PV system. In [21], an autonomous IES was designed to power up a tele-
communication center of a remote location and was found much more effectual for fulfilling
its electrical requirements. In [22], an autonomous fuel cell/solar-based IES is designed to
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generate electrical energy for Egypt’s remote regions. A technical and economical viability
study was also carried out for the proposed IES and the total annual cost (i.e., TAC) was
found by the flower pollination algorithm (i.e., FPA). In [23], an implementation of an
autonomous battery/fuel cell/solar-based IES was carried out on a group of Indian villages.
Through the simulation result, it is concluded that for instantaneous usage the batteries
should be used while for continuous electricity supply the fuel cells should be utilized.
In [24], an autonomous diesel-generator/fuel cell/solar-based IES is designed to serve the
rural region of Kerman located in the southern part of Iran under an operational reserve
along with solar power and load ambiguity.

In [25], an autonomous battery/biomass/hydro/solar-based IES has been designed
for electricity supply to Kakkavayal, a remote forest located in the Indian state of Ker-
ala. The simulation analysis indicates that the COE for the proposed integrated sys-
tem is only 0.164 USD/kWh which is economical when compared to the existing diesel-
generator/hydro system of the proposed area. In [26], a non-grid battery/diesel-generator/
solar/wind-based IES is designed considering the demand side management for the Chaghi
area located in the province of Baluchistan of Pakistan. The proposed configuration shows a
better result than the existing diesel-generator system of that area in terms of technological
analysis and economical analysis. In [27], a diesel-generator/gas-generator/wind-based
IES in autonomous mode has been designed utilizing the HOMER Pro environment for
the island of Masirah located in Oman, replacing the existing diesel-generator system.
The simulation analysis shows that the designed optimum model has a COE of only
0.0724 USD/kWh when compared to the existing diesel-generator system which shows a
COE of 0.302 USD/kWh. In [28], a battery/solar-based integrated system is proposed for
an isolated water supply facility center situated in the Indian city of Silchar. The simulated
result shows that the COE for the system is only 0.307 USD/kWh with a 257,014 kWh
yearly generation of energy. In [29], a battery/solar-based system is designed considering
four different loads for a remote region. The analysis presents that, when the system
supplies variable loads, the COE is 0.74 USD/kWh, while, with fixed loads, the COE is
0.33 USD/kWh.

In [30], an autonomous battery/biogas/diesel-generator/fuel cell/solar/wind-based
IES has been modeled for the remotely located village of Thumkunta situated in the state of
Telengana of India. The COE for the proposed model is found to be only 0.207 USD/kWh
with non-intervention of policy and 0.14 USD/kWh with intervention of policy. The
proposed IES also underwent a sensitivity study with the variation of solar irradiation,
speed of the wind and load. A battery/diesel-generator/hydro/solar-based IES in off-
grid mode is designed for the remote under-developed village of Mboke, located in the
southern part of Nigeria [31]. The optimized model result indicates that the NPC of
the proposed model is USD 963,431, while the COE is 0.112 USD/kWh only, with the
rate of pollutant emission, i.e., CO2, being reduced to about 71% when compared to the
worst combination (diesel-generator/solar). A sensitivity study with the model was also
carried out in terms of state-of-charge (minimum) of the battery, capacity shortage, Sun’s
radiation, discharge of the river water and rate related to interest. In [32], a grid-free
battery/solar/wind-based IES is designed for Makadi Bay, remotely located in Egypt. The
proposed model has been optimized using linear-TORSCHE as a new technique. The
result after running the simulation indicates that, for the specified location taken under
consideration, the integrated battery/solar/wind system is a better solution than setting
up a battery/solar system and battery/wind system individually. In [33], an autonomous
biomass/biogas/fuel cell/solar/wind-based IES containing a battery as a backup has been
modeled for three un-electrified remotely located villages in the Chamarajanagar district
of the Indian state of Karnataka. The proposed IES is found to be very reliable and cost
effective from the optimization analysis, having 0.214 USD/kWh as the cheapest COE.
In [34], a battery/diesel-generator/solar/wind-based IES in autonomous mode is modeled
for Bangladesh’s remote Kutubdia Island by utilizing both non-dominated sorting genetic
algorithm-II (NSGA-II) and the HOMER environment. The comparative study between the
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two approaches indicates that the NPC achieved by using the NSGA-II method is almost
2.69% less when compared to the HOMER-optimized model. In [35], a grid non-dependent
battery/diesel-generator/solar/wind-based integrated system is designed for an isolated
area located in Berenice, Egypt. The multi-objective multi-verse optimization (MOVO)
algorithm is deployed for optimizing the modeled system in two cases: (i) only with
renewables and (ii) with a battery/renewables. The result obtained from the optimization
shows that the battery/diesel-generator/solar/wind system has COE of 0.272 USD/kWh.

In [36], five integrated energy systems are designed for a rural location of north Ghana
to investigate their social, technical, economical, environmental and hydrogen productiv-
ity performance. The multi criteria decision making (MCDM) technique is deployed to
choose the optimal model. A grid-independent battery/hydro-based IES was found to
be the best one for the selected location, having a COE and OC of 0.06 USD/kWh and
USD 18,318, respectively. In [37], a novel battery/biomass/electrolyzer/fuel cell/hydrogen
tank/solar/wind-based electric vehicle (EV) charging station in autonomous mode has
been designed for four cities located in Qatar. The technical and economical study suggests
that the novel IES for the proposed charging station has the NPC range of USD 2.53 to
2.92 M with the COE ranging from 0.285 to 0.329 USD/kWh. In [38], an on-grid as well as
an autonomous battery/diesel-generator/electrolyzer/hydrogen tank/solar/wind-based
integrated energy system is designed for a coal mine located in the Chinese province
of Shanxi in order to ease the process of mining. The technological, economical and en-
vironmental analysis shows that the proposed IES fulfills the load requirements of the
coal mine and can also generate on-site hydrogen for 100% refueling of the hydrogen-run
trucks which are used to transport coal, thereby replacing the diesel-run trucks. In [39], an
autonomous battery/electrolyzer/fuel-cell/hydrogen tank/solar-based integrated system
is proposed for five cities of India in order to supply the electricity load, reduce the CO2
production and establish a hydrogen re-fueling station to supply fuel-cell-run vehicles by
replacing the traditional diesel/petrol-run vehicles. The optimization outcome reflects
that the city of Kolkata has the highest production capacity of hydrogen, amounting to
82,054 kg/year while Mumbai has the lowest. The COEs for all the cities were found to be in
the range of 0.41 to 0.48 USD/kWh. In [40], an autonomous battery/electrolyzer/hydrogen
tank/wind-based hybrid system is proposed to set up refueling stations for hydrogen-run
vehicles in seven different cities located in South Africa. The result achieved by simulat-
ing the recommended IES indicates that the cost of hydrogen (COH) production for the
locations under study lies in the range of 6.34 to 8.97 USD/kg. Further, the proposed
integrated system helps to diminish the toxic CO and CO2 gases yearly by 0.133 tons and
73.95 tons, respectively that are emitted from the traditional transportation system. In [41],
a grid-supported battery/diesel-generator/electrolyzer/hydrogen tank/solar/wind-based
IES has been designed for a cultural-cum-sports complex in the Tehran region of Iran.
The integrated system makes an attempt to utilize the diesel and hydrogen generators
to act as a combined backup for the total system. The optimization outcome from the
suggested system indicates that the emission of CO2 and the NPC are found to be at least
511,695 kg/year and USD 3.53 M, respectively, when compared to the integrated system
where diesel and hydrogen generators are incorporated separately.

In [42], a battery/hydro/solar/wind-based hybrid system is designed to supply
renewable-generated power to the remote town of Maji located in Ethiopia. The optimiza-
tion outcome shows that the NPC of the recommended IES is USD 4,377,731 which is much
more profitable when compared to the same system connected to the central grid. In [43], an
autonomous battery/solar/wind-based renewable integrated system has been designed for
twelve climatically diverse locations of Sudan for small-level irrigation and agricultural pur-
poses. The technical and economical analysis of the proposed IES indicates that locations 10
and 12 are the most appropriate to produce power from wind while location 12 is the best
location to hybridize two renewable sources. In [44], four battery/diesel-generator/solar-
based autonomous IESs were designed for an Ecuadorian island. The technical, economical
and environmental study shows that the proposed system demonstrates excellent perfor-



Energies 2023, 16, 1588 5 of 30

mance in terms of energy efficacy when compared with other combinational configurations
having NPC and COE of USD 620,315 and 0.421 USD/kWh, respectively, with the low-
est CO2 gas release rate of about 28,264 kg/year. In [45], three different autonomous
IESs: diesel-generator/solar, battery/diesel-generator/solar and diesel-generator/pumped
hydro/solar, were designed for the Kerman region located in Iran. The technical, econom-
ical and environmental study of all the proposed IESs indicated that the lowest COE of
0.198 USD/kWh is achieved for the diesel-generator/pumped hydro/solar-based system
while the lowest rate of emission is obtained for the battery/diesel-generator/solar-based
system, amounting to 112,760 kg/year. In [46], an off-grid battery/diesel-generator/solar-
based IES has been designed to power an academic building of SRM-IST University located
in the Delhi NCR region of India. The technical, economical and environmental analy-
sis indicates that the proposed IES without any diesel-generator backup has a COE of
0.34 USD/kWh along with zero release of pollution. With the introduction of the diesel-
generator in the system, the CO2 gas release rate is about 200,417 kg/year. In [47], an
autonomous battery/diesel-generator/wind/solar-based hybrid renewable system is de-
signed for the remote village of Turtuk located in the Indian union territory of Ladakh. The
economic, environmental and technical analysis reflects that the proposed IES has an NPC
and COE of USD 278,176 and 0.29 USD/kWh, respectively. The recommended IES helps in
the reduction of CO2 production of about 95.97% in comparison to the system that solely
supplied power using a diesel-generator.

Table 1 shows a comparative analysis of the present research work with the selected
existing studies which will be the key to validate and compare the current research.

Table 1. Comparative analysis of the present research work with the selected existing studies.

Location and Country Year
Integrated System

with Battery
(Off-Grid)

Consumption
of Electricity
(kWh/Day)

Peak Load
(kW) NPC (USD) COE

(USD/kWh)

BTS, Nigeria [18] 2015 Diesel/Solar 37 3.3 69,811.00 0.409
Kakkavayal, India [25] 2012 Biomass/Hydro/Solar 667 56 54,558.81 0.164
Chaghi, Pakistan [26] 2020 Diesel/Solar/Wind 609 50.27 301,741.00 0.105
Silchar, India [28] 2019 Solar 369.31 55.45 675,475.00 0.307
Thumkunta, India [30] 2020 Biogas/Solar/Wind 865 80.92 730,000.00 0.180
Chamarajanagar,
India [33] 2021 Biogas/Biomass/Fuel

Cell/Solar/Wind 724.83 149.21 890,013.00 0.214

SRM-IST, India [46] 2022 Diesel/Solar 400 74.27 639,981.00 0.340
Turtuk, India [47] 2022 Diesel/Solar/Wind 200 37.13 278,176.00 0.290
Yupia, India (Proposed) Current Biomass/Hydro/Solar 860.70 126.48 644,183.70 0.128

Therefore, from the literature study on the research articles considered above, it is
found that different researchers have designed renewable-based integrated energy systems
of various combinations. Very few studies have conducted a reliability test of their proposed
system alongside assessing the environmental impact of the system in detail in the Indian
context. Hence, on the basis of the gaps found in the above studies, a renewable-based
integrated energy system (IES) is designed, considering the environmental aspect, technical
aspect, reliability aspect and economical aspect for autonomous (i.e., without grid) mode
operation to electrify the households of the remote hilly town of Yupia, situated very near
to the bank of the Dikrong River and located in the Papum Pare district of the mountainous
northeastern Indian state of Arunachal Pradesh.

The proposed renewable-based IES comprises biomass/hydro/solar and is backed up
by battery banks. The integrated model has been designed using HOMER Pro, which is a
multi-objective oriented software employed for solving the economical and sizing-related
problems of a renewable-based IES. Here, loss of power supply probability (LPSP) has
been introduced as constraint in order to testify the reliability of the integrated system
which is considered by HOMER Pro at the time of optimization. In this current research,
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four different configurations of the IES are considered for studying the performance of the
proposed system along with finding the optimum configuration having minimal COE and
NPC values. The COE and NPC of the system are calculated by taking into consideration
the recent discount and inflation rates of India. The obtained optimum configuration
showcases its economic reasonability, environmental friendliness and lower emission of
pollutants. Here, the rate of emission in terms of kg-CO2/kWh is also considered for
assessing the impact of the emission in the environment caused by the optimum IES. A
sensitivity study is also carried out with the obtained optimum configuration having a
variation in (i) load, (ii) solar irradiation/day and (iii) hydro stream flow/month.

Thus, the key contributions from this current research work are highlighted as bellow:

• An autonomous renewable-based integrated energy system (IES) is designed in
the HOMER Pro environment for cost optimization- and size optimization-related
problems in a remote hilly town, Yupia, located in the mountainous Indian state of
Arunachal Pradesh.

• Out of the four different IES cases studied, i.e., (i) battery/biomass/hydro (Ba/Bi/H),
(ii) battery/biomass/solar (Ba/Bi/S), (iii) battery/hydro/solar (Ba/H/S) and (iv) bat-
tery/biomass/hydro/solar (Ba/Bi/H/S), the best combination easily satisfies the remote
hilly town’s requirement in terms of load with sustainability, reliability and continuity.

• The study showcases the minimal COE value and NPC value for the most optimized
case of the IES as found from the simulation result, taking the latest inflation rate and
discount rate of India as of December 2022.

• A combination of battery/biomass/hydro/solar (Ba/Bi/H/S) is found to be most
effective for the proposed hilly area of study.

• The study also considers a sensitivity test having a variation in load, solar irradia-
tion/day and hydro stream flow/month.

• The reliability test and a detailed environmental impact study are also carried out on
all the proposed cases considering the Indian context.

• The result also indicates that the most optimized combination reduces the pollutant emis-
sion of CO2 gas in the environment when compared with the battery/biomass/hydro
system having the worst emission rate.

The remaining sections of the research paper are as follows: Section 2 describes the
methodology as adopted for the present study that comprises the description of the chosen
hilly town, load-demand evaluation along with renewable resource evaluation for the
chosen hilly town. Section 3 represents the mathematical formulation for the components
that are used in the research. Section 4 highlights the formulation of the problems to be
solved by HOMER Pro. Section 5 briefly illustrates the software (HOMER Pro) used for the
research. Section 6 explains the results obtained by running the simulation, followed by the
conclusion of the current research paper in Section 7.

2. Methodology Adopted for the Present Study

Designing any renewable-based integrated energy system (IES) in a software environ-
ment requires proper identification of the area in which the research is to be conducted. In
order to optimize any IES in terms of technical and economical aspects under autonomous
or on-grid mode, different types of parameter inputs are required, viz., requirements of
loads, renewables available in that particular study area, components needed to setup
an IES and market cost of those components [48]. Finally, the result requirements, viz.,
economic analysis, constraints, pollutant emission, etc., are to be specified before running
the software. A detailed methodology related to the designing of any IES is shown as a
flowchart in Figure 1.
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Figure 1. Steps to design an integrated energy system.

2.1. Selection of Location

A recent report indicates that among all the un-electrified remote areas of India, the
northeastern states, especially the state of Arunachal Pradesh, top the list [49]. Due to the
difficult hilly terrain and various technical challenges, the small towns located in the state of
Arunachal Pradesh very often face failure of the grid. Therefore, the current research aims
to setup a renewable-based integrated energy system in the hilly town of Yupia (latitude:
27◦8.8′ N and longitude: 99◦43.8′ E) located very near to the Dikrong River. The proposed
system will help to replace the traditional grid connectivity and can provide sustainable,
reliable and continuous power to the hilly town. Yupia has a total population of 1261 with
253 households [50]. The proposed area has renewable potential of (i) biomass, because of
its dense forest-cum-hilly location, (ii) hydro, because of its location near the Dikrong River,
and (iii) solar, for setting up an autonomous IES. The map of Yupia is shown in Figure 2.

2.2. Assessment for Load Requirement

The presence of a very low population in Yupia makes the demand for domestic load
very low. Since the generation of power will be carried out near the specified hilly town,
it is supposed that, with time, there will be increment in load. Hence, the load takes into
account the future necessities. The data related to the domestic load are taken from the
local center office of the Department of Power, Government of Arunachal Pradesh [51].
The considered load comprises households, one health center, local shops, one degree
college, one secondary school, a water-pumping station, one administrative office, street
lights and one police check post. Figure 3 indicates the hourly distribution profile of the
load consumption for the remote hilly town under study. The estimated overall load as
consumed on a daily basis in the proposed location is 860.70 kWh/day with a peak value
of 126.48 kW, while the yearly consumption of load calculated from HOMER [52] is found
to be 314,060 kWh/year. Figure 4 indicates the monthly distribution profile of the load
consumption for Yupia. It is observed from Figure 4 that, from 10 p.m.to 11 p.m. and 12 a.m.
to 5 a.m., the load demand is very low, and, from 6 a.m., the load demand gradually rises
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while at 1 p.m. it reaches the highest peak. Thereafter, from 3 p.m. to 5 p.m., the demand
becomes approximately constant and then it rises again from 6 p.m. to 9 p.m.
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2.3. Assessment for Renewable Sources

The remote hilly town of Yupia has a huge potential for available renewable-based
resources, viz., (i) solar irradiance, (ii) sufficient stream flow of the Dikrong River and
(iii) biomass resources available from bamboo and other forest vegetation. In this study, the
availability data of stream flow for the Dikrong River and the solar irradiation of Yupia
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are from the year 2021. Depending upon the geographical locational data (i.e., latitude
and longitude) provided, HOMER Pro computes the global horizontal index (GHI) of the
solar radiation and the optimized size of the integrated energy system. The daily radiation
in kWh/m2/day, clearness index and daily temperature data of the specified location are
accessed by the HOMER Pro software from the database of NASA Surface Meteorology
and Solar Energy [53].

2.3.1. Solar Resource

The available monthly per day average solar irradiation in Yupia is indicated in
Figure 5. Annually, the average per day solar irradiation is found to be 4.18 kWh/m2/day
with the highest irradiance in May (5.22 kWh/m2/day) and the lowest irradiance in January
(3.38 kWh/m2/day).
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2.3.2. Hydro Resource

The Dikrong River is a distributary of the Brahmaputra River, which flows in the
Indian state of Arunachal Pradesh as one of the major rivers. The available monthly
average stream flow of the Dikrong River is indicated in Figure 6. The stream flow data
of the Dikrong River is accessed from the local center office of Arunachal Pradesh Energy
Development Agency (APEDA) [54]. Annually, the average stream flow is found to be
185 L/s, with the highest average stream flow for the months May, June and July (245 L/s)
and the lowest stream flow for the months January and February (60 L/s).

2.3.3. Biomass Resource

The hilly town of Yupia has a massive potential for biomass which generally comes
from its huge bamboo reserves and other forest vegetation. Biomass resource availability
data have been collected from [54]. Annually, the area has an average biomass reserve
of 4.59 tons/day (t/d). The available monthly average biomass resources of Yupia are
indicated in Figure 7.
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3. Mathematical Formulation of the Components under Use

In order to find out the optimum sizing and combination of an integrated energy
system (IES), mathematical formulation of the various components used is highly important.
Therefore, mathematical formulation of the components used for the suggested IES are:

3.1. Solar Photovoltaic (PV)

In the current research, mathematical formulation of a single-diode PV system (PVS)
is examined. Equation (1) expresses the voltage (VPVS) generated by the PV module [55].

VPVS = VMPP × ([0.0539× log
(

Gmi(t)
Gsi

)
] + 1) + [δ× Tvar(t)] + [0.02× Gmi(t)] (1)

Here, the maximum power-point (MPP) tracking voltage in volts is indicated by VMPP.
The temperature’s coefficient is represented by δ, whereas the irradiation obtained by
measurementin kW/m2 is denoted by Gmi. The standardized value for irradiation, i.e.,
Gsi, is measured in kW/m2 with a varying temperature of Tvar measured on the Kelvin
scale. The PV module’s output current (IPVS) in amperes can be expressed by Equation (2),
where t represents the time in hours for a particular day.

IPVS = Iphe(t)− Irsat(t)× [exp[(q×VPVS)/(Nseries × K× Tvar(t)× Aideal)]− 1] (2)
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In Equation (2), the photoelectric (phe) current in amperes is expressed as Iphe with the
reverse saturation (rsat) current of Irsat in amperes. Here, three constants are considered:
(ii) Boltzmann’s constant, (i) electron’s charge and (iii) ideal diode’s factor, which are
represented as K, q and Aideal , respectively. The numbers of cells joined in series is indicated
by Nseries. Therefore, the entire energy produced by the PV module (EPVS) in kWh can be
indicated by Equation (3), where ∆t indicates the time-step in hours and the total number
of PV modules is NPVS.

EPVS(t) = (∆t× NPVS ×VPVS × IPVS)/1000 (3)

3.2. Hydro-Electric Turbine

Hydro-electric turbines (HETs) are generally used for the extraction of kinetic-based
energy from the water flowing in rivers. These turbines are competent for ingenerating
power in slow-flowing water, causing no emission in the environment. The hydro-electric-
based turbine generates energy (EHET) in kWh which is expressed by Equation (4) [56],
where t represents the time in hours for a particular day.

EHET(t) = ∆t× [EHET−rated(t)]×
(

Fwater − Fcut_in
Frated − Fcut_in

)3
(4)

EHET−rated(t) = 0.5× ρwater_den × Rturbine × HKcoe f f × ξHET × Fwater
3 (5)

The water stream flow (L/s) is indicated by Fwater whereas the cut-in stream flow
(L/s) is indicated by Fcut_in. The flow of stream in rated speed (L/s) is indicated by Frated.
EHET−rated represents the rated HET power in kW, the density of water is represented
by ρwater_den in kg/m3, the area of the turbine is represented by Rturbine in m2, the HET’s
performance coefficient is HKcoe f f and ξHET represents the efficacy of the HET along with
the generator. Here, ∆t indicates the time-step in hours.

3.3. Biomass Generator

Depending upon the massive potential for biomass which generally comes from
Yupia’s huge bamboo reserves and other forest vegetation, the energy produced from a
biomass-based generator (BGS) on an hourly basis can be indicated by Equation (6) [57],
where t represents the time in hours for a particular day.

EBGS(t) =
∆t×Accessibility of Biomass (kg/year)× CVBGS × ξBGS

365× 860× hBGS
(6)

Here, EBGS is the energy produced from the biomass-based generator in kWh and the
system’s conversion efficacy is denoted by ξBGS. CVBGS represents the calorific value (CV)
of the biomass-gasifier whose numerical value is 4015 kcal/kg and hBGS is the operational
hours/day of the BGS. Here, ∆t indicates the time-step in hours.

3.4. Battery Storage

The generation of energy and consuming it from the battery storage system (BSS) are
associated within the time frame of (t− 1) to t. Here, t is the time for generation of the
energy from the BSS in hours and (t− 1) is the time for consuming the energy from the
BSS in hours. A battery starts charging when the production of energy surpasses the load’s
demand. Thus, the energy which is stored inside a battery at any particular time can be
expressed by Equation (7) [57].

EBSS(t) = EBSS(t− 1) + (EEEA(t)× ξCCE × ξBCE) (7)

Here, EBSS(t) represents the energy in kWh which is stored inside a battery, while
the excess energy that is obtainable from the whole system in kWh is represented by
EEEA(t). The efficacies of the charging battery and controller are denoted as ξBCE and



Energies 2023, 16, 1588 12 of 30

ξCCE, respectively. The limitation of the state of charge (SOC) of the considered battery is
expressed by Equation (8).

SOCminim < SOC < SOCmaxim (8)

Here, SOCminim represents the minimal state of charge value whereas the SOCmaxim
represents the maximal state of charge value which is presumed to be 1.

3.5. Bidirectional-Based System Converter

The bidirectional-based system converter is a major component in the renewable-based
integrated energy system. A bidirectional-based system converter is used to manage the
current’s flow in both directions at the time of an additional battery charging with power.
This converter also helps in providing essential power to the load, coming from all the DC
sources and batteries.

4. Formulation of the Problems Solved by HOMER Pro

The analysis of a renewable-based IES through the HOMER Pro environment requires
the input of current financial-related parameters. The current study comprises COE, NPC,
capital cost (initial), real interest rate (annually) and replacement cost of the several IES
cases considered.

The net present cost (NPC) of a component represents the current price related to its
installation and operation within the lifetime of the IES project subtracted from the current
price related to the earned revenues within the lifetime of the IES project. An NPC generally
comprises costs such as: capital, fuel, operation and management (O&M), replacement,
etc. Therefore, the NPC of the total system as well as every component used in the IES is
computed in HOMER environments and expressed by Equation (9) [58].

PNPC =
Pyc

CRF(µ, ϑ)
(9)

The overall NPC in USD is represented by PNPC and the net yearly cost in USD per
year is expressed as Pyc. The yearly rateofinterest in percentage is µ and the capital recovery
factor is CRF with ϑ being the total project lifespan in years.

The levelized cost of energy (COE) is described as the average cost per kWh of the
system-generated utilizable electric energy. The COE is expressed by Equation (10).

COE =
Pyc

Pprm + Pdi f f r + Pgrid_sls
(10)

The primary supplied load in kWh per year is indicated by Pprm, the different supplied
loads in kWh per year are indicated by Pdi f f r and the energy sold in kWh per year to the
central grid is indicated as Pgrid_sls. The CRF is expressed by Equation (11) [59].

CRF =
µ× (1 + µ)ϑ

[µ× (1 + µ)ϑ]− 1
(11)

The current research considers the input of several necessary component parameters
in the HOMER environment for designing an autonomous renewable-based IES, where the
system’s net cost varies with regard to the components which have various specifications.
The prices considered for different components as used in designing an IES, is shown in
Table 2, and the detailed various specifications are described in the subsequent sub-sections.

4.1. SolarPV Panel Cost

In this work, 200 kW rated capacity flat-plate type solar-PV panels of Solar Square are
considered, whose temperature-based coefficient, efficiency and operational temperature
are −0.5, 13% and 47 ◦C, respectively. The de-rating factor of the considered solar-PV panel
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is taken as 80% with the lifespan of the panels as 25 years [60]. The capital, replacement and
O&M prices of the panel are taken as 270 USD/kW, 270 USD/kW and 27 USD/kW/year,
respectively [61]. The maximum power-point tracker (MPPT) converter capacity of the
solar-PV panel is considered as 250 kW with a conversion efficacy of 95%. The solar
MPPT converter capital, replacement and O&M prices are considered as 100 USD/kW,
100 USD/kW and 5 USD/kW/year, respectively [61].

Table 2. Price considered for different components as used in designing an IES.

Components Manufacturer Name Capital Cost O&M Cost

200 kW Solar-PV Panel Solar Square 270 USD/kW [61] 27 USD/kW/year [61]
250 kW PV Converter Solar Square 100 USD/kW [61] 5 USD/kW/year [61]
11 kW Hydro Turbine Suneco USD 36,000 [62] 2400 USD/year [62]
50 kW Biomass Genset Prakash USD 7500 [63] 1.5 USD/opr. h [63]

Battery DLECL 220 USD/kWh [64] 10 USD/kWh/year [64]
System Converter Mouser 250 USD/kW [65] 0 USD/kW/year [65]

4.2. Hydro-Electric Turbine Cost

In this work, a 11 kW rated capacity hydro-electric turbine of SUNECO is consid-
ered, whose capital, replacement and O&M prices are taken as USD 36,000, USD 18,000
and 2400 USD/year, respectively, having a lifespan of 25 years [62]. The head of the
hydro-electric turbine is considered as 20 m with pipe-head loss and efficacy of 15% and
80%, respectively.

4.3. Biomass Generator Cost

In this work, a 50 kW rated capacity biomass generator of Prakash Genset is considered
whose capital, replacement and O&M prices are taken as 150 USD/kW, 150 USD/kW and
0.030 USD/kW/operational hour, respectively, having a lifespan of 15,000 hours [63]. A
minimum ratio for load as a percentage is considered to be 25%.

4.4. Battery Cost

In this work, lithium (Li)-ion battery manufactured by Dongguan-Liliang Electronic
Co., Ltd. (DLECL, Guangdong, China) is considered. This type of battery is very cost
effective and easily accessible. The considered battery has a nominal capacity and voltage
of 1 kWh and 6 volts, respectively. The battery also has a round-trip efficacy of 90% along
with maximum discharging and charging current of 500 A and 150 A, respectively [64].
The throughput of the battery is 3000 kWh and the lifespan is 15 years. The maximum SOC
of the battery is 100% and its minimum SOC is 20%. The capital, replacement and O&M
prices of the considered lithium-ion-based battery depending upon the present market
price are USD 220, USD 220 and 10 USD/year, respectively [64].

4.5. Bidirectional-Based System Converter Cost

The capacity of the MOUSER bidirectional-based system converter is considered as
250 kW in this work. The lifespan of the converter is considered to be 25 years with
conversion efficacy of 95% [65]. The capital as well as the replacement price of the converter
is taken as 250 USD/kW.

Therefore, the overall project span for establishing an integrated energy system in
Yupia is taken as 25 years. The discount rate of the project is taken as 6.25% while the
inflation rate in the context of India is taken as approximately 6% [66].

5. About HOMER Pro Software

The HOMER software was first designed by P. Lilienthal in the National Renewable
Energy Laboratory, USA for designing renewable-based integrated energy systems [67]. The
software helps to simulate and design the systems in an optimized situation considering the
required constraints. Using the HOMER software, both autonomous and grid-dependent
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IESs can be designed. Some recent versions of the HOMER software include HOMER Pro
and HOMER Grid.

The software generally works in three steps: it simulates, optimizes and finally carried
out the study of sensitivity for setting up an IES. In the simulation step, the software gener-
ally helps in modelling the IES and evaluates a specified IES combination’s performance
for a particular hour for a given year in order to find its technological viability and cost.
In the optimization step, the software searches for the optimum result after simulating
various combinations of the IES which fulfils all the technological constraints having the
lowest COE and NPC. In the sensitivity study step, the software computes a number of
optimizations for different inputs in order to guess the ambiguity effect or variations in
the system inputs. Therefore, in the optimization step, the optimum value is determined
on the basis of designer-controlled variables such as: integration of various renewables,
quantity of different components used and size of the components. The sensitivity study
step includes an assessment on the basis of non-designer-controlled parameters such as:
stream flow of the river, speed of the wind, solar radiation or cost of the fuel in the future.

The relation between the three steps of the analysis as carried out through the HOMER
environment is illustrated in Figure 8. The red oval of optimization step surrounds the
green oval of the simulation step which signifies the fact that various simulation results can
be achieved from one optimization. The blue oval of the sensitivity study step surrounds
the red oval of the optimization step, signifying the fact that one sensitivity study comprises
many optimizations.
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6. Results Obtained through Simulations

In the present research, four different IES cases are studied:

(i) battery/biomass/hydro (Ba/Bi/H),
(ii) battery/biomass/solar (Ba/Bi/S),
(iii) battery/hydro/solar (Ba/H/S) and
(iv) battery/biomass/hydro/solar (Ba/Bi/H/S),

which are depicted in Figure 9. The autonomous renewable-based IES supported by
battery (Ba) banks comprises three renewable resources: biomass (Bi), hydro (H) and solar
(S), which are easily available in the studied location.
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The designed IES consists of two different buses: DC load bus and AC load bus. The
solar-PV and battery are connected to the DC bus whereas the biomass-based generator,
hydro-electric turbine and load are connected to the AC bus. The converter helps to convert
the energy generated from AC to DC and DC to AC. The simulation result obtained after
running the HOMER software indicates various combinations of feasible IESs along with
their cost analysis. Figure 10 indicates the feasible combinations available using different
resources. The best combination is determined on the basis of the system having the lowest
NPC and COE. Therefore, four optimized suitable cases are obtained from the simulation
results, among which the autonomous Ba/Bi/H/S-based IES is the best combination that
has an optimum NPC and COE value.
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6.1. Case I: Ba/Bi/H

In case I, the renewable resources allocated for fulfilling the necessary load require-
ments are: biomass (Bi) and hydro (H) backed up by a battery (Ba). The simulation model
for the proposed combination is shown as case I in Figure 9. In this case, the optimized
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NPC value was found to be USD 654,952, along with the COE being 0.1564 USD/kWh
and cost of operation (OC) being 38,074.75 USD/year. The autonomous renewable-based
IES sizes are: biomass-based generator—50 kW, hydro—11 kW and battery—167 kWh.
The demand for satisfying the load is computed to be 314,034 kWh/year and the energy
generated from the proposed configuration is 325,567 kWh/year among which the biomass-
based generator generates 212,907 kWh/year (i.e., 65.4%) and the hydro-electric turbine
generates 112,660 kWh/year (i.e., 34.6%). The percentage of energy generation from the
renewables can be seen in Figure 11. Therefore, the proposed system generates excess
energy of 417 kWh/year (i.e., 0.128%), which is stored in the battery after satisfying the
demand for load. Figure 12 indicates the electrical energy generation on a monthly basis.
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Figure 12. Electrical energy generation on a monthly basis for case I (Ba/Bi/H).

The maximum component cost is that incurred by the biomass-based generator of
USD 394,380.79 and the lowest component cost is that incurred by the hydro-electric turbine
of USD 67,026.04. The total component cost breakdown for case I is shown in Figure 13. A
cash-flow study is shown in Figure 14. The overall replacement and capital prices for the
total system are computed as USD 86,210.25 and USD 142,740, respectively.
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6.2. Case II: Ba/Bi/S

In case II, the renewable resources allocated for fulfilling the necessary load require-
ments are: biomass (Bi) and solar-PV (S) backed up by a battery (Ba). The simulation model
for the proposed combination is shown as case II in Figure 9. In this case, the optimized
NPC value was found to be USD 807,292.10, along with the COE being 0.1607 USD/kWh
and cost of operation (OC) being 35,582.13 USD/year. The autonomous renewable-based
IES sizes are: solar-PV—200 kW, biomass-based generator—50 kW and battery—404 kWh.
The demand for satisfying the load is computed to be 314,013 kWh/year and the energy
generated from the proposed configuration is 393,071 kWh/year, among which the solar-
PV generates 250,497 kWh/year (i.e., 63.7%) and the biomass-based generator generates
142,573 kWh/year (i.e., 36.3%). The percentage of energy generation from the renewables
can be seen in Figure 15. Therefore, the proposed system generates excess energy of
58,214 kWh/year (i.e., 14.8%), which is stored in the battery after satisfying the demand for
load. Figure 16 indicates the electrical energy generation on a monthly basis.
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The maximum component cost for case II is that incurred by the biomass-based
generator of USD 327,939.96 and the lowest component cost is that incurred by the solar-PV
converter of USD 56,045.35. The total component cost breakdown for case II is shown in
Figure 17. A cash-flow study for case II is shown in Figure 18. The overall replacement and
capital prices for the total system are computed as USD 120,080.19 and USD 237,880, respectively.
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6.3. Case III: Ba/H/S

In case III, the renewable resources allocated for fulfilling the necessary load require-
ments are: solar-PV (S), hydro (H) and backed up by a battery (Ba). The simulation model
for the proposed combination is shown as case III in Figure 9. In this case, the optimized
NPC value was found to be USD 20,55,973, along with the COE being 0.4091 USD/kWh
and cost of operation (OC) being 68,552.75 USD/year. The autonomous renewable-based
IES sizes are: solar-PV—200 kW, hydro-electric generator—11 kW and battery—3552 kWh.
The demand for satisfying the load is computed to be 314,060 kWh/year and the energy
generated from the proposed configuration is 363,157 kWh/year, among which the solar-
PV generates 250,497 kWh/year (i.e., 69%) and the hydro-electric generator generates
112,660 kWh/year (i.e., 31%). The percentage of energy generation from the renewables
can be seen in Figure 19. Therefore, the proposed system generates excess energy of
27,448 kWh/year (7.56%), which is stored in the battery after satisfying the demand for
load. Figure 20 indicates the electrical energy generation on a monthly basis.
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The maximum component cost for case III is that incurred by the battery of
USD 1,695,001.23 and the lowest component cost that is incurred by the solar-PV converter
of USD 56,045.35. The total component cost breakdown for case III is shown in Figure 21.
A cash-flow study for case III is shown in Figure 22. The overall replacement and capital
prices for the total system are computed as USD 498,525.63 and USD 958,940, respectively.
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6.4. Case IV: Ba/Bi/H/S

In the current configuration i.e., in case IV, an autonomous renewable-based integrated
system consisting of solar-PV (S), hydro (H), biomass (Bi) and a battery (Ba) for backup
purposes is considered. The simulation model for the proposed combination is shown as
case IV in Figure 9. After running 2140 simulations, 1990 cases were feasible enough to have
solutions. Among them, the optimized NPC value was found to be USD 644,183.70, along
with the COE being 0.1282 USD/kWh and cost of operation (OC) being 26,741.88 USD/year,
which are observed to be the lowest when compared to other cases, i.e., case I, case II and
case III, with the capacity shortage being only 0.0823%. Figure 23 indicates the simulated
results for the current configuration. Therefore, the optimized proposed autonomous
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renewable-based IES has the following size: solar-PV of 200 kW, hydro-electric generator of
11 kW, biomass-based generator of 50 kW and battery of 142 kWh.
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Figure 23. Simulation results for case IV (Ba/Bi/H/S).

From the simulation result, it is found that the demand for satisfying the load is
314,060 kWh/year, for which the overall energy generated from the proposed configuration
is 457,651 kWh/year. In this case, the solar-PV generates 252,890 kWh/year (i.e., 55%), the
biomass-based generator generates 92,272 kWh/year (i.e., 20.3%) and the hydro-electric
generator generates 112,489 kWh/year (i.e., 24.7%). Figure 24 indicates the electrical energy
generation on a monthly basis and the renewable energy generation percentage for the
current case is shown in Figure 25. It is computed that the proposed optimized system
generates excess energy of 143,496 kWh/year (28.6%), which is stored in the battery after
satisfying the demand for load. The state-of-charge (SOC) of the battery is shown in
Figure 26. It can be observed that the battery remains charged for most of the hours of a
particular day. The proposed optimized system utilizes an average biomass-based fuel rate
of about 61 kg/hour each month. The average utilization of biomass-based fuel resources
in a month is shown in Figure 27. An enviro-economic comparative analysis among all the
simulated cases is carried out in the subsequent sub-section, where it is observed that the
current battery/biomass/hydro/solar-based system (i.e., case IV) is the most optimized
system for Yupia.
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From the simulation, it is found that the maximum component cost for the optimized
battery/biomass/hydro/solar-based system is that incurred by the biomass-based genera-
tor of USD 211,650.53 while the lowest component cost is that incurred by solar-PV con-
verter of about USD 56,045.35. The total component cost breakdown for this case is shown
in Figure 28. A cash-flow analysis for the optimized system is shown in Figure 29. The
overall replacement and capital prices for the total system are observed to be USD 82,108.23
and USD 216,240, respectively.
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A comparative study in terms of economics for the base as well as the current system
for case IV comprising various considered parameters is illustrated in Figure 30.
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6.5. Comparison Study among Considered Cases I to IV

The present study includes two major indicating criteria i.e., economics and emissions,
in order to select the optimum autonomous renewable-based IES. Amongst the four cases,
case IV is found to be the most price-competitive IES since it has the lowest COE of
0.1282 USD/kWh while the NPC is USD 644,183.70. Table 3 indicates the economical
indicators for all the cases, while Figure 31 gives a comparative bar-plot representation.
Thus, in comparison to all other IES combinations, case IV, consisting of an autonomous
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battery/biomass/hydro/solar (i.e., Ba/Bi/H/S)-based integrated energy system (IES), was
found to be the best combination for Yupia, since it has the lowest and most optimized
economic prices, i.e., COE—0.1282 USD/kWh and NPC—USD 644,183.70 when the capacity
shortage is only 0.0823%.

Table 3. Comparative economical indicators for cases I to IV.

Case NPC (USD) COE (USD/kWh) OC (USD)

Case IV (Ba/Bi/H/S) 644,183.70 0.1282 26,741.88
Case I (Ba/Bi/H) 654,952.00 0.1564 38,074.75
Case II (Ba/Bi/S) 807,292.10 0.1607 35,582.13
Case III (Ba/H/S) 2,055,973.00 0.4091 68,552.75
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The recommended autonomous renewable-based IES emits an approximate amount of
CO2 of 5084 kg/year. Therefore, the release of CO2 gas from the recommended optimized
IES is very low when compared to the emission from traditional energy generators. Table 4
indicates the comparative representation for emissions from all the cases along with a
case when the load is totally supplied by a diesel-based generator. It is observed that the
recommended IES has the lowest emission rate when compared to other cases whereas the
Ba/Bi/H-based IES has the worst emission rate, having CO2 emission of 18,057 kg/year.
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Table 4. Comparative representation of emissions from all the cases along with diesel-based generator
supply case.

Case CO2
(kg/yr)

CO
(kg/yr)

UHCs
(kg/yr)

PM2.5
(kg/yr)

SO2
(kg/yr)

NO
(kg/yr)

CaseIV (Ba/Bi/H/S) 5084 162 2.4 0.97 0 135
CaseI (Ba/Bi/H) 18,057 582 7.19 3.44 1.13 479
CaseII (Ba/Bi/S) 7232 230 3.41 1.37 0.59 192.03
CaseIII (Ba/H/S)

Diesel-based Genset
0

425,615.43
0

3729.53
0

1780.26
0

851.23
0

1967.89
0

3235.59

At the time of conversion of energy from fossil fuel-based resources, various poisonous
gases are released that cause an impact on the environment as well as on humans. These
gases are carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons (UHCs),
sulfur dioxide (SO2), etc. In this research, none of the considered cases have a diesel-based
generator to generate energy as they are fully dependent on renewable-based resources. For
cases I, II and IV, very minimal emissions can be noticed, while case III has zero emissions.
Nevertheless, for a condition when the load demand of Yupia is totally supplied by a
diesel-based generator, the release of all poisonous gases due to the use of the diesel-based
generator are shown in Table 4.

Now, for estimating the equivalent greenhouse gas (GHG) emission for cases I, II and
IV, 0.93 kg-CO2/KWh has been considered which lies inside the range computed by [68]
for India. The electricity generated in case I is 212,907 kWh/year and its equivalent annual
GHG emission is computed to be 198 tons of equivalent CO2. Then, 393,071 kWh/year of
electricity is generated in case II which signifies an annual GHG emission of 365 tons of
equivalent CO2. Similarly, in case IV, the annual GHG emission is found to be 425 tons
of equivalent CO2 for electricity generation of 457,651 kWh/year. Therefore, with the
deploying of any of the renewable-based IESs designed for Yupia by the Govt. of Arunachal
Pradesh as well as by the Govt. of India, there will be a massive reduction of poisonous
emissions. It is recommended to deploy the autonomous battery/biomass/hydro/solar-
based IES in the proposed hilly town since the NPC and COE are the lowest along with an
emission rate of only 8 tons of CO2/year.

Thus, the recommended renewable-based integrated energy system can help the
remote hilly town to have better way of living, sustainability in various types of infrastruc-
tural growth, etc. The autonomous Ba/Bi/H/S-based IES also helps to support green and
emission less surroundings. The energy which is generated excessively is consumed by
the loads and some remaining energy can also be sold to the central power grid. With the
joint venture of private and government players, an autonomous renewable-based IES can
be established in this kind of remote hilly region. Therefore, an integrated energy system
reduces the release of toxic emissions along with an enhancement in the reliable energy
supply for fulfilling the load’s requirement.

6.6. Sensitivity Study for the Optimized Autonomous Ba/Bi/H/S Integrated System

In this current research, a sensitivity study is carried out for the proposed optimized
autonomous battery/biomass/hydro/solar-based IES. The study investigates the outcome
achieved because of the deviation of 10% in the electrical-based load, hydro stream flow
and irradiance on solar-PV from their mean value. Figure 32 presents a sensitivity study
for variation in irradiance on solar-PV and hydro stream flow. It can be observed that
with the increase in the hydro stream flow above 173.90 L/s, the COE value decreases
while generating more energy and, with the decrease in the hydro stream flow, the COE
value increases. Further, it can also be deduced from Figure 32 that with the increase in
the irradiance on solar-PV above 4.08 kWh/m2/day, the COE value also decreases and,
similarly, with the decrement in the irradiance on solar-PV, the COE increases.
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A sensitivity study for variation in electrical-based load, irradiance on solar-PV and
hydro stream flow is showcased in Figure 30. The plot represents the deviation in NPC
with contrast to electrical-based load, irradiance on solar-PV and hydro stream flow. In this
case, a deviation from the mean value of irradiance on solar-PV and hydro stream flow of
12% respectively is considered, whereas a 10% deviation is considered for electrical-based
load. It can be concluded from Figure 33 that the sensitivity with regard to NPC due to
electrical-based load is the highest, whereas the NPC due to irradiance on solar-PV is the
lowest. Hence, if there is a small deviation in the electrical-based load, then the NPC varies
largely because of its elevated slope. Further, it can be seen from Figure 33 that the effect of
the hydro stream flow on the integrated system’s NPC tends to contrast the irradiance on
solar-PV as, with the slight alteration in the mean value of the irradiance on solar-PV, its
effect over the system’s NPC remains unaltered.
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6.7. Estimation of System Reliability

In order to verify the capability regarding the power generation of a renewable-
based IES, estimation of system reliability is highly important. Among several techniques
available to estimate system reliability, loss of power supply probability (LPSP) is one of the
most prominent approaches. The LPSP is a probability-based function, and it varies from
0 to 1. When the LPSP becomes equal to 1, it implies that there is 100% loss in supplying
the power. However, when the LPSP becomes equal to 0, it implies that there is no loss
in supplying the power, indicating that the demand for load will always be served. Thus,
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LPSP can be defined as the ratio of unmet electrical loads (UELs) in total to the demand for
loads in total (TLD) which can be expressed by Equation (12) [36].

LPSP =
∑8760

t=1 EUEL(t)
ETLD

(12)

Here, EUEL represents the unmet demand for electrical loads in kWh, where t is the
time in hours for a particular year. ETLD represents the total yearly demand for electrical
loads in kWh. Now, in order to realize perfect reliability in a renewable-based IES, the
constraints as shown in Equation (13) must be fulfilled.

LPSP ≤ LPSPreq (13)

Here, LPSPreq indicates the user-described value of LPSP. In the current research,
LPSPreq is taken as 1% (i.e., 0.01) [69]. Table 4 shows the estimation of system reliability
for all considered cases. It can be observed from Table 5 that, among all the considered
cases, case IV has the lowest LPSP, i.e., 0.01%, and hence can be considered as a reliable
autonomous renewable-based integrated system.

Table 5. Estimation of system reliability for cases I to IV.

Case UEL (kWh/Year) TLD (kWh/Year) LPSP (%)

Case IV (Ba/Bi/H/S) 47.5 314,060 0.01
Case I (Ba/Bi/H) 121.1 314,034 0.04
Case II (Ba/Bi/S) 142.7 314,013 0.04
Case III (Ba/H/S) 95.9 314,060 0.03

6.8. Limitations of the Current Research

In this current research, some real-world problems such as malfunctioning of certain
machine parts, losses during power generation, etc. are not considered and therefore
accurate results are not achieved. Thus, the results obtained from the simulation of the
proposed IES must be considered to be approximate. Despite the fact that the results
obtained from the current research are not exact, it is anticipated that the theoretically
obtained results from the HOMER Pro platform are very close to the real value.

7. Conclusions

In this research, four distinct renewable-based IES configurations are examined which
comprises: battery/biomass/hydro; battery/biomass/solar; battery/hydro/solar and
battery/biomass/hydro/solar for the remote hilly Arunachali town of Yupia. A variety
of parameters are taken into account to develop the functioning scheme of the IES, which
include: evaluation of energy requirements, allocating renewable resources depending
on the location, energy production per month, price breakdown study, system-produced
emissions and sensitivity study. All these four distinct renewable-based IES configurations
are designed and simulated in the HOMER Pro environment.

In comparison with all the cases considered, the simulation result for case I was
found to include the lowest COE of 0.1282 USD/kWh and NPC of USD 644,183.70 with
shortage of capacity being 0.0823% (i.e., ≈0%) under the current discount and inflation rate
in India. The recommended renewable-based IES thus has the lowest economical price
parameters while satisfying the load requirements for Yupia. In this case, the generation
of total electricity by the optimum system is 457,651 kWh/year. The annual equivalent
GHG emission is found to be 425 tons of equivalent CO2 for case I, if the same electricity as
generated by the recommended system is supplied by the diesel-based generator alone.
Therefore, the battery/biomass/hydro/solar-based IES is selected as the best option since
such huge emission of CO2 in the environment could be reduced. Moreover, the proposed
IES has the lowest CO2 and other poisonous gas emission with an annual equivalent GHG
emission of only 8 tons of equivalent CO2. The optimized autonomous renewable-based
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IES has a size of: solar-PV—200 kW, solar-PV MPPT converter—250 kW, hydro-electric
generator—11 kW, biomass-based generator—50 kW, total system converter—250 kW and
battery—142 kWh. Further, the proposed case has LPSP of only 0.01% which is under the
limit of the constraint LPSPreq. This indicates that the system is perfectly reliable, that there
is a negligible loss in supplying the power and the demand for load will always be served.

The sensitivity study of the optimized battery/biomass/hydro/solar-based IES show-
cases the highest sensitivity with regard to NPC due to electrical-based load whereas the
NPC due to irradiance on solar-PV is the lowest. Further, it can also be concluded from the
sensitivity study that the variational effect of irradiance on solar-PV and hydro stream flow
on NPC remains unaltered even when they increase with respect to their mean value.

The proposed renewable-based integrated system shows a promising emission level by
reducing annual GHG emission significantly. The hilly Indian state of Arunachal Pradesh
has a huge potential for hydro alongside biomass and solar and this kind of study is a
first for the state. Therefore, it is recommended that the local government should conduct
feasibility-based studies for other parts of the state as well as setting up a renewable-based
integrated system. This will enable generation of more power to serve the remote areas of
Arunachal Pradesh which are yet to be electrified. Finally, it is recommended that a strict
framework is formed by government agencies so that private players can invest insetting
up this kind of viable renewable-based integrated energy system.

Further studies would include the hybridization of the present system with other
possible renewables such as wind and also its connection to the central grid. Such a
developed system would help to increase the generation capacity of the IES, can fulfil the
load requirements of nearby hilly towns and can make profits by selling the excessively
generated power to the central grid.
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