
A Comparative Study of the Optimal
Sizing and Management of Off-Grid
Solar/Wind/Diesel and Battery Energy
Systems for Remote Areas
M. Thirunavukkarasu and Yashwant Sawle*

School of Electrical Engineering, Vellore Institute of Technology, Vellore, India

Electrification in rural areas is relatively costly compared to urban areas. Therefore, the aim
of this research is to identify the best combination of hybrid renewable energy systems
(HRESs) to satisfy the load demand in a sustainable and cost-efficient way. The techno-
economic study of stand-alone hybrid photovoltaic–wind turbine–diesel–battery-converter
energy systems based on the hybrid optimization model for electric renewable (HOMER)
simulation has been analyzed for various locations in the Tamil Nadu state, India. Various
combinations of the systems have been compared and analyzed based on the
performance of their technical parameters, costs, the electrical power production of
each source, and unmet load. The findings indicated that the off-grid
solar–wind–diesel–battery configuration is the most economical for all the sites among
other system configurations. Comparing with conventional diesel generators among all the
locations, a combination of solar/wind/diesel/battery is the economically best design for
Thoothukudi, with the least and most reliable solution in terms of net present cost and cost
of energy. Also, the impact of intermittent variables becomes significant, so sensitivity
analysis for the various parameters has been carried out. The study finds that the least cost
of electricity and the net present cost of electricity for Thoothukudi are achieved at 0.266
$/kWh and 138,197 $, respectively. This is economical compared to a stand-alone diesel
system where the obtained COE is $1.88 and the NPC is $977523. In the stand-alone
diesel operating mode, 41854 kg of CO2 is produced, which is higher than CO2 emissions
associated with any other renewable energy systems. According to the results, the
Kanyakumari location outperforms in terms of producing environmental pollutants with
emission of 1,020 kg/y CO2 at their best. Moreover, the results of the proposed study imply
that the proposed renewable energy system in remote sites could be a more economical
measure.
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INTRODUCTION

In the past few years, increasing sustainable growth in the industrial sector and global population
have increased energy demand. Presently, conventional power systems mainly rely on the usage of
nonrenewable resources such as oil, gas, and coal. Therefore, utilization of these fossil fuels
contributes to several negative effects on the environment due to the emission of greenhouse
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gases (Chua and Oh, 2010). The availability of grid facilities to
connect the load is available for all places. However, this
arrangement remains the greatest challenge in rural areas to
access electricity. For scattered communities, grid extension is
not economical and offers high transmission losses and light
loading conditions. Moreover, due to limited availability of fossil
resources and increasing fuel prices, high grid extension
investments are required (Mamaghani et al., 2016). Rural areas
are the backbone of India, which relies on agro sectors. Moreover,
rather than basic residential loads, it requires electricity to pump
water for machines to harvest crops, to run mills, etc. However, in
India, approximately 18% of the population does not have the
access to continuous and reliable power supply. Hence, the
existing poor service of power supply has been considered as a
steady problem for rural locations in India (Kumar et al., 2019).
Currently, India relies on 76% of coal as a sustainable and
potential fuel for power generation (Laha et al., 2020). As the
fossil fuel dependency has major drawbacks, India has been
planning to entail its power capacity from 40% renewable
sources till 2030 (MNRE, 2018). The global percentage of
population with access to electricity increased from 83% in
2010 to 87% in 2015 and is estimated to reach 92% by the
current rate till 2030. As the target is 100% till 2030, the
remaining 8% gap is achieved by sustainable development goal
(SDG) 7 by 2030 (Mawla and Khan, 2020). Also, energy
production from conventional fossil fuels acts as a driver of
climate change, accounting for about nearly 70% of overall
global greenhouse gas emissions (Sustainable development
goals, 2020). Goal 7 of the SDGs seeks to close the energy
access gap and to avoid the worst impacts on environmental
climate change and also to ensure affordable, reliable, and
modern energy services for all by 2030 (Closing the Energy
Access Gap, 2020). The global percentage of renewable energy
share to total energy consumption gradually increased from
16.6% in 2010 to 17.5% in 2016 and is expected to reach 21%
by the current rate till 2030 (Economic and Social Council, 2019).
Renewable energy sources (RESs) made up 26.2% of global
electricity generation in 2018 and are expected to rise to 45%
by 2040. Most of the increment is likely to come from solar, wind,
and hydropower (Center for Climate and Energy Solutions,
2020). Therefore, RESs will play an important role in the
future, which hopes to meet the energy demand reliably,
especially in remote areas having low demands. However, RES
associates with some restrictions such as its intermittent nature
and uncertainties, which inevitably affect its reliability and
ultimately might not yield the adequate power generation if
RESs are employed as stand-alone sources to meet the
demand. To encounter the above-mentioned weaknesses and
to exploit RESs effectively, integration of two or more RESs
has to be employed as hybrid renewable energy systems
(HRESs). In spite of vulnerable outcomes due to limitations of
renewable sources, they are able to obtain holistic efficiency of
renewable sources by utilizing the advantages effectively (Vendoti
et al., 2021). Currently, developing countries are struggling with
three central problems. 1) Millions of the population still do not
have electricity access, so it is necessary to accomplish basic
electricity needs; 2) environmental insecurity is still raising more

and hence needs to preserve the global by less carbon emission
systems; and 3) serious worries on the energy crisis, which stifle
global economic growth.

In India, energy sectors have been increasing at the greatest
pace and are estimated to acquire a crucial drive in the growth of
energy demand and globally expected as 16% energy demand rise
by 2035. In India, coal will continue its shares likely to around
65% in the total energy generation up to the year 2035. However,
capacities of power generation will not be sufficient for load
demand as a gap still exists between generations and demand with
nearly 40% (Deb and Kumar, 2018). The only state in India where
one-third of generated electricity originates from the renewable
resources is Tamil Nadu. This state is blessed with a diverse class
of renewable forms such as wind, solar, biomass, biogas, and
hydro. Tamil Nadu’s current average electricity consumption is
between 14,500 and 15,500 MW.With a total installed capacity of
31,894 MW, Tamil Nadu has India’s most diverse power-
generating portfolio, with 50% renewable energy (Energy
department of Tamil Nadu, 2020). Economic feasibility of
implementing the solar PV–wind–diesel composite system for
telephone transceiver stations, which is located in the far-flung
rural place of Tamil Nadu, is presented by Kumar and
Manoharan (2014a). The result of the simulation is hopefully
helped to select the ideal place for installing an absolute off-grid
hybrid network within Tamil Nadu in different climatic zones.
Due to limited consumers and higher transportation costs, the
cost of utility is increasing in rural areas of Madhya Pradesh in
India, so the author developed an optimal renewable energy
system that comprises solar and wind (Sawle and Gupta,
2014). For different geographical regions of Greece, the
technical and financial assessment of four hybrid networks
that have at least one renewable source of energy to meet all
local loads has been evaluated. For these regions, HOMER has
provided optimal solutions in terms of installation, fuel,
operational, and replacement costs (Panapakidis et al., 2012).
A techno-economic viability study for the multiple combinations
of wind turbines, photovoltaics (PVs), and diesel generator
engines has been examined in Colombia for energy generation
in several off-grid parts of the country under various climate
features, and the best energy and cost configuration has been
identified (Mamaghani et al., 2016). Electrified Indian villages
undergo a daily power failure of 15 h or more. The investigators
examined a feasibility study of three separate hybrid systems such
as solar PV–fuel cells, wind–fuel cells, and PV–wind–fuel cells.
The results show that the hybrid PV–fuel cell system under
specific meteorological conditions for residential remote areas
in the Sunderbans, India, is more cost-efficient and suitable than
the other networks (Dey et al., 2016). In the study of Sawle et al.
(2018a), a techno-economic feasibility study is performed
through a genetic algorithm (GA) and particle swarm
optimization (PSO) techniques on case-I (PV–wind–biomass
HRES) and case-II (PV–wind HRES) with load flow and cycle
charging strategies. For both cases, the most effective and reliable
solution has been obtained with CCS as compared to LFS. In the
study of Thirunavukkarasu and Sawle (2020), an off-grid PV/
diesel/battery hybrid system is designed to provide power supply
for rural areas in Vellore, Tamil Nadu, India. For this system,
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optimal sizing and economic analysis are performed using
HOMER. The author has modeled six different configurations
of hybrid green energy systems for Barwani, Madhya Pradesh,
India. By using HOMER, optimization has been done for all six
combinations, and the results suggested that the PV/wind turbine
(WT)/biomass/diesel generator (DG)/battery system (BS) hybrid
configuration is the most feasible design for this location (Sawle
and Thirunavukkarasu, 2020). The author modeled and analyzed
an off-grid hybrid system for an isolated remote location in
Northern Manitoba. Three different scenarios were examined
and compared with the existing diesel generator system to
determine the most promising optimal one. Optimization
results have revealed that the hybrid
photovoltaic–diesel–battery would be a notable role with a
cost of energy (COE) of 0.5121 (Canadian Dollar/kWh) and
22% of fuel savings while comparing with the existing diesel
system (Kaluthanthrige et al., 2019). The authors have
implemented hybrid binary particle swarm optimization and
the shuffled frog leap (BPSO-SLFA) technique for optimal
placement and sizing of distributed generations to minimize
power loss and improve the voltage stability in 33 and 69 bus
radial distribution networks (Hassan et al., 2020). A hybrid
energy system-based electric vehicle charging station
employing real-time data in HOMER software has been
created and optimized. Furthermore, after modeling the
suggested model, the findings show that the hybrid charging
station system successfully meets a specified load need and
reserves a significant quantity of power for the charging of
electric vehicles (Nandi et al., 2018). The authors employed
renewable energy systems to power rural health clinics, reduce
electricity and fuel costs, and improve health and life quality in
such distant coastal locations (Kumar and Manoharan, 2014b).
The HOMER computational tool was utilized to analyze the
hybrid energy sources with the combination of solar and wind
and suggests that the proposed system would effectively satisfy
the electrical demand for a health-care building (Karthick et al.,
2021). A microgrid for buildings is designed by the author, which
is technical and cost-effective. The analysis is performed for a case
trial utilizing actual data from a building in South India (Kumar
and Bhimasingu, 2014). The authors discussed the architecture
and integration of the smart grid, as well as various objectives and
constraints related to the grid components (Thirunavukkarasu
and Sawle, 2021). Table 1 lists a few case studies developed in the
Indian scenario.

However, studies were based on the literature providing
analysis for locations where there is a possibility of accessing
grid power and do not project more comprehensive analysis
for unelectrified sites. People living in the selected rural areas
do not have access to grid-connected power. These
communities are still without power since supplying energy
is challenging owing to location and economic issues. For
isolated regions, the cost of installing and maintaining
distribution lines is too expensive. There will also be a
significant rise in transmission line losses in addition to
poor power supply dependability. Extensions of the power
grids are often subject to costly capital investments, low
demand, poor voltage control, and frequent power supply

disruptions at remote and nonelectrified sites. As a result,
an accessible, cost-effective, and reliable source of power is
critical to the development of any rural region. As a result, off-
grid renewable energy generation is chosen for unelectrified
sites and encouraged to overcome all the shortcomings of the
standard method of power generation and transmission.

Research Gap
Based on the literature, it has been identified that the integrated
renewable sources act as bridging to electrify remote locations,
and in recent days, the Ministry of New and Renewable energy
(MNRE) of India has guided to undertake off-grid electrification
through renewable sources for poorly electrified remote rural
communities. Furthermore, focusing on single renewable energy
generators still provides a gap between load and demand, along
with poor economical and low renewable penetration. In this
context, to improve economical and renewable penetration, this
article has attempted to design an electrification system for the
remote village in the Tamil Nadu regions, which has a high degree
of solar and wind renewable resources. So far, there are few
comprehensive analyses that have been carried out on techno-
economic assessment for PV/wind/battery hybrid systems in
Tamil Nadu, India, for domestic load. Therefore, the key
purpose of this study is to investigate off-grid HRES
configurations in different locations of Tamil Nadu, India, and
to seek the best combination of available renewable energy
sources to deliver electricity reliably and sustainably.

Contribution of the Research
The main contributions to this work are as follows:

• A novel off-grid hybrid renewable energy system is
developed for the size and cost-effective optimization
problems in rural remote areas of Tamil Nadu.

• System performance of different locations is evaluated based
on the minimum value of net present cost (NPC) and cost of
energy (COE).

• Sensitivity analysis is performed for the variation in diesel
fuel price, solar radiation, wind speed, nominal discount
rate, and scaled annual average load per day.

• The proposed system has to achieve reasonable
environmental benefits, more renewable fractions, and
less emission.

Organization
The remaining study is arranged in five sections, including the
Introduction as follows: Section II describes the study area.
Section III explains the methodology utilized in this work.
Sector IV presents the results and discussion, followed by the
conclusion.

STUDY AREA

Description
There are several deposits of minerals in the Tamil Nadu state,
and the main minerals include limestone, bauxite, gypsum,
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lignite, magnetite, and iron metal. In the northcentral part of
India, opencast lignite mines in Neyveli are one of the largest in
India, used as a fuel for Neyveli fuel plants. This plant provides a
significant part of the total power of the state. The corporations in
Tamil Nadu are heavily involved in the manufacturing of car
parts, textiles, leather, sugar, electronic device, etc. The total
installed power capacity (MW) in Tamil Nadu (includes
allocated shares in the private and central zones) is coal-fired
(11,832.99), lignite (1,790.75), natural gas (1,027.18), diesel
(211.70), nuclear power (1,448), hydropower (2,178.20), and
renewable energy (16,532) as shown in Figure 1 (All India
installed capacity, 2020). Figure 2 shows the total installed
capacity of various resources in percentage in Tamil Nadu
with allotted shares through the private and central sectors.
More study on clean energy deployment in Tamil Nadu has
been required for offsetting the carbon emission with the coal
burn. An extract from a study conducted by the Tamil Nadu
energy development agency reported that the position is
projected to raise renewable energy by setting green energy
goals and carbon neutrality targets under the Paris
agreement.

The energy consumption sectors in Tamil Nadu require
high energy as demand is increasing day by day, particularly in
the residential sector, and hence give rise to an action for

research into renewable energy sources in the residential
sector. The use of green energy sources, including solar,
biomass, and wind, has the potential to achieve
sustainability, eco-friendliness, energy efficiency, and
reduction of carbon emission. Tamil Nadu has plenty of
opportunities to support and leverage renewable sources,
such as solar PV, wind, and biomass for household and
organizational applications in more remote regions.

Issues With Renewable Energy in the Study
Area
Financial expenditure, subsidies, tariffs, market models, and
different policies are certain conditions contributing to clean
energy implementation. The renewable technology investment
cost is more than ever before. Carbon emission goals, ensuring
long-term energy sources, and reducing reliance on fossil fuels
are the factors driving this expenditure. The risks inherent in
owning, building, and operating such plants also increase as
the investment in renewable energy plants rises. The political,
regulatory, and economic risks are now becoming more acute
as economic prospects deteriorate in many countries.
Moreover, as wind farms begin to increase their
investments, the volume of risk relating to weather is
especially salient. Thus, these risks are raising critical
concerns regarding the potential growth of worldwide green
energy (Risk Management in renewable energy and
sustainability in India, 2019). Moreover, in Tamil Nadu,
power generated from coal fired has a significant impact on
the environment and health impacts, and also, the energy
consumption and CO2 emission from the coal-fired thermal
power plant till 2030 have been expected as 26.9 GW and 250
million tons, respectively (Coal Kills Health Impacts of Air
Pollution from India’s Coal Power Expansion, 2020). Hence, in
Tamil Nadu, several attempts are being made to use clean
renewable energies effectively by implementing stand-alone
and grid-integrated renewable systems. A scheme called
environmental protection and renewable energy

FIGURE 1 | Total installed capacity (MW) in Tamil Nadu (including
allotted shares in joint and central sectors).

FIGURE 2 | Installed capacity of various resources in Tamil Nadu (including allotted shares in joint and central sectors).
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development fund has been established by the state
government to promote, mitigate, and provide corrective
measures to reduce the effects of climate change in the state
(Environment Protection and Renewable Energy
Development, 2020).

METHODOLOGY

For modeling, simulation, and analysis of the hybrid energy
system, HOMER software is utilized, which is developed by the
National laboratory for renewable energy, United States. It is

FIGURE 3 | Flowchart of the HOMER optimization algorithm.

FIGURE 4 | (A) Daily load profile for a residential load (Hours/day). (B)Monthly load profile for a residential load. (C) DMAP of the yearly load profile for a residential
load
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an effective system design tool for all purposes that make it
simpler to design an off-grid system design or a system directly
connecting the grid. It includes the use of inputs such as load,
wind, and solar profiles for a specific area, diesel costs, system
control parameters, and technical and component costs. It
executes hourly based simulation to achieve the optimum
relationship between load and supply to design the
optimum device. It provides a list of viable device
configurations sorted by cost efficiency and offers an
optimum setup dependent on the lowest net present cost
(Sawle et al., 2016). Figure 3 describes the flow chart of
HOMER (Tazay, 2021).

The sensitivity analysis method implements multiple
optimizations in a variety of inputs such as wind speed, solar
radiation, diesel prices, nominal discount rate, etc., to determine
the effect of variability or uncertainty in the model inputs. In
particular, HOMER keeps executes the optimizing procedure for
each sensitive parameter that is defined when sensitivity variables
are listed as inputs.

Methodology
Data Collection
The renewable potential assessment locations in this study were
chosen from six different climatic geopolitical areas in Tamil
Nadu, India. The zones considered for the study are Vellore,
Salem, Kanyakumari, Ooty, Nagapattinam, and Thoothukudi as
listed in Table 2. Climate details including wind velocity and PV
radiation used for this study have been collected from National
Aeronautics and Space Administration (NASA). According to
NASA, monthly averaged global solar radiations for sites were
collected over 22 years on a horizontal plane from NASA, and at
the anemometer height of 10 m, the wind speed data are
recorded for 30 years. The daily radiations of solar and
clearness index for a year at various coordinates in Tamil Nadu
are shown in Table 3, where Hav represents the average monthly
exposure of solar radiation in kWh/m2 day and KT represents the
index of clearness. Further, Table 4 indicates an average monthly air
velocity for one year, where WS represents the average rate of wind
speed every month in m/s. This study lays out a techno-
economic viability review and efficiency evaluation for an
optimum scale of the combined PV/WT/DG/BS power grid
for providing electricity to off-grid applications using
HOMER.

Load Profile
The load data were collected from 10 residential houses located in
Tamil Nadu for 24 h. The hybrid system is considered to provide
power to the estimated load profile, such as lamps, mobiles, fans,
televisions (TVs), and radios. All these pieces of equipment are
run for all days, but it is assumed all these are not using at the
same time per day. A total of 10 houses (out of a total of 100 in the
villages) were surveyed, and it was found that the preponderance
of the households’ energy demand profiles is identical. For each
household, domestic appliances such as lights, fans, TVs, radios,
mobile phone chargers, and others require electricity. Table 5
depicts the load demand for a single household. The total load
demand comes out with approximately 110 kWh/day and a peak
load of 11.04 kW with a day-to-day random variability of 10%.
Figure 4 depicts the load profile for a residential load
(HOMERpro3.14, 2020b).

Components of the Proposed Configuration
It is seen from Figure 5 that the combination of the systems
includes solar systems, wind turbines, batteries, and a diesel
generator for backup. In the hybrid system, electrical demand
is coupled at the alternating current (AC) bus side, the wind
sources and diesel generator are attached to the side of the AC
network, and the solar systems as well as energy storage devices
are paired to the side of a direct current (DC) link. The solar PV
and wind system are combined to provide renewable energy,
while the diesel generator serves as an auxiliary unit to fulfill the
electric demand during unforeseen fluctuation of sunshine and
wind speed. The energy storage device is used to maintain
constant power for high loads even in low resource times and
to ensure the highest reliability of electricity at the load terminals.
The role of a power converter is to process and control electricity

TABLE 1 | Case studies in the Indian scenario (developed by the author).

Location Mode Application Optimal system References

Thanjavur, Tamil Nadu On Electrical vehicle charging PV/Wind/hydro/DG/battery/converter Nandi et al. (2018)
Kilakarai, Tamil Nadu Off Health clinic building PV/Wind/DG/battery Kumar and Manoharan (2014b)
Chennai, Tamil Nadu Off Health-care building PV/Wind/battery Karthick et al. (2021)
Three distant areas, Tamil Nadu Off Base Transceiver Stations PV/Wind Kumar and Manoharan (2014a)
Vellore, Tamil Nadu Off Residential PV/diesel/battery Thirunavukkarasu and Sawle (2020)
Hyderabad, India On IT business organization PV/wind/battery/converter Kumar and Bhimasingu (2014)
Gorakhpur, India Off University building PV/DG/battery/converter Srivastava and Giri (2016)
Rajasthan, India On University campus PV/wind/DG/battery/converter Swarnkar et al. (2016)
Chhattisgarh, India Off Residential, Commercial PV/Biodiesel/hydro/battery/inverter/rectifier Sen and Bhattacharyya (2014)

Agricultural, Industrial

TABLE 2 | Geographic coordinates of various zones in Tamil Nadu.

Zone description District Latitude (N) Longitude (E)

Northeastern Vellore 12°55.0′N 79°7.9′E
Northwestern Salem 11°39.9′N 78°8.8′E
High rainfall Kanyakumari 8°5.3′N 77°32.3′E
Hilly and high altitude Ooty 11°24.6′N 76°41.7′E
Cauvery delta Nagapattinam 10°46.0′N 79°50.7′E
Southern Thoothukudi 8°45.8′N 78°8.1′E
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flow in the form suitable for consumer loads. The cost details of
each component including initial capital, substitution, and
operation and maintenance (O and M) costs are shown in
Table 6 (Baruah et al., 2021; Olatomiwa et al., 2015).

Modeling of the Proposed System
Solar System
Solar power is an immense limitless energy source. Irradiance
is the amount of solar radiant energy that falls on a surface per
unit area and time. Solar cells have been developed to convert

solar radiation into electrical energy as part of satellite and space
travel technologies. In contrast to traditional collectors
converting solar radiation to heat, photovoltaic solar cells use
the energetic photons for direct electricity produced by the
incipient solar radiation. For designing, CS6U-330P
polycrystalline cells having a nominal maximum power of
0.330 kW have been chosen with a derating factor, and
ground reflectance was applied as 88 and 20%,
respectively. HOMER user must include a report on the
solar resource to the venue. The report of solar resources

TABLE 3 | Meteorological data of solar radiation and clearness index for various Tamil Nadu locations.

Month Vellore Salem Kanyakumari Ooty Nagapattinam Thoothukudi

Hav KT Hav KT Hav KT Hav KT Hav KT Hav KT

January 4.820 0.567 4.880 0.563 4.840 0.531 5.460 0.627 4.64 0.528 4.990 0.552
February 5.720 0.616 5.820 0.618 5.580 0.573 5.940 0.629 5.64 0.593 5.910 0.610
March 6.430 0.636 6.490 0.638 6.140 0.595 6.390 0.627 6.38 0.625 6.670 0.648
April 6.280 0.595 6.160 0.584 5.520 0.527 5.930 0.563 5.97 0.567 6.260 0.596
May 5.920 0.559 5.980 0.568 5.310 0.516 5.350 0.509 5.77 0.551 5.950 0.576
June 5.190 0.494 5.210 0.501 4.460 0.441 3.870 0.373 5.41 0.524 5.570 0.548
July 4.750 0.452 4.800 0.460 4.530 0.445 3.710 0.356 5.16 0.498 5.630 0.551
August 4.880 0.465 4.960 0.474 4.870 0.470 4.080 0.390 5.32 0.510 5.840 0.563
September 5.110 0.502 5.220 0.511 5.130 0.498 4.830 0.472 5.49 0.536 6.000 0.583
October 4.370 0.463 4.520 0.473 4.420 0.450 4.540 0.474 4.51 0.468 5.180 0.529
November 3.990 0.463 4.090 0.466 3.970 0.432 4.650 0.528 3.93 0.442 4.300 0.471
December 4.160 0.506 4.290 0.511 4.230 0.477 4.990 0.592 4.1 0.481 4.410 0.501
Average 5.14 5.20 4.92 4.98 5.19 5.56

TABLE 4 | Profile of wind speed at various zone descriptions at Tamil Nadu.

Vellore Salem Kanyakumari Ooty Nagapattinam Thoothukudi

Month WS WS WS WS WS WS

January 4.720 4.790 6.970 3.800 6.350 6.930
February 4.400 4.410 5.460 3.250 5.470 5.710
March 4.370 4.090 4.160 2.910 4.750 4.430
April 4.470 3.740 4.240 2.720 4.790 4.390
May 4.930 4.350 6.930 4.220 6.550 7.060
June 6.340 6.290 8.330 6.540 7.760 8.490
July 6.390 6.330 8.210 6.700 7.320 8.180
August 5.970 5.810 7.870 6.070 6.900 7.770
September 4.410 4.200 7.120 4.590 5.780 6.970
October 4.020 3.570 5.390 3.310 4.830 5.310
November 5.220 4.460 5.000 3.320 5.930 5.300
December 5.590 5.160 6.790 4.030 6.990 6.860
Average 5.07 4.77 6.37 4.29 6.12 6.45

TABLE 5 | Load demand for a single household.

Load Quantity Watts Total watts Hours of
operation per

day

Watt-hour per
day

Light 3 11 33 6 198
Fan 2 55 110 7 770
Radio 1 5 5 5 25
Mobile charging 3 5 15 1 15
Television 1 30 30 3 90
Total watt-hour per day for one household 1,098
Total watt-hour per day for 100 households 109,800 (110 kWh/day
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indicates how much solar energy hits the surface of the earth
over a year. The ratio of measured local irradiation
concerning calculated extraterrestrial irradiation at that
location is termed as the clearness index. The solar array
is designed by HOMER to produce DC electricity accurately
proportionate to global solar radiation regardless of
temperature and voltage. The PV output performance is
determined by Eq. 1. It provides the maximum PV array
output (Sinha and Chandel, 2015).

Ppv � Ypv × Fspv × Gt

Gtstc

× [1 + αp(Tc − Tcstc)], (1)

where YPV defines the solar power capacity in kW, Fspv defines the
solar derating factor, Gt represents the solar radiation incident on
the PV array (kW/m2), GSTC represents the incident solar
radiation under standard test conditions (1kW/m2), αp defines
the temperature coefficient based on power, TC is the temperature
of the cell, and TC,STC represents the solar PV cell temperature
under standard test conditions (25°C).

Wind System
Wind power has been used widely since the Medieval Era. The
indirect manifestation of solar energy is wind power. Wind is
formed as a result of two things: 1) solar energy absorption on the

surface of the earth and in the atmosphere and 2) the earth’s
rotation around its axis as well as its orbit around the sun. A wind
turbine is a mechanical device that transforms the kinetic energy
of flowing air into mechanical motion, often in the form of a
spinning shaft. This mechanical action has the potential to create
electricity. The benefit of the use of wind energy is that it has a
reasonably good potential as an energy source and does not cause
pollution. A generic 12 model of a 1 kW wind turbine with a hub
height of 17 m was selected and modeled by HOMER to
transform the wind’s kinetic energy into AC or DC electric
energy based on the power curve. The HOMER user must
have the information about the wind resource, showing the
range of the speeds of wind that will occur during a normal
year for modeling a structure that contains one or more wind
turbines. In a four-phase process, HOMER calculates the wind
turbine power output of each hour. First of all, by representing
wind resource data, the average hourly wind speed is determined
by the anemometer height. Second, using either the logarithmic
law or the power law, the resulting strong wind level at the height
of turbine hub is measured. Next, the power curve of the turbine
is used to measure its power output at that wind speed by
assuming the standard air density. Finally, by multiplying the
value of output power by the ratio of air density, the ratio of real
air density with standard air density is determined. By the
application of the power rule, HOMER calculates strong wind
levels at the height of the turbine hub by Eq. 2 (HOMER, 2020).

Ws,hub � Ws,anem × { Zhub

Zanem
}

α

, (2)

where WS is the speed of wind in m/s at the level of hub height,
WS,anem is the speed of wind in m/s at the level of anemometer
height, Zhub is the height of the hub inmeter, Zanem is the height of
the anemometer in meter, and α is the exponent of the power law.
The maximum power output of a wind turbine is determined by
Eq. 3 (HOMER, 2020).

Pwtg � { ρ
ρ0} × Pwtg,stp, (3)

where Pwtg is the maximum output power from a wind turbine in
kW, ρ is the definite density of air in kg/m3, ρ0 is the density of the
wind at standard temperature and pressure, and Pwtg,stp is turbine
power output in kW at standard temperature and pressure.

Generator System
Due to low cost, simplicity of installation, and ease of operation,
diesel generators are often employed for distant electrification. The

FIGURE 5 | Design of a hybrid system in HOMER.

TABLE 6 | Cost details of various components.

Component details Capital costs ($) Replacement costs ($) O and M costs
($)

Component life

PV system 469.03/KW 469.03/KW 150/Year 25 Years
Wind system 997/KW 997/KW 150/Year 20 Years
Generator 230/KW 230/KW 0.5/hr 15,000 h
Battery 216.78/Battery 160.47/Battery 5/Year 5 Years
Converter 65/KW 65/KW 10 Year 15 Years

Frontiers in Energy Research | www.frontiersin.org November 2021 | Volume 9 | Article 7520438

Thirunavukkarasu and Sawle Optimizing Renewable in Rural Areas

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


most reliable source of backup electricity is provided by diesel
generators. When compared to other technologies, one of the most
significant and distinguishing characteristics of diesel-powered
generators is their short response time, which allows them to
start quickly. A number of generators, such as internal combustion
engine-based generators, microturbines, fuel cells, Stirling drives,
thermophotovoltaics, and thermoelectric drive generators, can be
modeled using the HOMER generator module. Diesel generators
(auto-size generator set) with a 13 kW rated power with a
minimum load ratio of 25% of the rated capacity are considered
for this research. The fuel curve is considered to be a straight line
with an intercept Y using Eq. 4 for the engine fuel usage (Ani and
Abubakar, 2015).

F � F0 × Ygen + F1 × Pgen, (4)

where F0 is the intercept coefficient of the fuel curve, F1 is the slope
of the fuel curve, Ygen is the rated power of the generator (kW), and
Pgen is the power output of the generator (kW).

HOMER measures the fixed and marginal energy costs of the
generator and uses it to model the operation of the device. Fixed
energy costs are the expenses of operating the generator per hour
without electricity generation. HOMER measures the generator’s
energy cost (Gec) at a fixed rate by using Eq. 5 (Lambert, 2006).

Gec � Com,g + Crep,g

Rg
+ F0 × Yg × Ceff ,fc, (5)

where Com,g denotes the generator service and repair expenses per
hour, Crep,g denotes substitute prices, Rg is the generator lifespan in
hours, F0 is the intercept coefficient of the fuel curve, Yg is the
generator power capability in kW, and Ceff,fc is the effective fuel cost.

The incremental energy cost is the extra energy output cost per
kilowatt-hour per generator. HOMER calculates the marginal
energy cost of the generator with the Eq. 6 (Kim, 2013).

Cgen,mar � F1 p Ceff ,fc, (6)

where F1 is the slope of the fuel curve andCeff,fc is the effective fuel cost.

Battery
The storage technology is used to collect and store electricity as
another type of energy (chemical, thermal, and mechanical) and
then release it for usage as necessary. Energy storage enables flexible
energy utilization at different periods from the moment it is
generated. This can improve the system efficiency and stability
by matching supply with demand and can enhance power
quality. Battery energy storage systems are rechargeable batteries
that can store and smooth the output of renewable power generation
sources. HOMER develops a standard battery to hold an enough
quantity of electrical power on a specified round trip energy
efficiency, with restrictions on how shortly it can be charged or
released, and defines how intensively without significant loss it can
release the energy and also measures the amount of power handled
until it is substituted. The kinetic battery model was used for this
study, and its lifetime is considered to be 5 years. Theminimum state
of charge is 20%, and the initial charge is 100%. The estimation of the
charge status can be described by Eq. 7 (Ladide et al., 2019).

SOC � Cb

Cm
, (7)

where Cb is the capacity of the battery and Cm represents its
maximum capacity.

The depth of charge is expressed by Eq. 8 (Ladide et al., 2019).

DOC � SOC − 1, (8)

where DOC is the depth of charge and SOC is the state of charge.
According to Eq. 9 (Ladide et al., 2019), the battery is protected
against deep charging and overcharging

Cmin ≤Ct ≤Cmax, (9)

where Ct is the instantaneous battery charge capacity and Cmax and
Cmin are the maximum and minimum battery capacities, respectively.

Economic Modeling
HOMER includes capital, replacement, maintenance and fuel
expenses, rescue rate, and all other expenses for the annualized
estimated expense. These values are important since HOMER
uses them to estimate the two key economic estimates of the
system, which reflects gross current net expense and
electricity cost.

Net Life Cycle Cost
To reflect the expense of a system life cycle, HOMER calculates
the total net current cost. With potential cash flows, weighed
down by the discount rate, the net NPC consolidates both costs
and benefits over the lifespan of the project in one lump sum at
the current price. HOMER uses Eq. 10 to determine the gross net
current expenditure (Sawle et al., 2018b).

CNPC � Cann,tot

CRF(i,Rproj)
, (10)

where Cann,tot is total annualized expense, i is the real discount
rate, Rproj is lifespan of the project, and CRF is the re-
capitalization factor. Capital recovery factor is represented by
Eq. 11 (Sawle et al., 2018b).

CRF(i,N) � i(1 + i)N
i(1 + i)N − 1

, (11)

where N is the number of years and i is the real discount rate.

Real Discount Rate
This research uses the United States dollar ($) as the currency for
all cost figures. The considered main economic variables are the
nominal discount rate (NDR) set to 8%, the expected inflation
rate at 2%, the real discount rate at –5.88%, and the project
lifetime at 25 years. For the conversion between one-time costs
and annualized costs, the real discount rate is used. From the
nominal discount rate and predicted inflation rate inputs,
HOMER calculates the annual actual discount rate. To
calculate discount variables and annualized costs from NPC,
HOMER uses the actual discount rate. Capital recovery factor
is represented by Eq. 12 (HOMERpro3.14, 2020a).
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i � i′ − f
1 + f

, (12)

where i’ is the nominal discount rate and f is the expected
inflation rate.

Cost of Energy Expenses
The average price of usable power per kilowatt-hour provided by
the network is referred to as the energy cost levied. To calculate
the energy cost, HOMER uses Eq. 13 as (Hiendro et al., 2013).

COE � Cannual,total

Eprimary + Edeferable + Egrid,sales
, (13)

where Cannual,total is the system total annualized cost, Eprimary and
Edeferrable are the total amounts of primary and deferrable load
served by the system for a year, respectively, and Egrid,sales is the
amount of electricity supplied every year to the grid. In Eq. 13, the
denominator indicates the cumulative volume of utilitarian
energy by the system created annually.

Environmental Criteria
The environmental concerns related to carbon emissions are one
of the indispensable problems in any hybrid device configuration.
The amount of CO2 emissions can be calculated based on Eq. 14
(Ladide et al., 2019).

TCO 2 � 3.667 × Vf × Xc × Fhv × Fcef , (14)

where Tco2 is the total measure of CO2 emissions, Vf is the fuel
consumption in liter, Fhv is the heating value of fuel (MJ/L), Fcef is
the carbon emission factor (ton carbon/TJ), and Xc is the oxidized
carbon fraction.

Renewable Fraction
The fraction of electricity supplied to the demand from renewable
sources is termed as renewable fraction. Using Eq. 15, HOMER
computes the renewable fraction (Sawle et al., 2017).

Frenewable � 1 − Enonren +Hnonren

Eserved +Hseved
, (15)

where Frenewable is termed as renewable fraction, Enonren is termed
as nonrenewable electrical power production (kWh/yr), Hnonren is
termed as nonrenewable thermal energy production (kWh/yr),
Eserved is total electrical load served by the sources (kWh/yr), and
Hserved is the total thermal load served (kWh/yr).

RESULTS AND ANALYSIS

Location: Vellore
Configuration: PV/Wind/Diesel/Battery
Table 7 presents the HOMER optimization results of the PV/
wind/diesel/battery system for the location of Vellore. The
optimum option at a 5.14 kWh/m2 per day average global
solar radiation, a 5.07 m/s annual average wind speed, and a
$1.05/L diesel price comprised a 28.3 kW PV array, a 8 kW wind
turbine, a 13 kW diesel generator, a 74 unit battery, and a

12.6 kW converter. With a renewable fraction of 94.7%, the
COE of this model is $0.321/kWh. The initial investment of the
said structure was $41,100, and the maximum NPC of $166,400,
on the other hand, is $977,523 for the stand-alone diesel system,
which is greater than 488% higher than the proposed design.
The configuration of this system remains therefore viewed as a
cost-effective alternative to the diesel system. It should have
been noted that the total budget of the project for the PV array is
almost 40.96% of the total NPC, of which the initial investment
is approximately 90%. The battery cost for 74 units is 27.21% of
the entire system NPC, followed by the diesel generator and
wind turbine cost, which accounts for approximately as 15.41
and 14.78%, respectively. A converter, which represents 1.64%
of the total NPC, is the lowest possible cost item.

Figure 6 clearly shows total electrical power generation from
the PV/wind/battery system. Solar energy generates
approximately 75.8%, while 20.5% is generated by wind
turbines and 3.68% is generated from diesel out of the overall
annual output. Power generation from solar gradually increases
from the initial month of January to April and gradually comes
down for three months fromMay to almost July as solar power is
not available as much. Moreover, wind generation leads to play a
vital role to balance the lack of solar power from solar generation.
The electricity production from the wind turbine is limited due to
the lower wind speed at the site to the months from September to
November, but the solar system and diesel generator contribute to
meet the demand during this period.

The generator produces 2,130 kWh every year with 629 L of
fuel for 174 h/year with the capacity factor of 1.87%, but with
contrast, the base case diesel system consumes 15,989 L per year
and produces 40,784 kWh/year of electricity, run for 8,760 h. In
the months of September, October, and November, diesel
contributions are significant, but in the months of March,
April, and May, they are nil. When there is a supply shortage
from PV and wind, the diesel generator kicks in automatically.
The morning hours (12:00 a.m.–09:00 a.m.) are when most
diesel power is produced, and the generators in this hybrid
power system produce an average of 12.2 kW. The primary
drawback of using diesel generators in power systems is the
contamination of the environment, high running costs, and
noise. The use of renewable energy reduces atmospheric
emissions of CO2, CO, SO2, NOX, and particulate matter. In
the period of uncertainty of solar radiation and wind speed, the
diesel generator makes a significant contribution to satisfying
demand. The excess electricity of this hybrid system is 20.9%.
The massive quantities of generated electricity can be used for
the dumping load or agreed to sell to the grid. As the wind
turbines share the demand, this configuration provides
electricity at a lower cost of $0.321 and leads ahead in terms
of economics when compared to other configurations. The next
choice of configuration is the PV/diesel/battery, which differs
from the first case without the inclusion of a wind system. From
the above results, the first case is considered as the best
economic design due to the inclusion of the wind system,
and also, the diesel generator has operated for fewer hours
and emits low pollutants.
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Location: Salem
Configuration: PV/Wind/Diesel/Battery
The process is based on net present costs, which amount to gross
construction costs, O andM costs, replacement costs, and recovery
costs, for all hybrid device elements over the life cycle of a project.
The quite plausible HRES designs are shown in Table 8. The cost
summary of the best optimal system has the lowest $169,461 NPC
and $0.326 COE per kWh, with a 28 kW solar photovoltaic, a 7 kW
wind generator, a 13 kW source of diesel power, 13.6 kW
converters, and 80 battery power storage. The average solar
system cost is comparatively higher, accounting for about
39.81% of the net present aggregate system cost, and follows a
28.88% battery system, a generator with 16.87%, a wind energy
system with 12.70%, and a converter with 1.74%. The energy
content provided by the entire year hybrid power system is
54,826 kWh to provide 40,150 kWh of primary AC load per year.

Electricity generation is higher during periods of high solar
radiation striking the earth’s surface, with March receiving the
highest amount of irradiation. From May until the end of August,
PV power generation is lower than that in the other months. A
daily average maximum solar power output of 21.42 kW is
registered in March, and a minimum daily average solar power
output of 15.99 kW is registered in July. Wind generation peaks in
June and July, with a daily average of more than 5 kW, and there
are low contributions in April and October, with a daily average of
less than 2 kW. In the months of February, March, June, and July,

the diesel component of the system is dormant since solar andwind
loads have satisfied these loads sufficiently. As shown in Figure 7,
28 kW of PV is produced with an average annual output of
120 kWh/day at the penetration level of 109%. The wind
turbine generates the amount of 8,590 kWh/year energy, which
seems to have a 21.4% penetration rate. The diesel fuel engine runs
about 196 h/year and has 76.5 years of life expectancy. The power
bank with 24,260 kWh vitality intakes, 20,698 kWh of vitality
produced, and 3,646 kWh of vitality lost per year provides
autonomy of 33.7 h. Its storage capacity is almost predicted to
be five years. The 13.6 kW inverters have a capacity factor of 32.9%
with 8,577 h of operation in a year. For a year, the vitality intake,
outputs, and losses by the inverter are 41,357 kWh, 39,289 kWh,
and 2,068 kWh, respectively. The 13.6 kW rectifiers with a capacity
factor of 1.22% have been operating for 183 h in one year. For a
year, the vitality intake, outputs, and losses by the rectifiers are
1,534 kWh, 1,457 kWh, and 76.7 kWh, respectively. It is
completely obvious here that hybrid PV/diesel generator/battery
arrangement is the second optimum combination into this
location, with 35.2 kW photovoltaic arrays, a 13 kW diesel
generator, 89 battery strings, and 12.3 kW converters.

Location: Kanyakumari
Configuration: PV/Wind/Diesel/Battery
The optimal system for Kanyakumari consists of a 26.5 kW solar
system, a wind system of 8 kW, a converter group of 12.2 kW, a

TABLE 7 | HOMER optimization results of the PV/Wind/Diesel/Battery system for the location Vellore.

Optimization results

Architecture Cost Fuel Emission

Diesel
prices
($)

PV (KW) WT (KW) DG (KW) BS No’s Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

Fuel
(L/y)

CO2

(Kg/Yr)

1.05 28.3 8 13 74 12.6 CC 166,400 0.321 9,692 41,100 629 1,646
1.05 34.5 – 13 91 18.8 CC 181,567 0.350 10,942 40,119 985 2,579
1.05 33.3 8 – 147 13.5 CC 197,571 0.381 10,926 56,322 0 0
1.05 54.7 – – 142 25.1 CC 224,043 0.432 12,839 58,070 0 0
1.05 – 42 13 80 12.3 CC 290,267 0.559 17,579 63,009 2,886 7,554
1.05 65 449 37.6 CC 482,722 0.930 24,610 164,581 0 0
1.05 13 46 10.6 CC 529,735 1.02 39,921 13,653 13,675 35,796
1.05 54.7 37 13 11.0 CC 843,488 1.63 60,125 66,226 8,852 23,170
1.05 50 13 13 CC 867,420 1.67 62,946 53,686 10,705 28,022
1.05 74 13 9.21 CC 914,953 1.76 67,813 38,297 11,431 29,923
1.05 13 CC 977,523 1.88 75,384 2,990 15,989 41,854

FIGURE 6 | Monthly electricity production from solar, wind, and diesel generators (Vellore).
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diesel generator of 13 kW that consumes a total of 398 L/yr, and
74 batteries. The NPC of this system is $153,131, and the COE is
0.295 $/kWh; Table 9 provides further information on the
various expenses.

The PV/wind/diesel generator/battery system presents the
excess of electricity of 15,475 kWh/year (15%), with a
renewable fraction of 96.7% as shown in Figure 8.

The optimization result indicates that the monthly energy growth
rate from the windmill substation has steadily increased and is
approximately nearly equal to solar generation. Thus, wind
substations have noticed a significant part in the Kanyakumari
district to meet the load demand. Also, the contribution of the
diesel substation has been recorded as the lowest due to the high
potential of wind. As a result, there is a decrease in NPC, COE, and

TABLE 8 | HOMER optimization results of the PV/Wind/Diesel/Battery system for the location Salem.

Optimization results

Architecture Cost Fuel Emission

Diesel
prices
($)

PV (KW) WT (KW) DG (KW) BS No’s Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

Fuel
(L/y)

CO2

(Kg/Yr)

1.05 28 7 13 80 13.6 CC 169,461 0.326 9,911 41,335 708 1,852
1.05 35.2 – 13 89 12.3 CC 177,092 0.341 10,636 39,601 885 2,316
1.05 33.9 8 125 17 CC 186,300 0.359 10,384 52,059 0 0
1.05 51 – 147 23.8 CC 217,898 0.420 12,421 57,331 0 0
1.05 – 43 13 86 12.1 CC 338,882 0.653 21,164 65,289 4,027 10,542
1.05 – – 13 46 10.6 CC 529,735 1.02 39,921 13,653 13,675 35,796
1.05 – 111 304 11.6 CC 529,831 1.02 27,268 177,325 0 0
1.05 58.4 29 13 10.2 CC 874,074 1.68 62,976 59,950 9,586 25,092
1.05 – 51 13 10.3 CC 908,413 1.75 66,052 54,529 11,327 29,649
1.05 74 13 9.21 CC 91,391 176 67,615 38,297 11,390 29,813
1.05 – 13 CC 977,523 1.88 75,384 2,990 15,989 41,854

FIGURE 7 | Monthly electricity production from solar, wind, and diesel generators (Salem).

TABLE 9 | HOMER optimization results of the PV/Wind/Diesel/Battery system for Kanyakumari.

Optimization results

Architecture Cost Fuel Emission

Diesel
price
($)

PV (KW) WT (KW) DG (KW) BS No’S Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

Fuel (L/y) CO2 (Kg/Yr)

1.05 26.5 8 13 74 12.2 CC 153,131 0.295 8,732 40,253 390 1,020
1.05 28.5 14 – 94 13.6 CC 172,161 0.332 9,559 48,592 0 0
1.05 37.7 – 13 95 12.4 CC 188,713 0.364 11,344 42,067 937 2,452
1.05 48.5 – – 167 11.2 CC 221,468 0.427 12,514 59,692 0 0
1.05 – 28 13 86 13.3 CC 226,823 0.437 13,646 50,413 2,255 5,902
1.05 – 81 13 274 18.7 CC 420,766 0.811 21,612 141,372 0 0
1.05 – – 13 46 10.6 CC 529,735 1.02 39,921 13,653 13,675 35,796
1.05 – 52 13 – 12.3 CC 712,769 1.37 50,832 55,635 8,198 21,460
1.05 0.0692 52 13 – 11.8 CC 712,987 1.37 50,849 55,635 8,197 21,458
1.05 7 – 13 – 9.21 CC 929,436 1.79 68,934 38,297 11,636 30,458
1.05 – – 13 – – CC 977,523 1.88 75,384 2,990 15,989 41,854
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prevailing carbon emission. It is revealed that wind energy is
advantageous in Kanyakumari. The combination of PV/wind
turbine/battery is the second optimal system with a COE of 0.332
$/kWand anNPCof $172,167, with 94 batteries connected in a series
of an operating voltage level of 12 V supply. There are relatively high
installation costs for WECS, and supplying the load along with a
wind/battery combination is a highly expensive affair compared with
alternative setups that can also include PV/diesel systems. As a result,
we promote the wind/PV/diesel/battery arrangement as the best
option for the chosen site.

Location: Ooty
Configuration: PV/Wind/Diesel/Battery
Ooty is a hill station in Southern India known for its cool
climatic conditions, and most of the people living here are
dependent on agriculture for their livelihood. People in this
area enjoy the continuous daylight during the year despite the
low level of solar radiation throughout the winter months. The
wind speed in this region is favorable for producing limited
amounts of electricity but enough to satisfy domestic demand
during the dry season. It will generate electricity cheaper than
other uses for power in this specific region. Based on the
HOMER modeling, the best optimum approach for this
location is a hybrid PV/WT/diesel generator/battery
configuration, with 33.3 kW of solar, a 7 kW wind
generator, a 13 kW diesel generator, 89 batteries, and a
11.3 kW power converter with a COE of 0.345 $/kW and an
NPC of $178,815 as shown in Table 10. This optimal system
uses 96.1% renewable energy, of which 86.5% of electricity
comes from the solar source (50,917 kWh/yr) and 10.9% of
electricity comes from the wind source (6,392 kWh/yr), as
shown in Figure 9. The annual electricity production from
the optimal hybrid system is 58,888 kWh with an excess
electricity of 21.9%. The contribution of the solar PV is
limited from May to September, but it is desirable for the
remaining whole year. It is evident that the maximum share of
load demand was fulfilled by the PV.

The wind turbine can provide the electrical power when the
solar PV system is not in operation during the period of the night,
cloudy, and rainy seasons. However, a diesel generator is used
when wind and solar PV are not dependable enough to satisfy the
demand. The integration of solar and wind systems to generate
electricity is possible to fulfill the existing demand. The
integration of the solar system/diesel generator/battery is the

second least design with a COE of $0.361 kW/h. The wind
resource at the chosen location is still poor, and operating a
wind turbine is not cost-effective. From Table 10, it has also been
observed that the hybrid systems of PV/WT/battery and the PV/
battery system have zero emissions, which do not include diesel
generators.

Location: Nagapattinam
Configuration: PV/Wind/Diesel/Battery
According to the results of the optimization process, the best
optimum energy system comprises 19.7 kW PVmodules, a wind
turbine of 10 kW, a 13 kW diesel generator, a 12 kW converter,
and 68 batteries. The cost of energy of the studied systems is
0.289 $/kWh, whereas the initial capital required and net
present costs are 37,736 $ and 149,990 $, respectively, as
shown in Table 11.

This optimal system uses 94.4% renewable fraction, in
which 52.4% electricity comes from the solar source
(30,584 kWh/yr) and 41.8% electricity comes from the wind
source (23,536 kWh/yr), as shown in Figure 10. The results
demonstrate that this area has a good solar and wind capacity,
and therefore, hybridization of both PV and wind systems
covers household energy needs during the year and provides a
large amount of energy that can be stored in battery storage for
use at peak hours of electricity. The next optimal combination
consists of a PV array/diesel generator/battery/converter, and
the energy cost of this hybrid system is $0.346/kWh. The solar
and wind resources at the chosen location are considerably
fancy in this location, and it has been observed that the hybrid
systems of stand-alone PV/battery, wind/battery, and PV/WT/
battery have zero emissions, which do not include diesel
generators.

Location: Thoothukudi
Configuration: PV/Wind/Diesel/Battery
It is seen that a PV, wind, a diesel generator, and a battery hybrid
system is the best economically feasible system with a minimum cost
of energy of 0.266$/kWhand aminimumnet present cost of $138,197,
as shown in the Table 12. The hybrid system composed of a 23.1 kW
PV array, an 8 kWwind system, a diesel generator with a rated power
of 13 kW, and 51 storage batteries in addition to 12.8 kW converters is
found to be the most feasible system. The total NPC for the stand-
alone diesel system is $977523, which is a 607.34% increase compared
to the PV/wind/diesel generator/battery configuration.

FIGURE 8 | Monthly electricity production from solar, wind, and diesel generators (Kanyakumari).
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The simulation result recommends that this system has a
renewable fraction of 95.2% and enough to fulfill the total
load demand of 40,150 kWh/yr with an excess of electricity
25.8%, as shown in Figure 11. Solar and wind power is
regarded as a significant renewable source in this region,
and these hybrid setups have the lowest electricity cost
compared to other possible wind-free configurations. The

second best optimal combination comprised a 22.6 kW PV
array, a 12 kW wind system, and 96 batteries with a total net
present cost of $152,686, a cost of energy of $0.294/kWh, and
an operating cost of $8,395 per year. However, the cost of
electricity is slightly higher when compared to that of the PV/
WT/battery/converter, but the amount of emissions
produced is 0.

TABLE 10 | HOMER optimization results of the PV/Wind/Diesel/Battery system for Ooty.

Optimization results

Architecture Cost Fuel Emission

Diesel
price
($)

PV (KW) WT (KW) DG (KW) BS No’S Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

Fuel
(L/y)

CO2

(Kg/Yr)

1.05 33.3 7 13 89 11.3 CC 178,815 0.345 10,305 45,603 472 1,234
1.05 41.8 – 13 81 15.2 CC 187,576 0.361 11,328 41,139 843 2,207
1.05 31.5 8 – 141 13.7 CC 189,693 0.366 10,481 54,205 0 0
1.05 80.5 – – 120 25 CC 272,810 0.526 16,043 65,418 0 0
1.05 – 27 13 44 10.8 CC 427,651 0.824 29,975 40,149 8,596 22,501
1.05 – – 13 46 10.6 CC 529,735 1.02 39,921 13,653 13,675 35,796
1.05 62.3 24 13 9.59 CC 906,629 1.75 65,740 56,773 10,256 26,846
1.05 74 – 13 9.92 CC 923,322 1.78 68,449 38,343 11,524 30,167
1.05 – 32 13 9.92 CC 961,158 1.85 71,601 35,539 13,252 34,688
1.05 – 13 CC 977,523 1.88 75,384 2,990 15,989 41,854

FIGURE 9 | Monthly electricity production from solar, wind, and diesel generators (Ooty).

TABLE 11 | HOMER optimization results of the PV/Wind/Diesel/Battery system for Nagapattinam.

Optimization results

Architecture Cost Fuel Emission

Diesel
price
($)

PV (KW) WT (KW) DG (KW) BS No’S Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

CO2 (Kg/Yr)

1.05 19.7 – 13 68 12 CC 149,990 0.289 8,683 37,736 666 1,745
1.05 37.2 13 103 12.2 CC 179,635 0.346 10,527 43,552 596 1,559
1.05 31.9 11 – 111 15.8 CC 182,073 0.351 10,136 51,036 0 0
1.05 – 32 13 116 15.2 CC 213,341 0.411 11,782 51,028 1,046 2,739
1.05 51 – – 148 24 CC 218,451 0.421 12,447 61,028 0 0
1.05 – 55 – 269 191 CC 337,844 0.651 17,285 57,541 0 0
1.05 – – 13 46 11 CC 529,735 1.02 39,921 114,391 1,367 35,796
1.05 – 49 13 – 11 CC 736,610 1.42 52,914 13,653 8,709 22,797
1.05 0.605 50 13 – 9.21 CC 737,318 1.42 52,870 52,557 8,624 22,576
1.05 74 – 3 – – CC 911,946 1.73 67,581 53,840 11,395 29,828
1.05 – – 13 – – 977,523 1.88 75,384 38,297 15,989 41,854
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Comparison of the Optimal Hybrid System
(PV/WT/DG/Battery) Among all Sites
The results of the combination (PV/WT/diesel generator/
battery) compared with all possible configurations were
found to be minimum NPC with a lower COE and fulfill
the energy demand needed in the area of analysis. The
comparative performance of the off-grid connected solar
PV/wind/battery hybrid system among all the selected cities
is presented in this section. Technical and economical aspects
along with power generation are compared for the proposed
study, and pollutant emissions are then included in
study areas.

Power Generation by Various Sources
The percent of renewable energy generated in kWh/yr is
represented in Figure 12. The annual output of solar power
in the town of Ooty accounts for around 86.5% of the total
generated energy. In Nagapattinam, the lowest solar
generation is 54.2%, which shows that the Nagapattinam
site demand is fulfilled by the vast majority of the wind
output. Solar and wind systems are in contrast to diesel
systems the most favored source of energy for the entire
power generation. This is attributed to strong solar
radiation and wind speed at all.

Economic Analysis
This study reveals that the stand-alone PV/wind/diesel generator/
battery system has provided the lowest NPC between the different
setups. The outcome indicates that a strong correlation exists
between NPC and solar radiation and wind speed. The reality is
that the output from PV/wind supply has been increased because
of high irradiance and wind speed, and this limits the working
hours of the diesel generator. It contributes to a decreased diesel
usage and diesel cost, which is thereby directly linked to low NPC.
For a diesel price of 1.05, the economic analysis of the feasible
system configurations in the selected sites is shown in Figure 13.
It is estimated based on the projected life of 25 years for the entire
design. For a diesel price of 1.05, the lowest NPC is $138,191 and
the COE is $0.266/kWh, which is obtained for Thoothukudi,
located in the southern region. The wind system has met the
demand because of the high wind speed relative to other areas,
which in turn decreases the NPC system. However, for Ooty,
NPC and COE have the highest value as $178,815 and COE
$0.345/kWh, respectively.

Emission Analysis
The primary source of energy is the diesel power plant at the
chosen remote locations. As a result, the diesel power sector
remains the most common cause of CO2 emissions. The annual

FIGURE 10 | Monthly electricity production from solar, wind, and diesel generators (Nagapattinam).

TABLE 12 | HOMER optimization results of the PV/Wind/Diesel/Battery system for Thoothukudi.

Optimization results

Architecture Cost Fuel Emission

Diesel
price
($)

PV (KW) WT (KW) DG (KW) BS No’S Con.
(KW)

DS NPC ($) COE ($) OC ($) Initial
CC ($)

Fuel
(L/y)

CO2

(Kg/Yr)

1.05 23.1 8 13 51 12.8 CC 138,197 0.266 8,085 33,674 576 1,507
1.05 22.6 12 – 96 12.3 CC 152,686 0.294 8,395 44,106 0 0
1.05 32.8 – 13 104 14.9 CC 166,056 0.320 9,605 41,888 486 1,272
1.05 – 27 13 67 12.7 CC 215,258 0.415 13,150 45,262 2,309 6,043
1.05 74 – – 89 11.3 CC 235,113 0.453 13,953 54,738 0 0
1.05 – 69 – 236 18.8 CC 360,643 0.695 18,524 121,178 0 0
1.05 – – 13 46 10.6 CC 529,735 1.02 39,921 13,653 13,675 35,796
1.05 – 55 13 – 11.6 CC 704,166 1.36 49,939 58,578 7,926 20,746
1.05 0.616 55 13 – 11.9 CC 704,303 1.36 49,926 58,888 7,879 20,623
1.05 78.6 – 13 – 9.92 CC 896,416 1.73 66,208 40,512 11,002 28,799
1.05 – – 13 – – CC 977,523 1.88 75,384 2,990 15,989 41,854
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emissions of CO2 are closely proportional to the number of liters
of fuel consumed each year by the diesel engine. Figure 14 shows
the amount of carbon dioxide emissions in kg/yr that can be
minimized when considering the green hybrid method. Only
from the diesel system, the annual CO2 emission of 41854 kg/yr is
produced, which proves that the renewable system has a
sustainable contribution to reduce CO2 emissions. The
effectiveness of the hybrid renewable system in the
Kanyakumari city has reduced CO2 emissions by almost 63%,
equivalent to 1,020 kg/yr and subsequent to Ooty and
Thoothukudi, respectively, as seen from the figure. A
combination of ash, soot, and liquid droplets is particulate
matter. The particulate matter emission factor of the generator
is the amount of particulate matter emitted by the generator per
unit of fuel consumed. The amount of particulate matter (PM)
generated by the diesel system depends on its output, type of
utilizing fuel, and operating strategy. It tends to cause respiratory
issues and induces haze in the atmosphere. By incorporating green
energy into the system, one can lower the percentage of pollutant
emission. Hence, inclusions such as PV and wind renewable energy
resources in the existing diesel system would be economically
viable alternatives for providing electricity to the selected
remote rural areas. Also, this hybrid renewable configuration
would therefore help to reduce the incidence of global warming
arising from the emission of greenhouse gases into the atmosphere.

Sensitive Analysis
It is vital to examine the effect of variation of certain variables on
the output performance of the system. Hence, sensitivity
analysis has been carried out, following the simulation and
optimization process to the best location (Thoothukudi)
among the selected sites. This study examines the effect of
diesel fuel cost, intermittent nature of solar and wind, and
nominal discount rate, and the scaled average load per day
for sensitive analysis was determined for the values listed in
Table 13.

The typical wind speed ranges have been selected from
5.5 m/s to 7.5 m/s, while the levels of solar radiation are from
4.5 kWh/m2/day to 7 kWh/m2/day. As shown in Figure 15,
each value of annual average solar radiation and wind speed is
plotted on the x-axis and y-axis, respectively, and NPC of the
optimal hybrid PV/Wind/diesel generator/battery system is
plotted on the surface plot superimposed with COE. The
graph reveals that as solar radiation increases, the COE
declines from $0.290/kWh to $0.248/kWh (at a 6.45 m/s
wind speed), whereas the NPC value falls from around
$150623 to $128540. To the variation in the range of wind
speed from 5.00 m/s to 7.00 m/s (at solar radiation of
5.56 kWh/m2/day solar radiation), the results show that
there is a decrement in COE from $0.292/kWh to $0.246/
kWh, and also, NPC lowers from $151335 to $127683. It has

FIGURE 11 | Monthly electricity production from solar, wind, and diesel generators (Thoothukudi).

FIGURE 12 | System power generation for each selected site.
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been economically viable as the NPC and COE values of the
optimal system decrease with the increment in the levels of
solar radiation and wind speed.

Figure 16 shows the impact of nominal discount rate and
scaled annual average electric load on the optimal system type for
a lifetime project of 25 years. For constant solar radiation and
wind speed, the annual average electric loads are entered from
110 to 270 kWh/day, and the values of NDR are set from 8 to
10%. For all the considered cases, the PV/WT/diesel generator/
battery hybrid system is the most preferred system.

In Figure 17 incremental diesel prices are entered in the
x-axis, and wind speed is taken along the y-axis, with
percentage of the excess electrical power superimposed with
the CO2 emissions surface plot for the hybrid PV/wind/diesel
generator/battery system. From the plot, the lowest CO2 emission
has been obtained at 31% of excess electrical power.

Furthermore, Figure 18 represents the maximum renewable
fraction of around 98–99%, obtained at 28% of excess electricity,
for the plot of diesel price placed on the x-axis and solar radiation
on the y-axis (at a solar radiation of 6.45 kWh/m2/day).
Therefore, from the sensitivity analysis, it has been concluded
for the Thoothukudi location that the hybrid PV/wind/diesel
generator/battery system is cost-effective in comparison to the
diesel generator systems due to the high potential of solar and
wind resources.

CONCLUSION

This research has put studies on the techno-economic viability of
the off-grid integrated HRES system in six different areas of Tamil
Nadu, India. According to the available potential of solar PV and
wind, simulation results of all the selected sites have been
concluded as the diesel-only system provides electricity with the
largest net cost of energy ($1.88/kWh) and emits 58,362 kg of CO2

per year, which would create a detrimental impact on the
atmosphere. Effects of the simulation for a windmill-related
configuration have tended to be more cost-efficient and effective
choices than the base case for NPC simulation. The PV/wind/
diesel/battery hybrid system setup is deemed as most suitable for
concerning load and installations at all locations. Thus, this type of
hybrid power system design would depend on the green energy

FIGURE 13 | System NPC and COE.

FIGURE 14 | System emission analysis.

TABLE 13 | List of sensitive variables.

Sensitive variables Values

Diesel price ($) 1.05, 1.15, 1.30, 1.5,2
Solar radiation 4.5, 5, 5.6, 6.5,7
Wind speed 5.5, 6, 6.45, 7, 7.5
Nominal discount rate (%) 8, 8.5, 9, 9.5, 10
Scaled average electric load per day 110, 150, 190, 230, 270
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FIGURE 15 | Sensitivity analysis: solar radiation vs. wind speed. Surface plot: NPC, superimposed: COE.

FIGURE 16 | Optimal system type: scaled annual average electric load vs. NDR at a project lifetime of 25 years; superimposed: COE.

FIGURE 17 | Sensitivity analysis: diesel fuel price vs. wind speed. Surface plot: CO2 emission; superimposed: % of excess electrical power.
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potential efficiency at all the sites to satisfy its load. This
configuration has the lowest NPC and COE of all the sites
considered. It is interesting to mention that Thoothukudi in
India has a relatively low NPC and COE as compared to other
sites considered because of the high solar and wind energy
efficiency. This configuration has more than half of the overall
electricity output of the system from the solar and wind turbines.
As the selected locations have a lot of wind and solar resources, it is
good to incorporate renewable energy systems to stand-alone diesel
power supply systems to enhance the remote community’s life.
Combining solar, wind, and diesel power is more efficient and
eliminates reliance on one form of energy, and the size of battery
capacity is often minimized. It is observed that the designs of
hybrid systems provide stronger NPC outcomes relative to the base
case result in all the six zones. Also, it would help in the future to
achieve the maximum renewable output, in turn ultimately
minimizing diesel usage and overall CO2 production. With
system resilience and simplicity of operation considering, off-
grid technologies for rural electrification are increasingly
attractive. In addition, the overall NPC and COE as well as
diesel usage are reduced considerably by the hybrid system. The
optimumhybrid system also lowers the amount of fuel required for
the diesel system, therefore lowering the greenhouse effect on the
environment. They are also suggested in comparison to stand-
alone diesel systems for environmental friendliness. Moreover, it

costs considerably more to utilize the stand-alone diesel systems in
distant locations far from the grid since diesel fuel costs increase
daily. Finally, it has also become clear that the PV/wind/diesel
systems with batteries may be widely used in distant regions with
no power network access to replace or enhance current stand-alone
diesel systems. The results of this study are extremely important for
policymakers and investors as a reference for investment in
renewable energy systems across chosen areas. Government
incentives and tariff discounts would promote the usage of
hybrid systems in Tamil Nadu to improve the potential of
renewable energy sources for making a greater contribution to
the total energy mix and also to fight poverty on fossil fuels and to
foster CO2 pollution control on the environment.
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