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Abstract. The reliance on grid electricity generated from fossil fuels in many countries continues to contribute
to annual CO2 emissions. Implementing renewable energy systems helps reduce the carbon footprint and
enhances local grid stability, particularly in areas with high demand where power outages are frequent. This
study used the Hybrid Optimization of Multiple Energy Resources (HOMER) software to determine the most
cost-effective composition of a Hybrid Renewable Energy System (HRES). Simulation results indicate that a
system comprising a 3007 PV array, two 1.5 MW wind turbines, and a 1927 kW converter is most suitable.
Combining solar panels and wind turbines remains the most economically feasible option for on-site electricity
production. The study demonstrates that installing a hybrid renewable energy system is viable on an academic
campus, with an initial investment cost of US $6.58 million and yearly operational costs of US $1.38 million,
which is 40.8% lower than the current system. The project payback time is estimated to be 10.11 years. These
findings may be used to recommend similar systems in other regions with comparable climatic conditions. The
positive monetary effects may incentivize policymakers to implement comparable systems, contributing to a
carbon-neutral goal.
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1 Introduction

With climate change representing the biggest threat to the
global economy and, consequently, our livelihoods, a reduc-
tion of the atmosphere’s greenhouse-effect potential is
needed more than ever before. Worldwide electricity gener-
ation accounts for 25% [1] of all global greenhouse gas emis-
sions, representing the most significant emitting sector. A
decrease in emissions in this area would therefore have a
considerable impact. Hence, countries with a high share of
fossil fuel-based electricity generation should be incentivized

to implement more carbon-neutral sources. With India still
heavily relying on electricity by thermal generation (63.4%)
[2], the latter condition is sufficiently satisfied.

In developing countries, renewable energy sources can
be crucial in supplying energy demand, even in remote
areas. By definition, a typical HRES includes multiple
sources of renewable energy generation that are compatible
with increasing overall system efficiency [3]. Hybrid
Optimization of Multiple Energy Resources (HOMER) soft-
ware has been proven to be an adequate and reliable solu-
tion to identify approaches for specific applications,
including different geographical regions and varying load
profiles. It has already been widely used for various previous
assessments [4].
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HOMER is widely used for simulation as it is a powerful
tool for simulating hybrid systems hourly. This software
hands in suitable results by approximating the feasibility
and performance of the systems. When simulating solar
energy systems and PV, this software is stable, while some
extent of uncertainty enters when simulating wind energy.
The other point about this software is that it works based
on the previous data obtained for that area and does not
account for current data and situations. Another drawback
of this tool is that the software does not separate essential
and non-essential loads [5].

Renewable energy has gained significant attention in
recent years due to its potential to reduce greenhouse gas
emissions and mitigate the effects of climate change. The
transition to renewable energy has become increasingly
important in tackling climate change and promoting
sustainable development. Integrating renewable energy into
the power grid requires a comprehensive analysis of various
factors, such as the availability of resources, geographic
location, and technological advancements.

Solar power is an excellent source of Energy due to the
smooth scaling of the power input source. Due to its various
advantages like abundance, emission-free, and renewability,
solar power becomes an optimal choice as a renewable
energy source. Other technical benefits include:

� High power handling capabilities.
� Ability to function without being attended.
� Rapid response in output to input radiation changes.

Recent solar panel technology enhancements have
increased overall electrical efficiency and drastically reduced
costs per unit [6]. Furthermore, universities are well suited
for local renewable energy production, comprising vast open
areas [7]. Various factors influence the total output power.
To maximize power output, voltage, and current should be
varied. Other than electromechanical methods such as fixed,
single, or double access trackers, the user ofMaximumPower
Point Trackers (MPPT) can also be used to achieve this aim.
Wind energy already has a share of 8.4% of the Indian energy
generation capacity. Wind energy over the Indian Subconti-
nent is regarded as a source of Energy with immense poten-
tial. However, no wind turbines have been installed in this
region (e.g. compared to Tamil Nadu State), raising doubts
about feasibility. Various studies to improve power output
have provided solutions to increase energy efficiency.

The integration of solar energy systems into a hybrid
energy system has led to a reduction in the consumption
of non-renewable fuels. A similar hybrid system of solar
energy sources has also proved to be an economical option
for powering a residential community. However, integrating
renewable energy into the power grid can be challenging in
some regions due to their intermittency and variability.

2 Literature review

Several studies have been conducted on the optimal config-
uration of hybrid renewable energy systems for various loca-
tions and applications.

Shiroudi et al. [8] conducted a study in Iran and found
that a PV–wind–diesel–battery systemwas the best solution
for independent applications. Similarly, a survey conducted
in Odisha, India found that a combined PV–battery system
could achieve a 100% renewable energy fraction [9]. Several
studies have used simulation software such as HOMER and
RET Screen to optimize the performance of hybrid renew-
able energy systems. These models offer various capabilities,
including modelling standalone wind systems, PV stan-
dalone systems, and PV–wind hybrid systems. However,
some challenges regarding openness and representation of
spatiotemporal variability still need to be addressed
[10–12]. Studies have also been conducted on the cost of
sustainable renewable energy for domestic utilization [13].
Simulation and modelling have been used to find the most
suitable configuration of the renewable energy–efficient sys-
tem for various numbers of houses. In addition, the design of
standalone PV–biogas systems and integrated renewable
energy systems using wind turbines and solar photovoltaic
systems have been evaluated using HOMER [14].

Several studies have focused on the techno-economical
aspects of hybrid renewable energy systems.

For example, a study in Indonesia found that a PV–
diesel system could generate about 309.6 kWh of electricity
annually at the cost of 0.318 $/kWh [15]. A study con-
ducted in Thailand proposed a configuration of PV panels,
converters, and batteries that achieved a 100% renewable
fraction at the cost of 0.728 $/kWh [16]. Finally, a feasibil-
ity study of an integrated renewable energy system for a
rural health clinic in Nigeria found that the optimal config-
uration included a PV array, a wind turbine, and a battery
system [17]. One study focused on a resort in the Maldives
and determined the optimum technical combination of a
hybrid energy system using HOMER software [18]. The
study evaluated the feasibility of the systems using param-
eters such as net present cost and Levelized Cost Of Energy
(LCOE). Another study explored the economic and techni-
cal implications of a hybrid system for electricity produc-
tion in rural areas of Nigeria, where the NPC and COE
values were attributed to the availability of renewable
energy resources [19]. In Jordan, a techno-economic study
of microgrid deployment was conducted, and the economic
effect of a hybrid renewable energy system was analyzed for
a household [20]. Various scenarios were built using mini-
mum, maximum, and average wind speed and solar radia-
tion data, and three hybrid renewable energy systems
were studied for the microgrid. The study found that the
best possible configuration for the hybrid renewable energy
system consisted of a 1.3 kW photovoltaic generator, a
1.6 kW diesel generator, a 9 kW wind turbine, and a bank
of six batteries. Similarly, a study conducted in a remote vil-
lage in Saudi Arabia showed the possibility of supplying
electricity demands using a Hybrid Power System (HPS)
[21], while a study in Barwani, India found that the best
configuration from the view of emission and cost was the
PV–Wind–Battery–DG hybrid system [22]. Another study
conducted in Bandar Dayyer surveyed the techno-economic
analysis for two hybrid renewable energy systems and found
the region to be a viable place to investigate hybrid renew-
able energy due to its suitable capacity for solar radiation
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and wind speed [23]. One study conducted a simulation and
feasibility study of a battery HPS/solar PhotoVoltaic (PV)
system and reported a 59.6% reduction in NPC and an
80.7% reduction in operating cost for LCOE compared to
conventional methods [24]. The HOMER software con-
ducted the reliability and stability of an energy–efficient
system and self-sufficient buildings in terms of energy gen-
eration [25]. Another study examined the potential of a
standalone hybrid system that includes a wind turbine
and PV to meet the energy demands of a hotel in Jordan
and found that a 10 kW wind turbine and a 20 kW PV
system could adequately meet the needs with a payback
time of 11 years [26]. Furthermore, a study from Sudan
[27] compared different hybrid systems and found that a
solar–wind–diesel–battery–converter system had the best
performance with a LCOE of 0.387 $/kWh, a total NPC
of 24.16 M$, a 40% return on investment, and a 95% reduc-
tion in fuel consumption and carbon emissions. Another
study presented the optimum mapping of hybrid energy
systems based on PV and wind for household electricity
demand in six different cities in Nigeria, with payback
times ranging from 3.7 to 5.4 years and a Cost Of Energy
(COE) for the hybrid systems varying from 0.459 to
0.562 US $/kWh [28]. Another study by Kartie et al. pro-
vides a review of various structures and operating condi-
tions used in HRES and the software utilized to
investigate these systems [29]. One study conducted in
Colorado, USA, aimed to simulate the optimal size of com-
ponents and achieve an economical configuration for PV,
WT, battery banks, a hydrogen tank, and an electro-laser.
The study found that hydrogen was more economically
advantageous than batteries for long-term energy saving,
but if the battery bank was not used in the same location,
the minimum COE increased to 0.78 $/kWh due to the
high cost of hydrogen technology [30]. In another study,
the feasibility of HRES in Benin was examined, and the
HOMER software was used for simulation and optimiza-
tion. The study found that a hybrid PV/DG/battery sys-
tem was the most suitable option for the future in Benin,
as solar radiation is a commonly available resource in the
country. This system reduced the required batteries by
70% and reached a 97% reduction in CO2 emission com-
pared to a DG [31]. Similarly, a study conducted in Nigeria
examined the feasibility of a hybrid system using wind and
solar energies [32]. The HOMER software was used for envi-
ronmental and techno-economic surveys, and the optimal
NPC, COE, GHG, and RF were selected. The study found
that the system was environmentally friendly with a GHG
emission of 2889.4 kg/year and a renewable fraction of
98.3% [33]. Another study aimed to meet the energy needs
of a group of people using a smart–grid hybrid energy
system. The HOMER software was used for simulation,
and the study found that this system was environmentally
and economically friendly, with a reduction of CO2 emission
and NPC by around 29.7% per year compared to con-
ventional power plants. Finally, a study conducted in
Pakistan’s Punjab province examined the techno-economic
feasibility of a grid–tied hybrid microgrid system [34] The
HOMER software was used for modelling and simulation,
and the study found that a HPS may generate more than

50 MW. The system’s estimated cost with a peak load of
73.6 MW was around 180 million dollars, with a LCOE of
around 0.0574 kWh. A clear demonstration of energy gen-
eration from RE sources is given by the suggested HREI
system [35]. Another study discusses the optimal conditions
for energy management of smart homes with hybrid energy
resources in India, which includes an economic analysis to
motivate families to integrate HECS into their houses
[36]. Similarly, a study aims to suggest the best possible
hybrid technology configuration for electricity production
using a mix of renewable energy sources in Palari, India,
for institutional, commercial, agricultural, and small-scale
industries [37]. The third study compares two configura-
tions of a wind/PV on-grid system in an educational facility
to determine the most cost-effective and renewable solution
[38]. Finally, a study at the University of Victoria evaluates
the life-cycle cost of gasification and hybrid plants for trash
conversion to renewable power and heat energy using inde-
pendent and hybrid waste-to-energy scenarios [39]. It is
important to note that the load profiles of educational insti-
tutions are unique compared to residential, commercial, and
industrial loads, as they vary based on semester lengths,
vacations, weekdays, and weekends [40].

2.1 Research gap and problem statement

The reviewed literature highlights several studies investi-
gating the techno-economic feasibility of Hybrid Renewable
Energy Systems (HRES) in different locations worldwide.
These studies have explored the potential of HRES to
provide sustainable and cost-effective electricity, and their
findings emphasize the economic, technical, and environ-
mental conditions for optimum renewable energy systems.
However, the availability of specific literature regarding
the most effective combinations of renewable power oppor-
tunities for a relevant geographical area is still limited,
hindering the initiation of a paradigm shift towards a more
sustainable and renewable energy future. To address this
research gap, this study aims to identify the combinations
of renewable power opportunities most effective for a rele-
vant geographical area. It utilises existing literature to
determine the most effective renewable energy technologies
and their potential for integration into the power grid.

Additionally, the study aims to validate other research
results presented in the literature. The findings of this study
could inform policymakers, energy planners, and other
stakeholders to accelerate the adoption of renewable energy
and achieve a sustainable future. Ultimately, the study
highlights the importance of identifying specific renewable
power opportunities to facilitate the integration of renew-
able energy into the power grid, thereby contributing to
mitigating the effects of climate change while promoting
renewable energy sources.

2.2 Objective and contribution of this study

This work aims to present and verify the model of hybrid
renewable systems in large-scale commercial applica-
tions (academic campus as an example) using the HOMER
software for optimum sizing. It helps find the most
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cost-effective way of integrating renewable sources into the
mix used by our institute and the adjacent campus area. At
the same time, CO2 emissions, the main driver of global
warming, are sought to be minimized. By calculating
current emissions from Indian electricity production, the
potential for reduction by introducing a hybrid electricity
system is presented.

3 Methodology

3.1 Site description and load assessment

The chosen site is considered one of India’s reputed
academic institutes. Manipal Institute of Technology
(MIT) is well-known for being India’s innovation and
education centre. Situated in Karnataka State in South-
western India, the region boasts an electrified household
rate of 90.6% [41]. However, power outages during peak-
demand hours are still quite common. Of all on-site electric-
ity, 0.68% is still generated by auxiliary diesel generators.
Figure 1 shows the geographical location and the rooftop
area of the campus.

To make it easier to comprehend, a flowchart illustrat-
ing the simulation study conducted with HOMER software
is presented in Figure 2. Before assessing any opportunities
for electricity generation, the electrical load’s scale should
be determined. However, a more accurate load determina-
tion is indispensable to designing generator and storage
facilities. Data for electricity consumption of large entities
such as university campuses are usually available utilizing
a monthly electricity bill, stating the maximal demand for
tariff fixing and the total Energy used. An average load
can be determined using the latter for the day in the middle
of each corresponding month. Days in between have been
linearly interpolated. The most recent available data points
from two consecutive years have been used to account for
the campus area’s ongoing growth and the increasing power
demand. Figure 3 shows how the latter sharply decreases
during semester breaks, only to return to the same value
once the students return to campus. This results in a peak
load of 4400 kW in October, averaging 2160 kW. A synthet-
ical model has been introduced to increase accuracy on how
demand varies daily. This step is crucial to allow for a
precise reckoning of storage units and appropriate installa-
tion sizing

Fig. 1. Localization of Manipal’s position in the Karnataka state, India and the vacant/rooftop area of the university site.

Fig. 2. Methodology of the simulation study
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Losses in the distribution grid and appliances (power
factor) have been estimated, as no official values were avail-
able. Data have been calculated as empirical values of
around 0.96. This fact raised the total needed generation
whenever substitution was deemed possible.

3.2 Solar and wind resource assessment

Although there cannot be a single source of renewable
energy production as the climate in the area demands differ-
ent sources of Energy during other months of the year. This
is due to the ever-changing and robust nature of the envi-
ronment in the coastal regions of the Indian Subcontinent.
The warm summers, followed by the windy monsoons,
increase the scope of multiple solar and wind energy sources
to be installed to generate power. On a longitude of 13.34�,
plenty of insolation potential can be expected throughout
the entire year, ensuring the efficient operation of a solar
power plant. The exact distribution is visualized in
Figure 4.

Active monsoon phases over Central India are charac-
terized by robust convection and heavy rainfall. Wind
power could complement solar energy, as monsoon months
(from June to August) specifically yield high wind speeds
while cloud coverage reduces solar potential (Fig. 5). Wind
could also result in a solution for an alternate source that
leads to the reduces.

The active and break phases can be predicted using a
predefined monsoon index that captures the dynamics of
intraseasonal variance. NASA’s wind energy data, however,
is somewhat optimistic. Average wind speeds are much
higher when compared to other sources [42].

3.3 Biomass (food waste) and Municipal Waste
Incinerator

Students on campus are expected to be responsible for
64.3 kg of food waste per year, whereas non-residents would
account for 17.1 kg [43]. In the case of the whole academic
campus area with its 30 000 students, 25 000 of them living

Fig. 3. Load profile and energy demand of the campus during the study year.

Fig. 4. Total daily insolation (as daily radiation) and corresponding clearness factors.
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on-site, there is a total potential to convert 1693 tons of
food waste into electricity. This corresponds to a calorific
value of 50.8 kW of electricity [44]. The need for processed
heat in this area is limited, so the actual output is relatively
low compared to high investment costs. Directly converting
biomass into biogas for further usage in household or mobil-
ity appliances would be more adequately allocated [45].
Karnataka state, with its 61 130 704 people, is estimated
to produce 22 618.4 tons of municipal trash daily [46].
Thereof, 12% are likely suitable for thermal treatment,
accounting for 2714 tons per day [47]. Assuming a conserva-
tive calorific value of 6.8 MJ/kg [48], a daily energy poten-
tial of 18 455.2 GJ can be determined, corresponding to a
constant 24 h power output of 42 720 MW when assuming
a typical energy-to-power efficiency of 20% [49]. Hence, to
supply the entire campus without any need for storage
devices, a trash catchment area encompassing 6600 people
would theoretically already suffice to accommodate peak
load electricity supply. Introducing a municipal waste incin-
erator would not only enable providing a constant and
adjustable baseload but also reduce the volume taken up
by landfills to accommodate for non-degradable trash by
up to 90% [50].

3.4 HOMER system design and simulation

Introducing a Hybrid Renewable Energy System (HRES)
would decrease indirect greenhouse gas emissions and
improve grid stability after adding storage capacity. By
definition, a typical HRES includes multiple sources of
renewable energy generation that are compatible with
increasing overall system efficiency [3]. HOMER software
has been proven to be an adequate and reliable solution
to identify approaches for specific applications, including
different geographical regions and varying load profiles. It
has already been widely used for various previous assess-
ments [4]. HOMER software provides generic load profiles
for residential, industrial, and other complexes. To enable
the usage of this methodology for other similar projects,
every significant currently available possibility of renewable
electricity production is listed and evaluated. One should
remember that some options might not be financially
profitable but environmentally beneficial. The latter factors

should also be considered because future emission taxes for
fossil-fuel combustion might be introduced or raised,
depending on the pollutant. PV and a wind turbine have
been assessed as the most realistic options of all the previ-
ously proposed system components and thus have been
implemented into the system (Fig. 6).

It needs to be mentioned here that upon calculating and
evaluating the Lowest Cost System (LCS), HOMER is
capable of resizing all components to their most effective
size (chosen base case: 1 MWh). The chosen base case has
been taken as 1 MWh per the software’s best recommenda-
tions. As the PV array’s size is expected to be rather signif-
icant, a comparably low cost of US $900 per power unit
installed (kW) can be assumed for Operational and Mainte-
nance expenses (O&M); the literature provides values of US
$10/kW [51]. Lastly, converters in the lower MW range
were estimated to have an efficiency of 98%. It can be
categorised into various concepts based on the types of
generators, power electronics, speed control, or limitations
on aerodynamic power. The differences between Standard
Test Conditions (STCs) and actual values are generally

Fig. 5. Average wind speed in Udupi in a year.

Fig. 6. System architecture before optimization.
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described as “Derating Factors”, which usually range
between 0 and 0.77 [51]. A higher value can be used for
large modules due to a more efficient design. For this partic-
ular study, a base value of 0.7 has been used. However, a
sensitivity analysis for lower and higher values has also been
conducted, ensuring financial safety margins. Deferrable
loads like water pumps have not been considered, as
appliances like computers and lighting are known to be
the biggest electricity consumers in a campus environment.
A lithium-ion battery with a round-trip efficiency of 80%
has been selected as a storage unit. They currently offer
the highest energy density and are considered the most
viable option for clean energy storage [53]. In the context
of this study, HOMER introduced a dynamic efficiency
range for wind turbines, varying with changing wind
speeds. Most countries have a detailed outline of how the
source should behave for integrating wind power into grids.
This makes it a regulated power source and an active gen-
eration unit that produces electricity according to consumer
demand by fluctuating the voltage and frequency for grid
support. Removing wind turbines from the whole setup in
favour of more solar panels could be one solution, which
would prompt a need for more storage capacity, as a power
supply would occur intermittently.

3.5 Economic parameters

Before evaluating a project’s economics, some economic
parameters need to be defined. As of July 2021, a discount
rate of 6.25% can be assumed for India [54]. The inflation
rate was determined to be 3% [55]. Other specifications to
be resolved include the lifespans of individual components.
Different sensitivity values can be selected to allow for a
simulation of uncertainties. For the PV array, a life expec-
tancy of 25 years has been used, representing the manufac-
turers’ standard product warranty [56]. To account for
unforeseeable occurrences, a lifetime of 15 years has been
simulated too. This has facilitated a complete financial
assessment of this project.

3.6 CO2 emissions

CO2 emissions are the leading contributor to historical
warming. Prior studies suggest that there will be an 11%
increase in carbon emissions by 2025, making it a significant
health hazard for humankind all over the planet due to

substantial environmental and health risks. Reducing CO2
has become a goal that has gained worldwide consensus
as part of the framework to mitigate global warming pro-
cesses. India, producing 699 metric tons of carbon emissions
a year, is now part of the modelled framework for interna-
tional CO2 trade, which as an import, is used as a product
for intermediate or final consumption. To estimate direct
emission savings and similar financial benefits, the current
carbon dioxide production rates of the Indian power sector
need to be quantified (Tab. 1).

Hence, the entire institute’s average daily electricity
consumption of 46 559 kWh currently accounts for
23.82 tons of CO2 daily.

4 Results and discussion

4.1 System design optimization

The selection and system dimension creation has been done
through the HOMER software. An input of 1 year of elec-
trical load data has been given to perform the simulation.
The monthly average global radiation, monthly clearness
index, and monthly average wind speeds for the given geo-
graphical location have been downloaded and fed in by
HOMER. The system has been simulated and optimized
to appraise its characteristics, electricity production, annual
electricity load curve, renewable energy fraction, carbon
emissions, etc. Load control following strategies has been
used during the simulation; the addition of the central grid
has been considered to ensure the product that matches the
required demand. The various simulations were ranked
based on the different customization of the components
based on the total LCC and Net Present Cost.

In Figure 7, the LCS layout can be viewed. HOMER has
determined the optimal system to comprise a new photo-
voltaic array of 3007 kW, a system converter of 1927 kW
capacity, and two wind turbines of 1500 kW each. This is
assumed to be a realistic project due to the vast availability
of free space in the campus’ vicinity.

The HOMER software identifies this as the best combi-
nation of equipment to perform efficiently in the given
geographical location. The simulations have shown that
3830.081 MWh/year, or 19% of the Energy, has been pro-
duced by solar sources and 4532.579 MWh/year or 22.5%
of energy from wind sources. This gives 41.5% of electricity
produced by renewable sources of the system. The actual
monthly energy production of each added source can be
viewed in Figure 8. In the peak production month of March,
the solar source produces a higher amount of energy; how-
ever, in the monsoon months of June, July, and August, the
wind source is seen to pay a higher percentage of Energy.
The introduction of a chemical storage unit has been estab-
lished to be unprofitable, presumably due to a PV–based
system’s congruent production and load curves and a high
purchase price. It is noteworthy to mention that the actual
outcome of the present simulation highly depends on input
parameters like investment costs for new generating facili-
ties and their operation and maintenance costs [57].

To find further potential for improvement, Figure 8
helps to pick out periods of high grid electricity demand.

Table 1. List of non-renewable energy carriers and their
respective share in India [2, 52].

Energy
carrier

Share Emissions
(g CO2/kWh)

Weighted average
(g CO2/kWh)

Coal 0.545 860 511.51
Lignite 0.018 1020
Gas 0.07 330
Oil 0.002 675
Rest* 0.365 0
* Rest includes Hydropower and Renewable Energy
Sources.
Operational emissions were assumed to be 0 for simplicity.
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If a PV array cost of US $500 according to a different source
[58], the LCS will not make use of additional wind turbines
[58]. It’s evident that the electricity mix of months of high
campus activities like March and October still heavily relies
on grid provision. It is worthy of remark that throughout
the whole year, power from newly introduced sources fol-
lows two patterns. Firstly, non-conventional energy produc-
tion peaks during daylight time, boosted by the PV array’s
output. During monsoon months (from days 150 to 220,
i.e., from June until mid of August), increased average wind
speeds lead to enhanced wind turbine production, repre-
sented by a 24-hourly elevated share of over 100%. This
results in a condition where power can be connected directly
to the commercial grid. Introducing a non-intermittent
facility with a baseload similar to output could significantly
reduce the previously mentioned demand without causing a
need for storage units. As an example, a waste incinerator
system would be a suitable solution since the extent of its

renewable fuel accumulation (non-recyclable waste) coin-
cides with electricity demand. This would reduce the need
for waste storage infrastructure and, consequently, lower
construction costs. Moreover, instantaneous shares of
renewable electricity generation were assessed, presented
in Figure 9.

Technical potentials of renewable electricity on the
campus are enormous, and socio-acceptability attributes
provide vital support from the local users of the campus.
The above results could be beneficial for energy planning,
renewable grid infrastructure development and implemen-
tation of Hybrid energy systems.

4.2 Economic analysis

The system’s lifetime has been projected to be 25 years,
with an annual interest rate of 4%. To account for future
savings by reducing the need for direct grid electricity

Fig. 7. Different illustrations of system architecture.

Fig. 8. Illustration of each source’s share in the new electricity mix provided by the Lowest Cost System (LCS).

Fig. 9. Projected instantaneous share (in %) of renewable electricity usage compared to the total consumption.
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purchases, cumulative savings of around US $6.5 million
could be achieved. The simulations have also revealed that
the initial investment needed for the installation would be
US $6.58 M, operating at a yearly cost of US $1.38 M. A
detailed analysis of how the costs of the Base Case (BC)
and the LCS develop over time can be perceived in
Figure 10. The payback time is predicted to be reached
after 10.9 years, as shown in Table 2. After 15 years, the
converter unit is set to end its lifecycle by default, prompt-
ing another investment to purchase a replacement. How-
ever, the running costs of the LCS still prove to be
smaller. Subsequently, the savings increase during the
following years due to lower operating costs per year (as
shown in Tab. 3). Any increase in electricity generation
and revenues would positively contribute to an ever-higher
Internal Rate of Return (IRR).

These findings are backed by an IRR of 7.5%, which
exceeds the cost of capital, financially justifying the
investment.

4.3 Emission analysis

Using the Hybrid System, a reduction of 42.4% in overall
operational CO2 emissions can be achieved [59]. The World
Bank has developed a plan to trade “virtual carbon” with
India due to a high production rate within the country.
Once in place, the university could finance a viable project
by selling carbon credits on the market. Furthermore,

realizing this project would contribute to an increased share
of solar power in India, which the government has laid out
to reach 175 GW in 2022 [60]. As of December 2022, India
has only achieved 122 GW, with solar power accounting for
only 62 GW. The emission analysis of the optimized energy
system is presented in Table 4.

4.4 Comparison with other literature

A comparison table of Hybrid Energy (Solar, wind and bat-
tery) system LCOE and CO2 emission results for an educa-
tional campus building using the simulation tool HOMER
is provided. The specific information about the campus
building’s energy demand and the location’s solar and wind
resource data are used for comparison. The determined
LCOE of the LCS of 0.078 $/kWh is relatively low, falling

Fig. 10. The forecasted cash flow of the scenario and the lowest-cost system.

Table 2. Economic metrics.

Parameter Value

IRR (%) 7.5
ROI (%) 4.9
Simple payback (yr) 10.9

Table 3. Cost summary.

Base
Case

Lowest Cost
System

Initial capital $0.00 $8.98 M
Operating cost per annum $1.91 M $1.10 M
Levelized Cost of Energy
(LCOE) (kWh)

$0.100 $0.0780

Table 4. CO2 emission reduction.

Base Case Optimised
hybrid system

Annual CO2 0 4306.76 tonnes
Emission factor (gCO2/kWh) 511.57 212.301
% Reduction N/A 42%

The Author(s): Science and Technology for Energy Transition 78, 13 (2023) 9



short of all the LCOEs reported, which is highlighted in
Table 5.

The actual LCOE and CO2 emissions will depend on the
campus building’s energy demand, location, solar and wind
resource data, and other system design and configuration
parameters. Another explanation could be reduced invest-
ment and Operating and Maintenance costs for the follow-
ing reasons:

(i) Economies of scale: The campus power demand is
higher than most scenarios reported in the literature.
This decreases costs for higher plants since expenses
do not scale linearly with capacity.

(ii) Decreasing manufacturing costs: Especially in the
battery and PV manufacturing context, prices
decrease annually, leading to fewer investment costs
for even more produced power. Moreover, compara-
tively cheap labour in India implies low Operating
and Maintenance costs, which is also reflected in a
lower LCOE.

4.5 Limitations of the study

Sensitivity analysis is critical to HOMER simulation,
especially for solar PV, wind, and hybrid battery systems.
Some essential parameters affecting the system performance
are PV array size, Wind turbine capacity, Battery capacity,
Load profile and climate profile. Overall, a sensitivity
analysis of a solar PV, wind, and battery hybrid system is
critical in determining the most vital parameters that affect
the system’s performance. Varying these parameters in the
sensitivity analysis will help determine the optimal design
and configuration of the system for maximum performance
and efficiency. Limitations to this approach include the lack
of sensitivity parameters. For instance, the lifetime could be
estimated to vary, yielding differing results. The same goes
for climate variations, which were not considered in the
context of this study.

Furthermore, the capital cost of all generation technolo-
gies is subject to substantial variations. It is expected to
decrease further in the upcoming years due to the effect
of the economy of scale and improved manufacturing effi-
ciency. However, the applied numerical parameters and
the corresponding results help to identify trends and general
concepts applicable to other contexts, such as industrial
complexes or residential areas.

5 Conclusion

The analysis of wind energy and solar energy configuration,
along with their output, has also been done to evaluate fea-
sibility and cost analysis. Moreover, the average monthly
generation of Energy by each component of the grid has
been manifested:

� The result analysis portrays a combination of solar
PV, WG, and battery, which is the optimal choice
for the grid system in Manipal, India. This is promoted
by the daylight-congruent load curve, which tends to
peak around noon until late afternoon and when high
insolation levels can be observed. This circumstance
reduces the need for a storage facility. Wind energy
utilisation has been done to its maximum capacity,
which helps reduce the load on the PV cells.

� The COE from this system is $0.087 kWh. The
returns of investment in the project are predicted by
4.1%, with an operating cost of $1.38 M per year.
The utilization of solar panels and two wind turbines
were determined to result in minimal costs over a
project lifetime of 25 years due to the efficient perfor-
mance and relatively low operational expenses.

� Furthermore, a total cutback of over 42% in CO2 emis-
sions could be determined, translating to an annual
reduction of 3686.4 tonnes. These savings could also
be monetized by considering the carbon trade system
method, contributing to a higher return on investment.

� Thus, combining solar panels and wind turbines is still
the most viable and economical option for on-site elec-
tricity production. The study has shown that in the
given geographical location, the installation of an
HRES is possible.

� After successfully operating the new system, this
techno-economic study could convince decision-
makers of other educational institutions, large indus-
trial complexes, companies, or communities to intro-
duce a similar strategy.

Acknowledgments. The corresponding author would like to
thank the Manipal Academy of Higher Education, Manipal, for
providing the IAESTE student exchange program for collaborat-
ing ideas with universities worldwide. The authors are grateful
for the PGRS 210349 grant by the Universiti Malaysia Pahang.

References

1 EPA.gov (2019) Global Greenhouse Gas Emissions Data.
Retrieved July 11, 2019, from https://www.epa.gov/ghge-
missions/global-greenhouse-gas-emissions-data.

2 Ministry of Power, Government of India (2019). https://
powermin.nic.in/en/content/power-sector-glance-all-india
(accessed July 11, 2019).

3 Sureshkumar U., Manoharan P.S., Ramalakshmi A.P.S.
(2012) Economic cost analysis of hybrid renewable energy
system using HOMER, IEEE-International Conf, in: Inter-
national Conf. Adv. Eng. Sci. Manag. ICAESM-2012, March
30, 31, 2012, Nagapattinam, Tamil Nadu, India, pp. 94–99.

Table 5. Comparison of study results with other
literature.

Reference LCOE ($/kWh)

[26] 0.459–0.562
[30] 0.11
[36] 0.0272
[38] 0.127
This study 0.078

The Author(s): Science and Technology for Energy Transition 78, 13 (2023)10

https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://powermin.nic.in/en/content/power-sector-glance-all-india
https://powermin.nic.in/en/content/power-sector-glance-all-india


4 Srivastava R., Giri V.K. (2016) Optimization of hybrid
renewable resources using HOMER, Int. J. Renew. Energy
Res. 6, 157–163.

5 Kim H., Bae J., Baek S., Nam D., Cho H., Chang H.J. (2017)
Comparative analysis between the government micro-grid
plan and computer simulation results based on real data: The
practical case for a South Korean Island, Sustainability
9, 197. https://doi.org/10.3390/su9020197.

6 IRENA (2012) Renewable energy technologies: Cost analysis
series, Int. Renew. Energy Agency.

7 Baitule A.S., Sudhakar K. (2017) Solar powered green
campus: A simulation study, Int. J. Low-Carbon Technol.
12, 400–410. https://doi.org/10.1093/ijlct/ctx011.

8 Shiroudi A., Rashidi R., Gharehpetian G.B., Mousavifar S.A.,
Akbari Foroud A. (2012) Case study: Simulation and opti-
mization of photovoltaic-wind-battery hybrid energy system in
Taleghan-Iran using homer software, J. Renew. Sustain.
Energy 4, 053111. https://doi.org/10.1063/1.4754440.

9 Pradhan A.K., Mohanty M.K., Kar S.K. (2017) Techno-
economic evaluation of stand-alone hybrid renewable energy
system for remote village using HOMER-pro software, Int. J.
Appl. Power Eng. 6, 73. https://doi.org/10.11591/ijape.v6.
i2.pp73-88.

10 Okedu K.E., Uhunmwangho R. (2014) Optimization of
renewable energy efficiency using HOMER, Int. J. Renew.
Energy Res. 4, 421–427.

11 Ramli M.S., Wahid S.S.A., Hassan K.K. (2017) A compar-
ison of renewable energy technologies using two simulation
softwares: HOMER and RETScreen, AIP Conf. Proc. 1875,
030013. https://doi.org/10.1063/1.4998384.

12 M Elhassa Z.A., Moh Zain M.F., Sopian K., Awadalla A.
(2011) Design of hybrid power system of renewable energy
for domestic used in Khartoum, J. Appl. Sci. 11, 2270–2275.

13 Tanim M.M., Chowdhury N.A., Rahman M.M., Ferdous J.
(2014) Design of a photovoltaic-biogas hybrid power gener-
ation system for Bangladeshi remote area using HOMER
software, in: Proc. 2014 3rd Int. Conf. Dev. Renew. Energy
Technol. ICDRET 2014, 29–31 May 2014, Dhaka, Bangla-
desh, pp. 3–7. https://doi.org/10.1109/icdret.2014.6861694.

14 Ringkjøb H.K., Haugan P.M., Solbrekke I.M. (2018) A
review of modelling tools for energy and electricity systems
with large shares of variable renewables, Renew. Sustain.
Energy Rev. 96, 440–459. https://doi.org/10.1016/j.
rser.2018.08.002.

15 Rumbayan M., Nagasaka K. (2018) Techno economical
study of PV-diesel power system for a remote island in
Indonesia: A case study of Miangas Island, IOP Conf. Ser.
Earth Environ. Sci. 150, 012024. https://doi.org/10.1088/
1755-1315/150/1/012024.

16 Park E., Kwon S.J., del Pobil A.P. (2019) Can large
educational institutes become free from grid systems? Deter-
mination of hybrid renewable energy systems in Thailand,
Appl. Sci. 9, 2319. https://doi.org/10.3390/app9112319.

17 Ani V.A., Abubakar B. (2015) Feasibility analysis and
simulation of integrated renewable energy system for power
generation: A hypothetical study of rural health clinic, J.
Energy 2015, 1–7. https://doi.org/10.1155/2015/802036.

18 Jung T.Y., Kim D., Lim S., Moon J. (2019) Evaluation
criteria of independent hybrid energy systems, Int. J. Low-
Carbon Technol. 14, 493–499. https://doi.org/10.1093/ijlct/
ctz036.

19 Oyedepo S.O., Uwoghiren T., Babalola P.O., Nwanya S.C.,
Kilanko O., Leramo R.O., Aworinde A.K., Adekeye T.,

Oyebanji J.A., Abidakun O.A. (2019) Assessment of decen-
tralized electricity production from Hybrid Renewable Energy
Sources for sustainable energy development in Nigeria, Open
Eng. 9, 72–89. https://doi.org/10.1515/eng-2019-0009.

20 Al Asfar J., Atieh A., Al-Mbaideen R. (2019) Techno-
economic analysis of a microgrid hybrid renewable energy
system in Jordan, J. Eur. Des Syst. Autom. 52, 415–423.
https://doi.org/10.18280/jesa.520412.

21 Al-Ammar E.A., Malik N.H., Usman M. (2011) Application
of using Hybrid Renewable Energy in Saudi Arabia, Eng.
Technol. Appl. Sci. Res. 1, 84–89. https://doi.org/10.48084/
etasr.33.

22 Sawle Y., Gupta S.C., Bohre A.K. (2016) PV-wind hybrid
system: A review with case study, Cogent Eng. 3, 1189305.
https://doi.org/10.1080/23311916.2016.1189305.

23 Kasaeian A., Razmjoo A., Shirmohammadi R., Pourfayaz F.,
Sumper A. (2020) Deployment of a stand-alone hybrid
renewable energy system in coastal areas as a reliable energy
source, Environ. Prog. Sustain. Energy 39, 1–20. https://doi.
org/10.1002/ep.13354.

24 Aderemi B.A., Daniel Chowdhury S.P., Olwal T.O., Abu-
Mahfouz A.M. (2018) Techno-economic feasibility of hybrid
solar photovoltaic and battery energy storage power system
for a mobile cellular base station in Soshanguve, South Africa,
Energies 11, 1572. https://doi.org/10.3390/en11061572.

25 Oladeji A.S., Balogun O.S., Aliyu S.O. (2018) Use of
standalone photovoltaic system for office building: the case
study of national centre for hydropower research and
development, Nigeria, Niger. J. Technol. 36, 1208.
https://doi.org/10.4314/njt.v36i4.30.

26 Okonkwo E.C., Okwose C.F., Abbasoglu S. (2017) Techno-
economic analysis of the potential utilization of a hybrid PV-
wind turbine system for commercial buildings in Jordan, Int.
J. Renew. Energy Res. 7, 908–914.

27 Elkadeem M.R., Wang S., Sharshir S.W., Atia E.G. (2019)
Feasibility analysis and techno-economic design of grid-
isolated hybrid renewable energy system for electrification of
agriculture and irrigation area: A case study in Dongola,
Sudan, Energy Convers. Manag. 196, 1453–1478.
https://doi.org/10.1016/j.enconman.2019.06.085.

28 Diemuodeke E.O., Addo A., Oko C.O.C., Mulugetta Y.,
Ojapah M.M. (2019) Optimal mapping of hybrid renewable
energy systems for locations using multi-criteria decision-
making algorithm, Renew. Energy. 134, 461–477.
https://doi.org/10.1016/j.renene.2018.11.055.

29 Kartite J., Cherkaoui M. (2019) Study of the different
structures of hybrid systems in renewable energies: A review,
Energy Procedia 157, 323–330. https://doi.org/10.1016/
j.egypro.2018.11.197.

30 Abdin Z., Mérida W. (2019) Hybrid energy systems for off-
grid power supply and hydrogen production based on
renewable energy: A techno-economic analysis, Energy Con-
vers. Manag. 196, 1068–1079. https://doi.org/10.1016/j.
enconman.2019.06.068.

31 Odou O.D.T., Bhandari R., Adamou R. (2020) Hybrid off-
grid renewable power system for sustainable rural electrifi-
cation in Benin, Renew. Energy. 145, 1266–1279.
https://doi.org/10.1016/j.renene.2019.06.032.

32 Salisu S., Mustafa M.W., Olatomiwa L., Mohammed O.O.
(2019) Assessment of technical and economic feasibility for a
hybrid PV-wind-diesel-battery energy system in a remote
community of north central Nigeria, Alexandria Eng. J. 58,
1103–1118. https://doi.org/10.1016/j.aej.2019.09.013.

The Author(s): Science and Technology for Energy Transition 78, 13 (2023) 11

https://doi.org/10.3390/su9020197
https://doi.org/10.1093/ijlct/ctx011
https://doi.org/10.1063/1.4754440
https://doi.org/10.11591/ijape.v6.i2.pp73-88
https://doi.org/10.11591/ijape.v6.i2.pp73-88
https://doi.org/10.1063/1.4998384
https://doi.org/10.1109/icdret.2014.6861694
https://doi.org/10.1016/j.rser.2018.08.002
https://doi.org/10.1016/j.rser.2018.08.002
https://doi.org/10.1088/1755-1315/150/1/012024
https://doi.org/10.1088/1755-1315/150/1/012024
https://doi.org/10.3390/app9112319
https://doi.org/10.1155/2015/802036
https://doi.org/10.1093/ijlct/ctz036
https://doi.org/10.1093/ijlct/ctz036
https://doi.org/10.1515/eng-2019-0009
https://doi.org/10.18280/jesa.520412
https://doi.org/10.48084/etasr.33
https://doi.org/10.48084/etasr.33
https://doi.org/10.1080/23311916.2016.1189305
https://doi.org/10.1002/ep.13354
https://doi.org/10.1002/ep.13354
https://doi.org/10.3390/en11061572
https://doi.org/10.4314/njt.v36i4.30
https://doi.org/10.1016/j.enconman.2019.06.085
https://doi.org/10.1016/j.renene.2018.11.055
https://doi.org/10.1016/j.egypro.2018.11.197
https://doi.org/10.1016/j.egypro.2018.11.197
https://doi.org/10.1016/j.enconman.2019.06.068
https://doi.org/10.1016/j.enconman.2019.06.068
https://doi.org/10.1016/j.renene.2019.06.032
https://doi.org/10.1016/j.aej.2019.09.013


33 Shezan S.K.A., Das N., Mahmudul H. (2017) Techno-
economic analysis of a smart-grid hybrid renewable energy
system for Brisbane of Australia, Energy Procedia 110,
340–345. https://doi.org/10.1016/j.egypro.2017.03.150.

34 Ahmad J., Imran M., Khalid A., Iqbal W., Ashraf S.R.,
Adnan M., Ali S.F., Khokhar K.S. (2018) Techno economic
analysis of a wind-photovoltaic-biomass hybrid renewable
energy system for rural electrification: A case study of Kallar
Kahar, Energy 148, 208–234. https://doi.org/10.1016/j.
energy.2018.01.133.

35 Shafiullah G.M. (2016) Hybrid Renewable Energy Integra-
tion (HREI) system for subtropical climate in Central
Queensland, Australia, Renew. Energy. 96, 1034–1053.
https://doi.org/10.1016/j.renene.2016.04.101.

36 Meena N.K., Kumar A., Singh A.R., Swarnkar A., Gupta N.,
Niazi K.R., Kumar P., Bansal R.C. (2019) Optimal planning
of hybrid energy conversion systems for annual energy cost
minimization in Indian residential buildings, Energy Proce-
dia 158, 2979–2985. https://doi.org/10.1016/j.egypro.2019.
01.965.

37 Ramli M.A.M., Hiendro A., Twaha S. (2015) Economic
analysis of PV/diesel hybrid system with flywheel energy
storage, Renew. Energy. 78, 398–405. https://doi.org/
10.1016/j.renene.2015.01.026.

38 Taghavifar H., Zomorodian Z.S. (2021) Techno-
economic viability of on grid micro-hybrid PV/wind/Gen
system for an educational building in Iran, Renew. Sustain.
Energy Rev. 143, 110877. https://doi.org/10.1016/j.rser.
2021.110877.

39 Esfilar R., Bagheri M., Golestani B. (2021) Technoeconomic
feasibility review of hybrid waste to energy system in the
campus: A case study for the University of Victoria, Renew.
Sustain. Energy Rev. 146, 111190. https://doi.org/10.1016/
j.rser.2021.111190.

40 Nesamalar J.J.D., Suruthi S., Raja S.C., Tamilarasu K.
(2021) Techno-economic analysis of both on-grid and off-grid
hybrid energy system with sensitivity analysis for an educa-
tional institution, Energy Convers. Manag. 239, 114188.
https://doi.org/10.1016/j.enconman.2021.114188.

41 CSTEP & SELCO Foundation (2016) 24x7 Power for All:
Strategies for Karnataka, (CSTEP-Report-2016-01).

42 Deshmukh R., Callaway D., Abhyankar N., Phadke A.
(2017) Cost and value of wind and solar in india’s electric
system in 2030, in: Proceedings of the 1st International
Conference on Large-Sale Integration of Renewable Energies
in India, New Delhi, India, pp. 6–8.

43 Worldweatheronline (n.d.) https://www.worldweatheronline.
com/lang/en-in/manipal-weather-averages/karnataka/in.aspx
(accessed July 22, 2019).

44 Igniss Energy (2019). Available: https://www.igniss.com/
calorific-value-waste (accessed July 10, 2019).

45 Spiegel J.E. (n.d.) YCC. https://www.yaleclimateconnections.
org/2018/03/company-turns-food-waste-into-electricity/.
(accessed July 11, 2019).

46 BERC (n.d.). Available: https://www.biomasscenter.org/
policy-statements/FSE-Policy.pdf. (accessed July 11, 2019).

47 Sustainable Solid waste management (n.d.) http://swmindia.
blogspot.com/2012/01/municipal-solid-waste-msw-generation-
in.html (accessed July 11, 2019).

48 Rezaei M., Ghobadian B., Samadi S.H., Karimi S. (2018)
Electric power generation from municipal solid waste: A
techno-economical assessment under different scenarios in
Iran, Energy 152, 46–56. https://doi.org/10.1016/j.energy.
2017.10.109.

49 Waste to Energy for Integrated Waste Management in India
(n.d.) WMM. https://waste-management-world.com/a/
waste-to-energy-for-integrated-waste-management-in-india
(accessed July 11, 2019).

50 Murphy J.D., McKeogh E. (2004) Technical, economic and
environmental analysis of energy production from municipal
solid waste, Renew. Energy. 29, 1043–1057. https://doi.org/
10.1016/j.renene.2003.12.002.

51 Milosavljević D., Kevkić T., Jovanović S. (2022) Review and
validation of photovoltaic solar simulation tools/software
based on case study, Open Phys. 20, 1, 431–451. https://doi.
org/10.1515/phys-2022-0042.

52 IEA (2018) Fuel share of CO2 emissions from fuel combustion,
IEA, Paris. https://www.iea.org/data-and-statistics/charts/
fuel-share-of-co2-emissions-from-fuel-combustion-2018.

53 Stauffer B., Spuhler D. (n.d.) SSWM. https://sswm.info/
water-nutrient-cycle/wastewater-treatment/hardwares/
sludge-treatment/incineration-%28large-scale%29. (accessed
July 22, 2019).

54 Hall P.J., Bain E.J. (2008) Energy-storage technologies and
electricity, Energy Policy 36, 12, 4352–4355.

55 FRED Economic data (n.d.) Int. Monet. Fund. https://fred.
stlouisfed.org/series/INTDSRINM193N (accessed July 11, 2019).

56 Ministry of Statistics and Programme Implementation,
Tradingeconomics (n.d.) https://tradingeconomics.com/in-
dia/inflation-cpi (accessed July 11, 2019).

57 Richardson L. (n.d.) Energysage. https://news.energysage.
com/how-long-do-solar-panels-last/. (accessed July 22, 2019).

58 Bachao B. (n.d.) https://www.bijlibachao.com/solar/solar-
panel-cell-cost-price-list-in-india.html (accessed July 17, 2019).

59 Bishoyi D., Sudhakar K. (2017) Modeling and performance
simulation of 100 MW LFR based solar thermal power plant
in Udaipur India, Resour. Technol. 3, 365–377. https://doi.
org/10.1016/j.reffit.2017.02.002.

60 Dawoud S.M., Lin X., Okba M.I. (2018) Hybrid renewable
microgrid optimization techniques: A review, Renew. Sustain.
Energy Rev. 82, 2039–2052. https://doi.org/10.1016/j.rser.
2017.08.007.

The Author(s): Science and Technology for Energy Transition 78, 13 (2023)12

https://doi.org/10.1016/j.egypro.2017.03.150
https://doi.org/10.1016/j.energy.2018.01.133
https://doi.org/10.1016/j.energy.2018.01.133
https://doi.org/10.1016/j.renene.2016.04.101
https://doi.org/10.1016/j.egypro.2019.01.965
https://doi.org/10.1016/j.egypro.2019.01.965
https://doi.org/10.1016/j.renene.2015.01.026
https://doi.org/10.1016/j.renene.2015.01.026
https://doi.org/10.1016/j.rser.2021.110877
https://doi.org/10.1016/j.rser.2021.110877
https://doi.org/10.1016/j.rser.2021.111190
https://doi.org/10.1016/j.rser.2021.111190
https://doi.org/10.1016/j.enconman.2021.114188
https://www.worldweatheronline.com/lang/en-in/manipal-weather-averages/karnataka/in.aspx
https://www.worldweatheronline.com/lang/en-in/manipal-weather-averages/karnataka/in.aspx
https://www.igniss.com/calorific-value-waste
https://www.igniss.com/calorific-value-waste
https://www.yaleclimateconnections.org/2018/03/company-turns-food-waste-into-electricity/
https://www.yaleclimateconnections.org/2018/03/company-turns-food-waste-into-electricity/
https://www.biomasscenter.org/policy-statements/FSE-Policy.pdf
https://www.biomasscenter.org/policy-statements/FSE-Policy.pdf
http://swmindia.blogspot.com/2012/01/municipal-solid-waste-msw-generation-in.html
http://swmindia.blogspot.com/2012/01/municipal-solid-waste-msw-generation-in.html
http://swmindia.blogspot.com/2012/01/municipal-solid-waste-msw-generation-in.html
https://doi.org/10.1016/j.energy.2017.10.109
https://doi.org/10.1016/j.energy.2017.10.109
https://waste-management-world.com/a/waste-to-energy-for-integrated-waste-management-in-india
https://waste-management-world.com/a/waste-to-energy-for-integrated-waste-management-in-india
https://doi.org/10.1016/j.renene.2003.12.002
https://doi.org/10.1016/j.renene.2003.12.002
https://doi.org/10.1515/phys-2022-0042
https://doi.org/10.1515/phys-2022-0042
https://www.iea.org/data-and-statistics/charts/fuel-share-of-co2-emissions-from-fuel-combustion-2018
https://www.iea.org/data-and-statistics/charts/fuel-share-of-co2-emissions-from-fuel-combustion-2018
https://sswm.info/water-nutrient-cycle/wastewater-treatment/hardwares/sludge-treatment/incineration-%28large-scale%29
https://sswm.info/water-nutrient-cycle/wastewater-treatment/hardwares/sludge-treatment/incineration-%28large-scale%29
https://sswm.info/water-nutrient-cycle/wastewater-treatment/hardwares/sludge-treatment/incineration-%28large-scale%29
https://fred.stlouisfed.org/series/INTDSRINM193N
https://fred.stlouisfed.org/series/INTDSRINM193N
https://tradingeconomics.com/india/inflation-cpi
https://tradingeconomics.com/india/inflation-cpi
https://news.energysage.com/how-long-do-solar-panels-last/
https://news.energysage.com/how-long-do-solar-panels-last/
https://www.bijlibachao.com/solar/solar-panel-cell-cost-price-list-in-india.html
https://www.bijlibachao.com/solar/solar-panel-cell-cost-price-list-in-india.html
https://doi.org/10.1016/j.reffit.2017.02.002
https://doi.org/10.1016/j.reffit.2017.02.002
https://doi.org/10.1016/j.rser.2017.08.007
https://doi.org/10.1016/j.rser.2017.08.007

	Introduction
	Literature review
	Research gap and problem statement
	Objective and contribution of this study

	Methodology
	Site description and load assessment
	Solar and wind resource assessment
	Biomass (food waste) and Municipal Waste Incinerator
	HOMER system design and simulation
	Economic parameters
	CO2 emissions

	Results and discussion
	System design optimization
	Economic analysis
	Emission analysis
	Comparison with other literature
	Limitations of the study

	Conclusion
	Acknowledgements
	References

