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Abstract. Growing assets in the grid extension in rural areas originates the inspiration for a stand-alone
system that is reasonably profitable and resourceful for meeting the load demand. Some places in rural areas
are not reachable by the grid connectivity a demand arises for a standalone system. Various renewable energy
sources such as biomass, wind, and solar are easily available and accessible in these areas for utilization and
production of electricity to fulfill the energy demand. In this paper, the Integration of a biomass system along
with wind and solar is considered to form a hybrid power system. This system is designed to meet the load
demand of a small residential area located near a village consisting of 35–40 houses where grid supply is not
accessible and has a peak load demand of around 100 kW while considering the reliability and economy of
the systems. The gasification-based biomass system is integrated with solar and wind, which are used for the
production of energy to process the agriculture residues and garbage available, which can be used as a fuel, that
is, biomass for this system. The particle swarm optimization technique is used for the optimum size of the
microgrid. The levelized cost of energy and the system’s annualized cost are key parameters for the economic
evaluation of the hybrid system. The levelized cost of energy for the proposed system is found to be lowest for
scenario-3 (Biomass-wind) at 0.0711$/kWh while preserving the reliability at 95.0073%, which is used as a
system constraint in this study.

Keywords: Biomass gasification, Wind, Solar, Reliability, Economics, Renewable energy resources.

1 Introduction

1.1 Background

The increasing population in the world leads to continuous
demand for electrical energy day by day and due to the
increasing trend fossil fuels are getting exhausted at a very
fast rate due to which there is scarcity of electrical power.
There are some factors like global warming and rapid
exploitation of non-renewable energy sources for power
demand, which lead to abnormal changes in the climatic
condition. To deal with such abnormalities associated with
the environment, research is being focused on using non-
conventional sources of energy to meet the energy crises.
According to the current trends, renewable sources of
energy like solar, wind, and biomass can be the greatest
and most suitable option for the world. Nowadays, biomass

can play a great role as a source of power generation
worldwide [1].

1.2 Literature review

Production of the Energy from non-conventional sources
like solar-photovoltaic along with the energy storage system
is found to be very much effective in remote and rural areas
in India. However, according to the current scenario, solar
photovoltaic along with biomass-based systems is gaining
great devotion to providing energy deficiency to the isolated
and rural areas where the extension of the grid is found to
be very complex [2]. From the Survey, it is found that the
cost of energy of each unit for PV generation is found to
be high due to low conversion efficiency [3]. Due to this
problem, researchers found that wind power generation
can be a great option for substantial growth. Various
studies and research aim to find the reliable and optimal
sizing of wind-based energy production [4, 5]. However,
the intermittency of wind and solar-based generation can
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be a major weakness for the system, which leads to great
concern about the reliability to meet the load requirement
for energy consumers. Therefore, the hybrid system can
be formed using wind and solar, which is a suitable and
reliable option for one’s needs.

The wind-PV-based hybrid system is found to be more
economical but there will be a dependency on the energy
storage system due to the stochastic and random behavior
of both solar and wind energy systems [6, 7] and there is also
a great concern about building the relation between the
renewable sources and battery storage system for efficient
supply of energy at specified load fraction [8]. Electrolytic
hydrogen can also be used as energy storage for long-term
renewable energy integration [9]. Previous studies found
that diesel-generator or battery energy storage systems, like
a flywheel, supercapacitor, batteries, fuel cell, pump storage
hydro system, can be used as backup for the above hybrid
system. However, battery storage system (like lithium-ion,
and lead-acid) has high initial costs and raises environmen-
tal concerns due to the mining of materials like lithium,
nickel, and cobalt. Recycling is one of the major drawbacks
of these energy storage systems. Flywheel and supercapaci-
tors have low energy density and high initial cost, while
pump hydro storage has the geographical constraints of
long lead time and diesel generators, which increases the
cost and raises environmental issues, due to which it is
not a feasible solution. So, due to advanced technology,
the research is now focused on using Biomass or other
renewable resources along with wind and solar to minimize
the cost and environmental issues. Biomass has the prop-
erty of carbon neutrality as there is no carbon emission
and the energy can be stored in solid, liquid, and gaseous
forms. It can be implemented on a small, medium, or large
scale, which helps in waste management and is a cost-
effective solution.

Garrido et al. [10] use agricultural and food processing
waste products as fuel for the biomass system and integrate
the solar PV-biomass gasification-based hybrid power
system to analyze the levelized cost of energy and
comparison of the above hybrid system with diesel genera-
tors. Chauhan and Saini [11] use Loss of Power Supply
Probability (LPSP) as reliability criteria and are able to
find the Net Present Cost (NPC) and Levelized Cost of
Energy (LCOE) for an integrated renewable energy system
based on the Solar-wind-biogas-biomass-battery-Mini
Hydro Power. The system is optimized through the discrete
harmony search algorithm. M. Kolhe et al. [12] used the
direct current permanent-magnet motor driven by a PV
system tied with the centrifugal pump for the performance
at different solar irradiance and equivalent cell temperature
for water pumping applications and a grid-tied solar photo-
voltaic system performance is enhanced by incorporating
the high degree of freedom voltage control loop [13]. Ahmad
et al. [14] carried out the sensitivity and optimization
analysis of hybrid power systems to find the potential of
electricity generation from solar, wind, and biomass using
HOMER software. The cost of energy is measured for both
the populated and commercial areas. Arnab Ari et al. [15]
investigated the hybrid system by using the HOMER
software for technical and economic analysis based on

reliability and net present cost. Kurukuri P. et al. [16] devel-
oped an optimum-size microgrid by integrating renewable
energy technologies for refining cost efficacy. Pol et al.
[17] investigated the five Ghanaian communities for techni-
cal and financial feasibility for electrification based on agri-
cultural and local waste used as fuel for Energy Production.

1.3 Research gap and motivation

In the present scenario, the production of power from bio-
mass technology is playing a vital role in the world. The
production of energy from this technology is increasing
day by day, and significantly varies by using different
sources of non-conventional nature, along with it, world-
wide. A recent trend in the research comprises solar, wind,
and biomass to minimize the cost of energy and explore the
feasible analysis for a standalone system [18]. In the last 10–
15 years, biomass has emerged as a great potential for
energy production. Two decades ago, it was the least prior-
itized and scarce source of energy because of fuel cost as
compared to wind and solar, which are freely available in
nature without any cost. The countries like India, which
are highly populated and have a large agriculture-based
economy. So, there is a great potential for residues from
agriculture. Previously, agricultural residues like rice and
wheat straw were burned, which caused a serious problem
for the environment and a major source of pollution. Today,
the usage of residues is a significant source of power produc-
tion in India.

1.4 Challenges

The use of conventional sources of energy for power demand
is increasing day by day, due to which there seems a drastic
degradation of fossil fuel, which leads to abnormal environ-
mental conditions such as global warming, depletion of the
ozone layer, an increase in atmospheric temperature and
degradation of air quality, etc. These are the major
challenges that humanity is facing due to the usage of
non-renewable sources of energy for the contentment of
energy necessity. The integration of renewable sources like
solar and wind has the challenge of intermittency, but com-
bining these sources in a suitable combination with other
renewable sources, such as biomass, can be resolved with
the aforementioned combination.

1.5 Contribution

Based on the literature survey, this paper examines the
integration of multiple renewable energy resources like
solar-PV, wind, and biomass-based hybrid power system
while considering reliability and economic evaluation
(Fig. 1). The key highlights of this paper are as follows:

(i) The resource availability and power requirement for
the selected load are assessed for the rural area.

(ii) Mathematical modeling of the considered system,
like Biomass, Solar, and Wind, is presented and
described.

(iii) The load model of the system is probabilistic in
nature.
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(iv) The standalone hybrid power system is able to meet
the load demand while preserving the economic and
reliability criteria.

1.6 Paper organization

The rest of the manuscript is systematized in the following
manner. Section 2 of this paper defines the methodology
involved in the investigated study. Section 3 deals with
the mathematical modeling of the sources that are involved
in forming a proposed hybrid power systems. Section 4
provides details about the problem formulation by selecting
the appropriate objective function with system con-
straints. Section 5 discusses the results of the proposed
hybrid power archived with a detailed discussion. In the last
Section 6, concluding this study with its contribution and
significance.

2 Methodology

This work deals with the integration of a Gasifier-based
Biomass system along with the Wind and Solar system to
fulfill the load criteria of the selected village whose peak
load is around 100 kW. The selected load of the small vil-
lage is located in the Indian states, which have a population
of around 1200 persons according to the Election Commis-
sion of India (ECI) list. The selected area comes under rural
India, having a great potential for agriculture-based resi-
dues and cow dung for fulfillment of biomass needs. The
area has agricultural land of around 500 acres. This region
has great seasonal crops of wheat and grams that are har-
vested during summer, majorly green gram (also known
as kidney bean) which is harvested at the start of the rainy
season, and Paddy crops are harvested during winter which
can be a great source for our biomass need. Around 2.25
tons of wheat residues and 5–6 tons of paddy crop are avail-
able per acre according to certain investigations done in dif-
ferent rural areas of Indian states [20, 21].

On a certain investigation, it is found that some people
(around 35–40 houses) from this area moved away from
the village due to scarcity of land for housing. These houses
are located away from village areas where grid supply is not
accessible and near agricultural land where electricity is not
available 24/7. So, there is very much demand for electricity
for their household purposes. While investigating it is found
that each house requires approximately 1.5–2 units per
house for their usage. The load profile for this small village
area is shown in Table 1. It is also found that daily agricul-
tural residues of approximately 2–2.5 tons per day (i.e. from
wheat straws, rice husk and straws, maize straws, barley
straws, sugarcane residues, grown garbage in the agricul-
tural field, leaves from different plants, soybean husk,
banana steam and leaves, tomato plant wastes, leaves from
the papaya plants, etc.) can be easily available and around
1 ton of cow-dung for biomass as fuel can be utilized.

3 Mathematical modeling of proposed hybrid
system

In this paper, biomass, solar-PV, and wind-based
standalone hybrid systems are considered for the load fulfill-
ment of a small residential area located near a village. The
mathematical component of each is described as follows
(Fig. 2).

3.1 Gasifier based biomass system modeling

Energy production from the gasification-based biomass
system is an attractive method to generate power from agri-
culture-based residues, garbage, and other biodegradable
waste from houses. As this method utilizes the above-
mentioned residues and garbage as a fuel, which costs a
low amount for electrical energy production, it becomes eco-
nomical and environmentally friendly as it does not cause
pollution. The fuel for this technology can be stored at a
particular place so that there will not be any scarcity in
need.

Figure 1. Yearly attainments of renewable energy installed capacity (MW) excluding Large Hydro Power [19].
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Gasification, Pyrolysis, and Combustion are the three
thermal energy conversion processes from biomass energy
production. Out of the above three, gasification is found
to be more effective for energy production as it trans-
forms the carbonaceous material into the gaseous product
at high temperatures (800–900 �C). The gas produced
during this method is called Synthesis Gas, commonly
known as Syngas. The Syngas contain Hydrogen
(H2, 30–40%), Carbon monoxide (CO, 20–30%), Carbon
dioxide (CO2, 15–20%), and Methane (CH4, 10–15%).
Gasification can be a direct or indirect process. In the direct
gasification process, there is a requirement for a gasification
agent (other gaseous compound) to produce the syngas
whereas steam is used in indirect gasification for syngas
production. The amount of energy generated depends on
the caloric value of the fuel, i.e. residues from various crops
[22–24].

The output power (PBM (t)) from the biomass gasifier
system can be given as below:

PBM tð Þ ¼ BM tons=yearð Þ � CV BM � BM�1000½ �=
365 � 860 � operating hour=dayð Þ½ �; ð1Þ

where, BM is the total amount of availability of biomass
per year in tons, CVBM is the calorific value of designated
biomass, i.e. depends on the type of available residues
from agricultural crop or garbage, BM is the overall gen-
eration efficiency of the gasifier system. So, the annual
energy production (EBM (t)) of the biomass can be esti-
mated as;

EBM tð Þ ¼ Eac tð Þ
¼ PBM tð Þ � 365 � 24 � Capacity Factorf g: ð2Þ

Figure 2. Various components of the proposed standalone hybrid power system.

Table 1. Load profile of a small village (consisting of approx. 35–40 houses) [22].

S. No. Category Equipment Power rating (W)

1 Lighting Indoor lighting 60
Outdoor lighting 50

2 Cooling Fans and coolers 200
3 Appliances Refrigerators and freezers 300
4 Electronics Television and chargers 160
5 Heaters Cooking and water 400
6 Miscellaneous Water pumps 350

Iron 170
Music system 60

7 Total estimated load of a house (approx.) 1750

The Author(s): Science and Technology for Energy Transition 80, 31 (2025)4



The capacity factor of the gasifier can be calculated as the
ratio of the number of hours of operation in a day to the
total number of hours in a year, based on that, the total
output power and energy can be calculated (Fig. 3).

3.2 Wind system modeling

The speed from the wind turbine is stochastic in nature and
is sturdily associated with the time frame. Due to this ran-
dom behavior in wind speed, the calculation in the evalua-
tion of the reliability of the system becomes a very tedious
work. As the speed of the wind is intermittent, so there is a
complexity in finding the reliability of the system consisting
of renewable sources as compared to that of non-renewable
resources. So, to avoid such issues, the study time period is
further divided into different time frames and each frame is
considered as the time segment of the study. So, each seg-
ment of the wind speed can be modeled by a specific prob-
ability density function (PDF) which can take the wind
speed intermittency into consideration [25–27].

While taking the wind speed as a random variable, each
segment of the wind speed can be modeled by using the
two-parameter Weibull distribution function:

fwb vð Þ ¼ k
c

v
c

� �k�1
e�

v
cð Þk for v > 0; c > 1 and k > 1; ð3Þ

where,

v = Speed of wind (m/s),
fwb(v) = PDF of Weibull for speed v,
c = Scaling Parameter of Weibull PDF (m/s),
k = Shaping Parameter Weibull of PDF (constant).

lwb is the mean and the rW is the standard deviation the
Weibull probability density function can be calculated as

lwb ¼ c � C 1þ 1
k

� �
; ð4Þ

r2
wb ¼ c2 � C 1þ 2

k

� �
� C2 1þ 1

k

� �� �
: ð5Þ

where C represents the gamma function.
As the Weibull distribution is a continuous function dis-

cretization is necessary for each segment of time. Let us con-
sider that Wwb is the discrete form of fwb(v) and is given as
[27]:

Wwb ¼ vr ; P vrð Þ : r ¼ 1 : Nvf g; ð6Þ

where

Wwb = Discrete form for wind speed PDF,
Vr = rth state of wind speed (m/s),
P(vr) = rth state probability for speed of wind,
Nv = Number of states considered for discretization of
wind speed.

rth state probability of wind speed can be estimated as [27]:

Z ðvr þ vrþ1

2
Þ

0
fwb vð Þ � dv for r ¼ 1

P vrð Þ ¼
Z ðvr þ vrþ1Þ

2
ðvr�1 þ vrþ1Þ

2

fwb vð Þ � dv for r ¼ 2 to Nv�1

Z 1 ðvr�1 þ vrþ1Þ
2

fwb vð Þ � dv for r ¼ Nv:

ð7Þ

3.2.1 Power output from the wind turbine

The output power of a wind turbine depends on its rated
capacity generating unit (WTrated), rated speed (Vr), cut-
in-speed (Vci) and cut-out-speed (Vco). The output power
of the wind turbine is characterized by a wind speed versus
power output curve, shown in Figure 4 (Tab. 2).

The mathematical formulation for power output
(WTpower) from the turbine corresponding to V can be
given as [26]:

0 for 0 � V � V ci

WTpower ¼ a þ bV þ cV 2
� 	

WT rated forV ci � V � Vr

WT rated forVr � V � V co

0 forV � V co ð8Þ
where,

a, b, c are constant,
Vci = cut-in speed,
Vco = cut-out speed,
Vr = rated value of speed,
V = speed at some particular instant.

Figure 3. Process of energy generation from the biomass system.
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3.3 Solar system modeling

The solar irradiance from the sun is random in nature so it
can be modeled using a suitable probability density func-
tion. Therefore, solar irradiance from the sun for a particu-
lar time frame can be modeled using the beta distribution
[11, 14, 17, 28]:

See the Equation (9) bottom of the page

where,

si = radiations from the sun (kW/m2),
fBD(si) = PDF of beta for si,
a, b = parameters of beta distribution,
C = Gamma function.

lBD is the mean and rBD is the standard deviation of the
beta PDF and written as:

lBD ¼ a
a þ b

; ð10Þ

rBD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ab

ða þ bþ1Þða þ bÞ2
s

: ð11Þ

From the above two equations a and b can be given as:

b ¼ 1� lBDð Þ lBD 1þ lBDð Þ
r2

� 1
� �

; ð12Þ

a ¼ lBD:b
ð1� lBDÞ

: ð13Þ

As the beta distribution is a continuous function discretiza-
tion is necessary for each segment of time. Let us consider
that SBD is the discrete form of fBD(si) and is given as
[25, 26]:

SBD ¼ sq ; P sqð Þ : q ¼ 1 : Nsif g; ð14Þ

SBD = discrete from of solar radiations PDF,
sq = qth state of solar radiations (kW/m),
P(sq) = qth state Probability of solar radiations,
Nsi = number of states considered for solar radiations.

qth state probability of solar irradiance can be estimated as:

P sqð Þ

¼
Z ðsq þ sqþ1Þ

2
0

fBD sið Þ � ds for q ¼ 1

¼
Z ðsq þ sqþ1Þ

2
ðsq�1 þ sqÞ

2

fBD sið Þ � ds for q ¼ 2 toN si � 1

¼
Z 1
ðsq�1 þ sqÞ

2

fsi sið Þ � ds for q ¼ N si

:

ð15Þ

fBD sið Þ ¼
C a þ bð Þ
C að Þ � C bð Þ si

a�1ð Þ � 1� sið Þ b�1ð Þ for 0 � si � 1; a > 0; and b > 0

0; otherwise

8><
>: ; ð9Þ

Figure 4. Wind speed characteristic [26].

Table 2. Specification of wind turbine unit.

S. No Wind turbine module characteristic Values

1 Rated power (kW) 20
2 Cut-in speed (m/s) 2.5
3 Rated speed (m/s) 10
4 Cut-out speed (m/s) 25
5 Hub height (m) 50

The Author(s): Science and Technology for Energy Transition 80, 31 (2025)6



3.3.1 Power output from solar irradiance

The output power of a solar cell depends on the number of
solar radiations that fall on the solar cell. The process con-
verts the sun irradiance into a basic unit called a photovol-
taic cell, which is responsible for converting irradiance into
electrical energy. In this conversion system, photons from
the sun are absorbed by a solar cell and release the electron
to provide the electrical direct current in a closed path. In a
PV module commonly known as a solar cell, a large number
of PV cells are connected in series, which has a typical low
voltage of around 0.5 V.

The power output of solar PV is given by the current-
voltage (I-V) characteristic curve. The parameters listed
below are given in the datasheet provided by the construc-
tor of the PV module (Fig. 5, Tab. 3):

ISCC = short circuit current (A),
VOCV = open circuit voltage (V),
Impp = current at maximum power point (A),
Vmpp = voltage at maximum power point (V).

Current and voltage for corresponding radiation and tem-
perature can be calculated by using the following relations
mentioned below:

T cell ¼ TAmp þ s � NOT � 20
0:8

; ð16Þ

I sð Þ ¼ s I SC þK isc T cell � 25ð Þ½ �; ð17Þ

V sð Þ ¼ VOC � KVOCT cell; ð18Þ
where,

Tcell = cell temperature (�C),
TAmb = ambient temperature (�C),
s = solar radiation (W/m2)
ISC = short circuit current of PV module (A),
Kisc = short circuit current temperature coefficient

(A/(�C)),
VOC = open circuit voltage (V),
KVOC = open circuit voltage temperature coefficient

(V/�C).

Now, from the above relations it can be said that the
current and voltage are varying in accordance with the solar
radiation. Therefore, the value for maximum power consist-
ing of the N number of arrays can be calculated as:

PPV sð Þ ¼ N � FF � V � I ; ð19Þ
where FF represents the fill factor characterized by the
materials of PV modules

FF ¼ Vmpp � Impp

VOC� I SC : ð20Þ

3.3.2 Renewable resources modeling

Now, the Renewable Energy Source Model (RESM) can be
obtained by combining the probabilistic model generated
by taking all the possible combinations of solar irradiance
and wind speed discretization.

Therefore, the renewable energy source model for a par-
ticular ith time segment can be stated as:

RESMi ¼ Ri
k ; P Ri

k

� 	
: k ¼ 1 : NRESM

� �
: ð21Þ

The number of states in RESM is given by:

NRESM ¼ Ns � Nv; ð22Þ
where,

RESMi = discrete PDF RESM for ith time frame,
Ri

k = vector consisting of solar radiation and wind speed
in kth arrangement of RESMi,
P Ri

k

� 	
= probability associated with Ri

k .

3.3.3 System hardware availability model

The System or Complete Hardware Availability Model for
renewable resources can be formed by combining the indi-
vidual availability model of the wind turbine unit and the
PV array unit. These availability models are based on the
Forced Outage Rate (FOR) of both types of generating
units and hold as it is for all-time segments.

Figure 5. I-V characteristics of PV module [27].
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The availability model for wind turbine units can be
given as:

AWi ¼ CWi;j ; P CWi;j

� 	
: j ¼ 1 : NWi

� � ð23Þ

where,

AWi = availability model of ith WTG,
CWi;j = output power corresponding to jth capacity
state of ith WTG,
P CWi;j

� 	
= probability associated with CWi;j ,

NWi = number of output states of ith WTG,

The availability model for NWT states:

AW ¼ AW1 � AW2 � . . . ::AWNWT
; ð24Þ

NWT = Number of WTG units.
Similarly, the availability model for PV array unit can

be stated as:

APVi ¼ CPVi;j ; P CPVi;j

� 	
: j ¼ 1 : NPVi

� � ð25Þ

where,

APVi = Availability model of ith PV array,
CPVi;j = output power corresponding to jth capacity
state of ith PV array,
P CPVi;j

� 	
= Probability associated with CPVi ,

NPVi = Number of output states of ith PV array.

The availability model for NPV states can be stated as:

APV ¼ APV1 � APV2 � . . . ::APVNPV
; ð26Þ

NPV = Number of PV arrays.
A Complete Hardware Availability Model (CHAM) can

be generated by combining the wind turbine and solar array
availability models, the above two models:

Therefore;

CHAM ¼ Ft ; P Ftð Þ : t ¼ 1 : NCHAM½ �; ð27Þ

Ft ¼ FPVt FWTGt½ �; ð28Þ
where,

Ft = vector comprising of output states of WTG units
and PV array in tth combination of CHAM,
FPVt = capacity level of PV arrays in tth combination
of,
FWTGt = capacity level of WTG units in tth combina-
tion of,
P(Ft) = probability corresponding to with Ft,
NCHAM = Number of states in CHAM.

3.3.4 Probabilistic load modeling of a small residential
area located near the village

The modeling of the probabilistic load is divided into differ-
ent time segments, and each segment of time consists of
multiple states and their corresponding probabilities
(Fig. 6). For each state of load, the probability is computed
by dividing the number of occurrences of each state of load
by the total number of load points:

Loadm ¼ Loadm
i ; P Loadm

i

� 	
: i ¼ 1 : Ni


 �
; ð29Þ

where,

Loadm = vector corresponding to probabilistic load
point,
Loadm

i = load of state ith during mth time segment,
P Loadi

mð Þ = probability corresponding to Loadi
m

Ni = number of states in Loadm.

Table 1 represents the load profile of a particular house and
the electricity demand of a single house is analyzed and
found that it has a demand of approximately 1.5–2 kW
for each house. There are around 35–40 houses and the peak
demand of the area is around 100 kW.

4 Problem framework

The key objective of this work is to reduce the LCOE for
the proposed standalone system while maintaining the reli-
ability of the proposed hybrid system. For optimal configu-
ration of renewable resources integrated hybrid power
system, three main deciding factors, i.e., the rating of the
biomass gasifier, the number and rating of the wind turbine
generator, and the solar PV panels. This study mainly deals

Table 3. Specification of PV module.

S. No PV module characteristics Value

1 Peak wattage (W) 75.00
2 OC voltage (V) 21.98
3 SC voltage (A) 5.32
4 Voltage at MPP (V) 17.32
5 Current at MPP (A) 4.76
6 Coefficient of temperature at OC voltage (mV/�C) 14.40
7 Coefficient of temperature at SC current (mA/�C) 1.22
8 Nominal temperature of operating cell (�C) 43.00

The Author(s): Science and Technology for Energy Transition 80, 31 (2025)8



with technical and economic analysis while preserving reli-
ability with optimum generating capacity. From a technical
point of view, the system well-being criteria are considered.
This includes probabilities associated with the risk state,
the marginal state, and the healthy state of the standalone
system. For economic analysis, the concept of Annualized
System Cost (ASC) or Net Present Cost (NPC) is to be
considered.

4.1 Objective function

The objective function can be stated as

Minimize LCOE

LCOE ¼ TLCCPNI

r¼1
Qrð1þ dÞr

; ð30Þ

where,

LCOE = Levelized Cost of Energy ($/kWh),
TLCC = present worth of total costs incurred during
project lifespan ($),
NI = lifespan of the project (in years),
Qr = provided energy by standalone system in rth year
(kWh).
d = nominal discount rate.

The following components are included in the total life
cycle cost TLCC i.e.,

TLCC ¼ CCC þ COM þ CRC þ CUOC � CSV; ð31Þ

CCC = capital cost ($),
COM = operation and maintenance cost ($),
CRC = replacement cost ($),
CUOC = utility outage cost ($),
CSV = salvage value ($).

This TLCC function applies to each generating unit of the
biomass gasifier system, the solar system module unit, the
wind turbine generating unit, and the converter unit.

4.2 Operating constraint

The operating constraints include the reliability constraints
and the optimal number of generating units.

4.2.1 Constraints on system reliability

Following the reliability constraints are applicable to a
standalone system

PR � PRmax ;

PH � PHmin ;

where,

PR = Percentage of risk state probability,
PRmax = Maximum permissible percentage of risk state
probability,
PH = Percentage of healthy state probability,
PHmin = Minimum permissible percentage of healthy
state probability.

4.2.2 Constraints on generating units

The standalone system consists of at least one unit of a solar
and wind-generating unit

NBMmin � NBM � NBMmax ;

NPVmin � NPV � NPVmax;

NWTmin � NWT � NWTmax ;

where,

NBM, NPV, NWT = number of biomass, pv, and wind
generating unit respectively,

Figure 6. Probabilistic load demand profile for a particular day for different months.
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NBMmin ; NBMmax = minimum and maximum generating
units of biomass respectively,
NPVmin ; NPVmax = minimum and maximum generating
units of pv system respectively,
NWTmin ; NWTmax = minimum and maximum generating
units of wind respectively.

For the calculation of the reliability, which is taken as a
system constraint, there is a need to model the appropriate

generation model, load model, and combination of these
generation and load models to create the suitable model
to obtain the required competence indices. The generating
units are modeled by Mean Time To Repair (MTTR)
and Mean Time To Failure (MTTF). MTTR of a system
or component is defined as the average time taken to make
it operational from the abnormal and faulty state, and a
lower MTTR leads to higher system reliability. MTTF is
an equivalent time of an entity or a particular system that

Figure 7. Flow chart for calculating reliability indices.
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is functional appropriately before it goes into a failure state
for the first time, and a system is highly reliable with more
MTTF. The forced Outage Rate (FOR) for a system can be
calculated based on the MTTR and MTTF. FOR can be
represented by:

FOR ¼ MTTR
MTTFþMTTR

: ð32Þ

Figure 7 represents the calculation of reliability indices for
the proposed stand-alone hybrid power system.

4.3 Particle swarm optimization algorithm

The particle swarm optimization algorithm is inspired by
the supportive behavior of social animals like birds, ants,
or fish. This technique is applicable for both continuous
and discrete optimization problems as it is very effective
and simple in nature. Russel and James Kennedy invented
this algorithm in 1995. It is a metaheuristic and an intelli-
gent optimization technique, which gathers great attention
from researchers due to its glitch-resolving capability
(Fig. 8).

The algorithms include the following steps:

1. Initialize the constants of the algorithm.
2. Initialize the population for the position and velocity

of particles.
3. Velocity vector is to be generated.
4. Evaluation of fitness function for each particle
5. For every iteration, update the values of personal best

(pbest) and global best (gbest).
6. Update the velocity and position of each particle.
7. If the criteria for termination are met, then show the

optimum results, otherwise repeat from step 4.

5 Results and discussion

Particle Swarm optimization algorithm code is developed
for the different combinations of the considered system in
the MATLAB environment, and the optimum solution is
obtained by taking the units of different rating. The
obtained solution for each configuration is economical and
reliable.

During the analysis, different configurations are
analyzed based on the system’ annualized cost for optimal
configuration while meeting the constraints. The following
scenarios are taken into consideration for investigation:

1. Diesel Generator (DG) only
2. Wind and DG units
3. Wind and biomass
4. Solar and DG
5. Solar and biomass
6. Wind-solar-DG
7. Wind-solar biomass

Figure 9 represents the daily wind profile for the year
2023. The data for wind speed is taken from the POWER
data access viewer by NASA for the comprehensive analysis
of renewable energy resources.

Figure 10 represents the solar radiation profile for PV
module for power generation. The data of solar radiation
is on a daily basis and taken from the POWER data access
viewer by NASA for analysis and estimation purposes.

Figure 8. Flow chart of PSO algorithm.
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Comparisons of the above-considered system are done
based on LCOE while meeting the reliability as a
constraint.

Scenario 1: Only the diesel generator source is taken
into account for the fulfillment of the power demand of
the considered probabilistic load. Further, the annual simu-
lation in this scenario is taken for the best probable optimal
arrangement of the system components. In this system, gen-
erators of different capacities like 20 kW, 40 kW and 70 kW
units are taken into the accounts for meeting the load
demand but optimal combination shows that there is no
requirement for a 70 kW generator but 5 units of 20 kW
and 1 unit 40 kW is sufficient to meet the load demand with
LCOE of 0.7733$/kWh and the System Annualised Cost
(SAC) is calculated as $415,787.58. Energy Not Served
(ENS) for the considered system is negligible, i.e. 1.17e�10

per year.
Scenario 2: In this configuration, a wind turbine system

is implemented with the diesel generator to meet the load
demand, as wind is a natural source for power generation
for which there is no requirement for fuel. For this scenario
again the generators of different capacities are considered
and the optimal configuration as 4 units of diesel generators
20 kW each and 2 units of wind turbines 40 kW each is able
to meet the requirement with LCOE of 0.5680$/kWh and
SAC is estimated to be $307,662.85. ENS for the above sys-
tem is found to be 2.41 units per year.

Scenario 3: Now integration of the wind turbine system
with the biomass-based gasifier system is done for load
requirement. Wind and biomass are both great renewable
sources of energy, and there is no emission from the above
system, and it does not pollute the environment. The opti-
mal combination shows that the load demand can be met
by 1 unit biomass generator rated 20 kW and 3 units of
wind turbines rated 40 kW each and found the LCOE for
the given system is 0.0711$/kWh and having the SAC for
the above hybrid system is $57,349.163. ENS for the year
comes out to be 582.061 units.

Scenario 4: In this hybrid system, a solar-PV system is
integrated with the diesel-based generator system. As in
this system, solar is renewable and the diesel generator is
a non-renewable source of energy, so there will be some
emission from the diesel system, which leads to pollution
in the environment. But solar doesn’t have any fuel require-
ment, so the system is feasible for the load requirement. The
optimal combination shows that 6 units of solar rated
15 kW each and with the 6 units of diesel rated 20 kW each
is able to meet the load demand with LCOE of 0.5861$/
kWh and the SAC is found to be more than the wind
and solar hybrid system i.e. $316,787.43 and the ENS
comes out to be 68.18 units for the optimal combination.

Scenario 5: Now the solar system is integrated with a
biomass system to remove the use of conventional sources
as it increases the system cost and is not environmentally

Figure 9. Typical yearly wind profile.

Figure 10. Yearly solar irradiance.
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friendly. So, the use of natural sources of energy is very
advantageous and economical to meet the load require-
ment. In this configuration, two natural sources i.e. solar
and biomass gasifier systems a used and the same optimal
combination is used as that of the solar-diesel hybrid system
and found that the LCOE comes out to be 0.1308$/kWh
which is mo economical than the solar-diesel configuration
and the SAC comes out to be $70,250.31

Scenario 6: Now both the renewable sources of energy,
i.e. solar and wind, are now integrated with a diesel gener-
ator for the best possible configuration. In this scenario, the
optimal combination shows that three units of solar, 30 kW
each, two units of wind, 20 kW each, and four units of diesel
generator are presenting the best results. In this hybrid sys-
tem, the SAC for the system found to be $242,224.31, and
the LCOE comes to be 0.4514$/kWh. ENS for the system is
1050.80 units, i.e., a little bit higher due to the intermit-
tency of renewable energy sources.

Scenario 7: In this hybrid power system, all the natural
sources of energy are used for power production. In this con-
figuration, a solar, wind and biomass gasifier-based genera-
tor is used to meet the load demand. This hybrid
standalone system completely use sources as a fuel, which
are freely available in nature or have very low cost like bio-
mass for power generation due to which it is very much nat-
ure friendly and has no emission to the environment. The
optimal configuration shows that the LCOE for the system
is 0.1172$/kWh and has a SAC of $62,901.28.

From Table 4, it can be concluded that biomass is
best comprehended with solar and wind. As a greater num-
ber of intermittent sources are included with biomass, it will
become more economical as compared to the diesel genera-
tor system.

Table 5 shows the reliability of the considered system
which is taken as a constraint. PR and PH are the Risk state
and Healthy state probabilities associated with the system
under consideration. In the above work, PH of the system
should be greater than 90% and PR of the system should
be less than 1% while calculating the economics of the
system. The system under consideration was found to be
in acceptable ranges. From the above, it can be seen that
the non-renewable source (i.e. diesel generator) is showing
the highest reliable system with the least probability of risk.
Integration of renewable sources with the diesel generator is
more reliable than the system having only intermittent
nature of sources or use of a biomass generator with solar
and wind.

6 Conclusion

Various case studies have been performed to analyze the
system’s optimum performance by optimizing the hybrid
system component size. The optimal component sizes of
the standalone hybrid system are optimized through a tech-
nique known as particle swarm optimization, which is an
artificial intelligence algorithm inspired by the communal
behavior of creatures like birds and fish. From the above-
considered scenarios, it is observed that the only diesel gen-
erator has the highest system annualized cost, which leads
to a bigger levelized cost of energy. When the diesel gener-
ator is integrated with renewable sources of energy, it is
found that there is a significant decrement in the system
annualised cost along with an improvement in the LCOE.
The reliability of the system is higher with conventional
sources of energy and relatively less economical but when

Table 5. Reliability analysis of the system under consideration.

S. No. Integrated system PR (Risk state probability) PH (Healthy state probability)

1. Diesel Generator (DG) only 0.0062 99.9980
2. Wind and DG units 0.0124 99.7499
3. Wind and biomass 0.0134 95.0073
4. Solar and DG 0.1105 98.7138
5. Solar and biomass 0.9422 92.3792
6. Wind-solar-DG 0.1422 96.5310
7. Wind-solar biomass 0.1458 95.8241

Table 4. Comprehensive analysis based on economic of the investigated systems.

S. No. Integrated system LCOE ($/kWh) SAC ($)

1. Diesel Generator (DG) only 0.7733 415,787.58
2. Wind and DG units 0.5680 307,662.85
3. Wind and biomass 0.0711 57,349.163
4. Solar and DG 0.5861 316,787.43
5. Solar and biomass 0.1308 70,250.31
6. Wind-solar-DG 0.4514 242,224.31
7. Wind-solar biomass 0.1172 62,901.28
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there is an integration of more than one renewable source
like wind-solar-biomass in the hybrid power, the system
becomes more economical with comparatively less reliable
due to the intermittent nature of renewable sources of
energy as compared to conventional sources and also grati-
fying the reliability as a constraint. A biomass gasifier gen-
erator system is integrated with these other sources to make
the system more economical, and it is evident from the
above scenarios that there is a significant decrement in
the LCOE which is profitable for a standalone hybrid power
system. The biomass gasifier generator is integrated along
with the wind turbine and wind-solar hybrid system results
in LCOE of 0.0711$/kWh and 0.1172$/kWh respectively,
which is lowest among all the considered cases, and com-
pared the results with the system having Pumped Storage
Hydro (PSH) along with solar and wind. The LCOE of
the PSH-wind and PSH-wind-solar comes out to be 0.283
$/kWh and 0.268$/kWh respectively [26] that are highly
uneconomical as compared to the proposed biomass-wind
and biomass-wind-solar hybrid system respectively. Saiket
Saha et al. [23] got the least LCOE of 0.0712 $/kWh where
reliability is not a system constraint, whereas the best
LCOE of 0.0711 $/kWh is attained in this study while
meeting the reliability constraint. The future aspect
includes the integration of multiple natural sources like
tidal energy, geothermal energy, ocean energy, etc. for
enhancement of system economy and consistency.
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