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A B S T R A C T

PV and wind hybrid are found to be the most lucrative solution for the diminishing traditional energy sources.
Whereas these alternatives sources of the energy have many remarkable rewards like cost of energy and
feasibility etc. The attributes of these sources of being cost effective and stable are possible due to their
complementary nature as compared to independent energy systems. Therefore, these systems have admirable
capability to meet energy crisis up to some extent. The proposed work gives the idea about various
configuration, control strategy, techno-economic analysis and social effect. The findings of comprehensive
review will help for further improvements in hybrid system design and control with respect to practical system
implementation. This paper also presents a case study of remote area Barwani, India and results are compared
using Homer and PSO. The resulting analysis reveals that configurations of hybrid system are the most techno-
economical feasible solution concerning COE, renewable fraction, maximum renewable penetration, levelized
cost, operating cost, mean electrical efficiency, and emission amongst various hybrid system configurations
using PSO as compared to HOMER.

1. Introduction

The worldwide switching towards reliable and feasible hybrid renew-
able energy system is mainly due to two reasons; the potential techno-
economic advantages of hybrid combinations and the rapid depletion of
conventional sources of energy. In India, a large portion of remote area,
not access electricity. Diesel generators (DG) is used to meet required load
demand for that remote areas. Operating cost of DG is high due to
fluctuation in fossil fuel cost and maintenance of generator. Therefore
alternate source of energy like photovoltaic and wind along with its
various hybrid combinations offer suitable options for electricity genera-
tion for off-grid area. The PV and wind renewable energy (RE) are found
to be the significant nonconventional power generation option in the era
of ever-increasing crises of energy with their profitable traits like
environment-friendly, bulk availability, location-reliance. It has the ad-
vantage to increase the reliability and decrease the cost of the total life
cycle. In Economic Times report, India’s gross RE potential (up to 2022) is
estimated at 175 GW [1]. The range of annual typical for solar insolation
and wind speed are 5–10 m/s and 3–6 KWh/m2 respectively is enhancing
by the researchers of various countries to minimize the dependency on
conventional sources [2,3].

The design consideration of wind energy based systems using appro-
priate technology to meet the load demand of different areas with respect

to achieving various objectives is investigated. Objectives such as suitable
location, assessment of present and future energy requirement, estimation
of payback period, evaluation of LPSP, economic along with energy
reliability analysis etc are reported [2–4,34]. The design of PV based
hybrid systems [28–30,33,35,46] and PV-Wind based hybrid system
[5–10,24–26,31,32,36–45,47,48] to assess the practical performance of
the system using distinct methodology for a variety of geographical
locations to meet the load demand are presented to obtain the widespread
goals as follows:

• Optimal sizing/configuration of hybrid system components.

• Reliable operation control of hybrid system.

• Minimize the annual COE

• Minimize LPSP for a given load.

• Satisfy the load demand by effective use of renewable sources.

• Decrease the pollutant emissions.

• Improve battery efficiency.

• Higher conversion efficiency.

• Reasonable price and ease of operation.

• Estimation of the loss-of-load probability (LLP).

• Minimize costs of O &M of the PV sections and the battery.

• Minimize life cycle costs and ensuring reliable system operation by
appropriate design and process control of HRES.
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• Minimize the total annual cost including initial cost, operation cost
and maintenance cost etc.

The various strategies for modeling and control of hybrid system
using different methodologies and software such as different dispatch

strategies and different design software namely PVSYST, SolSim and
Hybrid Designer, HYBRID2, SOME, PHOTO, HOMER, SEU-ARES,
ARES, F-Chart Software, RAPSYS and RETScreen etc are developed
[11–23,27,49,50]. The PV-wind HRES with battery unit and DG as a
support be capable of electrifying the remote area population where it

Nomenclature

DG Diesel generators
GTREI Global Trends in Renewable Energy Investments
IEA International Energy Agency
LLP loss of load probability
HRES Hybrid renewable energy systems
PWIND each

T
, Power by wind turbine

vr Nominal speed of wind turbine
V Wind speed
vo Cutout speed
vJ Cut in speed
PRW Wind generator rated power
τ The hourly self-discharge rate
LOLR Loss of load risk
Pl

T Energy demand of the particular hour
ηinverter Efficiency of the inverter
IMD Indian meteorological data
NASA National Aeronautics and Space Administration
O/M Operation & maintenance
CO2 Carbon dioxide
RE Renewable energy
PV Photovoltaic
PPV,each Power generated by PV system.
PRS PV panel rated power.
R Solar radiation factor.
Rcr Certain radiation
Rsrs Standard solar radiation
ηG DG efficiency
N No. of swarm
PWIND

T Power generated by wind turbine.
PPV

T Power generated by PV panel
PBIO

T Power generated by Biomass
Pl

T Energy demand for the particular hour.
ηbc Charge efficiency of the battery bank

LA Load Autonomy
HLOL Hour’s which loss of load occurs
HTOT Hour’s operation system
LPSP Loss of Power Supply Probability
LLP Loss of Load Probability
UL Unmet Load
TNPC Total net present cost
NPW Net present worth
CANN Annualized cost,
CRF Capital recovery factor,
i Interest rate,
TPLT Project lifetime
LCC Life cycle costs
COE Cost of energy
NOx Nitrogen oxide
SO2 Sulfur dioxide
Ebattery

T and Ebattery
T 1− Charge measure of the battery at time T and T-1

GA Genetic algorithm
CO Carbon monoxide
PSO Particle swarm optimization
Fdsl Diesel fuel consumption l h/
P t( ) DGpower kW( )
PR Rated power of the DG
A B, Are the costand parameters (l/kW),

constant value is a round 0. 08145 and 0. 246
Fdsl Diesel fuel consumption l h/
P t( ) DG power kW( )
ηT Total efficiency
ηB Thermal efficiency
k kth iteration number
w Inertia weight
r1 & r2 Random numbers
c1 & c2 Velocity coefficients
DOD Dept of discharge

Fig. 1. Block diagram of a typical PV-wind hybrid system.
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is uneconomical to extend the conventional utility grid. The merits of
HRES can be achieved only when the system is designed and operated
appropriately [99]. Boolean model in Geographical information system
software is used for identifying the location for best optimal solution of
the HRES in Middle-East [122]. The typical model of HRES is in Fig. 1
[93].

The introductory part related to the hybrid system optimal config-
urations is described in part I. The reviews on a series of combination
HRES are presented in part II. The design modeling of HRES elements
is described in part III. The various control strategy for HRES are given
in Section 4. The software tools for designing hybrid renewable energy
system are discussed in part VI. In Section 5 discussed about
Optimization Objectives for HRESs which responsible to boot up the
performance of system. The case study is reported for design of HRES
for remote area by using HOMER and PSO in part VI. The Particle
swarm optimization technique is presented in part VII. The compara-
tive results of Homer and PSO are presented in part VIII. Suggestions
and future scopes related to the work are reported in part IX. At the
end the conclusions are presented in part X.

2. Description of HRES

The HRES comprises of solar PV, wind turbine, inverter, battery
and some additional components. This section presents numerous
available PV, wind combinations such as PV scheme, wind scheme and
PV/wind HRES. If the renewable energy resources (RE) generated
power exceeds required load demand, than surplus power is delivered
to charge the battery bank unit. Thereafter the battery comes into play
when the generation of RE is insufficient to meet the load demand. The
PV/wind HRES operation depends on the each component perfor-
mance. Therefore rectifying each renewable source performance,
individual renewable energy source is modelled is discussed in this
section

2.1. PV system

The PV energy is abundantly available in the environment and it is
free from the pollution. The nature of PV system output power depends
on the geographical location. The PV system is a possible RE source,
which utilizes to overcome the dependency on fossil fuel [51–56,98].
Fig. 2.1 shows the representation of hybrid PV generation unit
consisting of PV generator, DG, inverter and battery system. The
different combinations of PV/diesel based hybrid systems through
battery bank storage and DG supplementary unit are considered to
investigate the potential benefits and effective utilization of PV-diesel

systems to fulfill the consumer load demand requirement [57]. The PV-
diesel based hybrid systems have complementary characteristics as
follows [46,57–59,100,102,108,113,114,126,131,134,135,140]:

• Working cost of PV system is minimum as compared DG

• O&M cost minimum as compared DG diesel

• Reduces battery storage requirement

• Better dependability

• Less emissions

• System autonomy

• Accuracy analysis

• Reduce generation costs and increase the reliability of energy supply

• Maximize the techno-economic benefits

• find out a number of storage days

Investigation of PV system for obtaining the maximum generation,
cost economy solution and reliable operation with various objectives
are reported using a number of programming languages and software
such as C++ and FORTRAN etc [60–64]. Based on the literature, it’s
analyzed that the optimally designed of PV/DG systems is more
techno-economic and feasible as compared to PV without DG systems.
The summary of studies based on PV system is presented in Table 1.

2.2. Wind energy system

Wind energy is also freely available in environment, pollution free
source of energy. The performance of the output power generation of
wind energy system various according to the wind potential of design
location. The condition for feasible solution and techno-economic wind
energy system is the selection of higher wind energy potential
geographical location is necessary [65,66].

The feasible and cost effective model of wind system to compare,
performance of different wind machines at various locations are
investigated regarding average velocity and the turbine machine
characteristics [65]. Furthermore, the various constraints are investi-
gated for wind system at different locations is carried out with
following parameters as [66–70,115,123,125,143]:

• Feasibility

• Economic viability

• Optimal system configuration

• Capacity meeting of the load demands

• The benefits and potential of wind power

• Cost of wind energy

• Energy security

Fig. 2.1. Block diagram of PV system.
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• Assessment of wind power availability

• Atmospheric degradation

The optimal sizing methodology of wind system by means of
collective ant colony optimization and artificial bee colony is presented
[71]. The optimal configuration of wind system is analysis through the
genetic algorithm technique [75]. By taking the various constraints of
wind system components feasible sizing is evaluated by using Monte-
Carlo simulation technique [74]. The techno-economic and reliability
also investigated by neural network technique, regression analysis
technique [72,73]. The different methods to train the wind data are
used for improving the rated wind turbine power output on yearly basis
[75,78]. The optimal configuration planning and control for wind
energy system are described to increase the system performances with
respect to reduce cost of energy and enhance reliability by utilizing a
battery backup effectively [76–79]. The block diagram of wind system
is in Fig. 2.2. The outline of studies based on wind system is presented
in Table 1.

2.3. PV/wind energy system

The renewable PV and wind resources are reciprocal to each other
with respect to weather conditions. Therefore, the combined use of PV
and wind hybrid system is more effective with regard to energy
production throughout the year as compared to individual source.
The single source system like PV energy system or wind energy system
requires battery backup and DG unit in standalone system to achieve
better performances, which affects hybrid system cost, reliability, cost
of energy and environmental emission [80–82]. The optimal design of
PV-Wind based hybrid systems by considering a variety of system
performance parameters such as total annual cost, loss of power supply
probability, sensitivity analysis, demand side management, reduction
of losses, and pollutant emissions are developed using different soft-
ware tools, techniques and methodologies as follows:

• HOMER [20,85,88,91,93,97,98]

• Tabu search (TS) [86]

• HYBRID2 [11,12,80]

• SOMES [19,80]

• Harmony search (HS) [86]

• MATLAB software tool [81,83–85,92,99,103,120]

• Genetic Algorithm (GA) [90,95,96]

• Particle swarm optimization (PSO) [86,87,89,122,130,149,150]

• Simulated annealing (SA) [86]

• ARENA 12.0 [94]

• Sliding Mode control [129]

• Probabilistic method [133,144,145]

• Auxiliary method [136]

• Analytical method [138–140,146]

• Monte carlo simulation [146]

The reviews on the existing status of sizing with working of PV-
based energy systems are discussed [131,132], Wind-based hybrid
energy systems [127,128] and PV-Wind based hybrid energy systems
[117,119–122,127,132,137–139,141,147,148] are reported using sev-
eral methodologies to obtain different objectives. The representation of
PV/wind hybrid energy system is in Fig. 2.3 and the review of PV/Wind
hybrid system is shown in Table 1. Based on the comprehensive
literature reviews in the field of different combination of HRES using
several techniques following wide findings can be given as:

• The HRES found to be a superior alternative with the aim of
incorporate substitute for electricity production.

• More or less the entire reviewed systems comprise with generation
system which has more than one source, has high reliability and
more feasible system as compare to the single source renewable
energy system

• In a recent trend, the multi-objective sizing methodologies and
hybrid optimization methods are developing to facilitate the reliable,
environmentally friendly and feasible design of HRES.

• PV/Wind HRES with backup energy unit such as battery banks, DG
and fuel cells can help decrease the energy costs, emissions and
improve reliability of the system.

3. Modeling of HRES elements

The optimal sizing of the PV/wind HRES is depended on various
modeling parameters. Numerous modeling parameters are discussed in
literature, amongst all thus modeling parameters the best optimal
modeling of HRES is specified below (Fig. 3).

3.1. Modeling of PV system

A number of technique/methods are discussed in literature for

Fig. 2.2. Block diagram of wind system.
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modeling of PV system by considering distingue criteria as
[24,86,89,99,102,122,149]:

• Maximum power point tracker (MPPT) system

• PV area based system

• Considering the order of solar insolation based system
a. First order equation
b. Second order equation

• Equivalent circuit based on

a. Single diode configuration
b. Double diode configuration

• PV module output equation based system
a. With temperature effect
b. With-out temperature effect

The above-described PV models can be used to model the system
with second-order effects of solar radiation in output power. The
output of PV depends on radiation. On basis of hourly radiation data,
output power of the PV system for fixed surface can be evaluated as
[122]:

⎧

⎨
⎪⎪⎪

⎩
⎪⎪⎪

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

P

P 0 R R

P R R

P R R

=

≤ <

<

≤

PV each

RS
R

R R CR

RS
R

R CR R srs

RS srs

,
≤

2

srs cr

srs

(1)

Where

PPV,each= Power generated by PV system.
PRS= PV panel rated power.
R= Solar radiation factor.
Rcr= certain radiation at 150 W/m2

Rsrs= Standard solar radiation at 1000 W/m2

3.2. Modeling of wind system

The wind energy conversion modeling process includes the model-
ing of wind turbine dynamics as well as generator. Based on the
available wind speed range, a wind turbine is selected and the power
law is utilized for consideration of preferred hub height of the wind
turbine through vertical profile of the wind speed [10,24]. The out
Power of wind energy system by taking various parameters is evaluated

with given equation [86,89,102,115,122,124,149]:

• Swept area

• Considering the order of wind speed based system

a. First order equation
b. Second order equation
c. Third order equation

A Number of wind system models can be used for modeling of the
system, however, this work presented with first order effects of wind
speed in output power. The output power and torque of the wind
turbine can be given as follow [86,122].

⎧
⎨
⎪⎪

⎩
⎪⎪

( )P =

0 V ≤ v or V ≥ v

P v < V < v

P v ≤ V < v
WIND,each
T

J o

Rw
V − v
v − v J

Rw r o

J
R J

(2)

Where,

P = power generated by wind turbineWIND,each
T

v = Nominal speed of the wind turbiner
WV = ind speed

v = Cut out speedo
v = Cut in speedJ
P = Wind generator rated powerRW

3.3. Modeling of DG

HRES performance and output power are relying on upon climate
conditions. PV, Wind hybrid system output power and battery back-up are
produced insufficient power to meet required load demand because of
lower response of PV and wind resource input data. Therefore DG unit is
used to meet this additional load demand which increases the HRES
reliability. In HRES, DG unit application depends on type of the load
demand. DG unit followed by two different strategies such as load following
and cycle charging. The application of DG strategy depends on requirement
of the HRES [126]. In load following strategy, DG unit supplies the power
only to meet the required load demand and lower priority objectives like
charging of battery, electrolyzer and deferrable load are left to renewable
power source. In case of cycle charging strategy, DG unit run at full output
power, it supplies power to the meet load demand and excessive power is
used to charge the lower priority objective. The cycle charging method is
more effective and increases the reliability of HRES as compare to the load

Fig. 2.3. Block diagram of PV-wind hybrid system.
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following strategy [127,128]. DG work as backup power supply for hybrid
system generated power not fulfill as per load requirement. The DG
increases the system reliability and makes the system more cost effective.
DG hourly fuel consumption and efficiency analysis according to given
formula [149]:

F (t) = A. P + B. P(t)dsl R (3)

Where,
F (t) = Diesel fuel consumption l/hdsl
P(t) = DG power (kW)
P = Rated power of the DGR
A, B = Are the costand parameters (l/kW),
constant value is around 0. 08145 and 0. 246

η η η= ×T B G (4)

Where,
ηT = Total efficiency
ηB = Thermal efficiency
ηG = DG efficiency

In optimal sizing of any HRES for lowest cost, DG must be run on
70–90% of total load [129,130].

3.4. Modeling of battery system

Generally two type of modeling are used for battery system modeling
first is SOC based equation and second is an EMF based equation for
charging and discharging [24,86,89,99,102,122,149]. In a situation when
HRES generate excessive power and after fulfilling the load requirement
excess power is remaining. This excess power is used to charge the battery
bank unit. This backup power of the battery bank is utilized when load
demand is not meet through the HRES. So that the battery bank increase
the efficiency when sufficient power generation is not available from HRES
[132]. The battery size varies on the upper limit of DOD, heat and lifespan.
In HRES, battery is used for the purpose of storage, battery balance the
power between supply and load demand. The input power of the battery
can be negative or positive due to charging and discharging process.
Evaluation, state of charge with respective productivity and time consump-
tion as [122]:

(i) P + P + P = PPV
T

WIND
T

BIO
T

DEMAND
T

In this situation of the battery, capacity of battery, stable and
not change.

(ii) P + P + P > PPV
T

WIND
T

BIO
T

DEMAND
T

In this situation, Total hybrid (PV + Wind + Bio) power of
the system is more than to load demand. At this condition
battery is in charging position and charged quantity of the
battery at time (t) is given as;

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥E = E . (1 − τ) + (P + P + P ) −

P
η

ηbattery
T

battery
T−1

PV
T

WIND
T

BIO
T l

T

inverter
bc

(5)

Where,

Ebattery
T and Ebattery

T 1− = Charge quantities of the battery
T 1− and T= Battery bank charge times.
Pl

T = Energy demand of the particular hour
PWIND

T = Power generated by wind turbine.
PPV

T = power generated by PV panel
PBIO

T = power generated by Biomass
Pl

T = Energy demand for the particular hour.
ηbc = Charge efficiency of the battery bank
ηinverter = Efficiency of the inverter
τ = The hourly self-discharge rate

(i) P + P + P < PPV
T

WIND
T

BIO
T

demand
T

In this situation, the total power generated by hybrid (PV + Wind +
Bio) system is less than to load demand. At this time battery bank is in
discharge position and the charge amount of the battery bank is given
in equation. The storage battery bank set at a nominal capacity and it
only allows discharge at that limit.

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥E = E . (1 − τ) +

P
η

− (P + P + P ) ηbattery
T

battery
T−1 l

T

inverter
PV
T

WIND
T

BIO
T

bf
(6)

Where, η = Discharging efficiency of battery bankbf

3.5. Converter/Inverter

The electronic converter is needed to balance energy flow amongst
the AC and DC elements. The converters/inverter converts the
electrical energy from one form into another (Converter AC to DC,
and inverter DC to AC) with the desired frequency of the load. The
efficiency of the inverter can be given as [149]:

P
P P kP

ƞ =
+ +imv

0
2 (7)

Where, P, P0 and k are determined by using following equations as:

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟P k P P P P1 99 10 1 9 1 1= −

ƞ
−

ƞ
− ; =

ƞ
− − ,And = /out n0

10 100

2

100
0

(8)

Where, ƞ10 and ƞ100 are the efficiency of the converter on ten percent
and hundred percent, which is specified via assemblers.

4. Control strategies

The HRES configuration has various components and many
components are variable nature such conventional sources, renewable
source, DG and bake up unit [101–06]. So that it is essential to control
the variable nature of the each system component. By applying a proper
control strategy, it can be possible to obtain an optimal solution at
higher reliability and lower cost of the HRES. 'The power supply and
records communication information (Fig. 3).

In HRES the controller is essential for monitoring and controlling
of different variables according to load requirement and also controls
the output voltage, frequency, active power from dissimilar power
elements. Generally four categories of controllers used to control the
operation of HRES which can be given as follows [102–107]:

Fig. 3. The power supply and records communication information.
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• Centralized control

• Distributed control

• Combined/Hybrid control (combined with distributed and centra-
lized)

• Multiple control

In each and every case the source has its own controller, which
center of attention on Supreme process of the related element with
existing information. Signals of energy sources along with backup unit
of the HRES are managed through the centralized or main controller
planning in the centralized control arrangement. Various constraint of
power elements arrangement is may be controlled by global optimiza-
tion with respect to the entire available information [104–108]. The
centralized unit has disadvantage as it takes more computation time,
because it is related to particular end letdown. Next technique is
distributed control; in this strategy has only one power source which is
connected by the mean of separated local unit for that region every
element are connected with together for communication of measure-
ment information. It also helps to evaluation of global optimization.
This type of control unit is more advantageous as a minimum
computational load without any failure, but it has disadvantage of
multiple communications [108,109,117]. The problems of distributed
control unit can be overcome by use of numerous available artificial
intelligence techniques. The multi-agent system based methodologies
are best suited it.

The next control technique is hybrid control method, which is
the combination of distributed and centralized control units
[110,119,120]. The hybrid control unit uses the local and global
optimizations which can be achieved by above two control techni-
que discussed. This control technique has less failure issue. The
demerit of this method is high intricacy for information conversion
system. The last technique is multilevel method; working principle
is same as hybrid control technique with the exception of better
control on the system in addition working on basis of current
information [120,121].

The main features of using an effective control strategy for HRES
are as follows [46,77,100–125,138]:

• To maximize the utilization of RE sources

• To fully optimize the energy management system

• To maximize efficiency of the system

• To minimize the fuel consumption of engine driven generator

• To maximize the system components service life

• To maintain reliable system operation

• To improve the stability of operation

• To manage the operating constraints for example restricted night-
hours of diesel generator, load priorities, and minimum battery
SOC.

• To control the energy dispatch strategies and the direction of power
flow in the system with respect to timescale

• To improve the power quality of operation

• To provide the synchronization mechanisms and reconnection
function during progression

5. Optimization objectives for HRES

Hybrid renewable energy system, optimal design depends on
numerous parameters such as technical parameters and economic
parameters. The technical parameters criteria as system efficiency,
environmental Objectives (relating to the natural world and the impact
of human activity on its condition) and reliability to fulfill the load
demand at minimum emission and higher efficiency. Hybrid renewable
energy system cost minimizes through the economic criteria such as
minimization of per unit cost of energy (levelized cost of energy), total
net present cost (TNPC) and various cost related optimization.

5.1. Technical criteria

The design of optimal of hybrid renewable energy which has higher
reliability and less emission, appropriate consideration of technical
objectives is a must. Various technical objectives are discussed in the
literature such as maximizing the availability of power, LPSP, LOL,
minimization of emission, minimization cost and minimization effi-
ciency proportion. The optimal sizing of hybrid system is evaluated at
minimum annually cost by considering the various decision variable of
the PV and wind source in optimization process [36]. The author
describes the hybrid renewable energy system design, methodology and
evaluation technique [131]. Optimal hybrid system model is developed
to minimize the cost/ efficiency ratio and analysis was done to find out
the reliability factor of solar PV power plant and wind turbine
generator [61]. The brief outline of is given in Table 2. The optimal
configuration is obtained by considering objective as minimization of
total net present cost by using genetic algorithm optimization techni-
que [38]. A standalone hybrid system is developed to meet the load and
water desalination demand by using PSO and also result are compared
with the homer software. The developed program considered with
various constraints like gravimetric penalty cost for carbon emission,
element cost of carbon dioxide, and annual system component power
consumption to obtain the optimal configuration of the hybrid system
[89]. A muti-objective genetic algorithm technique is developed for grid
connected hybrid system is design to meet a load of a small community
at a lower cost [119].

5.2. Economic optimization

Another constraint for optimal sizing of hybrid renewable energy
system is economic optimization. An Economic optimization which
includes minimization levelized cost of energy, minimization total net
present cost and other cost-linked optimization. By minimizing all this
constraints of the economic optimization a cost effective solution of the
hybrid system can be obtained. HRES is designed by considering losses
of load demand and production regions using PSO and evaluated lower
cost of the energy [86]. Hybrid PV-Wind model is developed to
optimize the capital size of the hybrid system with battery bank [48].
Agriculture load demands such as drip irrigation and water pumping
can also be satisfied by PV-diesel hybrid system at economical cost
[83]. Various studies are reported in literature for optimal sizing of
hybrid PV wind system to meet system reliability at lowest levelized
cost of the energy [10,33,54,85,96,114].

Taking objective as minimization of total net present cost also
helpful to obtained optimal solution of hybrid system. Total net present
cost is summation of the initial cost, operating and maintenance cost
and replacement cost of the component used in hybrid system. Homer
software is used to design a hybrid system by considering two different
model such as wind system and another is PV-wind hybrid system and
found that PV-wind hybrid system provides lowest total net present
cost of the system [59]. Comparative solutions are evaluated for lowest
total net present cost of the solar-hydro-biomass-biogas hybrid system
at various load profile of the rural area using PSO and Homer [84]. The
techno-economic optimal hybrid system is evaluated by considering the
effect of uncertainty nature of renewable energy sources (PV, wind)
[80]. The hybrid system feasibility performance varies with change in
the design location. PV-diesel-battery system is found optimal config-
uration amongst six different locations [81]. The brief outline of is
given in Table 2

6. Case study

This case study is giving an idea for modeling of a hybrid system to
electrify the rural areas by using locally available renewable energy
resources. The optimal sizing is done through the PV, wind and
biomass which are available at design location of barwani, MP, India.
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The comparative result analysis is present for HRES through the
Homer and particle swarm optimization technique.

6.1. Recent scenario of renewable energy

Global trends in renewable energy investments (GTREI) 2016
highlight the growing significance of RE in tackling climate change
and the wider sustainable expansion program. Rising renewable energy
use, for the first time in 40 years, global carbon emissions related with
energy consumption is constant in year 2016 while the global financial
system grew. Although previous emissions reductions were connected
with downturns in the worldwide economy, the carbon stabilization in
2016 has been associated with extended penetration of RE and
increases in energy performance [53]. Wind power annual market
forecast by region and solar installation capacity by region are shown in
Figs. 4 and 5 [56]. In India entirety power generation capability is of
263.66 Gigawatts and RE capability of 34.35 Gigawatts as on March
2015. The worldwide installed capacity of RE is 630 Gigawatt (370
Gigawatts wind and 177 Gigawatts solar) in which India has 22.6
Gigawatts wind, and 3.3 Gigawatt solar which is shown in Table 3.

In India the growth/access of renewable energy power generation is
rapidly increased in recent year. In year 2000, half of the population of
Indian not access electricity and the cost of energy is very high in urban/
rural areas. The report of International energy agency, twenty percent of
population of the India without access to electricity, information is given
in Table 4. The populaces not having electricity is engaged in a similarly
minor number of states: for all intents and purposes 66% are in two
thickly settled northern and north-eastern states, UP and Bihar.

In massive swathes of the Republic of India, together with the bulk
of southern states, electrification rates are already well higher than of
ninetieth. Of the overall without access, the massive majority – some
220 million people – live in rural areas wherever extending access may
be a bigger technical and financial challenge. In urban regions,
electrification rates are abundant higher, however, the standard of
service remains terribly uneven, particularly in India’s massive sub-
urban slum areas that are home to around 8.8 million households [66].

6.2. Renewable energy resources

The case study is presented for remote area of barwani MP, India at
dimension of 22.71 north’s along with 75.85 easts. On basis of Indian
meteorological data report huge availability of renewable energy
resource in the country [110]. These energy sources are naturally
obtainable and discontinuous; due to these issues our primary pre-
ference to supply the power as village base power station is RE sources
such as solar and wind. The input data of renewable energy sources for
design location is obtained from NASA [111]. All HRES combination
under study is shown in Fig. 6.

6.3. PV resource

The design location has great potential of solar radiation. The PV
resource at design location is 5.531 kWh/m2/d averages annually. The
clearance index in addition insolation data of solar resource in Fig. 7.

6.4. Wind resource

The wind speed data of the design location annually is 4.5 m/s.
According to Fig. 7 wind is not same for each month of the year. The
value of wind is higher in December and minimum value in the June
months which is shown in figure [111].

6.5. Biomass

Rice mill located in the village of Barwani, which produce per day
rice paddy is around 460 kg. It is expected in the study that rice husk

production is 25% of the paddy and immature paddy production is 3%
of the paddy. So, that a total biomass production of the rice mill is
115 kg/d [112].

6.6. load demand

The proposed design location has household daily load demand is
110.6 kWh/d. The average and peak load demand are 4.61 kW and
13.23 kW respectively. Hourly load data consumption of the village is
given in Fig. 8.

6.7. Cost of hybrid system element's

HOMER design hybrid system according to the detail of cost
parameters used in the system such as principal cost, substitute cost,
operation & maintenance (O &M) cost. The cost of input parameters
like wind turbine, solar PV cell, DG set, battery, converter and biomass
gasifier unit are in the given in Table 5.

7. Result and discussion for homer

The optimal sizing is done through the homer software. This
software takes input data on hourly basis of each component used for
sizing purpose like cost parameter, energy resource data, constraints,
system control data etc. It presents result on basis of lowest cost of
HRES. The results of various configuration of the hybrid system are
presented in Table 6.

7.1. Emission

The emissions factor is computed separately for each pollutant of
the power system before simulation. The yearly emission of pollutant is
calculated through multiplying the emissions factor with full yearly
diesel fuel utilization for the period of simulation. When calculating
different O&M cost than production of pollutants such as CO2, CO,
NO2, SO2, particulate matter, unburned hydrocarbon are used. The
hybrid combination of DG, P/Batt./DG, W/Batt./DG, P/W/DG as
shown in Table 6 produces harmful gases. The PV/Wind/Battery
hybrid combination does not produce any harmful gas emission but
this hybrid system is not more optimal with respective to higher cost
and reliability issue. P/W/Batt./DG, P/W/Bio/DG/Batt system has less
emission as compared to other combination. By using P/W/Batt/DG,
P/W/Bio/DG/Batt system emission is reduced.

7.2. Production

The power generation for the various HRES is relying on the different
combinations of hybrid system. Design tool calculates the power generation,

Fig. 4. Solar installation capacity by region.
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release by the each source which is connected to the hybrid system to meet
load demand and supply energy. Through result analysis, it’s noticed that
the shortage capability is zero in DG and P/W/DG system, therefore hybrid
configuration makes adaptive towards satisfying hundred percent of the
electrical demand from the stand-alone hybrid system and the desired in
operation reserve. This is often a high-quality demand for the standalone
hybrid system where several unmet load state or electricity deficiency for
annually is not acceptable. Excessive power generation through P/W/Batt
HRES 73,627 kWh/yr is used to charge the battery bank unit. With
respective power generation P/W/Batt system is more optimal solution.

7.3. Cost ($)

The HOMER software gives the output result on base of the TNPC
of hybrid optimization model and HOMER arrange the output result in
order to lower to higher TNPC. TNPC of the hybrid system is defined as
the current value of the all component cost used to design system
minus current value earn by that component over a whole period of
operation. TNPC is indicating addition of capital cost components plus
O &M cost plus replacement costs, fuel cost plus penalties of the
emission plus electricity through the grid connection. From the
simulation results of the case study design hybrid system it is analyzed
that the system connected to P/W/Bio/DG/Batt system has lowest total
net present cost $179326.20, levelized cost $ 0.3237 and the operating
cost $5871.13.00 amongst all hybrid system. The TNPC and operating
cost is approximately same to P/W/DG/Batt hybrid combinations. So
that on the basis of cost function P/W/Bio/DG/Batt hybrid combina-
tions is a more suitable option.

7.4. Fuel

The proposed hybrid system design has included a generator and
the generator operates on diesel fuel oil. The diesel fuel price taken is
$0.8/Litter. Design software gives the result based on diesel fuel oil per
Kg consumed. The HRES only with DG needs diesel fuel which
increases the cost of system. Amongst various configurations only P/
W/Batt not consumes diesel fuel so that this hybrid system is more
optimal solution.

7.5. Sensitivity analysis

Sensitivity analysis is defined for those parameters which are not
constant, their value depends on other condition like climate change
which affects wind speed and solar radiation, fuel price and market
price fluctuation which affect component cost. HOMER software
evaluates the output result by sensitivity analysis. Sensitivity analysis
discards the impractical arrangements and arranges the feasible
configuration list in order from higher to lower optimal solutions. In
this case study the various sensitive variables is taken as weather
condition and diesel price and cost of component used in hybrid system
design.

7.6. Optimization results

Design hybrid system homer tool, optimize and simulate for each
configuration and arrange the list of optimal hybrid combination with
respective lowest TNPC. In the case study load demand is 110.6kWh/d.
The obtained results through the software are to fulfill the required
load demand at minimum cost of energy. Optimization results show
that the most cost-effective solution is P/W/Bio/Batt/DG. The relative
analysis of optimal configurations’ presented in Table 6.

8. Particle Swarm Optimization technique (PSO)

The Particle Swarm Optimization (PSO) is a famous algorithm
based on population of swarms, which is primarily initiated by
Kennedy & Eberhart in 1995 [142]. Throughout the PSO, the particle
has learning to wing closed to a promising region in the search space.
PSO method initializes the casual location of particles and updates
their particles location based on the personal and neighbor’s best
experience [77]. The updated value of location depends on the updated
values of the velocity in each generation (or iteration). The particles
location in the next iteration updates by summation of previous
iteration location and the current iteration velocity. Let us assume
total M location of N swarm respective velocities. Consider vk and xk
are the velocity and population location respectively for kth iteration
and also vk-1 and xk-1 velocity and location respectively for previous

Fig. 5. Wind installation capacity by region.

Table 3
Renewable energy scenario in India.

Source Installed
capacity at
03/ 2012

power generation
capability 03/
2015

Target as per
12th plan
03/ 2017

modified
target still
2022

PV power 941 3383 10,941 100000
Wind 17,352 22,645 32,352 60,000
Biomass 3225 4183 6125 10,000
Small hydro 3395 4025 5495 5000
Total 24,914 34,351 5495 175000

Table 4
States in India without electricity access, 2013 [66].

State Population While Not Access
Electricity (Million)

Percentage of Population While
Not Access Electricity

Rural Urban Total Rural
(%)

Urban
(%)

Total
(%)

Uttar Pradesh
(UP)

80 5 85 54 10 44

Bihar 62 2 64 69 19 64
West Bengal 17 2 19 30 7 22
Assam 11 0 12 45 9 40
Rajasthan 10 0 11 22 2 17
Odisha 10 0 11 32 4 27
Jharkhand 8 0 9 35 4 27
Madhya

Pradesh
7 1 8 16 3 12

Maharashtra 6 1 6 11 2 7
Gujarat 2 2 3 7 6 6
Chattisgarh 2 0 3 14 6 12
Karnataka 1 0 1 5 1 3
Other states 3 2 6 2 2 2
Total 219 15 238 26 4 19
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iteration. The equation for updated values of velocity and location for
kth iteration are given as [77]:

v w v c r x x c r x x= * + ( − ) + ( − )k k k pbest k k gbest k k−1 1 1 , −1 −1 2 2 , −1 −1 (9)

x x v= +k k k−1 (10)

Where N, k, w, r1 and r2 and c1 and c2 are the no. of swarm, kth

iteration number, inertia weight, random numbers (between 0 and 1)
and velocity coefficients respectively. The flow chart for optimal sizing
of hybrid system using PSO is given in Fig. 9.

9. Comparative results of homer and PSO

The comparative results analysis of PV-wind-battery-DG-biomass
hybrid system by using HOMER and PSO is shown in Table 6. The total
emissions of the hybrid system including with PV-wind-battery-DG-
biomass is 13489.22 kg/yr using HOMER and using PSO is
12436.68 kg/yr, which shows PSO gives 1052.54 kg/yr lesser emis-
sions than HOMER. The renewable fraction of the hybrid system
including with PV-wind-battery-DG-biomass is 73.2 using HOMER,

Fig. 6. Model of various combination of the HRES (i) DG (ii) PV-Battery-DG (iii) Wind-Battery-DG, (iv) PV-Wind-DG, (v) PV-Wind-Battery, (vi) PV-Wind-Battery-DG, (vii) PV-Wind-
Biomass-Battery-DG.

Fig. 7. Renewable energy resource data of PV-Wind.

Fig. 8. Daily load demand data.
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while using PSO is 78.30 respectively, which indicates that the PSO
gives a higher renewable fraction. The maximum renewable penetra-
tion of the hybrid system including with PV-wind-battery-DG-biomass

is 965.5 using HOMER and using PSO is 926.33 respectively, which
demonstrates that PSO gives superior results as evaluate to HOMER.

TNPC of PV-wind-battery-DG-biomass HRES is 179,326.20 $ using

Table 5
Input parameters used hybrid system.

S.N Items Cost ($) Other parameters Life span

1 Wind turbine(1 kW) Hub height: 30 m Rotor diameter 1.75 m 20 year
Initial:3200 Replacement: 3000 O&M :80

2 PV(120W) Derating factor:80% 20 year
Initial:550 Replacement:550 O&M :02 Ground reflectance:20%

3 Inverter(10 kW) Efficiency: 90% 15year
Initial:6666 Replacement:6666 O&M :00

4 Battery(3kWh) capacity:240 Ah 3550 h
Initial:250 Replacement:250 O&M :10 voltage:12V

5 Diesel Generator( 10 kW) Minimum load ratio: 30 15,000 h
Initial:5500 Replacement:5500 O&M :0.2

6 Biomass (Gasifier-Engine-Generator Unit 10kw)
Initial:5000 Replacement:4500 O&M: 0.03 Lower Heating value:5.5 15,000 h

Table 6
Relative analysis of the different design of HRES.

Homer Results PSO Results

S.n Description DG P/Batt/ DG W/Batt/DG P/W/DG P/W/Batt P/W/Batt/DG P/W/Boi/DG/
Batt

P/W/Batt/DG P/W/Boi/DG/
Batt

Optimal
Confriguration

DG 20PV
+40Battery

15WT
+30Battery

10PV+20WT 40PV+20WT
+80Battery

10PV+8WT
+10Battery

10PV+6WT
+3Bio.
+10Battery

10PV+7WT
+10Battery

11PV+5WT
+2Bio.
+10Battery

1 Emission Kg/yr (CO+CO2+NO2+SO2+ Unburned Hydrocarbons + Particulate Matter)
Total emission 63881.15 20416.76 26968.1 30159.80 – 15712.31 13489.22 15167.34 12436.68

2 Electricity generation
surplus power
Kwh/y

5471.00 1471.9 6635.00 40,631.0 73,627.0 7051.10 4833.1 – –

Unmet Electric
Load Kwh/y

– 9.3 00.00 7.2 16.1 8.5 10.4 – –

Capacity Shortage
Kwh/y

– 27.4 00.00 40.3 24.4 37.6 39.1 – –

Renewable
Fraction

– 58.4 54. 46.8 100 65.20 73.2 66.02 78.30

Max. Renew.
Penetration

– 1139.4 1785.90 2381.2 3529.2 1132.00 965.5 1098.00 926.33

3 Cost
Total net peresent
cost $

284,505.80 189,839.4 215,419.2 286,885.2 344,664.1 182,318.1 179,326.20 179876.64 170,657.59

Levelized cost $ 0.5452 0.4094 0.4128 0.5498 0.6607 0.3638 0.3237 0.3278 0.2899
Operating cost $ 21,369.59 9340.20 11,216.63 12,806.21 5208.41 7118.86 5871.13 67,74.25 4566.38

4 Fule
Overall diesel
consumed L

23,622.00 3933.00 9972.00 11,152 – 7180.00 5016 – –

diesel per L/d 64.73 10.8 27.53 30.6 – 19.7 13.7 – –

Avg diesel L/hour 2.7 0.449 1.14 1.27 – 0.820 0.573 – –

5 Battry
Energy Input Kwh/
yr

– 18,530.00 8548.90 – 12,954.00 6302.20 5705.20 – –

Energy Out Kwh/yr – 15,838.00 7267.50 – 11,011.00 5366.10 4861.30 – –

Storage Depletion
Kwh/yr

– 94.07 1.02 – 0.01 10 12.87 – –

Losses Kwh/yr – 2598.70 1280.40 – 1943.10 926.13 831.05 – –

Annual
Throughput Kwh/
yr

– 17,178.00 7882.70 – 11,943.00 5820.30 5272.80 – –

estimated Life yr – 8.27 13.51 – 18 14.96 18 – –

6 Efficiency
signify electrical ƞ
%

19.72 20.43 18.93 19.58 – 19.87 21.88 21.09 22.97

7 Componants
PV n y n y y y y y y
Wind turbine n n y y y y y y y
DG y y y y n y y y y
Battery n y y n y y y y y
inverter n y y y y y y y y
Biomass n n n n n n y y y
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Fig. 9. Flow chart for optimal sizing of hybrid system using PSO.

Fig. 10. Comparative emission results of hybrid system.
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HOMER and using PSO is 170,657.59 $, which shows that TNPC is less
in case of PSO. The levelized cost (COE) of the hybrid system including
with PV-wind-battery-DG & biomass is 0.3237 $ with HOMER and

with PSO is 0.2899 $, which reveals that levelized cost is less using
PSO. The operating cost of the hybrid system including with PV-wind-
battery-DG & biomass is 5871.13 $ using HOMER, while using PSO

Fig. 11. Comparison for total net present cost of hybrid system.

Fig. 12. Comparison Levelized cost (cost of energy) of energy of hybrid system.

Fig. 13. Comparison operating cost of energy of hybrid system.

Fig. 14. Comparison mean electrical efficiency of hybrid system.
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are 4566.38 $, which shows that operating cost by PSO is smaller than
HOMER. The mean electrical efficiency of the hybrid system including
with PV-wind-battery-DG & biomass is 21.88% using HOMER, while
using PSO is 22.97%, which indicates that electrical efficiency is higher
with PSO. The above comparative analysis reveals that the PSO give
better results than HOMER with respect to all presented parameters,
which is shown in Figs. 10–14. The Fig. 15 demonstrates the
convergence of objective fitness function with respect to iterations.
Similarly, the comparative analysis of another case like PV-wind-
battery-DG is presented by considering various parameters.

10. Implication and opportunity

In above all sections discussion about various techniques, sizing
options and modeling technique controlling strategies. On the basis of
literature work it is observed that some modification and future imple-
mentations are needed in field of HRES. Such as in the hybrid system the
work of the converter is to convert the power from ac to dc or dc to ac but
in this process few of power losses accurse. So the efficient operation of
HRES it is necessary to eliminate the losses trough the converter. Battery
operation also affected due to random charge and discharge process due to
this the maintenance cost of the battery is increased and also the life of the
battery also reduce which directly enhance the capital cost of the hybrid
system. An effective control strategy is needed to proper transformation of
essential information which maintained the system performance of the
hybrid system. Another action is grid support system, it is essential for
hybrid system optimal operation to connect grid because hybrid system is
dependent on weather conditions which is badly affect system reliability
and insufficient power generation to fulfill the required load demand. The
component cost of renewable system is very high due to these reasons cost
of energy is increased so that there is need to reduce the manufacturing
cost of the components. Government support is needed for increasing the
utilization of HRES, it is essential to give subsidy on renewable energy
goods from central and the state government. Load demand also affects
the HRES performance because if the load and supply deviation is
increased, the whole HRES is falling down. The stability of HRES is
depending on the Clement condition so it is necessary to transient analysis
of the renewable energy sources.

11. Conclusion

The analysis of numerous hybrid systems design using different
technology indicates that the hybrid renewable energy sources have
enough capability to improve the system performances such as cost of
energy, reliability and to overcome the problem of LPSP, pollutant
emissions, mismatch of demand and LLP etc. In review paper also
discussed various configurations of PV, wind sources and technical,
economic parameters effect on hybrid system performance. The system
controllers are providing the monitoring of hybrid system and continue
the necessity of demand even as observance of HRES output voltage as
well as frequency. The optimal HRES has following merits such as less
emission, environment-friendly, meet to load demand, improvement in
public health, provide employment, stable in addition to reduced COE,
dependable and flexible hybrid combination etc.

A case study of various stand-alone HRES arrangement for isolated
areas in India by using HOMER software tool and the comparative
analysis of existing and proposed methodology is also presented which
shows the superiority of proposed methodology using PSO as given in
Table 7. The proposed methodology estimates best feasible HRES
configuration is P/W/Bio/Batt/DG regarding the TNPC, emission
along with COE. The comparative result analysis of case study using
HOMER and PSO are presented for two best combinations of hybrid
combination presented in Table 6. Comparative analysis obtained P/
W/Bio/Batt/DG HRES is feasible combination concerning COE is
0.2899$ and emission is 12,436 kg/year amongst various hybrid
system configurations using PSO.
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