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Abstract: The present work investigates the techno-economic solution that can address the problem
of rural electrification. To maintain a continuous power supply to this village area, a grid-connected
microgrid system was designed that consists of solar photovoltaic (SPV) and battery energy stor-
age systems (BESS). The recently introduced multi-strategy fusion artificial bee colony (MFABC)
algorithm was hybridized with the simulated annealing approach and is referred to as the MFABC+
algorithm. This was employed to determine the optimal sizing of different components comprising
the integrated system as well as to maximize the techno-economic objectives. For validation, the
simulation results obtained by the MFABC+ algorithm are compared with the results obtained using
HOMER software, the particle swarm optimization algorithms and the original MFABC algorithm.
It was revealed that the MFABC+ algorithm has a better convergence rate and the potential ability to
provide compromising results in comparison to these existing optimization tools. It was also discov-
ered through the comprehensive evaluation that the proposed system has the potential capability to
meet the electricity demand of the village for 24 x 7 at the lowest levelized cost of electricity.

Keywords: energy management; levelized cost of electricity; microgrid; nature-inspired optimization
algorithm; renewable energy; rural electrification

1. Introduction

In recent years, energy consumption has been significantly affected by globalization
and the rapid pace of industrialization. The growing world population is another factor
that contributes to increased energy consumption. Traditionally, fossil fuels and other
non-renewable energy sources were used to meet the majority of the energy demand of
the population. However, the dependency on fossil fuels to meet energy demand grows
with two serious issues i.e., their depletion and increasing levels of carbon dioxide into the
atmosphere which adds to the global warming potential. The traditional power sources,
such as coal, natural gas, and nuclear, and load demand, are connected to the grid across
India. Although the aforementioned structure is convenient to meet energy demands at
various places, rural areas face power availability challenges. Some of those rural areas
only have power for limited hours and others have no power at all. Also, fossil fuels are not
available near those rural areas. Therefore, building electrical infrastructure in these rural
areas would be expensive and the low demands for energy generate other concerns [1].

Renewable energy sources (RESs) of electricity, therefore play a quintessential role in
such areas because of the associated advantages such as their availability, low maintenance
cost and negligible pollution to the environment. It was also estimated by the International
Energy Agency (IEA) [2] that around 30% of the power would be available from the
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different RESs. India has an agrarian-based economy and rural areas are its backbone.
In these areas, most of the populace is engaged in the agriculture sector. The electricity
supply is necessary at the time of different agriculture activities such as water pumping,
crop cutting, etc. This demand is in addition to the regular household demand. It was
analyzed in one of the studies that around 18% of the rural population in India does
not have access to the electricity that is regular and reliable at the same time [3]. Power
cuts are one of the major issues in rural areas, although the aforementioned challenges
can be met through the availability of RESs. The integration of renewable sources of
energy is one such solution that can provide eco-friendly, cost-effective and continuous
power supply to the rural areas [4,5]. However, they have inherent intermittent power
generation and as such the desired reliability cannot be guaranteed. To cope up with this
problem associated with RESs, integrated RES (IRES) microgrid is suggested. This system
is modelled using a battery energy storage system (BESS), RESs and time-constrained
grid. Some other relevant studies aiming to find the optimal sizing of the microgrid
systems using hybrid optimization model for electric renewable (HOMER) software and
metaheuristic techniques are presented in [6-8]. Other parameters such as Levelized cost
of electricity (LCOE), renewable fraction (RF) and total net present cost (TNPC) were taken
into consideration while carrying out the aforementioned studies.

Optimal sizing of different components in IRES microgrid systems and cost-effective
solutions are obtained where grid extension is critical to manage [9,10]. Load profiles
for the off-grid system are developed in [11]. HOMER software was adopted by many
researchers to obtain reliable and cost-effective secure energy systems [12-15]. A study
on microgrids for rural electrification is done in [16] and investigated the possibility of
reducing the overall cost of electricity through the employability of RESs within a stand-
alone microgrids. A hybrid energy system is proposed in [17] and optimal sizing of the
components within the proposed hybrid energy systems is obtained for the non-electrified
rural areas located in Uttarakhand, India. In addition, to finding out the optimal sizing of
the different components, the investigation is also carried out to provide uninterrupted
power supply at the lowest possible cost. A hybrid system for supplying electrical power
in Namin, Ardabil, Iran is suggested in [18] considering fuel cell as one of its critical
components. A genetic algorithm-based multi-objective optimization algorithm is proposed
in [19] for analysis of the grid-independent hybrid energy system. Ramli et al. [20] carried
out an economic analysis of a hybrid electrification system comprising solar photovoltaic
(SPV) and diesel generator (DG). The proposed electrification hybrid system is analyzed
with the aid of a tri-objective-based algorithm. Different objectives considered for this
study are to reduce the life-cycle cost of the proposed hybrid system, the emissions from
the hybrid system and also the total dump energy associated with the hybrid system, if any.
Similarly, a study for hybrid system comprising of 30 kW photovoltaic system, 25 kW DG
set, a 40 kW wind system and a storage system is carried out for one of the rural village
areas situated in Sri Lanka [21].

Singh and Fernandez [22] employed a cuckoo search algorithm to find out the optimal
sizing of the different components of a proposed hybrid system. In another study [23], the
optimal sizing associated with the proposed off-grid system is determined using a linear
programming model. This study developed an approach that consists of the monitoring of
the battery dilapidation process. The electrical storage system is introduced in [24] with
the objective to provide flexibility to the off-grid system. Various researchers proposed
and developed different size optimization algorithms and also carried out the economic
analysis for hybrid energy systems [25-27]. A review of size optimization techniques is
presented for the microgrid systems in [28]. A grid-connected photovoltaic energy system
for a dairy farm in Algeria was investigated for economic and technical requirements [29].

In India, rural electrification is plagued by a limited supply of electricity for a few
hours of the day. Hence the major challenge lies into optimal designing of the microgrid
system with respect to the annualized system cost that can meet the load demand for the
area under consideration 24 x 7. Therefore, the main goal of the proposed work is to
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investigate the feasibility of an integrated renewable energy system to meet the electricity
demand of a village. The proposed system is optimized to meet the electricity demand
24 x 7 and to find the lowest possible LCOE. Moreover, the present study also attempts
to investigate an improvised version of the MFABC algorithm that may lead to a more
precise result in fewer solution cycles. The reason for employing the new version of
artificial bee colony optimization algorithm over the other algorithms such as particle
swarm optimization, genetic algorithm, etc., is because of the involvement of lesser number
of control variables. The main contributions of this study are listed below:

e Hybrid system design is proposed for rural electrification in a rural village that
comprises of SPV system with limited grid power supply and BESS.

e  The modified multi-strategy fusion artificial bee colony (MFABC+) algorithm is pro-
posed and its feasibility and superiority demonstrated in comparison to MFABC and
other optimization method.

o  The optimal capacity of the system components is determined using the proposed
MFABC+ algorithm.

e Anintegrated renewable energy-based microgrid system is proposed for lowest possi-
ble LCOE.

The work is structured as follows: Section 1 presents the background as well as the
introduction. The targeted area of investigation is described in Section 2. This section
provides an overview of the area to be investigated with various statistical as well as
the geographical parameters. The load assessment as well as the resource assessment
are presented in this section. Section 3 depicts the mathematical modelling of different
components used in proposed microgrid. The problem formulation as well as associated
constraints are explained in Section 4. The overview of the used optimization methodology
was also discussed in this section. Section 5 presents the results derived from the study.
The work finally terminates with the concluding remarks in Section 6.

2. Study Area

Assam is a state lying in the north-eastern region of India. The total area covered is
78,438 km?. Cachar is one of the 33 districts of Assam that has two subdivisions: Lakhipur
and Silchar. Sildubi is one of the gram panchayats and Bariknagar Pt Il is one of the villages
in the Sildubi gram panchayat of Silchar block. It is located at 24°45'09.6” north latitude
and 92°47'29.1" east longitude. The village under investigation has a total geographical
area of around 151.92 hectares. As per the census of 2011, Bariknagar Pt Ii village has
847 households.

2.1. Load Estimation

A questionnaire-based field survey was conducted to estimate the load demand of
the households in Bariknagar Pt Ii village. A total of 45 households were considered
for conducting the field survey. The operating hours as well as the power ratings of the
appliances used during the questionnaire-based field survey. A total of 45 household’s
24 h period was taken into account to arrive at the projected total power consumption. The
load variation was considered for four different seasons of the year i.e., summer, autumn,
winter, and spring. The load demand for the different seasons is presented in Figure 1. The
detailed load demand is delineated in Table 1 based on survey. The estimated net assessed
load of the village area under investigation for one year is 860 kWh approximately.
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Figure 1. Seasonal variation of load demand of the area.

Table 1. Estimated load demand for the village area under consideration.

Domestic Electri- No of Power

SN cal Load Load W) Summer Autumn Winter Spring

(May-August) (September-October) (November-Feburary) (Feburary-April)
h/day Watt-h/day h/day Watt-h/day h/day Watt-h/day h/day Watt-h/day

1 CFL-I 4 23 8 736 8 736 8 736 8 736

2 CFL-II 1 11 8 88 8 88 8 88 8 88

3 Ceiling Fan 1 120 20 2400 2 240 0 0 8 960

4 Kitchen fan 1 100 6 600 2 200 0 0 6 600

5 Cooler 2 120 10 2400 0 0 0 0 0 0

6 Television 1 100 8 800 8 800 8 800 8 800

7 Computer 1 300 4 1200 4 1200 4 1200 4 1200

8 Exhaust 1 15 5 75 5 75 5 75 5 75

9 Table fan 1 15 8 120 0 0 0 0 5 75

10 Room Heater 1 120 0 0 0 0 0 0 0 0

11 Bulb 1 100 1 100 1 100 1 100 1 100

6119 3439 2999 4634

Total Load demand: 17,191; Total number of houses: 45; Total demand for one year = 45 x 17,191; Total demand (Wh) = 859,550.

2.2. Estimation of Resources

The major sources of renewable energy in India that were employed by the researchers
as different components of their proposed hybrid systems of electrification are wind energy;,
biogas, SPV, small hydro systems, biomass, etc. In the system proposed for the village area
in this study, the hydro energy and the wind energy systems have not been considered, due
to the unavailability of these sources in this area. However, the availability of SPV system
as a primary source of energy and BESS as a storage system was considered in proposed
area. An illustration of the proposed hybrid system is shown in Figure 2. As shown in
the figure, the inverter connects the SPV to the radial AC bus. A bi-directional converter,
on the other hand, connects the BESS to the AC bus. Table 2 delineates the economic and
technical data associated with the different components used. Monthly average hourly
global solar radiation for the considered area [30] over a year are presented in Figure 3.
The estimated solar energy potential is 3.65 kWh/m? /yr.
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Table 2. Techno-economic data associated with the different components of the proposed system.

S.No. Objective Components  Objective Parameters Value Unit
1 SPV Photovoltaic Power Rating 1 kW
PV Capital Expenses 933.33 $
PV Replacement Cost 800.00 $
Operation and Maintenance Cost 13.33 $/kW
Derating Factor 88 %
Photovoltaic Life 20 years
2 Converter Converter Power Rating 1 kW
Capital cost of the converter 133.33 $
Replacement Cost of the converter 106.67 $
Operation and Maintenance Cost 160 $/yr
Overall Converter Efficiency 90 %
Converter Life 20 Years
3 BESS Battery Capital-Cost 133.33 $
Replacement Cost 56.00 $
Operation and Maintenance Cost 1.33 $
Size of the unit battery 2.1 kW
Battery Rated voltage 6 Volt
Minimum SOC 30 Y%
Maximum SOC 100 Y%
Efficiency 95 Y%
Life of Battery 5 Year
4 DGs Capital Expenses 9467 $
Replacement Cost 28.35 $
Operation and Maintenance Cost 2449.5 $/kw
Efficiency 80 Y%
Life 25 year
4 Grid Supply Cost 10 $
5 Other Rate for discount 6 %
Life of Project 20 Year
DC Bus AC Bus
B O
>E|e<:tricalil.oat@ier 1
230 Volts
- — Sl
- N ‘..mamm
— |~ —
Diesel Generator
Bidirectional
Converter
Grid System
>

[ -
Distributed or Concentrated BESS

Charge controller

Figure 2. An illustration of proposed microgrid system.

A flat plate type photovoltaic panel was considered in the present study. BESSs are
characterized by fast response, replacement, feasibility, easy maintenance, and operations.
Due to these major advantages, it is used in the proposed microgrid system. The unit size
and associated round trip efficiency of battery employed within the proposed system is
2.06 kWh and 88%, respectively. A lifetime of five years is assumed for the unit battery.
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Figure 3. Monthly average hourly global solar radiation.

3. Mathematical Modeling
3.1. SPV Panel

The solar radiation on SPV panel determines its power output. Equation (1) provides
the relationship for the power output from SPV module.

Py = Psrfloss%;l(it)) 1)

where Py is the power output of the solar PV, P, is the rating of the solar PV, f}, is the
derating factor, Gy (t) is the solar radiations incident hourly onto the solar panel and G; is
the standard incident radiation.

3.2. Power Converter

The power converter is employed in the present hybrid system owing to the presence
of both the AC and DC components within the system. In the present work, SPV panel
and BESS generate DC power output, whereas AC power is required in considered load.
Converter size is selected based on peak load demand as shown in Figure 1. Equation (2)
describes the relationship between peak load and inverter efficiency.

Pcon (t) -

@

where P, (t) is the rating of inverter, P;”L(t) is the peak load demand and 7;;,, denotes the
inverter efficiency.

3.3. Battery Bank

The excess energy generated by RESs other than load demand is stored in batteries.
The stored energy is discharged when power from renewable system is not enough to meet
the electricity demand. State of charge (SOC) is basically the level of charge of a battery
relative to its capacity. SOC is a function of time and can be expressed using (3).

T
soc(t) = soc(t—1y+ [ Pelme,, 3)
-1 Vs
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where SOC is the state of charging of the battery, V, is the voltage of the bus, Py, is the
battery’s input/output power and etay; is the round trip efficiency of the battery. The
battery is charged if is positive otherwise it is discharged. The round trip efficiency
associated with the battery is determined using (4)

Mot = \/ 1518, 4)

1t is calculated using charging (17¢,) and discharging (17¢,) efficiencies associated with the
battery system and found to be equal to 89.50%. It is worth noting here that and both are
different and considered to be 80% and 100%, respectively. SOC,;y is the maximum value
associated with the state of charge of the battery system. It is equivalent to the aggregate
capacity of the battery bank which can be determined using (5).
Nyt
bt
where Cj, is the parameter that represents the capacity of a single battery, Ny, is total number
of batteries and N}, is number of batteries connected in series. The batteries are connected
in series to ensure the desired bus voltage. Equation (6) is used to determine the number of
batteries that are required to be connected in series.
Y
Ny, == (6)
bt Vit
where Vj,; shows bus voltage and V, is voltage associated with a single battery. One
important factor that is required to be defined for the battery system is the maximum
charge or discharge power associated with the unit battery. Equation (7) is used for
determining the maximum capacity of a battery.

Nbs Vbtlmx

me —
bt 1000

@)
where I, is the maximum charging current of the battery.

3.4. Diesel Generator (DG)

DGs are used to provide backup in case the load demand is not met by the SPV panels
and BESSs. It supplies the desired excess load. A 30 kW DG was assumed to be connected
with the system. By assuming Ppg (t) power from DG, the diesel fuel coefficient can be
determined using (8).

Fpg(t) = apcPpc,g(t) + BpcPpc,r(t) 8

Fpg(t) represents the rate at which the diesel fuel is consumed by DG in (L/h), Ppg¢(t)
is the output power from DG and Pp ,(t) is the rated capacity of the DG in kW. The fuel
curve intercept coefficient is denoted by apg (L/hr/kW,,.4) and the diesel curve intercept
coefficient is denoted by Bpg (L/hr/kWoutput)-

4. Problem Formulation
4.1. Operational Strategy

In proposed hybrid microgrid system, the balancing of power demand was achieved
by reliability of the system. For this system DG is used only when the solar and BESS
are unable to meet the power demand, means DG kept at the least priority. In the case of
maximum demand is fulfilled by solar RESs then the surplus energy generated by solar is
stored in the battery as shown by (9).
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PpL(t)

Ninv

Py (t) = Ppys(t) —

©)

where Py (t) denotes the peak power demand with respect to the time. The total power
produced by the SPV system is calculated using the total number of solutions Ny(#) and
total power Py(t) produced as shown by (10).

Ppys(t) = Po(t) x No(t) (10)

4.2. Objective Function

The objective of the present integrated RES design is to minimize the annualized
system cost (ASC) and hence the LCOE which is the ratio of ASC to the energy extracted
from the system annually. This is achieved under certain constraints such as CO, emission,
reliability and renewable fraction. LCOE determines the unit cost of energy. The associated
LCOE of the system can be expressed in $/kWHh. The objective function, i.e., ASC, can be
calculated using (11).

Minimize ASC = F[NoCo + Nyt Cpt + NeonCeon (11)
Co = C§ +CYf +C§" + Cic — 38 (12)

Cpt = Gy + Cyf + Clt + Cjf — €8 (13)
Ceon = Ceon + Ceb + Clf + Clg — oot (14)

where Cy , Cp; and Cey, are the cost involve in SPV panel, cost of the battery and inverter
cost, respectively. There are several components associated with the ASC such as cap-
ital and installment cost Cycp, replacement cost Cyp, operational cost C,, salvage cost
Csivg and annual maintenance cost Cgn. Each cost component of (11) can be calculated
using (12)—(14).

The relationship between ASC and the LCOE can be expressed using (15).

ASC x CRE(7,7)
):Egen(t)

CRF represents Capital Recover Factor which is a function of the annual discount rate
(7) and life of the plant (7) and can be described using (16).

LCOE = (15)

(1 +9)°

CRF= 111
(I+9)7 -1

(16)

4.3. Constraints

A constraint is a condition of any problem that must be satisfied before obtaining any
feasible solution for any objective function. The following mentioned constraints should
be satisfied to obtain the desired objective of power demand and annualized cost.

4.3.1. Economic Criteria

The economic constraints pertains to the installment cost, replacement cost, opera-
tional and maintenance cost. The cost incurred from the start of the project till its com-
missioning is the installment cost. The operation and maintenance cost includes the
replacement cost incurred due to replacement of any component of the microgrid system
as well as the cost incurred during the operation of the microgrid system. ASC can be
calculated, considering all these costs, using (17), where i is the interest rate.

Zt:l N(Crp + Cam + Cac)

- Cslvg (17)
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4.3.2. Power Balance Criteria

The power demand of the rural village that is under consideration must be satisfied by
the total power generated by the proposed hybrid system. This is required to be satisfied
for each hour of operation as presented by (18).

load
Ppys(t) + Pgria(t) + Py (t) + PNS(t) = W (18)
mo

Here Ppys, Pyig and Py are the power output from photovoltaic, grid and battery,
respectively. The power that remains not supplied is represented by PNS.

4.3.3. Power Output Limit

The limit associated with the power output from the SPV panel can be obtained
using (19)

{G(t)} G(1)?
Pyer(t) =P t) > RePsy——%— 1
pCf( ) " Gstd G( ) = Sl GstaRe ( 9)
where 0 < G(t) < Rc(t), Py is the power conversion function associated with the
SPV system, the solar radiation is represented by G(t), G, represents the standard solar
radiations and is considered to be 1000 W/m?2, R, is the cut in radiation point and the rated
power output of the SPV system is denoted by Ps;,.

4.3.4. Battery Constraints

The constraint for the battery can be represented using following formulations:

State of charge (SOC): The conditions associated with the discharge as well as over-
discharge of the battery should be taken care of appropriately. Therefore, the BESS limit
can be determined by (20), based on the charging and discharging of the battery.

SOCun(t) < SOC(t) < SOCyx(t) (20)

where SOC;y,;, and SOCy,;, are system charging limits associated with energy storage in the
microgrid system. SOCy,;, describes the minimum SOC that shows that a battery cannot
discharge below a certain limit. SOCy,y is the maximum value associated with the state of
charge of the battery system. The SOC of the battery at any given tth hour, SOC(t), should
remain in the maximum and minimum defined limits.

Another major constraint associated with the battery is the power limit. It should be
limited by defined minimum and maximum limits as shown in (21).

Pht,mn < Pbt < Pbt,mx (21)

4.4. Optimization Methodology

In this work, a modified MFABC algorithm is suggested and known as MFABC+
algorithm. The original MFABC algorithm [31] makes use of three search strategies that
involve different characteristics of ABC/best, Plus Half ABC (PHABC) and Constrained
ABC (CABC) algorithms. The PHABC as well as ABC/best are mixed within the candidate
pool with the associated probability for initial selection. In MFABC, the search equation
is selected randomly following the associated selection probabilities before the searching
process of each artificial bee is initiated. The selection probability update rule is suggested
in MFABC+ to improve its selection criterion and it is designed based on Metropolis
criteria [32]. The MFABC+ pseudocode is presented in Algorithm 1. The selection prob-
abilities considered for PHABC and ABC/best in MFABC+ is depicted in (22) and (23),
respectively. A flowchart for the working of the proposed hybrid microgrids system in
Figure 4.
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/ p—
Selectprobabilitypyapc = e_LTf(x) x (1—-UR) 22)
+NormalizedEvolutionRatiopgapc X UR
Selectprobability spc/pest = (1 — Selectprobabilityppapc) (23)

where UR is the update ratio and lies in the interval [0,1] and T is the temperature and
significantly affects the selection probability. Initially, the value is set to some initial
temperature T (i) and it decreases in successive generation in accordance with the following
formulation (24):

T(i+1) =aT(i) (24)

where the cooling coefficient is reflected in &. The main significance of modifying the
selection probability using Equations (22)—(24) are as follows: (1) It gives faster convergence
compared to the standard MFABC algorithm, (2) Better quality of the solution is obtained

and (3) It has universal applicability.

[ CALCULATE Ppv(t), PL(t) ]

I YES

Ppv(t)>PL(t) 1
CALCULATE BATTERY
CHECK BATTERY SOC POWER, Pb(t)
CHECK BATTERYSOC
YES NO
DRAW POWER FROM
BATTERY
CHARGE BATTERY DUMP LOAD
CALCULATE BATTERY TILLSOC()=
POWER, Ph(t) SOCmax(t)
l END
END

TDG

DUMP LOAD

l

END

Figure 4. Flowchart for working of the proposed hybrid microgrid system.
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Algorithm 1 Pseudo-code of proposed MFABC+ method

Input: Solar radiation data, PL and prices of the components;

Output: Ny, Npay;

Store: SOCyax, SOCyin, NP, D, FN, MaxFES, Limit, pfm, (N, = 300), (N}’

batt

Compute: Py, (1);

while FES<MuaxFES do

for each i do

randomly choose j from {Ny,;, Npas }
randomly choose 1, 19, 3, 74 from { 1,2,... ,FN};

if number of current iteration is a multiple of 4 then

| generate the random initialized population using X;j =Xt ¢;}(X,l,]' = Xy, i);

else
if rand(0,1) < pf then;
/
‘ Xl] = Xrl,j + 4);}(Xbest,j - Xrl,j) + (X71,j - sz,j);

Obtain the following for the randomly generated population (Ng,;, Npas);
Compute Py, (t);
Follow the steps depicted in the operational strategy;
Obtain the cost associated with the different components;
Obtain the value of objective function f(X]);
if X! < f(X;) then;

| X! =X;;

‘ Set trial counters to zero;

| Update Evolution Ratio of PHABC and ABC /best;
else

| Increase the trial counter by 1;
end if

cycle = cycle +1;

end while

Memorize the best solution;

= 1400);
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5. Results and Discussion

The methodology depicted in the present work is designed to fulfill the optimal elec-
tricity demand for a rural village. The electricity demand was met through the design
of small stand-alone PV-battery hybrid system. This work considers peak load demand
for 45 households in a small microgrid. The evaluated peak load demand is 100.02 kW
and the associated load factor is 0.415. Four different load profiles were considered for
four distinct seasons. The summer, autumn, winter and spring seasons are assumed to
be presented from May to August, September to October, November to February and
February to April, respectively, as shown in Figure 1. The availability of solar radiation is
throughout the year and the maximum radiation occurs in the month of May. The estimated
data reveals an average solar radiation of 3.45 kWh/m?/day, as given in Figure 3. The
detailed load demand of the small community with forty five households was delineated in
Table 1. Table 2 depicts the technical and economical parameters associated with the
different components employed in the present study. The life time of 20 years and inter-
est rate of 6% are assumed for the SPV renewable system which were assumed for the
considered area.

5.1. Analysis of Results

The simulations were performed for a time step equivalent to one hour using MATLAB
2016a and were run for the data that are recorded for one year duration. The objective
function is solved using PSO, MFABC and MFABC+ algorithms. All algorithm parameters
used for simulation are presented in Table 3. The number of solar PV units and the
number of batteries are the variables that are required to be found so that the ASC can
be minimized. The size of the inverter was not included as the decision variable as this
was selected on the basis of the peak demand. These algorithms run by considering the
similar maximum number of solar panels and batteries i.e., 300 and 1000, respectively.
The rating of the inverter is considered to be 110 kW and obtained using (2). The results
have also been obtained using HOMER software and used as reference for comparing the
solutions obtained using aforementioned algorithms. The results obtained are compared
and presented in Table 4.

Table 3. Parameters considered for simulation using PSO, MFABC and MFABC+ algorithms.

PSO Algorithm MFABC Algorithm MFABC+ Algorithm
Dimension (D): 4 Dimension (D1): 4 Dimension (D2): 4
L . Employed Bees = Onlooker Employed bees (ABC/best) = Onlooker
Propulsion size (N): 20 bees:10 bees(CABC):12
Initial weight (Wy;,,): 0.3 Colony size (NP): 20 Colony size (NP1): 40
Final weight (Wy;;,): 0.8 Food Number: NP /2 Food number: NP1/4
Maximum Iteration (It,,,): 100 Maximum cycle: 100 Maximum Iteration: 100
Weighting factor: (C1 and C2):2  Limit: 100 Limit: 100

Table 4. Results obtained using all solution methods.

Parameters PSO HOMER MFABC MFABC+
PV units 235 244 232 230
Battery units 800 1000 1000 800
Inverter sizing (kW) 110 110 110 110
ASC($/yr) 61,584 63,573 61,006 56,002
TNPC ($) 730,011 739,980 723,378 700,000
LCOE ($/kWh) 0.198 0.201 0.196 0.195

It presents total number of PV and battery units. It can be observed that results
obtained using MFABC+ is better or comparable than other techniques and HOMER
software in terms of optimized value of solar and battery units. Table 4 also presents
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ASC, TNPC and LCOE costs and all these costs are found to be better in case of MFABC+
algorithm. Total 230 number of PV units, 800 battery units with the ASC of 56,002 $/yr,
TNPC of 700,000%, with LCOE of 0.195 $/kWh are obtained using MFABC+ algorithm.
These parameter values are minimum than values obtained by other methods.

The performance of the MFABC+ algorithm was observed to be much better in com-
parison to other meta-heuristics i.e., MFABC and PSO in terms of results as well as the
computational time. Moreover, it is also observed that the solutions provided by the con-
sidered meta-heuristics are better in comparison to that obtained using HOMER software.
The results obtained and associated LCOE reveals that the proposed system fulfills the
energy requirement of the community with an acceptable cost. The least LCOE is provided
by the MFABC+ algorithm and hence MFABC+ is found to be better among all methods.

Results obtained using all solution methods are further extended in Table 5 to present
solar power generations, battery in and out, total served demand and excess electricity.
The excess generated energy was revealed to be 6897 kWh/yr i.e., 2.1% of the total load
served in the case of MFABC algorithm. The excess energy generated with implementation
of MFABC+ is 5320 kWh/yr i.e., 1.45% of total energy served. The results obtained using
HOMER reveals an excess energy of 128,087 kWh/yr and amounts to 43.92% of the total
energy served.

The detailed analysis with respect to the annualized cost of the proposed design
obtained using MFABC+ algorithm was demonstrated in Table 6. The capital cost, replace-
ment cost, maintenance cost and salvage cost of each component connected in the proposed
system are presented in the table. The cost recovery factor, depicted in (16), is employed
to arrive at the ASCs. No replacement cost is required in case of the PV panels owing
to the fact that the lifetime of PV panels is similar to that of the lifetime associated with
the project. The replacement is required for the battery bank and it was assumed that the
employed battery bank needs to be replaced in every five years. Hence total number of
replacements associated with the batteries is three. The cost contribution associated with
the batteries is approximately 33% of the total cost of the designed system while the SPV
system contribute 43% of the total cost of the project.

Table 5. Results obtained using all solution methods (contd.).

Components HOMER PSO MFABC MFABC+
(kWh/yr) (kWh/yr) (kWh/yr) (KWh/yr)
Solar 492,134 410,024 400,201 421,257
Battery in 178,840 241,580 287,348 280,243
Battery out 158,470 121,542 145,203 160,232
Total demand served 291,678 345,167 321,450 355,230
Excess electricity 128,087 7540 6897 5320

Table 6. ASC analysis and cost contribution of different components using MFABC+ algorithm.

Capital Replacement Maintenance Salvage Total

Components Cost Cost
($/yn) Cost ($/yr) Cost ($/yr) Cost ($/yr) ($/yD)
PV 51,014 - 3716 464 55,194
Batteries 33,765 9876 176 - 43,817
Inverter 10,925 1012 862 - 12,799
Total 95,704 10,888 4,754 464 111,810

The convergence graphs for ASC using PSO, MFABC, and MFABC+ are shown in
Figure 5. The cost function is formulated for minimization, so better performing algorithm
will provide minimum cost value than other algorithms. It can be observed from figure
that convergence obtained using MFABC+ is better than other methods. All three meta-
heuristics take 20-30 min to converge. HOMER software on the other hand take more time
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to converge. The total energy demand was fulfilled through the employability of PV panels
and batteries. The monthly average energy balance for one year was delineated in Figure 6.
It can be observed that, during summers, more power is drawn from the batteries. For
other seasons, the energy requirement was met through the generated solar power. The
excess energy is available only for three months. The proposed system was optimized to
minimize or dump the excess generated energy and utilize maximum RESs with the help
of efficient energy storage system.

Three weeks were opted for in order to judge the validity of the optimal operation
between load and demand of the community that is obtained through the implementation
of the system under consideration for a period of one year. The first week selected is in
month of April, second week is for the month of July and third week is for the month
of December. These months are selected as in the month of April the load demand is
moderate, the demand is at peak in the month of July and is at minimum for the month
of December. The complete power exchange associated with the different components
of the proposed integrated renewable energy system for the duration of one week being
considered for the month of April is depicted in Figure 7. It can be observed from the figure
that the generation from the installed solar power plant is low for a few hours and also the
SOC of the BESS is low. Therefore during these hours, the power is provided by the DG.
The management of the energy during the last week for the month of July is depicted in
Figure 8 and for the month of December in Figure 9. It is revealed from Figure 9 that the
solar power generation is sufficient and hence there is no requirement to run the DG set.
The total power demand of the considered area can therefore be met through the SPV and
the BESS.

14 107
I —PSO

13 —— MFABC
S —— MFABC+

ASC ($lyear)

0 10 20 30 40 50 60 70 80 90 100
Cycles

Figure 5. Convergence characteristics of PSO, MFABC and MFABC+.
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Figure 6. Energy analysis of the proposed microgrid system for one year.
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Figure 7. Battery SOC and energy balance of hybrid microgrid system for the third week of April.

The SOC of the battery Trojan SAGM 06 315 storage system is delineated in Figure 10.
The monthly average SOC of the battery varies between 30-80% of the total load consump-
tion. It can be observed that the SOC for the employed BESS always remains well within
the defined limits. The initial SOC is considered to be 100% in January i.e., the SOC is
2984 kWh. However, the SOC is observed to be at 30% during certain hours of the year. It
is also deducible that for most of the time around the year, the SOC of the BESS remains
good. However, during a few instances such as during the month of April and July, the
SOC is poor due to low availability of natural resources and high demand respectively for
the month of January and June.
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Figure 8. Battery SOC and energy balance of hybrid microgrid system for the third week of July.
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Figure 9. Battery SOC and energy balance of hybrid microgrid system for the third week of December.

5.2. Effectiveness of MFABC+ Algorithm

The effectiveness of the MFABC+ algorithm over MFABC and PSO algorithms was
verified using a total of thirty iterations for each of the aforementioned algorithm. Minimum
deviations is revealed for the MFABC+ algorithm in comparison to the MFABC, and PSO
algorithm and therefore suggests that MFABC+ algorithm is better than MFABC, and PSO
algorithms. The validity of the effectiveness was established through the paired student’s
t-test. The validity associated with the effectiveness of the solution was accomplished
at confidence level assumed to be 5%. The value of ASC that was achieved using the
implementation of the MFABC+ algorithm is observed to be significantly less in comparison
to that obtained using the MFABC and PSO algorithms.
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Figure 10. The monthly average SOC of the battery.

5.3. Battery’s Efficiency and LCOE

The effect on the LCOE of the proposed system was investigated with the different
round trip efficiencies associated with the battery system considered. The results achieved
so far were for the 95% round trip efficiency of the battery system. The efficiencies related to
battery charging and discharging are considered to be 100% and 80%, respectively. In order
to obtain more practical solution, the efficiencies associated with charging and discharging
were considered to be the same. Figure 11 depicts the results obtained for different round
trip efficiencies of the battery while keeping the charging and discharging efficiencies equal.
The LCOE decreases with the increase in the round trip efficiency of the battery.
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Figure 11. Variation in LCOE of the system with battery round trip efficiency.
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6. Conclusions

In this research, the feasibility of off-grid hybrid energy system for a rural area was
investigated. The MFABC+ algorithm was proposed to predict the optimal size of different
components within the proposed hybrid system. Mathematical modeling of different
components within the system was delineated. The objective function is framed to obtain
the optimal sizing of the components and to minimize the levelized cost of electricity. The
results obtained using the MFABC+ algorithm were compared with other optimization
techniques such as MFABC and PSO. Results are also compared with the solution obtained
using HOMER software. The obtained results are found to be better in MFABC+ algorithm
in comparison to the HOMER, MFABC and PSO algorithms. Through the investigation,
it was revealed that the proposed optimal hybrid system satisfies the load demand of the
community under consideration with due considerations to the constraints. As a future
scope of the presented study, cost of the grid could be considered for the dynamic cost
evaluation of the grid connected microgrid.
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Nomenclature
Cacp  Capital and installment cost ($/yr)
Crp Replacement cost ($/yr)
Cpt Cost of battery (per unit) ($/yr)
Cn The capacity of a single battery (kW)
Co Cost of solar PV panel ($)
Co”  Capital and installation cost of solar PV panel ($/yr)
Cof The replacement cost of solar PV panel ($/yr)
cae The operational cost of solar PV panel ($/yr)
cgm The annual maintenance cost of the solar PV panel ($/yr)
Salvage cost of solar PV panel ($/yr)
Cp The capacity of a single battery (kW)
Salvage cost of the battery (per unit) ($/yr)
C,.’  Capital and installation cost of battery (per unit) ($/yr)
the replacement cost of the battery (per unit) ($/yr)
ch The operational cost of the battery (per unit) ($/yr)
cht, The annual maintenance cost of the battery (per unit) ($/yr)
Ceon Cost of converter ($/yr)
con Capital and installation cost of converter ($/yr)
cr The replacement cost of the converter ($/yr)
C¥,  The operational cost of the converter ($/yr)
can The annual maintenance cost of the converter ($/yr)

con Salvage cost of converter ($/yr)
C; Iog Salvage cost ($)
D Number of dimensions to be optimized
Egen Energy generated by the integrated renewable energy system in t-th hour (kWh)
Fpg Diesel fuel coefficient
FN Number of food sources
floss Derating factor
G(t)  Solar radiation (w/m?)
Gp(t)  Solar radiations incident hourly onto the solar panel (w/m?)
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Gs Standard incident radiation (w/m?)

Gstg Standard radiation for environment (w/m?)

Linx Maximum battery charging current (A)

MaxFES Maximum number of function evaluations

NP Population size

Ny Number of batteries

Ng, Batteries connected in series

N, Solar photovoltaic system concerning total no of solution
N Maximum number of batteries

NI Maximum number of solar PV panels

Dy (1) Battery input/output power

Pyt un Minimum generated battery capacity range (kW)
Pyt ux Maximum generated battery capacity range (kW)
Pyer Power conversion function associated with the SPV system
Peon Size of the converter

Ppgq Diesel fuel is consumed by diesel generator

Pimp Excess or dump energy

Peyig Power output from grid

PNS Energy not supplied

Py, Peak power demand with respect to the time (kW)
Ppos Total power produced by SPV system (kW)

Py, Conversion function associated with the SPV

Py, SPV panel rating (kW)

Py (1) Peak load (kW)
Ppg,(t)  Rated capacity of the DG (kW)
Ppgg(t)  Output power from DG (kW)

P, Power output from solar PV (kW)

pf Probability function

R Cut in radiation point (w/ m?)

SOCun Minimum value associated with the state of charge of the battery system
SOChux Maximum value associated with the state of charge of the battery system
SOC(t)  The SOC of the battery at any given tth hour.

Vis Bus voltage (V)

Vit Voltage associated with a single battery (V)

Mot Round trip efficiency associated with a single battery

Mot Charging efficiency of the battery

ngt Discharging efficiency

Wino Inverter efficiency

hsle Fuel curve intercept coefficient (L/h/kW,4teq)

Bpc Diesel curve intercept coefficient (L/h/kWoutput)

0% Annual discount rate ($)

T Life of the plant (year)
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