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ABSTRACT In this paper, a new application of Equilibrium Optimizer (EO) is proposed for design hybrid
microgrid to feed the electricity to Dakhla, Morocco, as an isolated area. EO is selected to design the
microgrid system due to its high effectiveness in determining the optimal solution in very short time. EO is
presented for selecting the optimal system design which can minimize the cost, improve the system stability,
and cover the load at different climate conditions. Microgrid system consists of photovoltaic (PV), wind
turbine (WT), battery, and diesel generator. The objective function treated in this paper is to minimize the net
present cost (NPC), respecting several constraints such as the reliability, availability, and renewable fraction.
The sensitivity analysis is conducted in two stages: Firstly, the impact of wind speed, solar radiation, interest
rate, and diesel fuel on the NPC, and levelized cost of energy (LCOE) is analyzed. Secondly, the influence
of size variation on loss of power supply probability (LPSP) is investigated. The results obtained by EO
are compared with those obtained by recent metaheuristics optimization algorithms, namely, Harris Hawks
Optimizer (HHO), Artificial Electric Field Algorithm (AEFA), Grey Wolf Optimizer (GWO), and Sooty
Tern Optimization Algorithm (STOA). The results show that the optimal system design is achieved by the
proposed EO, where renewable energy sources (PV and WT) represent 97% of the annual contribution and
fast convergence characteristics are obtained by EO. The best NPC, LCOE, and LPSP are obtained via EO
achieving 74327 $, 0.0917 $/kWh, and 0.0489, respectively.

INDEX TERMS Economic energy, optimal system design, optimization algorithms, net present cost, hybrid
renewable energy system, microgrid, solar energy, PV panels, wind energy, energy storage.

I. INTRODUCTION
Due to the rapid consumption and environmental pollu-
tion of fossil fuel, the renewable energy sources (RESs)
should be integrated into the power system in order to meet
the future requirements. RESs (solar energy, wind energy,
ocean energy, bioenergy, geothermal energy, etc.) have been

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhiyi Li .

installed in many places around the world especially in
the rural places [1]–[5]. Wind energy and solar energy are
the most prevalent renewable energy sources. In the remote
places, small-scale off-grid (microgrid) system is installed
rather than building the transmission line to bring the electric-
ity from the generation stations to loads. A microgrid system
is a small system that mainly contains solar and wind energy
sources [1]. Because of the instability, intermittency, and high
cost of the solar and wind system, the non-renewable energy

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 13655

https://orcid.org/0000-0001-9505-5386
https://orcid.org/0000-0001-5273-0118
https://orcid.org/0000-0001-6960-6033
https://orcid.org/0000-0001-6113-123X
https://orcid.org/0000-0001-5465-3945
https://orcid.org/0000-0001-7498-8005


M. Kharrich et al.: Developed Approach Based on EO for Optimal Design of Hybrid PV/Wind/Diesel/Battery Microgrid

sources and energy storage have been added to ensure the
continuous and stable power supply [3], [4]. When RESs are
integrated with other energy sources, the system is called
hybrid renewable energy systems (HRESs). Based on the
connectivity of HRESs to the power grid, HRESs can be
classified into on-grid (HRESs are connected to grid) and
off-grid (HRESs aren’t connected to grid) [2]. HRESs have
many advantages such as exploiting different energy sources
for serving the community, increasing the penetration of
RESs and reduction the use of fossils fuel, and reliabil-
ity (covering the load demand under different wind speeds
and solar irradiation) [6]. However, the cost, reliability, and
electrical efficiency are still important problems which need
more improvement. Thus, it is an important to exploit the
optimization techniques for enhancing the performance of
HRESs under different climate conditions. In [7], the mod-
ified nondominated sorting genetic algorithm NSGA-II and
criteria importance though intercriteria correlation CRITIC
for reducing the LPSP, the LCOE, and the power aban-
donment rate (PAR) have been presented. The optimal sys-
tem of an off-grid wind/PV/hydrogen system was obtained.
In [8], firefly algorithm (FA), shuffled frog leaping algo-
rithm (SFLA), and the particle swarm optimization (PSO)
were used to determine the optimal combination of RESs
(PV/FC, PV/WT/FC, and WT/FC). The results showed that
PV/WT/FC is the optimal configuration. In [9], NSGA II
was used to detect the optimal rating of the distributed sys-
tem for minimizing the power losses and expected energy.
In [10], a heuristic optimization algorithm was developed
for obtaining the optimal sizing of a PV/battery/diesel sys-
tem. In [11], the multi-objective self-adaptive differential
evolution (MOSaDE) algorithm was applied to identify the
optimal capacity of a PV/wind/diesel/battery system. In [12],
a metaheuristic optimization techniques was conducted to
select the techno-economic optimal design of an off-grid
PV/biogas generator/pumped hydro energy storage/ battery
system. In [13], the dispatch control strategies and the optimal
ratings of HRESs were presented. In [14], artificial intelli-
gent (AI) controllers were employed to attain an efficient and
optimized energy management operation for hybrid power
system of (H2/WT/PV/GMT). In [15], an improved particle
swarm optimization based on a fuzzy mechanism was pro-
posed to minimize the cost and emission. In [16], an effi-
cient metaheuristic technique based on artificial bee swarm
was exploited for sizing optimization of wind/PV/hydrogen
energy system. In [17], a metaheuristic optimization algo-
rithm called grasshopper optimization algorithm (GOA) was
applied to determine the optimal sizing of PV/wind/battery/
diesel generator. In [18], a new metaheuristic technique arti-
ficial shark optimization (ASO) was proposed for solving the
economical operation problem ofmicrogrid. In [19], an inves-
tigation on six meta-heuristic algorithms (Whale Optimiza-
tion, Fire Fly, Particle Swarm Optimization, Differential
Evaluation, Genetic Algorithm, and Teaching Learning-
based Optimization) was conducted for selecting an appropri-
ate optimization method which achieve the less cost. In [20],

gradient-based optimizer (GBO) was applied in different
applications to evaluate its performance. The results proved
that GBO has a good performance. In [21], a new stochastic
optimizer, which is called slime mould algorithm (SMA), has
been proposed to solve engineering design problems. In [22],
a new method for solving the optimization problems was pre-
sented, which is called heap-based optimizer (HPO). In [23],
a new metaheuristic algorithm called Chimp Optimization
Algorithm (ChOA) was proposed. The results showed that
the ChOA has a superior performance. In [24], a hybrid
optimization algorithm for energy storage management was
proposed, which shifts its mode of operation between the
deterministic and rule-based approaches depending on the
electricity price band allocation. In [25], [26], multi-objective
optimization was used to obtain the optimal design of pho-
tovoltaic/diesel generator/fuel cell energy system. In [6],
[27]–[33], different optimization methods were introduced to
minimize the cost and improve the reliability under different
climate conditions. Table 1 summarizes the details of the
reported studies with identifying their advantages and dis-
advantages. Most of reported studies have limitations of the
need of design system factors, don’t considering the reliabil-
ity indices, requiring excess detailed data, need of comparison
details.

EO includes high exploratory and exploitative search
mechanisms to randomly change solutions, aiding in local
minima avoidance throughout thewhole optimization process
which is the common disadvantage of many optimization
algorithms, a high effectiveness in obtaining optimal solu-
tion, and less computational time or fewer iterations [34].
However, EO has been applied to solve several optimiza-
tion problems in different fields. In [35], EO has been
used to find the optimal threshold value for a grayscale
image, while the EO prove a good ability to enhance the
accuracy and research analysis of the segmented image.
In [36], a recent population-based of Equilibrium Opti-
mizer has been developed for solving the optimal power
flow problem in the hybrid AC/DC power grids. In [37],
the EO has been used to solve the OPF problem consid-
ering PV, wind and hybrid PV/wind integration. In [38],
the EO has been applied to determine the critical charac-
teristic parameters of the Au/GaN/GaAs Schottky barrier
diodes.

In this paper, the recent EO is applied to obtain the optimal
design of the microgrid system (PV/WT/battery/diesel gen-
erator). However, the main contributions of this work can be
summarized in the following points:
◦ Developing approach based on EO for optimal design of

PV/WT/diesel/battery microgrid system.
◦ The developed approach is compared with HHO, AEFA,

GWO, and STOA as recent optimization algorithms in
order to validate its effectiveness at different climate
conditions.

◦ Energy management strategy (EMS) which is respon-
sible for controlling the power flow between PV/WT/
battery/diesel generator is presented.
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TABLE 1. Summary of reported methods in optimizing HRESs.
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◦ Applying the sensitivity analysis to study the effect of
irradiation, wind speed, fuel price and interest rate on
the NPC.

◦ Studying the effect of the size variation on the LPSP,
availability and renewable fraction.

◦ The system reliability is investigated by taking the loss
of power supply probability (LPSP) as an objective func-
tion. Also, net present cost (NPC) and levelized cost
of energy (LCOE) are used as an objective function to
minimize the cost.

The reminder of this paper is structured as follows:
Section 2 presents the system modeling (PV/WT/battery/
diesel generator). Section 3 introduces the optimization prob-
lem function (NPC, LPSP, and LCOE). Section 4 describes
the latest three optimization algorithms (HHO, AEFA, and
EO) and energy management strategy. Section 5 gives
the location and specification of the studied system.
Section 6 provides a comparative study among the differ-
ent optimization algorithms. The conclusion is drawn in
Section 7.

II. SYSTEM MODELING
In this section, the modeling of PV, WT, diesel generator, and
battery is presented as follows

A. PV SYSTEM
The PV module consists of several series-connected photo-
voltaic cells. The output power (KW) of each pv panel (Ppv)
can be written as [39], [40]

Ppv = I (t)× ηpv (t)× Apv (1)

where, I represents the solar irradiation (kW/m2), ηpv repre-
sents the PV panel instantaneous efficiency, and Apv is the
area occupied by PV panels (m2).
The efficiency of pv can be calculated using the following

equation

ηpv (t) = ηr × ηt × [1− β × (Ta (t)− Tr )

−β × I (t)×
(
NOCT − 20

800

)
× (1− ηr × ηt)] (2)

where, ηr and ηt represent the reference efficiency and
the efficiency of the MPPT equipment, respectively; β is the
temperature coefficient of the efficiency; Ta and Tr are
the ambient and the PV cell reference temperatures (◦C),
respectively; andNOCT represents the nominal operating cell
temperature (◦C).

B. WIND SYSTEM
Based on thewind speed, the output power of thewind turbine
has three cases as given in the following equation [39], [41]

Pwind =


0, V (t) ≤ Vci,V (t) ≥ Vco
a× V (t)3 − b× Pr , Vci < V (t) < Vr
Pr , Vr ≤ V (t) < Vco

(3)

where, V represents the velocity, Pr is the wind rated power,
Vci, Vco and Vr are the cut-in, cut-out, and rated wind speed,
respectively. while the a and b are two constants expressed as a = Pr

/(
V 3
r − V

3
ci

)
b = V 3

ci

/(
V 3
r − V

3
ci

) (4)

The wind rated power can be obtained from

Pr =
1
2
× ρ × Awind × Cp×V 3

r (5)

where, ρ is the air density (kg/m3), Awind is the swept area
of the wind turbine (m2), and Cp is the maximum power
coefficient ranging from 0.25 to 0.45%.

C. DIESEL SYSTEM
The diesel generator is used as a backup source in the micro-
grid systems in order to support the renewable energy sources
and enhance their efficiency. the fuel consumption of the
diesel generator Fdg is calculated as [11], [30]

Pdg =
Fdg (t)− Ag × Pdg,out

Bg
(6)

where, Pdg,out represents the diesel output power (KW);
Ag and Bg are the fuel consumption curve coefficients
(L/KWH); and Pdg represents the diesel rated power (KW).

D. BESS SYSTEM
The battery system is an important component in the iso-
lated microgrids, where it is considered as a power supply
at absence of solar radiation or wind speed. based on the load
energy during the day and the required period for supplying
this load from the battery bank, the battery capacity is calcu-
lated as [30]:

Cbat =
El × AD

DOD× ηinv × ηb
(7)

where, El is the daily load (kWh); AD is the autonomy days
number; DOD is discharge depth (80%); and ηinv and ηb are
the inverter and battery efficiencies, respectively.

III. OPTIMIZATION PROBLEM
In this section, the main objective function, the energy man-
agement strategy, and the solution steps followed in the solu-
tion methodology are explained.

A. NET PRESENT COST
The net present cost is the sum of all component’s costs
(PV, wind, diesel, and battery) over the project lifetime N
(20 year) including the capital (C), operation & maintenance
(OM), replacement (R), and fuel costs. Also, the interest
rate (ir ) that equal 13.25%, inflation rate (δ) which equal
13%, and the escalation rate (µ) with 2% are taken into the
consideration. NPC modeling is expressed as follows [40]:

NPC = C + OM + R+ FCdg (8)
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1) PV AND WT COSTS
The costsmodeling of pv andwt are similar, the capital cost of
each one is expressed based on its initial cost (λPV ,WT ) and its
area (APV ,WT ). The capital cost is calculated as follows [42]:

CPV ,WT = λPV ,WT × APV ,WT (9)

The operation & maintenance costs are expressed as

OMPV ,WT = θPV ,WT × APV ,WT ×
∑N

i=1

(
1+ µ
1+ ir

)i
(10)

where, θPV ,WT is the annual operation & maintenance cost
for any component. the replacement costs are considered null
because the project lifetime and the pv or wt lifetime are the
same.

2) DIESEL COSTS
The costs of the diesel generator are calculated as [43]

Cdg = λdg × Pdg (11)

OMdg = θdg × Nrun ×
∑N

i=1

(
1+ µ
1+ ir

)i
(12)

Rdiesel = Rdg × Pdg ×
∑

i=7,14...

(
1+ δ
1+ ir

)i
(13)

Cf (t) = pf × Fdg (t) (14)

FCdg =
∑8760

t=1
Cf (t)×

∑N

i=1

(
1+ δ
1+ ir

)i
(15)

where, Cdg is the diesel investement cost, λdg is the diesel
initial cost, OMdg represents the operation and replacement
cost, θdg is the annual O&M cost of diese, Nrun is the number
of diesel run in the year, Rdiesel is the diesel replacement cost,
Rdg represents the annual replacement cost of diesel, pf is the
cost of the fuel,Fdg is the consumed quantity of fuel andFCdg
is the total fuel cost.

3) BESS COSTS
The initial and O&M costs of the bess are expressed as
follows [42]

CBESS = λbat × Cbat (16)

OMBESS = θbat × Cbat ×
∑TB

i=1

(
1+ µ
1+ δ

)(i_1)Nbat
(17)

where, λbat is the bess initial cost and θbat is the annual O&M
cost of BESS.

4) INVERTER COSTS
The inverter investment and O&M costs are presented as
follows [43]

Cinv = λinv × Pinv (18)

OM Inv = θInv ×
∑N

i=1

(
1+ µ
1+ ir

)i
(19)

where, λinv is the inverter initial cost and θInv is the annual
O&m cost of the inverter.

B. LEVELIZED COST OF ENERGY
The LCOE is the cost of kilowatt per hour that is calculated
as [17]

LCOE =
NPC × CRF∑8760
t=1 Pload (t)

(20)

where, CRF is the capital recovery factor which is used to
convert the initial cost to an annual capital cost. It can be
expressed as follows:

CRF (ir,R) =
ir × (1+ ir )R

(1+ ir )R − 1
(21)

C. LOSS OF POWER SUPPLY PROBABILITY
The lpsp is a technical factor that expressed the reliability of
system. the lpsp is expressed as follows [39]

LPSP

=

∑8760
t=1

(
Pload (t)−Ppv (t)−Pwind (t)+Pdg,out (t)+Ebmin

)∑8760
t=1 Pload (t)

(22)

D. RENEWABLE ENERGY FRACTION
The transfer from the classical electricity production to the
renewable energy was not easy, the majority introduced the
renewable energies partially, while the objective is to use
100% of renewable energy. therefore, the renewable energy
factor is dedicated to calculate the percent of the renewable
energy used. the renewable energy fraction (RF) is expressed
as follows [29]:

RF =

(
1−

∑8760
t=1 Pdg,out (t)∑8760
t=1 Pre (t)

)
× 100 (23)

where, Pre represents the total renewable energy power.

E. AVAILABILITY INDEX
The availability index (A) is calculated to predict customer
satisfaction. the availability index is calculated as [39]

A = 1−
DMN∑8760

t=1 Pload (t)
(24)

DMN = Pbmin (t)− Pb (t)−
(
Ppv (t)+ Pwind (t)

)
+Pdg,out (t)− Pload (t)× u (t) (25)

where, u has 1 when the load is not satisfied and 0 on the
contrary.

F. CONSTRAINTS
The constraints are presented to achieve the desired system
design. in this microgrid system, the constraints are given as
follows

0 ≤ Apv ≤ Amaxpv ,

0 ≤ Awind ≤ Amaxwind ,

0 ≤ Pdgn ≤ Pmaxdgn ,

0 ≤ PCap_bat ≤ PmaxCap_bat
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Algorithm 1 Pseudo-Code of Harris Hawks Optimizer [44]
Initialize the population size and max iteration (Kmax)
Initialize a set of random rabbit location, within the limits
X imin ≤ X

i
rabbit≤X

i
max .

Evaluate the objective function for all rabbits
While (k < Kmax)

Calculate the fitness of hawks
Set xrabbit in the best location
for each hawk do
Update the initial energy E0, energy E and jump
strength J B E0 = 2 rand() −1, E = 2E0

(
1− t

T

)
,

J = 2(1- rand ())
if (|E| ≥ 1) then
Exploration phase
if (|E| < 1) then
Exploitation phase
if (r ≥0.5 and |E| ≥ 0.5) then
Soft besiege
else if(r ≥0.5 and |E| < 0.5) then
Hard besiege
else if (r < 0.5 and |E| ≥ 0.5) then
Soft besiege with progressive rapid
dives
else if (r < 0.5 and |E| < 0.5) then
Hard besiege with progressive rapid
dives

Return xrabbit

LPSP ≤ LPSPmax ,

RFmin ≤ RF,

Amin ≤ A

ADmin ≤ AD (26)

IV. OPTIMIZATION ALGORITHMS
A. HHO
In [44], a new nature-inspired optimization algorithm, called
Harris Hawks Optimizer, has been proposed. This method
depends on the cooperative behavior and chasing style of
Harris’ hawks. The pseudo-code of the HHO algorithm is
presented below.

1) AEFA
In [45], the Coulomb’s law of electrostatic force was used
with the aim of creating a novel AEFA. AEFA is an out-
standing optimization algorithm for non-linear optimization.
The pseudo-code of the AEFA algorithm is presented in
Algorithm 2.

2) GWO
GWO has been proposed by Mirjalili et al. [46]. GWO algo-
rithm mimics the leadership hierarchy and hunting mecha-
nism of grey wolves in nature. Four types of grey wolves;
alpha, beta, delta, and omega are employed for simulating
the leadership hierarchy. In addition, the three main steps

Algorithm 2 Pseudo-Code of AEFA [45]
Initialize a set of random population
X iB=(X

1
B,X

2
B, . . . ,X

N
B ) of N size, within the limits

X imin ≤ X
i
B ≤ X

i
max .

Initialize the velocity to a random value
Evaluate the fitness of all population
Set iteration to zero

Reproduction and Updating
While criteria not satisfied do

Calculate K (t), best(t) and worst(t)
for i = 1: N do
Evaluate the fitness values
Calculate the total force in each direction
Calculate the acceleration
Vi(t + 1) = rand() ×Vi(t) +ai(t)
Xi(t + 1) = Xi(t) +Vi (t +1)

end for
end while

Algorithm 3 Pseudo-Code of GWO [46]

Initialize the grey wolf population X ip = (X1
p ,X

2
p , . . . ,X

N
p )

within the limits X imin≤X
i
p ≤ X

i
max .

Initialize parameters a,A, and C
Calculate the fitness of whole population
Xα = the best search agent
Xβ = the second best search agent
Xδ = the third best search agent
While (iter < itermax)

for i = 1: N do
Update the position of the current search agent

end for
Update a, A, and C
Calculate the fitness of whole population
Update Xα , Xβ , and Xδ
iter = iter +1

end while
return Xα

of hunting, searching for prey, encircling prey, and attacking
prey, are implemented. The GWO pseudo-code is presented
in Algorithm 3.

3) STOA
The STOA has been proposed by Dhiman and Kaur [47],
it’s a bio-inspired algorithm created to solve the constrained
industrial problems. The main inspiration of this algorithm is
the migration and attacking behaviors of sea bird sooty tern in
nature. These two steps are implemented and mathematically
modeled to emphasize exploitation and exploration phases in
a given search space. The STOA pseudo-code is presented in
Algorithm 4.

B. EQUILIBRIUM OPTIMIZER
In [34], a recent algorithm called EO has been proposed.
EO is inspired by the control of volume mass balance model
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Algorithm 4 Pseudo-Code of STOA [47]

Initialize the population X ip = (X1
p ,X

2
p , . . . ,X

N
p ) within the

limits X imin≤X
i
p ≤ X

i
max .

Initialize parameters SA, CB
Calculate the fitness of whole population
Pbest ← best search agent
While (iter < itermax)

for i = 1: N do
Update the position of the current search agent

end for
Initialize parameters SA, CB
Calculate the fitness of whole population
Update Pbest
iter = iter +1

end while
return Xα

which is used to estimate both dynamic and equilibrium
states. The EO pseudo-code is presented in Algorithm 5. The
various parameters utilized in these optimization techniques
are given in Appendix.

V. ENERGY MANAGEMENT STRATEGY
The sizing process of HRES is proposed by energy man-
agement strategy (EMS) which used in this study and given
in Fig.1. The main goal of EMS is extracting the energy as
much as possible from RESs which in turn minimize the fuel
consumption, battery deprivation, losses, and cost.

In the proposed EMS, there are four modes and they are as
follows:

1) Battery Charging (SOC (t) > SOC (t)max): The RESs
generated power is greater than the load and the battery
isn’t fully charged. Thus, the extra power is used for
charging the battery.

2) Dissipated Power (SOC (t) = SOC (t)max): The gen-
erated power from RESs exceeds the load and the
battery is fully charged. Thus, the extra power will be
dissipated in a dump load.

3) Battery Discharging (SOC (t) < SOC (t)min): The
RESs generated power doesn’t cover the load and the
battery SOC is less than min SOC. Thus, the battery is
used to supply the power.

4) Diesel Operating (SOC (t) > SOC (t)min): The power
extracted from PV and WT is insufficient and the bat-
tery SOC is greater than min SOC. Thus, diesel gener-
ator is exploited for covering the load and charging the
battery.

VI. LOCATION AND SPECIFICATION OF THE STUDIED
SYSTEM
The microgrid system is installed to supply a small industrial
area by the electricity in the Dakhla location, Morocco as
shown in Fig. 2. Microgrid system comprises PV, WT, diesel,
and battery. The hourly load power, solar radiation, air den-
sity, and wind speed in this project are shown in Figs.3-6,

Algorithm 5 Pseudo-Code of Equilibrium Optimizer [34]

Initialize the particle’s populations X ip=(X
1
p ,X

2
p , . . . ,X

N
p )

within the limits X imin≤X
i
p ≤ X

i
max .

Initialize parameters a1 = 2; a2 = 1; GP = 0.5;
While (iter < itermax)

for i = 1: N do
Evaluate the fitness of al particle’s
if fit( ECi) < fit( ECeq1)
replace ECeq1 with ECi and fit( ECeq1) with fit( ECi)
else if fit( ECi) > fit( ECeq1) & fit( ECi) < fit( ECeq2)
replace ECeq2 with ECi and fit( ECeq2) with fit( ECi)
else if fit( ECi) > fit( ECeq1) & fit( ECi) > fit( ECeq2)
& fit( ECi) < fit( ECeq3)
replace ECeq3 with ECi and fit( ECeq3) with fit( ECi)
else if fit( ECi) > fit( ECeq1) & fit( ECi) > fit( ECeq2)
& fit( ECi) > fit( ECeq3) & fit( ECi) < fit( ECeq4)
replace ECeq4 with ECi and fit( ECeq4) with fit( ECi)
end if

end for
ECave = ( ECeq1 + ECeq2 + ECeq3 + ECeq4)/.4
Construct the equilibrium pool
ECeqpool = { ECeq(1), ECeq(2), ECeq(3), ECeq(4), ECeq(ave)}

Accomplish memory saving (if iter > 1)
Assign t
for i = 1: N do
Randomly choose one candidate from the equilibrium
pool (vector)
Construct EF, EGCP, EG0, EGand update concentrations EC

end for
iter = iter + 1
end while

respectively. The technical and economic specifications of the
studied system are listed in Table 2. The project lifetime is
20 year. The annual O&M cost of PV, wind turbine, diesel,
and battery are listed in Table 2.

VII. RESULTS AND DISCUSSION
In this work, the latest EO is proposed to design the optimal
sizing of PV, WT, diesel, and battery. The results obtained
by the proposed algorithm are compared with other recent
approaches, HHO, AEFA, GWO, and STOA, to validate the
effectiveness of the proposed EO in achieving the best reli-
ability and minimum cost. The convergence characteristics
of HHO, AEFA, GWO, STOA, and EO are shown in Fig.7.
Based on convergence process, EO has the best performance
where it is faster than HHO, AEFA, GWO, and STOA. Thus,
EO consumes less computation time to reach the optimal
solution which in turn reduces computer resource usage as
well as achieving the less cost. On the other hand, the HHO,
AEFA, GWO, and STOA algorithms need more time to reach
the solution as well as high cost of NPC. The best value of
the algorithms is founded in iterations 24 (AEFA), 33 (EO),
39 (HHO), 45 (GWO), and 66 (STOA). Normally, in the
microgrid design problem, 100 iteration is largely sufficient.
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FIGURE 1. Power management of the hybrid PV/WT/Diesel/battery system.

From Table 3, it can be noted that the EO achieves the opti-
mal sizing compared with AEFA, HHO, GWO, and STOA
results, where the PV area is 231.090 m2, the wind-swept
area is 76.0147 m2, the diesel generator rated is 1.357 kW,

and the battery nominal capacity is 20.403 kWh. On the
other hand, Table 4 presents the NPC, LCOE, LPSP, Av,
and RF for HHO, AEFA, GWO, STOA and EO. The results
prove that the EO has the least cost, where NPC equals
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FIGURE 2. Location and components of the microgrid.

FIGURE 3. Hourly load power over one year of the studied system.

74327 $ whereas NPC of HHO, AEFA, GWO, and STOA
equal 80877 $, 83557 $, 79482 $, and 86144 $, respectively.
The computational time of HHO, AEFA, GWO, STOA, and
EO equals 65253 s, 34859 s, 48642 s, 67516 s, and 35110 s,
respectively. Thus, the proposed EO algorithm consumes less
time, 35110 s, to achieve the optimal sizing compared with
other algorithms. Table 5 presents the sizing of the hybrid
PV/wind/diesel/battery system by units. It can be observed
that the EO presents the best configuration by using 145 PV
panels, 7 WTs, 10 diesel generators, and 11 batteries.

The power management of the hybrid PV/wind/diesel/
battery system based on HHO, AEFA, GWO, STOA, and EO
algorithms is shown in Fig.8. The results based on HHO and
EO algorithms show that the hybrid system mainly depends

FIGURE 4. Hourly solar radiation over one year of the studied system.

FIGURE 5. Hourly air density over one year of the studied system.

FIGURE 6. Hourly wind speed over one year of the studied system.

on the PV system while the wind, diesel, and battery are not
considered as a primordial source. On the other hand, when
AEFA, GWO, or STOA algorithm are used, PV and wind
systems should be taking as the same level, which increase the
net present cost for these algorithms. The results prove that
the EO can achieve less cost compared with other algorithms.
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TABLE 2. The economic and technical data of the microgrid [48], [49].

TABLE 3. The optimal sizing of the hybrid system.

This means that less wind turbine units and PV panels will
meet the load requirements.

Fig. 9 shows the load demand and the power extracted from
PV, WT, diesel, and battery during specific hours based on
EO. It can be seen that the PV power is greater than the load
during the zoomed period. The generated power by WTs is a
small and contribute to supplying the load all time. Diesel

TABLE 4. NPC, LCOE, LPSP, Av, and RF of the microgrid.

TABLE 5. Optimal sizing of the microgrid system based on EO.

FIGURE 7. NPC convergence using HHO, AEFA, GWO, STOA, and EO
algorithms.

generator is employed to supply the load when the power
extracted form PV, WT, and battery is less than the load.
During the certain period, diesel generator shares in covering
the load for short periods.When the power extracted from PV,
and WT exceeds the load and the battery isn’t fully charged,
the battery will be charged. On the other hand, the battery
contributes (discharge) to supplying the load when the power
extracted from PV, and WT is less than the load. In order
to validate the correct design, the battery SOC obtained by
EO within specified period is plotted in Fig.10 and Fig.11.
It can be observed that battery SOC is within the specified
limits which demonstrates the correct design. These values
(SOCmax and SOCmin given in Table 2) are selected to avoid
any problem for the battery material, i.e. the limit is presented
as a security condition of the battery material.

On the basis of the studied algorithms (HHO, EO, AEFA,
GWO, and STOA), the percentage contribution of PV, WT,
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FIGURE 8. Energy management over one year in the hybrid system using a) HHO, b) AEFA, c) GWO, d) STOA and e) EO.

battery, and diesel in covering the annual load is illustrated
in Fig.12. Based on EO, it is clear that PV, WT, battery,
and diesel system shares in covering 65%, 33%, 2%,1%

of load, respectively. The results prove that the EO is an
effective and appropriate solution algorithm in microgrid
systems.

VOLUME 9, 2021 13665



M. Kharrich et al.: Developed Approach Based on EO for Optimal Design of Hybrid PV/Wind/Diesel/Battery Microgrid

FIGURE 9. Time-response of PV, WT, battery, diesel generator, load
powers obtained via EO during some hours.

FIGURE 10. Battery SOC during some hours obtained via the EO.

VIII. SENSITIVITY ANALYSIS
Given that wind speed and solar radiation are changed with
time whereas the fuel price is high, it is important to analyze

FIGURE 11. Battery charge and discharge curve during some hours.

and assess the economic performance under changing these
parameters. A sensitivity analysis is conducted to determine
the influence of solar radiation, wind speed, interest rate
and fuel price on the NPC, LCOE, and LPSP factors. The
sensitivity adjustment is conducted on 4% decrement/ incre-
ment. Fig.13 shows the impact of varying the parameters on
NPC, where ‘‘0’’ on the x-axis refers to the nominal values.
At lower values of chosen parameters, it can be observed
that the NPC increases with decreasing the values of wind
speed, solar radiation, or interest rate whereas NPC decreases
with decreasing the diesel fuel. At larger values of chosen
parameters: 1) it can be noted that the higher interest rate or
wind speed, the lower NPC. 2) with more diesel fuel or solar
radiation, NPC will increase.

The influence of varying the parameters on LCOE is illus-
trated in Fig.14. The sensitivity parameters nominal values

FIGURE 12. Annual contribution of PV, WT, Battery, and DG obtained by a) HHO, b) AEFA, c) GWO, d ) STOA and e) EO.
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FIGURE 13. Sensitivity analysis: the impact of changing the parameters
on NP.

are located on ‘‘0’’. The following notes can be extracted
from Fig.14: 1) LCOE increases when the wind speed or solar
radiation decreases. 2) LCOE is proportional with interest

FIGURE 14. Sensitivity analysis: the impact of changing parameters on
LCOE.

rate or diesel fuel. 3) LCOE decreases with increased wind
speed.

The effect of varying the sizing variable decision on
the parameters; LPSP, availability and RF is studied.

FIGURE 15. Sensitivity analysis: the impact of sizing variables on the microgrid system factors, a) LPSP, b) Availability, c) Renewable
fraction.
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Fig.15 shows that the chosen parameters has an effect on the
system factors, mainly the variation of PV area.

IX. CONCLUSION
In this paper, a new application for EO has been proposed for
design a microgrid based on PV/WT/diesel/battery system.
The objective function is minimizing the net present cost,
levelized cost of energy, increasing the reliability LPSP and
the renewable fraction. The energy management strategy has
been designed to cover the load at different climate conditions
by controlling the power flow between system components.
The proposed EO has been compared with HHO, AEFA,
GWO, and STOA algorithms with the aim of evaluating its
performance. The simulation results showed that the pro-
posed method has the ability for designing the microgrid
system. However, EO has the best optimal sizing with NPC
of 74327 $, LCOEof 0.0918 $/kWh, and LPSP of 0.0489. The
convergence characteristics showed that the EO takes very
short time to reach the optimal solution compared with HHO,
AEFA, GWO, and STOA which in turn reduces computer
memory and the cost. Thus, the EO is considered as effective
solution method in designing the microgrid systems. The
partial shading of PV model is left as a future work.
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