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To optimize the capacities and locations of newly installed photovoltaic (PV)

and battery energy storage (BES) into power systems, a JAYA algorithm-

based planning optimization methodology is investigated in this article. For this

purpose, a series of mathematical models with constraint conditions are put

forward to describe the dynamic properties of PVs and BES systems. Then,

a general two-level planning model for maximizing the benefits of society is

employed by introducing objective functions at the investment and operational

levels from comprehensive influencing factors under di�erent companies. To

determine the optimal locations and capacities for configuring renewable energy

sources, the proposed planning framework is solved using the JAYA algorithm.

Finally, the e�ectiveness and reliability of the proposed configurationmethod are

validated using an Institute of Electrical and Electronics Engineers (IEEE) 24-bus

system with PVs and BES systems. Comparing the results of the various cases,

it is obvious that the JAYA-based two-level planning optimization method can

find the optimal configuration with minimum cost in shorter convergence times.

Hence, the configuration strategy determined via the planning optimization

method using the JAYA algorithm o�ers valuable guidance for the installation

capacities and layouts of PVs and BES systems in power systems, which

underscores their practical significance in energy management.
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1 Introduction

As the power demand continues to increase, power generation with conventional

fossil fuels easily causes excessive exploitation of non-renewable sources, greenhouse gas

emissions, global warming, and other environmental pollution problems (Li et al., 2018).

To overcome the growing environmental concerns, renewable energy sources (RESs), such

as wind, solar, geothermal, and various natural sources, have been extensively utilized

as alternatives to fossil fuels in recent decades due to their superior features of being

secure and reliable, producing no pollution, and being cost-effective (Nikzad andMozafari,

2014). Among RESs, photovoltaic (PV) power generation relying on abundant solar energy

sources is recognized as the most encouraging and promising technology (Abdelaleem and

Anis, 2021; Yang et al., 2018). Hence, developing solar PV power generation technology is

significantly important for mitigating environmental pollution.

With the emphasis on the dual-carbon goal, integrating solar PVs into power systems

has gradually increased in recent decades. However, such power systems are uncontrollable
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and intermittent because solar irradiation levels are highly

susceptible to uncertain nature conditions (Li et al., 2020). Under

these conditions, the large-scale introduction of solar PVs will

result in detrimental phenomena like reverse power flows and

voltage fluctuations. To handle reliability and security problems

caused by PV power generation, battery energy storage (BES)

technology has earned broad attention because of its adjustable

charging and discharging properties (Sun et al., 2020; Kang and

Yao, 2017; Teng and Strbac, 2016). During peak load periods,

BESs release electricity is released from the BES to supplement the

active power shortfall while absorbing excess electricity during low-

demand periods to stabilize the power load (Zhang L. et al., 2021;

Cui et al., 2019). Therefore, power systems with distributed solar

PVs and BES systems have becomemainstream in the field of power

generation research at present.

Integrating RESs into a power system plays a beneficial role

in supplementing the traditional energy resources in the power

system. However, the capacities and locations of PVs and BES

systems present a significant challenge in managing the energy in

power systems due to the complexity of current power systems

(Wankhede et al., 2022; Paliwal, 2021; Gandhi et al., 2020). To

better configure RESs in new power systems, scholars have carried

out many investigations on planning optimization strategies with

effective objective functions (Qin et al., 2023; Lu et al., 2021;

Lukačević et al., 2019; Sun et al., 2022; Prajapati and Mahajan,

2021). From a power generation perspective, the optimal cost of

the power system has been taken into account throughout the

power system’s life cycle, where the total cost is divided into

four categories: environmental, energy supply, sufficiency, and

safety cost (Qin et al., 2023). To maximize RES consumption,

a new energy consumption assessment model for the receiving-

end power grid has been constructed by Sun et al. (2022). To

reduce the overall social-economic losses, Prajapati and Mahajan

(2021) considered not only the fuel cost and expected loss of

customers but also the operating constraints of power systems

during the process of designing objective functions. Nevertheless,

the objective functions proposed in the previously mentioned

literature have been determined from only one perspective, such

as power generation and power costumers. Against this backdrop,

the objective function presented by Prajapati and Mahajan (2021)

improved from multiple perspectives, including generation, PV

source, energy storage, line transmission, and power customers.

To achieve the optimal configuration of PVs and BES systems,

a variety of algorithms, such as genetic, evolutionary programming,

scattered search, path relinkingmemory, ant colony, particle swarm

optimization (PSO), distribution estimation, differential evolution,

and artificial bee colony optimization, have been commonly utilized

to solve planning optimization problems (Banos et al., 2011; Xie

et al., 2015). Unfortunately, these algorithms regulate parameters

based on personal experience. The convergence of the algorithm

is closely related to the defined parameters. To quickly obtain

the optimal configuration of PVs and BES systems, the JAYA

algorithm, an optimization algorithm that does not require specific

parameter adjustments, was first proposed by Rao (2016). Zhang

Y. et al. (2021), Luu and Nguyen (2020), and Zhang and Jin (2022)

have improved the conventional JAYA algorithm proposed by Rao

(2016). These algorithms can effectively handle various constrained

and unconstrained optimization problems, which motivates us

to utilize the JAYA algorithm to solve the planning optimization

problem.

According to the preceding discussion, optimizing the

configuration of PVs and BES systems utilizing JAYA algorithm is

investigated for the power system containing new energy sources

in this article. It should be pointed out that it is valuable research

with the following challenges: (1) how to model practical PV

power generation and BES system, (2) how to build an planning

optimization method based on effective objective functions and

constraints, and (3) how to adopt a suitable algorithm such that

the power system has better economic and reliable characteristics

during the operation process. It thus stirs the current study.

Based on the aforementioned analysis, we aim to propose

a planning optimization methodology for PVs and BES systems

utilizing the JAYA algorithm. The contributions of this article

are (1) the proposal of a novel two-level planing optimization

from different perspectives to determine the best site selection and

capacity sizing and (2) applying the JAYA algorithm to a capacity-

sizing and site-selection scheme for for PVs and BESs, achieving

satisfactory results.

The rest of the article is organized as follows: Section 2

introduces the system modeling. Section 3 presents the problem

formulation as addressed in this article. In Section 4, the availability

of the proposed planning optimization approach is validated by

simulation results and discussions. Some conclusions are given in

Section 5.

2 Modeling of the power system with
PVs and BES

2.1 Basic structure of the power system
with PVs and BES

Figure 1 shows the typical structure for a power system

with PVs and BES systems. It is not difficult to observe from

Figure 1 that there are two types of generation (i.e., conventional

and PV power generation) to feed the load. Considering that

intermittent climate conditions have an adverse impact on PV

power generation, the output power from PV panels is non-

linear, uncontrollable, and unpredictable. Therefore, utilizing PV

power generation technology unavoidably leads to energy variation.

Under this circumstance, the power system containing PV panels

is used in conjunction with BES systems to mitigate the uncertain

power flow by optimal charging and discharging.

Three modes (i.e., balance, surplus, and deficit) are defined

for RES power generation. In the balance mode, the total power

generated from RESs, including PVs, is equal to the total customer

load. At this time, there are no surplus or deficit powers. In the

surplus mode, the total energy produced by RESs is greater than

the total customer load. Thus, the BES system is utilized, and the

additional energy is stored in the batteries of the power bank. Here,

the power flow is from RESs to both the power grid and the BES

system. In the power-deficit mode, RESs produce less power than

is required by the user. At this moment, the BES system is utilized

to fulfill the consumer load in power-deficit time slots. Here, the

power flow is from both RESs and the BES system to the customer
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FIGURE 1

Structure of the power system with photovoltaic panels and battery energy storage (Harasis et al., 2021).

load. Therefore, the BES system, in conjunction with RESs adds a

reliability factor and makes the hybrid model economical for the

user.

2.2 Modeling of the PV power generation

The hourly power output of PV panels for solar radiation is

given as follows (Okoye and Solyalı, 2017):

Ppv,ı ,t = ηpv,ı × Ppvr ,ı ×
Gpvs ,ı ,t

Gpvref

× [1+ Tpvcof
(Tpvc ,ı ,t − Tpvref

)],

(1)

where t(t =

Day1
︷ ︸︸ ︷

1h, 2h, · · · , 24h, · · · ,

Day365
︷ ︸︸ ︷

8737h, 8738h, · · · , 8760h) is the

index of the hourly time instant. ı(ı = 1, 2, · · · ,Npv) is the index

of solar PV panel, and Npv represents the number of PV panels.

ηpv,ı is the photoelectric conversion efficiency of the ı th PV panel.

For the ı th solar PV panel at time t, Ppv,ı ,t and Ppvr ,ı , respectively,

denote the total hourly power and the rated power, Gpvs ,ı ,t is the

solar radiation data. Gpvref
denotes the solar radiation under the

reference conditions with a value of 1000 W · m−2. Tpvcof
is the

temperature coefficient of the PV panel, which is set at−3.7×10−3

◦C−1. Tpvref
denotes the cell temperature of the PV panel under the

given reference conditions, which is normally set at 25◦C. Tpvc ,ı ,t

represents the cell temperature of the ı th PV panel at time t, which

can be obtained by the following equation:

Tpvc ,ı ,t = Tpvamb ,t +
Tpvnoct ,ı − 20

800
Gpvs ,ı ,t . (2)

Here, Tpvamb ,t depicts the ambient air temperature at time t. Tpvnoct ,ı

stands for the normal operating cell temperature, which depends

on the manufacturer’s specifications for the ı th PV module.

If a number of PV panels exist, then the total power can be

calculated as follows:

Ppvs =

8760
∑

t=1

Npv
∑

ı=1

Ppv,ı ,t , (3)

where Ppvs denotes the total power generated by all PV panels over

one year.

When handling the energy planning problem, the computation

time can be decreased by reducing the number of PV power

generation scenarios based on the K-means clustering algorithm.

The centroid of each cluster is determined by calculating the

average value of solar output power in each cluster. The iterative

procedure of the K-means algorithm is described by Prajapati and

Mahajan (2021).

1: Select the number of requisite clusters.

2: Choose the initial centroid of all cluster

arbitrarily.

3: WHILE variation in the cluster structures turn into

small.

4: Compute the spaces among every original scenario

and every cluster centroid.

5: Allocate each original scenario to the neighboring

cluster based on spaces calculation in 4.

6: Compute new cluster centroid using the original

scenarios allocated to every cluster.

7: End WHILE.

Algorithm 1. K-means clustering algorithm.

Remark 1. Each cluster characterizes a scenario composed of

hourly solar PV output power during one day. If the annual PV
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FIGURE 2

Output power of the photovoltaic (PV) panel at di�erent scenarios.

output power is divided into K scenarios by the K-means clustering

algorithm, the PV output power Ppvs can be redefined by

Ppvs =

K
∑

k=1

24
∑

td=1

Npv
∑

ı=1

Ppv,ı ,k,td , (4)

where td(td = 1h, 2h, · · · , 24h) represents the time index during

one day. For the the kth scenario at time td, Ppv,ı ,k,td denotes the

output power of the ı th solar PV panels. To illustrate different

operation scenarios of solar PV power generation more intuitively,

the scenario reduction example of solar output power is shown

in Figure 2.

2.3 Modeling of the BES system

The BES system can efficiently offset the unpredictable output

of intermittent renewable resources and match the generation

and demand levels. The power system’s load varies throughout

the day and becomes high during evening. An uninterrupted

power can be supplied to customers by determining the BES

systems’ schedules of discharging and charging. BES systems

are characterized by rated capacity and rated power. Rated

capacity indicates the maximum amount of energy that can

be stored in megawatt-hours by the BES system while rated

power indicates the charging and discharging power in megawatts

of the BES system. The BES system is modeled as follows

(Hemmati et al., 2017):

(s ,tηc + (1− s ,t)ηd)(Ebes, ,t − Ebes, ,t−1) = Pbes, ,t1tbes, , (5)

8760
∑

t=1

Pbes, ,t1tbes = 0, (6)

|Pbes, ,min| ≤ |Pbes, ,t| ≤ |Pbes, ,max|, (7)

SOC ,t =
Ebes, ,t

Ebes
, (8)

SOC ,min ≤ SOC ,t ≤ SOC ,max, (9)

where s ,t represents the status flag of the  th BES, the

corresponding expression is as follows:

s ,t =

{

1, Charging Status,

0, Discharging Status,
(10)

 ( = 1, 2, ...,Nbes) is the index of BES systems, and Nbes stands

for the number of BES systems. 1tbes, is the charging/discharging

period of the  th BES system. ηc and ηd are the charging efficiency

and the discharging efficiency of the  -th BES. Ebes, ,t−1 and Ebes, ,t
are the total capacities of the  th BES at time t−1 and t, respectively.

For the  th BES system at time t, Pbes, ,t stands for the charging-

discharging power; Pbes, ,t > 0 and Pbes, ,t < 0, respectively,

indicate the charging and discharging power; and |Pbes, ,t| denote

the absolute value of the charging-discharging power. |Pbes, ,min|

and |Pbes, ,max| stand for the minimum and maximum values of

|Pbes, ,t|, respectively. SOC ,t−1 and SOC ,t denote the state of

charging at time t − 1 and t, respectively. SOC ,min and SOC ,max

are the minimum and maximum charging states of the  th BES

system, respectively.

Remark 2. From Equations 5–9, we see that the charging-

discharging power, the state of charging, and the capacity of the

BES system are well-constrained based on practical engineering

applications. In addition, the initial and final state-of-charging

(SOC) values regarding the  th BES system also satisfy the

constraint defined by Equation 9.

3 Problem formulation

In this article, we focus on solving planning problems related

to siting and determining the capacity of PVs and BES systems.
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To reduce the economic cost of a power system containing solar

PV panels and BES systems, a novel two-level planning model

including the investment and operation levels is proposed as

follows:





















min
xtzt

F(xtzt , x
yx
t ),

s.t. G(xtzt ) ≤ 0, H(xtzt ) = 0,

min
x
yx
t

f(xtzt , x
yx
t ),

s.t. g(xtzt , x
yx
t ) ≤ 0, h(xtzt , x

yx
t ) = 0,

(11)

where xtzt and x
yx
t denote investment decision variables and

operational variables, respectively. G(xtzt ) and H(xtzt ) stand for

the inequality and equality constraints at the investment level.

g(xtzt , x
yx
t ) and h(xtzt , x

yx
t ), respectively, denote the inequality

and equality constraints at the operational level. F(xtzt , x
yx
t ) and

f(xtzt , x
yx
t ) denote the objective functions at the investment and the

operational level, respectively.

3.1 Objective function at the investment
level

Because the life cycle of each piece of investment equipment

in a power systems is inconsistent, they need to be converted into

the same planning cycle. Under this circumstance, the objective

function at the investment level is defined as follows:

F = CI
pv,t + CI

bes,t =

Npv
∑

ı=1

γpvcpvSpv,ı +

Nbes∑

=1

γbescbesSbes, , (12)

where F is the objective function related to the investment cost of

a power system with the PVs and BES systems. CI
pv,t and CI

bes,t
,

respectively, denote the investment costs of PVs and BES systems

at time t. Spv,ı and Sbes, , respectively, stand for the installation

capacity of a single PV and BES system, which are decision variables

of the objective function F. cpv and cbes are the investment costs

of the power generation every Mega Volt-Ampere (MVA) for PVs

and BES systems, respectively. γpv and γbes denote the discount

rates of PV panels and BES systems, which can be calculated using

the following equations (Hemmati et al., 2017; Rahmani-andebili,

2015):

γpv =
h̄pv(1+ h̄pv)

yearpv

(1+ h̄pv)
yearpv − 1

, γbes =
h̄bes(1+ h̄bes)

yearbes

(1+ h̄bes)
yearbes − 1

. (13)

Here, h̄pv and h̄bes are rates of interest. yearpv and yearbes are the

lifetimes of the PV panels and the BES systems, respectively.

3.2 Objective function at the operational
level

For a power system that includes PVs and BES systems,

accounting for the impact of operating costs from different

companies on system economics is also crucial. To minimize

the operating costs of the power system in practical engineering

application, the objective function at the operational level is defined

as follows:

f =

8760
∑

t=1

{ Nbus∑

b=1

(

CO
gc,b,t + CO

ec,b,t + CO
pc,b,t + CO

dc,b,t

)

+ CO
lc,t

}

, (14)

where f is the objective function of the operational cost from

various companies. b denotes the index of system buses. For

the bth bus at time t, CO
gc,b,t

, CO
ec,b,t

, CO
pc,b,t

, CO
tc,b,t

, and CO
dc,b,t

,

respectively, denote the operational costs of generating companies

(GENCOs), energy storage companies (ESCOs), photovoltaic

companies (PVCOs), line transmission companies (LTRANSCOs),

and customers, which can be calculated by the following detailed

analysis.

GENCOs need to consider not only the operating costs of

traditional power generationmethods but also the profits generated

in the process of supplying power to ESCOs and customers. Hence,

the operational cost for GENCOs can be expressed as follows:

CO
gc,b,t =

Ngen
∑

ℓ=1

{

GCT,ℓ,b,t −

( Nbes∑

=1

s ,tPℓ ,b,t +

Ncus∑

u=1

Pℓu,b,t

)

cgs

}

,

(15)

where cgs is the sale price per MVA from GENCOs. For the

bth bus at time t, Pℓ ,b,t is the charging power of the  th BES

system provided by the ℓth power generator. Pℓu,b,t is the power

transmitted from the ℓth power generator to the uth customer.

GCT,ℓ,b,t is the operational cost of the traditional power generation

approach, which can be obtained as follows:

GCT,ℓ,b,t = αℓ,b(Pgen,ℓ,b,t)
2 + βℓ,b(Pgen,ℓ,b,t)+ δℓ,b.

Here, αℓ,b, βℓ,b, and δℓ,b denote the polynomial coefficients of

traditional power generation cost GCT,ℓ,b,t . For the bth bus at the

time instant t, Pgen,ℓ,b,t is the power dispatched by the ℓth generator.

Because the operational expenses and profits of ESCOs are,

respectively, determined by the charging and discharging power

of BES systems, the operational cost for ESCOs can be defined as

follows:

CO
ec,b,t =

Nbes∑

=1

{( Ngen
∑

ℓ=1

Pℓ ,b,t +

Npv
∑

ı=1

Pı ,b,t

)

s ,tcec(2− ηc)

+

Ncus∑

u=1

Pu,b,t(1− s ,t)

(

(
1

ηd
− 1)cec − ced

)}

, (16)

where cec and ced are the charging and discharging prices per MVA

from ESCOs, respectively. For the bth bus at time t, Pı ,b,t is the

charging power of the  th BES system provided by the ı th PV

panel. Pu,b,t is the discharging power transmitted from the  th BES

system to the uth customer.

Similarly, the operational costs for PVCOs can be written as

follows:

CO
pc,b,t = −

Npv
∑

ı=1

{( Nbes∑

=1

s ,tPı ,b,t +

Ncus∑

u=1

Pıu,b,t

)

cps

}

, (17)
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where cps is the sale price per MVA from PVCOs.

Pıu,b,t is the power transmitted from the ı th PV to the

uth customer.

Furthermore, taking into account the demand interrupt cost

and the cost of obtaining electricity from GENCOs and PVCOs is

necessary when we calculate operating costs from the perspective

of customers. At this moment, the operational costs for customers

can be written as follows:

CO
dc,b,t =

Ncus∑

u=1

{

DCu,b,t +

Ngen
∑

ℓ=1

Pℓu,b,tcgs +

Nbes∑

=1

Pu,b,t(1− s ,t)ced

+

Npv
∑

ı=1

Pıu,b,tcps

}

, (18)

where DCu,b,t is the demand interrupt cost of the uth customer

located in the bth bus at time t, which can be calculated

as follows:

DCu,b,t = PLC,u,b,tCDFb,t(dur).

Here, PLC,u,b,t represents the load curtailment of the uth customer at

bus k at time t. CDFb,t is a function of interruption duration, which

is highly related to the duration and frequency of the interruption

to customers. The value of CDF taken for customers are given by

Wong et al. (1999).

Due to the inevitable line loss during power transmission, the

operational cost for TRANCOs can be obtained by the following

formula:

CO
lc,t =

NL∑

ε=1

Ploss,ε,tcll, (19)

where Ploss,ε,t is the power loss of the εth transmission line.

cll is the sale price for every kilowatt-hour when a line power

loss happens in the branch of a power system with PVs and

BES systems.

Substituting Equations 15–19 into the objective function

(Equation 14), deriving the objective function at operational level

is not difficult and can be rewritten as follows:

f =

8760
∑

t=1

{ Nbus∑

b=1

{ Ngen
∑

ℓ=1

{

GCT,ℓ,b,t

+

Nbes∑

=1

Pℓ ,b,ts ,t

(

cec(2− ηc)− cgs

)}

+

Nbes∑

=1

{ Npv
∑

ı=1

Pı ,b,ts ,t

(

cec(2− ηc)− cps

)

+

Ncus∑

u=1

Pu,b,t(1− s ,t)

(

(
1

ηd
− 1)cec

)}

+

Ncus∑

u=1

DCu,b,t

}

+

NL∑

ε=1

Ploss,ε,tcll

}

.

(20)

Remark 3. The charging price of BES systems is usually

determined by the sales prices of GENCOs, PVCOs, and

LTRANCOs. According to the overall benefits for society, the

power loss cost between different companies is included in the

total line transmission loss cost of the system. For the convenience

of calculation, the charging cost for ESCOs is considered to be

the same as the operational costs for GENCOs, PVCOs, and

LTRANCOs in this article, excluding the transmission loss cost. In

addition, the energy storage of the BES systems is obtained during

the charging process, so the discharge loss is also calculated using

the charging price.

3.3 Equality and inequality constraints

Because the total real power generation at time t much

be balanced with the total load when generators dispatch,

PV curtailment, and charging-discharging of BES systems are

performed. Based on the preceding principle, the active power

balance constraint is written as follows:

NL∑

ε=1

{

PL,ε,t − Ploss,ε,b,t

}

=

Nbus∑

b=1

{

Pgen,b,t + Ppv,b,t + Pbes,b,t − Pload,b,t

}

,

(21)

where PL,ε,t and Ploss,ε,t are the real power flow and the power loss

of εth transmission line at time t, respectively. For the bth bus at the

time instant t, Pgen,ℓ,b,t , Ppv,ı ,b,t , Pbes, ,b,t , and Pload,u,b,t , respectively,

denote the real power obtained by generators, PV panels, BES

systems, and loads from all the customers, the corresponding

expressions are defined as follows:

Pgen,b,t =

Ngen
∑

ℓ=1

{ Nbes∑

=1

Pℓ ,b,t +

Ncus∑

u=1

Pℓu,b,t

}

, (22)

Ppv,b,t =

Npv
∑

ı=1

{ Nbes∑

=1

Pı ,b,t +

Ncus∑

u=1

Pı ,b,t

}

, (23)

Pbes,b,t =

Nbes∑

=1

{( Nbes∑

ℓ=1

Pℓ ,b,t +

Npv
∑

ı=1

Pı ,b,t

)

ηc +

Ncus∑

u=1

Pu,b,t

ηd

}

, (24)

Pload,b,t =

Ncus∑

u=1

{ Ngen
∑

ℓ=1

Pℓu,b,t +

Npv
∑

ı=1

Pıu,b,t +

Nbes∑

=1

Pu,b,t

}

. (25)

Similarly, the reactive power balance constraint is described as

follows:

NL∑

ε=1

QL,ε,b,t =

Nbus∑

b=1

{ Ngen
∑

ℓ=1

Qgen,ℓ,b,t −

Ncus∑

u=1

Qload,u,b,t

}

(26)

where QL,ε,b,t is the reactive power flow of εth transmission line.

For the bth bus at time t, Qgen,ℓ,b,t and Qload,u,b,t are the reactive

power of the ı th load and the uth load, respectively. The preceding

equation reveals that the total power generation have to be balanced

with total reactive demand at time t.
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FIGURE 3

Methodology flow based on the JAYA algorithm. PV, photovoltaic; BES, battery enery storage.

The inequality constraints regarding the planning problem

shown in Equation 11 are defined in this subsection. First, the

number of candidate node connections for distributed power

sources is limited by Equation 27:

Npvmin ≤ ı ≤ Npvmax , Nbesmin
≤  ≤ Nbesmax

, (27)
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FIGURE 4

Practical structure of the IEEE 24-bus power system.

where Npvmin and Npvmax are maximum and minimum quantities of

PVs. Nbesmin
and Nbesmax

are maximum and minimum quantities of

the BES systems.

Then, the upper and the lower limits of line transmission loss

power are defined as follows:

0 ≤ Ploss,b,t ≤ Pload,b,t . (28)

Ramp rates regarding the output power of the generator are

limited as follows:

Rpdown,b ≤ Pgen,b,t − Pgen,b,t−1 ≤ Rpup,b, (29)

Finally, the variation range of the voltage located in the bth bus

is determined by the following inequality:

Vb,min ≤ Vb,t ≤ Vb,max. (30)

Remark 4. Substituting the objective function at the investment

level (Equation 12), the objective function at the operational

level (Equation 20), the equality constraints (Equations 21–26),

and the inequality constraints (Equations 27–30) into the two-

level planning model (Equation 11), the planning problem of

determining the locations and the capacities related to PVs and

BES systems can be addressed successfully. Therefore, the total
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TABLE 1 Main parameters of simulation results for Case 1 and Case 2.

Symbol Value Symbol Value Symbol Value

Npvmin 4 Nbesmin 8 cps $0.1/MW

Npvmax 15 Nbesmax 20 cll $0.4/MW

yearpv 10 SOCmin 0.1 cgs $0.56/MW

yearbes 10 SOCmax 0.9 ced $0.12/MW

Spv,ı 50MVA ηd 90% cec $0.05/MW

Sbes, 10MVA ηc 90% cpv $5000/MW

h̄pv 0.08 h̄bes 0.08 cbes $8000/MW

FIGURE 5

Output power of photovoltaics (PVs) at di�erent scenarios for Case 1.

TABLE 2 Comparison of various planning optimization methods for

Case 1.

Planning
optimization
method in

Prajapati and
Mahajan (2021)

Planning
optimization
method in this

article

Location of PVs Bus 9 Bus 3

Location of BES systems Bus 3 Bus 24

Number of PVs 5 15

Number of BES systems 20 8

Convergence times 14 16

Fitness (minimum cost) $ 5,408,264.06 $ 4,867,821.44

PV, photovoltaic; BES, battery energy storage.

number of PV panels and BES systems (i.e., Npv and Nbes), the

corresponding install locations, and the total capacity are obtained

by solving the planning issue of the power system with new energy

sources.

3.4 Proposed methodology based on the
JAYA algorithm

For the JAYA algorithm, the objective function Ŵ(x), with a

series of decision variables and candidate solutions, is minimized

at each iteration γ . During the iteration process, Ŵ(x)best and

Ŵ(x)worst , respectively, stand for the best- and worst-candidate

solutions, which are significant in the entire population, then the

corresponding decision variables are changed according to the

iteration criteria defined by Rao (2016):

X
′

ξ ,χ ,γ = Xξ ,χ ,γ + r1,ξ ,γ (Xξ ,best,γ − |Xξ ,χ ,γ |)

−r2,ξ ,γ (Xξ ,worst,γ − |Xξ ,χ ,γ |), (31)

where ξ (ξ = 1, 2, · · · , nd) is the index of decision variables and

nd is the number of decision variables. χ(χ = 1, 2, · · · , nc) is the

index of candidate solutions, and nc is the number of candidate

solutions. γ (γ = 1, 2, · · · , nt) is the index of iteration times,

and nt is the number of iteration times. For the χ th candidate

solution in the γ th iteration, Xξ ,χ ,γ and X
′

ξ ,χ ,γ are the current
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FIGURE 6

Site selections of photovoltaics (PVs) and battery energy storage

(BES) systems under di�erent planning optimization methods for

Case 1. (a) Planning optimization method used by Prajapati and

Mahajan (2021). (b) Planning optimization method used in this

article.

FIGURE 7

Comparison of fitness and iteration times for the di�erent planning

optimization methods for Case 1.

and updated values of the ξ th decision variables, respectively.

r1,ξ ,γ and r2,ξ ,γ are random numbers generated with the range

[0, 1]. |Xξ ,χ ,γ | is the absolute value of Xξ ,χ ,γ . Xξ ,best,γ and Xξ ,worst,γ

are the ξ th decision variables for the best- and worst-candidate

solutions, respectively.

To achieve convergence as fast as possible, the JAYA algorithm

continuously updates the results by seeking the optimal and

avoiding the worst solutions. Based on the preceding analysis, we

utilized the JAYA algorithm to search for the optimal locations

and capacities of PVs and BES systems in this article, and the

corresponding methodology flow based on the JAYA algorithm is

shown in Figure 3.

FIGURE 8

Capacities of photovoltaics (PVs) and battery energy storage

systems under the planning optimization method in Prajapati and

Mahajan (2021) for Case 1.

FIGURE 9

Capacities of photovoltaics (PVs) and battery energy storage

systems under the planning optimization method proposed in this

article for Case 1.

Remark 5. Compared to other advanced intelligent algorithms like

PSO (Harasis et al., 2021) and droop control (Harasis, 2024)

algorithms, the JAYA algorithm is an optimization methodology

that only takes common control parameters, including population

size and termination criteria, into account. Namely, the JAYA

algorithm does not require specific parameter adjustments for its

execution.

4 Simulation result

To demonstrate the proposed optimization methodology’s

effectiveness based on the JAYA algorithm, a practical IEEE 24-bus

power system with PVs and BES systems is utilized as the test
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system in this section. The main topology of the practical IEEE

24-bus power system is shown in Figure 4, and the corresponding

electrical parameters are given by Wong et al. (1999). The

computational work in this study was carried out using the

MATPOWER tool and MATLAB software on a computer with the

following specifications: DESKTOP-C6K2ACT, CPU 16GHz, RAM

8GB DDR4 2133 (F4-2133C15S-8GNT).

According to the IEEE 24-bus power system, the validity and

availability of the proposed planning optimization method based

on the JAYA algorithm are demonstrated by the following cases.

Some of the main parameters for Case 1 and Case 2 are listed in

Table 1.

FIGURE 10

Charging and discharging situation of the battery energy storage

systems in the di�erent planning optimization methods for Case 1.

(a) Planning optimization method used in Prajapati and Mahajan

(2021). (b) Planning optimization method used in this article. SOC,

state of change.

Case 1: In this case, we will verify that the proposed two-level

planning optimization methodology (Equation 11) with objective

functions at the investment and operational levels can configure

the locations and capacities of PVs and BES systems much better

at minimum cost.

Based on the PV power generation illustrated in Figure 5, a

comparison of the results of planning optimization approaches

under the objective functions proposed by Prajapati and Mahajan

(2021) and used in this article are listed in Table 2. To more

intuitively describe the comparison results for Case 1, the

corresponding simulation results are shown in Figures 6–10.

The locations of PVs and BES systems obtained by the planning

optimization methods proposed by Prajapati and Mahajan (2021)

and used in this article are shown in Figures 6a, b, respectively. At

this time, the number of PVs and BES systems using the planning

optimization method proposed by Prajapati and Mahajan (2021)

are, respectively, 5 and 20. The number of PVs and BES systems

using the planning optimization method presented in this article

are, respectively, 15 and 8.

According to the configuration of PVs and BES systems shown

in Figure 6, the fitness values of the planning optimization methods

used by Prajapati and Mahajan (2021) and used in this article

are shown in Figure 7. Compared to the results of Prajapati and

Mahajan (2021) planning optimization approach, the planning

optimization approach presented in this article is more effective in

finding the minimum cost because the objective functions at the

operational level in this article consider the cost gains and losses for

each enterprize. Thus, the optimization strategy proposed in this

article is looking for a better benefit plan from the perspective of

society.

The capacities of PVs and BES systems under the planning

optimization methods proposed by Prajapati and Mahajan (2021)

and used in this article are shown in Figures 8, 9, respectively.

It is not difficult to observe that the capacities of PVs and

FIGURE 11

Output power of the photovoltaic (PV) panel for the di�erent scenarios in Case 2.
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TABLE 3 Comparison of the planning optimization method with various

solution algorithms for Case 2.

JAYA algorithm PSO algorithm

Location of PVs Bus 6 Bus 10

Location of BES systems Bus 3 Bus 20

Number of PVs 15 15

Number of BES systems 19 17

Convergence times 13 27

Fitness (minimum cost) $ 4,810,749.92 $ 4,879,840.60

PSO, partial swarm optimization; PV, photovoltaic; BES, battery energy storage.

BES systems determined by the planning optimization method

used by Prajapati and Mahajan (2021) are much less than those

obtained by the planning optimization method in this article. This

comparison result illustrates that Prajapati and Mahajan (2021)

planning optimization method uses PVs for energy storage when

the PVs’ power generation is sufficient. Conversely, the planning

optimization method used in this article is directly uses PVs for

customers because the objective functions proposed in this article

fully consider the BES systems’ losses.

The charging and discharging situation of the BES systems

under the different planning optimization methods are shown

in Figure 10. By comparing the simulation results shown in

Figures 10a, b, seeing that the charging/discharging power of BES

systems using the planning optimizationmethod used in this article

is significantly smaller than that using the planning optimization

method proposed by Prajapati and Mahajan (2021). Moreover, the

varying trend for the SOC of the BES systems is smoother using the

planning mechanism presented in this article over a certain period.

The preceding comparison results verify that the planning method

proposed in this article can simultaneously maintain the power

grid system’s stability, reduce maintenance costs, and improve the

system’s efficiency.

Case 2: In this case, we will verify that the adopted JAYA

algorithm has a much stronger capacity for solving the optimal

solutions. For this purpose, a comparative analysis was conducted

between the JAYA and PSO algorithms. The PVs’ output power at

different scenarios for Case 2 is shown in Figure 11.

In this case, a series of comparison results using the planning

optimization method (Equation 11) with the JAYA and PSO

algorithms are illustrated in Table 3. To more effectively depict the

comparison results for Case 2, the corresponding simulation results

based on various solution algorithms are shown in Figures 12–15.

The locations of PVs and BES systems determined using

different algorithms are shown in Figure 12, where the number of

PVs and BES systems using the JAYA algorithm are 15 and 19,

respectively. Meanwhile, the number of PVs and BES systems using

the PSO algorithm are 15 and 17, respectively.

Based on the configuration shown in Figure 12, the comparison

results of the planning optimization method using the JAYA and

PSO algorithms are shown in Figure 13. It is obvious to find that the

planning optimization problem solved using the JAYA algorithm

has a faster convergence speed and more stable convergence

characteristics for determining the fitness (i.e., minimum cost).

FIGURE 12

Site selections of photovoltaics (PVs) and battery energy storage

(BES) systems using di�erent algorithms for Case 2. (a) JAYA

algorithm. (b) Partial swarm optimization algorithm.

FIGURE 13

Comparison of fitness and iteration times for the di�erent

algorithms for Case 2. PSO, partial swarm optimization.

The PVs’ and BES systems’ capacities under the planning

optimization method using the JAYA and PSO algorithms are

shown in Figures 14, 15, respectively. As seen in these figures,

the planning optimization configurations obtained using the JAYA

and PSO algorithms do not change the output power provided by

PVs. However, the charging and discharging states can be switched

more frequently in terms of the configuration results determined by

the JAYA algorithm. Therefore, the planning optimization method

using the JAYA algorithm is more suitable for large-scale industrial

or commercial applications with a quick power demand response.

The charging and discharging situation of the BES systems

under the planning optimization method with different algorithms
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FIGURE 14

Capacities of photovoltaics (PVs) and battery energy storage (BES)

systems using the JAYA algorithm for Case 2.

FIGURE 15

Capacities of photovoltaics (PVs) and battery energy storage

systems using the partial swarm optimization algorithm for Case 2.

are shown in Figure 16. Compared to the varying trend of SOC

determined using the PSO algorithm, it is not difficult to find that

the SOC calculated using the JAYA algorithm changes much more

smoothly over a certain period. This illustrates that the planning

optimization method using the JAYA algorithm is more active

in energy management and charging and discharging regulation,

which helps maintain the system’s stability when demand changes

drastically.

5 Conclusion

In this article, a new planning optimization method based

on the JAYA algorithm has been proposed and implemented in

an IEEE 24-bus power system. First, the mathematical model for

FIGURE 16

Charging and discharging situation of the battery energy storage

system using di�erent algorithms for Case 2. (a) JAYA algorithm. (b)

Partial swarm optimization algorithm. SOC, state of change.

a power system with PVs and BES systems was constructed by

introducing varying binary variables. Then, the two-level planning

optimization methodology was proposed for configuring the

capacities and the locations of RESs, where the objective functions

at the investment and operational levels are determined for various

companies, including GENCOs, LTRANCOs, ESCOs, PVCOs, and

customers. Subsequently, a flowchart of the planning optimization

methodology using the JAYA algorithm was determined to obtain

the optimal solutions as fast as possible. Finally, the effectiveness

of the proposed planning optimization method was validated by

using the MATPOWER 7.1 tool on an IEEE 24-bus system. Based

on the comparison results for the different cases, it is obvious

that the planning optimization method designed in this article has

much stronger capability for enhancing the power grid’s stability

with various RESs. In addition, the optimal planning configuration

results can be determined using the JAYA algorithm with shorter

convergence times compared to the PSO algorithm.

In terms of the preceding discussion, it is recommended that

the research work in this article has proved the applicability of the

JAYA algorithm in a new-energy fixed-capacity location. In further

research, we will focus on the coordination between the charging

time of BES systems and the power grid policy tomake the objective

functions of planning optimization approach more practical.
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