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This paper proposes an approach for optimal placement and sizing of battery energy storage system (BESS) to
reduce the power losses in the distribution grid. A meta-heuristic optimization algorithm known as Whale
Optimization Algorithm (WOA) is introduced to perform the optimization. In this paper, two different ap-
proaches are presented to achieve the optimal allocation of the BESS. The first approach is to obtain the optimal

location and sizing in two steps while the second approach optimizes both location and sizing simultaneously.
The performance of the proposed technique has been validated by comparing with two other algorithms namely
firefly algorithm and particle swarm optimization. The results show that WOA has outstanding performance in
attaining the optimal location and sizing of BESS in the distribution network for power losses reduction.

1. Introduction

The Battery Energy Storage System (BESS) has gained popularity in
the electrical power field in recent years due to its ability to improve
the stability and flexibility of power system, provide ride through
capability during loss of generation, perform energy arbitrage as well as
mitigate the effect of intermittency caused by the renewable energy
sources such as solar and wind [1,2]. Despite the advantages of BESS,
the optimal planning of BESS, e.g., the optimal location and the optimal
sizing is essential since it is not an economic option to install BESS at
every bus especially in a large network [3]. Besides, the installation of
oversized BESS may further burden the utilities with higher investment
cost [4,5]. However, to determine the locations and sizes of BESS si-
multaneously is a complex non-deterministic polynomial-time problem.
Furthermore, there is no preferred solution for the optimal location and
sizing of BESS in the network due to the different BESS technologies and
different power network requirements with different total load demand,
total generation capacity and the network topology [2].

A method employing a second-order cone programming optimal
power flow has been proposed in [6] to decide the optimal sizes and
location of energy storage systems (ESSs) in the electricity distribution

network. The results showed that the placement of ESS at optimal lo-
cations avoids significant control on distributed generation (DG) op-
eration which defers the employment of large control facilities. In [7], a
technique was suggested for the optimal placement and capacity of
BESS in a radial electricity network using clustering and sensitivity
analysis. It was found that BESS units were always placed at critical bus
irrespective of the number of clusters. An optimal ESS allocation
method based on the long-term Wind Power Time Series was proposed
in [8] to allocate the ESS considering the charging and discharging
cycles of ESS. The proposed time-domain based dynamic simulation
required less complicated mathematic equation derivations, which re-
duced the computation effort. Also, a method was suggested in [9] for
the optimal allocation of BESS in low voltage grids using Receding
Horizon Control and Benders decomposition algorithm. The algorithm
improved the optimization of BESS allocation performance by dividing
the problem into a master problem and sub-problems, where the sub-
problems were solved successively after the master problem due to the
nature of the optimization problem. In [10], the optimal allocation of
BESS has been modelled as mixed-integer non-linear programming
which is then solved using DICOPT solver. A demand response program
(DRP) was employed to perform load shifting process which indirectly
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Nomenclature D! Distance between the whale and the prey
=
. X (@) Current position vector
Acronym list

BESS Battery energy storage system

DG Distributed generation

ESS Energy storage system

FA Firefly algorithm

GA Genetic algorithm

NOB Number of bits

PSO Particle swarm optimization
PV Photovoltaic

WOA Whale optimization algorithm

Parameter list

Coefficient vector
Coefficient vector

Sl Al >

Relative position between a search agent and the best
candidate

=
X (t + 1) Position vector for next iteration
-y

X'(t) Position vector for the best current solution

)_()mnd Random position vector

I Equivalent current injection at bus k at ith iteration
Py Active power at bus k

Qr Reactive power at bus k

Vi Node voltage at bus k at ith iteration

I Current magnitude of ith branch

R; Resistance of ith branch

Npr Number of branches

PBESS BESS power

Pggss.min: Minimum BESS power
Pgess.max  Maximum BESS power
V Bus voltage at bus i
Vinin Minimum bus voltage
Vinax Maximum bus voltage

reduces the system losses and the related cost. It was found that the
total cost reduction was higher when DRP was included in the opti-
mization process.

In addition to the aforementioned analytical optimization techni-
ques, some work also focused on artificial intelligence and meta-heur-
istic methods since these techniques are relatively simple and do not
require a complicated mathematical model. Moreover, meta-heuristic
algorithms possess better global search ability with relatively shorter
computational time [11]. Although the effectiveness of the meta-
heuristic algorithms in obtaining the optimal solution is not guaran-
teed, a proper-designed heuristic algorithm can always achieve the
solution which is very close to optimal points [12]. The artificial neural
network was recommended in [13,14] for the optimal sizing and con-
trol of BESSs in both solar and wind power applications. In [14], the
peak load shaving was carried out by comparing the actual and fore-
casted PV generation. The results demonstrated that the usage of BESS
with optimal capacity can shave the peak load and reduce the elec-
tricity bill effectively. In [15-18], the genetic algorithm (GA) was
proposed for the optimal sizing and placement of ESS to improve the
power output fluctuation, and reduce the network losses and net pre-
sent value of the smart grid. The particle swarm optimization (PSO) was
employed in various work [19-22] for the optimal placement and sizing
of ESS in order to produce stable power output and enhance system
performance. Furthermore, studies to optimally allocate the BESS in the
electricity system have been done using the firefly algorithm (FA)
[3,23,24], bat algorithm [25], bee colony algorithm [26], as well as the
harmonic search algorithm [27].

Nevertheless, algorithms such as GA, PSO and FA are known for the
issues of being trapped in the local optimal points and slow con-
vergence rate [28-30]. These issues can be solved by employing an
optimization algorithm with better exploration and exploitation cap-
abilities.

Therefore in this paper, an effective meta-heuristic optimization
algorithm known as whale optimization algorithm (WOA) [31] with
high exploration and exploitation capabilities is introduced to de-
termine the optimal placement and sizing of BESS in a distribution
system in order to minimize the total system losses. Although the ex-
isting enhanced version of WOA [32] might give better optimization
results compared to the original WOA, it is not considered in this work.
Two different approaches are proposed in this paper to determine the
optimal BESS allocation with the WOA, and the performances of the
two approaches are then compared and analysed. The first approach is
the optimal sizing of BESS after the attainment of the optimal BESS

locations in the network, while the second approach optimizes both
locations and sizing simultaneously. The main contributions of this
paper can be listed as follow:

1 The optimal location and placement of BESS which are crucial for
optimal distribution network performance are determined using
WOA with high exploration and exploitation abilities. Two different
approaches are considered in this work and the optimal results
achieved are compared and analysed. It is proven that the simulta-
neous optimization approach is more effective than the two-step
approach.

2 Different swarm-based meta-heuristic algorithms are employed for
the optimization process and the performance of each algorithm are
compared and analysed. It is shown that the WOA has superior
performance in obtaining the optimal BESS location and sizing for
maximum power losses reduction.

3 Different case studies, e.g., distribution network with different
numbers of BESS and PV are carried out to investigate the effects of
each case on optimal BESS placement and sizing in order to achieve
minimum power losses. It can be concluded with equal total capa-
city, the optimal placement of multiple BESS is more effective in
reducing the total system losses than the optimal placement of single
BESS.

The study is structured as follows. The basic principle of the WOA is
presented in the succeeding section, followed by a brief explanation of
the application of the WOA in BESS placement and sizing.
Subsequently, results from the WOA based on simulation data are
provided and discussed. Lastly, conclusions are drawn on the effec-
tiveness of the WOA.

2. Whale optimization algorithm

Whale optimization algorithm was proposed by [31] based on the
hunting behaviour of humpback whales. This algorithm was divided
into two important parts, namely exploration stage and exploitation
stage.

2.1. Exploitation stage
The mathematical model for the exploitation stage is derived from

the bubble-net behaviour of humpback whales where two elements
known as shrinking encircling mechanism and spiral updating position
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were introduced in this stage.

2.1.1. Shrinking encircling mechanism

The humpback whales are able to detect the position of their prey
and then encircle them. As the position for the optimal solution in the
search space is not known beforehand, the WOA will assume that the
solution obtained by the current best candidate is the target prey or it is
near to the optimal solution. Once the best candidate is decided, the
other searching agents will then update their positions with respect to
the best candidate. This behaviour can be formulated as follows:

D = 18X (t) - X (0)l @

—

X(t+1) =X (t)— A+D )

-
where D represents the position of a search agent relative to the

Initialization of the whale
population, Xi(i=1,2,3...n)

Evaluate the fitness
of every search agent
based on the fitness
function

v

\ 4

Update the current
best candidate
position (X*)

The maximum iteration/
stopping criteria achieved?

Update the
parameters a, p, | and
vectors A and C
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— -

position of the best candidate, t denotes the current iteration, A and C
—

are coefficient vectors, X" is the position vector for the best current

- — —
solution and X is the position vector. Meanwhile, the vectors A and C
can be determined through the following equations:

A=207-73 ©)]
C =27 @

where 7 represents a random vector within the range of zero to one,
while @ is linearly reduced from two to zero throughout the iteration.

The shrinking encircling mechanism is realized through the de-
creasing of @ which then decreases the variation for A throughout the
iteration process. It can be seen that A is a random number within the
interval [—a,a]. The next updated position for a search agent can be
any point between the current position of the agent and the position of

End of the optimization
process

yes Update the position
of the search agent
using Eq. (2)

Update the position
of the search agent
using Eq. (5)

Choose a random
search agent (Xrand)

agent travels beyond |
' al

\ 4

Update the position
of the search agent
using Eq. (8)

v

Verify if any search

the search space and
adjust it

Fig. 1. Flowchart for WOA [31].
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. d
the current best candidate when 14 | < 1.

2.1.2. Spiral updating position

The spiral updating approach utilizes a spiral equation as shown in
(5) where the equation imitates the helix-shaped movement of hump-
back whales based on the location of whales and prey.

X (t + 1) = Diseblecos(27l) + X' (£) (5)

=
where D' denotes the distance between the whale and the prey at ith

iteration which can be formulated as B‘ = I}_() “(t) = X ()1, b represents a
constant that define the shape of the logarithmic spiral, while I re-
presents a random number within interval [—1,1].

Since the humpback whales move around the prey in a shrinking
circle and at the same time, they move along the spiral-shaped path, it
is assumed in the optimization that there is a probability of 0.5 on the
preference of whale to use either the shrinking encircling technique or
the spiral model to update the positions. The overall position updating
equation based on the hunting behaviour of humpback whales in the
exploitation stage is shown as follows:

X'()=ADifp<05
- . 1 .
X@+1) = p

N
Dteeblecos(27l) + X" (t) if p > 0.5 6)

2.2. Exploration stage

The exploration stage is the stage when the humpback whales are
searching for prey randomly based on the position of each other. In this
stage, the same technique using the variation of A vector is employed
where the [4 | with a random value larger than 1.0 drives the search
agents to travel farther from a reference whale. Unlike the exploitation
stage, the positions of the search agents in the exploration stage are
updated based on a randomly selected search agent rather than the best
candidate obtained. This process enables the WOA to carry out a global
search with the mathematical equations as shown below:

D = 1CXana(t) = X (0)] @)

X(t+1)=Xgua(t) = A+D (8)

N
where X,,,4 denotes a random position vector selected from the current
population. The flowchart for the WOA is depicted in Fig. 1.

3. Optimization problem formulation

BESS helps to enhance the performance of the distribution grid by
supplying the power to the local loads nearby. When the local loads are
supported by BESS, less power is needed from the grid and hence the
power losses in the grid can be reduced.

The lithium ion BESS is modelled in this study based on real current
injection as shown in Fig. 2 where at each bus k, the corresponding
equivalent current injection at i iteration of the solution is shown in
(9) [33].

j = (Pk +Jok)

Vi ©)]
where Py and Qy are the active and reactive power respectively at bus k,
j is the square root of -1, V} is the node voltage at bus k and the i
iteration and I} is the equivalent current injection at bus k at the i
iteration. In this study, since only the active power is involved in the
power losses calculation, the output current from the BESS is assumed
to supply only active power while the reactive power is considered as
zero.
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3.1. Optimal BESS placement and sizing in two steps

In this part of the work, the optimal locations and sizing of BESS are
obtained in two steps. First, the optimal locations of the BESS in the
distribution grid are determined by pre-setting the BESS sizes at a fixed
value. After the optimal allocation of the BESS, the size of BESS is op-
timized by placing the BESS at the locations obtained from the previous
step. The purpose of the optimization is to minimize the total power
losses. To evaluate the fitness, the objective function, OF is formulated
as shown in (10), subject to the constraints given in (11) and (12).

Npr
OF = min(z I; |2R,-]

i=1 (10)
Pyess,min < Pprss < PpEss,max (11)
Vmin < Vk < Vmax (12)

where Ny, is the number of branches in the distribution system, I; and R;
are the current magnitude and resistance of the ith branch respectively,
Pggss is the BESS power and Vy is the bus voltage at bus k.

For the optimization algorithm, the dimensions of the search agents
in WOA (number of bits, NOB) are decided based on the number of
BESSs. For the case with single BESS, the NOB is one, representing the
possible location or sizing for the single BESS. For the case with two
BESSs, the NOB is two where the first and second bits represent the
possible location or sizing for the first and second BESS respectively.

3.2. Simultaneous optimal BESS placement and sizing

In this part, the optimal BESS locations and capacity in the dis-
tribution network are simultaneously determined to minimize the total
power losses in the distribution network. The same objective function,
OF and optimization constraints as given from (10) to (12) are em-
ployed to evaluate the fitness of the optimization output. For the op-
timization process, the NOB is decided based on the number of BESSs
involved in the optimization as depicted in (13). For the case with a
single BESS, the NOB equals to two. The first bit represents the possible
BESS location while the second bit represents the possible BESS sizing.
For the case with two BESSs, the NOB is four where the first two bits
represents the possible locations for BESS 1 and BESS 2, while the 3rd
and 4th bit represent the possible sizing for BESS 1 and BESS 2 re-
spectively.

NOB = (number of BESSs) X 2 13)

For both approaches explained in Sections 3.1 and 3.2, two sce-
narios are considered. In the first scenario, the placement and the sizing
of BESS in the conventional (no PV) electricity distribution system are
considered, while solar photovoltaic (PV) systems are integrated into
the electricity distribution system at high load demand buses for the
second scenario. Two cases are studied for both scenarios: the first case
optimizes the location and size of a single BESS; the latter one de-
termines the optimal placement and sizing for two BESSs. The impact in
power loss reduction for different scenarios and cases are then com-
pared and studied. The overview of scenarios and cases in this work is

illustrated in Fig. 3.
Tlaess

Fig. 2. Steady state BESS model.



L.A. Wong, et al.

Two steps BESS
placement and
sizing

Scenario 2
Distribution
system with

two solar PV

integrated

Scenario 1
Conventional
distribution
system
without PV

Journal of Energy Storage 26 (2019) 100892

Simultaneous
BESS placement
and sizing

Scenario 4
Distribution
system with

two solar PV

integrated

Scenario 3
Conventional
distribution
system
without PV

Case 1
Optimization
with single
BESS

Case 1
Optimization
with single
BESS

Optimization

Case 1 Case 1

Optimization
with single
BESS

with single
BESS

Case 2
Optimization
with two
BESS

with two
BESS

Case 2

Optimization

Case 2
Optimization
with two
BESS

Case 2
Optimization
with two
BESS

Fig. 3. Overview of scenarios and cases for the optimal BESS placement and sizing.

4. Method of implementation of WOA for power losses reduction

The procedures for the proposed two steps optimization and si-
multaneous BESS placement and sizing optimization using WOA are
summarized as follows.

4.1. Implementation steps for optimal BESS placement and sizing

a For scenario 1, model the generic distribution network with single
BESS using Simulink.

b Generate the initial population of whale search agents which re-
present the possible locations (or size) for the BESS.

¢ Run the power flow in Simulink considering the candidate solutions
proposed in step (b).

d Evaluate the fitness function, OF through the data obtained from the
power flow.

e Update the current best position (or size) of the whale search agents.

f Update the parameters required for the next iteration.

g Repeat step (c)-(f) until the stopping criteria is achieved where in
this work, the maximum iteration number is considered as the
stopping criteria.

h Store the best solution as the optimal BESS locations (or sizes) ob-
tained.

i Repeat step (a)-(h) for optimal sizing problem assuming the BESS is
at the optimal locations obtained from step (h).

j Repeat step (a)—(i) where another BESS is added into the network.

Repeat the procedures (a)-(j) for scenario 2 with two solar PV in-
tegrated in the distribution network model.

4.2. Implementation steps for simultaneous optimal BESS placement and
sizing

a For scenario 3, model the generic distribution network with single
BESS using Simulink.

b Generate the initial population of whale search agents which re-
present the possible locations and sizes for the BESS.

¢ Run the power flow in Simulink considering the candidate solutions
proposed in step (b).

d Evaluate the fitness function, OF through the data obtained from the
power flow.

e Update the current best position of the whale search agents.

f Update the parameters required for the next iteration.

g Repeat step (c) and (f) until the stopping criteria is achieved where
in this work, the maximum iteration number is considered as stop-
ping criteria.

h Store the best solution as the optimal BESS locations and sizes ob-
tained.

i Repeat step (a)-(h) where another BESS is added into the network.

Initialization of the

whale population, Xi
(i=1,2,3...n)

Run the power flow with the
candidates BESS locations and
sizes suggested by the
searching agent

!

Evaluate the fitness of every
search agent based on the
fitness function (minimum

power losses)

!

Update the current best
candidate position (X*)

|
P4

The maximum iteration/
stopping criteria achieved?

Yes Store the optimal
locations and sizes for

the BESS

End of the optimization
process

Update the parameters
for the optimization
algorithm

!

Update the position of
the search agent

I

Fig. 4. The flowchart for the optimal allocation of BESS.
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Repeat the procedures (a)-(i) for scenario 4 with two solar PV in-
tegrated in the distribution network model. The flowchart for the pro-
posed simultaneous BESS allocation method is illustrated in Fig. 4.

4.3. The electricity distribution model, and power loss calculation

The electricity distribution system with nominal voltage of 11 kV as
shown in Fig. 5 is used for this analysis. There are 48 buses in the
system with total active and reactive load of 3.83 MW and 1.35 MVar
respectively. Load data for this generic distribution system is shown in
Table Al in Appendix A, and branch data is shown in Table A2 in
Appendix A. For the cases with solar PV involved, two PVs are installed
at the centre of two different feeders, at bus 18 and bus 30 with rela-
tively higher load of 192.45 kW and 35.13 kW, respectively if compared
to the buses nearby. The modelling of the electricity distribution system
and the load flow in this analysis are performed using the software
Simulink where the total system losses for each load flow can be
computed using the powergui load flow tool. The total system losses for
the base case (without any PV and BESS) in this analysis is 130.84 kW.

5. Results and discussions

The results for optimal BESS placement and sizing using WOA are
explained in this section. The WOA optimization method is then com-
pared with an existing algorithm known as firefly algorithm (FA) [34]
to demonstrate the performance of WOA in solving the same problem.
Parameters such as the population size, number of maximum iteration
and parameters for each optimization algorithm are decided through
trial and error procedure and experimentation considering the perfor-
mance of the algorithms. For WOA, the initial value of vector @ is 2 and
the value for constant b is set to 1. For PSO, the cognitive and social
coefficient are both set to 2. For FA, randomization parameter, o are set
to 0.2 with the decreasing factor of 0.97 in the following iteration, and
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both the attractiveness, Bo and light absorption coefficient, y are set to
1.

For the distribution grid, the generic distribution system as shown in
Fig. 5 is employed for the simulation of all scenarios where the system
data for the generic distribution system can be found in Appendix A.

5.1. Optimal BESS placement and sizing in two steps

In this part, the number of dimension (D) for the optimized para-
meters are one-D (location/capacity of one BESS) and two-D (locations/
capacities of two BESS) for scenario 1 and scenario 2 respectively. Both
the population size and the number of maximum iterations for the
optimization algorithms, WOA, PSO and FA are fixed to 50.
Optimization process for each case is repeated 5 times where the BESS
locations and sizing that yield the minimum total system losses are
considered as the optimal solution.

5.1.1. Two steps optimal placement and sizing of BESS in conventional
distribution system

The first scenario in this work is the WOA two steps optimization for
optimal location and sizing of BESS in the conventional distribution
system without any PV. Firstly, the optimal locations are obtained as
bus 19 for the case 1 with single BESS while for the case 2 with two
BESS in the system, the optimal locations are given at bus 20 and bus
24. These buses chosen for the BESS placement are either the buses with
high load demand or the buses that are connected to more buses with
high load demand. After the BESS are placed at the optimal locations
obtained in the first step, the optimization for the BESS sizing is carried
out. For case 1, by using WOA, the optimal sizing is found to be
1.74 MW with 62.58 kW total system loss. This shows a reduction of
68.26 kW in losses compared to the base case. For case 2 with two BESS
in the system, the optimal BESS sizes are given as 0.99 MW and
0.66 MW for BESS placed at bus 20 and bus 24 respectively where the

Grid
132/11kV 132/11kV
30MVA 30MVA
DYn11 DYn11
Uk=13% Uk=13%
1 ——* 2
TL 14 915 2
| 4 = Tz?
Ti I 16 Tzs
I, 8 T
17, e 20 =
N e &

7 S 23 21 34— 33— |30 31
AP Vs 22 I Is 4 B
H ) T T

TL Ti 37 36 \L 46
T 12 f: iT47|’_1 48
Ti T 9 v 149
v Tl Ve
Jla
e
T&
e

Fig. 5. Single line diagram for distribution system model.
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total system losses are 63.62 kW. Since the total capacity of the BESS in
case 2 is 1.65 MW, which is smaller than the size of single BESS in case
1, the 2 BESS case is slightly less effective in reducing the power losses.
On the other hand, for the optimization using FA, the optimal sizing for
single BESS in case 1 is given as 1.76 MW at bus 19, with the total
system losses of 62.59kW. For case 2, the optimal BESS sizes are
1.05 MW and 0.59 MW for BESS at bus 20 and bus 24 respectively with
the total system losses of 63.68 kW. Both cases in this scenario have
shown that the WOA has better performance than the FA, since it
achieves a smaller BESS size and reduced power loss. Meanwhile, for
PSO, the optimal sizing obtained for single BESS in case 1 is 1.74 MW at
bus 19, with the total system losses of 62.58 kW. For case 2, the optimal
BESS sizes are 0.98 MW and 0.68 MW for BESS at bus 20 and bus 24
respectively with the total system losses of 63.61 kW. Even though the
total BESS capacity obtained by PSO is 0.01 MW bigger than the one
obtained by WOA, it can be seen that in terms of minimizing the total
system losses, the performances of PSO and WOA are identical. The
performance of WOA, FA and PSO in obtaining the optimal BESS al-
locations in this scenario is presented in Table 1.

5.1.2. Two steps optimal placement and sizing of BESS in PV integrated
distribution system

For the second scenario, the two-step optimization is performed to
obtain the optimal location and sizing of BESS in the distribution
system with two PV of 0.5 MW each integrated into the power system at
bus 18 and bus 30. For case 1 with single BESS, the optimal location
attained using WOA is bus 24 while for case 2 with two BESS in the
system, the optimal locations achieved are bus 14 and bus 24. The
optimization for the BESS sizing is carried out by placing the BESS at
the optimal locations obtained from the previous step. For case 1 with
single BESS, the optimal sizing obtained using WOA is found to be
1.09 MW with 54.76 kW of total system losses. For case 2 with two BESS
in the system, the optimal BESS sizes are given as 0.99 MW and
0.52 MW for BESS placed at bus 14 and bus 24 respectively where the
total system losses are further reduced to 47.77 kW. Meanwhile, for the
optimization using FA, the optimal sizing for single BESS in case 1 is
given as 1.08 MW with the total system losses of 54.77 kW. For case 2,
the optimal BESS sizes are 0.76 MW and 0.67 MW for BESS at bus 14
and bus 24 respectively with the total system losses of 48.12 kW. In this
scenario, the WOA has achieved slightly higher total loss reduction than
the FA for both cases, where the optimal BESS sizes obtained by using
WOA are slightly greater than the one obtained using FA. For PSO, the
optimal sizing for single BESS in case 1 is given as 1.09 MW with the
total system losses of 54.77 kW. For case 2, the optimal BESS sizes are
0.99 MW and 0.53 MW for BESS at bus 14 and bus 24 respectively with
the total system losses of 47.77 kW. Similar with the previous scenario
(Scenario 1), the performance of PSO is comparable to the performance
of WOA. The performance of WOA, FA and PSO in obtaining the op-
timal BESS allocations in this scenario is presented in Table 2.

5.2. Simultaneous optimal BESS placement and sizing

For the simultaneous optimal BESS placement and sizing, the
number of dimension (D) for the optimized parameters are two-D

Table 1
BESS optimal placement and sizing result (Scenario 1).
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(location and capacity for one BESS) and four-D (locations and capa-
cities of two BESS) for scenario 3 and scenario 4 respectively. The po-
pulation size and the number of maximum iterations for the optimiza-
tion algorithm are fixed to 50 and 80 respectively for all scenarios. The
optimization process for each case is repeat five times where the BESS
allocations that yield minimum total system losses are considered as the
optimal solution.

5.2.1. Simultaneous optimal placement and sizing of BESS in conventional
distribution system

The third scenario is the simultaneous optimal placement and sizing
of BESS in the distribution system feeders without any PV. Case 1 in this
scenario investigates the optimal placement and sizing of single BESS in
distribution network whereas for case 2, the optimal locations and
sizing for two BESS are determined. The performance of WOA, FA and
PSO in obtaining the optimal BESS allocations in this scenario is pre-
sented in Table 3.

It can be observed from Table 3 that both WOA and PSO have
achieved the same solution where in case 1, the BESS is placed opti-
mally at one of the highly loaded buses, bus 18 where the optimal size is
given as 1.82 MW. Meanwhile, the total power loss is reduced to
61.87 kW, which is 68.97 kW less than the base case (without BESS and
PV). For case 2, two BESS are to be optimized. The optimal buses to
place the BESS are found to be bus 7 and bus 18 with the optimal sizes
of 0.68 MW and 1.81 MW respectively. The corresponding power losses
are further reduced to 48.88 kW, which is a reduction of 12.99 kW
compared with case 1. It is found that the BESS in both cases is placed at
the buses or feeder with high load demand. In the meantime, the FA
demonstrates an optimization of less total loss reduction compared to
the output from the WOA for both cases.

5.2.2. Simultaneous optimal placement and sizing of BESS in PV integrated
distribution system

In scenario 4, as with scenario 3, an additional two PV of 0.5 MW
each are integrated into the power system at bus 18 and bus 30. Again,
both WOA and PSO have achieved similar solution. For case 1 with only
one BESS, the optimization outcome suggested that the BESS can be
optimally placed at bus 15 with the size of 1.50 MW. In this case, the
total system losses are reduced to 51.15 kW. For case 2 with two BESS
to be optimized, the optimization outcome has suggested the BESS to be
placed at bus 7 and bus 15 given the optimal sizes of 0.67 MW and
1.50 MW respectively. The corresponding total losses are 38.20 kW.
Similar to the previous scenarios, the optimal locations proposed in this
scenario for BESS placement are the buses with high load demand. For
FA, it can be seen that the proposed optimal BESS locations for both
cases are different than the one proposed by WOA and PSO. Although
the BESS sizes proposed by FA are smaller, the solutions yield higher
power losses. The performance of WOA, FA and PSO in obtaining the
optimal BESS allocations in scenario 4 is summarized in Table 4.

5.3. Comparison of the performances for different scenarios

It can be observed from the optimization results that the optimal
placement and sizing reduces the total system losses effectively. The

Number of BESS Optimal BESS Location

Optimal BESS size (MW)

Power Loss (kW)

WOA FA PSO WOA FA PSO
0 NA NA 130.84
Case 1 1 Bus 19 1.74 1.76 1.74 62.58 62.59 62.58
Case 2 2 Bus 20, Bus 24 0.99, 0.66 1.05, 0.59 0.98, 0.68 63.61 63.68 63.61
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Table 2
BESS optimal placement and sizing result (Scenario 2).
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Number of BESS PV Location PV Size (MW)

Optimal BESS Location

Optimal BESS size (MW) Power Loss (kW)

WOA FA PSO WOA FA PSO
Case 1 1 Bus 18, Bus 30 0.5 x2 Bus 24 1.09 1.08 1.09 54.76 54.77 54.76
Case 2 2 Bus 18, Bus 30 0.5 x 2 Bus 14, Bus 24 0.99, 0.52 0.76,0.67 0.99, 0.53 47.77 48.12 47.77
Table 3

Simultaneous BESS optimal placement and sizing result (Scenario 3).

Number of BESS Optimal BESS Location

Optimal BESS size (MW) Power Loss (kW)

WOA FA PSO WOA FA PSO WOA FA PSO
NA NA 130.84
Case 1 1 Bus 18 Bus 19 Bus 18 1.82 1.76 1.82 61.87 62.59 61.87
Case 2 2 Bus 7, Bus 18 Bus 16, Bus 35 Bus 7, Bus 18 0.68, 1.81 1.97, 0.49 0.68, 1.81 48.88 55.01 48.88

reduction of the entire system losses is due to the local power supply
provided by BESS to the buses nearby, thereby less power is transmitted
from the main grid and the line losses are reduced as a consequence.

The total system losses obtained for each case in all scenarios are
illustrated in Fig. 6. It can be seen from the bar chart in Fig. 6 that the
simultaneous optimization on optimal location and sizing of BESS has
better performance than two step optimization since the optimal loca-
tion and sizing are considered together in the power flow during the
optimization process. Meanwhile, the total optimal BESS capacities
obtained are smaller when PVs are integrated into the power system (as
part of the loads are already supplied by the PV generation). Also, it can
be concluded from all scenarios (except scenario 1) that the distributed
placement of multiple BESSs has better performance in reducing total
system losses compared to the placement of only a single BESS in the
distribution system.

The performance of WOA is validated by comparing with FA and
PSO. As shown in Figs. 7 and 8 , the total system losses obtained
through WOA and PSO are identical, while the total system losses for
each case obtained by WOA are lower than those obtained using FA.
The difference in total system losses reduction becomes more obvious
when the dimension of the optimization problem increased with the
increase of the number of BESS.

5.4. Comparison of convergence characteristic between WOA, FA and PSO

In this section, the convergence characteristics between the opti-
mization algorithms, namely WOA, FA and PSO are compared. Since
the convergence characteristics for all cases display similar patterns,
only two cases are chosen and discussed. Fig. 9 shows the convergence
characteristics of WOA, FA and PSO for the study with two BESSs in a

Table 4
Simultaneous BESS optimal placement and sizing result (Scenario 4).

conventional (no PV) electricity distribution system (scenario 3, case 2)
while Fig. 10 illustrates the convergence characteristics of WOA, FA
and PSO for the study with two BESSs in an electricity distribution
system with PV (scenario 4, case 2).

It can be observed from Figs. 8 and 9 that both the WOA and the
PSO has the ability to converge towards the optimal solution in less
than 20 iterations while FA does not perform well in the optimization
since it does not converge to the optimal solution within the stopping
criteria given (maximum iteration number of 80). This can be ac-
counted for by the poor ability of FA to escape from local optimal
points. Meanwhile, WOA and PSO has a better convergence char-
acteristic compared to FA, since the algorithms can escape from local
optima and therefore give better results. Although the literature has
claimed that PSO has limited ability to escape from local optimal point,
the results showed that PSO has good performance in this application
[30,35].

On the other hand, the performance of each algorithm in terms of
achieving minimum solution (total system losses) is analysed using a
box plot with five repetition of data. The scenarios for simultaneous
BESS optimal sizing and placement (Scenario 3 and Scenario 4) are
studied in this part since these scenarios involve higher dimension of
search space in the optimization process. Figs. 11 and 12 show the box
plot for the data obtained from case 1 and case 2 of Scenario 3 re-
spectively. It can be seen from Fig. 11 that the performance of WOA and
PSO are very consistent in achieving the minimum solution while FA
has less consistency with wider interquartile range. From Fig. 12, it can
be seen that the interquartile range for all three data set increases
compared to the one in Fig. 11 when the dimension of the search space
increased from 2-D to 4-D. It can be observed that WOA has slightly
better performance in achieving the minimum solution since the

Number of BESS PV Location PV Size (MW) Optimal BESS Location

Optimal BESS size (MW) Power Loss (kW)

WOA FA PSO WOA FA PSO WOA FA PSO
Casel 1 Bus 18, Bus 30 0.5 x 2 Bus 15 Bus 14 Bus 15 1.50 1.38 1.50 51.15 51.42 51.15
Case 2 2 Bus 18, Bus 30 0.5 x 2 Bus 7, Bus 15 Bus7,Bus 22 Bus7,Bus15 0.67,1.50 0.37,0.72 0.67,1.50 38.20 48.83 38.20
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median of the WOA data lean closer to the minimum solution compared obtained from case 1 and case 2 of Scenario 4 respectively. Again, the
to that of PSO. Again, FA data give higher total system losses and bigger performance of WOA and PSO in the case 1 (Scenario 4) as shown in
interquartile range compared to both WOA and PSO. Fig. 13 are equal and outperformed FA where these two data set show
Meanwhile, Figs. 13 and 14 illustrate the box plot for the data almost no deviation in the minimum solution obtained for all the
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repetition. When the dimension of the search space was increased from
2-D (case 1) to 4-D (case 2), the interquartile range for all data set
increased as shown in Fig. 14. In this case, WOA is considered to have
better performance than the PSO since there is an outlier for the PSO
data which decreases the consistency of the PSO. Again, FA shows the
worse performance out of three algorithms with wider data distribution
and higher total system losses.

6. Conclusion

In this work, the optimal allocation and sizing of BESS in the dis-
tribution system have been performed using the WOA optimization
algorithm. The purpose of this work was to use the algorithm to opti-
mise the size and location of BESS to minimize the power losses in the
electricity distribution system. Four scenarios with a different number
of BESSs, with and without PV integration in the distribution system,
were considered and the results can be concluded as follow:

® In Scenario 1, the power losses reduction for case 1 with only one
BESS was higher than that of case 2 with two BESS.

e Meanwhile, Scenario 2 depicted the employment of two BESS which
produced better outcome in reducing the power losses than the case
with only one BESS. This outcome contradicted the outcome of
Scenario 1. The outcome for Scenario 1 and Scenario 2 was not
consistent since during the first stage of optimal placement, the
capacity of BESS was assumed as a particular value and most of the
time, this value would not be the optimal capacity of the BESS. This
affected the attainment of actual optimal BESS location. Thus, the

11

optimal solution for power losses reduction may not be achieved in

this two-stage method.
e It was shown that for both Scenario 3 and Scenario 4, the case with
two BESS (case 2) has better performance than the case with only
one BESS (case 1) when both the placement and sizing were opti-
mized simultaneously. The findings obtained in these two scenarios
are consistent and the simultaneous BESS allocation optimization
was proved to be more effective than the two steps optimization
method.
For the performance of different algorithms, both WOA and PSO
showed outstanding performances in convergence rate and the
ability to escape from local optima points. The WOA slightly out-
performed the PSO in terms of consistency in achieving the optimal
solution. Meanwhile, the FA did not show good performance in this
application.

Lastly, it can be concluded that the optimal placement and sizing of
BESS in the electricity distribution system helps in reducing the power
losses, and the distributed placement of multiple BESS is more effective
in reducing losses than installing a single BESS.
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Appendix A. Data for generic distribution system

Table Al
Load data for generic distribution system.
Bus Number PL(kW) QL (kVAr) Bus Number PL(kW) QL (kVAr)
1 - - 26 364.79 182.39
2 - - 27 35.13 17.56
3 22.4 12.8 28 31.2 19.5
4 18.9 10.5 29 35.13 17.56
5 30.5 21.2 30 35.13 17.56
6 30.87 15.4 31 36.9 12.9
7 313.55 -375.40 32 29.8 14.3
8 154.48 15.21 33 31.1 14.9
9 30.87 15.4 34 22.1 10.1
10 25.7 14.3 35 35.1 18.0
11 19.8 12.17 36 35.13 17.56
12 25.4 14.3 37 35.13 17.56
13 38.2 14.1 38 44.2 20.8
14 - - 39 21.6 13.7
15 789.12 394.56 40 30.4 18.2
16 13.35 6.67 41 35.13 17.56
17 192.45 96.23 42 29.5 18.1
18 192.45 96.23 43 33.2 12.8
19 - - 44 30.2 17.5
20 120.28 60.15 45 35.13 17.56
21 135.28 70.15 46 38.2 18.6
22 85.28 54.9 47 35.13 17.56
23 144.34 72.17 48 31.4 19.6
24 144.34 72.17 49 35.13 17.56
25 144.34 72.17 50 31.2 15.4
Table A2
Branch data for generic distribution system.

Sending end bus Receiving end bus R () X (Q)

1 3 0.5313 0.3267

3 4 1.127 0.693

4 5 0.9338 0.5742

5 6 0.4267 0.2624

6 7 0.4154 0.2554

7 9 0.4347 0.2673

9 10 0.8211 0.5049

10 11 0.1449 0.0891

11 12 0.161 0.099

12 13 0.7406 0.4554

2 14 1.0363 1.143

15 16 0.053 0.0212

14 17 0.5275 0.2575

17 18 0.1055 0.0515

18 19 0.2321 0.1133

19 20 0.3798 0.1854

20 21 0.1899 0.0927

21 22 0.211 0.103

19 23 0.211 0.103

23 24 0.4853 0.2369

24 25 0.211 0.103

2 26 0.422 0.206

26 27 0.211 0.103

27 28 0.2532 0.1236

28 29 0.422 0.206

29 30 0.844 0.412

30 31 0.1477 0.0721

31 32 0.3798 0.1854

30 33 1.6669 0.8137

33 34 0.5275 0.2575

33 35 0.9073 0.4429

35 36 0.5908 0.2884

36 37 0.211 0.103

36 38 0.211 0.103

38 39 0.422 0.206

39 40 0.211 0.103

(continued on next page)
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Table A2 (continued)

Journal of Energy Storage 26 (2019) 100892

Sending end bus Receiving end bus R (Q) X ()
40 41 0.633 0.309
41 42 0.325 0.108
42 43 0.975 0.324
43 44 0.3575 0.1188
30 45 0.211 0.103
45 46 0.7596 0.3708
46 47 0.5697 0.2781
47 48 0.6541 0.3193
47 49 0.633 0.309
49 50 0.4431 0.2163
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