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Abstract: The optimal siting and sizing of battery energy storage system (BESS) is proposed in this
study to improve the performance of the seventh feeder at Nakhon Phanom substation, which is a
distribution network with the connected photovoltaic (PV) in Thailand. The considered objective
function aims to improve the distribution network performance by minimizing costs incurred in
the distribution network within a day, comprising of voltage regulation cost, real power loss cost,
and peak demand cost. Particle swarm optimization (PSO) is applied to solve the optimization
problem. It is found that the optimal siting and sizing of the BESS installation could improve the
performance of the distribution network in terms of cost minimization, voltage profile, real power
loss, and peak demand. The results are investigated from three cases where case 1 is without PV and
BESS installation, case 2 is with only PV installation, and case 3 is with PV and BESS installations.
The comparison results show that case 3 provided the best costs, voltage deviation, real power loss,
and peak demand compared to those of cases 1 and 2; system costs provided by cases 1, 2 and 3 are
USD 4598, USD 5418, and USD 1467, respectively.

Keywords: battery energy storage systems; distribution networks; optimal siting and sizing; particle
swarm optimization; state of energy

1. Introduction

Nowadays, the electricity demand has been increased due to the growth of population
and the rapid improvement of various technologies resulting in the increase of electrical
power generation to meet the demand. In the past decades, electrical power generation
is mostly produced from fossil energy, which directly affects global warming from green-
house gas emissions. For this reason, the electrical power generations generated from
renewable energy sources (RESs) have received huge attention at present because they
are clean energy sources that are not running out. However, the main limitation of the
RESs is the fluctuation of the uncontrollable natural resources. At present, RESs have been
widely connected to distribution networks, resulting in the unreliability and low power
quality of the distribution networks from the uncertainty power generation. Especially, in
Thailand, the investment of the RESs from companies has been increased according to the
government’s encouragement, which directly affects the distribution network operators
(DNO) because RESs are connected to the distribution networks. For this reason, energy
storage systems (ESSs) have been used in the distribution networks with the connected
RESs to deal with the uncertainty of the power generation problem from the RESs [1]
and improve the performance of the distribution networks, especially voltage profile im-
provement and power loss reduction, which are the significant factors of power quality of
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DNO [2]. Moreover, the ESS in microgrid systems could be connected as a virtual central
energy storage system when operating in interconnected multi-node microgrids [3].

Battery energy storage systems (BESSs) have been adopted for several objectives
such as balancing load and improving voltage profile [4—6], minimizing total operation
costs [7-10], minimizing power losses [11-17], peak shaving [18], improving the power
system performance to support the increased load demand [19], and improving reliability
and power quality of the power systems (multi-objective functions) [20-29]. Additionally,
the optimal size of BESS installation to store electrical energy during the valley load period
and supply it during the peak load period to maximize operational benefits was proposed
in [30,31]. The BESS was installed in the wind farm for smoothing the power generation and
reducing the operation costs [32-35], and in the microgrid with the connected photovoltaics
(PV) to improve the reliability [36]. The BESS was also used as a voltage source or unin-
terruptible power supply of microgrid in case utility grid supply or RES is collapsed [37],
and as a damping power oscillation in distribution networks [38]. Moreover, the optimal
allocation of BESS was able to increase the profits from purchasing/selling the electrical
energy [39-41] and set a fair price of electricity for both companies and customers [42].

Energy storage technologies can be categorized due to the physical characteristics, i.e.,
mechanical forms such as pumped hydro storage (PHS), compressed air energy storage
(CAES), and flywheels; electromagnetic forms such as superconducting magnetic energy
storage (SMES), and supercapacitors; and electrochemical forms such as batteries and
hydrogen storage. However, the energy storage technologies, which can be applied to
improve power quality, include flywheels, SMES, supercapacitors, and batteries. Among
these, batteries are the only technology that can be used in short-term and long-term
operations [43]. BESSs can be categorized according to types of batteries, such as the lead—
acid battery, sodium-sulfur battery, redox flow battery, and lithium-ion battery (Li—ion) [44].
When comparing the characteristics of each battery technology, it is found that lead—acid
battery is cheap (around 50-600 USD/kWh), but it has low energy density (20-30 Wh/kg)
and less lifespan than other technologies. For sodium-sulfur battery, although it has a
higher energy density (150-240 Wh/kg) than others, its operating temperature is very
high (around 300 °C). Redox flow battery has a lower energy density (15-30 Wh/kg)
than other technologies, which means that it requires more area and weight than other
technologies at the same capacity. For Li—ion battery, even if it has a high energy density
(90-190 Wh/kg) and long lifespan, the appropriate temperature control is required because
the inappropriate temperature directly affects the lifespan of Li-ion battery [45]. In [46],
the lead-acid and Li-ion batteries are tested in an off-grid system with the connected PV,
and it is found that Li-ion battery has a double longer lifespan than lead—acid battery. It
is also found that although the price of Li-ion battery is double of the lead—acid battery,
Li-ion battery is more appropriate than lead—acid battery because the maintenance cost
of Li-ion battery is lower due to its longer lifespan. Moreover, Li-ion battery has been
widely used as the BESS in several applications especially in electric vehicles (EVs). This
is because emission reduction from fuel vehicles is considered a very important task, and
hence EVs and Li-ion batteries tend to be more popular [47]. Li-ion consists of various
advantages, such as working in a wide range of voltage levels, high density of energy
per volume, simple adjustable power and capacity, and long life cycles [48]. In addition,
used Li-ion from EVs can be reused for other objectives, such as for energy balancing in
thermal power plants, using it as an uninterrupted power supply (UPS), and using it as
a BESS to reduce waste and highly utilize the battery [49]. More importantly, the cost of
Li—ion battery has continuously decreased from 1160 USD/kWh in 2010 to 176 USD/kWh
in 2018 [50], and it tends to drop to approximately 100 USD/kWh in 2023 [51]. Therefore,
the Li—ion battery is adopted as the BESS in this study to improve the performance of the
distribution network with the connected PV.

The BESS can be used at the maximize benefits with the considered objective function
when it is installed at the optimal siting and sizing [12,14]. Thus, this study aims to improve
the performance of the seventh feeder of Nakhon Phanom substation in Thailand, which is
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the distribution network with the connected PV by providing optimal siting and sizing of
BESS installation where Li-ion is used as the BESS. The objective function is to improve
the distribution network performance by minimizing the costs incurred in the distribution
network within a day comprising of voltage regulation cost, real power loss cost, and peak
demand cost. Fourier series is applied to define the state of energy (SoE) of the BESS, which
indicates the amount of energy remaining in the battery in each period because Fourier
series is the continuous signal that can express the SoE of the BESS for all considered
period; this corresponds to the fact that the BESS power level in real-world applications
is continuous. Moreover, the over-discharge must be efficiently prevented, which means
charging quantity must be equal to discharging quantity in one cycle [24]. Particle swarm
optimization (PSO) is adopted to find the minimum value of the objective function because
its performance in obtaining the optimal siting and sizing of the BESS is verified in [52-57],
and PSO has been also applied to efficiently solve several recent optimization problems
in different fields [58—-60]. The BESS installation simulation is conducted on the 56-bus
realistic radial distribution network with the connected PV located at the seventh feeder of
Nakhon Phanom substation, Thailand. The contribution of this research is to improve the
performance of the realistic radial distribution network with the connected PV in terms
of voltage profile improvement, power loss reduction, and peak demand reduction by
providing optimal siting and sizing of the BESS installation. The dynamic load and PV
data in each time period were really measured from the substation and PV installation
point, respectively, which contains double the number of data than that used in [24,52].
Therefore, the results will be more accurate and be able to efficiently provide the optimal
siting and sizing of the BESS in the real distribution networks with the connected PV.

The rest of the article is as follows. Section 2 presents the battery energy storage sys-
tems and formulations. Problem formulation is explained in Section 3. Section 4 describes
the methodology. Results and discussion are presented in Section 5. Finally, the conclusion
is provided in Section 6.

2. BESS and Formulations

In this research, the Li-ion battery is chosen as the BESS to install in the realistic
radial distribution network with the connected PV. The Fourier series is used in the BESS
simulation to predict the SoE of the BESS.

2.1. BESS

The Li-ion has been widely used both in the literature and real-life applications
because of its good qualities, such as fast charging, high energy-to-volume density, low
self-discharge, and long-life service. However, Li-ion should not be used for a long period
of operation because many factors, such as the number of battery operation cycles, depth of
discharge (DoD), and temperature affect the lifetime of the Li-ion. Thus, for a long period
of operation of Li-ion battery, a high-cycle operation should be avoided, DoD should
not be over 80% of its maximum capacity, and the appropriate temperature is around
15-35 °C [61,62].

2.2. BESS Formulations

The BESS simulation in this research focuses on the charging and discharging rates by
considering the energy difference of the BESS between the consecutive time interval of the
SoE. The charging and discharging rates at each time interval (C;r) in a one-day operation
of the BESS (24 h) can be formulated as in Equation (1).

Pg(1)
Cir = : 1)
PB (Wl)
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where C; is charging and discharging rates in the considered period, Pg(t) is the charging
or discharging power of the BESS at times t = 1,2,3,...,m, and m depends on the time
interval that one-day operation hour is divided, such as considering every 1 h (m = 24),
30 min (m = 48), or 15 min (m = 96), etc.

The Fourier series is applied to express the SoE of the BESS and its obtained by
substituting the Fourier coefficient (C;r) from Equation (2) into Equation (3).

a1, by
Cr=1 @
an, by
Ep(t) = ag+m cos(zéft) +bh sin(?) +...tan cos<27TTnt> + b, Sin(b;nt) 3)

where ag, a,, by, are the constant Fourier coefficient, Fourier cosine coefficients, and Fourier
sine coefficients, respectively. # is the number of Fourier coefficients, which is set to 8 for
this study [24,52]. Ep(t) is the energy of the BESS at time ¢. T is the total time period (24 h).

The constant Fourier coefficient (a9) does not affect the determination of Ep(t), but it
is used to ensure that the SoE value is not less than zero or less than the minimum of DoD
(D ODpin ) .

To find the charging or discharging rate, which is the status, of the BESS at each time ¢
interval, the difference of energy levels (AEg) of the BESS between the present period, ¢,
and the previous period, t — 1, is calculated as in Equation (4). If the value of AEp is greater
than or equal to zero, the BESS is in the state of charging, and if the value of AEp is less
than zero, the BESS is in the state of discharge. The charging and discharging rates can be
found according to Equations (5) and (6), respectively [24].

AEp = Ep(t) — Ep(t —1) 4)
PB(t) = AEB/(At X 170) , PB(t) >0 5)
Py(t) = (AEp x 114) /At , Pg(t) <0 (6)

where 71, is the battery charging efficiency, 7, is the battery discharging efficiency, #,; = 0.9
is the total efficiency of the battery [24], 1. = 114 = |/1pat, At is the sampling time interval.

The optimal size of the BESS can be computed by Equation (7), and the lifespan of the
BESS can be found from Equations (8) and (9) [24] as follows:

e anithy — 8= R
BatterySize (unith) = " DOD,.. (7)

_ 1 (Xi|Es(t) — Ep(t —1)]
Cycles = 2 ( DODyya¢ X Battery size ®)
Lifespan (years) = CycleLife/(Cycles x D) )

where BatterySize (unit.h) is the optimal size of the BESS and the unit of the BESS depends
on the unit of the battery energy value, E¥* and E%" are the maximum and minimum
energy of the BESS, DOD,,4 is a maximum depth of discharge, which is set to 0.8 in this
study [52], Cycles are the operation cycle of the BESS in a day, Eg(t) and Eg(t — 1) are the
magnitude energy of the BESS at time t and t — 1, respectively, CycleLife is the total life
cycles of the BESS, which is equal to 3221 cycles in this study [61], and D is the period of
the BESS operation (365 days).

3. Problem Formulations

The optimal siting and sizing of the BESS installation presented in this research is
proposed to improve the performance of the distribution network with the connected
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PV in terms of voltage profile improvement, power loss reduction, and peak demand
minimization. The technical constraints of the distribution network are also considered to
ensure network security and limitations.

3.1. Objective Function

The objective function of the optimal siting and sizing of the BESS installation is to
improve the distribution network performance by minimizing costs incurred in the distribu-
tion network (Cgyg) caused by voltage deviation, real power loss, and peak demand, which
are voltage regulation cost (Cyr), real power loss cost (Crpgs), and peak demand cost (Cp),
respectively. The calculation of these values can be found in the provided equations.

f(Cir) = min(Csys) (10)

Csys = Cyr + Cross + Cp (11)
T N

Cvr = () Y |V = Vier|) X vy (12)
=1 i=1
T M

Cross = ) ) (Line_Loss) X yLoss (13)
=1i=1

Cp = Ppax X At X yp (14)

where N is a total bus number, V/ is the voltage per-unit of the i'" bus at time t, V,,  is the
reference voltage (1 per-unit), yyr is a voltage regulation cost rate (0.142 USD/p.u.) [23], M
is a total branch number, Line_Loss is an active power loss in each branch, 1 pgs is an active
power loss cost rate (0.284 USD/kWh) [24], Py is a maximum peak demand of real power
during the considered period, and 7yp is a peak demand cost rate (200 USD/kWh/year) [24].

This study aims to find the optimal siting and sizing of the BESS in the distribution net-
work to improve the system performance in terms of voltage profile improvement, power
loss reduction, and peak demand reduction. However, each term of improvement has
different units; for example, voltage is in p.u., real power loss is in MW, and peak demand is
in MW. Therefore, these terms are converted into costs incurred in the distribution network,
caused by voltage deviation, real power loss, and peak demand, to calculate the objective
function in the same aspect. Moreover, the battery costs such as cost to charge/discharge
the battery, installation cost, and maintenance cost are excluded in the objective function.
This is because if these battery costs are included in the objective function, the solutions
will be obtained by partly considering minimum battery costs instead of fully considering
system performance improvement. As a result, the truly appropriate siting and sizing of
the BESS to improve the system performance in the stated terns will not be able to obtain.

3.2. Constraints
3.2.1. Voltage Constraint

Voltage magnitude at every bus for all considered time period must be in the standard
range (+5% of V,,f) as expressed in the given equation [52].

VLiower < Vit < Vllpper (15)

where Viouer, Viupper are the lower and upper bounds of standard range voltage, respec-
tively. V! is the voltage per-unit of the i’ bus at time .

3.2.2. Line Constraint

The apparent power of each line is restricted in the power line limits as expressed in
the following equation:

‘Sij‘ < Smax (16)
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where S;; is the apparent power flow from the ith bus to the jth bus, and Sy is the
maximum apparent power flow of the transmission line (p.f. = 1).

3.2.3. Battery Constraint

To ensure the BESS is operated within the power and capacity limits in all time inter-
vals, the power and capacity of BESS are bounded by Equations (17) and (18), respectively.

PBmin < Pcha(t)rpdis(t) < PBmax (17)

EBmin < EB(t) < EBmax (18)

where Pgin, Pimay are the minimum and maximum power of BESS, respectively, P, (f) is
a power charge of BESS at time t, Py;s(t) is a power discharge of BESS at time ¢, and Ep,,iy,,
and Epg,, are the minimum and maximum energy of BESS, respectively.

4. Methodology

The optimal siting and sizing of the BESS installation in this study were operated
on the distribution network with the connected PV. The results were simulated by using
MATLAB with MATPOWER 7.0, N.Y., USA [63] interface. The PSO was adopted to evaluate
the minimum value of the objective function for finding the optimal siting and sizing of
the BESS installation.

4.1. Case Study

The distribution network used in this study is the seventh feeder of Nakhon Phanom
substation, Thailand, which is a 56-bus distribution network as shown in Figure 1. The
first bus is defined as the slack bus, and the detailed data of real and reactive powers at
each bus and line impedance are provided in Table Al in Appendix A, in which the base
voltage is 12.66 kV, and the base power is 10 MVA. The PV (5.88 MW) was installed at the
47th bus and the output power of PV can be found in Table A2 in Appendix A. The load
magnitudes of each bus at each time t are defined according to Equations (19) and (20)
for real power and reactive power, respectively. The PV power and load demand of the
56-bus distribution network are presented in Figure 2, in which these data are provided
by Provincial Electricity Authority (PEA), Bangkok, Thailand. These PV power and load
demand are chosen from the data collected over a year where the day when the reverse
power flow reached the highest value was selected. Therefore, this study could improve
the performance of the worst day and cover the problem of the other days.

P{ = p' x Py, (19)

Qi = 14" x Qui (20)
where Pl.t, Qf are the real and reactive powers of the it" bus at time ¢, respectively. Py;, Qo;
are the base real and reactive powers at the i bus obtained from Table Al in Appendix A,
respectively. p’, q' are the real power coefficient and reactive power coefficient at time ¢

presented in Table A2 in Appendix A, respectively, to change the demand every considered
time f interval.
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Figure 1. Case study.
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Figure 2. Photovoltaic (PV) power and load demand.
4.2. PSO

The principle of PSO for solving optimization problems is inspired by the foraging
behavior of a flock of birds or fishes [52]. The steps of the PSO process for solving problems
are as follows: In the first step, the number of populations or particles (nPop) is defined
where each particle consists of decision variables (nVar), the starting position of each
particle is initialized, and its velocity is initially set to zero. Afterward, the objective
function is evaluated by using the initial positions and velocities of the particles, and
then the initial personal best (P, (i)) of each particle and the initial global best (Gp,g;) are
obtained (the global best is the best particle among all personal bests). Following this,
the inertia is calculated according to Equation (21). The velocity of each particle is then
updated by Equation (22), and the position of each particle is also updated by Equation
(23). The updated position of each particle is substituted to evaluate the objective function.
Then, the personal best and global best are updated. Repeat the process until the maximum

iteration is reached. The flowchart and pseudo-codes of PSO are shown in Figures 3 and 4,
respectively.

w=0.9—(((0.9 —0.4) x it;)/itmax) (21)
V(i) = wP(i) + c171(Ppest (i) — P(i)) + c2r2(Gpest — P(i)) (22)
P(i)new = P(Z) + VP(i) (23)

where V(i) is the velocity of the ith particle, Py (i) is the personal best position of the ith
particle, Gy, is the global best position, P(i) is the current position of the ith particle, w is
the inertia of P(i), if. is a current iteration, ity iS @ maximum iteration, ¢; and ¢, are set
to 2, and r; and ry are randomly generated numbers between 0 and 1.
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Initialize parameters of PSO
(Ib, ub, w, c1, c2, nVar, nPop, itmx)
v

Initialize position and velocity of each
particle

v

Obtain initialized personal best and
global best of each particle

v
Update personal best and global best

v

Update inertia by (21) and update
velocity of each particle by (22)
v

Update position of each particle by (23)
v

Evaluate objective function

v
Update personal best and global best

Is the iteration condition
satisfied?

Obtain the best feasible solution

End

Figure 3. Flowchart of particle swarm optimization (PSO).

Initialize the parameters of PSO (Ib, ub, w, ci, c2, nVar, nPop, itmax)
Initialize position of each particle P(i) (i=1, 2, 3, ..., nPoP)
Initialize velocity of each particle V(i) (i=1, 2, 3, ..., nPoP)
Evaluate the objective function to obtain initialized Prest(i) and Goest
while the end condition is not satisfied

Update inertia by (21)

Update velocity of each particle by (22)

Update position of each particle by (23)

Evaluate the objective function

Update Prest(i) of each particle and Goest
end while

Figure 4. Pseudo-codes of PSO.
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4.3. The Procedure of the Optimal Siting and Sizing of the Battery Energy Storage System (BESS)

The procedure of the optimal siting and sizing of the battery energy storage system

(BESS) can be described as the following steps:

AU I e

10.

Model the distribution network as detailed in Section 4.1 in the MATPOWER;
Define candidate buses in the distribution network;

Choose one candidate bus to install the BESS;

Solve the optimization problem by using PSO;

Perform power flow calculation and evaluate the objective function;

Repeat steps 4 and 5 if the maximum iteration is not reached; otherwise, proceed to
step 7;

Obtain the optimal Fourier coefficients of BESS installation at the considered bus from
step 3;

If the candidate bus is not the last candidate, return to step 3; otherwise, proceed to
step 9;

Obtain the optimal location and size of the BESS with the lowest objective func-
tion value;

Substitute the Fourier coefficients provided from step 9 in Equations (1)-(9) to generate
the parameters of the BESS.

The flowchart and pseudo-codes of the proposed method are shown in Figures 5 and 6,

respectively.

Model the distribution network in MATPOWER

v

Define candidate buses

v

Choose one candidate bus to install the BESS

v

Operate the PSO process

v

Conduct power flow and evaluate the objective function

Next candidate bus

Maximum iteration is reached?

Obtain optimal Fourier coefficients of the
considered bus

The last candidate bus
is reached?

Obtain optimal siting and sizing of the BESS with

the lowest obisctive function

Generate result in detailed

End

Figure 5. Flowchart of the proposed method.
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Model the distribution network
Defind candidate buses in the distribution network
while the last candidate bus is not reached
Choose one candidate bus to install the BESS
while the maximum iterations is not reached
Solve the optimization problem by PSO
Conduct power flow
Evaluate the objective function
end while
Obtain optimal Fourier coefficient of the considereds bus
end while
Obtain optimal siting and sizing of the BESS with the lowest objective function

Figure 6. Pseudo-codes of the proposed method.

4.4. System Performance Evaluation

The performance of the distribution network is evaluated in various terms by referring
to the objective function, which comprises of voltage deviation index, power losses, and
peak demand.

4.4.1. Voltage Deviation Index (VDI)

The voltage deviation index (VDI) is applied to evaluate the voltage profile improve-
ment of the network. VDI is the maximum difference value between the voltage of each
bus in the distribution network over 24 h and the reference voltage, presented in percent
(%VDI). A smaller VDI value means a better voltage profile, and the VDI can be calculated
by Equations (24) and (25).

Vref -V
o T
%VDI; = max] | ——— | x100 (24)
ref
N
%VDI =Y %VDI (25)

i=1
where %V D] is the VDI of the ith bus, V,, is the reference voltage (1 p.u.), V; is the voltage
in p.u. of the ith bus, and %V DI is the total VDI of the distribution network.

4.4.2. Power Losses

The power losses incurred in the distribution network composed of real power loss,
reactive power loss, and apparent power loss. These power losses can be computed by the
provided equations.

1=
M=
>

(26)

loss

Pl =

Il
_
|
_

Q%oss (27)

I
1=
M=

Ql

1

Sl = /P2t QP2 (28)

where PI is the real power loss, Q! is the reactive power loss, SI is the apparent power

loss, Plloss is the real power loss of the /th branch, Qf »ss 18 the reactive power loss of the Ith

branch, M is the total branch number. i is a time interval, and T is the total time period.

T
|
—_
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4.4.3. Peak Demand

The peak demand is considered from the real power flow at the slack bus over 24 h,
in which the positive value of the real power flow indicates the power flowing into the
network and the negative value of the real power flow indicates power flowing out of
the network.

5. Results and Discussion

The optimal siting and sizing of the BESS installation are presented to improve the
performance of the realistic distribution network with the connected PV, which is the
seventh feeder of Nakhon Phanom substation in Thailand. The parameters of PSO were
population number (nPop) = 60 and maximum iterations = 1000. The technical constraints
of the distribution network consist of the voltage limits, which is &= 5% of the reference
voltage (12.66 kV), and the rated line current, which is 410 A (the rated line current limit of
the 185 sq.mm. Space aerial cable is according to the Provincial Electricity Authority (PEA)
standard). The simulation is conducted in MATLAB interfaced with MATPOWER. The
simulation results are compared between three cases where case 1 is without PV and BESS,
case 2 is with only PV, and case 3 is with both PV and BESS.

5.1. Optimal Siting and Sizing of BESS Installation

The BESS is installed at each bus from the second to 56th bus to find the optimal
location for the BESS installation. The values of the objective function of all three cases are
shown in Table 1, in which case 3 shows the best five bus locations of the installed BESS,
providing the minimum objective values together with the size and lifetime of the BESS. It
is found that the best location for BESS installation to improve the distribution network
performance is located at bus 47, which is the same location as PV installation, following by
buses 46, 45, 44, and 43, respectively. Although the 48th bus is actually the bus that has the
most voltage deviation problems, it is not a suitable bus for BESS installation to improve
the network performance. It is also found from Table 1 that even though BESS installation
at the 47th bus has the highest values of power and capacity, it is still the most appropriate
location for the performance improvement due to the best value of the objective function
(Csys)- The lifetime values of BESS from each location are slightly different, but the 47th bus
still has the longest lifetime, which is 8.71 years.

Table 1. Optimal siting and sizing of BESS.

BESS ifeti
Case Location (Bus) Csys Lifetime of
Power (MW)  Capacity (MWh) BESS (Years)
1 - 4598 - - -
2 - 5418 - - -
47 1467 4.50 62.72 8.71
46 1471 449 62.14 8.68
3 45 1477 4.47 62.11 8.64
44 1497 4.40 62.17 8.70
43 1526 4.38 61.63 8.65

When comparing the costs incurred in the distribution network, including voltage
regulation cost, real power loss cost, and peak demand cost, it is found that the costs from
cases 1 and 2 are USD 4598 and USD 5418, respectively, and the costs from case 3 in which
BESS is installed at the 47th bus is USD 1467. Hence, only PV installation could worsen
the network performance. However, PV installation, together with the optimal siting and
sizing of BESS installation, could efficiently improve the network performance.

The SoE of the BESS at the 47th bus over 24 h from 00:00 a.m. is presented in Figure 7
to observe when the BESS is charging or discharging, and charging/discharging rate can be
obtained. It is noticeable that the energy of the BESS was slightly changed from 00:00 a.m
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to 6:00 a.m. and continuously decreased until reaching the lowest value, which is around
12.50 MWh, at 8:00 a.m. From 8:00 a.m. to 6:00 p.m. (at the 18th hour), the energy of the
BESS was sharply increased until the maximum value, which is approximately 62.72 MWh.
After that, the BESS was discharged from the maximum energy to its initial value at the last
hour. It is found that the energy of the BESS was increased in the time when PV supplied
energy to the network (6:30 a.m. to 6:00 p.m.) because BESS stored surplus energy from PV,
which exceeded the demand in the network. Despite the discharge of some energy from
6:30 a.m. to 8:00 a.m., this was due to the network performance improvement by mainly
considering the objective function. In the period when supply from PV was stopped, the
SoE of BESS was also dropped to supply the stored energy back to the network. This could
verify that the BESS could efficiently balance the supply and demand of the network.

TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TT7] TT T T T T T T 17T

State of Energy (MWh)

0 J T A A A A

0123456 7 8 91011121314151617 1819 2021 2223 24
Time (h)

Figure 7. The state of energy (SoE) of the BESS.

5.2. Voltage Deviations

The voltage deviations index (%V DI) comparison of each case was obtained, as shown
in Table 2. It can be derived that %V DI of case 3 is the lowest (146.46%), which means
that the BESS installation could improve the voltage profile of the distribution network
with the connected PV. In Figure 8, the voltage profile of the 48th bus where the voltage
deviation problems are the most frequently detected in the distribution network over 24 h
is presented. For cases 1 and 2, it was found that the voltage level was lower than the
lower bound of the voltage limit from 6:30 p.m. (the 18th hour and a half) to 11:00 p.m.
(the 23rd hour). In addition, for case 2, the voltage level was higher than the upper bound
of the voltage limit from 11:30 a.m. (the 11th hour and a half) to 3:30 p.m. (the 15th hour
and a half). For case 3, installing the BESS at the 47th bus could maintain the voltage level
within the voltage limit range over 24 h.

Table 2. System performance comparison.

Cases % VDI PI (MW) QI (MVAR) SI (MVA)
Case 1 329.70 3.01 5.73 6.47
Case 2 329.70 5.90 11.23 12.68
Case 3 146.46 1.80 3.42 3.86

5.3. Power Losses

The real power losses of all three cases over 24 h are displayed in Figure 9. For case
1, the real power loss was continuously less than 0.05 MW from 00:00 a.m. to 6:30 p.m.
(the 18th hour and a half), however, after that the real power loss of this case was consider-
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ably increased until reaching the maximum value at 7:30 p.m. (the 19th hour and a half),
which is equal to 0.33 MW. For case 2, the real power loss has occurred the same as case 1
except for the period from 6:30 a.m. (the sixth hour and a half) to 6:30 p.m. (the 18th hour
and a half). Especially, the loss for case 2 dramatically climbed to the highest point, which
is 0.47 MWHh at the 12th hour, and during the time from 10:30 a.m. (the 10th hour and a
half) to 4:30 p.m. (the 16th hour and a half), the real power loss of this case was more than
those of cases 1 and 3. For case 3, the real power loss was slightly more than those of cases
1 and 2 during 2:30 a.m. (the second hour and a half) to 5:00 a.m. (the fifth hour) and was
slightly more than that of case 1 from 11:30 a.m. (the 11th hour and a half) to 3:30 p.m.
(the 15th hour and a half). Moreover, the real power loss of case 3 was less than those of
both cases 1 and 2 in the other period. The summation of the power losses including real
power loss, reactive power loss, and apparent power loss over 24 h of all three cases are
presented in Table 2. It is found that case 2 met more power loss than those of cases 1 and
3, especially, the real power loss of case 2 was equal to 5.90 MW, which was much more
than those of case 1 (2.89 MW) and case 3 (4.10 MW).
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Figure 8. Voltage profile of the 48th bus.
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Figure 9. Real power loss comparison of three cases.
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5.4. Peak Demand

The peak demand, which is the peak real power demand, at the slack bus over 24 h is
depicted in Figure 10. It could be observed that the peak demands of both cases 1 and 3
flowed in only one direction flowing into the network, while the peak demand of case 2
flowed in both directions (into and out from the distribution network). It is found from
case 1 that the maximum real power was equal to 6.75 MW at 7:30 p.m. (the 19th hour
and a half), which is the highest demand of the day. For case 2, the maximum real power
flowing into the distribution network is equal to 6.75 MW at 7:30 p.m. (the 19th hour and
a half), which is the same value and hour as case 1, while the maximum reverse power
flow is equal to 3.70 MW at 12:00 a.m. (the 12th hour), which is the period of real power
supplied by PV. Finally, after the BESS installation in case 3, the real power demand could
be maintained within the range of 0-2 MW over 24 h. When compare the peak powers of
case 2 and 3, it can be seen that the peak power of case 3 is more than that of case 2 during
2:30 a.m.-5:00 am. and 8:00 a.m.—6:00 p.m. This means the BESS was charging during
these periods, which matches with Figure 7 when the SoE of the BESS was increased. For
the other periods when the peak demand of case 3 is less than that of case 2, it means the
BESS was discharging to the network, which can be observed from Figure 7, when the SoE
of the BESS was decreased. Thus, the capacity of the BESS significantly depends on the PV
power and load demand in the distribution network. Moreover, the BESS installation can
delay the distribution network improvement to meet the increasing electricity demand in
the future.

without PV & BESS

— — — — with only PV
~. with PV & BESS

Peak power (MW)

/
(N
-4IIJ11lIIIIJJ11lIIIIJlllllllllllllllllllllIIIIJJ

123456 7 8 910111213 14151617 18 19 20 21 22 23 24
Time (h)

Figure 10. Peak demand comparison of three cases.

After the BESS installation simulation at the seventh feeder of Nakhon Phanom
substation with the connected PV of PEA in Thailand, it is found that the optimal siting and
sizing of the BESS installation are at the 47th bus and 4.50 MW /62.72 MWh, respectively, by
considering the system cost objective function. It is also found that this siting and sizing of
the BESS could significantly improve the performance of the distribution network in terms
of voltage deviation improvement, power loss reduction, and peak demand reduction
when compared to the cases without BESS installation. By considering the siting of the
BESS in the distribution network, it is found that the siting of the BESS affects the system
constraints, especially voltage constraints. Only some buses in the network can be selected
to install the BESS to improve the voltage profile to be within the standard value. For the
sizing of the BESS, the BESS has similar sizes for the BESS installation at different buses in
the distribution network. The appropriate size of the BESS of each distribution network
depends on the imbalance of supply and demand of that network. Moreover, it could
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be analyzed that the BESS installation in different siting and sizing results in different
performance improvement of the distribution network with the connected PV.

By considering the performance of the distribution network with the connected PV
after the BESS installation, it is presented that the voltage profile in one day (24 h) was
improved and could be maintained within the constrained voltage limits. Hence, the
power quality has been enhanced, leading to the reliability improvement of the distribution
network. Regarding power loss, the BESS installation could also considerably reduce
the power losses in the distribution network, resulting in more profits of DNO from the
electricity selling. In addition, the BESS installation could also deal with the inequality
problem between supply and demand in the distribution network by storing energy into
the BESS when demand is less than supply and supplying energy when demand is more
than supply, especially the peak demand time. The benefit of the peak demand reduction
for the DNO is to extend the time for planning, improving, and expanding the distribution
network to accommodate the increasing electricity demand in the future. Another benefit
is to reduce greenhouse gas emissions due to electricity generation from fossil fuels.

The optimal siting and sizing of the BESS introduced in this study could not only
improve the performance of the distribution network with the connected PV, but it could
also increase profits and improve reliability for the DNO. Moreover, the implementation
presented in this research could efficiently provide the optimal siting and sizing of the BESS
with the connected PV in the real distribution networks; therefore, it could also be efficiently
applied to other real distribution networks with the connected PV or connected RES.

6. Conclusions

In this study, the optimal siting and sizing of the BESS installation in the realistic
radial distribution network with the connected PV, which is the seventh feeder at Nakhon
Phanom substation in Thailand, is proposed to improve network performance in terms of
voltage deviation improvement, power loss reduction, and peak demand reduction. The
optimal siting and sizing of the BESS installation were provided by considering minimum
objective function value, which is the total costs incurred in the distribution network within
a day including voltage regulation cost, real power loss cost, and peak demand cost. The
BESS installation was simulated in the seventh feeder of Nakhon Phanom substation,
Thailand, and the PSO optimization algorithm was applied to obtain the solution. After
the BESS installation, it is found that the voltage profile was improved and within the
voltage constraints, resulting in better power quality and more reliability. The real, reactive,
and apparent power losses were reduced to be lower than those of the case without the
BESS installation. The peak demand, which is the real power demand flowing through the
slack bus, was changed to be within the range of 0-2 MW and flowed into the distribution
network that is only in one direction during the considered 24 h. It is also found that BESS
installation could reduce costs incurred in the distribution network with the connected PV
from USD 5418 to USD 1467, resulting in the more income from the electricity selling to
the DNO.

From the achieved results, the analysis in economic terms is considered to find if it
is worth installing the BESS in the real distribution network, and how long will it take to
obtain the benefits in return.
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Appendix A

The system data for the seventh feeder at Nakhon Phanom substation of Provincial
Electricity Authority, Thailand, is presented in Table Al.

Table Al. System data for the seventh feeder at Nakhon Phanom substation in Thailand.

From Bus To Bus Transmission Line Load at Receiving Bus
Resistance () Reactance (Q2) Real Power, Py; (kW) Reactive Power, Q,; (kVar)

1 2 0.083 0.158 239 148
2 3 0.033 0.064 27 17
3 4 0.083 0.158 47 29

4 5 0.015 0.029 183 113
5 6 0.199 0.378 0 0

6 7 0.200 0.380 36 22

7 8 0.067 0.128 115 71

8 9 0.144 0.273 213 132
9 10 0.029 0.055 27 17
10 11 0.020 0.038 38 24
11 12 0.021 0.040 30 19
12 13 0.026 0.049 29 18
13 14 0.091 0.174 193 120
14 15 0.060 0.114 35 22
15 16 0.072 0.137 29 18
16 17 0.027 0.051 33 20
17 18 0.012 0.023 265 164
18 19 0.065 0.123 25 15
19 20 0.061 0.117 28 17
20 21 0.088 0.167 213 132
21 22 0.032 0.060 27 17
22 23 0.070 0.133 37 23
23 24 0.040 0.076 316 196
24 25 0.022 0.042 33 20
25 26 0.022 0.042 29 18
26 27 0.131 0.250 243 151
27 28 0.083 0.157 639 396
28 29 0.088 0.167 36 22
29 30 0.091 0.174 32 20
30 31 0.144 0.274 39 24
31 32 0.126 0.241 218 135
32 33 0.034 0.065 38 24
33 34 0.079 0.150 36 22
34 35 0.110 0.209 40 25
35 36 0.002 0.005 329 204
36 37 0.038 0.073 31 19
37 38 0.071 0.136 387 240
38 39 0.175 0.334 33 20
39 40 0.059 0.113 35 22
40 41 0.065 0.123 184 114
41 42 0.158 0.300 35 22
42 43 0.161 0.307 201 125
43 44 0.311 0.593 90 56
44 45 0.179 0.342 32 20
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Table A1. Cont.

From Bus To Bus Transmission Line Load at Receiving Bus
Resistance () Reactance (Q2) Real Power, Py; (kW) Reactive Power, Q; (kVar)

45 46 0.141 0.267 463 287
46 47 0.037 0.068 0 0

47 48 0.708 1.347 116 72
6 49 0.045 0.086 0 0

49 50 0.068 0.045 134 83
49 51 0.032 0.061 38 24
51 52 0.010 0.019 161 100
52 53 0.018 0.035 219 136
53 54 0.008 0.015 27 17
54 55 0.010 0.019 28 17
55 56 0.048 0.091 369 229

The dynamic load and PV of the seventh feeder at Nakhon Phanom substation of
Provincial Electricity Authority, Thailand, is presented in Table A2.

Table A2. The dynamic load and PV of the seventh feeder at Nakhon Phanom substation in Thailand.

Timestep Time Duration Coefficient (p.u.) PV
Real Power, p°  Reactive Power, g° (MW)

1 00.00-00.30 0.40 —0.19 0
2 00.30-01.00 0.22 -0.17 0
3 01.00-01.30 0.22 0.07 0
4 01.30-02.00 0.19 0.06 0
5 02.00-02.30 0.22 0.07 0
6 02.30-03.00 0.23 0.09 0
7 03.00-03.30 0.23 0.07 0
8 03.30-04.00 0.23 0.07 0
9 04.00-04.30 0.24 0.05 0
10 04.30-05.00 0.24 0.05 0
11 05.00-05.30 0.24 0.05 0
12 05.30-06.00 0.24 0.09 0
13 06.00-06.30 0.41 0.10 0.02
14 06.30-07.00 0.38 0.07 0.13
15 07.00-07.30 0.35 0.06 0.14
16 07.30-08.00 0.36 0.06 0.44
17 08.00-08.30 0.34 0.06 151
18 08.30-09.00 0.35 0.10 1.68
19 09.00-09.30 0.31 0.11 1.39
20 09.30-10.00 0.27 0.10 1.81
21 10.00-10.30 0.30 0.18 1.99
22 10.30-11.00 0.23 0.08 297
23 11.00-11.30 0.07 0.11 3.11
24 11.30-12.00 0.18 —0.09 5.34
25 12.00-12.30 0.05 0.35 413
26 12.30-13.00 0.06 —0.03 4.28
27 13.00-13.30 0.07 -0.23 4.48
28 13.30-14.00 0.06 —0.03 4.03
29 14.00-14.30 0.18 0.09 3.93
30 14.30-15.00 0.13 —0.06 421
31 15.00-15.30 0.18 0.23 3.13
32 15.30-16.00 0.26 0.02 3.29
33 16.00-16.30 0.28 0.19 2.31
34 16.30-17.00 0.23 0.16 1.38

[68]
Q1

17.00-17.30 0.29 0.07 1
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Table A2. Cont.

Timestep Time Duration Coefficient (p.u.) PV
Real Power, p°  Reactive Power, g* (MW)

36 17.30-18.00 0.32 0.04 0.50
37 18.00-18.30 0.36 0.07 0
38 18.30-19.00 0.78 0.33 0
39 19.00-19.30 0.99 0.22 0
40 19.30-20.00 0.94 0.19 0
41 20.00-20.30 0.90 0.13 0
42 20.30-21.00 0.86 0.12 0
43 21.00-21.30 0.81 0.06 0
44 21.30-22.00 0.77 -0.01 0
45 22.00-22.30 0.72 —0.04 0
46 22.30-23.00 0.69 —0.07 0
47 23.00-23.30 0.66 —0.06 0
48 23.30-00.00 0.40 —0.08 0
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