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Abstract: The optimization of battery energy storage systems (BESS) is becoming increasingly
popular among consumers due to numerous advantages, such as improved energy efficiency, cost-
effectiveness, and promotion of network stability. As electric vehicle (EV) battery ages, effective
management is essential after the removal of battery to improve energy efficiency. In this context,
repurposing second-life battery (SLB) for BESS applications provides a highly attractive alternative
to direct recycling or disposal, offering both economic and environmental benefits. Therefore, this
study aimed to determine optimal sizing and siting of BESS by comparing both fresh battery and
SLB in the IEEE 14 bus. The analysis focused on developing cost-effective energy systems that
integrate operating and investment costs, based on high photovoltaic (PV) penetration, using the
direct current optimal power flow (DC-OPF) model derived from a linearized network. The results
showed that optimizing BESS led to a reduction of 2.28% and 3.38% in PV penetration as well as
unsupplied energy costs, respectively compared to scenarios without BESS. Additionally, 25% PV
penetration reduced total daily operating costs from fresh battery and SLB by approximately 38.89%
and 74.77%, respectively.

Keywords: Battery Energy Storage System; Sizing and Siting; Second-Life Battery; Electric
Vehicle Battery; DC-OPF; High Photovoltaic Penetration

improved energy efficiency and network

ensuring high penetration of renewable energy

Renewable energy sources (RES) and battery energy
storage systems (BESS) are potential solutions to global
warming problems by reducing greenhouse gas emissions
and promoting a sustainable future'?»®. Among several
RES alternatives, photovoltaic (PV) offers direct
integration in power systems, facilitating easy
implementation across various regions, including in rural
areas. However, the production of PV is severely affected
by solar irradiation and ambient temperature®>®,
Penetration of high-frequency renewable energy plants
also affects network stability due to reverse current flow,
as well as voltage, frequency, and harmonic®'?!D, To
address these challenges, the government has taken
measures to significantly increase penetration of
renewable energy into local and regional distribution
network, focusing on improving the reliability of
infrastructure!>™'¥.  As a potential solution, BESS offers

Furthermore, it can provide flexibility by storing excess
electricity and reducing power supply during peak hours
of RES to increase the number of connected RES power
sources to the network'®. This makes optimization
essential to increasing network flexibility, minimizing
installation and operation costs!>?%. By supporting a high
penetration of RES, BESS is capable of preventing load
loss and reducing the cost of adding a generator unit to
system for backup power?. Additionally, it can reduce the
need for additional investment in transmission and
distribution infrastructure, along with energy storage and
distribution costs.

BESS offers promising solutions for energy supply
volatility, with several benefits, including backup, load
conversion, auxiliary services, peak shaving, microgrid,
integrated renewable energy, frequency regulation,
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demand response, load leveling, voltage control, and
seasonal storage????Y, Despite the potential of
mitigating power fluctuations and improving grid system
performance, there is a significant challenge in
determining the appropriate capacity and locations of
installed BESS. The lack of capacity and inappropriate
locations can lead to significant power losses, higher
investment, and operational costs for microgrid systems
232027 Consequently, careful consideration and precise
determination of capacity and location are essential to
achieve optimal performance and economic sustainability.
Effective use of BESS can maximize effectiveness and
improve the performance of grid systems, contributing to
the successful integration of renewable energy into local
and regional public network.

Investment costs are directly proportional to the size of
BESS, including energy and power ratings, installation,
and annual maintenance costs. Although a large capacity
of BESS is not economically feasible, an insufficient
ability can lead to unrealized benefits ®. The cost of
BESS is determined by several factors, such as battery
technology, energy source integration, location,
installation, maintenance, converter interface energy, and
capital costs for storage capacity. Other factors include
battery life, capacity, degradation, power loss, state of
charge (SOC), and depth of discharge (DOD)!?39, This
phenomenon shows the need for determining the cost-
effectiveness of BESS to evaluate the appropriate capacity
and installation location for enhancing the performance of
grid systems.

Optimal BESS capacity and installation location are
crucial to improve the performance and sustainability of
the electric system and reduce costs’)!?. The
optimization process considers several factors such as
capacity, locations, and impact on energy losses, along
with investment and operating costs. The size of BESS

must be balanced with energy cost and rating, including
installation and maintenance?”?®. Consequently, the
optimization process should ensure the economic and
sustainable functioning of the electricity system.
Improving BESS location in the grid systems is essential
for effective response to changes in electricity production
and demand. This improvement will reduce losses due to
transmission and distribution, thereby removing
restrictions on renewable energy production®?.

Addressing environmental concerns is crucial when
dealing with waste from used batteries. Recycling and
reusing damaged batteries offer promising solutions. The
lead acid battery has a recycling rate of 95% or higher!®-33),
while lithium-ion (Li-ion) is the preferred option for
electric vehicle (EV), due to its efficiency®®. In the past
decade, approximately 400 GWh of Li-ion battery has
been sold from 5 million EV worldwide®>. However,
battery recycling and reusing are complementary
processes that reduce the production of unnecessary
resources, leading to a significant supply of second-life
battery (SLB), as EV market develops.

A recent study suggested that recycling Li-ion battery
is not financially viable’®, showing the need for
innovative solutions including repurposing EV SLB as a
BESS. However, the reuse of end-of-life battery (EOL) for
the construction of BESS can address disposal problems
and provide various electrical system services’”. Battery
that even reached EOL can still be used for lower-demand
grid services®®. Additionally, the use of SLB has increased
the RES capacity of reverse-rotating energy systems and
reduced the installation cost 340,

Previous studies have used various methods for
optimizing BESS such as evolution algorithms (EA)??,
rule-based (RB)*", model predictive control (MPC)*),
moving average (MA)*), ramp rate controller, mixed
integer linear programming (MILP) 49 and mixed

Research Problem

unpredictable nature. .

capacity of renewable energy sources and reduces installation costs..

1. The fluctuation of electricity flows and harmony is characterized by the high penetration of renewable energy generation and its

2. The integration of BESS into power systems can improve energy efficiency and performance.
3. Although BESS batteries produce hazardous chemical waste, the use of a SLB to provide low-demand network services increases the

Related Work:

1. The typical BESS optimization formulation to

reduce total system planning cost often only takes

into account the capacity, ignoring other

important factors.

2. Despite previous studies on BESS

optimization, there has been little analysis on the

use of SLB as BESS and their interaction with |

intermittent renewable energy sources. |
|

«—— — — -

Research Gap

In order to achieve optimal sizing and siting of BESS in large
power systems, it is necessary to analyze the energy shifting
capability of the system to reduce loss of load and PV
curtailment while considering the impact of PV penetration
and minimize system overall operating costs.

I

{ Optimizing day-ahead operating costs with the |
impact of BESS sizing and siting on power system
while considering the reducing loss of load and PV
curtailment.

{ Applying SLB as BESS and comparing the |
results of using fresh batteries and SLB in the
power system with consideration of day-ahead
operating costs

{ Applying and evaluating the impact of PV !
penetration on BESS optimization for enhance
reliability power system

Fig. 1: Overview of study gap BESS
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integer nonlinear programming (MINLP) 49, Typically,

optimization methods for power systems depend on
nonlinear models, leading to computational challenges. To
address these challenges, several power system methods
have been developed using MILP to reduce computational
load and enable the integration of more generators as well
as RES. Additionally, various analysis tools have been
used in power system models such as economic dispatch
(ED), alternating current optimal power flow (AC-OPF),
direct current (DC)-OPF, and unit commitment (UC).
These models serve as essential frameworks for

understanding and optimizing power system operations.

After conducting a review of previous studies presented

in Table 1, certain knowledge gaps have been identified as
follows:
e Studies 442447 have evaluated the integration of PV

and BESS into power systems, without considering the
impact of penetration, leading to network instability,
overcapacity, and economic losses. Therefore, there is
a need to consider the effects of PV penetration for an
accurate assessment of feasible and sustainable
integration.

Table 1. Literature review of optimizing BESS

BESS Power System Model
Level Fixed S d Model
. n ode
Ref. PV Wind | Penetration | Size Optimal | Optimal | Fresh ?co AC- | DC- .
. . Life ED UC | Algorithm
VRE and Sizing Siting Battery OPF | OPF
. Battery
Siting
37) v v v EA
42) v v v v MPC
41) v v v v RB
47) v v v v N/A
46) v v v v MINLP
48) v v v v v MILP
45) v v v v MILP
50) v v v v v v MILP
52) v v v v v MILP
MA
Ramp
43) v v v v
Rate
Controller
64) v v v v N/A
65) v v v v N/A
66) v v v v v v N/A
44) v v v v v v MILP
This v v v v v v v v MILP
Paper

e Previous studies ***D have examined the impact of
energy storage size on the reliability of power systems.
However, the majority of studies predominantly
focused on sizing, without considering the
significance of BESS locations or assessing SLB as an
alternative.

o Although previous studies %52 have addressed
the optimization of operation costs and planning for
integrated power systems that incorporate BESS and
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RES, the analysis only considers the cost of load loss.
This phenomenon leads to an incomplete assessment
of the feasibility and sustainability of integrated
systems. Therefore, incorporating penalty costs for
RES curtailment is essential to ensure an accurate
assessment of a feasible and sustainable power system.

The integration of SLB into BESS presents a significant

challenge due to limited capacity. However, the process
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can still be effective in less demanding network services

and increase the renewable energy capacity of reverse

spinning applications. In this study, the proposed BESS
optimization model aims to address the limited capacity
of SLB and compare efficiency with fresh battery.

Furthermore, this model considers cost reduction and load

loss of PV to reduce operating costs and improve system

reliability. Based on these factors, the model is designed
to optimize the size and location of BESS to develop cost-
effective energy systems that combine operating and
investment costs, considering the impact of SLB and PV
penetration. The proposed model uses MILP to determine
optimal size and location of the BESS grid scale to
determine optimal configuration and location of the grid
scale.

The study aims to fill the knowledge gaps by proposing

a daily optimization method to improve the electricity

system through the integration of BESS and PV sources.

To address these gaps, the study provides a perspective on

the feasibility and sustainability of SLB and PV

integration into electricity systems, showing the potential
for cost-effectiveness and reliability improvements. For
these limitations, the analysis focuses on optimizing

BESS size and location only by comparing the results of

fresh battery with the Li-ion technology and the SLB. The

optimization of energy systems is conducted using the

DC-OPF model, which is developed from a linearized

network model.

The main contributions to this study are summarized as
follows.

e The study presents a formula considering the effect of
the size and location of the BESS on the electricity
system when calculating daily operational costs.
Furthermore, the proposed model considers the
potential impact of load loss and PV curtailment,
capable of affecting daily operating costs.

e The application of Li-ion battery as BESS is assessed
and compared with results to those obtained from the
use of fresh battery in power systems. A comparison is
carried out to determine the impact of daily operating
costs on the performance of two batteries.

e The study evaluates the impact of PV penetration on
the optimization of BESS in the electrical system.

The structure of the study is as follows: Section 2
describes the mathematical models used to optimize BESS.
Section 3 explains how to determine optimal BESS sizes
and position strategies, while Section 4 describes the case
studies. Meanwhile, section 5 evaluates and discusses the
results of the optimization. Discussion continued in
Section 6 and presented the conclusions, while further
work was presented in Section 7.

2. Problem Formulation

The optimization of sizing and siting of BESS is
essential to develop cost-effective power systems that

balance operating and investment costs. The process is
carried out to improve reliability and durability®¥, thereby
reducing total losses and costs. To achieve this, BESS
optimal positioning depends on the size results of each
grid location. Based on investor objectives, size strategies
are formulated to determine optimal BESS capacity of the
network considering battery energy capacity (MWh) and
power rating (MW), along with technology and
characteristics. Previous studies have shown that optimal
siting of BESS improves the response to changes in
electricity production and demand®®*». Therefore, the
day-ahead optimization for power systems with integrated
BESS and PV functions is formulated as follows:

Min TOC = C9 + CPY + CenS + Chess 1)
€9 = Sig (ag(PE)" +b,(PE) +¢5) @

Ve — pvc ppvc
CP = Yieky Py 3)
ens _— VOLL pLS
C™ = Yiachi Py “)
E BESS , E Ei
Zb,ipffss(ﬂbp"'/‘-fom)"' EE (/"be"'/"b Lns)

chess =

(6))

Lt
365 T}

The daily total operating cost (TOC) connected to the
grid is shown in Eq (1), including generators, operating
costs (C9), BESS cost (C?¢5%), energy does not supply cost
(€C®™), and PV curtailment cost (CPV¢). The indices used
in Eq (2-5) are g for the generator unit, i,j for the bus
unit, battery technology type with b, and the period index
in hours with t. The coefficients ag, by, ¢, represent the
fuel cost of generators, P; ¢ 1s the generator output power
in MW, ,ufw represent the penalty cost of PV curtailment,
and Pg’tw is PV curtailment power in MW.

In Eq. (4) represents the value of lost load (VOLL) and
the load shedding power. u!°" represent the value of
penalty VOLL and, PlLf represent the load-shedding
power in MW. VOLL is calculated to estimate the
monetary losses caused by unused energy resources. The
price is determined by the willingness of customers to pay
for reliable electricity services, depending on the location,
type of customer, and periods of the power outage>®.

The cost of installation and operation are shown in Eq.
(5), where ngss represents the BESS power cekpacity in
MW, ngss is BESS energy in MWh, and ,ubp is the
investment cost per capital capacity power rating.
Additionally, uf °m  represents BESS operation and
maintenance costs, ,ufe is the capital energy rating of the
investment costs, and uf ins a5 BESS installation costs. In
this objective function, the cost of BESS is divided by 365
days, with T%® representing the service lifetime of battery
in years or EOL.

2.1 Grid Balance Operation Constraint
Db ) (S + B + B
g.t b,t

+PY — PP =P, @)
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Sit—6j¢
P, = —but 8
Lit = Ty, (®)
_Pl:r"]l‘%x S Pi,j,t S P{r}"%x (9)
0< P <(P? (10

A constraint is introduced in Eq. (7) to ensure the
balance of energy and power in system. This constraint
requires that power generated by generators and PV
systems located on bus flowing to and fro is equivalent to
the local demand. When the output is not sufficient to
meet the balance, a load shift occurs, where Ih
corresponds to power flow of the bus in relation to the
branch network. The discharge power of BESS is denoted
as PFh in MW, while P" is charging power. The
positive value of the BESS represents the discharge, while
the negative value shows charge. The active power output
from PV is denoted as Pg’;] and the active power of the
load is P/?. Moreover, Eq. 8 represents the active current
flow of the branch connected to the bus, which
corresponds to the voltage angle between the bus and the
reaction voltage P; ;.. The voltage angle i, is denoted as
6;¢ and the reactance branch is X;;. In Eq. 9, the
maximum power flow limits for bus connected to
branches are defined as P/j¢", thereby power flow of the
bus connection branch is restricted. Finally, Eq. 10 defines
the limit of load loss power.

2.2 Generator Operation Constraint

RS < S, < PO (11)
P§i — Py < RU, (12)
Pgt-1y — Pye < RDy (13)

When the generator functions within the operating
limits, power supply capacity of the grid is limited by Eq.
(11). This process considers the minimum and maximum
limit for the generator power output, represented by
PgG’gmin, and RgGrgmaxrespectively. Equations (12) and (13)
represent the limits for ramping up (RUy) and ramping
down (RDy) the output power of generators, respectively.
2.3 PV Operation and Curtailment Constraint

0 < PY < pvA}” (14)
PIY = pv A7 = PYY (15)

Eq. (14) describes the availability power PV constraint
that includes power of bus-connected PV pv; ;, with A"
representing PV capacity in MW. Meanwhile, Eq. (15) is
the value power PV available at less than the active output.
2.4 BESS Operation Constraint

0< Pt < Ppi™® (16)

-PPESS < PR, < 0(17)

pdch
SOCPES = (1 — ki) SOCETE 1 + (ngth_’}_t + n%';-,i)

(18)
0 < SOCPES < EPFSS (19)
Eq. (16) defines the maximum power that BESS can
discharge at any given time. Similarly, Eq. (17) represents
the limit on BESS power rating when charging. In Eq. (18),
the SOC SOC,fffS is constrained by the balance of its
energy capacity, considering self-discharge of battery k5%,
as well as the efficiency of BESS during charging n&"
and discharge nf". The continuity of energy stored is
expressed in Eq. (19) based on consistent BESS, except
for changes caused by charges and discharges. This
equation ensures consistent energy stored at the end and
beginning of the next interval, considering energy added
or extracted during the process.

3. Proposed Methodology

The main objective of BESS sizing and siting
optimization is to determine optimal value of power rate
variable PZFSS and energy rate EFFS, to minimize daily
total operation costs. This optimization is performed using
Optimal Power Flow (OPF), based on operating model
constraints of the electrical system, to improve
distribution, and reduce the fuel costs of the electrical
plant. To evaluate the effect of the BESS on the daily
operating costs, PV curtailment, energy loss, and the
BESS were added to the objective function Eq. (1).
Several BESS optimization algorithms are based on
Mixed-Integer Nonlinear Programming (MINLP) and
Mixed-Integer Linear Programming (MILP)*Y. However,
the complexity and nonlinearity of MINLP is larger than
the proposed model, requiring time and computational
resources, to target the most favorable local solution™.
MILP algorithm is relatively simple, inexpensive, and
capable of accommodating a large number of RES and
loads. It also handles numerous constraints, showing a low
amount of forecasting error.

In this study, the network model uses a DC-OPF, which
is linearized to mitigate computational complexity from
the "curse of dimensionality". DC-OPF model is
introduced to simplify power flow equations and mitigate
the computational complexity associated with the AC-
OPF problem using a quadratic function to represent bus
angles and losses. However, as system reaches stress
conditions, the active power transfer is often limited by
voltage and reactive power constraints. This shows the
need to integrate voltage/VAR constraints into OPF model.
Various efforts have been made to incorporate Q and v into
linearized network models. To address the nonconvexity
introduced by quadratic losses, an enhanced linearized
network model based on Taylor series expansion is
applied to OPF problem. Additionally, a method using
piecewise linearization with integer variables is proposed
to manage the nonconvex nature of quadratic losses®®.
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MILP algorithm using a branch and bound strategy is
applied to optimize the problem. The bound process aims
to determine a solution to the relaxed problem, serving as

Data parameter preparation (profil generation,
profile PV, profile fresh battery and SLB, profile
demand, and profile cost)

!

Solve TOC with MILP

MinTOC = C9 + CPYE + CoNS 4 Chess

e w |
Choose BESS branch bus i*, technology
b*, from the waiting node list and solve |_
for every combination variable
operation
¢ [Bus i, Technology b°

Solve the daily operation model (power
generator, loss of load, power flow,
voltage angle, PV curtailment, power
charging/discharging BESS, energy BESS
continuity)

v

Find Minimum TOC (i*b*)

Fathom this node

IfTOC < TOC_Ref
Pﬁl:.SS H’BESS

bus i*, technology b*

TOC_Ref=TOC
Removes node /, j from the witing list,
for which TOC > TOC_Ref

*Result before as TOC reference

If waiting node list is empty
(bus I* and technology battery b*)

Optimal solution = TOC_ref
minimum TOC

Optimal siting (placement bus) and
sizing (power and energy rated) BESS

pESS pESS
i Epi
bus I, technology b

Comparitive the result optimization of
fresh batteries and SLB as BESS

Fig. 2: Flowchart optimal siting and sizing BESS

a lower limit for minimization or a higher limit for
maximization. Meanwhile, the branch process entails
dividing the problem into smaller parts. The branch and
bound strategy consists of two critical steps, namely
fathomed and incumbent nodes. Specifically, fathomed
nodes do not require re-branching, as MILP is impossible,
suggesting that a feasible or optimal solution has been
found. Incumbent nodes represent the best solutions at
each search node. For example, when an integer solution
is performed with a better objective function value or there
are no incumbent nodes at the start of the search, the recent
solution becomes the new incumbent node.

4. Case Studies

The test network used for evaluation was the adapted
IEEE 14 test bus system. Generators were placed on buses
1 and 3, while bus 4 was equipped with PV power sources.
Tables Al, A2, and A3 show resistance, reaction,
generators, bus system data, and daily load data’’%.
Diagram IEEE-14 modified is shown in Figure 3. The load
profile is shown in Figure 4°? and in Figure 5 shows
hourly PV profile data obtained from the National
Renewable Energy Laboratory (NREL)%?.

Table 2. Data parameter fresh battery and SLB 33-32:53.61.62)

Parameter Pilrtetzlrly SLB
Efficiency (%) 95 90
Self-Discharge on Daily (%) 0.02 0.1
Cost of BESS Power Rate ($/kW) 320 320
Cost of BESS Energy Rate ($/kWh) 360 80
Installation Cost ($/kWh) 15 37
Cost of Maintenance System ($/kW/Year) 5 7.78
Lifetime (Years) 10 6

Fig. 3: Diagram IEEE-14 modified 3%

3000

2800
<2600
= 2400
T 2200
®

S 2000
2 1800
fo]

£ 1600
0 1400

12004

1000

B2 13 18 15 16 17 8 19 t10 t11 112 113 114 115 t16 117 HE 19 120 121 22 123 124
Time (hour)
Fig. 4: The data on the hours of load demand for the
modified IEEE-14 bus
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200
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z 60
40
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Time {hour}

Fig. 5: Hourly PV data for modified IEEE-14 bus

Table 3. PV penetration scenario

Scenario Penel:::l tion Location PV on Bus
1 10 % 4

2 25 % 4,6

3 50 % 4,6,11,14

4 100 % 4,5,6,8,10,11,12,14

This study uses two types of Li-ion battery, consisting
of fresh and SLB from EV, as shown in Table 23336 with
a service time (T£Y) of 10 years’™, and 6 years,
respectively®®. In this study, both fresh battery and SLB
share the same criteria, while the investment cost is
normalized to one day. Figure 2 shows the PV penetration
scenario in the bus system. Table 3 shows the scenario PV
penetration. Furthermore, the proposed MILP model was
implemented in general algebraic modeling system
(GAMS) 39.2.1 and calculated using AMD Ryzen 5 3550h
3.6GHz CPLEX LP solver with 16GB RAM.

5. Numerical Result

The study examines the impact of the use of fresh
batteries and SLB on energy system costs in BESS To
achieve this objective, five different scenarios were
analyzed, each including a new PV penetration scenario:

Case A: Represents the daily operation of the electrical
system without BESS.

Case B: The use of fresh battery with a fixed size and
location of BESS.

Case C: The use of SLBs and the fixed size and location
of BESS is considered.

Case D: Examines the use of a fresh battery with
optimized BESS size and site.

Case E: Evaluate the use of SLBs with optimized BESS
size and site

Case A was selected as a basis for establishing
benchmark to assess the effectiveness of BESS system.
Meanwhile, Cases B and C were designed to compare the
impact of fixed power supply and location on BESS, fresh
battery, and SLB. Cases D and E were used to determine
optimal capacity and location.

In case A, there was no BESS on power system and the
optimization problem was used to minimize the network

operating costs. These included the cost of producing
generators, unsupplied energy, and PV curtailment. The
penalty fee for the load shedding, PV curtailment penalty,
and total daily operating costs used were $/MWh 50,000
53,50 $/MWh ¢ and $8,779,631, respectively.

Simulation results showed that there was a significant
difference between load demand and electricity
production by generators in the 3rd to 16th hours, leading
to load losses, as shown in Fig.6. The study found that in
the case of 10% PV penetration, the most economical
reduction fee was $14,668.71. This occurred when PV
energy production could not be reduced to meet load
demand and distributed power generation. However, when
PV penetration rate was 100%, a significant reduction was
observed in the TOC. These results showed that increasing
the PV penetration rate could be a cost-effective solution
to reducing network operating costs.

450 T T T T T T T T T

T T
400 4[| Power DG ]
Power PV 1
350 1 Demand (MW) 7

0 T T T T

T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24
Time (Hour)

Fig. 6: The dispatch of power system in case A PV penetration 100%

Table 4. The results of numerical simulation on case A

PV
. 10% 25% 50% 100%

Penetration
9 (%) 13,933.72 12,110.59 11,492.22 11,416.99

ens
Cems(8) 8,684,134.65 | 7,420,858.31 | 7,246,366.98 | 6,993,096.99
Ve
CPE(8) 14,668.71 28,942.29 122,235.39 326,209.54
CbeSS($)
TOC($) 8,712,737.09 | 7,461,911.20 | 7,380,094.60 | 7,330,723.53

450 T T T T T T T T T T

T
[_TPower DG
400 Power PV
_| |1 Power BESS Discharge N
350 Demand

T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24

Time (Hour)
Fig. 7: The dispatch of power system in case B PV penetration 100%
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™ 300 T T T T T T T T T T T
0 [ BESS Charge
a [ BESS Discharge
+ 200+ —=—SOC (MWh) -
©
é 100 °/./o—o\° _
wn °/°/ \g
ﬂ 0 A A NG e g = i N B R s
w e o
._
g
2 -100 .
o
T T T T T T T T T T T
D e R s e v D X

Time (Hour)
Fig. 8: The hourly dispatch of BESS on Case B PV penetration
100%

Table 5. The results of numerical simulation on case B

showed that the TOC was lower in the 25% PV
penetration scenario. Although BESS did not fully
compensate for load loss, it minimized load losses and PV
curtailment by providing electricity reserves. BESS also
significantly reduced TOC by 64.5%, showing potential
as an economically efficient solution to reduce operating
costs and improve the reliability of high-power PV
penetration systems.

In case C, the use of SLB was examined rather than
BESS. The SLB was installed on bus 3 with power
capacity of 100 MWh and energy rate of 50 MW. This
placement was strategic due to proximity to both demand
centers and power generation facilities. The SLB was
connected to two charging and discharge cycles daily, as
shown in Fig. 9 and 10. The results in Table 6 showed that
the TOC of 25% of PV penetration scenarios were lower
than Case B. SLB and BESS were used to reduce
operating costs by 68.64% compared to Case B, resulting
in total daily operating costs of $1,887,635.54.

PV . 10% 25% 50% 100%
Penetration
()] 14,669.32 12,567.51 11,546.56 11,378.96
cens(8) 2,181,432.83 | 1,130,326.78 | 1,089,802.07 | 1,089,802.07
CP7(3) 19,176.34 28,573.62 115,868.10 | 318,763.33
chess(s) 147260274 | 1472,602.74 | 1472,602.74 | 1472,602.74
TOC($) 3,687,881.23 | 2,644,070.65 | 2,680,819.48 | 289,2547.11

Case B was selected to minimize load losses and reduce
PV energy by implementing BESS. Initially, the fixed
sizing and siting values of BESS variables, Pffss and
EPFS® in Eq. 5, were used to determine optimal solution.

Simulation was carried out to evaluate the daily operation

of power system without considering the replacement cost.

This experiment was carried out to investigate the effects
of using fresh Li-ion battery in power systems,
considering the operation limitations of BESS, as
specified in Eq. (16-19). However, the maximum DOD
strategy was not considered in the optimization phase and
the maximum value was set to 80%. BESS with a capacity
of 100 MWh energy and 50 MW power was installed at
bus 3. This siting was strategic due to the proximity to
both demand centers and power generation facilities.
Based on the simulation results, the use of fresh Li-ion
battery in energy systems effectively reduced energy costs
and PV excesses. BESS showed the potential capacity to
discharge energy and meet demand when energy
generated is not enough. In a 100% PV penetration
scenario, BESS reduced unsupplied energy costs that were
not supplied by 3.38% and PV curtailment by 2.28%
compared to case A. As shown in Fig. 8, hourly delivery
of BESS followed the two charge-and-discharge cycles of
the day, supporting energy demand in the event of load
loss during the 7th and 17th hours. These results suggested
that the implementation of BESS with a fixed size and
siting value could improve energy system, although with
impact limited by the fixed capacity of battery.
In this study, operating costs were obtained from
generators, unsupplied energy, PV curtailment, and BESS
operation. The simulation results presented in Table 5
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Table 6. The results of numerical simulation on case C
PV o0 0, o0 0,
. 10% 25% 50% 100%
Penetration
cI (%) 14,649.46 12,608.12 11,580.25 11,387.59
c™s($) 2,470,324.74 | 1,384,716.81 | 1,342,769.41 | 1,342,769.41
CP" (%) 18,116.38 28,573.62 115,868.10 318,763.33
chess(§) 461,736.98 | 461,736.98 | 461,736.98 | 461,736.98
TOC($) 2,964,827.58 | 1,887,635.54 | 1,931,954.75 | 2,134,657.33

Case D focused on optimizing BESS size and location

to determine the impact on total power system operating
costs. Initially, the variables Plf ESS and E g ESS were
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used to determine optimal configuration that would lead
to the minimum daily operating costs. Table 7 shows that
BESS is optimally configured in buses 3, 9, and 11, while
the total capacity with 25% PV penetration is 34.0SMW
and 123.73MWh. Figures 11 and 12 show that the
optimized BESS experiences two charge/discharge cycles
per day. By optimizing the size and location of the BESS,
there is the possibility to minimize the cost of energy
generation and PV production. Based on the results, the
cost of BESS is lower than the 50% and 100% PV
penetration scenarios. However, optimization of BESS
configuration led to the reduction of TOC by 38.89%
compared to case B. This showed the potential advantages
of optimizing the size and location of BESS for high PV
penetration.

T
[__JPower DG
400 Power PV 7
"] Power BESS Discharge
Demand

O T T T T T T T T T T T
2 4 6 8 100 12 14 16 18 20 22 24
Time (Hour)
Fig. 11: The dispatch of power system in case D PV penetration
100%
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Table 7. The results of numerical simulation on case D

Table 8. The results of optimizing BESS on case D

PV Bus Location | Power Energy
Penetrati Placement of | Rating Rating
enetration 1 prss (MW) (MWh)
10% 3 30.18 125.88
8 0.88 1.86
9 3.90 13.7
25% 3 30.32 115.19
9 3.48 8.01
11 0.25 0.53
50% 3 30.32 114.40
9 2.91 6.80
10 0.82 1.73
100% 3 30.32 114.40
9 2.91 6.80
10 0.82 1.73

PV . 10% 25% 50% 100%
Penetration
[6)) 147,92.00 12,633.18 11,572.95 11,394.26
CETLS($)
CPY($) 189,77.28 28,495.58 115,203.50 318,216.47
chess($) 1,765,310.78 | 1,574,565.64 | 1,566,504.17 | 1,56,6504.17
TOC($) 1,799,080.06 | 1,615,694.42 | 1,693,280.63 | 1,896,114.91

In case E, SLB was designed to optimize size and
location using BESS to minimize daily operating costs.
The optimization used variables to determine optimal
configuration. The results in Table 9 dan 10 showed that
buses 3, 9, and 11 had optimized SLB configuration with
a total capacity of 34.05SMW and 130.740MWh under the
25% PV penetration scenario. Figures 13 and 14 show that
optimized SLB had two charging/discharge cycles/day.
This optimization using SLB resulted in a cost reduction
of 74.77% in Case C in the same scenario. The
implementation of SLB instead of BESS significantly
reduced the operating costs of power systems, while
meeting the same performance requirements.
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Table 9. The results of numerical simulation on case E

Table 11. Comparative study BESS

PV
i 10% 25% 50% 100%

Penetration
9 (%) 14,809.64 12,700.91 11,633.80 11,451.60
CETLS($)

44
CPYE(S) 17,919.92 28,475.95 115,086.85 | 318,078.64
bess
C7%%5(8) 47734208 | 43502632 | 43335225 | 43335225
TOC(3) 510,071.65 | 476203.19 | 560,072.90 | 762,882.50

Table 10. The Results of Optimizing BESS on case E

PV Bus Location | Power Energy
Penetration Placement of | Rating Rating
BESS (MW) (MWh)
10% 3 30.16 132.99
7 0.80 1.79
8 0.05 0.12
9 3.92 15.36
25% 3 30.32 121.72
9 3.48 8.46
11 0.25 0.56
50% 3 30.32 120.85
9 291 7.18
10 0.82 1.83
100% 3 30.32 120.85
9 291 7.18
10 0.82 1.83

The optimization of energy systems is essential to
ensure efficient and sustainable energy production.
Therefore, this study focused on identifying the main
challenges of system optimization and determining
solutions using BESS.

7600000 T T T T T
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Generator Conventional Cost ($)
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Fig. 15: Comparative study total operation cost

Optimal Total Total
Case 25% L pa
PV Objective Location | Power | Energy
. Function ($/day) BESS BESS BESS
Penetration
(bus) (MW) | (MWh)
A 7,461,911.20 - - -
2,644,070.65 3 50 100
C 1,887,635.54 3 50 100
D 1,615,694.42 3,9.11 34.05 123.73
E 476,203.19 3,9.11 34.05 130.74

Analysis of five case scenarios showed that energy
costs, supply, and PV curtailment were the main issues of
system optimization. Case A showed that power
imbalance could lead to a high energy cost, significantly
resulting in load loss. However, simulation results showed
that BESS supported high PV penetration, prevented
peak-hour production, improved reliability, and reduced
load loss.

In case A, BESS avoids investment costs but results in
high energy consumption. Meanwhile, in cases B and C,
the addition of BESS led to a reduction in losses and TOC.
Table 11 shows that the daily operating costs of using SLB
as BESS are the lowest, showing the size and location of
Case E as optimal. The use of the same capacity and
location also reduced the operating costs of BESS
compared to fresh battery.

The results showed that SLB was more economical than
fresh battery mainly due to lower energy costs. In cases D
and E, installation sites close to load plants, solar power
plants, and generators were identified as optimal locations
for BESS. This result was directly influenced by the
constraint grid balance in Eq (7), where BESS selected
optimal location within the installation bus to handle the
excess load demand caused by electric energy generation.
In cases A to C, high PV penetration into system increased
the cost associated with PV curtailment. However, TOC
were reduced due to lower energy and load. In cases D and
E, optimizing energy conversion by BESS and charging
was reversed to recover load loss costs and PV
compression.

The optimization process showed that the TOC
objective function of cases B and D was high in BESS.
These results were obtained from optimal size and
location of BESS, showing the daily number of
charge/discharge cycles, as presented in Fig. 8, 10, 12, and
14. The study found that optimal BESS usually only
passed two cycles on average daily. Excessive cycles had
anegative impact on the lifespan of BESS, particularly for
long-term system applications.

The results showed that the implementation of optimal
BESS system could reduce load loss in energy system and
the costs of PV generation. The operating cost of optimal
BESS was reduced from 38.89% to 74.77% for fresh
battery and SLB without optimization. However, the
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reliability of the service life must be considered as SLB
and fresh battery only lasts for 6 years and 10 years,
respectively.

This study showed the importance of SLB in addressing
battery disposal issues and improving the capacity of RES
by enhancing system's ability to handle reverse energy
flow. By optimizing BESS sizes and locations using fresh
battery and SLBs, a significant reduction in energy costs
was achieved. In comparison, optimally configured BESS
minimized PV curtailment and energy supply costs.
Additionally, daily operating costs were reduced, despite
the shorter lifespan of the SLB. This suggested that
optimal BESS installation reduced energy costs, leading
to improved system reliability and effective management
of PV penetration levels. Optimal BESS charge and
discharge schedule also enabled the load transfer system
to operate efficiently.

7. Conclusion

In conclusion, this study showed that the integration of
renewable energy into the electricity grid caused various
challenges such as voltage and frequency fluctuations,
harmony, and reverse energy supply. To address these
challenges, BESS was identified as a promising solution,
to enhance grid stability, energy efficiency, and enable
more effective use of renewable energy. This study also
emphasized the potential of SLB in addressing battery
disposal and mitigating the capacity of RES by improving
system's ability to handle reverse energy flow. Therefore,
analysis was carried out to optimize the size and location
of BESS, using both fresh battery and SLB, to minimize
daily operational costs.

The results showed that optimally configured BESS
significantly reduced energy costs. This showed that a
25% PV penetration scenario optimized system
performance without compromising reliability. Through
strategic optimization, BESS showed the potential to
lower PV curtailment costs by approximately 2.28% and
unsupplied energy costs by 3.38%. Furthermore, optimal
sizing and siting of BESS reduced daily operating costs by
approximately 38.89% and 74.77% for fresh battery and
SLB, respectively. Although initial BESS installation
costs increased, total operational costs were substantially
reduced, particularly with SLB, which caused a 70.5%
reduction. The shorter lifespan of SLB compared to fresh
battery posed considerations for long-term investment
strategies.

For a more comprehensive understanding of BESS role
in grid stability and RES integration, future studies should
explore the long-term effects of battery degradation on
power system planning and strategies to enhance the UC
process. This exploration was recommended to ascertain
the full impact of SLB incorporation and RES penetration
on the strategic planning as well as operational efficiency
of power systems.
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Nomenclature

Index

g Generator unit

Lj Bus unit

t Hourly

b Battery technology

Parameter

ag, by, cg Coecfficient cost of fuel generator

#vac PeTlalty coefficient for restricted PV
units

VOLL Penalty coefficient for units to lose

Hi .
load shedding

Mg‘p The annual cost of investment/capital
of BESS power rating

uEom The annual cost of BESS
maintenance and operation

uEe The annual cost of investment/capital
of BESS energy rating

llzb;ms BESS installation cost

Pftv Active power output from PV
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LD
Py
Xij

max
Py

Gmin pGmax
P P

g.t ’igit
RU4, RD,
PVic
A
ks®

ch _dch
M > Mp

Lt
Tb

Variable
TOC
P§;

pvc
Fie

P}
PgiESS
EpisS
SOCgiE_fS
Pt
ri

Pije

8j¢

Active power from load demand
Reactance from bus-connected
branches

Maximum power flow limit from the
connected branch bus

Minimum limit dan maximum from
the generator

Ramp up dan ramp down
Auvailability of bus-connected PV
PV capacity connected to the bus
Coefficient self-discharge battery
Battery charging and discharging
efficiency

Service lifetime manufacture battery

Total operating cost
Generator output power

PV curtailment output power

Load shedding power
Installed BESS power
Installed BESS energy
BESS continuity energy
BESS charging power
BESS discharging power

Active power flow from the connected
branch of the bus

Voltage angle of the bus j

Table Al. Generator data for modified IEEE-14 bus

Generator | Bus | Pmax Pmin RU RD
MW) | (MW) | MW/h) | (MW/h)

Gl 1 160 10 80 110

G2 2 80 20 50 65

G3 3 50 20 30 40

Table A2. Cost generator data for modified IEEE-14 bus

Generator a(9) b ($) c($)
Gl 0.005 2.45 105.000
G2 0.005 3.51 44.100
G3 0.005 3.89 40.600

Table A3. Demands of each bus in MW

Bus Pd Qd
1 0 0

2 21.7 12.7
3 94.2 19

D)

2)

3)

4)

5)

6)

7)

8)

-2213 -

4 47.8 -39
5 7.6 1.6
6 11.2 7.5
7 0 0

8 0 0

9 29.5 16.6
10 9 5.8
11 3.5 1.8
12 6.1 1.6
13 13.5 5.8
14 14.9 5
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