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ABSTRACT The rise in the growth of renewables in the distribution network introduces several challenges,
such as voltage & frequency fluctuation, while the digitization of the network introduces cyber threats
and risks like false data injection (FDI), resulting in a cascading network failure. By determining the
optimal sitting, size and cost of the Battery Energy Storage Systems (BESS), these power quality issues
& threats can be overcome as BESS can rapidly inject or absorb power as needed. In case of any cyber
threat, it can supply energy to critical areas, reducing the cascading effect and increasing the survivability
of the distribution network. Therefore, this paper provides a review of the existing methodologies used
for the optimal placement, sizing, and cost of BESS in distributed networks involving Distributed Energy
Resources and Electric Vehicles. Additionally, it provides insights into cascading effects in power systems
due to cyber-attack, especially FDI attacks or component failure. After a thorough literature survey of the
existing methods utilized for placement, sitting, costing, and modelling techniques, the paper concludes
by providing a framework to enhance the grid resiliency against such power quality issues by improving the
quality and reducing the minimum disruption area in case of any FDI attack. The proposed framework differs
from the existing methodologies as it provides adaptive ancillary services and dynamic BESS response to
address the operational and security challenges, based on this framework EV load penetration is estimated.
Further to this EV load will be integrated into the dynamic distribution grid to analyze grid parameters
including frequency, voltage, and line losses considered to be the future research work of the authors.
However, the proposed framework has some challenges, including data dependency for stochastic modelling,
computational challenges, and high quality for reliable optimization results.

INDEX TERMS Battery energy storage systems, cascading, cyber-attack, distributed energy resources,
distributed networks, uncertainties, false data injection.

I. INTRODUCTION
Due to the rising population and growing demand for elec-
tricity, the pressure on generating power plants is increasing
significantly. However, this demand puts stress mostly on tra-
ditional coal-based power plants because of the abundant coal
reserves present today [1]. However, the energy generated
from coal-based power plants results in higher emissions of
hydrocarbons, which substantially increases global warming
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levels. Several policies have been created in efforts to reduce
carbon emissions, one of them being the Paris Agreement.
India, as per the Paris Agreement, is targeting to reduce
its carbon emissions by up to 30% - 33% by 2030 [2],
[3]. To achieve this, governing bodies are forced to opt
for resources that can generate greener energy. These con-
cerns have led to the expansion of independent Renewable
Energy Sources (RES) such as solar, wind, small hydro, and
other Renewable Energy (RE). These RES technologies are
currently used for both DER and power generation. Indian
power system, which was more passive, is now undergoing
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significant changes due to the integration of RES into the
grid system, which is converting into an active system. India
is now rapidly increasing its RE capacity, especially with
wind and solar energy. The Indian government has introduced
several initiatives to increase the share of renewables in the
energy sector. The high-level penetration of the RES into
the transmission and distribution network affects demand and
generation balance because of its sporadic nature, as well as
requiring enhanced flexibility in the power system [4]. The
power injection by the distributed RES into the distributed
grid sometimes leads to grid problems like frequency fluctu-
ations [5], voltage violation [6], and network congestion [7].

FIGURE 1. Cyber-attack on cyber-physical power system.

A. STORAGE FOR RE INTEGRATED GRID
The challenges introduced by the incorporation of RES in
the grid, especially the sporadic nature, can be addressed by
integrating Energy Storage Systems (ESSs). In addition, the
ESSs can also be utilized to mitigate power quality issues by
providing ancillary services to the grid [8], [9]. ESS can pro-
vide different services for long as well as short durations; the
long-term duration involves services like load levelling, peak
shaving, and power smoothing. Meanwhile, the short-term
duration includes voltage and frequency regulation along
with a black start. ESSs, especially Battery Energy Storage
Systems (BESS), are recognized as a potential alternative
for providing grid services. BESS can not only store the
excessive amount of energy generated by RES but is also able
to provide the services mentioned. BESS, compared to other
types of ESSs, exhibits geographical flexibility.

Therefore, the demand for BESS is increasing rapidly
in large and small-scale systems, providing dependable and
sustainable energy management solutions for a variety of
applications. Large ESSs are commonly employed with RE
sources such as solar and wind to stabilize power gener-
ation [10]. Meanwhile, the BESSs for small-scale systems
are increasingly heavy as they can be utilized as DER with
other renewables to generate energy close to the point of
demand [11], [12], [13]. It is preferred to allocate numerous

BESS with smaller capacities at different locations in the
network rather than deploying the entire available BESS
capacity at one location, increasing BESS power reachability.
Such a deployment method can aid in mitigating the negative
effects of high MW installations on network components
located in a single area [14].

B. EMERGING TRENDS IN ENERGY STORAGE FOR POWER
SYSTEM STABILITY
ESS, especially BESS, is a key element for maintaining sta-
bility, particularly when renewables like solar and wind exist.
To cater to the unpredictable power flow due to renewables,
BESS is nowadays being used as Cloud Energy Storage
(CES). Multiple BESS are installed in space-constrained
areas, establishing a distributed, networked area where these
storage devices’ charging and discharging are controlled and
managed through cloud-based platforms [15]. This helps
optimize energy across locations to support grid stability,
renewable integration, and demand-side management. This
strategy is very effective, especially on the distribution side,
where renewables and EVs are in existence; managing their
uncertainties will eventually provide more stability to the
grid. Multiple storage units acting as CES can be a viable
solution to enhance the transient and steady stability in the
grid network. In case of a sudden fault or load change affect-
ing the grid frequency can be addressed through CES by
rapid charging and discharging of storage devices till the
frequency lies under the nominal range [16]. By combining
and controlling these devices via a cloud-based system, CES
can improve the voltage profiles and allow them to inject or
absorb reactive power to support the grid [17], [18]. To reduce
peak load and instability, CES uses effective energy manage-
ment and demand response to align real demand with cloud
computing [19], [20]. Through distribution energy storage,
CES helps avoid cascade failure by providing backup power
in emergencies [21]. However, to provide all these services
through CES, it is mandatory to check for their secure opera-
tions with renewables and EVs. Effective protection schemes
are required for grids with CES to manage sudden high
current faults that disrupt recloser fuses. Advanced protection
schemes in these systems should be integrated to adjust their
response according to faults [22].

C. BATTERY STORAGE FOR E-TRANSPORTATION
The integration of renewables has also increased the growth
of the electrification of transportation in India. The Indian
government has promoted several policies that provide initial
incentives and subsidies for Electric Vehicle (EV) buyers,
such that encouragement for the use of electric vehicles in
India increases. To support this electrification, the Indian
government and other entities are regularly investing in the
charging infrastructure. Initially, this electrification of the
transportation sector was mainly focused on the shift from
conventional gasoline two-wheelers to electric two-wheelers,
also recognized as e-scooters [23]. These E-scooters provide
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a more cost-effective and sustainable alternative compared to
conventional scooters. For charging these E-scooters, public
charging stations are provided in different areas across the
cities and highways to improve the charging experience of
EV buyers. However, this electrification of the transportation
sector puts a burden on the power distribution network.

Forming an interdependency over the distributed network
and transportation network [24], [25]. As the mobility of
the EV’s in the transportation network increases, the overall
demand for electricity rises, increasing the peak demand
and putting strain on the generation systems and electrical
distribution network if the load is not managed properly.

They also introduce variability and uncertainty into the
distribution grid due to the varying charging behavior and
patterns of EV users. However, to avoid this, effective use
of BESS can be implemented, providing load shifting and
peak shaving by shifting the charging of EV’s during the
off-peak periods. The uncertain charging behavior causing
voltage and frequency fluctuation in the distribution grid can
be ducked using BESS by delivering the necessary ancillary
service [26], [27].

D. DIGITALIZATION AND CYBER THREATS
The addition of RES and battery storage devices pro-
vides several advantages: reducing greenhouse gas emissions,
enhancing grid resiliency reliability and increasing energy
independence [28], [29]. Amidst this integration, digitaliza-
tion plays a very important role in enabling grid management
and control. Digital technologies such as smart meters,
advanced sensors, and data analytics provide real-time mon-
itoring and controlling of energy generation, demand, and
storage. This data-driven approach helps grid operators make
better decisions, optimize energy transfer, and improve effi-
ciency. It also allows coordination between the energy supply
chain and demand, increasing the overall potential for flexible
grid management. Despite the various benefits digitalization
provides in the distribution grid, it also introduces some
cyber threat possibilities. Cyber-attacks, especially False
Data Injection (FDI), can disrupt the overall distribution grid
during its operation and can cause power outages, resulting
in widespread cascading effects in the grid [30], [31]. Fig. 1
shows a brief idea of how a cyber attacker can attack a
distribution network consisting of different consumers. The
data access point is the main point of attack where all the data
related to distributed networks like power generation, power
transfer, relay and sensor information is stored and can be
controlled. Therefore, to avoid such types of attacks, various
techniques like data encryption [32], network security [33],
and continuous monitoring can be implemented. In addition,
BESS can also play a crucial role in minimizing the cascading
effect that occurs during the cyber-attack. BESS enhances the
resiliency of the overall grid by providing the localized power
supply and backup during major blackouts, making the area
capable of islanding operation, and providing a black start

facility for immediate restoration of an area lying under a
critical zone.

The BESS is gradually being integrated into the grid
system to improve the stability and reliability of the elec-
trical network. To ensure the stable operation of BESS,
various parameters are taken into consideration. They are
energy capacity, power rating, round-trip efficiency, depth of
discharge, cycling capability, response time, operating tem-
perature range, and safety [34], [35]. Energy capacity refers
to the amount of energy that can be stored in the battery, while
power rating is the maximum amount of power the battery
can deliver [36]. Round-trip efficiency is the efficiency of the
battery in converting electrical energy into chemical energy
and back [37]. Depth of discharge refers to the amount of
energy that can be discharged from the battery relative to its
total energy capacity, and cycling capability is the number
of charge and discharge cycles the battery can undergo [38].
Response time is the speed at which the battery can respond
to a change in the grid system, and the operating temperature
range is the range of temperatures within which the battery
can operate efficiently and reliably [39]. Safety is also a
critical parameter, as the battery should be designed and
operated in a way that minimizes the risk of fire, explosion,
or other hazardous events. These parameters are essential
considerations when designing, operating, and integrating
battery storage systems into distribution grid systems.

For utilizing BESS to its maximum capacity and ensur-
ing that the specifications are not affected, consideration of
sizing and placement is necessary. Allocation involves the
optimal location of the BESS in the electrical grid to address
the specific grid challenges and ensure that the grid oper-
ators have profited. Strategical placement of BESS results
in reduced line congestion, voltage and frequency fluctua-
tion, and reduced line losses, ensuring that the allocation
is well-planned and enhancing the performance of BESS.
For the enhancement of overall performance, sizing is also
equally important. The sizing of BESS involves the selection
of the optimal capacity and storage capability of the system.
Inaccurate sizing can result in under or oversizing BESS,
limiting its performance. Under-sizing the BESS affects its
ability to meet the grid’s requirements, whereas oversiz-
ing increases the unnecessary cost and underutilization of
the resources. Optimal sizing of the BESS can be obtained
by considering different parameters like peak and energy
demand and system specifications. Furthermore, it can result
in an optimal balance of supply and demand, easy integration
of renewables, and the facility to provide the required grid
services.

Section I discusses the critical necessity of integrating RE,
E-transportation, and BESS into a distributed network to
eliminate the introduced uncertainties. Furthermore, it offers
a concise synopsis of potential cyber threats linked to these
technologies. Section II examines various ongoing battery
initiatives in India. Additionally, it delineates the technical
characteristics of diverse battery varieties utilized in BESS.

VOLUME 12, 2024 188269



A. Chhetri et al.: Applications of BESS in Electrical Distribution Network: A Review

TABLE 1. Comparison of review articles.
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TABLE 2. Battery storage projects in india.

Section III of the paper discusses the multiple modelling
methodologies and distribution functions used to represent
Photovoltaics (PV), BESS, and wind energy sources within
the distributed networks. In addition, a literature review of
diverse BESS technologies utilized for various ancillary grid
applications is provided. Section IV describes the exist-
ing methodologies for optimizing the different parameters
associated with BESS. Section V presents a comprehen-
sive examination of the cascading effects that occurred in
the power system either due to component failure or due
to targeted attacks. A framework for the optimal alloca-
tion of BESS is presented in Section VI, which offers an
optimal resolution to the uncertainties inherent in the dis-
tributed network. The suggested approach would result in

minimal fluctuations in voltage and power, and it demon-
strates resilience against potential cyber threats by focusing
on the most vulnerable segments of the network to prevent
a chain reaction of failures, the validation of this framework
is future research work. The overall investigation is summa-
rized, and the work is concluded in Section VI.

The paper offers a comprehensive analysis of the integra-
tion and optimization of Battery Energy Storage Systems
(BESS) in modern power grids. Through an extensive
literature survey and critical examination of existing method-
ologies, the paper addresses the technical and economic
challenges associated with BESS deployment. A comparative
analysis of this review paper is shown in Table 1, with several
other key review papers covering different aspects of BESS.
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TABLE 3. Characteristics of different battery technologies.

This paper covers critical gaps related to intersection of the
cybersecurity, operational, and economic considerations in
BESS placement for providing ancillary services, which are
not comprehensively addressed in other articles. Addition-
ally, it delves into the implications of cybersecurity threats
and proposes innovative strategies to enhance grid resiliency.
Below are the key contributions made by this review paper:

• Presents a comprehensive discussion of alternative
techniques for optimizing BESS placement, size, and
cost. It examines analytical, mathematical, probabilistic,
meta-heuristic, and artificial neural network approaches,
providing a thorough assessment of each method’s
advantages and disadvantages. This comprehensive
evaluation is an invaluable resource for researchers and
practitioners working to improve the economic and tech-
nical performance of BESS in electricity grids.

• The paper discusses various technical characteristics
and applications of BESS, including frequency support,
active and reactive power support, black start capabil-
ities, and their use in load levelling and peak shaving.
This provides a detailed understanding of howBESS can
be utilized for different ancillary services.

• The study tackles modern power grid cybersecurity, FDI
attacks. It addresses cascade failures from such attacks
and how BESS can mitigate them.

• Based on a literature review, this study suggests a frame-
work for improving grid resilience against power quality

concerns and cascading failures caused by FDI assaults.
This framework intends to improve power quality and
reduce disruptions caused by cyber-attacks, so contribut-
ing to the creation of more secure and resilient power
systems.

II. BATTERY ENERGY STORAGE SYSTEMS
A. TYPES OF BATTERY ENERGY STORAGE SYSTEMS
BESS has emerged as a revolutionary technology in the
domain of energy storage, offering an efficient means
of storing surplus energy from renewable sources. These
cutting-edge systems provide a reliable and sustainable solu-
tion for meeting peak energy demand without overburdening
the grid infrastructure. Due to the growing RES, electrifica-
tion in the transportation sector and requirements for backup
power increase the overall demand for BESS in India. Table 2
shows some of the ongoing battery storage projects in India
for standalone as well as in integration with DERs. For
battery storage applications a variety of types are available,
including lead acid, Lithium-ion (Li-ion), Sodium Sulphur
(Na-S), Nickel Cadmium (Ni-Cd), Flow battery, NickelMetal
Hydride (Ni-MH), Sodium Nickel Chloride (NaNiCl2), and
the ultra-battery (also known as the advanced lead acid bat-
tery), each variant possesses unique features and applications.

To better understand the diverse landscape of Battery
Energy Storage Systems (BESSs), a comprehensive Table 3
is presented, highlighting the crucial attributes of each battery
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FIGURE 2. Different types of battery storage technologies.

type, such as capacity, depth of discharge, efficiency, spe-
cific energy density, energy density, response time, charge
time, discharge time, cost of generation, and environmental
impact. Table 3 serves as a useful tool for making informed
decisions about selecting the appropriate battery technology
for specific energy storage requirements. Additionally, for a
more comprehensive assessment of energy and power density
across different technologies, Fig. 2 can be considered. This
Fig. 2 provides a comparative visualization of various bat-
tery technologies, categorized by their high, medium, or low
energy density ratings. This information collectively aids in
a complete evaluation of BESS options, empowering stake-
holders tomakewell-informed decisions associatedwith their
energy storage needs.

1) LEAD-ACID BATTERY
A French physicist, Gaston Plante, invented the lead acid
battery in the 1850s. These batteries were the first recharge-
able battery technology and are now considered one of
the most mature technologies existing [49]. They are
the first batteries used for energy storage applications.
It exhibits many specific attributes like robust operation,
easy control, low cost, easy maintenance, and less response
time. These specifications make it suitable for station-
ary energy storage applications [50]. However, they suffer
from some limitations, like low specific energy density,
poor operation during low temperatures, short depth of dis-
charge, and exposure to corrosion, leading to their limited
usage.

2) LITHIUM ION (LI-ION) BATTERY
The first commercialization of lithium-ion batteries was done
in the year 1991. These batteries possess several proper-
ties, such as high round-trip efficiency, high energy and
power density, and long life [51]. Due to their high energy
power density properties, these batteries have transformed
the energy storage and EV industry. It exhibits high specific
energy density compared to other existing battery technolo-
gies, making it lighter and suitable to be used for mobile
energy storage applications. However, safety is the main con-
cern for these types of batteries. Many cases have occurred
over the period regarding its flammability problem. The
reserves of lithium in the earth’s crust are limited, resulting
in a difficult and costly extraction process compared to other
battery technologies [47], [52]. To further enhance its energy
density and to mitigate its flammability apprehension, many
types of lithium-ion batteries are developed like lithium-ion
phosphate (LFP), lithium manganese oxide (LMO), Nickel
Manganese Cobalt (NMC), and lithium titanate oxide (LTO).

3) SODIUM SULPHUR (NA-S)
Na-S battery was invented in the year 1996 by Ford Company,
but it was first commercialized by Tokyo Power Corpora-
tion and NGK Insulators in the 1990s [53]. They are also
known as high-temperature batteries. From an energy storage
point of view, these batteries play a very crucial role as they
parade high efficiency, energy density, and high depth of
discharge [54]. The only issue associated with these batteries
is that they require very high temperatures for their operation,
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which is difficult to achieve. This increases the overall cost of
the system and poses a threat to the atmosphere if not operated
properly.

4) NICKEL CADMIUM (NA-CD)
The nickel Cadmium battery was invented in the year 1899 by
Swedish inventor Waldemar Jungner. The battery is con-
structed by using nickel oxide as the positive terminal and
cadmium as the negative electrode, resulting in the creation
of a rechargeable battery possessing stable voltage output and
high energy density [55]. These batteries offer very similar
properties to lead acid batteries but have a superior depth of
discharge and energy density. It is used for various electronic
applications like a lead acid battery. The primary drawback
of these batteries is they are very expensive due to the high
cost involved in the manufacturing process. These batteries
also suffer from a term called the ‘‘memory effect’’, which
usually happens when recharging a battery before it is fully
discharged. This results in less capacity than it does, and it
will discharge more quickly than anticipated [56].

5) FLOW BATTERIES
The concept of flow batteries was proposed by German sci-
entist Friedrich H. Karl in the 1930s, while the first practical
battery was developed by a team of NASA scientists in the
1970s. These batteries are constructed by dissolving two
chemical components in a liquid separated by a membrane.
The main advantages of these batteries are they can be packed
in immense volumes for storing a large amount of energy, fast
recharging by changing the liquid electrolyte, quick response
time, and no harmful emission into the environment [57]. The
only limitation of these batteries is the capital investment
required due to the high cost of materials used for their
construction [58]. Hybrid Flow batteries (HFBs), Redox Flow
batteries, and Membrane-less flow batteries are the three
types of flow batteries used for energy storage and other
renewable applications [50]. The redox flow and hybrid flow
batteries are based on the principle of the flow of electrolytes,
a process through which energy is stored and released in the
battery. It involves the pumping of two different electrolyte
solutions in the cell, where they endure different chemi-
cal reactions that generate electricity. During the charging
process, one electrolyte gets oxidized while the other elec-
trode reduces, storing the electrical energy in the form of
chemical energy. During discharge, the process gets reversed.
The main difference between the two-flow batteries is the
active material used and the chemical reactions they undergo,
whereas membrane-less batteries use an ion-selective mem-
brane instead of the traditional membrane used by redox and
hybrid flow batteries.

6) NICKEL METAL HYDRIDE (Ni-MH)
Ni-MH batteries were developed by a team of researchers
in an institute in Ohio, United States, led by Stanford
Ovshinsky in the 1980s. The Ni-MH battery consists of an
anode of hydrogen-absorbing alloy (MH), a cathode of nickel

hydroxide (Ni (OH)2), and a potassium hydroxide (KOH)
electrolyte [59]. These batteries were recently used for many
electric and hybrid electric vehicle applications, as they do
not have oxidizing properties and provide a safer environment
compared to lithium-ion and nickel-cadmium batteries [60].
The main disadvantages of these batteries are their high self-
discharging rate, low energy density, and reduced voltage per
cell [61].

7) SODIUM NICKEL CHLORIDE (NaNiCl2)
NaNiCl2 battery was developed by a group of researchers
from the French National Centre for Scientific Research
(CNRS) in the 1980s. They are also known as ZEBRA
(Zero Emission Battery Research Activity) and are a type
of high-temperature battery [62]. It uses two types of elec-
trolytes, namely sodium chloride (NaCl) and nickel chloride
(NiCl2). They are recognized because of their high operating
temperature, high energy density, long life, and very low
environmental impact. Due to these properties, it is applicable
to use for electric transportation, stationery grid systems, and
energy storage. However, it suffers from low power density,
resulting in a longer charging time, limiting its practice.

8) ULTRA-BATTERY
The Ultra-battery was developed jointly by Commonwealth
Scientific and Industrial Research Organization (CSIRO) of
Australia and Furukawa Battery Company of Japan. It is
a type of advanced battery that combines the features of a
lead-acid battery and a supercapacitor [63]. The two compo-
nents are connected in parallel, in which the positive terminal
of the lead acid battery is made up of lead oxide, while the
negative terminal is constructed of porous lead material. Dur-
ing high charging and discharging rates, the supercapacitor
can provide high power to limit the current and prevent the
lead-acid battery from any damage. Ultra-battery has several
advantages, such as a long-life cycle, high efficiency, and a
safe operating environment compared to the traditional lead-
acid battery [64].

B. EMERGING TRENDS IN BESS TECHNOLOGY
For grid applications, Li-ion batteries are widely accepted as
they have an inherent high energy density, faster response
time, and high efficiency in absorbing and releasing energy.
They are used for services like peak shaving, load level-
ling, frequency regulation, and the integration of intermittent
renewable sources like solar and wind. However, these bat-
teries suffer from thermal risks, material availability, and
environmental impact during production. LFP, one type of
Li-ion, could be preferred because of its longer life span,
cheaper manufacturing cost, and improved safety [65], [66].
Liquid electrolyte batteries are now being replaced by Solid
State Batteries (SSBs), eradicating the hazards involved with
the traditional liquid electrolyte. Using SSBs enables fast
charging, due to their high energy density making them
suitable for large scale applications in storage and EVs. The
risks of thermal runaway decrease as flammable components
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are substituted with solid materials, increasing the overall
energy density allowing them for longer operations. How-
ever, SSBs commercialization suffers from high production
cost, complexity in manufacturing, and low efficiency at low
temperatures. SSBs will play a significant role in future grid
services as they are well suited for cases requiring fast cycling
and high energy output [66], [67].

Regardless of the advantages the SSBs possess, redox
flow batteries are another alternative becoming popular for
grid applications because of their scalability and capability
to store large amounts of energy for long duration with
low leakage and less environmental impact [68]. All these
advancements in battery technologies will make the modern
grid more resilient, reliable and efficient.

III. MODELS OF BESS, EV, PV, & WIND FOR
DISTRIBUTION GRID
A. EV LOAD MODELS
The growth and development of EVs have significantly
brought many changes in the energy sector, and now EVs
are playing a very crucial role in shifting the transportation
sector towards a sustainable environment. As the adoption of
EVs increases exponentially, the impact of EV charging on
the electric grid is one of themajor concerns of grid operators.
In [69], several models are created for EV charging that are
suitable for power flow operation.

The model represents both coordinated and uncoordinated
charging of the EVs and also includes parameters like battery
size, charging level, arrival time, and energy consumption.
The models are integrated into the power system production
cost model (PCM) to analyses the influence of EV’s in the
power system. Another model [70] for analyzing the impact
of EV charging is proposed; the model considers different
charging scenarios, including uncontrolled domestic charg-
ing, uncontrolled off-peak domestic charging, smart domestic
charging, and publicly controlled domestic charging. The
model also considers the initial state of charge along with the
starting charging time of the EV, helping to better analyze
the load demand. There are several other models which can
be employed to better understand the impact of EV’s on the
distribution grid.

It is observed that EV charging is an unpredictable load
and depends upon various factors like charging infrastructure,
charging behavior, and utilization. To manage the demand
rising from EV charging, one of the solutions is the modelling
of the EV load as well as the modelling of its uncertainty.
This modelling enables the system operators to predict the
amount of load increment to manage the impact of EV
charging, estimate charging patterns and charging demand,
update grid infrastructure, and optimize grid operation. There
is significant research ongoing on the optimization of differ-
ent parameters related to EV’s, which includes EV charging
models and optimal scheduling algorithms for efficient
and smart electric vehicle charging. In [71], a model for
optimal scheduling of EVs in office buildings during the
demand response period is proposed. Themodel incorporated

uncertainties of EV charging loads throughMonte-Carlo sim-
ulation. The proposed method achieves several benefits, such
as reduced non-guarantee rates for arrival and charging, lower
operating costs, and low load variance.

A new data-driven approach [72] for optimization of
charging and discharging capacities of the electric vehi-
cle by involving uncertainties through predictor combining
Wavelet Transform (WT), Deep Deterministic Policy Gradi-
ent (DDPG), and Quantile Regression (QR). The uncertainty
involved is utilized for forecasting the uncertainty of energy
consumption. The proposed approach and optimized model
using 300 EV data based on Chinese city results in more
accurate, efficient, and probabilistic forecasting compared to
other conventional techniques. A two-stage stochastic energy
scheduling model [73] is proposed, optimizing the day-ahead
decisions and minimizing the real-time operations in a micro-
grid. The model considers renewable resources, baseload
demands, and the uncertainty of EV demand. It includes
various other EV parameters like Battery bank, non-linear
charging/discharging, and efficiency oscillations. The model
can be utilized to reduce operating costs associated with
microgrids. A deep-learning-based convolution neural net-
work (CNN) approach [74] is proposed for forecasting EV
charging load at different charging stations based on the
traffic flow and unpredictable charging behavior. Arrival rates
of EVs are calculated using historical data. A novel prob-
abilistic queuing model is employed to convert the traffic
flow into charging loads, considering charging station service
limitations and the behavior of the driver. The models help
grid operators determine the number of dispatchable EVs
in advance, reducing cost and mitigating risk. A concept
of charging traffic flow (CTF) [75] is employed to explain
the charging start time and other properties of EV charging.
The proposed concept enables flexible simulation, parameter
identification, and understanding of stochastic and determin-
istic scenarios. Ant Colony Optimization (ACO) is used for
parameter identifications. The proposed concept represents a
novel approach to studying the charging load profile for EV’s.

The paper [76] focuses on the forecasting and modelling
of the EV charging load behavior in various regions of the
distributed network. The model considers various parame-
ters, including the type of EV, charging equipment and other
random parameters like user behavior and physiological fac-
tors. An EV economic dispatch model [77] is proposed for
optimal scheduling for vehicle-to-grid (V2G) applications.
The proposed model helps in the effective utilization of EV
charging and discharging resources, the model is anticipated
for aggregators to manage the service of EVs in a particular
region. A bidirectional power flow strategy [78] is proposed
for the optimization of a community-based microgrid consid-
ering PV, ESS, and EVs as alternative power sources. The
proposed power flow and control strategy is based on EV
availability, transformer loading and prices. AMarkov model
is used to predict EV availability and utilizes Mixed Integer
Linear Programming (MILP) optimization for optimal charg-
ing and discharging scheduling. The proposed strategy helps
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in reducing operational costs with increased EV availability
through incentives.

In the context of EV’s, it is assumed that all types of
EV’s are connected to the power grid through either AC/DC
converters or charging ports. Since the battery is the main
source of power for EVs, the load of the EV battery is
modelled based on its dependency on the grid voltage. The
amount of additional active and reactive power required by
the EV battery at a particular location is represented as a
proportion of the total real power demand at that location
shown in equation (1)-(2). This allows for accounting for the
impact of EVs on the grid in terms of their power demand
characteristics, which may vary depending on the voltage of
the grid [79], [80].

P0ev(n) = λev × P0L(n) (1)

Q0
ev(n) = P0ev(n) × tan (ϕn(c)) (2)

where P0ev(n)& Q0
ev(n) are the additional active and reactive

power required due to penetration of EV load at bus n, λev
is the scaling factor of the representing the penetration of the
EV load, and tan (ϕn(c)) is the power factor angle between the
AC/DC converter. The total active and reactive power after
the integration of EV load is represented in equation (3)-(4)
[81].

Ptd(n) = P0L(n) ×

(
V t
(n)

V 0
(n)

)α

+

{
P0ev(n) ×

V t
(n)

V 0
(n)

}αev

(3)

In equations (1, 3 & 4), P0L(n) & Q0
L(n) refers to the nominal

active and reactive power at bus n before the integration of EV
load, V 0

(n)&V
t

(n)
are the nominal voltage magnitude of bus n at

nominal and specified time, α & β are the exponents of active
and reactive power, αev & βev are the exponents of the EV’s
active and reactive power load respectively. Now the uncer-
tainty of the EV load can be modelled, it is associated with
three variables namely, daily arrival time (time of parking),
initial State of Charge (SoC) of the battery when the EV has
arrived at the parking lot, and required travel distance, the
three variables can be expresses as shown in equation (5-7)
respectively [70], [87].

Qtd(n) = Q0
L(n) ×

(
V t
(n)

V 0
(n)

)β

+ Q0
ev(n) ×

(
V t
(n)

V 0
(n)

)βev

(4)

PDFT (T ) =
1

σT
√
2π

exp

[
− (T − µT )2

2 (σT )

]
(5)

PDFSOC (SoC) =
1

σSOC
√
2π

exp

[
− (SoC − µSoC )2

2 (σSoC )

]
(6)

PDFd (d) =
1

σd
√
2π

exp

[
− (ln (d) − µd )

2

2 (σd )

]
(7)

where, PDFT is the Probability Distribution Function (PDF)
of daily arrival time, σT is standard deviation of the daily

arrival time, µT is mean of the daily arrival time, PDFSoC is
PDF of the initial battery SoC, σSoC is standard deviation of
the initial SoC and µSoC is the mean value. PDFd is the PDF
of the travelling distance, µd and σd is the mean and standard
deviation of the travelling distance.

B. PHOTOVOLTAIC (PV) MODELING
During the transition from fossil fuel-based generation to
RE resource-based generation, especially solar energy, has
played a major role in meeting the growing energy demand
and simultaneously reducing greenhouse gas emissions. Solar
offers an abundant source of energy, but due to its intermittent
nature, it poses some challenges to the grid’s reliability and
stability and indirectly to its adoption. BESS has emerged
as a promising solution to overcome these challenges by
providing a means to store excessive solar energy and release
it when required, making the energy supply more reliable
and continuous. To ensure that this energy supply remains
reliable, solar modeling becomes a necessity. Integration of
the battery storage devices into the distribution grid will open
the opportunity to not only store excessive energy but also
improve the grid’s frequency and voltage levels by providing
ancillary services like frequency support, voltage support,
and load balancing. PV modelling enables better prediction
of solar energy generation and variation.

Eventually, helping the grid operators identify effective
dispatch of the energy stored in the battery during low periods
of solar generation. Moreover, solar modelling helps in the
assessment of the battery’s state of charge and capacity to
absorb the excessive energy of the sun, therefore enhancing
the overall efficiency of the services provided by the battery
storage devices.

In recent years, there has been a lot of research done
related to solar energy in terms of its uncertainty modelling,
integration with energy storage devices, its grid integration
and control algorithms. A profitable dispatch strategy [88]
is introduced for an owner operating a PV plant along with
battery storage devices. The strategy requires information
about electricity prices and day-advance predictions of solar
energy. This strategy concludes that the best strategy is to
decide the power delivery by the battery storage based on
the current electricity prices, regardless of the power gen-
erated by the PV plant. It also determines that if the owner
aims to deliver only a certain amount of power, then profits
will not be as high as they could be. A dedicated control
strategy [89] for the maximization of revenue of a PV-BESS
system in the daily market is proposed by determining the
optimal parameters of the energy storage device. The strategy
includes bidirectional energy flow with the grid to increase
the system’s profit. The strategy is based on complete data
of PV generation, and a 10-year analysis is showcased. The
results show a significant increase in the energy storage
rate of return and achieving around 15% during the high
PV penetration profiles. A techno-economic analysis [90]
is performed to determine the optimal capacity of a battery
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TABLE 4. Distribution functions used for PV modelling.

energy storage device combined with a PV array for max-
imum self-consumption for a desired household load. Data
for the year 2021 regarding the energy consumption ambient
temperature and irradiance is utilized for simulations. It is
observed that the integration of PVwith battery storagewould
increase the net present cost. It takes a certain amount of
time to make a profit by using the stored energy. The time
frame depends upon various factors like policies, cost, and
electricity prices. Based on the RE resources, a city is pro-
posed in the paper [91] to be considered a new city. This
city is powered by different renewable resources like solar
and wind. Battery storage devices are utilized to store exces-
sive energy. It is observed that the energy generated costs
around 7.5 cents per unit, whereas if the heat and pressure are
increased, it results in a decrement of around 1 cent per unit
of electricity. It is estimated that the implementation of solar
panels and windmills would decrease the price of electricity
by 3 to 4 cents. For uncertainty modelling, different PDF have
been utilized, which include Weibull distribution, lognormal
distribution, Gamma distribution, and inverse Gaussian distri-
bution function. Table 4 shows the different PDF functions &
their equations (8-14) used for solar modelling. The Weibull
distribution can be applied if the data is skewed, consists
of high valleys, wide variation, and development of realistic

models. However, if other PDFs are considered, they are
considered if the data is symmetrical or if the data consists
of multiple peaks and modes.

C. WIND MODELING
Due to the unpredictable nature of the wind speed, it becomes
difficult to estimate the total power generation from the wind
turbines. There are various probability distribution functions
to model its uncertainty, but the wind speed behavior is
very similar to the Weibull distribution function [83], [92].
The modelling of wind speed distribution through Weibull
distribution function is expressed in equation (15).

PDFv (V ) =

(
β

α

)(
V
α

)β−1

exp

[
−

(
V
α

)β
]

0 ≤ V ≤ ∞ (15)

where PDFv(V) is the probability density of the wind speed,
while α & β represents the scale and shape parameter of the
PDF of Weibull function. Besides the Weibull function, the
Rayleigh function can also be applied for modelling wind
variation. In Rayleigh probability distribution function, V is
the wind speed variation, Rayleigh is a special type ofWeibull
function where β = 2. Equation (16) shows the modelling of
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Rayleigh PDF.

PDFv (V ) =

(
2V
α2

)
exp

[
−

(
V 2

α2

)]
(16)

The output power generated from the wind turbine can be
expressed as shown in equation (17).

Pw (V ) =


0 for V < Vi and V > V0

Pr

(
V − Vi
Vr − Vi

)
for (Vi ≤ V ≤ Vr)

Pr for (Vr ≤ V ≤ V0)

(17)

Here Pr is the rated output power of the wind turbine. Vi,
Vr, and V0 are the Cut in, rated and out wind speed of the
turbine. The shape (β) and scale parameter (α) of the Weibull
distribution function can be calculated as in the equation (18).

β =

(
σstd

vmean

)−1.806

; c =
vmean

0(1 + (1/k))
(18)

D. BATTERY MODELING
In recent times, there has been a great push towards the
acceptance of green energy. Therefore, there is an expectancy
of a large penetration of renewables and EVs in the power
sector.With these large penetrations, various challenges come
forward, such as the increasing demand and dynamic loading
conditions, resulting in the degradation of the power quality
at the distribution level, establishing the need for ancillary
support. The integration of BESSs can address these chal-
lenges; these devices can be integrated at different locations,
can be charged based on excessive renewable energy gen-
eration or at low peak times and can discharge power at
peak load time. The BESS integration eventually decreases
the pressure on the generation side, enhancing power
quality.

Before integrating the BESS, it is necessary to model it to
understand its accurate performance under various operating
conditions and ensure that it meets the specific requirements
of the grid operators. Modelling also helps in understanding
the parameters that can be optimized to increase the efficiency
of the BESS. BESS modelling involves technical parameter
considerations like the charging and discharging cycle, SoC
of the BESS, and voltage & current ratings. However, certain
parameters, including battery capacity, power ratings, and
cost, can be optimized to meet the power delivery demands
for the ancillary services. This section discusses the mod-
elling of BESS for various applications for ancillary services.
Table 5 shows the different battery models used for other
applications coming under the ancillary service.

A simple model of BESS involves different parameters like
voltage, current, SoC, and active and reactive power, which
are very crucial for BESS, especially for their integration in
the transmission or distribution grid. A basicmodel of a BESS
is shown in the equations (19)-(20).

EBESS (t + 1) = EBESS (t) + 1t.PBESS,ch
t (t) .ηch.ηinv (19)

EBESS (t + 1) = EBESS (t) − 1t.PBESS,dis
t (t) /(ηdis.ηinv)

(20)

where EBESS(t) is the amount of energy stored in the battery
pack at time (t) i.e., it means the State of Charge (SoC),
EBESS(t+1) is the amount of energy storage at time + 1,
PBESS,ch
t is the power absorbed during charging, PBESS,dis

t
is the power discharged from the battery, 1t is the time
duration under which the charging and discharging process
takes place, ηch is the charging efficiency of the battery, ηdis
is the discharging efficiency of the battery, and ηinv is the
efficiency of the inverter. BESSs have a linear behavior for
SoC, and is dependent over the voltage of the battery [113],
[114]. The ideal SoC range is considered between 0.2 &
1. Equation (21) shows how the SoC of the battery can be
calculated.

SOC =
UDC − Umin + IZi
Umax − Umin

(21)

UDC → DC voltage of the converter
UAC → AC voltage of the converter
Umin → minimum voltage of the full BESS cells
Umax → maximum voltage of the full BESS cells
I → Current in BESS
Zi → Internal resistance of BESS cells
As shown in the above equations, the BESS is mod-

elled more towards the DC voltage dependency. However,
it becomes necessary to convert the DC voltage over the AC
to provide the target ancillary services, which is achieved
through a PWM converter. To avoid saturation and harmon-
ics problems, the BESS model should satisfy the following
equation (22).

UDC ≥
2
√
2

√
3
UAC (22)

IV. METHODS FOR OPTIMAL COST, SIZING AND
PLACEMENT OF BESS
The optimal cost, sizing, and placement of BESS play a cru-
cial role in maximizing the economic and technical aspects of
BESS integration. Involving various factors like investment
cost, maintenance cost, operation cost, and environmental
benefits will ensure that the BESS placement is economically
feasible and technically possible. In [115] a cost-effective
analysis method is introduced, where the annual cost is esti-
mated based on reactive power capacity of the compensators
and batteries utilized to minimize the voltage rise from PV.
The annual cost involves the cost per unit of the compensator
and battery. Minimum cost is calculated by optimizing charg-
ing threshold of the battery storage. [116] proposes a multi
objective model minimizing the operation cost and active
power losses. The operation costs include active power gen-
eration from grid and reactive power from DERs. The model
involves a Demand Response Program (DRP) adding flexibil-
ity to reduce the peak demand, eventually helping in lowering
the cost. A CES cost model is proposed in [117] where cost
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TABLE 5. Battery modelling parameters & charging/ discharging strategies.
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TABLE 6. Literature review of different modelling techniques and optimization of parameters associated with BESS.
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TABLE 6. (Continued.) Literature review of different modelling techniques and optimization of parameters associated with BESS.
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incorporates consumer cost and return on investment ensur-
ing there is low installation and maintenance cost along with
higher profitability than DERs, the model helps to reduce
the consumer cost by 28% and lowers the line losses. A cost
model involving capital, maintenance, and net present cost of
BESS and PV is presented in [118] is minimized by deter-
mining the optimal size and location of the BESS. In [119]
an advance battery aging cost model is proposed based on
Arrhenius law, to measure the battery aging more accurately.
The model involves cyclic aging cost with operation cost,
resulting in an increase in battery life and 27% more prof-
itability. A cost model including the degradation and cyclic
aging is present in [120] which is optimized to reduce the
degradation cost. The model is developed for hybrid-battery
systems integrated with PV. Reduction in degradation costs
results in leveraging energy arbitrage and managing opera-
tional cost with benefits. To achieve effective usage of BESS
for various ancillary services like frequency support, active
and reactive power support, and black start, it is necessary
to employ effective methods for determining the optimal
cost, placement, and sizing of the BESS. In [121] intro-
duces an RL-based model for optimizing BESS scheduling
at the building level, emphasizing self-sufficiency and eco-
nomic benefits. However, it only partially addresses broader
challenges like hybrid BESS integration and dynamic grid
impacts, which are essential for a more resilient and efficient
energy system. The study [122] optimizes BESS capacity and
cost in standalone microgrids, focusing on battery lifetime
and economic efficiency. However, it overlooks key aspects
like voltage and frequency regulation, provision of ancillary
services, and hybrid BESS integration, which are vital for
ensuring grid stability and broader system reliability. In [123]
study on providing a reliable electricity in rural areas through
PV-BESS configuration is conducted. The research specifi-
cally focusses on performance of systems control mechanism
providing frequency and voltage support using MPPT con-
trol. The study suggests that usage of PV-BESS configuration
results in efficient management of load demand in rural areas.
The study [148] focusses on improving the energy efficiency
of inverter drive refrigerators with PV battery in residential
areas. The study finds out the optimal system configura-
tions to reduce energy consumption. Comparing inverter and
non-inverter-based refrigerators in AC and DC environment.
The study observes that a daily 300 Wh energy could be
saved in inverted driven refrigerators in DC environment.
In [149] viability of battery systems with PV for residential
purposes. The study explores the technical and operational
viability tomitigate grid stress and enhance residential energy
consumption. The study suggests that integration of energy
storage devices will reduce the unviability of PV installa-
tions, furthermore it would reduce the battery cost enabling
increased energy tariff opening profitability for both grid and
consumers. For a PV and battery system to be installed in
residential would increase the need of intelligent switching
between the devices for efficient operations. A similar study

is conducted in [150], a battery power system is proposed
that can change between AC and PV power targeting efficient
and reliable power for residential appliances. This switching
strategy boosts the efficiency of appliances by 99% compared
to traditional switching. For standalone PVs an assessment
study [151] of different types of battery storage technologies
is conducted, checking the economic viability, technical prop-
erties and environmental impact of batteries throughout their
life cycle. The assessment suggest batteries installed with
standalone PVwould contribute to 68% of total emissions in a
1.5 kWPVpanel, the study suggests to consider batteries with
higher charging discharging cycles for suitable renewable
applications. The paper [124] focuses on optimal planning of
SBESS and PEV-PLs enhancing in high renewable penetra-
tion scenario, however, it lacks in offering advance energy
management strategy to provide voltage and reactive power
regulation between BESS and EVs. The paper [125] proposed
amethod for optimal placement and sizing of Hybrid BESS in
AC microgrid ensuring continuous power supply. The paper
does not thoroughly explore advance operational strategies
of BESS such as adaptive SoC management, which is criti-
cal for optimizing BESS performance. In [126] strategy for
optimal placement and sizing of EV charging station with
distributed generation and BESS is proposed. The paper lacks
coordinated control strategies between BESS and EV load,
also BESS is not explored to provide dynamic response for
grid services. Paper [127] analyzes the curtailment of PV and
BESS in low voltage network, the approach requires more
examination of spatial distribution betweenBESS and PV and
its impact on the grid. Factors such as feeder length, location
of BESS, and load distribution, can significantly affect the
voltage levels. In [128] impact analysis of PV and ESS adop-
tion on public transport through a simulation-based approach,
it mainly focusses on the optimal bus scheduling neglecting
the perspective of ESS utilization for frequency voltage, reg-
ulation, eventually resulting in degrading grid stability, and
ineffective use of energy in public transport. In paper [129] a
robust optimization approach for BESS and PV integration in
distribution systems is proposed. Maximizing the battery life
and minimizing costs, however it overlooks the BESS opera-
tion strategy which could have further given more optimized
values. In [130] NSGA-II is employed for optimal placement
and sizing of BESS in distributed network. The objectives are
to reduce losses, but it lacks coordination between the BESS
and distributed resources reducing line losses, also maximize
usage of renewable energy and enhance grid stability. The
paper [131] proposes a two-stage coordinated optimization
framework for placement of BESS and Soft Open Point
(SOP) in high PV penetrated distributed network, involving
demand response, and conservation voltage reduction. The
study does not fully explore synergetic benefits of BESS and
SOPs working together. BESS can offer dynamic discharge
capabilities; SOPs could provide power flow between feeders
and offer reactive power support. The paper [132] discusses
optimal placement and sizing of ESS, WT, and PV in dis-
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FIGURE 3. Flowchart of analytical, mathematical, probabilistic, and metaheuristic methods.

tributed network, while focusing on mitigating the flicker
emissions. The strategy treats ESS and DGs separately rather
than capitalizing their combined potential for more effective
voltage and power flow control. In [92] a multi-objective
model for optimal placement and management of WTs &
PV, BESS, and capacitor banks in distributed network, incor-
porating demand response and RE curtailment is presented.
The study does not involve dynamic voltage and frequency
regulation using BESS and DGs. It would allow more effec-
tive management of voltage fluctuation especially under high
penetration of renewables. The paper [133] performs allo-
cation analysis of fast frequency response in power system
with high non-synchronous penetration levels, focusing on
placement of grid-forming converters for frequency stabi-
lization. A multi-objective approach involving factors like
voltage, power loss, economic cost with frequency stabi-
lization would have offered a more holistic framework for
frequency regulation. A two-step method [134] using Power
Sensitivity Analysis (PSA) and multi-objective optimization
for determining optimal placement and size of ESS consid-
ering transient response in wind power is proposed in the
study. The study lacks in considering ESS with other tech-
nologies such demand response, DGs, or EV. Involvement
of these would leverage synergies between them enhancing
grid performance. A two-stage game-based approach [135]
for energy storage pricing in radial network is proposed in
the study. Focusses on loss reduction and motivate energy

storage users via dynamic pricing. The pricing is based
on a predefined scenario missing real-time adaptive control
mechanism. Involving grid changing parameters such as load
fluctuation, renewable generation variability increasing the
model flexibility. In paper [136] integration of BESS with
wind turbine in an unbalanced radial distribution network
using an optimization technique is proposed in this study.
Capacity and location of BESS is determined using opti-
mization. However, the study lacks in considering BESS
to provide grid support during low period of wind genera-
tion or high demand. In paper [137] optimal allocation of
Interline-PV and BESS in an islanded electrical distributed
network is determined using optimization technique consid-
ering EV penetration. The study emphasizes power losses
and voltage profile improvement; however, it does not fully
explore dynamic voltage and frequency regulation capabili-
ties of BESS focusing more on static control. The paper [138]
presents optimization framework for placement and sizing
of BESS and wind turbine in distribution network. The
framework aims to reduce both active and reactive power
loss along with cost. The study focusses on economic opti-
mization, considering a constant load profile, considering
load forecasting and demand response would achieve more
better placement and sizing, matching supply and demand
chain. The paper [139] focuses on improving hosting capac-
ity by optimal allocation of BESS. The study emphasizes
mitigating voltage rise and power unbalance through static
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allocation of BESS, missing dynamic behavior of BESS. Uti-
lization of BESS in isolation resulting in under capitalization
coordinated control with PV enhance renewable utilization.
While paper [140] focusses on multi-objective optimization
approach to improve voltage profile by placement and siz-
ing of DERs and BESS. The study considers components
somewhat isolated from each other rather than considering
dynamic interaction providing robustness against major grid
changes. The paper [141] focusses on placement and sizing
of BESS and PV-DG by static and dynamic reconfiguration
of distributed network. However, the optimization models
lack in considering the variability and uncertainty in load
forecasting. Stochastic modelling approachwould have better
handled uncertainties in load and renewable generation. The
paper [142] focusses on optimal placement and sizing of
ESS to reduce cost related to energy not supplied and power
loss but does not explore role of ESS in providing ancillary
services, implementing these would have maximize benefit
of ESS integration. The paper [143] employs a static opti-
mization approach tominimize power loss and power demand
cost through optimal coordination of DGs and BESS. The
framework does not provide detailed scenario analysis for
uncertainties in load growth and renewable penetration. Such
analysis is important to check the effectiveness of proposed
algorithms. A Multi Agent System [144] is proposed for
service restoration focusing on network reconfiguration and
dispatching static & mobile ESS. The framework does not
involve any dynamic control strategy for ESS to manage grid
stability, specifically under conditions of fluctuating loads
and renewable generation. The paper [145] focusses on static
optimization for placement of BESS in radial network to
control voltage regulation and energy cost. The study does
not consider any DERs, therefore lacking in proper coordina-
tion of BESS to balance the supply and demand chain more
effectively. The study [146] focusses on optimal placement of
BESS by minimizing the energy and power loss by providing
voltage and active power regulation. However, study does
not address role of BESS in providing frequency support
which are crucial for system having renewable penetration.
While paper [147] focusses on optimization of BESS place-
ment and sizing considering duck curve phenomena to reduce
system losses. The study focusses on duck curve by opti-
mizing BESS but lacks in coordinating it with any demand
side management strategy such as load shifting, and energy
efficient measures. In summary, many studies have explored
BESS performance using different techniques that can be
broadly grouped into five main categories; analytical method,
mathematical method, probabilistic method, meta-heuristic
method, and artificial neural network method. The overall
approach of all these methods is shown in Fig. 3. For opti-
mization of these parameters, different objective functions
are either single-objective or multi-objective-based. Table 6
presents the overall review of different papers describing the
objective function taken, the type of battery, the RE resources
considered, and the type of ancillary service the battery is
providing.

A. ANALYTICAL METHOD
Analytical techniques are commonly employed to optimize
the cost, size, and placement of BESS. These methods typi-
cally utilize mathematical approaches that involve algebraic
functions to determine the optimal solution. Commonly, these
techniques entail utilizing functions that can be directly
derived and executed for iterative or repetitive computations
until an optimal resolution is attained. While performing
iterative computations, it is possible to manipulate variables
such as power and energy capacity within a predetermined
time frame to derive solutions based on one or more criteria.

B. MATHEMATICAL METHOD
These methods involve both analytical and numerical
approaches for finding the optimal solution of BESS.
It obtains the optimal solution by creating an approxi-
mate model, where the objective function is estimated by
an iterative process that is carried out until the optimal
solution is attained. These methods include linear program-
ming, non-linear programming, mixed-integer programming,
or convex optimization. Compared to other solvers like Gen-
eral Algebraic Modelling Systems (GAMS) and CPLEX,
mathematical optimizations provide better efficiency and
accuracy. For large-scale and long-term BESS applications,
mathematical optimizations provide inaccuracy. A mixed
integer nonlinear programming is used to create a mathe-
matical model that optimizes the cost associated with the
energy hubs, considering resilience constraints and the role of
energy storage devices in the system [152]. A mixed integer
linear programming model is developed for the development
of a behavioral home energy management structure, and the
model is a solver using a CPLEX solver in a GAMS environ-
ment [153].

C. PROBABILISTIC METHOD
The probabilistic method for identifying BESS location con-
siders the uncertainties involved in various parameters like
load profile, RE generation pattern, and market prices. This
method is categorized into two parts: (i) Chance-constrained
method and (ii) Stochastic optimizationmethod. They usually
depend upon the PDFs of models exhibiting uncertainty.
Multiple PDFs are used; however, some PDFs are used specif-
ically for a specific application. For example, for wind output
generation, Weibull distribution is usually used, Beta func-
tions are used for solar power output, and normal distribution
functions are used for load demand. For optimal sizing and
placement of BESS, both chance-constrained and stochastic
optimization methods can be implemented, depending upon
the objective function and its constraints.

The chance-constrained method primarily focuses on
fulfilling the objective function by satisfying predefined con-
straints. It aims to balance the system’s performance and risk,
ensuring that the system operates within permissible limits
and uncertain conditions. At the same time, the stochastic
optimization method tackles the problem of uncertainties
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associated with them by considering the PDF of the vari-
ables. It enhances the system’s performance by capturing
the varying nature of the uncertain variables. A probabilistic
capacity planning methodology for plug-in electric vehicles
is presented with an on-site energy storage device. AMarkov-
modulated poison process is used for modelling the system.
It considers various parameters like the number of vehicles
present at the charging lot along with the energy storage
charge level as the system’s state, and the paper explores the
relationship between the energy storage size, customer statis-
tics, and grid power [154]. A probabilistic method based on
Clayton Copula is used to determine the optimal location of
the BESS, considering the wind power uncertainty and inter-
farm correlation. A multi-objective optimization problem is
proposed considering the entire wind power joint distribution
to minimize the overall system cost, carbon emissions, and
power losses [155].

D. METAHEURISTIC METHOD
Metaheuristic algorithms are optimization techniques
inspired either by a natural process or metaphor. These tech-
niques are flexible, model-free, and more robust against the
local optimal solutions. They are designed so that it becomes
efficient to explore the search space and find the near-
optimal solution, especially in complex and computationally
challenging functions that traditional methods may not be
able to perform. These algorithms do not guarantee optimal
solutions but focus on the iterative process based on defined
instructions. Compared to other techniques like analytical
and mathematical, these algorithms may not perform too
efficiently when there is a set of constraints defined which
are complicated.

E. ARTIFICIAL NEURAL NETWORKS
Artificial Neural Network (ANN) is a powerful tool that can
be used for BESS placement optimization. It is used for
modelling complex networks, classification, approximation,
and recognition. ANNs are trained based on historical data
and can learn complex patterns and the relationships within
the data. ANN is commonly used to optimize the BESS
placement by creating multiple scenarios and for predicting
the optimal configuration based on the trained data set and
objectives.

Finally, several gaps in the existing BESS literature have
been found that hold back optimization of performance and
integration with the grid. Many of them lack effective inte-
gration of real-time grid conditions and dynamic market
participation strategies—critical for meeting maximum util-
ity from BESS in a fluctuating grid environment. Besides, the
present design lacks multi-ancillary service co-optimization,
which should optimally enhance BESS economic and opera-
tional benefits such as energy arbitrage, frequency regulation,
and voltage support. This necessitates the development of
more advanced control algorithms in that respect to pro-
vide multiple ancillary services effectively in the presence

TABLE 7. Case studies of cascading effects due to false data injection.

of real-time grid fluctuations. It is further essential to take
into consideration a broader scope in relation to ancillary
services since most studies nowadays focus on very spe-
cific services, leaving the potential development of BESS
aside. The effective strategies of market participation are also
underrepresented, thus hindering economic and operational
optimization of BESS within varied energy markets. The
missing element is the development of such adaptive charging
and discharging strategies that take grid power and frequency
variations in real-time, important for better efficiency and
longevity of BESS. Filling these gaps will result in more
effective use of BESS to enhance grid stability, flexibility, and
overall economic efficiency.

The electrical transmission and distribution power net-
work is a complex and interdependent system that requires
continuous monitoring and precise control to ensure reli-
able and sufficient power supply. The power grid stability
and security are facing ever greater challenges as renewable
energy resource connections increase and network manage-
ment technologies advance. FDI attack is a significant threat
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to grid stability. These cyber-attacks manipulate the data that
the grid operators receive into making decisions and actions
that may eventually destabilize the grid. When grid operators
act upon manipulated data, it can lead to wrong load forecast-
ing, mismatched supply and demand, and a dispatch error in
generation. These issues can quickly escalate to the tripping
of power lines, shutdowns of power plants, and widespread
outages, eventually resulting in a cascading failure, as shown
in Fig. 4. Once the false data is injected into the distribution
grid, due to the tripping of relays and circuit breaker, the
distribution towers connected in series get disconnected from
each other and therefore result in an overall blackout of the
system. Table 7 illustrates several notable cases where the
False Data Injection led to the cascading failure in power
systems.

V. ROLE OF BESS IN MITIGATING CASCADING EFFECTS
AND FALSE DATA INJECTION IN POWER GRIDS
Cascading effects are caused by the failure of a power system
component to support the failure of other power components,
propagating significant and wide-area power outages. The
integrated feature of the power grid operates in such a way
that a disturbance in one area will have serious wide-area
effects on other parts of the grid. Table 8 provides the
incidents of cascading failures due to component failure in
the power system. In [156], a brief study of the cascading
effect in cyber-physical power systems is explored. They have
investigated the independence of different clusters during
cascading failure and have analyzed the robustness of the
system under various attack scenarios. An event-triggered
hybrid system model [157] is proposed to describe the cas-
cading failure in power grids. The model involves various
physical responses such as frequency regulation, relay protec-
tion, and dispatching action. Another study [158] investigates
how false data injection affects the decision-making and the
control process in the communication network and simulates
a cascading failure due to a cyber-attack. Based on the study,
a novel model is proposed for improving the monitoring
and controlling of cyber networks along with the power flow
characteristics of the network. To analyze the impact of false
data injection at the transmission level, a bi-level mixed
integer linear programming (BMILP) is developed to analyze
the false data injection in multiple transmission lines [159].
A detection framework is also proposed based on the recur-
sive weighted least-square (WLS) state estimation, providing
effective detection of FDI. A data-driven methodology [160]
is also developed to analyze the risk involved in the cascading
failure of the network. A physics-based model is used to
generate the training data set for the training of Feed-Forward
Neural Networks (FNN) and Graph Neural Networks (GNN).
The GNN model achieved an accuracy of around 96%,
whereas FNN achieved around 85%. A methodology for
identification and assessment of cascading failure by estab-
lishing four indexes based on grid topologies [168]. The
indexes are developed to create a cascading failure searching

index game model for determining the weights of each index.
A cooperative immune quantum particle swarm optimization
is also proposed to solve the model and achieve optimal Nash
equilibrium solutions. Another model is known as Power-
loss failure, Out-of-control failure, and Data-blocking failure
for analysis of the cascading failure due to cyber-attacks
in cyber-physical power systems [169]. They introduced
fragmentation and compatibility into the model, influenc-
ing the cyber-physical power system. They concluded that
the involvement of these parameters improves the system’s
resilience. Based on the literature survey, it can be concluded
that there are several models for the analysis, prediction, and
detection of possible cyber-attacks in cyber-physical power
systems resulting in cascading failure. However, strategies
for the reduction of cascading have not been explored in the
above literature. A reduction in cascading can increase the
resiliency of the system overall.

BESS is one of the key solutions in mitigating cascading
effects, especially those caused by FDI attacks. BESS can
be an immediate power backup and a frequency and voltage
stabilizer. In this way, it can support load balancing and
black start operations. BESS integration within the power
grid system will hence give operators the ability to increase
grid resilience under a cyber threat and a more reliable power
supply.

VI. PROPOSED FRAMEWORK
This section presents a framework that draws upon various
techniques documented in the literature to address placement,
sizing, resilience, and cyber security concerns. As evidenced
by the Table 6, the process of optimizing BESS involves
determining the most favorable dimensions, locations, and
capabilities. The optimization of size and placement has been
a topic of interest in literature, with a variety of approaches
being employed. These approaches include analytical, math-
ematical, probabilistic, metaheuristic, and artificial neural
networks, as outlined in Section IV. The proposed frame-
work entails a series of steps aimed at achieving optimal
size placement, cost-effectiveness, and longevity of BESS.
The framework under consideration enhances the network’s
resilience holistically by furnishing backup to the crucial
regions that are impacted by the cascading effect triggered
by a cyber assailant via FDI.

Fig. 5 illustrates a proposed framework for achieving
increased network resiliency in the event of renewable inter-
mittent or cyber-attacks. This is accomplished through the
optimal sizing and placement of BESS within a dynamic
distribution grid. Input data for load modelling involves the
collection of historical electricity consumptions at various
times (e.g., hourly, daily, weekly) for different consumers
(e.g., residential, commercial, and industrial), feeder ratings,
and feeder length. For solar and EV data generation, various
parameters like solar irradiance, solar panel characteristics,
EV penetration data, EV charging profile, and EV battery
characteristics are required. The modelling of distributed
energy resources like solar can be done using physical,
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FIGURE 4. Cascading failure in electrical grid.

TABLE 8. Case studies of cascading effects due to component failures.
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FIGURE 5. Framework flowchart.

statistical, and machine learning models. The uncertainty
associated with solar resources can be achieved using Monte
Carlo simulation or time series simulation. Similarly, the
modelling of stochastic EV load can be done by analyzing
the charging behavior, initial charging time, and charging
duration. The stochastic nature of the EV load shows the ran-
domness or uncertainty, which is modelled using probability
distribution functions.

A simulation is conducted on the distribution grid that is
characterized by its dynamic nature and the presence of PV
and EV’s. The analysis focuses on the frequency and voltage

profiles to comprehend the respective contributions of each
parameter toward ensuring the grid’s stability and dependable
power provision. The dynamic distribution grid was subjected
to a voltage and frequency analysis, which revealed the pres-
ence of weak feeders. These feeders were identified based
on their voltage levels falling below the acceptable limits,
high voltage drops, and high-frequency deviations beyond
the acceptable range. Subsequently, the requisite assistance is
identified. Through the integration of voltage and frequency
analysis with load and DERs, the identification of weak
feeders and the determination of requisite ancillary services is
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achieved. Various battery technologies suitable for providing
ancillary services are recognized based on their technical
characteristics, such as energy density, response time, and
charging and discharging cycles. The establishment of objec-
tives can be attained through the contemplation of diverse
parameters, such as SoC, charging and discharging cycles,
cost, placement, and life cycle. Nevertheless, the formulation
of the objective functions is performed separately. The effi-
cacy of these objective functions is constrained by various
parameters such as the length of the feeder, power of the
feeder, voltage of the feeder, SoC limits, and suitability of
the site. BESS are situated at the most suitable positions as
determined by employing optimization methodologies. Upon
the allocation of the BESS, a load flow analysis is conducted
to evaluate the extent to which the BESS enhances the power
quality of the dynamic distributed grid. A Monte Carlo simu-
lation is utilized to examine the support provided by BESS by
generating a simulated scenario of false data injection in the
dynamic distribution grid, which leads to a cascading effect.
The purpose of this analysis is to evaluate the effectiveness
of BESS support. This study examines the resilience of the
network and investigates how BESS located at optimal loca-
tions can aid in the recovery of cascading affected areas. If the
impacted regions are more extensive, the objective function is
reformulated to enhance resiliency and diminish the cascade
affected area. The procedure is continued until the impacted
chain reaction region is determined to be of minimal size.
The proposed framework is expected to address power quality
concerns and enhance the adaptability of the dynamic system
to unforeseen electric vehicle loads and cyber security risks.

However the proposed framework depends on several
parameters like data dependency, optimization algorithms
used for the optimization and stochastic modelling of the grid.
If the data is not accurate the optimization results will be not
reliable.

VII. EV PENETRATION ESTIMATION USING PROPOSED
FRAMEWORK
Based on the proposed framework, the EV load penetration
for the Uttarakhand region in India is estimated using PDFs
and socio-economic parameters like income, population den-
sity, grid availability and altitude. The study aims to aid grid
operators in managing and predicting power demand incre-
ment from increased EV charging. Firstly, data collection
from different districts in the Uttarakhand region is con-
ducted. Population density, average income, grid availability,
and altitude are considered the parameters of input. Lastly,
the total EV registered in different districts is the output
variable. After data collection, regression analysis is done to
identify the weight relation of these parameters concerning
the EV numbers. The weights of these parameters are shown
in Table 9.

After the weights calculation of the socio-economic
parameters, several supervised machine learning algorithms
are utilized, including Random Forest (RF), Support Vec-
tor Machine (SVM), Decision Trees, ANN, and K- nearest

TABLE 9. Parameter weights.

FIGURE 6. EV load curve [170].

neighbor (KNN) to estimate total EV numbers across 10,000
different points in Uttarakhand region. After the EV penetra-
tion estimation across various locations, the study conducted
the impact on the grid by modelling the load curve based on
the type 1 charger with a 3.5kW rating every day in February.
During this study, the charging time was segmented into two
peak periods (5 am to 9 am & 6 to 10 pm), representing that
the domestic charging will peak during these periods to assess
the load fluctuations. Based on this statement, an average EV
power demand curve for the day in February is estimated and
shown in Fig. 6.
Now, further work involves the integration of this EV

power demand curve into the distribution grid, analyzing its
impact on voltage profile, frequency profile and line losses,
and identifying the optimal locations for placing BESS and
improving the power quality.

VIII. CONCLUSION
Battery Energy Storage Systems (BESS) use in distributed
networks has demonstrated tremendous potential for improv-
ing grid stability, providing vital ancillary services, and
facilitating the integration of renewable energy sources and
electric vehicles (EVs). BESS can increase the overall power
supply reliability by managing voltage and frequency devia-
tions. This review paper gives insights into the advancement,
challenges and strategies for placement of BESS, focusing
on economic and technical feasibility. The following conclu-
sions can be drawn:

• BESS has shown great capability in stabilizing the grid
by offering ancillary services, including frequency, volt-
age, and active and reactive power support. By its rapid
charging and discharging operations, BESS limits the
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fluctuations introduced by renewables and EVs in the
distribution network.

• It is identified that significant advancements have been
achieved in optimizing the BESS sitting, sizing and cost.
However, most of the techniques rely on static optimiza-
tion, missing the flexibility to adapt to real-time grid
conditions and sudden changes in demand and genera-
tion. This issue urges for a more dynamic optimization
technique, hybrid optimization techniques having the
advantages of existing analytical, mathematical, prob-
abilistic, artificial neural network and meta-heuristic
methods providing the scalability and reliability for
large-scale BESS applications. The BESS can dynam-
ically charge and discharge them based on the grid
conditions, offering superiority in complex operational
scenarios.

• Integration of BESS in modern distributed net-
works possesses certain challenges involving uncer-
tainties in electricity demand, variable renewable
output, EV charging demand, and varying market
prices. St stochastic and probabilistic techniques
are employed to address these uncertainties. It is
important to involve BESS and renewables parame-
ters in the economic models for better adaptability
of BESS.

• Digitalization of the grid network and the increasing
reliance on smart devices and control mechanisms lead
to grid network exposure towards cyber threats, espe-
cially false data injection (FDI) attacks. These threats
can disrupt the grid, resulting in cascading failures.
To address these concerns, a strategic framework for
BESS is proposed. The strategic framework focuses
on improving the power quality, support, and paid
restoration capacity against cyber-attacks. The frame-
work ensures the secure operation of BESS within the
highly digitalized grid network.

In the future, integrating the BESS in the power system
will not be applicable to providing the ancillary services.
Still, it will also provide a transaction market where the
grid and the user will use this technology for their benefit.
Advanced machine learning (ML) and artificial intelligence
(AI) will enhance the BESS operation with advanced pre-
dictive technologies based on the previous data. Hybrid
optimization algorithms that blend other optimization bene-
fits with real-time data and predictive modelling will improve
the scalability of the BESS for long-duration applications.
These hybrid models will allow dynamic operations of
the BESS, resulting in minimizing cost and maximizing
performance, along with stable grid operations. Moreover,
digitalization in the grid network needs proper measures to
avoid cyber threats resulting in cascading failure. Strate-
gies involving the node theory with BESS placement and
sizing will help further to reduce these possibilities by deter-
mining the optimal locations, avoiding the maximum area
disrupted.
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