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Abstract Inrecent years, improvements in energy storage
technology, cost reduction, and the increasing imbalance
between power grid supply and demand, along with new
incentive policies, have highlighted the benefits of battery
energy storage systems. These systems offer long life, low
cost, and high energy conversion efficiency. While energy
storage is gradually transitioning from demonstration
projects to commercial operations, its technical and
economic performance is still limited, and it lacks
economies of scale. Research on the design and operational
optimization of energy storage systems is crucial for
advancing project demonstrations and commercial appli-
cations. Therefore, this paper aims to provide insights into
system configuration and operational optimization. It first
summarizes the optimal configuration of energy storage
technology for the grid side, user side, and renewable
energy generation. It then analyzes and reviews the
economic optimization and cybersecurity challenges in
power system operations. Finally, this paper discusses
unresolved issues in energy storage applications and high-
lights important considerations for future implementation
and expansion.

Received Jun. 11, 2024; revised Dec. 19, 2024; accepted Jan. 1, 2025

Huadong MO (&)

School of Systems and Computing, University of New South Wales,
Canberra ACT 2612, Australia

E-mail: huadong.mo@unsw.edu.au

Chaojie LI (&), Nina LIU, Bo ZHAO, Haoxin DONG

State Key Laboratory of Alternate Electrical Power System with
Renewable Energy Sources, North China Electric Power University,
Beijing 102206, China

E-mail: cjlee.cqu@163.com

Hangyue LIU
Sungrow Australia Group Pty Ltd, North Sydney NSW 2060, Australia

Enrico Z1O
Center for Research on Risks and Crises, Mines-Paris, PSL, France;
Department of Energy, Politecnico di Milano, Italy

Open Access funding enabled and organized by CAUL and its Member
Institutions.

Keywords energy storage technology, battery energy
storage, configuration planning, operation optimization,
economics and security

1 Introduction

Global energy consumption is increasing due to population
growth, technological advancements, and post-pandemic
recovery. This has led to significant concerns regarding
energy supply and environmental issues. Fossil fuels are
heavily relied upon, resulting in substantial carbon emis-
sions and resource depletion. In response, renewable
energy sources are being actively developed. One of the
United Nations’ Sustainable Development Goals (SDGs)
aims to significantly increase the share of renewable
energy in the global energy mix by 2030 (SDGs, 2019).
However, renewable energy sources are intermittent and
unpredictable. Their large-scale integration into the grid
adds uncertainty and complexity, threatening the reliability
and stability of power systems.

This is why energy storage technology is gaining
significant interest for its potential to address the challenges
of widespread renewable energy adoption. An energy
storage system (ESS) can help smooth the output of
renewable energy sources and reduce the impact of their
intermittency on system stability. It can also store excess
energy during periods of high availability, which can then
be used to meet demand during peak hours (Zhou et al.,
2022). Additionally, energy storage technology enhances
the resilience of the energy system by improving its self-
healing capabilities and enabling faster recovery after
disasters and accidents (Cheng, 2013; Xu et al., 2013).
More specifically, energy storage technology plays a
crucial role in several areas. It supports the development
of smart grids, enhances distributed generation systems,
and facilitates the integration of Electrical Vehicles
(EVs). This technology helps manage energy demand
more effectively by balancing peak and off-peak usage. It
also smooths energy consumption, increases the efficiency
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of power equipment, and reduces the overall cost of
power supply.

Currently, the battery energy storage system (BESS) is
the storage technology with the largest installed capacity,
apart from pumped storage. Pumped storage has significant
limitations, including high geographic requirements, high
initial investment costs, and potential environmental
impacts. Additionally, pumped storage has a power
response rate of several minutes, making it challenging to
provide responses within seconds. The inertia of the
power system is expected to decline rapidly in the future
due to increased renewable energy installations and a
reduced share of synchronous generators. According to
Fernandez-Guillamén et al. (2019), from 1996 to 2016,
the equivalent inertia constant in Europe decreased from 4
to 3.3 s — nearly a 20% drop — due to rising wind power
penetration. In Denmark, which has a high share of
renewable energy, it decreased from 4 to 1.6 s. The Euro-
pean Network of Transmission System Operators
(ENTSO-E) predicts that, under rapid renewable energy
development scenarios, the grid equivalent inertia in the
UK and Italy will drop to zero by 2040 (ENTSO-E,
2021). As a result, future power systems will require more
fast-response devices to ensure frequency stability. BESS
is considered a key energy storage technology for future
power systems due to its high energy density, high cycle
efficiency, and rapid response speed. Therefore, this paper
focuses on BESS as the primary research subject.

With a steady decline in energy storage technology
costs, the economic advantages of BESS, such as long
life, high energy conversion efficiency, and low cost, are
becoming more evident (Li et al., 2016a; Deeba et al.,

0 Literature keyword statistics -
A . . : — 25
-mmm Carbon neutrality

W & Energy stor* | i

10%

Frequency

0
2005 2010 2015 2025
Year

(a)

Literature contained Literature contained ‘Carbon
‘Carbon Neutrality’ Neutrality’ and ‘Energy Stor*’
Contains 'Appl*'
56.519%

2020

Contains
'Energy Stor*'
13.767%

Others
67.233%

(©

Front. Eng. Manag. 2025, 12(2): 305-329

2016). Regarding profitability, BESS offers significant
flexibility compared to traditional power units. It can
provide high-slope, large-volume, and bidirectional
power, enabling it to take advantage of profitable oppor-
tunities, such as price spikes. In terms of feasibility, a
Virtual Power Plant (VPP) that aggregates multiple
Distributed Energy Resources (DERs) offers a reliable
platform for distributed BESSs to profit from energy
trading and ancillary services markets (Han et al., 2021).
As for market growth, the global battery market was
valued at $108.4 billion in 2019 and is expected to grow
at a rate of 14.1% from 2020 to 2027 (Grand View
Research, 2023). With the increasing share of EVs in new
vehicle sales, it is likely that EV fleets will also be aggre-
gated into dynamic BESSs and participate in markets
using Vehicle-to-Grid (V2G) technology (Mwasilu et al.,
2014).

To provide a comprehensive view of previous related
literature, we conducted a bibliometric analysis of carbon
neutrality research using Citespace. First, we searched the
Web of Science Core Collection using the keyword
‘Carbon Neutrality’ and selected papers from 2000 to the
present. The search yielded a total of 10,525 papers.
After filtering out ‘Artistic’ and ‘Review’ articles, we
obtained 9,973 valid papers. The results of the bibliometric
analysis are shown in Fig. 1. Figure 1(a) displays the
number of papers published over time, indicating that
interest in ‘Carbon Neutrality’ has been steadily increasing
over the past decade, with a notable spike in 2021.
Figure 1(b) highlights the main research areas within the
‘Carbon Neutrality’ literature, showing that energy storage
is a key pathway to achieving carbon neutrality.
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Fig. 1 The result of the bibliometric analysis on the carbon neutrality literature.
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Figure 1(c) presents the percentage of energy storage
research within the ‘Carbon Neutrality” literature, focusing
on energy storage applications. It is clear that achieving
economical and efficient energy storage applications is a
major concern for researchers.

Nevertheless, compared to most other energy
resources, one of the main obstacles to the widespread
commercial deployment of BESS is the high cost, partic-
ularly for configuration and operation. These costs make
it challenging to unlock the economic potential of BESS.
This requires evaluating factors, such as system degrada-
tion, energy roundtrip efficiency, and energy market
bidding strategies. Additionally, careful planning and
design are needed throughout the entire BESS life cycle,
covering both configuration and operation phases.
Furthermore, due to technical, economic, and regulatory
limitations, an effective system for analyzing and evaluat-
ing the practical benefits of BESS has not yet been estab-
lished. As energy storage technology transitions from
engineering demonstrations to commercial operations,
research on the configuration design and operational opti-
mization of BESS in power systems presents both chal-
lenges and opportunities. This paper focuses on exploring
how energy storage in different application scenarios can
be efficiently energy managed through optimization tech-
niques to reduce the cost of energy storage.

To date, the applications of BESS in power systems
can be classified into five categories: (1) ancillary
services, (2) power reserve, (3) energy trading, (4) invest-
ment delay and grid support, and (5) combined applica-
tions, as summarized in Table 1. Depending on the appli-
cation type, duration, and value stream, the optimization
objectives for the configuration design or operational
optimization of BESS can be determined.

On the other hand, artificial intelligence (Al) is becoming
an essential tool in developing information technology
applications in the power industry, supporting the trans-
formation and growth of the energy sector (Hu et al.,
2023). With the introduction of concepts like smart grids
and the energy Internet, Al has been widely applied
across various power system fields. The application route
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for Al technology is shown in Fig. 2. For example, the
Hornsdale Power Reserve in South Australia uses an
Al-powered trading system, demonstrating the potential
of Al in the power sector. This large-scale battery saved
consumers over $150 million in its first two years of
operation, showcasing the value of grid-scale batteries in
electricity markets and proving that integrating Al into
BESS can be highly profitable (Neoen, 2024). Therefore,
applying Al technology to optimize BESS configuration
and operation to overcome high costs and enhance
economic viability is a promising approach.

To fill the above gaps and provide valuable references
to potential researchers, we will conduct research accord-
ing to the technical route and ideas shown in Fig. 3. To
address the gaps mentioned above and provide valuable
insights for future researchers, this review paper makes
the following contributions:

* General optimization models, including objective
functions and constraints, for BESS configuration design
and operational optimization in power systems are
provided.

* Typical optimization methods and objectives for
BESS configuration design are illustrated.

* The optimization methods are classified based on
configuration design and operational optimization, with
further sub-classification according to specific BESS
applications in power systems. Innovations, strengths,
and limitations of these methods are also analyzed.

» The cybersecurity challenges in BESS operation,
particularly under AI and blockchain technology, are
summarized.

* Opportunities for future research are discussed.

2 Energy storage technologies in power
system

In modernizing the power system, energy storage tech-
nology has become essential for enhancing grid flexibility
and achieving carbon neutrality. As renewable energy is
integrated on a large scale, the importance of energy storage

Table 1 Different optimization categories, applications, and value streams of BESS

Optimization category Application Duration Value stream
Ancillary service Frequency regulation Long-Term Gain auction profits from power grid enterprises
Peak shaving and valley filling Long-Term Reduce peak cost for related departments
Black start Short-Term Get rewards from contracts with system operators

Power reserve Uninterrupted power supply Short-Term Improve power supply reliability

Ramp rate control Long-Term Stabilize the fluctuation and obtain relevant rewards
Energy trading Energy arbitrage Long-Term Low charge and high discharge can obtain benefits
Investment delay and grid support Voltage support Long-Term Reduce utility costs for distribution network/enterprises

EV-Grid integration Long-Term Reduce the cost of the distribution network

Combined application Multiple applications

Short-Term/Long-Term

Value accumulation in many aspects
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Fig. 2 The application technology route of artificial intelligence technology.

has grown significantly. This section provides an in-
depth review of current energy storage technologies,
including their types, characteristics, application scenar-
i0s, and techno-economic aspects.

2.1 Types and technical features

Energy storage technologies can be categorized into
physical energy storage, electrochemical energy storage,
and electromagnetic energy storage based on the form of
energy storage and the conversion mechanism. Physical
energy storage includes technologies such as pumped
storage, compressed air energy storage, and flywheel
energy storage. These technologies are known for their
large-scale, long-duration storage capacity, making them
suitable for grid peak shaving and emergency backup.
Electrochemical energy storage technologies, including
lithium-ion batteries, lead-acid batteries, flow batteries,
and hydrogen energy storage, are characterized by fast
response times and flexible configurations. They are
crucial for frequency regulation, backup, and integrating
renewable energy into the power system. Electromagnetic
energy storage, such as superconducting magnetic energy

storage and supercapacitors, offers high power density
and fast charging and discharging capabilities. These
technologies are well-suited for instantaneous power
support and maintaining energy balance in the grid.
Table 2 presents the specific classification of energy stor-
age technologies, while Table 3 summarizes the key tech-
nical characteristics of each technology.

2.2 Application scenarios

Energy storage technologies have diverse application
scenarios, ranging from large-scale grid operations to
distributed energy management. In areas rich in renewable
energy, physical energy storage is used to shift energy
over time and ensure stable grid operation through the
‘renewable energy + storage’ model. Electrochemical
energy storage is applied in urban power grids and micro-
grids for commercial operations, providing frequency
regulation, peak-valley arbitrage, and demand-side
response services. Electromagnetic energy storage is
valuable in scenarios requiring a fast response, such as
instantaneous power compensation in power grids and
fast charging stations for EVs. Meanwhile, phase change
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Fig. 3 The research route and content of this paper.

energy storage is used in solar thermal power generation
and industrial waste heat recovery to provide a stable
supply of thermal energy, improving energy efficiency.
Table 4 summarizes the advantages and disadvantages of
each energy storage technology.

2.3 Technical and economic analysis

In terms of techno-economics, physical energy storage

offers better cost efficiency due to its large-scale, long-
duration characteristics. However, it is limited by
geographic requirements and potential environmental
impacts. The cost of electrochemical energy storage is
decreasing due to technological advances and large-scale
production, and its flexibility and high efficiency make it
competitive in the power market. Electromagnetic energy
storage has high power density, but its current high cost
limits its use to specific applications requiring extremely
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Table 2 Energy storage systems based on the form of energy storage and conversion mechanism
Energy Storage Systems Form of energy Abbreviation
Electrochemical energy storage system Lithium-ion batteries Li-ion
Lead-acid batteries LA
Liquid current batteries NaS
Hydrogen energy storage HES
Physical energy storage system Pumped storage PHES
Compressed air energy storage CAES
Flywheel energy storage FES
Electromagnetic energy storage system Superconducting magnetic energy storage SMES
Supercapacitors energy storage SCES
Table 3 Technical characteristics of various energy storage technologies (Elalfy et al., 2024; Dominguez et al., 2025).
Type Power density Energy density Lifetime cycles Round-trip efficiency Self-discharge per day
P (kW/m3) (kW -h/m?) (KW-hrke) (times) (%) (%)
Li-ion 1300—10000 140-630 75-200 1000—10000 90-97 0.1-0.3
LA 10—-400 50-80 30-50 500-2000 70-80 0.1-0.4
NaS 140-180 150-250 150-240 2 500—4 500 <90 0.1-0.3
HES >500 500-3000 800-10000 >1000 20-50 <0.0001
PHES N.A N.A 0.5-1.5 20000—50000 70-87 0.005-0.02
CAES 0.04-10.00 0.4-20 30-60 10000-30000 60-90 0.003-0.03
FES 1000—-5000 20-80 10-30 >20000 75-95 55-100
SMES 1000—4000 0.2-13.8 0.3-75.0 10000—100000 80-99 10-15
SCES 40000—-120000 10-20 0.05-15 >50000 60-97 20-40
Table 4 Advantages and disadvantages of various energy storage technologies (Elalfy et al., 2024; Dominguez et al., 2025)
Type Advantage Disadvantage Application status
Li-ion High power and energy density, rapid The lifecycle depends on the discharge level =~ Suitable for power supplies that require high
response and high cost response speed and mobility
LA Low cost, mature technology Low energy and power density, short The most mature BESS
lifecycle, high maintenance costs,
and toxic materials
NaS High energy storage capacity Complex structure, low energy and power Suitable for public utilities with long
density discharge duration
HES High energy density, long discharge time, and The overall energy conversion efficiency is Hydrogen production, storage, and
good environmental compatibility low, and the investment cost is high transportation are restricted
PHES Mature technology, high energy storage Geographical location limitation, high cost, Costs vary by location, with high initial
capacity, long service life cycle low power density, and potential infrastructure costs and variable operation
environmental impact and maintenance costs
CAES Mature technology and high energy storage  Efficiency fluctuations, safety hazards, and ~ The cost varies depending on the site, with
capacity geographical limitations high initial infrastructure costs and variable
operation and maintenance costs
FES High energy storage capacity, environmentally ~ Noise pollution, safety issues, and high Commonly used for uninterruptible power
friendly, small space occupancy, mature unit energy storage costs supply
technology
SMES Fast response speed, high energy storage ~ High cost, cooling issues, and high magnetic Low temperature refrigeration system
capacity, and high reliability field requirements needs to be configured
SCES High energy density The interdependence, safety issues, and Suitable for power sources that require high
environmental impacts of battery component response speed and fixed power supply
characteristics

fast response times. Phase-change energy storage is unique advantages in certain applications. Table 5
limited economically due to material costs and the summarizes the techno-economic characteristics of each

complexity of thermal management systems, yet it has  energy storage technology.
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Table 5 Techno-economics characteristics of various energy storage technologies (Elalfy et al., 2024; Dominguez et al., 2025; Lieskoski et al.,

2024; De Carne et al., 2024)

Average capital cost

Type SWh) W) Rated power (MW) Rated energy (MW-h) Suitable storage duration Response time
Li—ion 546 2512 0.1-50 1075-100 min—day ms

LA 437 2140 1-100 0.01-100 min—day ms

Na$S 343 2254 0.1-50 0.1-100 min—day ms
HES 540 3243 0.1-1000+ 100—1000+ h—months s—min
PHES 58 1413 100—-5000 1000+ h—months ~3 min
CAES 77.8 980 5-300+ 1000+ h—months ~10 min
FES 4791 867 0.01-20 0.01-5 s—min ms—s
SMES 5350 322 0.01-10 1074-0.1 min—h ms
SCES 540 3243 0.1-1000+ 100—1000+ h—months s—min

Note: Capital costs are calculated based on the typical discharge time for each technology. The average value represents the median of the entire price range,

following the method outlined by Zakeri and Syri (2015).

2.4  Future development

The rapid growth of renewable energy generation makes
deploying large-scale, cost-effective energy storage
systems essential for maintaining power system reliability.
Since there are various types of renewable energy sources,
a diverse range of storage systems is needed to meet the
specific requirements of each source. In the long-term, it is
challenging to predict which type of energy storage system
will dominate the market, but electrochemical energy stor-
age technology, particularly BESS, is currently experiencing
significant growth. Lithium-ion batteries are seen as a
highly competitive option for grid-scale energy storage
applications due to their high energy density, low mass,
high efficiency, and fast response time. However, the
actual deployment of BESS is still limited and has not yet
reached the level required for large-scale, regulated
commercialization, largely due to the insufficient exploita-
tion of market potential and benefits. Optimizing the
configuration and operation of energy storage systems is
crucial for increasing the annual utilization of batteries and
maximizing the benefits of BESS demonstration projects.
For future energy storage projects, BESS capacity should
be optimally configured, and efficient operation strategies
should be developed based on the specific flexibility
requirements of different scenarios. The goal is to reduce
construction costs while better meeting the varying needs
of the power grid. This approach will contribute to estab-
lishing a new power system that is environmentally
friendly, low in carbon emissions, economically efficient,
and both flexible and responsive.

3 Long-term planning of BESS in power
systems

An effective configuration of BESS significantly impacts
the overall economy and operational security of power

systems. If the BESS capacity is too small, it cannot
effectively improve power quality and grid performance.
Conversely, an oversized BESS can lead to unnecessarily
high investment and maintenance costs. Additionally,
different BESS applications may require specific loca-
tions, as the placement of BESS within the grid can influ-
ence its effectiveness. Therefore, both the capacity and
location of the BESS must be carefully considered during
the system planning and design stages to achieve optimal
configuration.

To optimize the capacity and location of BESS, it is
necessary to first represent the optimization problem as a
mathematical model. This model can then be solved
using optimization techniques such as branch-and-bound
and interior-point methods to determine the optimal
BESS configuration. This chapter will begin by introducing
the generalized BESS configuration planning model. It
will then present the relevant optimization methods and
conclude with a review of research on BESS configuration
planning across different application scenarios.

3.1 Optimization model for BESS configuration design

During the BESS configuration design process, both the
capacity and location of the BESS must be determined.
Additionally, BESS operation should be considered
within a two-stage planning framework. The planning
period typically spans several years, such as 10 years, and
should include representative scenarios of renewable
generation and load demands. Generally, the BESS
configuration planning process involves defining an
objective function and corresponding constraints, which
are as follows:

min Y, fi (E7) + Ziey Zoer (P37 P, (M

0< P P < E™ /1, Vi1, (1a)
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E™ < EM™, (1b)

Py = P = Py Vi, (lc)

EP =EP +PP1Vit, (1d)
SoCME™ < EY <SoC™E;™ Vi,t, (le)
Network power flow constraints, (1f)
Network operation constraints. (1g)

I,i Buses in the distribution network candidate for
BESS installation.

P BESS charging/discharging power.

PBS BESS internal power.

Ef“p/ "™ BESS planning capacity/Maximum capacity
(kWh).

E?® Stored energy in BESS (kW-h).

S oC™ ™ State of charge limits.

Ji1(-) BESS capacity cost in the planning stage.

Jf>(-) BESS operation cost in the operation stage.

7 Time interval length.

79 BESS charging/discharging efficiency (%).

The objective Function (1) aims to minimize the total
cost, which includes both the investment cost of BESS
capacity and the operating cost. Constraint (1a) limits the
charging and discharging power of the BESS to stay
within the planned capacity. Constraint (1b) restricts the
planning capacity to not exceeding the maximum allowable
capacity. Internal power, accounting for inverter effi-
ciency, is represented by (1c). Equation (1d) calculates
the remaining energy in the BESS after charging or
discharging. The state-of-charge (SoC) of the BESS is
limited by constraint (le). Finally, constraints (1f) and
(1g) introduce the network power flow constraints related
to BESS charging/discharging and network operation.

Studies (Schleifer et al., 2022; Dong et al., 2023a;
Dong et al., 2023b) provide empirical cases of such oper-
ational optimization models. From a practical standpoint,

Manag. 2025, 12(2): 305-329

some manufacturers sell BESS as modular units, with
each module having a fixed capacity (Wang et al., 2021).
Therefore, constraints (1a), (1b), and (le) in Model (1)
can be replaced by the following constraints in Model

(2):

min Y., fi (@) + Xie Doer LPEL PEY) (2)
s.t. (Ic), (1d), (1g), (19
€{1,2,3--K}}, Vi, (2a)
Pl"}, P"” aE™ /T, Vi, p,t, (2b)
D < N, Vi, (2¢)
S0C§“i“af,-E““’“1 < EB,S < SoCZ““"oz,-Em"", Vi, t, (2d)

where «; represents an integer variable indicating the
number of BESS modules at candidate bus i, and E™*
denotes the capacity of a single BESS module (kWh).
Constraint (2a) specifies that the number of BESS
modules is an integer, with a maximum of K; BESS
modules at each candidate bus. The charging and
discharging power of BESS are limited by (2b), where
E™? is a known parameter. Constraint (2¢) defines the
range of the total number of BESS modules. Finally,
constraint (2d) restricts the SoC of the BESS.

3.2 Optimization approaches

Al technology is generally used in BESS configuration
design through two types of optimization methods: model-
based and non-model-based, as shown in Fig. 4.

For the model-based optimal configuration method,
intelligent prediction algorithms, such as neural
networks, are first used to predict application scenarios.
Then, an optimal configuration model is established
based on specific configuration objectives. Finally, intel-
ligent solution methods like genetic algorithms, particle
swarm optimization, or ant colony algorithms are applied
to optimize the configuration strategy.

With model Without model

Scenario prediction

Expert system

Source output I Load demand I

Reinforcement learning

Configuration modeling

Optimization objective | Constraint condition

Deep learning

Intelligent algorithm

|
|
Fuzzy theory |
|
|

Fig. 4 Configuration planning method.
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In contrast, the model-free optimal configuration
method does not require the establishment of an opti-
mization model. Instead, the optimal configuration of
BESS can be directly achieved using methods like expert
systems, reinforcement learning, or fuzzy theory based on
the configuration objectives.

Although the two types of methods differ, their opti-
mization objectives are largely consistent. Considering
the positive impacts of BESS on economic performance,
system reliability, and renewable energy utilization, the
optimization objectives can be categorized into economic
objectives, reliability objectives, and multiple-objective
optimizations (Liu et al., 2019; Tao et al., 2016). These
categories take into account a range of factors, as illustrated
in Fig. 5.

Economic objectives are often key optimization goals.
By creating mathematical models for the investment,
operation, and maintenance costs of BESS, the aim is to
minimize these costs, maximize operational efficiency,
and ensure optimal configuration of the BESS.

Ensuring the safe and stable operation of power
networks is also a priority for energy storage capacity
planning. Distribution networks, which are directly
connected to end users, play a critical role in power
supply reliability and quality. In the event of a fault or
power shortage in the distribution system, BESS with
appropriate capacity should be used to provide continuous
power. This ensures that user demands are met for a
sufficient duration and that power fluctuations remain
within safe limits, thus maintaining the overall reliability
and stability of the power system.

It is important to note that the economic and reliability
objectives of BESS often conflict with each other. Focusing
solely on one objective may not lead to an optimal overall

¥ Economic objectives

Optimization

objective

{ Multiple optimization
objectives

configuration plan. Therefore, it is essential to consider
both economic and reliability objectives comprehen-
sively. Additionally, factors such as renewable energy
utilization, energy supply-demand balance, and environ-
mental benefits should be taken into account to further
enhance the overall performance of BESS.

3.3 Configuration design for the active distribution
networks

The application of BESS in the distribution network
offers several benefits. It can delay power network
upgrades, reduce transmission congestion, provide ancil-
lary services, and improve power supply reliability. Addi-
tionally, under the peak-valley tariff mechanism, BESS
can profit through arbitrage by storing energy during low-
demand periods and discharging during peak demand.

To achieve optimal configuration of energy storage
plants in active distribution networks, Abou El-Ela et al.
(2022) establish a model that considers both operational
costs and equivalent life loss. The location and capacity
of BESS are optimized using the Hybrid Particle Swarm
Optimization Algorithm for both grid-connected and off-
grid scenarios.

To mitigate the adverse effects of the randomness and
volatility of PV power generation on the power system,
Abdelkader et al. (2018) analyze the characteristics of PV
power output from the perspective of system probabilistic
power flow. They develop an optimization model for
BESS location and capacity, aiming to minimize invest-
ment costs, limit the probability of power branch
overloads, and reduce network losses. A genetic algorithm
is employed to effectively solve this optimization prob-
lem.

» Investment cost of energy storage

” Energy storage operation cost

» Total revenue on system investment

> Utilization rate of renewable energy

Energy supply and demand balance

» Environmental benefits

Fig. 5 Classification of optimization objectives.
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From the perspective of grid-side energy storage
investors, Wang et al. (2020a) propose a double-layer
model for the optimal configuration of grid-side BESS,
considering multiple market trading modes. The objective
of the model is to maximize the overall benefit of energy
storage investment by accounting for market income
from energy storage, frequency regulation, peak regula-
tion, and investment costs. The inner layer of the model
aims to minimize the total system operation cost, taking
into consideration the costs of power generation,
frequency regulation services, peak regulation services,
and wind curtailment.”

Jiang et al. (2019) present a model that uses mixed-
integer linear programming to determine the optimal
configuration for large-scale energy storage. This model
is specifically designed for regions with combined wind
and solar power. The objective is to minimize energy
storage costs while maximizing the integration of renew-
able energy into the power grid.

Although BESS provides many benefits to the distribu-
tion network, investors often cannot directly profit from
these. Moreover, much of the existing research focuses
on BESS applications without adequately considering
investors’ interests. Therefore, conducting a comprehen-
sive evaluation of BESS value, i.e., measuring both social
and economic benefits and identifying beneficiaries, to
help investors achieve better returns is a promising area
for future research.

3.4 Configuration planning for the coordination with
renewable energy generations

The variability and unpredictability of renewable energy
sources can hinder their large-scale integration into the
grid. Energy storage facilities help stabilize the fluctuations
in renewable energy generation, providing more consistent
power to the system (Barton and Infield, 2004). Energy
storage applications in renewable energy mainly include
wind power storage (Hessami et al., 2011; Monjean et al.,
2010; Castronuovo and Lopes, 2004; Liu et al., 2020b;
Ma et al., 2015; Paul et al., 2020; Kazari et al., 2019),
photovoltaic energy storage (Li et al., 2023; Luo et al.,
2021; Liang et al., 2017), and independent power supply
systems with storage, such as microgrids. The optimal
energy storage capacity is closely tied to the renewable
energy generation curve. Therefore, most planning opti-
mizations rely on generation prediction curves to determine
the optimal BESS configuration.

Revenue from renewable energy—BESS—mainly comes
from arbitrage, where BESS stores energy during low-
demand periods and discharges it during high-demand
periods under peak-valley tariffs. This is of primary interest
to renewable energy power generation companies.
However, there is an overlooked aspect in the literature:
the installation of BESS reduces the additional reserve
capacity required for renewable energy grid connection,

resulting in significant social benefits. The allocation of
these benefits depends on policies related to renewable
energy generation in the power market. In literature
(Hessami et al., 2011; Monjean et al., 2010; Castronuovo
and Lopes, 2004), BESS planning for wind power grid
connections aims to optimize storage capacity to maximize
net income over the study period. Zhang et al. (2018a)
use a fuzzy control strategy for BESS connected to the
grid to optimize the charging capacity of the wind farm.

Ma et al. (2015) introduce a method for configuring a
hybrid energy storage system to mitigate fluctuations in
wind power. This approach aims to reduce the costs of
combining supercapacitors and batteries by considering
the unique attributes of each storage technology and the
specific needs of managing wind power variability. The
solution is computed using a quantum genetic algorithm
based on the Bloch sphere model. Paul et al. (2020)
propose a multi-objective framework to optimally config-
ure energy storage for offshore wind farms. It takes into
account factors such as battery cost, lifespan, wind
turbine availability, expected energy output, risk of
power shortages, and the potential to reduce wasted wind
energy. This framework helps determine the optimal
BESS size for efficient operation in such environments.
Kazari et al. (2019) consider the layout and power fluctu-
ations of wind turbines to achieve joint optimization of
wind power generation and energy storage capacity.

Li et al. (2023) evaluate the engineering economics of
off-grid  photovoltaic-driven  electrolytic  hydrogen
systems with energy storage. Luo et al. (2021) develop a
mixed-integer linear programming model to calculate the
levelized cost of energy for PV systems integrated with
energy storage. This model identifies the optimal opera-
tional strategy and uses a Shapley value-based approach
to adjust for externalities, allowing for fair distribution of
system costs among governments, utility grids, and resi-
dents in 15 Chinese cities. In the work (Liang et al.,
2017), a joint capacity configuration model for photo-
voltaic energy storage is proposed to minimize investment
costs. This model considers factors such as the load
power shortage rate and energy spillover ratio to optimize
the capacity of the PV-storage system.

For large power supply systems or microgrids, the
power supply often includes multiple units, such as tradi-
tional thermal power, wind power, diesel generators,
biomass power, and photovoltaic generation. Energy stor-
age planning in these systems typically uses costs, such
as total power generation cost (Benitez et al., 2008), unit
power generation cost (Diaf et al., 2008; Kaldellis and
Zafirakis, 2007; Kaldellis et al., 2009), and total operation
cost (Bahmani-Firouzi and Azizipanah-Abarghooee,
2014; Fossati et al., 2015; Liu et al., 2010), as the objective
function for optimizing BESS integration. In addition,
Marchenko (2010) considers the construction costs of
both the power supply and BESS. The constraints include
maintaining supply-demand balance within the system,
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managing charging/discharging power, and meeting
BESS power limitations.

To minimize the total generation cost of the system,
Benitez et al. (2008) establish a nonlinear optimization
model for a wind power pumped storage system. This
model is used to analyze the optimal energy storage scale
under different wind speed characteristics. Diaf et al.
(2008) develop a numerical simulation model to optimize
the operation of a combined wind, solar, and storage
power supply system from a techno-economic perspec-
tive. The objective is to minimize the cost of unit power
generation, resulting in the optimal power structure and
storage configuration. Kaldellis et al. (2007) and Kaldellis
et al. (2009) evaluate the energy storage requirements for
independent power systems utilizing wind, solar, and
diesel generators. They analyze various storage technolo-
gies, including pumped hydro, compressed air, and
batteries, to determine which technology offers the lowest
unit cost for power generation, thus identifying the optimal
energy storage solution for these systems.

Bahmani-Firouzi and Azizipanah-Abarghooee (2014)
aim to minimize total operating costs by proposing a
capacity optimization method for BESS in microgrids
using an improved bat algorithm. Fossati et al. (2015)
present a capacity configuration method for microgrids
based on a genetic algorithm, which takes battery capacity
degradation into account. Liu et al. (2010) set up a
dynamic economic dispatch model for a microgrid and
solves it using a dynamic programming algorithm. The
study analyzes the economic dispatch results for a micro-
grid that includes wind power, photovoltaic generation,
fuel cells, diesel engines, and storage batteries to determine
the optimal storage size. Marchenko (2010) focuses on
optimizing an independent power supply system that
incorporates a diesel engine, biomass power generation,
wind power, and compressed air storage. The study
establishes a mathematical optimization model to minimize
the annual discounted cost, and it uses the General Alge-
braic Modeling System (GAMS) to solve the model.

When energy storage is integrated with renewable
energy generation systems, such as PV and wind power,
both sources exhibit intermittent and fluctuating power
output. However, they have different power characteristics
over different time scales. Therefore, time division should
be taken into account when modeling. Additionally, the
energy storage characteristics of different battery technolo-
gies must be considered to ensure that the response speed
of the storage system matches the power fluctuation char-
acteristics of the renewable energy sources.

3.5 Configuration planning for BESS on the demand
side

On the demand side, BESS is primarily used to reduce
electricity bills and provide an uninterrupted power

supply. Most of the current research focuses on the value
of BESS for saving electricity bills rather than its value in
reducing the cost of power shortages by ensuring an un-
interrupted power supply. Lee (2007) optimizes BESS for
industrial users who are equipped with wind turbines for
power generation. The study aims to minimize users’
monthly electricity charges and employs a multi-channel
iterative particle swarm optimization algorithm to deter-
mine the optimal charging/discharging strategy and
energy storage capacity. Lee and Chen (1995) examine
how BESS can reduce electricity and capacity charges for
users. It proposes a BESS planning model to maximize
users’ investment returns. This model uses a combination
of multi-step dynamic planning and expert knowledge
base rules to determine the optimal energy storage size
and contract capacity. With the goal of maximizing net
benefits from electricity savings, Oudalov et al. (2007)
apply a dynamic programming method to optimize the
storage size and operation strategy for BESS used in load
adjustment.

With the rapid growth of EVs, charging stations have
emerged as a new type of user in the distribution
network. The significant power fluctuations at fast-
charging stations can heavily impact distribution
networks, increasing power supply costs and consump-
tion. To mitigate this load impact, installing a centralized
or distributed energy storage system at charging stations
is often considered. The use of BESS helps to shift peak
loads at charging stations. Additionally, BESS can partic-
ipate in providing ancillary services for the distribution
network. This can assist in increasing the utilization of
renewable energy with variable output and improve overall
economic efficiency.

Currently, energy storage for EV charging stations is
still in the early stages of development (Hong et al.,
2004), and there are relatively few studies on the optimal
storage capacity configuration for such stations. Li et al.
(2021) propose an energy storage optimization method
for PV charging stations along expressways in a grid-
connected state. This method utilizes hybrid energy storage
to optimize system configuration and combines HOMER
with the tabu algorithm to solve the problem. Based on
factors such as charging costs, basic capacity, BESS,
transformer and converter costs, and energy losses due to
efficiency, Wang et al. (2017) present an optimal config-
uration strategy for hierarchical BESS. This strategy
addresses the challenges of high short-term charging
power demands and low load utilization at fast EV charging
stations.

4 Operational optimization of BESS in
power grid operation

Energy storage is a key controllable resource in power
systems. It plays a vital role in promoting renewable
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energy integration, enhancing the regulation capacity of
the power grid, and ensuring its safe and economical
operation. The applications of energy storage in power
systems are illustrated in Fig. 6. During power system
operation, energy storage owners may pursue different
objectives, leading to varying operational scheduling
strategies. The goals of energy storage applications are to
maximize the use of storage resources, optimize the oper-
ation process, and achieve high operational efficiency.

Similar to the BESS configuration planning chapter,
this chapter begins with a generalized BESS operational
optimization model. Since the mathematical optimization
methods for solving the model have been covered in
Chapter 2, this chapter will focus on the application of
BESS in power system operations and power market
operations.

4.1 Optimization model for BESS operational
optimization

BESS operational optimization can be represented by
Model (1), which considers BESS operations during the
planning stage. The model typically includes both the
operational costs of BESS and the potential benefits (e.g.,
revenue from the energy market or ancillary services).
Therefore, the BESS operational optimization model
(single-phase) is formulated as follows:

min Y, Yo (P2, PE) = HPEPE), (3)
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NP < PR YL (3a)
where PP is the maximum BESS charging/discharging
power. f;(-) denotes the BESS operation cost. f;(:)
denotes the profit from the markets such as the energy
market or ancillary service based on the price predictions.
Also, E™ is a known parameter in the BESS operation
model.

Studies (Rashedi et al., 2024; Yi et al., 2024; Taghizad-
Tavana et al., 2024) provide empirical cases of such oper-
ational optimization models. In practice, large-scale
BESS systems are configured as three-phase systems.
Therefore, a binary variable is introduced to prevent
simultaneous charging and discharging. The complete
three-phase BESS operation model is formulated as
follows (Wang et al., 2022):

min Y, Yoer Lper fo (P, P ) = F (PP, (4)
s.t. (1d)—(1g)
0< P <B. PomVi,p,t, (4a)
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where (,, represents a binary decision variable for the
BESS charging or discharging decision. This ensures that
only one state, either charging or discharging, can be acti-
vated for all three phases at each time interval.
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» Improve power supply reliability

Fig. 6 Applications of energy storage in power systems.
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4.2 The role of BESS in the power system operation

Recent studies have shown that energy storage equipment
owners can enhance the value of energy storage by opti-
mizing across different markets, such as frequency regu-
lation and spinning reserve (Cheng and Powell, 2018). In
this section, BESS operational optimization is categorized
into five types based on different applications: ancillary
services, power reserve, energy trading, investment delay
and grid support, and combined applications.

4.2.1 Ancillary service
(1) Frequency regulation

To counteract the reduced ability of the power grid to
regulate frequency due to the integration of large amounts
of renewable energy, energy storage systems can be
deployed. Their rapid response capabilities enhance grid
frequency control, effectively addressing this issue. In
2011, the Federal Energy Regulatory Commission
(FERC) of the United States issued Act No. 755, intro-
ducing the concept of energy storage frequency regulation
mileage and incorporating frequency regulation perfor-
mance into the compensation mechanism. Following this,
Germany, the UK, and other countries also introduced
action plans for energy storage to participate in the power
ancillary services market (Ullah et al., 2024; Telaretti and
Dusonchet, 2017). Despite variations in market systems
globally, reserve demand for frequency control is typically
met through a bidding process overseen by the system
operator (Telaretti and Dusonchet, 2017; Hesse et al.,
2017). Li et al. (2016b) reviewed research on large-scale
energy storage participating in frequency regulation,
covering the necessity and feasibility analysis, energy
storage control strategy, capacity configuration,
economic evaluation, and joint operation with traditional
frequency regulation power supply, demonstrating the
feasibility and necessity of energy storage in frequency
regulation.

Vasudevan et al. (2021) presented a comprehensive
control strategy for BESS in frequency regulation. This
strategy includes virtual inertia and virtual droop control
to optimize the timing and capacity of BESS deployment,
ensuring effective support for system frequency stability.
Compared to centralized access, research on distributed
BESS participating in frequency regulation through
aggregation is less developed. Falabretti et al. (2017)
introduced a method for distributed BESS to participate
in primary frequency regulation. It extracts typical
frequency fluctuation conditions of the Italian grid using
a fast Fourier transform and tests the performance of the
proposed distributed BESS, showing promising results in
primary frequency regulation. Additionally, Lee et al.
(2016) proposed a coordinated control scheme for
distributed BESS with regional hosts. Under the coordi-
nation of regional hosts, each distributed BESS effectively

supports system frequency and voltage through aggrega-
tion.”

(2) Peak shaving and valley filling

BESS can also be used for peak shaving and valley fill-
ing, helping to reduce additional operating costs associated
with peak load demands. In this work (Wen et al., 2016),
a battery model for peak shaving and valley filling is
developed, considering factors such as battery capacity,
voltage, and current. Li et al. (2020b) addressed the chal-
lenge of limited peak shaving capacity in power systems
after integrating renewable energy. It proposes an optimal
scheduling strategy for a wind-solar-hydrothermal BESS
system to enhance peak shaving. This strategy analyzes
peak shaving compensation while considering the opera-
tional limits of thermal power units and the capabilities of
BESS in peak shaving and valley filling.

(3) Black start

BESS also supports the potential application of the
black start capability of distributed generation systems. In
the event of supply failures, such as technical defects or
network attacks, individual components or the entire
power system may collapse. In such situations, BESS can
assist in restarting existing generator units. System opera-
tors may reward the black start capability of distributed
generators, as it facilitates the coordinated recovery of the
system (Giorgio et al., 2017). Li et al. (2020a) designed a
black start scheme for wind farms using multiple BESS
units, which aligns with black start scheme specifications.
It proposes four main stages for the black start process of
the combined wind-storage system. The feasibility of this
black start process is initially verified at the transient
level through simulations of the combined wind-storage
system using PSCAD. Li et al. (2018) presented a coordi-
nated optimization strategy for the black start process
based on predictive model control. It designs both the
operation and control modes of the system, considering
its operational state and characteristics.

4.2.2 Power reserve

(1) Uninterrupted power supply

In addition to the ancillary services mentioned above,
energy storage can also provide power backup applica-
tions. To ensure power quality during grid fluctuations
and to prevent power loss during failures, some
customers rely on BESS for an uninterrupted power
supply (UPS). This is particularly important for key
users, such as hospitals and data centers, where a highly
reliable local power supply is crucial. Weicker (2013)
proposed a topology and control strategy for a Li-ion
battery energy storage UPS system with a dual-active
bridge (DAB) interface for high-power applications. The
effectiveness of the proposed scheme is verified through
EMTDC/PSCAD modeling and simulation. Aamir et al.
(2016) presented a design method for UPS in medical
settings, considering factors such as the nature of the
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load, power input requirements, and dynamic output
characteristics, which align with relevant standards.

However, generalized cost-benefit analysis for the UPS
application of BESS may be ineffective, as the value
generated by UPS is difficult to quantify and largely
depends on customer requirements for safe operation
after system failures and the quality of the local grid.

(2) Ramp rate control

BESS can also be used to control the ramp rate (i.e.,
smooth the output power) of generator units with large
fluctuations, such as intermittent wind or photovoltaic
generators (Kargarian et al., 2016; Atzeni et al., 2013).
Liu et al. (2016) proposed an optimal bidding strategy for
BESS to maximize profit by jointly optimizing participa-
tion in the energy market and the flexible slope product
market.

However, this application only provides rewards in
selected regions and is highly dependent on specific regu-
lations or conventions.

4.2.3 Energy trading

(1) Energy arbitrage

Changes in power demand and supply in the electricity
market can lead to price fluctuations. Peak-valley energy
arbitrage is the most widely used method in user-side
energy storage. Profits are primarily made through peak-
valley arbitrage and reducing electricity prices during
peak load demand. The difference in peak and valley
electricity prices leads to varying economic outcomes for
different regions and types of energy storage projects. He
et al. (2011) aimed to maximize arbitrage in the day-
ahead and balanced service markets. It simulates the opti-
mal operation and scheduling model of BESS in a French
grid and compares economic benefits under different
business models. Xin et al. (2019), Jin et al. (2019) and
Esfahani et al. (2019) used various game theories and
optimization schemes to determine the optimal energy
storage scheduling strategy for a multi-microgrid distri-
bution network, thereby improving the system economy.

However, the user load curve does not always align
with local peak and valley periods, causing peak-valley
spread income to fall short of expectations. Additionally,
factors such as battery life and grid connection manage-
ment often lead to higher actual operating costs than esti-
mated. To overcome the challenges faced by the user-side
energy storage market, it is necessary to further reduce
energy storage costs and improve market mechanisms,
including demand-side response and the spot market
(Dong et al., 2020).

4.2.4 Investment delay and grid support

(1) Voltage support
BESS can also support the local power grid in performing

various tasks. It can act as a delay measure or even an
alternative to traditional power grid enhancements. The
power grid also needs the ability to control voltage fluc-
tuations caused by changes in renewable energy output
and residential or industrial loads. Proper control of
energy storage, such as coordinating active and reactive
power at specific local demand points or community
scales, can help reduce such voltage fluctuations (Huang
et al., 2020; Akram et al., 2020).

In many countries or regions, regulations do not
provide direct compensation for voltage services,
preventing private enterprises from entering this market.
However, if the cost of alternative measures exceeds the
cost of BESS, distribution network operators (DNOs)
responsible for stabilizing the local grid may consider
integrating energy storage (Alam et al., 2015). Poudineh
and Jamasb (2014) and Spiliotis et al. (2016) systematically
analyzed the technical limitations and potential profitabil-
ity of using BESS to delay local grid investments.

(2) EV-Grid integration

The electrification of road transportation requires
upgrading the charging infrastructure, significantly
impacting grids atall levels. The emergence of EV charging
stations has placed higher demands on grid infrastructure;
however, upgrading the grid can be very costly. Yang
et al. (2021) introduced battery energy storage into high-
power fast charging stations to optimize their design and
reduce their impact on the grid. In the work (Zhang et al.,
2020), a two-stage optimization model is proposed to
enhance flexibility in the distribution network (DN). This
model includes EV charging, energy storage, and the
dispatch of interruptible loads.

While energy storage can help stabilize system voltage
and delay the need for distribution network upgrades,
several technical, economic, and regulatory challenges
must be addressed to utilize this resource fully. A signifi-
cant obstacle is the lack of an effective market mechanism
for efficient management.

4.2.5 Multiple services in the power grid

(1) Multiple services

Analysis of BESS usage for specific applications
reveals significant idle time, often resulting in wasted
energy storage resources. Combining multiple applications
can improve BESS utilization and enhance the value of
corresponding applications.

In the work (Leou, 2008), a profit maximization model
is developed, considering benefits such as delaying grid
upgrades, reducing congestion costs, and arbitrage from
low storage and high generation. This model is solved
using a genetic algorithm combined with linear program-
ming. Zhu et al. (2019) proposed a combined operational
energy storage mode for arbitrage and power backup,
considering the appropriate capacity ratio between the
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battery and converter. Moghaddam and Saeidian (2010)
and Kazempour and Moghaddam (2009) determine opti-
mal operation strategies for vanadium and sodium sulfur
battery energy storage power stations using the General
Algebraic Modeling System (GAMS). The strategies
account for revenues from arbitrage, reserve, and
frequency regulation for low storage and high generation.

In the work (Badeda et al., 2017), BESS, such as UPS,
is studied to provide additional services during stable grid
operation. The goal is to allocate battery capacity and
power based on the current state of health (SoH) to
provide the best operation strategy over the entire life of
the BESS. Tang and Yang (2019) presented an optimiza-
tion approach for Virtual Power Plants (VPPs) incorpo-
rating energy storage. This method aims to optimize
market operations and bidding strategies for VPPs, ensur-
ing the most favorable energy and reserve capacity deals
in the day-ahead market while maintaining transaction
equilibrium in the real-time market.

(2) Service with microgrid clusters

With the rapid development of renewable energy power
generation, energy storage multi-application optimization
research is being conducted for both microgrids (Tang
and Yang, 2019; Sortomme and EI-Sharkawi, 2009; Che
et al., 2019) and renewable energy power stations (Zhao
et al., 2015; Zhang et al., 2018b; Gonzalez-Garrido et al.,
2018; Gonzalez-Garrido et al., 2019). Badeda et al.
(2017) and Tang and Yang (2019) point out that BESS in
microgrids can be used for frequency regulation, voltage
support, and power backup to optimize system operation.
Sortomme and EI-Sharkawi (2009) and Che et al. (2019)
proposed a two-stage BESS energy optimization control
strategy for grid-connected microgrids with wind power,
considering both energy optimization and power fluctua-
tion smoothing in response to the randomness and fluctu-
ation of wind power.

For renewable energy power generation systems, Zhao
et al. (2015) proposed an optimal BESS scheduling
model based on bilevel programming in integrated wind
power systems. In this model, BESS optimizes the net
load curve through effective charging and discharging
while using its remaining capacity as part of the system
power reserve, thereby reducing the total reserve needed
for thermal power generation. Additionally, a SoC
control strategy is introduced to ensure the rationality of
SoC management.

Zhao et al. (2015) and Zhang et al. (2018b) proposed a
multi-level hybrid BESS wind farm optimal scheduling
strategy. It optimizes the energy storage operation strategy
across three stages: the day-ahead market (to enhance
wind power generation profit), the real-time market (to
eliminate day-ahead prediction errors and smooth wind
power fluctuations), and the standby market (to provide
ancillary services). This approach improves both power
supply reliability and market profit. Zhang et al. (2018b),
Gonzalez-Garrido et al. (2018) and Gonzalez-Garrido

et al. (2019) presented optimization methods for managing
energy storage in photovoltaic power plants within the
energy market (day-ahead market) and the secondary
reserve market (frequency regulation service). The goal is
to find the best trade-off between profits and to determine
the optimal operation strategy.

(3) Service with V2G technology

With the development of EVs and the adoption of grid-
connected V2G technology, energy storage in the V2G
scenario is also considered part of multi-application
research for energy storage. Wong et al. (2011) demon-
strated that, with the help of a communication network in
the smart grid, the mobile battery systems in EVs and
plug-in hybrid EVs can serve as energy storage and
provide ancillary services for the smart grid. In the work
(Wang et al., 2014), a method is proposed for the orderly
charging and discharging of EVs. This method leverages
the advantages of both power plants and grids, significantly
reducing fuel costs and unit start-up/shutdown costs
while also contributing to peak shaving and valley filling.

Luo et al. (2012) examined the potential economic
returns of using plug-in EVs as grid resources. It calculates
and compares the expected profits and the profits from
providing ancillary services, taking into account the
uncertainty of driving behavior. The results indicate that
participating in the frequency regulation business is more
profitable than in the reserve business. In the work (Han
et al., 2018), the use of EVs as power sources to mitigate
voltage fluctuations and provide backup power is consid-
ered. The study investigates the optimal scheduling of
multiple EVs connected to an active distribution network,
providing a reference for distribution network operation
planning.

Although multiple applications have significant potential
to enhance the value of energy storage, it can be challenging
to control BESS for multiple tasks while meeting regula-
tory constraints, particularly when multiple stakeholders
are involved.

(4) Reuse of second-life power battery

Some research focuses on the economic aspects of
using retired power batteries in energy storage configura-
tions. By reusing battery energy storage, the investment
cost in system energy storage can be reduced, and the
overall economy of system operation can be improved
while still meeting energy storage requirements. To
compare and analyze the life cycle cost differences
between echelon utilization batteries and new batteries, a
cost analysis model per kilowatt-hour of power consump-
tion is established, considering battery life and operational
characteristics (Tao et al., 2020). This model is used to
assess the feasibility of using retired batteries in energy
storage power stations. In studies (Tao et al., 2020;
Viswanathan and Kintner-Meyer, 2011), a benefit evalua-
tion method for the echelon utilization of retired power
batteries in the power system is proposed. This method
analyzes key parameters such as the impact of ancillary
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peak shaving services, the depth of charging and
discharging, battery health status, and the utilization life
of the batteries.

Heymans et al. (2014) examined the technical feasibility
and economic viability of using retired power batteries in
BESS for energy storage, specifically for participating in
peak shaving on the user side, considering both the cost
and functionality of the retired batteries. Chennaif et al.
(2021) studied the economic viability of echelon utilization
batteries in photovoltaic energy storage, using a household
power load as an example. The research shows that, due
to low household electricity prices, small peak-valley
price differences, and the high initial cost of batteries,
household photovoltaic BESS is still less competitive
than standalone photovoltaic systems. However, the
study indicates that echelon utilization batteries are more
economical than new lithium-ion batteries in photovoltaic
BESS.

Zhu et al. (2023) proposed a method for integrating and
applying decommissioned power lithium batteries in an
optimal storage microgrid system. The research demon-
strates that these batteries maintain normal charging and
discharging performance after proper screening and
grouping, providing value for echelon utilization. Zhang
et al. (2014) developed a mathematical model based on
typical load curves to assess the benefits of energy storage
for peak shaving and reducing network losses at fast-
charging stations. This model evaluates the cost-effec-
tiveness and practicality of using second-life batteries for
BESS in such stations. In the work (Wu et al., 2022), the
echelon utilization of retired batteries is applied to
scenarios such as EV charging stations and home BESS
under gradually milder service conditions. The study
proposes an economic operation method for cascading
the utilization of retired batteries across multiple energy
storage scenarios. The results indicate that the residual
value of retired batteries is maximized when used across
multiple scenarios compared to a single scenario.

As the number of retired power batteries continues to

Electricity generation

=1 ==

:

Traditional electricity market transaction mode

‘National regulations,
1/ user selection,

Power consumers

grow, the echelon utilization industry for these batteries is
expected to become a significant new industry. Research
on echelon utilization technology shows that battery
management systems and application economics are key
factors for successful utilization. Therefore, the focus of
future research should be on efficiently utilizing retired
batteries and achieving effective battery management.

(5) The recycling of aging battery

Considering the negative impact of aging batteries on
the reliability and performance of BESS connected to the
grid, some researchers have proposed optimizing the
disassembly of aging batteries to enhance overall BESS
performance in smart grid applications. Akhavan-Hejazi
et al. (2021) explored how the characteristics of the
weakest battery affect the operation of grid-connected
BESS with aging batteries. It develops a model for disas-
sembling aging batteries. Hardware-in-the-loop (HIL)
tests demonstrate the effectiveness of the proposed
method in improving the effective capacity of BESS. A
case study further evaluates the impact of aging battery
disassembly on the performance of energy storage for
peak-shaving applications. The results also indicate that
the increase in effective capacity depends on the compo-
sition and aging condition of the batteries. Currently,
related research is still in its early stages and remains
relatively limited.

4.3 Optimization of peer-to-peer electricity trading

Localized electricity market

As the power market continues to develop and investor
interests in BESS and renewable energy systems diver-
sify, the autonomy of market participants is increasing.
As a result, power market transactions are evolving from
a traditional, single approach to a more complex and
diverse model. Figure 7 illustrates these changes in the
trading modes of the power market.

(1) The participation mode of the power market

Some research focuses on optimizing the operation and

electricity generation

Trading center
(State / county / city Trading Center)

transaction

Power grid enterprises
(American Electric Power, Duke Energy)

transaction transaction

Electricity selling
companies / retailers

Electricity selling
companies / retailers

Electricity selling
companies / retailers

National regulations
/ user selection |

Power consumers

Fig. 7 Change of trading mode in the power market.
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dispatch of power systems based on the participation
modes of power market participants. One key area of
research is the participation of BESS in peer-to-peer
(P2P) transactions, with particular interest in the
economic benefits of such participation. Guo et al. (2018)
presented a pricing decision model based on economic
surplus optimization for energy storage consumers in the
P2P transaction mode. The study verifies that this
approach reduces the cost of electricity for users. Chen
et al. (2020) considered a distribution network composed
of consumers with BESS and high renewable penetration
to enable P2P transactions. The simulation results indicate
that consumers with BESS not only increase their
scheduling flexibility but also provide economic benefits
to the entire distribution network. Yebiyo et al. (2020)
and Liu et al. (2020a) analyze the benefits of P2P transac-
tions in the context of distributed energy storage sharing.
The results verify that BESS can effectively reduce elec-
tricity costs for consumers and operating costs for
producers during P2P transactions. Paudel et al. (2019)
proposed a P2P transaction model for community micro-
grids with BESS using game theory. The simulation
results demonstrate that the operating costs of microgrid
participants using BESS as a transaction medium are
significantly reduced under this transaction mode.

(2) Energy storage community

Another prominent area of research involves forming
an energy storage community using regional BESS and
studying transactions in the local power market. Walker
and Kwon (2021) show that, compared to individual
energy storage systems, shared energy storage in residen-
tial communities can effectively reduce electricity costs
for users and improve the utilization rate of the energy
storage system. Hossain et al. (2021) proposed an energy
management strategy for uncertain environments, opti-
mizing the operation of community energy storage and
significantly reducing the operation costs of grid-
connected microgrids.

Wang et al. (2018) proposed a daily distribution plan
for residential electricity consumption, incorporating
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shared energy storage, combined heat and power, and
photovoltaic power supply to reduce user energy
consumption. In the work (Lockley and von Hippel,
2021), a design and operation scheme for a micro-energy
network based on liquid air energy storage was intro-
duced. Using community energy consumption data, the
study provides a detailed design and analysis of the
energy storage subsystem, effectively improving overall
energy utilization efficiency. The research demonstrates
that involving BESS in P2P transactions and local elec-
tricity market transactions in various forms can signifi-
cantly enhance the economic benefits for participants, as
well as improve renewable energy consumption and
energy storage utilization rates.

(3) Blockchain-based P2P energy trading

Furthermore, blockchain technology, considered a
potential solution to energy Internet development bottle-
necks, has been widely studied for P2P transactions due
to its decentralization and traceability. In blockchain-
based P2P power transactions, there are only buyers and
sellers, with no central node involved (Yang et al., 2017),
as shown in Fig. 8. Before the transaction, the buyer and
seller agree on the contract terms. During the transaction,
the smart contract is automatically executed according to
both parties’ quotations, eliminating the need for price
negotiation. Onyeka Okoye et al. (2020) examined the
economic dispatch of microgrids using an energy
blockchain network. It proposes a multi-time scale
economic dispatch method for microgrids based on smart
contracts, considering energy storage and user-side
response.

Bing et al. (2019) proposed a blockchain-based photo-
voltaic trading mechanism that incentivizes users to
freely and flexibly settle individual transactions. Using a
credit value trading mechanism, users can achieve more
satisfactory transactions. Van Cutsem et al. (2020) intro-
duced a decentralized cooperative demand response
framework. Ma et al. (2018) established a game model
for market participant competition using blockchain. In
this model, information about energy storage is not sent

Business /
Business Business Business Hree
payment
Digital signature /-—/
Digital signature L
) Decentralization
Third party
organizations _. —
o ) Disintermediation
Digital SIW[\ Digital signature
Consumer Consumer Consumer Business / *

Payment topology of traditional system

consumer

- Block record

Payment topology of blockchain system

Business / consumer

Fig. 8 Prosumer in blockchain-based P2P energy trading.



322 Front. Eng. Manag. 2025, 12(2): 305-329

back to a central control center. Still, it is instead
exchanged directly through point-to-point information
interaction and asset transfers with other participants. In
the work (Wang et al., 2020b), a distributed energy trading
model was proposed based on contract orders, where
users match transactions through contract orders.

5 Cybersecurity issues in BESS operation

At the beginning of this century, several power system
network security incidents occurred worldwide. These
incidents, directly and indirectly, drove the development
of secondary security systems for power grids in various
countries. Over the past two decades, the power monitoring
network security system has evolved significantly from
single-dimensional protection to a comprehensive protec-
tion system and from passive measures to active defense
strategies. However, with the advent of the energy Inter-
net, new cybersecurity challenges have emerged.

5.1 Security issues under artificial intelligence

The application of Al plays an important role in improving
the operational efficiency of power grids and enhancing
service quality for power companies. However, it also
increases the risk of data loss and poses significant
threats to information security. One reason Al brings
network security risks is the immaturity of the technol-
ogy. This includes limitations, such as a lack of explain-
ability in algorithms and strong dependence on data.
Additionally, while Al can enhance network security, it
also has the potential to expand the scale of network
attacks.

For example, deep learning, a key Al technology, relies
on artificial neural networks. In pursuing accuracy, neural
networks often sacrifice transparency and controllability.
In many cases, even the creators of deep learning algo-
rithms find it challenging to explain their internal
workings. These characteristics of Al can be exploited for
adversarial attacks or to amplify existing network attacks.
Therefore, it is crucial to use Al positively to secure
power grid monitoring networks. This can be achieved
through data mining, security risk analysis, abnormal
event detection, and early warning systems.

5.2 Security issues under blockchain

Currently, blockchain technology is being used to address
various issues in energy and power market transactions.
However, its application in power systems is still in its
early stages due to ongoing security and privacy
concerns, which remain core challenges for blockchain
technology. The main security challenges for imple-
menting blockchain in the energy trading market include
private key loss, privacy breaches, and smart contract

vulnerabilities.

(1) Private key loss

Information on the blockchain is tamper-proof, but it
relies on the security of private keys. The common
method for private key storage is for each user in the
blockchain system to encrypt the private key and store it
on their device. However, this approach cannot withstand
offline dictionary attacks if the user’s device is compro-
mised, exposing the blockchain to the risk of private key
theft. In general, there is still a lack of a trusted environment
for private key authentication. Additionally, the
distributed storage structure of the blockchain complicates
the process of managing private key re-issuance.

(2) Privacy disclosure

Currently, transaction data transmitted and stored on
the blockchain is open and transparent. Bitcoin only
provides privacy protection for the identities of both
parties by separating the transaction address from the real
identity of the address holder. However, relationships
between accounts and transactions can still be traced
through information such as address IDs and IP addresses
(Ding et al.,, 2018). For the energy Internet, which
involves the privacy of many trading users in energy
subsystems, data transparency may not meet regulatory
requirements, particularly for sensitive data that requires
a balance between privacy protection and compliance.
Not only must transaction privacy for participants in the
energy Internet be protected on the blockchain, but the
system must also prevent illegal activities by unauthorized
participants.

(3) Smart contract security

Blockchain technology must ensure the automatic
execution of smart contracts to facilitate smooth
distributed energy transactions. However, if there is a
coding error in the contract, it is often challenging to
perform a rollback or create a fork. Smart contracts also
have other issues, such as the absence of a clear account-
ability entity, timestamp attacks, and re-entry vulnerabili-
ties. In distributed energy transactions, participants use
virtual accounts, which can lead to accountability issues
due to a lack of responsible parties (Zhao et al., 2020).
Some malicious nodes may exploit the timestamp in the
contract as a trigger to gain improper benefits. Addition-
ally, when one contract calls another, the current contract
may be suspended, allowing multiple re-entries, which
can cause security vulnerabilities.

5.3 BESS resilience: measures and optimization methods

To evaluate the resilience of power networks integrated
with BESS, it is crucial to examine the system’s perfor-
mance transition curve under cyber-physical risks origi-
nating from BESS. This investigation forms the basis for
quantifying and optimizing BESS resilience (Wu and Li,
2021). Understanding the coupling dependencies between
power networks and BESS, as well as establishing
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cascading failure models (Aziz et al., 2019), are prerequi-
sites for quantifying the system performance curve.

Based on the system performance transition curve and
the curve-based quantitative measure for assessing BESS
resilience outlined by Nguyen et al. (2019), existing opti-
mization methods for BESS resilience are studied from
three perspectives: a) Enhancing BESS resilience against
Denial-of-Service (DoS) cyber-attacks using centralized
control (Chlela et al., 2018); b) Protecting BESS from
Fault Data Injection Attacks via a fault-tolerant and
distributed control approach (Raeispour et al., 2022);
¢) Improving resilience against cyber-attacks using an
agent-based secure distributed optimal control scheme
(Sharma et al., 2017).

6 Challenges and future research
opportunities

The application of energy storage technology holds great
potential for power systems and is proving its value to
grid operators worldwide. However, the development and
use of BESS are still primarily concentrated in economi-
cally developed countries and regions with robust regula-
tory frameworks for energy storage projects. This chapter
provides an in-depth analysis of the existing technological
challenges faced by energy storage systems, using BESS
as the focus of the study. It also summarizes the potential
of Al to help overcome these barriers.

6.1 Current challenges

1) Technical Performance Limitations: BESS have

limitations in terms of energy conversion efficiency and
lifecycle. Battery degradation over time impacts both
system reliability and the return on investment.

2) Economic Viability: High initial costs and opera-
tional expenses are significant barriers to BESS adoption.
Current models do not adequately address the total cost
of ownership or present compelling business cases for
investors.

3) Integration with Power Grid: Integrating BESS
into the existing grid infrastructure poses challenges,
such as managing the variability of renewable energy
sources and maintaining grid stability and reliability.

4) Operational Optimization: The development of
optimal configuration designs and operational strategies
for BESS is in its early stages. The advantages and disad-
vantages of different optimization algorithms for BESS
optimization have been summarized in Table 6. More
advanced methodologies are required to ensure efficient
use of these systems.

5) Cybersecurity Risks: The digital nature of modern
BESS makes them vulnerable to cybersecurity threats,
highlighting the need for robust protection mechanisms
that are currently insufficient.

6.2 Opportunities for future research

1) Advanced Materials and Technologies: Future
research should focus on developing new materials and
chemistries to improve energy density, power density,
and the overall lifecycle of BESS.

2) Economic Models and Incentive Policies: Future
research should focus on developing comprehensive
economic models that address multiple optimization

Table 6 Advantages and disadvantages of existing optimization approaches for BESS configuration design and operation optimization (Bamisile

et al., 2024; Hossain Lipu et al., 2022).

Optimization algorithm Application scenario

Advantage Disadvantage

Linear programming (LP)
development for BESS

Charge/discharge scheduling scheme 1. Easy to use;
2. Computationally efficient.

1 Applicability limited by linearity
assumptions.

3. Global optimal solution reachability.

Mixed-integer linear
programming (MILP)

Optimal number of installed batteries
of BESS

Mixed-integer second-order ~ BESS operation and planning
cone programming (MISOCP) considering AC power flow
constraints

Semidefinite programming
(SDP)

BESS operation and planning
considering the three-phase
unbalance problem

Swarm intelligence algorithm BESS optimization under dynamic
pricing market model

1. Solving problems with discrete variables;
2. global optimal solution reachability.

1. Active-reactive characteristics of the real
grid are considered;
2. Global optimal solution reachability

1. Three-phase characteristics of the real grid
are considered
2. Global optimal solution reachability

1. Easy to implement;
2. Great for finding a nice workable solution; 2. The optimality of the resulting solu-
3. Not dependent on gradient information;

1. Computational time is positively
correlated with the number of discrete
variables

1. Relaxation errors in a toroidal grid
cannot be neglected;
2. Calculation time is much longer.

1. Calculation time is very long.

1. Long iteration time;

tion cannot be guaranteed.

4. Generalized and not concerned with the
form of the optimization problem.

Health state estimation of BESS and
real-time scheduling decisions in ties;
uncertain environments

Artificial intelligence
technology

2. Generalized and not concerned with the
form of the optimization problem.

1. Strong real-time decision-making capabili- 1. long model training time;

2. Sensitive parameterization;

3. Poor decision interpretability

4. The optimality of the resulting solu-
tion cannot be guaranteed.
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objectives and accommodate the interests of various
stakeholders. This includes examining the impact of
policy incentives on BESS adoption and operation,
designing market mechanisms that value the flexibility
and reliability services provided by BESS, and studying
financial risk mitigation strategies for BESS projects.

3) Artificial Intelligence: Leveraging Al and machine
learning for predictive analytics, operational optimiza-
tion, and health monitoring of BESS can significantly
enhance their performance and reduce operational costs.
Future research should focus on developing self-learning
algorithms that adapt to real-time data and improve deci-
sion-making for BESS operation.

4) Cybersecurity Solutions: As BESS become
increasingly digitalized, there is a growing need for
advanced cybersecurity frameworks to protect against
evolving threats. This includes developing intrusion
detection systems, secure communication protocols, and
robust access control mechanisms.

5) Grid Integration Strategies: Research should focus
on innovative strategies for integrating BESS with the
power grid to enhance grid stability and accommodate
higher penetrations of renewable energy sources. This
could involve developing advanced control algorithms,
energy management systems, and exploring the role of
BESS in providing ancillary services.

6) Second-Life Applications and Recycling: Research
into second-life applications for retired BESS and battery
recycling can support a circular economy and reduce the
environmental impact of BESS. Future research should
focus on developing efficient repurposing strategies,
designing batteries for easy disassembly and recycling,
and assessing the economic viability of second-life appli-
cations.

7) Peer-to-Peer Energy Trading: Exploring the role
of BESS in facilitating peer-to-peer energy trading can
create new business models and improve the economic
viability of distributed energy resources. Future research
should focus on developing platforms and mechanisms
that enable direct energy transactions between
consumers, supported by BESS.
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fluctuations, posing risks to grid reliability.
Simultaneously, the increasing peak-to-valley difference
in grid load has created substantial inefficiencies,
adversely affecting the economy of the power system.
This variability results in higher operational costs and
underutilization of grid assets, thereby reducing the overall
economic viability of the energy sector. To address these
issues, the adoption and effective utilization of energy
storage technology are essential, as it has great potential
to stabilize the energy supply, balance the grid load, and
support the integration of renewable energy sources.
Therefore, this paper provides a comprehensive analysis
of existing technologies and research related to energy
storage planning and operational optimization. It evaluates
the effectiveness of current energy storage solutions in
addressing the key challenges faced by modern power
systems. Additionally, it highlights future research direc-
tions and identifies unresolved problems that need to be
tackled to enhance energy storage applications. These
insights serve as valuable references for configuring and
optimizing power systems to ensure efficient integration
and operation of energy storage technologies. By acceler-
ating the adoption of energy storage technologies in
power grids, this work aims to contribute to the sustainable
and balanced growth of power systems, fostering the
healthy and rapid development of renewable energy
while improving grid stability and economic efficiency.
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7 Summary

With the ongoing growth of the social economy, energy
resources are becoming increasingly scarce, necessitating
efficient and sustainable solutions. The development of
renewable energy has emerged as a critical component of
future energy strategies due to its potential to provide
clean and sustainable power. However, integrating
renewable energy sources into the existing power grid
presents significant challenges, including grid stability
issues due to the intermittent nature of renewables like
solar and wind. The variability and unpredictability of
renewable energy generation can lead to substantial
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