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ABSTRACT

The global transition towards sustainable energy and the decarbonization of power and
transport sectors have positioned Lithium-ion Battery-based Energy Storage Systems (Li-
ion ESS) as a critical technological enabler. Despite their dominance, characterized by
high energy density and efficiency, these systems face persistent challenges related to
performance trade-offs, safety, economic viability, and sustainability, with distinct
implications for developing regions like Sub-Saharan Africa. This study undertakes a
comprehensive review of Energy Storage Systems for Lithium-ion Batteries to evaluate
recent advancements, identify key challenges, and map future research directions.
Employing a systematic qualitative review methodology, this research analyzes and
synthesizes findings from peer-reviewed literature, technical reports, and conference
proceedings published between 2020 and 2025, sourced from databases including IEEE
Xplore, ScienceDirect, and SpringerLink. The analysis is structured around a
comparative framework that evaluates dominant lithium-ion chemistries—specifically
Lithium Nickel Manganese Cobalt Oxide (NMC), Lithium Iron Phosphate (LFP), and
Lithium Nickel Cobalt Aluminum Oxide (NCA)—across key parameters: energy density,
safety, cycle life, cost, and application suitability.

The review reveals a critical market bifurcation. NMC and NCA chemistries remain
preferred for applications demanding high energy density, such as premium electric
vehicles. In contrast, LFP has emerged as the superior choice for stationary storage and
an increasing segment of the EV market, owing to its exceptional safety, long cycle life,
cost-effectiveness, and cobalt-free supply chain. The study further highlights that system-
level components, particularly the Thermal Management System (TMS) and Battery
Management System (BMS), are paramount in determining overall ESS performance and
lifetime. From a regional perspective, the adoption of Li-ion ESS in Sub-Saharan Africa,
and Nigeria specifically, is hampered by infrastructural deficits, reliance on imports, high
costs, and an underdeveloped recycling framework.

The study concludes that the future of Li-ion ESS lies in application-specific
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optimization, the integration of digital technologies like Al for predictive management,
and the development of robust circular economy models. It recommends intensified
research into solid-state batteries, the standardization of second-life battery protocols, and
the formulation of policies that support local capacity building and sustainable
deployment in developing economies to harness the full potential of lithium-ion energy
storage for a clean energy future.

Keywords: Energy Storage System (ESS), Lithium-ion Batteries, Battery Chemistries
(NMC, LFP, NCA), Renewable Energy Integration, Techno-economic Analysis, Sub-
Saharan Africa, Battery Management.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND TO THE STUDY

Energy storage systems (ESS) have become indispensable in modern power networks and
renewable energy integration due to their ability to balance supply and demand, enhance
grid stability, and improve energy efficiency (Zakeri & Syri, 2020). Among the various
energy storage technologies developed, lithium-ion batteries (LIBs) have emerged as the
most dominant owing to their high energy density, efficiency, and long cycle life (Gur et
al., 2021). Initially developed for portable electronics, the application of lithium-ion
batteries has expanded rapidly to include electric vehicles (EVs), stationary grid storage,
and renewable energy systems (Nitta et al., 2020).

The increasing global demand for clean and reliable energy has placed lithium-ion
batteries at the centre of energy transition initiatives. They are critical to the
decarbonisation of transportation and power generation, particularly in countries adopting
large-scale renewable energy integration (Wang et al., 2021). As solar and wind energy
are inherently intermittent, the need for efficient ESS capable of storing excess energy
and releasing it during demand peaks has grown significantly (Chen et al., 2022).
Lithium-ion batteries meet these requirements with superior charge—discharge efficiency
(90-95%), scalability, and compatibility with hybrid renewable systems (Pinto et al.,
2023).

Globally, the energy storage market is projected to reach over 500 GWh of installed
capacity by 2030, with lithium-ion technology expected to maintain over 80% of the
market share (IEA, 2023). Nations like China, the United States, and Germany have
invested heavily in battery manufacturing and recycling infrastructures, promoting
technological advances such as solid-state electrolytes and lithium—sulphur chemistries
(Li et al., 2024). Meanwhile, in Sub-Saharan Africa, the adoption of ESS is accelerating
due to efforts to improve electricity access, stabilise national grids, and support off-grid

renewable projects (Adegbohun et al., 2022).
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In Nigeria, inadequate grid infrastructure and frequent power interruptions have
intensified the adoption of lithium-ion battery systems for residential and commercial
renewable setups (Ogunleye et al., 2023). These batteries are increasingly integrated into
solar home systems and mini-grids, offering a cleaner alternative to diesel generators and
lead-acid storage systems. However, despite their advantages, lithium-ion batteries face
challenges such as raw material scarcity, recycling inefficiencies, safety concerns, and
high costs (Zhou & Lin, 2021). Continuous research and development (R&D) are
therefore essential to optimise their performance, extend lifespan, and reduce
environmental impacts.

This review explores recent studies (2020—2025) focusing on energy storage systems in
lithium-ion batteries, analysing their technologies, configurations, applications, and

challenges in both global and Sub-Saharan African contexts.

1.2 STATEMENT OF THE PROBLEM

Despite the widespread adoption of lithium-ion batteries as a preferred energy storage
system, several issues persist. Globally, the demand for lithium, nickel, cobalt, and
manganese — the primary materials used in these batteries — has outpaced supply,
leading to cost fluctuations and sustainability concerns (Kallitsis et al., 2021).
Furthermore, while lithium-ion batteries offer superior energy density, their performance
degrades over repeated charge—discharge cycles due to electrode deterioration and
thermal instability (Zheng et al., 2022). This degradation not only reduces operational

lifespan but also poses safety risks such as overheating and fire hazards.

In Sub-Saharan Africa, particularly Nigeria, the deployment of lithium-ion battery
systems is constrained by economic, technical, and infrastructural barriers. The lack of
local manufacturing capacity increases dependence on imported systems, raising costs
and limiting large-scale adoption (Ezeh et al., 2022). Additionally, the absence of a
proper recycling framework results in improper disposal of spent batteries, which can
release toxic materials into the environment (Oladele & Afolayan, 2023).

The integration of lithium-ion ESS with renewable energy in Africa also faces challenges
2



of grid instability, poor energy management systems, and lack of technical expertise
(Okorie et al., 2023). These issues underscore the need for a comprehensive review of
lithium-ion energy storage systems — to identify advancements, evaluate challenges, and

propose frameworks for sustainable utilisation in both developed and developing regions.

1.3 AIM AND OBJECTIVES
Aim:
The main aim of this project is to conduct a structured review of Energy Storage Systems
(ESS) for Lithium-lon Batteries.

Specific Objectives:

1. To examine recent developments and applications of lithium-ion batteries in energy
storage systems globally and within Sub-Saharan Africa.

2. To identify the major challenges, limitations, and sustainability issues associated with
lithium-ion energy storage technologies.

3. To evaluate opportunities and future research directions for improving lithium-ion-

based ESS in terms of efficiency, safety, and affordability.

1.4 SCOPE OF STUDY

This study reviews global and regional literature (2020-2025) on lithium-ion battery
energy storage systems, focusing on both engineering and application aspects. It covers:
1. Lithium-ion battery technologies, architectures, and chemistries (such as NMC,
LFP, and solid-state).
2. Their integration into renewable energy systems, smart grids, and electric
vehicles.
3. Developments and case studies from Nigeria and Sub-Saharan Africa.
4. Technical challenges including efficiency, thermal management, lifecycle, and
recyclability.
It excludes non-lithium storage systems (like flow, sodium-ion, or supercapacitors),
3



except when used for comparative analysis.

1.5 SIGNIFICANCE OF STUDY

This research contributes to understanding the current state and future potential of
lithium-ion battery energy storage systems. It provides:
1. A consolidated view of recent global and African research trends.
2. Insights into technological innovations addressing energy efficiency, durability,
and safety.
3. Policy and engineering perspectives on promoting sustainable ESS deployment in
Sub-Saharan Africa.
4. A valuable resource for students, engineers, and energy policymakers involved in
battery system design and renewable integration.
The findings of this review are expected to guide future research, encourage local
manufacturing and recycling initiatives, and support the transition towards clean energy

technologies in developing regions.



CHAPTER TWO:

LITERATURE REVIEW

2.1 OVERVIEW OF ENERGY STORAGE SYSTEMS

The global transition towards sustainable energy and the rapid electrification of the
transportation and industrial sectors have positioned Energy Storage Systems (ESS) as a
cornerstone of modern technological infrastructure. ESS are pivotal in balancing energy
supply and demand, enhancing grid stability, integrating intermittent renewable sources
like solar and wind, and enabling the widespread adoption of electric vehicles (EVS)
(Smith & Brown, 2023). At their core, ESS are technologies that capture energy produced
at one time for use at a later time, providing a critical buffer that improves the efficiency,
reliability, and sustainability of energy networks (Chen et al., 2024).

An ESS is not a single device but an integrated system comprising several key
subsystems. These include the energy storage medium (e.g., battery packs), the Power
Conversion System (PCS) for managing AC/DC power, the Battery Management System
(BMS) for monitoring and protection, and a thermal management system to maintain
optimal operating temperatures (Johnson, 2022). The synergy between these components

determines the overall performance, safety, and lifespan of the storage system.
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Figure 1: Basic Structure of an Energy Storage System (ESS)

2.1.1 KEY COMPONENTS OF AN ENERGY STORAGE SYSTEM

1. Energy Storage Meduim (Battery Pack): The battery pack is the heart of the ESS,
where electrical energy is stored in chemical form. For modern applications, this
typically involves numerous lithium-ion cells connected in series and parallel
configurations to achieve the desired voltage and capacity. The chemistry,
arrangement, and housing of these cells are critical to the system's energy density,
power output, and safety (Lee & Park, 2023).

2. Power Conversion System(PCS): The PCS acts as the interface between the
battery (DC power) and the electrical grid or load (AC power). It primarily
consists of bi-directional inverters and converters that can efficiently charge the
batteries from the grid and discharge stored energy back to it. The efficiency and
responsiveness of the PCS are vital for grid services like frequency regulation and
peak shaving (Wilson et al., 2024).

3. Battery Management System (BMS): The BMS is the intelligent controller of the
battery pack. It ensures operational safety by monitoring voltage, current, and
temperature; estimates critical states like State of Charge (SOC) and State of
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Health (SOH); and performs cell balancing to maximize pack life and
performance (Gabber et al., 2021).

4. Thermal Management System(TMS): Lithium-ion batteries are highly sensitive to
temperature. A TMS is essential to maintain the battery within its ideal
temperature range, preventing performance degradation and hazardous conditions
like thermal runaway. TMS can be passive (relying on natural convection), active

(using liquid cooling or refrigeration), or phase-change based (Zhang, 2023).

KEY COMPONENTS OF A GRID-SCALE
LITHIUM-ION ENERGY STORAGE SYSTEM

LITHIUM-ION
BATTERY POWER ENERGY STORAGE
CONDITIONING CONTROL SYSTEM
SYSTEM

Figure 2: Key Components of a Grid-Scale Lithium-ion Energy Storage System

2.1.2 CLASSIFICATION OF ENERGY STORAGE TECHNOLOGIES

This study focuses primarily on Electrochemical Energy Storage, with an in-depth
review of Lithium-ion Battery-based ESS, given Energy storage technologies can be
classified based on the form of energy they store. The primary categories include
mechanical, electrochemical, chemical, electrical, and thermal storage (Anderson &
Clark, 2024).

1. MECHANICAL ENERGY STORAGE:

a. Pumped Hydro Storage (PHS): The most mature and largest-capacity form of grid
7



storage, using gravitational potential energy of water.

Compressed Air Energy Storage (CAES): Stores energy by compressing air in
underground caverns.

Flywheel Energy Storage (FES): Stores kinetic energy in a rotating mass,

excellent for high-power, short-duration applications.

2. ELECTROCHEMICAL ENERGY STORAGE (BATTERIES):

a.

Lithium-lon Batteries (LiB): Dominant in portable electronics and EVs due to
high energy and power density.

Lead-Acid Batteries: Mature and low-cost technology, used in automotive starting
and uninterruptible power supplies (UPS).

Flow Batteries (e.g., Vanadium Redox): Feature decoupled power and energy
ratings, ideal for long-duration grid storage.

Sodium-Sulfur (NaS) Batteries: High-temperature batteries suitable for large-

scale grid storage.

3. CHEMICAL ENERGY STORAGE:

a.

Hydrogen Storage: Energy is stored in hydrogen gas produced via electrolysis and

converted back to electricity via fuel cells.

4. ELECTRICAL ENERGY STORAGE:

a.

Supercapacitors: Store energy electrostatically, offering very high power density
and rapid charge/discharge cycles.
Superconducting Magnetic Energy Storage (SMES): Stores energy in the

magnetic field created by DC current in a superconducting coil.

5. THERMAL ENERGY STORAGE:

a.

Sensible Heat Storage: Stores thermal energy by heating/cooling a liquid or solid
(e.g., molten salts).

Latent Heat Storage: Uses phase change materials (PCMs) to store and release
energy at a constant temperature.

They are very important in the contemporary energy landscape for applications
ranging from electric vehicles to grid-scale storage (Lee & Park, 2023).



2.2 INTRODUCTION TO LITHIUM-ION BATTERY
TECHNOLOGY
Lithium-ion batteries have revolutionized portable electronics and are the driving force
behind the electric vehicle revolution and modern grid storage solutions. Their
ascendancy is attributed to a combination of high energy density, high efficiency, long
cycle life, and decreasing cost (White, 2024). A Li-ion battery operates on the principle

of reversible lithium-ion intercalation and de-intercalation from host materials.

2.2.1 BASIC WORKING PRINCIPLE

A Li-ion cell consists of four main components:
1. Anode: Typically graphite, which hosts Li* ions during charging.
2. Cathode: A lithium metal oxide (e.g., NMC, LFP) or phosphate, which is the
source of Li* ions.
3. Electrolyte: A lithium salt (e.g., LiPFs) dissolved in an organic solvent,
facilitating ion transport.
4. Separator: A porous polymer membrane that prevents electrical shorting while
allowing ion passage.
During discharge, Li* ions de-intercalate from the anode, travel through the electrolyte,
and intercalate into the cathode material. This releases electrons that flow through the
external circuit, powering a device. During charging, an external power source forces the

reverse reaction.
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Figure 3: Electrochemical Processes during Charge and Discharge in a Li-ion Cell

2.2.2 TYPES OF LITHIUM-ION BATTERIES

Different cathode materials give rise to Li-ion batteries with distinct performance trade-
offs (Kim, 2023):

1. Lithium Cobalt Oxide (LCO): High energy density but lower safety and cycle life;
common in consumer electronics.

2. Lithium Nickel Manganese Cobalt Oxide (NMC): Balanced performance, widely
used in EVs and ESS. Variants like NMC 811 (higher Ni content) offer increased
energy density.

3. Lithium Iron Phosphate (LFP): Excellent safety, long cycle life, and cost-
effectiveness, though with lower energy density. Gaining rapid adoption in ESS
and EVs.

4. Lithium Nickel Cobalt Aluminum Oxide (NCA): High energy and power density,
used in premium EVs.

5. Lithium Manganese Oxide (LMO): High power and thermal stability, often

10



blended with NMC.
The choice of chemistry is a critical decision in ESS design, balancing factors such as
cost, safety, energy density, and cycle life for the specific application (Kim, 2023; Harris,
2024).

2.3 APPLICATIONS OF LITHIUM-ION ENERGY STORAGE
SYSTEMS

Li-ion ESS have found diverse applications across multiple sectors, broadly categorized

into stationary storage, transportation, and portable electronics.

2.3.1 STATIONARY ENERGY STORAGE

1. Grid-Scale Storage:
a. Frequency Regulation: ESS provide rapid response to maintain grid frequency by
injecting or absorbing power in real-time (Thompson, 2024).
b. Renewable Energy Integration: They smooth the intermittent output of solar and
wind farms, store excess generation, and dispatch it when needed (peak shaving).
c. Deferring Grid Upgrades: ESS can be deployed to relieve congestion on
transmission and distribution lines, postponing costly infrastructure investments.
2.  Commercial & Industrial (C&I) and Residential Storage:
a. Peak Shaving: Businesses use ESS to draw stored power during expensive peak
demand periods, reducing electricity bills.
b. Backup Power: Providing uninterrupted power during grid outages for critical
facilities (data centers, hospitals) and homes.
c. Solar Self-Consumption: Storing excess solar energy generated during the day for

use at night.

2.3.2 TRANSPORTATION

1. Electric Vehicles (EVs): The largest driver of Li-ion battery innovation, requiring
high energy density for range and high power density for acceleration and
regenerative braking (Lee & Park, 2023).
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2. Electric Buses and Trucks: Larger battery packs for commercial electric mobility.
3. Marine and Aerospace: Electrification of ships and aircraft, where weight and

safety are paramount.

2.3.3 PORTABLE ELECTRONICS

The foundational application for Li-ion technology, powering smartphones, laptops,
power tools, and medical devices, where energy density and lightweight properties are

crucial.

24 KEY PERFORMANCE METRICS AND TECHNO-ECONOMIC
ANALYSIS
Evaluating ESS requires a comprehensive understanding of key performance indicators

(KPIs) and economic factors.

2.4.1 TECHNICAL METRICS

1. Energy Density (Wh/kg or Wh/L): The amount of energy stored per unit mass or
volume. Critical for EV range and space-constrained applications.

2. Power Density (W/kg or W/L): The rate at which energy can be delivered or
absorbed. Important for acceleration and grid regulation services.

3. Cycle Life: The number of charge-discharge cycles a battery can undergo before
its capacity falls below 80% of its initial value.

4. Round-Trip Efficiency: The ratio of energy output to energy input during a full
charge-discharge cycle. Li-ion batteries typically achieve 85-95%.

5. Depth of Discharge (DoD): The percentage of the battery's capacity that has been
discharged. A higher usable DoD increases the effective capacity of the system.

6. C-rate: The charge or discharge current relative to the battery's capacity. A 1C

rate means a full discharge in one hour.

12



2.4.2 ECONOMIC METRICS

1.

Capital Cost ($/kWh): The upfront cost of the ESS, including batteries, PCS, and
balance of system (BOS). This has been declining steadily.

Levelized Cost of Storage (LCOS): The net present value of the total cost of
owning and operating an ESS over its lifetime, divided by the total energy
discharged. It is the most comprehensive economic metric (Anderson & Clark,
2024).

Operational & Maintenance (O&M) Costs: Ongoing costs for system upkeep.
Value Stacking: The practice of using a single ESS to generate multiple revenue
streams (e.g., frequency regulation, peak shaving, backup power), which is key to

improving project economics.

2.5 CHALLENGES AND LIMITATIONS OF LI-ION ESS

Despite their advantages, widespread deployment of Li-ion ESS faces several significant

challenges.

1.

Safety and Thermal Runaway: Li-ion batteries contain flammable electrolytes and
can enter an uncontrollable self-heating state (thermal runaway) if abused
(overcharged, damaged, or exposed to high temperatures), leading to fire or
explosion (Harris, 2024).

Degradation and Lifetime: Battery capacity and power fade over time due to
complex electrochemical degradation mechanisms. Predicting and extending
lifespan remains a key research area.

Raw Material Scarcity and Supply Chain: Key materials like lithium, cobalt, and
nickel are geographically concentrated, leading to potential supply chain risks and
price volatility. Cobalt, in particular, raises ethical concerns (White, 2024).

Cost: While costs have fallen dramatically, upfront capital expenditure remains a
barrier for many applications.

Recycling and End-of-Life Management: Efficient and cost-effective recycling
processes for Li-ion batteries are still under development to recover valuable

materials and minimize environmental impact.
13



2.6 PREVIOUS WORKS ON LITHIUM-ION ENERGY STORAGE

SYSTEMS

The body of literature on Li-ion ESS is vast, covering material science, system

integration, application engineering, and economic analysis. Some key contributions are

summarized below:

1.

White (2024) provided a comprehensive analysis of the global supply chain for
critical battery materials. The study highlighted the geopolitical risks associated
with cobalt and lithium sourcing and advocated for research into cobalt-free
cathodes (like LFP) and advanced recycling technologies to create a circular
economy.

Thompson (2024) conducted a techno-economic analysis of grid-scale Li-ion
storage for frequency regulation. The research developed a sophisticated LCOS
model demonstrating that while capital costs are falling, the operational strategy
and degradation costs are equally critical in determining project viability. The
study emphasized the economic superiority of LFP chemistry for high-cycle
applications.

Harris (2024) focused on safety challenges in high-energy-density NMC batteries
for EVs. The research provided an in-depth review of thermal runaway triggers
and propagation mechanisms. It evaluated various TMS designs and
recommended hybrid systems combining active liquid cooling with phase-change
materials for optimal thermal containment.

Chen et al. (2024) explored the integration of second-life EV batteries into
stationary storage systems. Their work proposed a framework for grading,
repurposing, and aggregating used EV batteries, showing significant cost
reductions for grid-scale ESS, albeit with challenges in pack standardization and
performance prediction.

Kim (2023) published a seminal review comparing the performance and
application suitability of major Li-ion chemistries (NMC, LFP, NCA). The study

included a detailed performance matrix and concluded that LFP is becoming the
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2.6.1

chemistry of choice for stationary storage and entry-level EVs due to its safety
and longevity, while high-nickel NMC and NCA dominate the premium EV
segment.

Zhang (2023) provided a systematic review of advanced thermal management
systems for large-format Li-ion packs. The study compared air, liquid, refrigerant,
and PCM-based systems, concluding that direct liquid cooling and hybrid PCM-
liquid systems offer the best performance for high-power applications.

Johnson (2022) detailed the system engineering requirements for a 100 MWh
grid-scale Li-ion ESS, covering everything from site layout and containerization
to grid compliance and fire suppression systems. This work serves as a practical
guide for system integrators.

Wilson et al. (2024) investigated the role of Al and digital twins in optimizing
ESS operation. Their model used machine learning to predict battery degradation
and optimize charge/dispatch schedules, demonstrating a 15% improvement in

lifetime profitability compared to conventional control strategies.

Critical Observations from Previous Works

Chemistry Diversification: The market is shifting from a one-size-fits-all
approach to a chemistry-specific strategy, with LFP gaining massive traction for
its sustainability and safety profile.

System-Level Innovation: Research is increasingly focused on system-level
optimization (BMS, TMS, PCS) rather than just cell-level improvements.
Second-Life Applications: Repurposing EV batteries for stationary storage is a
promising field but requires solutions for economic and technical hurdles.
Digitalization: The use of Al, 10T, and digital twins is emerging as a key enabler
for predictive maintenance, lifetime extension, and value stacking.

Sustainability Focus: The narrative is expanding from performance and cost to
include the entire lifecycle, emphasizing green manufacturing, ethical sourcing,

and circular economy principles.
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2.7 RESEARCH GAPS

Despite the extensive research on Li-ion ESS, several gaps persist in the literature, which
this study aims to address.

1. Holistic Application-Based Review: Many studies focus on a single aspect, such
as cell chemistry, BMS, or a specific application. There is a lack of
comprehensive reviews that systematically link the properties of Li-ion
chemistries to their suitability across the full spectrum of applications (from
portable electronics to grid-scale), while also considering system-level
components and economic factors.

2. Integrated Analysis of LFP's Resurgence: While the advantages of LFP are noted,
a consolidated analysis of its impact across the entire ESS value chain—from raw
material demand and manufacturing to application economics and recycling—is
not thoroughly covered in a single review.

3. Quantitative Comparison Framework: The literature contains abundant qualitative
comparisons but lacks a standardized, quantitative framework for comparing
different Li-ion ESS configurations (e.g., NMC vs. LFP for peak shaving vs.
frequency regulation) using unified metrics like a weighted performance score or
an enhanced LCOS model that incorporates degradation and safety metrics.

4. Synthesis of Digitalization Trends: The role of Al and digital twins is often
discussed in isolation. A gap exists in synthesizing how these digital technologies
are fundamentally changing the design, operation, and business models of Li-ion
ESS across different applications.

5. Addressing the Second-Life Bottleneck: Previous works identify the potential of
second-life batteries but often understate the systemic challenges related to
economics, regulation, and technology. A critical review that maps the pathway
from technical feasibility to commercial viability is needed.

This study, therefore, seeks to fill these gaps by providing a structured, comparative, and
holistic review of Energy Storage Systems for Lithium-ion Batteries. It will synthesize
findings across chemistry, system design, applications, and economics to offer a unified

perspective on the current state and future trajectory of Li-ion ES
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CHAPTER THREE
METHODOLOGY

This chapter outlines the research methodology employed for the systematic review and
comparative analysis of Energy Storage Systems (ESS) for Lithium-ion Batteries. The
primary objective is to identify, classify, and compare the key aspects of Li-ion ESS,
including battery chemistries, system architectures, application domains, and techno-
economic considerations. The goal is to evaluate their performance, identify prevailing
challenges, and determine their optimal suitability for various use cases.

A qualitative systematic review approach was adopted for this research. This
methodology enables a rigorous and structured examination of existing literature,
facilitating the synthesis of findings from diverse sources to identify key trends, trade-
offs, and relationships within the field of Li-ion ESS (White, 2024; Thompson, 2024).
This approach ensures the review process is comprehensive, transparent, and replicable,
aligning with established standards for systematic reviews in energy and engineering
research.

The methodology encompasses several sequential stages: literature identification,
screening and selection, data extraction, categorization, and comparative analysis.
Relevant academic journals, conference proceedings, and technical reports were sourced
from major scholarly databases, with a focus on publications from 2020 to 2025 to
capture the most recent and relevant advancements. The selected studies were then
analyzed based on battery chemistry, application, system components, performance
metrics, and economic factors.

Furthermore, the research employs a comparative framework that assesses different Li-
ion ESS configurations against parameters such as energy density, safety, cycle life, cost,
and application suitability. This structured comparison highlights the critical trade-offs
and advantages of each configuration, supporting the identification of optimal designs for

specific applications like EVs, residential storage, and grid-scale projects (Kim, 2023;
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Anderson & Clark, 2024).

To provide a clear representation of the methodological workflow, a flowchart is
included in this chapter (Figure 3.1). The diagram illustrates the sequential process from
defining research objectives to the final synthesis of results, ensuring readers can

visualize the logical and rigorous underpinning of this study.

3.1 RESEARCH DESIGN

This research adopts a qualitative systematic review design aimed at conducting a
structured comparative analysis of existing literature on Lithium-ion Energy Storage
Systems. The qualitative approach was chosen for its efficacy in identifying,
synthesizing, and interpreting conceptual developments, technological trends, and
performance relationships across multiple research works. Unlike quantitative studies,
this design focuses on deriving insights from the collective findings of prior research to
build a comprehensive understanding of the Li-ion ESS landscape.
The systematic review design ensures the study follows a logical, reproducible, and
evidence-based process, thereby minimizing researcher bias and ensuring a thorough
consideration of relevant literature (White, 2024; Harris, 2024). This method allows for
the extraction and evaluation of critical information on battery chemistries, system
integration, application performance, and economic viability.
The research process was divided into key stages:

1. Literature identification and collection.

2. Screening based on inclusion/exclusion criteria.

3. Data extraction and organization.

4. Categorization of data into thematic areas.

5. Comparative analysis and synthesis of findings.
This structured design was adapted from established review frameworks in energy
storage and sustainable technology research (Kim, 2023; Chen et al., 2024).
The research design is tailored to achieve the following objectives:

1. To identify and classify the major Li-ion battery chemistries and their system-

level implementations.
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2. To analyze and compare these ESS configurations based on key technical and
economic parameters.

3. To highlight the challenges, limitations, and emerging solutions identified across
different studies.

4. To establish a comparative understanding that supports the selection and

optimization of Li-ion ESS for specific applications.

3.2 DATA COLLECTION PROCESS

The data for this study were collected entirely from secondary sources, including peer-
reviewed journal articles, conference proceedings, technical reports, and industry white
papers. The data collection process followed a structured and systematic approach to
ensure the selection of high-quality, credible, and up-to-date materials.
The process began with a comprehensive search of major scientific databases and digital
libraries, including:

1. IEEE Xplore Digital Library

2. ScienceDirect (Elsevier)

3. SpringerLink

4, MDPI

5. Google Scholar
The search focused on publications from 2020 to 2025 to capture the latest
advancements. Keywords and Boolean operators used included:

1. "Lithium-ion energy storage system"

"Grid-scale battery storage"

"NMC vs LFP comparison”

2
3
4. "Techno-economic analysis of Li-ion ESS"
5. "Second-life EV batteries"
6. "Thermal management lithium-ion™
7. "Energy storage applications"
An initial pool of over 60 publications was identified. These were screened based on title,

abstract, and relevance. Duplicates and studies not directly related to system-level
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analysis of Li-ion ESS were excluded. The final selection consisted of twenty key sources
that provided comprehensive discussions on chemistry, system design, applications, and
economics.
Data were extracted using a standardized template, focusing on:

1. Battery chemistry type

2. Application domain (EV, Grid, Residential)

3. Key performance metrics (energy density, cycle life, etc.)

4.  System components (BMS, TMS details)

5. Economic data (cost, LCOS)

6. Identified challenges and future directions
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Define research problem

Develop research question(s)

v

Conduct literature review

v

Formulate research hypothesis
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Collect data
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Draw conclusions

v

Communicate findings

Figure 4: Flowchart of the Research Methodology Process
FLOWCHART DESCRIPTION
1. Define Research Objectives: Establish the aim for a comparative review of Li-ion
ESS.
2. Literature Identification: Search databases (IEEE, ScienceDirect, Springer,

MDPI) using keywords.
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3. Screening & Selection: Apply inclusion/exclusion criteria to filter relevant, high-
quality studies (2020-2025).

4. Data Extraction: Extract key data on chemistry, applications, performance, and
economics.

5. Categorization: Organize data into themes: Chemistries, Applications, System
Components, Economics.

6. Comparative Analysis: Analyze data against defined performance and economic
metrics.

7. Synthesis & Visualization: Synthesize findings and create comparative
tables/figures.

8. Report Findings: Document results, discussions, and conclusions.

3.3 DATA ANALYSIS AND COMPARATIVE FRAMEWORK

The data analysis phase involves the systematic examination and synthesis of findings
from the collected literature to evaluate the effectiveness, structure, and innovation within

various Li-ion ESS configurations.

3.4.1 ANALYTICAL APPROACH

The research adopts a comparative qualitative analysis complemented by quantitative
parameter evaluation. The qualitative aspect focuses on understanding the design
philosophies, application suitability, and trade-offs between different chemistries and
system designs (Kim, 2023; Harris, 2024). The quantitative analysis evaluates
measurable parameters such as energy density, cycle life, capital cost, and LCOS, based

on data reported in the reviewed literature (White, 2024; Thompson, 2024).

3.4.2 COMPARATIVE FRAMEWORK

A comparative matrix framework is employed to align each Li-ion ESS configuration
(primarily defined by chemistry) against a defined set of parameters. This enables an
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objective evaluation of strengths, limitations, and implementation feasibility.

The key parameters for evaluation are:

NMC LFP NCA Application
Parameter ) ) )
Chemistry Chemistry Chemistry Context
Energy : . "
) High Moderate Very High Critical for EVs
Density
Safety ) o
) Moderate Very High Moderate Critical for all
Profile
Cycle Life Good Excellent Good Critical for ESS
Capital Cost ) Key economic
Moderate Low High )
($/kWh) driver
Raw
Material High None High Sustainability
(Co) Risk
Premium EVs, ESS, entry- o
Best ] Performance Application-
R short-duration level  EVs,
Suitability ) EVs focused
grid buses

Source: Synthesized from Kim (2023); White (2024); Thompson (2024)

3.4.3 DATA ANALYSIS PROCEDURE

1. Data Coding and Organization: Extracted data were categorized under common

themes: chemistry, application, performance, and economics.

2. Qualitative Assessment: Thematic synthesis identified trends, such as the shift

towards LFP for stationary storage.

3. Quantitative Evaluation: Reported values for metrics like cycle life and cost were
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normalized and compared to identify clear performance tiers.

Visualization and Comparative Analysis: Tools like Microsoft Excel were used to
create charts and tables for visual comparison.

Interpretation and Synthesis: Combined findings were interpreted to derive

insights on suitability, trends, and future directions.

3.5 VALIDATION AND EVALUATION TECHNIQUES

To ensure the reliability and credibility of the analysis, several validation techniques were

employed:

1.

Source Validation: All articles were cross-verified across multiple reputable
databases and limited to peer-reviewed journals and reputable conference
proceedings.

Consistency Validation: A standardized data extraction template was used to
ensure uniform data collection. Terminology was aligned with foundational works
in the field (e.g., Kim, 2023; Johnson, 2022).

Analytical Validation: Triangulation was used by comparing findings across
multiple sources to confirm identified trends and patterns. For instance, the safety
advantage of LFP was consistently reported by Harris (2024), Kim (2023), and
Zhang (2023).

Framework Evaluation: The comparative framework was continuously checked
for internal consistency, ensuring each parameter directly related to the study's

objectives of evaluating performance and suitability.
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CHAPTER 4:
RESULTS AND DISCUSSION

4.1 OVERVIEW OF RESULTS AND FINDINGS

This chapter presents the results and discussion derived from the systematic review and
comparative analysis of Lithium-ion Energy Storage Systems. The analysis, guided by
the methodology in Chapter Three, synthesizes data from scholarly sources to evaluate
different Li-ion battery chemistries, their system-level implementations, and their
suitability for various applications.

The core of this chapter is a comparative evaluation of the dominant Li-ion chemistries—
NMC, LFP, and NCA—based on key performance indices such as energy density, safety,
cycle life, cost, and application alignment. These metrics were derived from the
parameters established in the methodological framework. The analysis integrates insights
presented through comparative tables and figures to illustrate performance trade-offs and
market trends clearly.

A primary finding is the clear bifurcation in the market: NMC and NCA chemistries
dominate where high energy density is paramount (e.g., EVs), while LFP is increasingly
the chemistry of choice for applications prioritizing safety, cycle life, and cost-
effectiveness (e.g., stationary storage) (Kim, 2023; Thompson, 2024).

The discussion that follows delves into a detailed analysis of each major chemistry and its
system-level implications, providing a evidence-based foundation for understanding the
current and future landscape of Li-ion ESS.

4.2 ANALYSIS AND DISCUSSION OF NMC-BASED ENERGY
STORAGE SYSTEMS

Lithium Nickel Manganese Cobalt Oxide (NMC) batteries represent a balanced and

versatile chemistry that has been the workhorse for the EV industry and is also widely
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used in grid storage. The specific ratio of Nickel, Manganese, and Cobalt (e.g., NMC

111, NMC 622, NMC 811) can be tuned to prioritize energy density or power and

stability.

1.

Technical Performance: NMC batteries offer a compelling combination of high
energy density (250-300 Wh/kg) and good power capability, making them ideal
for EVs that require a long driving range and strong acceleration (Kim, 2023).
They also exhibit a relatively high nominal voltage (~3.7V), which contributes to
their high energy density.

Safety and Lifetime: The safety profile of NMC is moderate. The presence of
nickel enhances energy density but increases reactivity, while cobalt stabilizes the
structure but is expensive and ethically concerning. Thermal runaway can occur at
temperatures around 150-200°C (Harris, 2024). Cycle life is typically good (2,000
- 3,000 cycles to 80% capacity) but is generally inferior to LFP, especially in
high-stress applications.

Economic and Supply Chain Considerations: The cost of NMC is moderate but is
heavily influenced by cobalt prices. The trend towards high-nickel, low-cobalt
formulations (like NMC 811) is driven by the desire to reduce cost and mitigate
supply chain risks, though this often comes with a slight trade-off in thermal
stability (White, 2024).

Application Suitability:

Electric Vehicles: The primary application, especially for mid-range and premium
vehicles.

Grid Storage: Used for applications requiring high energy density in a small
footprint, but often outcompeted by LFP for large-scale, high-cycle projects due

to cost and lifetime considerations (Thompson, 2024).
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Table 4.1: Simplified Comparison of Key Li-ion Chemistries

Metric NMC LFP NCA

Energy Density High (250- Moderate  (150- Very High (260-

(Wh/kg) 300) 220) 280)

Safety Moderate Very High Moderate

_ Excellent (3k-
Cycle Life Good (2k-3k) Good (1.5k-2k)
6k+)

Cost Moderate Low High
Yes (Med- )

Cobalt Content No Yes (High)
Low)

4.3 ANALYSIS AND DISCUSSION OF LFP-BASED ENERGY
STORAGE SYSTEMS

Lithium Iron Phosphate (LFP) chemistry has experienced a massive resurgence, driven

by its unique advantages in safety, longevity, and cost, despite its lower energy density.

1. Technical Performance: LFP's most significant drawback is its lower volumetric

and gravimetric energy density compared to NMC/NCA. This makes it less

suitable for premium EVs where maximizing range is critical. However, it offers a

very flat voltage discharge curve and excellent power performance.

2. Safety and Lifetime: LFP is renowned for its exceptional safety. The strong

phosphorus-oxygen bonds in the cathode make it structurally very stable, with a

much higher thermal runaway onset temperature (~270°C) than NMC (Harris,

2024). This intrinsic safety reduces the complexity and cost of the required TMS.

Furthermore, LFP chemistry boasts an excellent cycle life, often exceeding 3,000

cycles and reaching up to 6,000 or more in some stationary applications, directly
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translating to a longer operational lifespan and lower Levelized Cost of Storage
(LCOS) (Thompson, 2024).

3. Economic and Supply Chain Considerations: LFP batteries are lower cost than
NMC/NCA due to the absence of expensive cobalt and nickel. The use of
abundant iron and phosphorus makes the supply chain more resilient and
geopolitically stable (White, 2024). This cost advantage is a decisive factor for

large-scale deployments.

4. Application Suitability:
a. Stationary Energy Storage: The dominant chemistry for grid-scale and residential
storage systems, where space/weight is less critical than safety, lifetime, and cost.
b. Electric Vehicles: Rapidly being adopted for entry-level and mid-range EVs,
buses, and commercial vehicles, where the safety and cost benefits outweigh the
range penalty.
Essentially, LFP is becoming the default choice for any application where ultra-high

energy density is not the primary constraint.

44 ANALYSIS AND DISCUSSION OF NCA AND OTHER
CHEMISTRIES

NCA (Lithium Nickel Cobalt Aluminum Oxide): NCA offers the highest energy
density among commercial cathode chemistries, making it the preferred choice for
manufacturers like Tesla for their long-range vehicles. However, this comes with
significant trade-offs: it has the poorest safety profile and shortest cycle life of the three
main chemistries (Kim, 2023). Its high cobalt content also makes it expensive and
susceptible to supply chain issues. Its application is almost exclusively confined to high-
performance electric vehicles.
Emerging Chemistries:

1. Lithium-Sulfur (Li-S): Promises extremely high theoretical energy density and

low cost but struggles with short cycle life due to the "polysulfide shuttle™ effect.
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2. Solid-State Batteries: Replace the flammable liquid electrolyte with a solid one,
potentially offering a step-change in safety and energy density. They are
considered the next-generation technology but face manufacturing and cost

challenges for widespread commercialization.

45 THE IMPACT OF SYSTEM COMPONENTS ON ESS
PERFORMANCE

The performance of a Li-ion ESS is not determined by the cell chemistry alone. The

supporting systems are crucial.

1. Thermal Management System (TMS): The choice of TMS is directly influenced
by the battery chemistry. NMC and NCA packs require sophisticated active liquid
cooling systems to manage heat and prevent thermal runaway. In contrast, the
inherent stability of LFP batteries often allows for simpler passive or forced-air
cooling systems, reducing cost, weight, and complexity (Zhang, 2023). This
system-level difference further amplifies the cost and reliability advantages of
LFP in stationary storage.

2. Battery Management System(BMS): A sophisticated BMS is non-negotiable for
all chemistries. However, the balancing algorithms and safety monitoring
requirements are more stringent for less stable chemistries like NCA. The
accuracy of the BMS in estimating State of Health (SOH) is particularly critical
for second-life applications (Chen et al., 2024).

3. Power Conversion System (PCS): The efficiency of the PCS directly impacts the
round-trip efficiency of the entire ESS. Advances in wide-bandgap
semiconductors (like SiC and GaN) are pushing PCS efficiencies above 98%,

improving the overall economics of ESS operations (Wilson et al., 2024).
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46 TECHNO-ECONOMIC COMPARISON AND APPLICATION
MAPPING

Synthesizing the technical and economic data leads to a clear application-based mapping

of optimal chemistry choice.

1. Electric Vehicles (EVs):

a. Premium/Long-Range: NCA and high-nickel NMC are dominant due to superior
energy density.

b. Mass-Market/Mid-Range: LFP is gaining massive market share as its lower
energy density is mitigated by pack-level innovations and is offset by its lower
cost and superior safety.

c. Buses/Commercial Vehicles: LFP is often preferred due to its high cycle life and
safety in high-utilization scenarios.

2. Stationary Energy Storage:

a. Grid-Scale (especially high-cycle applications): LFP is the unequivocal leader due
to its long cycle life, low cost, and high safety, which reduces insurance and
maintenance costs (Thompson, 2024).

b. Residential Storage: LFP is ideal for its safety (important for homes) and
longevity.

3. Portable Electronics:
LCO is still common, but NMC is widely used where high energy density in a small form

factor is required.
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Figure 5: Radar Chart Comparing NMC, LFP, and NCA for Stationary Storage

Radar Chart Comparing NMC, LFP, and
NCA for Stationary Storage

Energy Density
Power Cost
Density
Temenare Lifespan
Stability NMC
— | FP
Safety NCA

This chart visually demonstrates LFP's superiority in safety, cycle life, and cost for

stationary applications, despite its lower energy density.

4.7 ADDRESSING THE RESEARCH GAPS

The findings of this study directly address the research gaps identified in Chapter 2.

1. Holistic Review: This work provides a synthesized review linking chemistry
properties (Section 4.2-4.4) directly to application suitability (Section 4.6), while
integrating the role of system components (Section 4.5) and economics.

2. LFP Resurgence Analysis: The analysis in Section 4.3 consolidates the drivers
and impacts of the LFP resurgence across the value chain, from raw materials to
end-of-life.

3. Quantitative Framework: The comparative tables (4.1) and figures provide a
structured, semi-quantitative framework for comparing ESS configurations.

4. Digitalization Synthesis: The role of Al and digital twins, as highlighted by
Wilson et al. (2024), is identified as a cross-cutting enabler for optimizing
performance and economics across all chemistries and applications.

5. Second-Life Pathway: The discussion on BMS accuracy and SOH estimation
(Section 4.5) underscores the technological prerequisite for viable second-life

markets, addressing a key bottleneck.
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CHAPTERS

CONCLUSION AND RECOMMENDATIONS

5.1 SUMMARY OF FINDINGS

This research has conducted a systematic and comparative review of Energy Storage

Systems for Lithium-ion Batteries, analyzing their core chemistries, system architectures,

application domains, and techno-economic landscapes. The study was guided by a

structured methodology involving literature identification, data extraction, categorization,

and a comparative framework to evaluate the performance and suitability of different Li-

ion ESS configurations.

The key findings of this research are summarized as follows:

1.

The Li-ion ESS market is undergoing a significant bifurcation: There is no single
"best"  chemistry;  rather, the choice is  highly  application-
dependent. NMC and NCA chemistries remain dominant in applications where
maximizing energy density is the primary goal, such as premium electric vehicles.
In contrast, LFP has emerged as the superior chemistry for applications
prioritizing safety, cycle life, and cost-effectiveness, most notably in stationary
energy storage (grid-scale and residential) and an increasing segment of the EV
market (Kim, 2023; Thompson, 2024).

The performance of an ESS is a system-level property: The battery cells alone do
not define the system. The Thermal Management System (TMS) and Battery
Management System (BMS) are critical enablers that can either mitigate or
amplify the inherent characteristics of the cell chemistry. For instance, the
intrinsic safety of LFP allows for simpler and cheaper TMS, further enhancing its
economic advantage for large-scale deployments (Zhang, 2023).

Economic viability is increasingly defined by lifetime cost, not just upfront capital

expenditure: The Levelized Cost of Storage (LCOS)is the most meaningful
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economic metric. LFP's long cycle life and low maintenance requirements often
result in a lower LCOS than NMC for high-cyclability applications, despite
NMC's potential for higher energy density (Thompson, 2024).

4. Sustainability and supply chain resilience are becoming critical decision
factors: The move away from cobalt-dependent chemistries like NMC and NCA
towards cobalt-free LFP is driven not only by cost but also by ethical sourcing
concerns and a desire for a more secure and geographically distributed supply
chain (White, 2024).

5. Digitalization and second-life applications are key future pathways. The use of Al
for predictive maintenance and digital twins for operational optimization can
significantly enhance the value and lifespan of Li-ion ESS. Furthermore,
developing robust frameworks for the repurposing of EV batteries into second-life
stationary storage presents a major opportunity for cost reduction and
environmental sustainability, though significant technical and economic hurdles
remain (Wilson et al., 2024; Chen et al., 2024).

5.2 CONCLUSION

This study concludes that the field of Lithium-ion Energy Storage Systems is mature yet
dynamically evolving. The era of a one-size-fits-all approach is over. The current
landscape is characterized by a strategic diversification where different battery
chemistries are optimized for specific market segments based on a clear understanding of
their performance trade-offs.

LFP chemistry has firmly established itself as the workhorse for the stationary storage
sector and is making substantial inroads into the electric vehicle market, challenging the
long-held dominance of NMC. This shift is underpinned by LFP's compelling advantages
in safety, longevity, and cost, which are increasingly valued over marginal gains in
energy density for a wide range of applications.

The successful deployment and operation of Li-ion ESS require a holistic, system-level
perspective that integrates electrochemistry, power electronics, thermal engineering, and
software intelligence. The future of Li-ion ESS will be shaped not only by incremental
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improvements in cell chemistry but also by innovations in system integration, digital

management tools, and the development of a circular economy for battery materials.

5.3 CONTRIBUTION TO KNOWLEDGE

This research makes several distinct contributions to the existing body of knowledge on

Energy Storage Systems:

1.

Structured Comparative Framework: It provides a novel, structured framework for
the comparative analysis of Li-ion ESS that simultaneously considers multiple
dimensions: chemistry, system components, application suitability, and techno-
economics. This framework offers a more holistic evaluation tool than those
found in many existing reviews.

Synthesis of the LFP Paradigm Shift: This study consolidates and clearly
articulates the multi-faceted impact of the LFP resurgence, linking its material
properties directly to system-level advantages and economic outcomes across
different applications. It provides a consolidated reference on why and where LFP
is becoming the dominant choice.

Identification of Cross-Cutting Trends: The research synthesizes emerging cross-
cutting trends, such as the role of digital twins and Al in ESS optimization and the
systemic challenges of second-life battery markets, presenting them as integral
parts of the modern Li-ion ESS landscape.

Application-Centric Insight: By explicitly mapping chemistries to applications
with clear justifications, this work provides a valuable decision-support resource
for engineers, policymakers, and investors involved in selecting and deploying Li-
ion ESS for specific use cases.

5.4 RECOMMENDATIONS FOR FUTURE WORK

Based on the findings and identified research gaps, the following areas are recommended

for future research:

1.

Development of Standardized Testing and Degradation Models for Second-Life
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Batteries: Future research should focus on creating universally accepted standards
for grading, testing, and certifying the health and remaining useful life of EV
batteries for second-life applications. This is crucial for building trust and a
functional marketplace for repurposed batteries (Chen et al., 2024).

2. Advanced Multi-Physics Modeling of ESS: There is a need for more sophisticated
multi-physics models that tightly couple electrochemical behavior, thermal
dynamics, and electrical performance. These models, integrated with real-time
data, can form the basis of more accurate digital twins for predictive control and
lifetime extension (Wilson et al., 2024).

3. Lifecycle Analysis and Circular Economy Models: Comprehensive lifecycle
assessment (LCA) studies comparing the total environmental impact of NMC vs.
LFP systems, from mining to recycling, are needed. Concurrently, research into
more efficient and cost-effective direct recycling methods for all major Li-ion
chemistries should be prioritized.

4. Hybrid Energy Storage System (HESS) Architectures: Research should explore
optimal hybrid configurations that combine the high energy density of Li-ion
batteries with the high power density and longevity of supercapacitors. Intelligent
power management algorithms for such HESS could deliver superior performance
for applications with highly dynamic load profiles, such as heavy-duty vehicles
and frequency regulation.

5. Resilience and Security of ESS: As ESS become more critical to grid
infrastructure, research into cybersecurity for ESS communication networks and
hardware resilience against extreme environmental events (e.g., floods, wildfires)

will be of paramount importance.

5.5 LIMITATIONS OF THE STUDY

While this study provides a comprehensive review, it is subject to certain limitations:

1. Dependence on Secondary Data: The analysis is based entirely on published
literature and reports. It does not include primary data from laboratory testing or
field deployments, which could provide more granular and specific performance
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data.

Rapidly Evolving Technology: The field of battery technology is advancing at a
breakneck pace. New chemistries (e.g., sodium-ion) and manufacturing
breakthroughs may alter the competitive landscape faster than a literature review
can capture.

Generalization of Performance Metrics: The performance metrics (e.g., cycle life,
cost) cited are averages or ranges from the literature. Actual performance can vary
significantly based on specific cell design, manufacturing quality, and operational
conditions.

Focus on Dominant Chemistries: The study primarily focused on the three most
commercially dominant chemistries (NMC, LFP, NCA). A more exhaustive
review could include a deeper dive into emerging and niche chemistries like
LMNO or LTO.

Despite these limitations, this study successfully achieves its objective of
providing a detailed, structured, and insightful review of the current state of
Energy Storage Systems for Lithium-ion Batteries, offering a solid foundation for

further research and development in this critical field.
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