
Academic Editor: Fabio Corti

Received: 26 December 2025

Revised: 23 January 2026

Accepted: 27 January 2026

Published: 5 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Advances in Battery Technologies for Next-Generation Energy
Storage Systems
Toufik Sebbagh 1,* , Theodore Azemtsop Manfo 2 and Mustafa Ergin Şahin 3

1 LGMM Laboratory, Faculty of Technology, University of Skikda, Skikda 21000, Algeria
2 Department of Electrical Engineering, School of Technology and Innovations, University of Vaasa,

65200 Vaasa, Finland; theodore.azemtsopmanfo@uwasa.fi
3 Department of Electrical and Electronics Engineering, Recep Tayyip Erdoğan University, 53100 Rize, Türkiye;
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Abstract

Advancements in energy storage systems (ESS) are important to attaining a sustainable and
resilient energy future. Despite significant advancements in battery technologies, including
lithium-ion, sodium-ion, and redox flow batteries, numerous problems remain. These
include low energy density, thermal instability, resource scarcity, high lifecycle costs, and
ineffective recycling methods. Furthermore, the complexity of connecting battery systems
to the grid while maintaining operational safety creates further impediments to imple-
mentation. Recent advancements, such as hybrid energy storage systems (HESS), better
battery chemistries, and intelligent modeling tools based on MATLAB/Simulink R2025b,
have shown promise in terms of performance, cost reduction, and more effective energy
management. However, the scalability, recyclability, and real-world applicability of these
systems require further exploration. The goal here is to provide a comprehensive overview
of current and emerging battery technologies, focusing on technical performance, envi-
ronmental sustainability, lifecycle cost modeling, and grid compatibility. This comprises a
techno-economic study that employs process-based cost modeling (PBCM) and leveled cost
of storage (LCOS), a thorough examination of green battery chemistries, and system-level
modeling of battery and hybrid configurations. The study seeks to provide academics and
stakeholders with a comprehensive framework that considers both the innovations and
limitations of current ESS technologies in the context of global decarbonization targets.

Keywords: energy storage systems; battery technologies; green batteries; grid integration;
scalability; and cost

1. Introduction
Global electricity demand is projected to rise by one-third by 2040, driven by urban-

ization and economic growth [1]. Meeting this demand sustainably is a major challenge, as
reliance on fossil fuels has already led to resource depletion, pollution, and climate risks [2].
In response, renewable energy sources—particularly photovoltaics (PV)—are increasingly
adopted as clean alternatives [3]. However, their intermittent nature makes efficient energy
storage systems (ESSs) essential to ensure stable power supply [4].

As seen in Figure 1, ESS technologies vary in form, function, and application, ranging
from flywheels and pumped hydro storage (PHS) to batteries and supercapacitors. Each
has advantages and drawbacks: flywheels offer fast response but high self-discharge [5],
while PHS provides large-scale, low-cost storage but is limited by geography. Among
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electrochemical solutions, batteries remain the most widely used. Lead–acid batteries were
the earliest breakthrough, enabling electric vehicles more than a century ago, and lithium-
ion batteries (LIBs) now dominate due to their high energy and power density. Traditional
ESS, such as batteries, have limitations such as slow charging and short life duration [6].
Battery technology offers efficiency, convenience, reliability, low maintenance, and low
cost, but it faces environmental concerns, high costs, and limited shelf life due to demand
for essential raw like Lithium (Li) and Cobalt (Co) [7]. High energy density technologies
are beneficial for mobile applications, while flow batteries, compressed air energy storage
(CAES), and pumped hydro storage (PHS) are vast and high-volume systems. LIBs are
extensively utilized because of their capacity, and analyzing their essential features is
crucial for selecting the best ESS technology.

Figure 1. Categories of energy storage systems [8].

Electricity generation and consumption are interconnected, requiring variable demand.
ESSs balance supply and demand by storing energy for short to long periods, helping
regulate frequency and voltage across local and large-scale power grids. Electrical energy
must be transferred into batteries, which are essential storage solutions for intermittent
renewable sources like wind and solar. They smooth output and enhance the integration of
renewable sources in micro-generation systems.

Human society can benefit from sustainable and renewable energy sources, contribut-
ing to socio-economic benefits and environmentally friendly development [9]. Recharge-
able batteries (RBs), particularly metal-ion batteries like LIBs and futuristic metal-ion
batteries like zinc-ion, Mg-ion, Al-ion, and Na-ion, are crucial for deploying green energy
sources [10]. They can be used to power electric vehicles (EVs) [11], hybrid electric vehicles
(HEVs) [12], consumer electronics, metal–air batteries, and metal sulfur batteries due to
their larger energy densities, higher power densities, and longer cycle times [13]. LIBs
have superior performance qualities, making them popular for various applications. LIBs
provide unrivaled performance qualities, including superior energy and power density, sur-
passing many frequently used RBs as presented in Figure 2. Lithium–sulfur and lithium–air
batteries are considered potential candidates for future applications. The growing demand
for LIBs in the mid-1980s drew significant research attention from both governmental
and private funding organizations, leading to rapid technological progress and broader
commercial adoption. Key applications include consumer electronics and EVs/HEVs, with
potential grid-scale stationary energy storage [14]. LIBs confront issues in meeting future
electrical energy storage needs in transportation and grid-scale storage due to cost and
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safety concerns. LIBs currently have higher costs compared to other battery technologies
due to the scarcity and increased cost of lithium and other transition metal oxide-based com-
ponents [15]. This could cause component shortages, higher production costs, and financial
challenges [16]. Operational safety is another limitation, as LIBs in EVs and smartphones
have been linked to frequent fires and explosions, potentially restricting their wider use [17].
Additionally, batteries can produce significant heat, which can cause parasitic reactions
and thermal runaways or short-circuiting [18]. Next-generation battery technology is being
developed using readily available raw materials and novel cell architectures to improve
cost-effectiveness and safety in a variety of operating scenarios.

Figure 2. Energy–power density map of rechargeable batteries [19].

The feasibility of physical energy storage is inherently constrained by geographical
conditions and the availability of water resources, while electromagnetic energy storage is
costly. Chemical energy storage, such as LIBs, sodium–sulfur batteries (NaS), nickel–metal
hydride batteries, and vanadium redox flow batteries, is safe, economical, and ecologically
beneficial. However, selecting the best battery energy storage approach is challenging,
necessitating a detailed assessment methodology for renewable energy generation projects.

ESSs like super capacitors (SCs), Nickel–Cadmium (Ni-Cd), lead–acid, and LIBs
are currently available for power quality applications, with flywheels also appearing as
promising systems [20]. Flywheels and EC Capacitors are high-power ESS technologies,
achieving efficiencies of about 90–95% and 84–97%, respectively. The current efficiency of
Diabatic CAES systems is low, but a new plant is expected to achieve 70% efficiency [20].
LIBs have the highest efficiency in electrochemical storage systems, with over 90% or
97% efficiency. PHS systems are known for their high efficiency, ranging from 70–87%,
with adjustable speed machines increasing efficiency. Lead–acid batteries have the longest
cycle life, but Li-on and NaS can reach more cycles. CAES, PHS, and flywheels offer long
lifespans, ranging from 10,000–30,000 cycles, while EC capacitors can achieve approximately
100,000 cycles [21].

ESS converts electrical energy into a storable form and return it to electricity when
needed. Pumped Hydro Energy Storage (PHES) is the oldest and most common ESS.
Examples include CAES, flywheel energy storage (FES), thermal energy storage (TES), SCs,
and batteries. ESSs have been available for a long time.

The lead–acid battery, which is a significant breakthrough, facilitated the first electric
vehicles 150 years ago and remains dominant in the battery market. Its advancements in
the early 1900s led to a technological transition, and the evolution of rechargeable and non-
rechargeable batteries in the nineteenth and twentieth centuries is illustrated in Figure 3.
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Figure 3. The development of various battery technologies [22].

Experts anticipate ongoing expansion in battery installations for grid-scale appli-
cations, including stand-alone arrays and distributed systems with multiple E-vehicles.
Specifications include max power rating, discharge time, energy density, and efficiency,
with Table 1 focusing on critical storage capacities of 20 MW.

Table 1. Chronological order of ESS adopted [8].

EESs Max Power (MW) Discharge Time Lifetime
(Cycles/Years) Energy Density (Wh/L) Efficiency (%)

Pumped hydro 3000 4 h–16 h 30–60 0.2–2 70–85

Lithium-ion 1000 2 h–30 h 20–40 2–6 40–70

Molten salt 150 Hours 30 70–210 80–90

Li-ion battery 100 1 min–8 h 1000–10,000 200–400 85–95

Lead–acid 100 1 min–8 h 6–40 50–80 80–90

Flow battery 100 Hours 12,000–14,000 20–70 65–85

Hydrogen 100 Minute–week 5–30 600 (at bar) 25–45

Flywheel 20 Secs–mins 20,000–100,000 20–80 70–95

During the second half of the 20th century, technological advancements and electronic
and mechanical applications led to a growing demand for batteries with longer operation
durations, smaller sizes, lighter weight, rechargeability, high safety, and low cost. This study
provides a comparative analysis of various battery types used for large-scale electricity
storage, focusing on current operational systems worldwide and their applications. The
information flows in the current paper as depicted in Figure 4.

This review offers a thorough and multidisciplinary examination of battery technolo-
gies for energy storage, incorporating both traditional and developing green batteries.
Unlike previous research, this study provides a comparative assessment of sustainabil-
ity, safety, and lifecycle performance while using techno-economic frameworks such as
process-based cost modeling (PBCM) and levelized cost of storage (LCOS). An important
innovation is the use of MATLAB/Simulink-based battery modeling to simulate nonlinear
behaviors and assess grid integration potential. Furthermore, the study discusses hybrid
energy storage systems (HESS), including cost-performance comparisons and circuit-level
design insights. By addressing technological, economic, environmental, and practical inte-
gration issues, this review lays the groundwork for future research and policy in sustainable
energy storage systems.
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Figure 4. Information flow of the paper.

2. Types of Large-Scale Energy Storage Batteries
Batteries can be classified into several types: (1) primary batteries, (2) rechargeable

secondary batteries, (3) large-scale energy storage systems such as flow batteries and
sodium–sulfur batteries, (4) electrochemical capacitors, and (5) fuel cells. Battery systems
store electricity in chemical energy, classified as primary or secondary. Primary batteries are
not rechargeable, while secondary batteries can be recharged. They consist of electrochemi-
cal cells with positive and negative electrodes. Battery technologies range from lead–acid
systems to emerging sodium–sulfur, sodium–nickel chloride, and lithium-ion systems. The
lithium-ion system is attracting interest for power systems in consumer electronics like
cameras, cellphones, and computers. Lead–acid batteries are known for their affordability,
inherent safety features, and high recyclability rates They are utilized in hybrid vehicles for
security, power, and emergency flasher systems. Despite their high weight, they remain a
potential choice for future advancements.

This section explores various battery technologies like lithium-ion, lead–acid, sodium–
sulfur, nickel–cadmium, and flow batteries, highlighting that no single cell type can meet
all energy storage needs.

2.1. Primary Batteries

Primary batteries are single-use energy sources that cannot be efficiently recharged
due to irreversible electrochemical reactions. Typically designed as dry cells with paste
electrolytes, they provide high initial voltage, long shelf life, and low maintenance, making
them ideal for portable applications [23]. These batteries are generally classified by their
electrolyte type-aqueous or nonaqueous [24].

Common examples include zinc–carbon, alkaline, and lithium cells, which generate
electricity through spontaneous redox reactions between two electrodes immersed in an
electrolyte. While convenient and inexpensive, primary batteries contribute to raw material
depletion and environmental concerns since they are discarded after use. Unlike secondary
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(rechargeable) batteries, attempting to recharge primary cells can be hazardous, sometimes
leading to leakage or explosion.

2.1.1. Zinc–Carbon (Zn-C) Battery

Developed by Georges Leclanché in 1866, the zinc–carbon battery was the first practical
dry cell, using a low-corrosive electrolyte and a solid cathode that offered low self-discharge.
These inexpensive and widely used batteries were valued for their simplicity, moderate
energy density, and reliability. A typical Zn-C cell includes a zinc container (anode), a
graphite rod (cathode), and an electrolyte of ammonium chloride or zinc chloride [25].

Despite their affordability, Zn-C batteries have limited energy density, poor leakage
resistance, and voltage drop during discharge [23]. Their extensive use has also raised
environmental concerns, and made proper collection and recycling essential to reduce
pollution [26]. Although once dominant in the market, their use has steadily declined with
the rise of alkaline batteries.

2.1.2. Alkaline Battery

After years of development, Eveready Battery Branch introduced the ‘Energizer’ brand
in 1980 [27]. Founded by Urry, who passed away in 2004, the brand continues to enhance
performance and reliability globally, focusing on the development of alkaline batteries
that offer long discharge times, extended storage life, and leakage-proof performance [27].
Alkaline batteries are one of the basic batteries that are still frequently used today. Figure 5
illustrates the schematic diagram of an alkaline battery. The market for primary batteries
has largely moved toward Zn/Alkaline/MnO2 technologies, which outperform Zn-C
batteries by two to ten times, due to their prevalent chemistries [23], and has inexpensive
cost, abundant materials, low toxicity, and excellent working potential [28]. This alkaline
cell features zinc as the anode and manganese dioxide as the cathode, utilizing potassium
hydroxide as the electrolyte [29]. Alkaline zinc-manganese oxide batteries are versatile and
suitable for various applications such as audiovisual equipment, digital cameras, portable
TVs, shavers, office appliances, and game equipment.

 
Figure 5. Alkaline battery structure.

2.1.3. Lithium Primary Batteries

Research on lithium primary batteries (LPBs) is less intensive than rechargeable bat-
teries, despite their widespread use in various sectors like military, aerospace, medical,
and civilian [30]. LPBs, developed in the late 1960s, are chemical power sources with
long lifetimes, high volumetric energy, and reliable anti-leakage performance [31], offering
higher energy density, higher operating voltage, and wider temperature range. They con-
sume less feedstock and are widely sourced, making them environmentally friendly [32].
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Their active materials are also non-toxic, making them a significant development for high
energy density.

LPBs have been widely used, including lithium–sulfur dioxide, lithium–thionyl chlo-
ride, lithium–manganese dioxide, and lithium–carbon fluoride. However, hurdles remain
in enhancing energy density, rate capability, and electrochemical performance in severe
environments. The lithium–air battery, a new lithium primary cell, has five to ten times the
energy density of typical Li-ion batteries [33].

2.2. Secondary Batteries

Secondary batteries are rechargeable batteries used for automotive ignition, portable
electronics, and powering electric and hybrid vehicles [23]. As homes generate their elec-
tricity, they are becoming popular for residential power storage [34]. The commercialization
of secondary cells was enabled by electrodes capable of multiple deep charge/discharge
cycles [35], often using lead–acid, lithium-ion, nickel–metal hydride, or nickel–cadmium
electrodes [36]. This section organizes secondary battery technologies into three main
groups: established technologies, high-temperature and large-scale grid options, and
emerging or alternative chemistries. Each group is analyzed with respect to performance,
scalability, cost, safety, and sustainability.

2.2.1. Established Technologies

a. Lead–acid battery

Lead–acid (Pb-A) batteries are the earliest form of rechargeable batteries, relying on a
liquid electrolyte for operation in Figure 6a and are commonly used in ESS [37]. The battery
consists of multiple stacks of negative and positive plates, a plate-shaped base with a plug
and nut, and positive and negative terminals at the top. They consist of a lead dioxide
(PbO2) cathode and a lead (Pb) anode, and an electrolyte containing sulfuric acid. It offers
quick response time, low self-discharge rates, high cycle efficiency, and low costs [38]. It is a
backup power source in telecommunication, energy management, microgrids, and isolated
electricity systems. Technology has limitations including limited cycle life, low specific
energy, reduced energy density, and diminished efficiency in cold environments [39]. The
chemistry of Pb-A batteries can be adapted for use in grid energy storage applications by
altering electrode structures, with research focusing on extending cycle life durability and
specific power in lead–carbon electrodes [40], which can be beneficial beyond stabilization
applications. Carbon is added to negative electrodes in typical lead–acid batteries to
increase specific power and reduce sulfation during charging cycles [41]. This significantly
increases cycle life by up to ten at high rates, ensuring deep discharges with long cycle
life [42]. This technique is especially effective in applications that require deep discharges
and long cycle life. Pb-A batteries remain the preferred choice for automobile starting,
lighting, and ignition due to their affordability and exceptional performance [43].

b. Nickel–metal hydride (Ni-MH) batteries

Ni-MH batteries, which were initially invented in 1986 and made commercially avail-
able in 1989, are critically rechargeable batteries used in power tools, hybrid automobiles,
electric vehicles, and by major automotive manufacturers. They include a nickel hydroxyl
oxide cathode, a metal hydride anode, a KOH electrolyte, and a separator [22,37]. Ni-MH
batteries provide high energy density, temperature, and rate capabilities, long cycle and
shelf life, and fast charging. They are more expensive than Pb-A, have lower specific
energy and power density, and operate poorly at low temperatures [23]. They have a high
self-discharge rate, up to three times faster than Ni-Cd and Li-ion batteries, causing them
to lose about one-third of their stored charge in a month. They are suitable for portable
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items, electric vehicles, and industrial spare devices, but have a high self-discharge rate of
5% to 20%.

Figure 6. (a) Structure of a Pb-A battery and (b) structure of a LIB [5].

c. Nickel–cadmium (Ni-Cd) batteries

Ni-Cd battery systems, previously popular in power tools and portable gadgets, have
been phased out due to concerns related to cadmium toxicity and challenges in recycling.
These concerns impede the development and certification of future large-scale storage
systems based on Ni-Cd technology, which was once the dominant technology in these
industries [39]. Ni-Cd batteries are utilized in phones, toys, and hand tools [37], while
cadmium electrodes have a larger capacity [37]. They have a long cycle life, are durable,
have good charge retention, perform well in long-term storage, require little maintenance,
and discharge flatly. However, they have a low energy density, a high cost, and significant
memory effects [23]. Cadmium is a hazardous metal, and most Cd in municipal solid waste
comes from abandoned Ni-Cd batteries [40].

2.2.2. High-Temperature and Grid-Scale Batteries

a. Sodium–sulfur (NaS) Battery

NaS batteries are rechargeable, high-temperature devices used for large-scale en-
ergy storage, with advantages such as load balancing, power quality, peak shaving, and
sustainable energy management. Molten sodium and sulfur electrodes are used, with
beta alumina serving as the solid electrolyte, operating at a temperature of 574–624 K
to maintain electrode liquidity. NaS batteries have high energy densities, capacity, and
zero self-discharge [4]. They have high recyclability due to their use of cheap materials.
However, they have high operation costs and additional temperature control systems.
However, due to high operating temperatures and corrosive sodium polysulfide discharge
products, it is best suited for large-scale, non-mobile grid energy storage [5]. ZEBRA
(ZEolite Battery Research Africa) cells, a type of sodium/metal chloride cell, operate at
high temperatures, use a negative sodium-composed electrode, and separate it from the
positive electrode using a ceramic electrolyte [44], similar to sodium/sulfur cells in terms
of their characteristics.

https://doi.org/10.3390/electronics15030690
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b. Sodium–nickel chloride battery

The sodium–nickel chloride battery (NaNiCl2) is a low-cost, high-performance battery
made of liquid sodium and solid ceramic electrolyte. It has a long cycle life, good charge
retention, and requires little maintenance [23]. However, it has low energy density, high
cost, and significant memory effects. Cadmium, a hazardous metal, is often found in
municipal solid waste from abandoned Ni-Cd batteries [40]. ZEBRA batteries are ideal for
city fleets and delivery services, but their usage in personal automobiles is challenging due
to low daily mileage and thermal losses [45].

2.2.3. Emerging and Alternative Chemistries

a. Lithium-ion batteries

LIBs dominate the market for both portable electronics and emerging grid-scale appli-
cations, owing to their superior energy density and design flexibility. Their performance
strongly depends on material combinations and electrode design, which must balance
between high energy output, safety, and thermal stability [36]. Figure 6b illustrates the
structure of the LIBs which is made of lithium metal oxide and graphitic anode material.
Despite their advantages, LIBs face critical challenges: high production costs, sensitivity
to deep discharge, and reliance on advanced battery management systems [46]. Their
economic feasibility in large-scale applications hinges on manufacturing advancements
and cost reductions [47,48]. Commercial chemistries vary; LCO offers high density but
poor lifespan, LFP delivers thermal stability with moderate capacity, while NCA and NMC
balance energy and power density for automotive uses [42,49,50].

Table 2 summarizes these characteristics.

Table 2. A comparison of lithium battery voltages and applications.

Chemical Name Abbreviation Voltage (Nominal) Power Density Application

Lithium Cobalt Oxide LCO 3.60 V (operating range:
3.0–4.2 V per cell) 200 Wh/Kg Laptops, Cameras,

smartphones

Lithium Iron
Phosphate LFP 3.20 V, 3.30 V (operating

range 2.5–3.65 V per cell) 120 Wh/kg Medical Equipment,
Power tools, EVs

Lithium-Ion
Manganese Oxide LMO 3.70 V (3.80 V) (operating

range 3.0–4.2 V per cell) 140 Wh/kg Medical Equipment,
Power tools, EVs

Lithium Nickel Cobalt
Aluminum Oxide NCA 3.60 V (operating range

3.0–4.2 V per cell) 50 Wh/kg Energy Storage
Systems and EVs

Lithium Nickel
Manganese Cobalt

Oxide
NMC 3.60 V, 3.70 V (operating

range 3.0–4.2 V per cell 200 Wh/kg Medical Equipment,
Power tools, EVs

Lithium titanate LTO
2.40 V nominal; typical

operating range
1.8–2.85 V/cell

80 Wh/kg Grid Storage and
EVs

However, LIBs suffer from capacity fading due to parasitic reactions, increasing
internal resistance and reducing lifespan [51–53]. This degradation links closely to the
behavior of the solid electrolyte interphase [54], impacting state of health (SOH) and
performance predictability [55]. Material sourcing also raises sustainability concerns, with
cobalt, nickel, and lithium recycling posing environmental and economic challenges [56].
Moreover, LIBs require strict operational controls to prevent imbalance and safety issues.
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b. Lithium–sulfur (Li-S) batteries

Li-S batteries, despite their high theoretical capacity and low cost due to sulfur abun-
dance [57], face limitations such as capacity loss, low coulombic efficiency, low volumetric
density, high internal resistance, self-discharge, and rapid capacity fading [58]. Innovative
design of these cells can mitigate these drawbacks, making them a subject of interest.

c. Nickel–zinc (Ni-Zn) batteries

Ni-Zn batteries are compact, portable power sources that discharge quickly and cost
less than Li-ion batteries. They can replace Ni-Cd and NiMH batteries in the majority of
applications [7] due to their high specific power, efficiency, and minimal environmental
effect [59]. However, they have disadvantages, such as self-corrosive zinc, a tendency to
dry out, and poor discharge after numerous cycles [59].

d. Sodium-ion (Ni-B) batteries

A sodium-ion battery (NIB, SIB, or Na-ion battery) is a rechargeable battery that
uses sodium ions (Na+) as charge carriers. In some cases, its working principle and cell
construction are similar to those of lithium-ion battery (LIB) types, simply replacing lithium
with sodium as the intercalating ion. Sodium belongs to the same group in the periodic
table as lithium and thus has similar chemical properties. However, designs such as
aqueous batteries are quite different from LIBs. SIBs received academic and commercial
interest in the 2010s and early 2020s, largely due to lithium’s high cost, uneven geographic
distribution, and environmentally damaging extraction process. Unlike lithium, sodium is
abundant, particularly in saltwater [60]. Further, cobalt, copper, and nickel are not required
for many types of sodium-ion batteries, and abundant iron-based materials work well in
batteries [61].

In summary, each secondary battery technology presents a distinct balance of perfor-
mance, cost, and application specificity. Lead–acid and NiMH batteries remain viable for
legacy or budget-conscious applications, while LIBs dominate high-performance sectors
such as EVs and grid-scale storage. High-temperature options like NaS and NaNiCl2 are
promising for stationary applications but face operational and safety hurdles. Emerging
chemistries such as Li-S and Ni-Zn offer potential long-term advantages but require further
development. Moving forward, innovation in materials, cost reduction strategies, and
safety management will be key to optimizing these technologies for a broad spectrum of
energy storage needs.

3. The Fundamental Aspects of a Rechargeable Battery
A rechargeable battery consists of voltaic cells with two half-cells, where negatively

charged anions migrate to the anode electrode and positively charged cations to the cathode,
separated by an ionized electrolyte medium for ion production and transport.

Battery designs might include half-cells with distinct electrolytes and separators
to prevent mixing. Many cells allow ions from carbon–zinc (C-Zn), Ni-Cd, and Li to
pass through them. Key factors determining the performance of rechargeable batteries
include their energy density and power density. The electrolyte acts as a conduit for ion
movement between the electrodes. However, in Pb-A batteries commonly used in vehicles,
it is also involved in the electrochemical reaction. Figure 7 depicts the y and x axes of
these parameters.
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Figure 7. Rechargeable batteries specific power (Wh/kg) and energy density (Wh/L) graphic.

The research aims to improve the design of nickel–zinc rechargeable batteries with
low transportation costs. Critical electrical factors such as state of charge (SOC), thermal
runaway, charge and discharge rates, discharge cutoff detection, and the relationship
between SOC and open circuit voltage (OCV) are important to consider.

High-capacity batteries serve diverse applications, while low-power ones suit portable
devices. Advances in miniaturization and nanotechnology are key to developing reliable,
compact, and durable next-generation rechargeable batteries. These batteries operate by
reversing chemical reactions during discharge [62]. with key traits like energy density
and power per unit mass or volume. Various types are available, meeting specific user
needs [45].

3.1. Capabilities of Rechargeable Batteries in Commercial Applications

Commercial applications often choose rechargeable power batteries based on their
specific energy, longevity, self-discharge, and specific power. Cycle life depends on battery
treatment or usage. Li cells exhibit a linear decrease in anode voltage, while Ni-MH batteries
may suffer memory loss, and zinc–air cells were initially used as EV and HEV prototypes.

Rechargeable batteries are more expensive than disposable batteries, however, they are
substantially less expensive when split by the number of recharge cycles, which includes
a battery charger, than the total cost of several primary cells for Ni-MH, Ni-Cd, and
LIBs. However, some battery applications necessitate long dormancy periods and few
replacements, rendering certain rechargeable battery technologies unsuitable due to their
high self-discharge rate in comparison to non-rechargeable batteries. In this scenario,
primary cells are more cost-effective than rechargeable batteries, which only consume a
small portion of the possible recharge cycles.

3.2. Current Challenges of Battery Energy Storage System

Despite its many advantages, battery energy storage systems (BESS) face several chal-
lenges. Such as; cost, battery lifespan, safety concerns, recycling, end-of-life management.
The high upfront cost of BESS remains a significant barrier to widespread adoption, al-
though prices are gradually decreasing. The lifespan of batteries is limited by the number
of charge-discharge cycles they can endure. Degradation over time can reduce system
efficiency and increase maintenance costs. The use of large-scale battery systems raises
safety concerns, including the risk of thermal runaway and fires. Robust safety measures
and advancements in battery technology are essential to mitigate these risks. As the roll-out
of BESS grows, so does the need for effective recycling and end-of-life management solu-
tions to address environmental and resource concerns. BESS offer significant advantages in
promoting renewable energy and ensuring grid stability, but they also face challenges such
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as high costs and technical limitations. By overcoming these hurdles, these systems can
play a vital role in the global transition to sustainable energy.

4. Performance and Reliability
The rapid expansion of portable electronics, electric vehicles, and renewable energy

integration relies heavily on dependable energy storage systems (ESS). However, battery aging
and degradation significantly affect efficiency, safety, cost, and sustainability [63]. Improving
reliability requires a clear understanding of failure mechanisms and aging processes.

Key strategies include electrical, thermal, chemical, and postmortem analyses [64], sim-
ulating aging based on temperature, SOC, depth of discharge (DoD), and C-rate factors [65],
as well as advanced data analytics and AI for failure prediction [66].

Accurate diagnosis enables better system design, maintenance planning, and predic-
tion of remaining useful life.

Battery management systems (BMS) play a central role in monitoring state of health,
balancing cells, and managing heat. Since rapid charging accelerates degradation, optimiz-
ing fast-charging strategies is also essential. Safety remains a priority, with abuse testing
and advanced BMS integration helping to prevent hazards and ensure safer cell designs.

5. Scalability and Cost
Scalability and cost remain decisive factors in evaluating the feasibility of battery

technologies for energy storage. They determine both the competitiveness of a given
system and its potential for large-scale deployment.

5.1. Scalability

Scalability refers to how easily a technology can be deployed across different levels—
ranging from small household systems to large-scale grid applications. This depends on
production capacity, industrial flexibility [67], and achievable volumes [68]. While some
chemistries are well-suited for small-scale use [69], others are better adapted for large-scale
deployment due to their higher energy density and durability [70]. BESS are particularly
versatile, as they can be customized and expanded over time to meet rising energy demand.
Figure 8 shows the steady growth in global battery storage capacity between 2010 and 2023.
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Figure 8. Global battery storage capacity additions between 2010 and 2023 [71].

5.2. Manufacturing Cost

The cost of manufacturing batteries is shaped by raw material prices, production
techniques [72], and economies of scale. Optimized processes, advanced technologies,
and streamlined supply chains can significantly lower costs. Process-based cost modeling
(PBCM) offers a bottom-up approach to estimating costs based on technical and operational
parameters. As illustrated in Figure 9, PBCM provides insight into cost drivers, helps
evaluate new technologies, and quantifies potential improvements [73]. By linking product
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attributes to technical, operational, and financial models, it enables transparent cost analysis
and supports decisions in cost-sensitive industries.

Figure 9. Battery-cell-specific PBCM framework.

5.3. Total Cost of Ownership (TCO) and Levelized Storage Cost (LCOS)

A complete economic evaluation requires analyzing both TCO and LCOS. TCO ac-
counts for investment, installation, operation, maintenance, and end-of-life costs, offset by
salvage value [74]. The formula is given by (1):

TCO = I + ∑n
k=1

Ok + Mk

(1 + ρ)k + Ce − S (1)

where I represents the investment cost, n is the lifetime of the battery (in years), Ok and Mk

are respectively, the costs of operating and maintenance for the period k, Ce is the end-of-life
cost, and S is salvage cost.

LCOS, by contrast, expresses the cost per unit of energy stored and delivered over a
battery’s lifetime [75]. This metric facilitates comparison across technologies by incorporat-
ing efficiency, cycle life, and discharge characteristics. Together, TCO and LCOS provide
essential tools for guiding strategic decisions in the transition toward renewable-based
energy systems.

6. Safety and Environmental Considerations
The safe and sustainable deployment of batteries requires close attention to both safety

mechanisms and environmental impacts across their lifecycle.

6.1. Safety Considerations

As depicted in Figure 10, battery safety depends on effective thermal management,
overcharge prevention, and stability control [76]. Lithium-ion batteries, in particular, carry
risks of fire or explosion if thermal runaway occurs, making robust cooling systems and
protection circuits essential.

Safety 
consideration

Thermal 
management

Overcharge
prevention

Overheating 
mitigation

Chemical 
instability 
mitigation

Figure 10. Battery safety consideration.
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Research has quantified the conditions that trigger thermal runaway in lithium-ion
batteries, showing that the risk increases with SOC and specific temperature thresholds.
Experimental work on 18,650 cells demonstrates that as SOC rises, the critical and peak
temperatures associated with thermal runaway also increase, with fully charged cells
reaching surface temperatures above 1000 ◦C and releasing larger amounts of flammable
gases like CO and CH4, raising both fire and explosion hazards at high SOC levels [77].
Studies of thermal abuse mechanisms indicate that key components such as the solid
electrolyte interphase (SEI) and electrolyte begin decomposing near ~80–100 ◦C, with
cathode decomposition occurring at higher temperatures and contributing to exothermic
reactions that fuel runaway [78]. Abuse tests further reveal that high charging or external
heating rates accelerate the onset of thermal runaway, underscoring the importance of
integrated thermal management and robust safety systems to prevent rapid temperature
escalation and catastrophic failure in large-scale battery installations [79].

BMS play a central role in monitoring cell health, balancing charge, and preventing
overloads. Recent advances in materials and the integration of self-protection features are
further enhancing battery safety and reliability.

6.2. Environmental Impact

The environmental footprint of batteries spans extraction, production, use, and dis-
posal, as illustrated in Figure 11. Mining of lithium, cobalt, and nickel can cause soil
degradation, water pollution, and biodiversity loss [80], while refining and manufacturing
are energy-intensive and generate emissions [81]. Battery operation indirectly contributes
to emissions depending on the charging grid mix, with fossil-based grids increasing the
carbon footprint. Over time, degradation leads to performance loss and higher replacement
rates, raising resource demand. At end-of-life, poor disposal may release toxic leachates
and harmful gases [82], while low recycling rates exacerbate raw material scarcity [83].

•Solid degradation
•Water

contamination
•High GHG emissions
•…etc

Mining/raw 
materials extraction

•Significant energy
consumption (GHG)

•Release of toxic by-
products

Manufacturing

•Indirect emissions
•More frequent

replacement
(increase resources
demand)

use

•Toxic leachate from heavy
metals

•Air pollution (incineration of
batteries)

•Loss of valuable materials if
inadequate recycling

Disposal

Figure 11. Environmental impact of batteries.

6.3. Improving Safety and Reducing Environmental Impact

To address these issues, research focuses on safer chemistries, recycling technologies,
and cleaner manufacturing processes. The use of abundant, non-toxic materials and
efficient recovery methods reduces ecological impacts while extending material supply.
Policy frameworks combined with technological innovation are key to ensuring batteries
remain safe, reliable, and environmentally responsible as energy storage demand grows.
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7. Integration and Grid Compatibility
The integration of large-scale battery systems into the electric grid entails not only

scientific and engineering hurdles, but also legislative and societal obstacles. Recent
developments in lithium-ion and hybrid systems have greatly improved grid services,
particularly peak shaving and load balancing. However, successful integration necessitates
extensive modeling and clever control systems. Beyond scientific and technical issues,
numerous challenges related to the integration of large-scale battery storage systems of
renewable energy for the electric grid range to policy issues, and even social challenges [84].
Increasing interest in helping grid support, particularly based on lithium-ion battery sys-
tems, is rapidly advancing with a wide range of cell technologies [85]. The implementation
of the electricity peak shaving method using energy storage technologies minimizes con-
sumption during peak demand periods and conducts both environmental and economic
benefits. Integration of PV and battery storage recent advancements have made the peak-
shaving method more attractive [86]. On the other hand, certain studies focus on smart
load control methods and aim to reschedule the operation of flexible loads to periods of
peak PV energy production.

To analyze the battery integration and grid compatibility the battery models must
be simulated correctly. The battery model in MATLAB/Simulink is investigated here to
give readers more information’s how to analyze a nonlinear battery model. The other
important topic for this aim is BMS. The BMS working principle and advantages are given
with applications in the next section.

7.1. A Generic Battery Model Designed in MATLAB/Simulink

The battery model using a generic model for most popular battery types is designed
in MATLAB/Simulink, as shown in Figure 12a. The battery model uses the lead–acid
battery equations, lithium-ion, nickel–cadmium, and nickel–metal hydride type and adjusts
the nominal voltage, rated capacity, and the initial SoC response time. Nominal voltage–
current discharge characteristics for the specific battery model parameters are given in
ampere–hour for nominal voltage in Figure 12b [87].

 
(a) (b) 

Figure 12. (a) The generic battery model, (b) current discharge characteristics for the battery model
parameters [88].
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7.2. Battery Management Systems (BMS)

A rechargeable battery managed by a BMS is an electronic circuit system. BMS
monitors and estimates its various states such as SoC and state of health. It consists of a cell
or battery pack for easier safer usage and long-life of battery [89]. Calculation, reporting,
controlling the environment, and verifying or balancing secondary data are the main
purposes of BMS [88]. An alternative to BMS is a protection circuit module (PCM) [90].
A battery package built with a BMS with an external communication data bus which is
known as a smart one [91]. A general battery management system working principle is
shown in Figure 13 [92]. A BMS can monitor various items of the state of the battery as in
Table 3.

Figure 13. A general battery management system working principle [92].

Table 3. Various items of a BMS to monitor the state of the battery.

Items Types

Voltage Individual cells and total voltage, or voltage of periodic taps

Temperature Average, coolant intake and output, or individual cells of temperature

Coolant flow Liquid-cooled type batteries

Current Input or output current of the battery

Health The health of single cells

Balance Balance state of cells

The principles of the BMS system for different types of circuits are given in Figure 14a,b.
Figure 14a shows the BMS system consisting of a resistance and switch component to
balance series connected battery voltages. Figure 14b shows the BMS system consisting of
a DC-to-DC converter to balance series connected battery voltages. Figure 14c shows an
electronic circuit of BMS which is designed connected to four batteries directly. Figure 14d
shows an electronic circuit of BMS and a series battery connected to BMS.
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Figure 14. BMS circuits and examples: (a) switching BMS, (b) converter-based BMS, (c) BMS circuit,
(d) BMS circuit with battery.

8. Emerging Technologies and Future Trends
Recent advancements in design and manufacturing battery technology, with power

electronic circuits commonly integrated to meet the unique demands of different applica-
tions [93]. Research worldwide is actively focused on developing new materials for LIBs,
as they power most modern portable devices and hold the potential to enable broader
adoption of high-energy-density storage solutions on a larger scale [94]. Emerging energy
storage technologies are anticipated to deliver enhanced energy and power densities, but
in practice may not be more significant [39]. The power and energy density comparison of
some energy storage devices is shown in Figure 15 [95].

Figure 15. The energy and power density comparison of storage devices.

To deliver electricity to customers safely, reliably, and efficiently hybrid electricity sys-
tems describe the integration of multiple emerging and renewable energy technologies [96].
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However, due to the unreliable nature of renewable energy sources (RES), various ESS are
available to balance the demand and supply gap. Nevertheless, hybrid energy storage
systems (HESS) are mostly recommended to accommodate the different characteristics,
such as power density and reaction time, that accompany each specific storage [97]. The
HESS for novel supercapacitor (SC) storage devices and required bidirectional converters
are investigated in the next stages.

8.1. Hybrid Energy Storage Systems (HESS)

HESS are categorized into three main types: passive, semi-active, and active. A passive
HESS occurs when storage devices are directly linked to the DC bus. In a semi-active HESS,
only the battery is connected to the DC bus through a DC-DC converter. An active HESS, on
the other hand, integrates both the battery and the supercapacitor with a DC-DC converter
before linking them to the DC bus [98]. As a case study, a standalone active HESS is given
in Figure 16 [99].

Figure 16. Active HESS with battery-SC.

In a case study simulation, semi-active SC-HESS configurations showed performance
that was over 33% lower compared to battery-only systems, while passive HESS setups
exhibited less than a 9% reduction in the cost function relative to battery-only cases. An-
other simulation employed solar irradiance and temperature data to estimate the annual
storage cost.

The Hybrid Optimization Model for Electric Renewable (HOMER) software (HOMER
Pro (v3.13+)) can be used to simulate the optimal sizing of a HESS that aligns with the load
profiles at the designated site [100,101]. This simulation is based on available renewable
energy resources and component specifications. Although the capital cost of SC is a higher
ratio; the total cost ratio of SC is seen as less because SCs do not require replacement and
operation and manufacturing (O&M) costs.

8.2. Bidirectional Converters for HESS

Bidirectional power converters are installed between the bus and battery or SC parts
to control current flow in two ways for active or semi-active power control. When the PV
generates the energy, it is routinely stored in the battery, and SCs are regularly dependent
on the load. On the other side, the bidirectional converter is used to energize the loads
from the battery and SCs [102]. Figure 17 illustrates a bidirectional buck–boost converter.
As shown in Figure 17, this converter allows the battery to be charged using energy from
the PV panel. However, during nighttime, when PV generation is unavailable, the energy
stored in the battery supplies power to the load. The converter operates in buck mode based
on the duty ratio, directing current from the PV source to charge the battery. Conversely,
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in boost mode, also dependent on the duty ratio, current flows from the battery to the
load [103].
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Figure 17. A bidirectional buck–boost converter circuit.

9. Green Batteries for Renewable Technologies
As the deployment of solar and wind energy continues to grow, reliable and sus-

tainable energy storage solutions are essential to address their inherent intermittency and
ensure grid stability. Green batteries respond to this challenge by combining effective
energy storage capabilities with a reduced environmental footprint across their entire
lifecycle. Unlike conventional lithium- and cobalt-based batteries, which rely on scarce and
often environmentally damaging materials, green batteries prioritize the use of abundant,
non-toxic alternatives such as sodium, zinc, iron, or organic compounds. In addition, many
of these technologies are designed with recyclability and end-of-life recovery in mind,
supporting circular economy principles and reducing long-term resource depletion.

From a climate perspective, green batteries can significantly contribute to greenhouse
gas emission reductions by enabling higher penetration of renewable energy sources and
decreasing reliance on fossil-fuel-based peaking power plants. When charged using low-
carbon electricity, battery energy storage systems help smooth power fluctuations, improve
grid flexibility, and lower system-level emissions over their operational lifetime. However,
lifecycle assessments indicate that battery manufacturing remains energy-intensive, with
notable emissions arising from material extraction, processing, and cell production. There-
fore, the true environmental benefits of green batteries depend not only on their chemistry
but also on cleaner manufacturing pathways and low-carbon energy inputs.

In terms of resource consumption, large-scale battery deployment increases demand
for raw materials, raising concerns about supply security and environmental impacts asso-
ciated with mining activities. Green battery technologies aim to mitigate these challenges
by reducing dependence on critical materials such as lithium, cobalt, and nickel. Promising
alternatives include sodium-ion batteries, redox flow batteries, and supercapacitors, which
offer lower material constraints, longer service life, and improved safety, particularly for
stationary energy storage applications. These technologies are well suited for storing excess
renewable energy during periods of high generation and releasing it when production is
low or demand peaks. The basic principles of green batteries are illustrated in Figure 18.

Ongoing research efforts focus on improving the energy density, durability, safety, and
cost-effectiveness of green batteries, as well as extending their operational lifetime through
advanced battery management and thermal control systems. At the same time, policy
support, recycling infrastructure development, and technological innovation are expected
to accelerate their market adoption. Ultimately, green batteries represent a key pillar of
sustainable energy systems, provided that their design, manufacturing, and end-of-life
management are aligned with long-term goals for emission reduction, resource efficiency,
and environmental protection.
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Figure 18. Green batteries principles.

10. Recycling and Reuse of Battery Systems
As the deployment of energy storage systems (ESS) accelerates across power grids,

transportation, and renewable energy applications, recycling and reuse have become critical
factors in assessing their long-term sustainability. Recent lifecycle assessment (LCA) studies
indicate that battery manufacturing accounts for a substantial share of total environmental
impacts, primarily due to energy-intensive mining and processing of critical materials such
as lithium, cobalt, and nickel. In some cases, production-related emissions represent up to
40–60% of total lifecycle greenhouse gas emissions, emphasizing the importance of effective
end-of-life management strategies to reduce carbon intensity and resource depletion [104].

Recycling technologies have advanced significantly in recent years, moving beyond
traditional pyrometallurgical routes toward hydrometallurgical and direct recycling pro-
cesses. Hydrometallurgical recycling enables high recovery rates of valuable metals with
lower energy consumption and reduced emissions, while direct recycling preserves cathode
materials and crystal structures, offering further environmental and economic benefits.
Recent studies report that direct recycling can lower energy demand and greenhouse gas
emissions by up to 30% compared to conventional methods, making it a promising pathway
for circular battery value chains [105].

In parallel, battery reuse, particularly second-life applications, offers an effective
strategy to extend service life and improve overall system sustainability. Lithium-ion
batteries retired from electric vehicles often retain 70–80% of their original capacity, making
them suitable for stationary energy storage applications such as renewable energy buffering,
peak shaving, and grid support. Recent analyses show that second-life deployment can
extend battery utilization by 5–10 years and reduce lifecycle greenhouse gas emissions by
up to 30%, depending on the application and electricity mix [106]. However, challenges
related to safety, state-of-health assessment, standardization, and repurposing costs remain
and require advanced battery management systems and harmonized regulations.

11. Future Research Directions
Future advances in energy storage must focus on new materials, efficiency, safety,

and sustainability. Developing solid-state electrolytes, organic chemistries, and recyclable
electrodes will improve performance while reducing reliance on scarce resources. At
the same time, innovative designs are needed to enhance energy density and round-trip
efficiency in real-world conditions.
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While batteries grab headlines, other storage technologies offer unique advantages
that make them indispensable for certain applications. Pumped hydro storage remains
the quiet giant of energy storage, accounting for over 94% of installed global capacity.
It is surprisingly efficient as well, converting 70–85% of input energy back to electricity.
Gravity-based storage takes pumped hydro’s basic principle but replaces water with solid
weights. Compressed air energy storage (CAES) works by essentially storing energy as
pressurized air in underground caverns or containers. When electricity is needed, this air
is released through turbines. Flow batteries strike a fascinating middle ground between
conventional batteries and mechanical storage. This scalability makes them especially
interesting for longer-duration needs [107].

Large-scale use demands better thermal management and safety systems to prevent
failures, alongside cost-effective and modular manufacturing for wider adoption. Equally
important is reducing environmental impact through advanced recycling technologies,
end-of-life design, and standardized lifecycle assessments. Finally, emerging systems
like sodium-ion, metal–air, and redox flow batteries hold promise, but further research is
required to prove their scalability and commercial readiness.

12. Conclusions
This review highlights the critical technical aspects of energy storage systems, focus-

ing on efficiency, reliability, scalability, safety, and environmental considerations. Various
storage technologies, including lithium-ion, lead–acid, flow batteries, and emerging green
battery solutions, exhibit unique strengths and challenges in areas such as energy density,
cycle life, manufacturing costs, and environmental impact. Technical challenges, includ-
ing thermal management, material availability, recycling efficiency, and integration with
renewable energy systems, remain key barriers to maximizing the potential of energy
storage technologies.

Addressing these technical challenges is essential to achieving a sustainable and
resilient energy future. Innovations in material science, advancements in battery design,
enhanced recycling technologies, and improved manufacturing processes are necessary
to overcome these barriers. Moreover, collaborative efforts across policymakers, industry
practitioners, and researchers are crucial to driving investments, establishing regulatory
frameworks, and fostering research initiatives focused on energy storage advancements.

Policymakers should prioritize incentives for sustainable energy storage projects,
while industry stakeholders must adopt best practices for safety, lifecycle management,
and scalability. Researchers should continue to explore novel materials, optimize existing
technologies, and address the technical gaps identified in this review. Together, these
efforts will ensure that energy storage systems play a pivotal role in supporting the global
transition toward a cleaner, more reliable, and sustainable energy infrastructure.
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