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Abstract

Advancements in battery technology and power management systems (PMS) are at the forefront
of modern energy innovation, addressing the growing demand for efficient, sustainable, and
high-performance energy solutions. Lithium-ion batteries (LIBs) have rapidly replaced
traditional battery technologies in applications ranging from electric vehicles to renewable
energy storage; however, thermal issues and restricted resource availability are still present.
The rising technology of solid-state batteries and sodium-ion batteries are much safer, cheaper,
and have a higher energy to volume ratio and manufacturing capacity. These advancements
are well supported by an appropriate role of PMS which enables continual improvement in
battery performance, safety and operational duration through smart monitoring and control.
Al and IoT integration within the PMS increase predictive analytics, real-time energy
management, and interface with renewable systems, making them essential for the future of
energy. This chapter focuses on the development over time of battery technologies, the
functions of PMS, and their integration in various sectors, informed by the prospects of
innovation and the rationale for the pursuit of ecological energy systems.
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1. Introduction

Battery technology is known as one of the
foundation stones of contemporary
technological development, which have
applications ranging from transport,
renewable energy storage, to portable
consumer electronics, including EVs. With
the current shift towards renewable energy
and enhanced power usage, there has been
escalating need for optimal, high density
and eco-friendly battery systems. For
instance, electric vehicles EV’s one of the
most quickly expanding markets, utilize the
sophisticated lithium-ion battery LIB to
provide improved range and performance
alongside decrease in carbon footprint
(Goodenough & Kim, 2010). Likewise,
modern solar and wind farms require
effective energy storage solutions to deal
with the inherent variability and instability
of renewable energy sources (Rydh &
Sandén, 2005). Smartphones, laptops,
medical devices, etc are some of the
portable electronics that rely on compact,
lightweight, and durable battery designs
(Tarascon & Armand, 2001).

There is an inevitable relation between
battery optimization and the development
of power management systems (PMS).
They are vital in managing battery safety
features, longevity, and density in overall
energy storage and utilization. PMS designs
should use intelligent algorithm and
hardware that can manage SOC,
Temperature, voltage, to avoid situations
like over charging, overheating, and aging
of batteries (Plett, 2004). The integration of
PMS with higher types of batteries
improves their flexibility for a variety of
applications such as the grid-level energy
storage and electric vehicles (Komsiyska et
al., 2021; Krishna et al., 2024).

This chapter is intended to present a general
guide in the current developments in battery
technology and power management
systems. The coverage also embraces
lithium-ion  batteries,  new-generation
battery solutions that are likely to substitute
lithium-ion, including solid-state and
sodium-ion batteries, and the latest trends in
PMS for increasing power-associated
performance and safety indicators.

2. Literature review

This section provides historical overview of
battery technology and power management
systems (PMS), lithium-ion battery, new
battery technologies, and PMS. Depending
on these factors, it presents major findings
of the review and underscores some
research limitations.

Progress in battery technology has been
made since the early study on intercalation
chemistry by Whittingham in 1976.
Previous battery technologies like the lead-
acid and the nickel-cadmium formed the
basis for the rechargeable systems but were
relatively very low energy density and short
life cycles (Rydh & Sandén, 2005). A new
technology also dawned with lithium-ion
batteries featuring higher energy densities,
and lighter construction (Yoshino, 2012).

Problems like degradation of energy
density and thermal runaway of Li-ion
batteries have been an area of constant
research in the last decade. Goodenough
and Kim (2010) stressed on the synthesis of
new cathode materials, whereas Meister et
al. (2016) discussed the search for high
performance and low-cost active materials
of LIBs. Issues like thermal runaway have
influenced the development of well-stable
electrolytes like poly ethylene oxide (Xue
et al., 2015).
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Solid state batteries are another better
version of LIBs that exhibits better features
such as safety and energy density. Wang et
al. (2021) noted that sulfide electrolytes
were still a central component in these
systems. As elaborated by Slater et al.,
(2013), Sodium-ion batteries although
potentially offering a much cheaper
approach to large scale storage, do not
achieve nearly the energy density of other
types of batteries. To introduce a new
method, Chen et al. (2021) proposed
incorporating 3D printing as a new way to

Where PMS is integrated with more
sophisticated algorithms, it improves the
batteries performance and life span
significantly. Plett (2004) highlighted the
strengths of the Kalman filtering for
estimating the state of charge. The research
carried out in this area for electric vehicle
PMS in recent years has mainly centered on
smart grid interface and integrative energy
management systems (Nyamathulla &
Dhanamjayulu, 2024, Krishna et al., 2024).

enhance electrode designs.

Table.1 Key Studies on Battery Technology and Power Management Systems

Year Reference Findings/Focus Research Gaps
1976 Whittingham Introduced intercalation | Limited energy density and
(1976) chemistry for energy storage. | safety.
2001 Tarascon & | Identified  challenges  in | Scalability and cost of
Armand (2001) | rechargeable lithium batteries. | advanced materials.
2004 Plett (2004) Proposed Kalman filtering for | Accuracy under varying
battery state estimation. environmental conditions.
2005 Rydh & Sandén | Analyzed energy | Lack of focus on recycling
(2005) requirements of batteries in | and lifecycle impacts.
PV systems.
2010 Goodenough & | Highlighted the need for | Material  stability and
Kim (2010) stable cathodes and | thermal runaway issues.
electrolytes in LIBs.
2012 Chu & | Reviewed  challenges in | Integration of batteries with
Majumdar achieving sustainable energy | renewable energy systems.
(2012) systems.
2012 Yoshino (2012) | Documented the birth of the | Exploration of  next-
lithium-ion battery. generation battery designs.
2013 Slater et al. | Reviewed sodium-ion | Low energy density
(2013) batteries for energy storage | compared to LIBs.
applications.
2014 Gaines (2014) Discussed recycling strategies | Efficient recycling
for automotive LIBs. technologies for emerging
batteries.
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2015 Xue et al. (2015) | Investigated  poly(ethylene | Electrolyte stability and
oxide)-based electrolytes for | ionic conductivity.
LIBs.
2016 Meister et al. | Evaluated performance and | Trade-offs between
(2016) costs of LIB active materials. | performance and  cost-
efficiency.
2018 Zhang et al. | Reviewed state-of-charge | Complexity in real-time
(2018) estimation methods for EVs. | implementation.
2019 How et al. | Compared model-based and | Real-time adaptability and
(2019) data-driven SOC estimation | robustness.
techniques.
2021 Wang et al. | Discussed sulfide electrolytes | Engineering challenges in
(2021) for all-solid-state batteries. scaling production.
2021 Komsiyska et al. | Reviewed intelligent battery | Implementation complexity
(2021) systems for EVs. and cost.
2021 Chen et al. | Demonstrated 3D-printed | Long-term durability and
(2021) electrodes for energy storage. | large-scale manufacturing
issues.
2022 Hu et al. (2022) | Explored virtual power plants | Scalability for widespread

using grid-forming inverters.

grid applications.

2023 Fuetal. (2023) | Reviewed cooling | Energy consumption of
technologies for LIB thermal | cooling systems.
management in EVs.

2024 Nyamathulla & | Reviewed advanced BMS for | Standardization of BMS

Dhanamjayulu various applications. algorithms.
(2024)
2024 Krishna et al. | Proposed advanced BMS for | High computational
(2024) EVs focusing on smart grid | requirements for real-time
integration. monitoring.

3. Evolution of Battery Technology

Battery technology can be seen as a series
of advancements and transmissions in an
attempt to satisfy the increasing needs for
versatile, powerful and eco-friendly
electrics. In this section, we look at the early
systems for batteries and the innovations
that led us to lithium-ion and discuss newer
generation battery systems.

It could be said that early batteries are the
cornerstone for designing modern energy

storage systems. Whittingham (2012)
explained that the beginning of
electrochemical energy storage started with
Alessandro Volta’s voltaic pile in the 18th
century. That followed by lead-acid
batteries used in the nineteenth century for
first automobiles and many industrial
applications.  Although active, these
systems were characterised by low energy
density and short lifespan.
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The advancement in batteries received a
boost by the development of the nickel-
cadmium (NiCd) and the nickel-metal
hydride (NiMH) batteries both of which

boasted superior energy density and
recharging  capabilities  (Goodenough,
2013). However, environment and

performance issues associated with these
systems required the development of
suitable replacements that would herald
lithium-based systems.

LIBs stand as a revolutionary advancement
in energy storage systems technology.
Yoshino created the first commercially
feasible LIB in the 1980s; earlier,
Whittingham and Goodenough’s work
resulted in worldwide acknowledgement,
including the Nobel Prize in Chemistry in
2019. These batteries have high energy
density, light weight and long cycle life,
hence are appropriate for a wide range of
uses starting from portable electronics all
through to EVs (Xie & Lu, 2020).

Another key work was by Goodenough
(2013) where he emphasized on how the
layered oxide cathodes played an essential
role in attaining high voltage and capacity,
key factors that led to the commercial
success of LIB. Subsequent developments
in electrolyte compositions and anode
materials even more enhance safety and
effectiveness that hitches like thermal

runaway (Liu et al., 2021). The scalability
of LIBs has revolutionized the energy
storage landscape, particularly in electric
vehicles (EVs) and renewable energy
integration (Du et al., 2019; Wang et al.,
2023).

Technological advances in batteries have
been prompted by the search for advanced
energy storage systems. Among others,
solid-state batteries, sodium-ion batteries
and advanced flow batteries can be
considered among the most suitable ones.
Solid-state batteries discussed by Versteeg
et al. (2017) are developed by replacing of
liquid electrolytes with solid ones, therefore
improving safety and energy density of the
battery. Sodium-ion batteries and sodium
batteries are more promising for the large-
scale storage of energy; especially in
regions where sodium is abundant (Itani &
de Bernardinis, 2023).

In the study of Hamdan et al. (2024), there
are discussions on the incorporation of such
sophisticated technologies in renewable
energy and grid system focusing on-grid
control and efficiency. Constructive
technology assessments have also pointed
out issues including scalability, cost, and
effectiveness of implementation that have
to be met for the technology to be embraced
(Versteeg et al., 2017).

Table .2 Key developments in battery technology over time:

Year Milestone

Findings

Research Gaps

18th-19th
Century

Voltaic pile, lead-acid
batteries

Pioneering energy
storage solutions for
industrial and
automotive
applications.

Low energy density
and limited lifespan.
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20th Century NiCd and NiMH Improved energy Environmental
batteries density and concerns and
rechargeability for moderate
portable devices. performance.
1980s Commercialization of | Lightweight, high- Thermal instability
LIBs (Yoshino, 2022) | energy density, and and resource
long cycle life for constraints.
consumer electronics
and EVs.
2010s Solid-state batteries Enhanced safety and Scalability and cost
(Versteeg et al., 2017) | energy density through | barriers.
solid electrolytes.
2020s Sodium-ion and next- | Affordable solutions Lower energy
gen batteries (Hamdan | for large-scale energy | density compared to
et al., 2024) storage and renewable | LIBs and
integration. environmental
impacts of materials.
Future Advanced flow and Potential to transform | Complexity in
hybrid systems grid energy storage design and
with high flexibility implementation.
and scalability.

4. Current Trends in Battery Technology

There is an improvement in battery
technology to meet current demands, safety,
and reliability of the batteries especially in
their applications. There 1is growing
demand for high capacity and fast charging
batteries to suit the needs of the current
generation and various industries. New
inventions aim at higher capacities of
energy storage and also seek to minimize
the time required to charge. For example,
silicon and lithium metal anodes are being
developed to offer higher capacities than
those of graphite anodes (Li et al., 2023).
These advancements allow for a higher rate
of energy exchange, which is especially
desirable for EVs, as charging time is a key
parameter that will need to be addressed to
achieve widespread use (Khan et al., 2024).

Attempts at incorporating solid-state

technologies

promote development

better fast-charging characteristics since
they reduce electrode-electrolyte contact
resistance (Wang et al., 2023).

Expanding battery cycle life, as well as

enhancing battery safety, is another key
trend of the automotive industry. Risk
factors like the thermal runaway in lithium-
ion batteries have encouraged researchers
to look for ways of stabilizing the
electrolyte, and come up with better thermal
control technologies (Fu et al, 2023).
Lithium-ion batteries are known to pose
safety concerns such as fire hazards due to
the flammable liquid electrolytes used in
the batteries which make solid-state
batteries a good solution. Moreover,
sophisticated battery management systems
(BMS) use algorithmic calculations to track
SOC and SOH to ensure longer battery life
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and minimize the instances of overcharging
or deep discharging (How et al., 2019).
These are essential in EV and renewable
energy storage where the battery must not
fail due to poor mechanical structure.

Both recycling and sustainability have
become essential in battery production as
the scarcity of resources, as well as
environmental effects, become crucial
issues across the globe. The recycling of
such harder substances such as lithium,
cobalt, and nickel incorporated in used
batteries is being given high priority so that
society does not lean much on mining
activities but also conserve nature (Gaines,
2014). New technologies in battery
recycling are designed to gain better
operating efficiency for materials retrieval
at the same time reducing energy use and
emissions (Itani & De Bernardinis, 2023,
p.58). Global governments and industries
are also implementing policies and
structures regarding circular economy in
battery production and management
(Hamdan et al., 2024). These initiatives are
not only environmentally friendly but also
meet the increasing need for strategic and
new materials.

Smart and adaptive materials are becoming
the new integral components for batteries
innovating  their = performances and
applications. Carbon nanotubes, graphene,
and nano-silicon have been incorporated
into electrodes to improve conductivity,
capacity and cyclability (Liu et a, 2021).
Nanotechnology also has a significant role
in the enhancement of the ions transport and
less degradation thus enhanced battery life
and efficiency (Chen et al., 2021).
Enhancement of material science like, new
electrode construction method such as 3D
printing, composite electrolytes act as a
booster in this area (Chen et al., 2021).

These advances have the promise to change
fundamental energy storage systems that
will be required for future uses of
technology such as wearable technology,
electric aviation, and large-scale energy
management.

5. Power Management Systems (PMS)

Power management systems (PMS) provide
critical support to energy storage and
distribution by guaranteeing reliability and
efficiency. Their main function is to control
and manage batteries and associated loads,
increase energy density and pro-elong the
equipment’s lifecycle of storage devices.
With energy systems’ complexity evolving,
people require enhanced PMS that can
support multiple uses, including EVs and
renewable power networks. PMS is
essential for maintaining system stability,
balancing power loads, and preventing
overcharging or deep discharging, which
can damage batteries and reduce their
operational life.

Main elements of a PMS are indicated as
sensors, controllers, battery management
systems (BMS), and communication
modules. Other key parameters include
voltage, current, temperature, and state of
charge (SOC), which are usually
continuously sensed and fed back to control
decisions. Controllers deal with this
information for efficiency while BMS looks
at the energy management and protects the
battery from faults or thermal events.
Interfaces allow the exchange of
information between the PMS and other
networks in order to interface with energy
grids for instance or vehicular networks.

Al and IoT have become the important
enabler to modern PMS with remarkable
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improvements in their efficiency and
effectiveness. The wuse of Al-based
algorithms plans for fault analysis, energy
prognosis, and dynamic power control that
supports predictive approaches to both
reliability and optimization.
Interconnectivity through IoT reach enables
PMS to have a reliable interaction with
smart grids, home energy system and EV
systems, under remote control and
monitoring. For instance, smart PMS
enabled by IoT can have an intelligent
control strategy of active and reactive
power to meet the prevailing demand and
supply of energy to support the stability of
the power grid while minimizing energy
loss (Hamdan et al., 2024). Al and [oT have
also helped PMS in integration of
renewable energy whereby in cases of
intermittent energy sources like the solar
and wind by adapting the best practices that
the system has to offer.

The integration of both Al and IoT in PMS
brings a revolutionary change in energy
management to have energy smarter
solutions. As the energy sector is constantly
changing, the further creation of efficient
PMS will remain important for utilizing
potential of present day energy storage
systems.

6. Integration of Battery and PMS in
Various Applications

The connection between batteries and
power management systems (PMS) has
been found to transform various sectors by
providing a means of improving energy
consumption as well as system performance
levels. In electric vehicles (EVs), it plays
the formative role in harmonizing
connection between the battery and the
drivetrain to enhance range ability, shorten
charging period, and also to increase battery

lifespan. PMS in EVs core element involves
the use of real-time data and algorithms to
channel the power supply while sustaining
an optimum and steady supply system
making it fundamental to the success of EV
and integration of smart grids (Arévalo et
al., 2024). The integration of PMS and
batteries pave the way for both directions of
power flow, making V2G solutions that
support grid reliability and renewable
energy integration possible (Inci et al.,
2024).

The supply variability of solar and wind
energy is countered in renewable energy
storage by batteries and PMS. Battery
integrated with other energy storage
technologies including fuel and thermal
storage systems depends on PMS to control
energy flow and deliver high levels of
performance (Belkhier & Oubelaid, 2024).
For instance, PMS in microgrids is used in
determining how the generated energy is
used to meet the consumption demand
while at the same time taking into
consideration the supply. Commercial
purposes also lead to the usage of integrated
battery storage and photovoltaic (PV)
systems to maximize energy use and reduce
the costs of companies (Efstratiadi et al.,
2024).

The consumer electronics industry, which
incorporates highly portable and power-
sensitive products, benefits from battery-
PMS  integration for  performance
optimization and safety. These devices
balance power consumption with safe
battery charging and discharging and to
protect the device and the user through
PMS (Oluwaseyi & Luz, 2024).
Advancements such as high-efficiency
battery chargers raise the efficiency of such
systems by offering quick and accurately
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consistent energy recharging without
wasting much energy.

In aerospace and defence, the integration of
batteries and PMS is critical to all systems,
which have high power density and
reliability demands. For instance, civil
aircrafts incorporate integrated power and
thermal management to maintain efficiency
depending on environmental conditions;
this minimizes power consumption and
improves safety (Ouyang et al., 2024). In
military operations, PMS is involved in
managing  the interrelated  energy
requirements of  military  vehicles,
communication systems, and weapon
systems and remains functional in
situations that are crucial for applications
(Aghmadi & Mohammed, 2024).

Integrating batteries with PMS across these
differential applications underlines the
potential of the concept towards achieving
sustainable energy solutions. The decision-
making layers of these systems are
advanced by Al and IoT to increase the
flexibility and smartness for future
energies.

7. Challenges and Opportunities

The issues and prospects in batteries and
power management system (PMS) are
deemed to be the core issue areas in
technological progress of energy solutions.
In batteries, challenge like low energy
density, slow charging, and thermal
runaway are still challenges that are hard to
overcome. Despite the popularity of
Lithium-ion batteries, the challenges of
resource supplies and recycling, taking into
consideration that new developments
require high purity metals, create a need for
looking at other chemistries and more
sustainable techniques (Goodenough &
Kim, 2010; Choi et al., 2012). It faces

issues regarding the proper incorporation of
various forms of energy and the efficient
real-time management, especially in areas
such as electric cars and smart grids
(Arévalo et al., 2024; Efstratiadi et al.,
2024).

Despite these challenges, the field is full of
opportunities for change and growth. New
discoveries in solid-state battery as well as
sodium-ion technologies identify higher
safety and performance rates with lower
costs (Wang et al., 2021; Slater et al., 2013).
As in the case of PMS, artificial intelligence
and IoT extend the possibilities of
predictive maintenance, dynamic energy
management, and stable grid integration,
promoting  their  implementation in
microgrids and renewable energy solutions
(Belkhier and Oubelaid, 2024, Hamdan et
al., 2024).

8. Future Directions

Towards the future, it is believed that the
next generation batteries would make use of
nanomaterials such as graphene, and silicon
to reach extremely high energy density and
cycling stability (Chen et al., 2021;
Tarascon & Armand, 2001). New directions
in the development of PMSs will deal with
integration with other hybrid systems,
security concerns, and intelligent system
capabilities featuring learning ability to
control the system’s actions (Nyamathulla
& Dhanamjayulu, 2024; Al-Shetwi et al.,
2024). Some of these advances will
redefine industries by making EVs,
renewable energy more efficient, more
portable electronics or smart devices, and
enhancing the reliability of renewable
energy sources for a more sustainable
ecosystem.
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9. Conclusion

Several improvements in battery systems
and power management systems (PMS)
show the progressive development in the
energy sectors. Starting from lithium-ion
batteries, improvements have been made
towards the energy density, safety, and
sustainability of batteries with
developments like solid-state and sodium-
ion batteries. In the same manner, AI and
IoT introduced new advances in PMS to
manage and advance energy efficiency and
integration in electric cars, renewable
power storage, and various electronics
among others.

These developments have pointed to the
increased interaction between batteries and
PMS, creating new means of responding to
issues such as resource constraint, energy
management, and environmental concerns.
With  next-generation processes and
solutions increasingly being integrated
across industries, the combined emphasis
on progress will help foster the
development of even stronger and more
sustainable energy systems, and thus are
enablers of change towards a sustainable
environment.
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