Highlights in Science, Engineering and Technology PSETE 2025
Volume 151 (2025)

The Role of Lithium-lon Batteries in Battery Electric Vehicles
(BEVs): Structure, Applications, and Future Prospects

Yiran Zhu”

School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen, 518172,
China

* Corresponding Author Email: 122010064 @link.cuhk.edu.cn

Abstract. Lithium-ion batteries (LIBs) represent the most vital technology for the worldwide switch
to sustainable transportation, especially battery electric vehicles (BEVs). In establishing the context
of the critical role that LIBs can play, this review will first define the industrial and policy imperatives
under which it is conducted. The paper is a comparative analysis of the most common battery
chemistries, Lithium Iron Phosphate (LFP) and Nickel Manganese Cobalt (NMC), with the
fundamentals of the engineering trade-off of cost, safety, and energy density. Cases of BYD Blade
Battery innovations in optimizing these trade-offs are being presented. The paper thereafter explores
the critical impediments in the current LIB technology based on thermal management requirements,
degradation in performance over time, the enormous challenges in sourcing raw materials, and end-
of-life recycling. Lastly, it evaluates the future potential of the next-generation technology as an
answer to these shortcomings, such as solid-state batteries, sodium-ion batteries, and silicon anodes.
The analysis concludes that though LIBs will continue dominating the immediate term, active
innovation will be needed to address the internal issues in the LIBs to achieve a genuinely
sustainable and efficient future of the electric mobility sector.
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1. Introduction

1.1. Industry Background

The automotive industry in the 21st century is experiencing the most significant change, moving
firmly toward the use of battery electric vehicles (BEVs) versus internal combustion engines. This is
because this is a worldwide dictate facilitated by technological advancements and necessitated by
environmental needs. It has led to significant investment and intense competition amongst automakers.
The most important aspect of this paradigm shift is the lithium-ion battery (LIB), which has high
energy density, efficiency, and falling cost (Cano et al., 2018). Therefore, it is a preeminent energy
storage technology. The further development of battery technology is thus an inseparable part of
defining the future of the entire EV market.

1.2. Policy and Regulatory Drivers for the EV Transition

The strong policies at the governmental level in every corner of the world massively boost this
shift on the part of the industry. Countries are pursuing policies to achieve climate goals, energy
security, and master technologies. The lingering ones are the European Fit for 55% requirement, the
US Inflation Reduction Act, and Chinese NEV policies. Such moves can generate a strong market
pull towards innovative battery technologies, which directly affect the business environment
surrounding BEVs and require an unending innovation cycle in the energy storage area.

1.3. Research Significance and Scope of this Review

Lithium-ion batteries are the backbone of the EV revolution, and their natural drawbacks amount
to a complex scientific and engineering problem. There are still critical obstacles to mass adoption,
such as problems of costs, safety, lifebuffering, and supply chain sustainability. Such a review is
addressed in the form of a critical analysis of the state of LIB technology. It describes battery basics,
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draws major chemistry comparisons, discusses significant issues, and estimates next-generation
system potential. This is to provide an overview of the current status of the technology and where the
technology should be in the future to provide a sustainable transportation ecosystem.

2. Lithium-Ion Batteries, Their Structure and Working Principle

Lithium-ion batteries comprise four key components that complement each other and ensure that
electrical energy is stored and released. The cathode, which is commonly constituted of lithium metal
oxides like lithium cobalt oxide (LiCoO:) or lithium iron phosphate (LiFePOa4), acts as the reservoir
of lithium ions when in discharge (BATTERY INSIDE, 2022). The anode, which is formulated using
graphite, among others, is the reservoir of lithium ions, which, when charged, aids in reversible
electrochemical reactions that ensure that the battery operates efficiently (ELB, 2022). The electrolyte
is a lithium salt in an organic solvent, responsible for the movement of lithium ions between the
cathode and the anode. A separator, a porous polymer membrane, separates the two electrodes
physically and prevents short circuits while allowing for ion flow (BATTERY INSIDE, 2022). The
ion migration is used to make the battery work. On charging, lithium ions move from the cathode to
the anode. The ions also move back during discharging, thus producing electricity.
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Fig 1. Working Principle of Lithium Cells.

3. A Comparative Analysis of Dominant BEV Battery Chemistries

3.1. Key Performance Metrics for Automotive Applications

Batteries appropriate to BEV are evaluated based on a few critical performance indicators. Energy
Density (Wh/kg) determines the amount of energy that will be stored in mass, which directly
influences the load range of the vehicle. Cycle Life is simply the number of times a battery can be
used before its capacity is so reduced that it renders it unprofitable. Safety, especially thermal stability,
is crucial to avoid thermal runaways. Cost ($/kWh) and mass-market penetration are crucial
affordability criteria. Last, but not least, is the Power Density (W/kg), which depends on the energy
delivery speed of the battery and influences the acceleration and fast-charging possibilities.

3.2. LFP vs. NMC/NCA Comparison

The modern BEV markets are concentrated in two prominent families of LIB chemistry, the cobalt-
free LFP, or nickel-monocarbine (nickel-rich) NMC and NCA (Nickel Cobalt Aluminium)
chemistries. Each has different pros and cons, giving automakers a definite technological trade-off.
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Table 1. Comparison of Key Parameters for LFP and NMC Chemistries.

Parameter LFP (e.g., BYD Blade) NMC (e.g., NMC 811)
Energy Density (Wh/kg) Lower (160-180) Higher (220-270)
Cycle Life (to 80% capacity) Excellent (>3000 cycles) Good (1000-2000 cycles)
Safety (Thermal Stability) Excellent (High runaway temp.) Moderate (Lower runaway temp.)
Cost ($/kWh) Lowest (Cobalt-free, abundant iron) | Higher (Relies on costly cobalt)

3.3. Critical Analysis: The Engineering Trade-Off

The data indicates a fundamental engineering trade-off. The NMC and NCA technologies have a
higher energy density, meaning that manufacturers can create long-range luxury cars that meet
consumer needs concerning travelling distance. Such performance, however, is paid doubly, in a
greater expense of its materials, due to fluctuating costs of cobalt and nickel, as well as in reduced
thermal stability, currently requiring a more complex and expensive battery thermal management
design (Mehmet Sen et al., 2024). LFP chemistry, on the other hand, provides an interesting economic
case. The fact that it uses iron and phosphate, which are readily available and cheap to use, saves
much money on the battery (Chen, T., et al., 2024). It also has a very long cycle life, high thermal
safety, and a stable olivine crystal structure better suited to standard-range, mass-market vehicles
where longevity and cost are more important than optimal range.

4. Application in Trams and BEVs

Modern electric transport systems enjoy greatly enhanced functionality and sustainability due to
lithium-ion batteries (LIBs). In trams, using LIBs makes catenary-free operation achievable. Hence,
the vehicles can operate without the constant overhead wiring. This improvement saves infrastructure
and maintenance costs and preserves the aesthetic value of the historic urban environment, where
overhead wiring is not feasible or prohibited. Some European and Asian cities have managed to
introduce tram sections with the help of LIB systems without compromising architectural integrity
while providing reliable movement.

LIBs play a vital role in the automotive industry as the driving force of BEVs, providing high
energy density and efficient power output. These traits lead to increased driving ranges and strong
performance suited for personal and commercial use. BYD, a pioneer in electric vehicles, has
introduced Blade Battery, a lithium iron phosphate (LFP) variant that is highly safe and durable (BYD,
2024). Well-balanced thermal stability provided by the unique flat-cell structure of the battery
remarkably decreases the possibility of fire.

Fig 2. BYD Blade Battery.

5. Ciritical Challenges and Limitations of Modern LIBs

5.1. Thermal Management and the Persistent Risk of Thermal Runaway

Thermal runaway is one of the most severe problems in lithium-ion batteries (LIBs), which, in the
case of high-energy chemistries, such as Nickel Manganese Cobalt (NMC), can be fatal. Thermal
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runaway is the condition that can occur when the failure of the battery, including overheating and
internal short-circuit, results in an uncontrollable cascade reaction, during which the battery produces
flammable gases and ignites (Mehmet Sen et al., 2024). Although measures are taken to ensure that
the battery pack operates at its optimal range of temperatures (typically 20-40 C), such as through the
use of Battery Thermal Management Systems (BTMS), such as liquid-cooled systems, their
complexity, weight and cost stand out as negative contributors to managing the potential of thermal
runaway (Prasad & Kumar, 2024). Nonetheless, the energy efficiency bottleneck of such cooling
systems is not much studied in the existing literature. The mechanism-level details regarding how
these cooling systems fail to control the thermal runaway (effectively) must also be explored more
deeply.

5.2. Battery Degradation and Cycle Life

A LIB's capacity and power output undoubtedly decay as the battery ages. Such ageing does not
represent wear and tear but results from complicated, irreversible electrochemical and mechanical
side reactions occurring at the cell's interior. Essential processes are the ongoing increase of the Solid
Electrolyte Interphase (SEI) layer on the anode, where lithium ions are consumed, limiting ion
transport. A different one is lithium plating, where lithium metal deposits on the anode are formed in
the course of high-rate charging or occurring at low temperatures, which presents a safety hazard and
leads to the permanent loss of capacity. Within a large number of cycles (thousands), electrode
material expansion and contraction may trigger the fracture of particles and electrical contact loss as
well (Wang, Y., et al., 2024). These degradation pathways are also a significant subject of battery
research because improving them increases the life span of a vehicle and the value of a used battery.

5.3. Raw Material Supply Chains and End-of-Life Recycling

The sudden surge in the manufacturing of BEVs has exerted far-reaching pressure on supply chains,
involving primary raw materials. Particularly, cobalt and lithium have been mined in only a limited
number of geographic locations, posing a threat to the geopolitics of mining and prompting much-
needed concern about environmental and ethical issues surrounding the use of water and treatment of
labour (Mehmet Sen et al., 2024). Moreover, the battery lifecycle has not yet reached the circular
shape. Reusing spent LIBs to retrieve valuable resources such as cobalt, nickel, and lithium is
technologically demanding and, until lately, not economically feasible. The linearity of mining to
disposal is one of the biggest sustainability challenges. This implies that the industry cannot build a
closed-loop system and that its demand for virgin raw materials will be lower.
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Fig 3. Comparison of carbon emissions (g CO2/km) of ICE and
BEV cars—producers' data, fleet-specific measurements, and real usage data.
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6. Future Developments in Battery Technology

6.1. Solid-State Batteries: Principles and Industrialization Challenges

Solid-state batteries (SSBs) are developing next-generation technology that can solve some of the
problems of life that exist in current LIBs. A solid-state battery uses a solid electrolyte (typically, a
ceramic or a polymer) instead of the liquid electrolyte in conventional lithium-ion batteries. This
change may result in enhanced safety and even increased energy densities because this allows the use
of lithium metal anodes (Gibson, 2024). Nevertheless, there are still significant problems with
mechanical stability and electrochemical contact between the solid electrolyte and electrodes.
Moreover, issues like lithium dendrite, which lead to battery short-circuit, are yet to be solved so that
the production can be scaled up.

Among the major industrialization wars is that scaling up the production of solid-state batteries is
relatively high and challenging. The interface impedance between electrodes and solid electrolyte,
which may limit the merits of a battery and battery lifetime, is the key problem that the existing
industrial equivalents do not address. Currently, companies such as QuantumScape are working on
developing solid-state technology. However, their experimental data on the ability to produce it on a
large scale at low prices is still scarce.

6.2. High-Capacity Anodes: The Promise and Peril of Silicon

The second significant research topic is the replacement of silicon anodes. Silicon can be charged far
more densely theoretically than graphite, potentially creating an enormous increase in cell energy
density. Sadly, however, silicon has a deadly mechanical problem: dilation when charged by lithium
ions can increase it up to 300%. This large-scale volume swelling destroys the anode material during
consecutive cycling, leading to the quick capability degradation and consequent battery death
(Ebrahim Feyzi et al., 2024). Scientists are looking at new ways to combat this growth, including
using silicon nanoparticles, making porous silicon structures, and embedding silicon into a flexible
carbon or polymer substrate. It is the solution to the mechanical difficulty that arises in harnessing
the vast possibilities of silicon.

6.3. Sodium-Ion Batteries: An Alternative to Lithium-Ion Technology

Sodium-ion batteries (SIBs) are under development as an alternative to lithium-ion batteries,
specifically when facing the lithium sourcing dilemma. Sodium is common and comparatively low-
cost, so it fits cheap and low-range BEVs well. Good safety, long cycle life, and the potential superior
performance under low temperature make SIBs very attractive in vehicles where cost and durability
are the primary requirements, as opposed to energy density. However, the energy density of sodium-
ion batteries is lower than that of LFP or NMC chemistries. However, the practical experience of
sodium-ion technology on a grand scale is still limited. Further studies are required to expand this
technology successfully and overcome industrialization challenges like interface impedance
mismatch and the high production price of SIBs (Wu et al., 2024). Sodium-ion batteries might play a
key role in a diversified energy storage ecosystem because lithium-ion batteries' material and
production constraints are subsequently increasing.

7. Conclusion

Lithium-ion batteries have indubitably transformed the transition to electric mobility that has
swept through the automotive industry as the only power supply for its needs. The existing market is
characterized by a demarcated technological divide between the high-energy, high-cost NMC
chemistries and high-safety, low-cost LFP chemistries, necessitating industry leaders to strike a series
of engineering trade-offs. Notwithstanding this success, LIBs continue to encounter crucial and
ongoing safety, long-term longevity, supply chain, and end-of-life sustainability concerns. The next
step in battery technology is to address these issues with vibrant competition. There are substantial
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scientific and production barriers to overcome among the transformative technologies, such as solid-
state batteries, silicon anodes, and sodium-ion batteries. The way toward a fully electrified and
sustainable transportation future will rely on more varied chemical, engineering, and process
innovation to develop safer, longer-lasting, cheaper, and circular batteries.
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