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Abstract: The transition to electric vehicles (EVs) as a sustainable transportation solution hinge on the performance and
efficiency of energy storage systems (ESSs). This paper examines the landscape of ESS technologies for EVs, evaluating their
respective strengths and limitations. It begins with an overview of traditional battery technologies, including lead-acid, nickel-
metal hydride (NiMH), and lithium-ion batteries, highlighting the dominance of lithium-ion and its ongoing development. The
paper then explores emerging battery technologies, such as solid-state, ZEBRA, metal-air, and flow batteries, assessing their
potential to overcome the limitations of current battery systems. Fuel cells, supercapacitors, superconducting magnetic energy
storage (SMES) systems, flywheels, mechanical springs and Compressed air systems are also discussed as alternative or
complementary ESS options. Finally, the paper addresses the growing importance of hybrid energy storage systems (HESSS),
which combine multiple technologies to optimize EV performance, range, and lifespan. By analysing the diverse range of ESS
options, this paper provides insights into the future of sustainable transportation and the critical role of energy storage
technology.
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I. INTRODUCTION
The global transition towards sustainable energy solutions has intensified in recent years due to the pressing need to mitigate climate
change and reduce greenhouse gas emissions. The concept of EVs is not new. In fact, they predated internal combustion engine
vehicles, emerging in the 1800s. However, early EVs were hampered by limitations in battery technology, high costs, and limited
range, leading to their eventual displacement by gasoline-powered cars. The resurgence of EVs in recent decades is driven by a
renewed focus on environmental sustainability and advancements in energy storage technologies.
In this context, energy storage systems (ESSs) have become an integral component of the modern energy landscape, particularly in
the transportation sector. One of the most promising applications of ESSs is in electric vehicles (EVs), which are widely regarded as
a sustainable alternative to internal combustion engine (ICE) vehicles. By utilizing ESSs, EVs facilitate the shift from fossil fuel
dependency, contributing significantly to reducing carbon emissions and enhancing energy efficiency in the automotive sector. The
success of EVs hinges on the performance and capabilities of their onboard ESSs, which are responsible for providing the energy
needed for propulsion and auxiliary functions. Within the realm of EVs, advanced ESSs are particularly vital, as they directly
influence vehicle performance, range, charging efficiency, and overall environmental impact.
EVs represent a significant shift from conventional combustion engine vehicles, and their viability depends heavily on the ability of
their ESSs to deliver the performance characteristics demanded by drivers. These characteristics include a long driving range, rapid
charging times, and a long operational lifespan, all while maintaining safety and cost-effectiveness. To meet these demands, diverse
energy storage technologies are being implemented, ranging from electrochemical batteries to chemical fuel cells, Super capacitors,
Superconducting magnetic energy storage, Mechanical springs, Mechanical flywheels and Compressed Air Energy Storage System.
To further enhance the performance and capabilities of EVSs, hybrid energy storage systems (HESSs) are gaining traction. By
integrating different technologies with complementary characteristics, HESSs can address the limitations of individual storage
devices and create a more efficient and versatile energy storage solution. For example, a battery can provide the primary energy
source for cruising, while a supercapacitor handles high-power demands during acceleration or regenerative braking. Fuel cells
paired with hydrogen storage, can provide extended range and continuous power generation. Fig. 1 shows the available ESS for
Electric Vehicle applications.
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This paper delves into the realm of energy storage systems in electric vehicles, examining the various technologies, their advantages
and limitations, and the role they play in shaping the future of sustainable transportation. It will explore the different types of ESSs,
including batteries, fuel cells, ultracapacitors, Superconducting magnetic energy storage, Mechanical springs, mechanical flywheels
and Compressed Air Energy Storage System, and discuss the integration of these technologies into hybrid energy storage systems.
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Fig. 1 Energy Storage Systems for Electric Vehicle applications

Il. BATTERIESASENERGY STORAGE SYSTEM (ESS) FOR ELECTRIC MOBILITY

Batteries function as energy reservoirs, transforming stored chemical energy into the electrical power that drives EVs. This happens
via electrochemical processes. The core of a battery is one or more electrochemical cells. Each cell contains two electrodes — a
positive (cathode) and a negative (anode) — submerged in a conductive electrolyte. The electrolyte's job is to facilitate ion movement
between the electrodes, enabling the internal completion of an electrical circuit. When an EV is drawing power, a reaction at the
anode generates electrons, leading to an electrical flow. This is known as discharging. These electrons travel through the vehicle's
electrical system, powering the motor and other components, before reaching the cathode. Simultaneously with electron flow, ions
migrate through the electrolyte, maintaining charge balance within the battery cell. Recharging the battery reverses this process. An
external power source forces electrons back to the anode, restoring the original chemical composition and preparing the battery for
the next use. A battery's voltage is dictated by the inherent properties of the electrode and electrolyte materials used in its
construction. The battery's capacity defines its energy storage capability, dictating how long it can deliver power before needing a
recharge. Efficient management systems are vital for ensuring battery safety, extending its operational life, and optimizing
performance by carefully controlling charging, discharging, and temperature. Below is an overview of prevalent battery types
employed in electric vehicles, accompanied by their approximate introduction timelines and notable EV models that showcased
their usage.

A. Traditional Technology Batteries

For the past two decades, lead-acid, nickel-metal hydride (NiMH), and lithium-ion batteries have been the dominant battery
technologies, with lithium-ion emerging as the primary area of research and the most prevalent choice for electric vehicle (EV)
applications. Lithium-ion batteries have become the dominant technology in EVs due to their high energy density, effective thermal
management, and long lifespan. Sustainable recycling methods further reduce their environmental impact. However, limitations
including lower energy density compared to gasoline/diesel or hydrogen, high production costs, performance degradation, and
thermal runaway concerns drive ongoing research into alternative battery technologies. The composition and working principle of
lithium-ion batteries is as follows:
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In a lithium-ion battery, the anode is generally composed of graphite. The composition of the cathode can vary, influencing the
battery's energy density, performance, and safety. Common cathode materials include lithium cobalt oxide (LiCo02), lithium iron
phosphate (LiFePO4), lithium manganese oxide (LiMn204), and nickel-cobalt-aluminum oxide (NCA), among others. The
electrolyte serves as a conductive medium, facilitating the transport of lithium ions between the anode and cathode. Historically,
liquid electrolytes, consisting of lithium salts dissolved in a solvent, have been employed. A separator membrane is positioned
between the anode and cathode to prevent physical contact and short circuits, while still allowing lithium-ion passage. Rechargeable
Lithium-ion battery operation relies on the reversible migration of lithium ions between the anode and cathode during charge and
discharge cycles. Lithium-lon Battery's Structure and its Working principle is shown in Fig. 2. A simplified description of this
process follows:

Discharge (Battery Operation): Lithium ions migrate from the anode to the cathode through the electrolyte. The anode (graphite)
undergoes oxidation, releasing electrons that flow through an external circuit, providing electrical energy to power the connected
device.

Charge (Battery Recharging): An external voltage is applied, inducing lithium ions to move from the cathode back to the anode.
Lithium ions are then intercalated within the graphite structure of the anode.

Lithium ions (LI+) move from the
Positive electrode to Negative electrode

Fig. 2 Lithium-lon Battery's Chemistry and Structure.

B. Emerging Technology Batteries:

Current research endeavours are investigating alternative battery chemistries, such as metal-air (including lithium-air and zinc-air),

flow, and zebra batteries, recognized for their potential to deliver higher energy densities. Flow batteries, characterized by their

scalable energy storage capabilities and long lifecycles, and zebra batteries, known for their robust thermal stability, represent

further avenues of exploration. The transition from liquid to solid electrolytes (Solid-state batteries) represents another promising

advancement in electric vehicle (EV) battery technology. Solid-state batteries are anticipated to offer enhanced energy densities,

accelerated charging capabilities, and substantially improved safety profiles through the mitigation of fire hazards. Successful

integration of these advanced battery technologies, including solid-state, flow, Metal-Air and zebra batteries, into EVs hinges on

overcoming challenges related to complex manufacturing processes and elevated production expenses

1) Solid-State Batteries (An Advancement in Li-ion Technology): Solid-state batteries replace traditional liquid electrolytes with
solid materials such as ceramics, glass, or polymers, enabling superior electrochemical performance. Lithium-ion migration
through the solid electrolyte facilitates charge and discharge cycles, ensuring stable energy transfer between the anode and
cathode. This innovation enhances battery safety by eliminating flammable liquids while potentially increasing energy density
and improving charging efficiency. The structural properties of solid electrolytes enable compact battery designs and higher
voltage outputs, making them attractive for next-generation applications. Ongoing research focuses on optimizing ionic
conductivity, improving electrode-electrolyte interfaces, and ensuring long-term electrochemical stability.

2) ZEBRA (Sodium-Nickel Chloride) Batteries: ZEBRA batteries operate using molten sodium as the anode, a sodium
chloroaluminate electrolyte, and nickel chloride as the cathode material. At approximately 300°C, sodium ions migrate through
a Beta-Alumina ceramic electrolyte, enabling efficient electrochemical reactions. During discharge, sodium undergoes
oxidation, releasing electrons that travel through an external circuit while reacting with nickel chloride to generate energy.
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This technology offers high energy density, extended cycle life, and cost-effective materials but requires effective thermal
management. ZEBRA batteries are widely utilized in stationary energy storage and specialized vehicle applications due to their
reliability and efficiency.

3) Metal-Air Batteries: Metal-air batteries utilize a reactive metal such as zinc, aluminium, or lithium as the anode and
atmospheric oxygen as the cathode reactant. During discharge, the metal undergoes oxidation, releasing electrons that generate
an electrical current to power external devices. Oxygen reduction at the cathode leads to the formation of metal oxides,
completing the electrochemical cycle. These batteries offer exceptionally high energy density by leveraging oxygen from the
atmosphere, reducing overall system weight. Challenges include limited rechargeability, cathode degradation, electrolyte
instability, and controlling metal oxide formation.

4) Flow Batteries: Flow batteries store energy in liquid electrolytes containing dissolved redox-active species, which circulate
through an electrochemical cell stack. Energy is generated through oxidation-reduction reactions at the electrodes as electrons
move between the two electrolyte solutions. By storing electrolytes in separate reservoirs, these batteries allow independent
scaling of energy capacity and power output. They offer advantages such as long cycle life, deep discharge capability, and
enhanced safety but face challenges related to system complexity and energy density. Flow batteries are ideal for large-scale
energy storage, enabling grid stability and renewable energy integration.

Various important parameters of Batteries as Energy Storage System (ESS) for Electric Mobility along with applications,

advantages and disadvantages are shown in Table 1.

TABLE I
SCIENTIFIC EVALUATION OF SEVERAL EV BATTERIES SPECIFICATIONS
Present Technology Batteries Emerging Technology Batteries
| Nickel-based | Lithium-based | Solid-State | ZEBRA Metal-Air Flow
Parameter Lead-Acid (NiCd, NiMH) | (Li-ion, Li-Po) (Li-ion) (Na-NiClI2) (Zinc-Air, Batteries
’ ’ Aluminum-Air) | (VRFB)
Li-metal
100-300 (LFP . . . .
Electrode | Pb, PbO2, Ni(OH)2, ~160 Whikg, °hnge(,§{; Nfer':r'nclf Metal (Zn, Al), Va:a"’:‘ss'”m
Material H2S04 | Cd/MH, KOH | NMC/NCA up | PSPt Ailr, Electrolyte !
0 300 Whikg) Solid electrolyte H2S04
g Electrolyte
Specific 40-80 (NiCd 1?;)“2??;';' 200.350+ 100-400+
Energy 30-50 lower, NiMH ger’lerally (Potential) 90-120 (Theoretical 20-80
(Wh/kg) higher) higher) High)
Up to 100
cycles
Energy
-800+
Density 60-100 50-300 250-730+ | 400-800 150-200 | (Rechargeable | 0 e
(WhiL) (Potential) versions),
1000+ cycles
theoretical
500-2000 (LFP
can reach
Specific 3000-5000 500-1500+ 50-150 (Usually
100-300 150-250 . 100-200 50-200
Power (W/kg) cycles under (Potential) Lower)
ideal
conditions)
500-2000+ 1000- 100-500+
Cycle Life 200-500 (;?gfggg;) (Can exceed 5000+ 1000-3000 | (Dependent on 120(’)888'
5000) (Potential) Zn/Al)
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Charge/ . 1-3C
Discharge 01ac | O>ICMNICd | 0.5-2C Some | ool | 0.1-05C 0.1-0.5C 0.1-1C
up to 5C) >5C) .
Rate (C-rate) High)
Operating -20 to 60
Temperature -20to 50 -20 to 60 (\Varies -20 to 60 270-350 -20 to 60 10 to 40
(°C) significantly)
Low
Self- High (5- Moderate (1- Low (1-
. Very L <1%/mont L L
Discharge 15%/month) 5%/month) 5%/month) eryLow | ( :])mon ow ow
Limited use
Cadmium in niche
Acid Spill, To>_<|C|ty Flammability, Dendrl_te markets, Corrosion/ Electrolyte
Safety (NiCd), Thermal Formation less Electrolyte .
Lead . . Handling
Hydrogen Runaway (Potential) | relevantin Leakage
(NiMH) modern
EVs
Automotive, Portable Portabl_e EVs, Grid Portable Grid
" . Electronics, .
Applications Backup Electronics, EV/ Ener Energy Storage, Electronics, Storage,
Power Power Tools ' ol Storage EVs EVs Industrial
Storage
Good Cycle Hiah
Life, High . g High High Energy Independe
. High Energy Energy . .
Key Low Cost, Power (NiCd), . h Energy Density nt Scaling
. . Density, Low Density, ; .
Advantages Reliable Environmental . Density, (Theoretical), of Power
. Self-Discharge Improved : .
ly Friendly Safet Long Life High Safety & Energy
(NiMH) y
Cadmium Low
Low Energy Toxicity Solid Hiah Ener
Key Density, (NiCd), Electrolyte g . Limited Cycle .gy
. Safety Operating . . Density,
Disadvantage Heavy, Memory Concerns. Cost Developme Temperatur Life, Requires Electrolyte
S Environment | Effect (NiCd), ' nt Still P Air Access
e Manageme
al Concerns | Lower Energy Needed t
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The time line of important EV battery types with driving range is shown in Fig. 3.
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Fig. 3 Time line of EV Battery types with driving range.
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1. FUEL CELLS ASENERGY STORAGE SYSTEM (ESS) FOR ELECTRIC MOBILITY

Unlike batteries, which store a finite number of reactive materials within their structure, fuel cells rely on a continuous supply of
reactants from an external reservoir, often a tank in electric vehicles. This external supply allows the fuel cell to generate power as
long as reactants are provided, a characteristic it shares with internal combustion engines (ICEs) that produce mechanical energy
from a constant fuel source. Specifically, a hydrogen fuel cell creates electricity by electrochemically transforming the energy held
within hydrogen gas. This occurs when hydrogen enters the fuel cell's anode, where a catalyst disassociates the hydrogen molecules
into positively charged protons and negatively charged electrons. The protons traverse a specialized membrane to reach the cathode,
while the electrons are channelled through an external circuit, thereby producing usable electrical power. At the cathode, oxygen is
introduced and reacts with both the protons and electrons. This reaction yields water as its sole byproduct. The sustained provision
of hydrogen and oxygen enables the uninterrupted production of electricity. Their efficiency and absence of polluting emissions
position hydrogen fuel cells as a valuable technology for various applications, including vehicle propulsion, building power
generation, and emergency backup systems. Structure and working of fuel cell is shown in Fig. 4 and Table 2 enumerates various
important parameters of Fuel cells as Energy Storage System for Electric Mobility.
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Fig. 4 Fuel Cell Chemistry and Structure
TABLE I1I
SCIENTIFIC EVALUATION OF SEVERAL FUEL CELL SPECIFICATIONS

. . First Used in
Fuel Cell Fuel Operating Cell Elef:trlcal Energy Powgr o Which EV
Class/Type | Employed Temp. Voltage | Proficiency | Density | Density | Applications (Publicly
° 0
(°C) \% (%) | (Whikg) | (Wrkg) Known)
(eroton Liahraay | CO
Exchange | Y97%%" | 6080 | 0.6-08 | 40-60 1000- | 500~ vehicles, |y ovan
(H2) 2000 1000 buses,

Membrane forklifts (1966,
Fuel Cell) experimental)
DMFC Portable Renault
(Direct Methanol electronics Kangoo ZE
Methanol (CH30H) 60-130 0.4-0.6 30-40 100-400 | 50-200 small H2r a(soelo,

Fuel Cell) vehicles g
extender)
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Not
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Space modern
AFC Hydrogen 100 applications commercial
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- Co2
vehicles S
sensitivity in
the
electrolyte
Stationar Not
PAFC power y commonly
(Phosphoric | Hydrogen 400 - 300 - . used in
. 150-220 0.6-0.8 40-50 eneration,
Acid Fuel (H2) 700 | 1,000 | generad modern
large .
Cell) vehicles commercial
EVs
Stationary Research and
Hydrogen, power development
SOFC Natural 200 - 100 - eneration for auxiliar
(Solid Oxide 600-1000 | 0.7-0.9 50-65 g - ry
Fuel Cell) Gas, 400 500 combined power units
Biogas heat & (APUs) in
power EVs
Stationar Research and
MCFC Hydrogen, power y development
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Carbonate Gas, 600-700 | 0.7-0.8 4555 300 400 gi?]r:jeursattr'g:’ power units
Fuel Cell) Biogas . (APUSs) in
applications EVs

V. ELECTRICAL STORAGE TECHNOLOGY ASESSFOR ELECTRIC MOBILITY
Electrical energy storage (EES) distinguishes itself from other energy storage systems through its direct manipulation of electrical
quantities. Energy is stored by establishing either a circulating electrical current and associated magnetic flux or by creating an
electric field through charge separation. This fundamental difference in storage mechanism is exemplified by technologies such as
superconducting electromagnets and supercapacitors (SCs, sometimes referred to as ultracapacitors or UCs), which will be
examined in the subsequent sections.

A. Supercapacitor or Ultracapacitor

Supercapacitors (SC), also known as ultracapacitors (UC), are energy storage devices that fill a unique niche between traditional
capacitors and batteries. They are particularly valuable in electric vehicles (EVs) because of their ability to charge and discharge
very quickly and maintain a long operational lifespan. Rather than replacing batteries, they are typically integrated as a
supplementary system to boost EV capabilities. Supercapacitors can capture energy generated during braking (converting motion
into electricity), deliver bursts of power for faster acceleration, and protect the battery from sudden current surges, ultimately
improving battery lifespan and overall vehicle efficiency. Unlike batteries that store energy through chemical reactions,
supercapacitors store energy through an electrostatic process. This involves accumulating ions at the boundary between an electrode
and an electrolyte. When a voltage is applied, ions from the electrolyte migrate to the electrode's surface, creating an electrical
double layer (EDL). This EDL acts like a large capacitor, allowing for significant energy storage. Because this process relies on
physical principles rather than chemical reactions, supercapacitors can be charged and discharged much faster and withstand many
more cycles than batteries. The three types of SCs are Electric Double-Layer Capacitors (EDLCs), Pseudo Capacitors and Hybrid
capacitors. Chemistry and structure of three types of SCs are shown in Fig. 5.
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Fig. 5 Chemistry and structure of three types of SCs

EDLCs are the most common form of supercapacitor. They consist of two electrodes, usually made from a material with a high
surface area like activated carbon, submerged in an electrolyte and separated by a porous material. Energy is stored by forming the
EDL at the interface between the activated carbon and the electrolyte. EDLCs are known for their high-power output and long
lifespan, making them ideal for applications requiring frequent charging and discharging, like regenerative braking systems in EVs.
However, their energy storage capacity is typically lower than other supercapacitor types. EDLC is more expensive, has a lower
specific energy and faster self-discharge rate when compared to conventional capacitors.

Pseudo capacitors enhance energy storage by using materials like transition metal oxides or conductive polymers as electrodes.
These materials allow for additional charge storage through surface redox reactions (electron transfer reactions) in addition to the
EDL formation. This results in a higher energy storage capacity compared to EDLCs. However, they typically have a lower power
output and a shorter lifespan.

Hybrid supercapacitors are designed to combine the advantages of both EDLCs and pseudo capacitors. They aim to balance high
energy storage, high power output, and long lifespan by using a combination of different materials. For example, they may use
activated carbon for high power performance and a metal oxide for high energy storage. By carefully combining these components,
hybrid supercapacitors can be optimized for various EV applications, offering a more versatile energy storage solution. Table 3
enumerates various important parameters of SCs as Energy Storage System for Electric Mobility.

TABLE 11111
SCIENTIFIC EVALUATION OF SCsS SPECIFICATIONS
Electric Double Layer . . .
Feature Capacitors (EDLC) Pseudo-capacitors Hybrid Capacitors
Energy Density
(Whikg) 5-10 10-30 10-40
Power Density (W/kg) 10,000-20,000 2,000-10,000 3,000-15,000
Life Span (Cycles) 500,000+ 100,000-300,000 200,000-500,000+
Cost Relatively Low Medium Medium to High
Materials Activated Carbon, Metal Oxides, Combination of EDLC and
Electrolyte Conducting Polymers | Pseudo-capacitor Materials

. L Charge accumulation at Faradaic redox Combination of electrical

Working Principle . .
the interface between an reactions at the double layer and redox
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electrode and electrolyte electrode surface reactions
Voltage Generally Lower (2.5-3V Higher (3-4V) Varies based on design
per cell)
Being implemented L Research and
. . They are primarily in .
Example comercillay in Evs as development, not widely
. L . research and . .
Vehicle/Application Hybrid Energy Source implemented in
development. .
only. commercial models.

B. Superconducting Magnetic Energy Storage (SMES)

Superconducting Magnetic Energy Storage (SMES) is a technology that stores electrical energy in the magnetic field generated by a
superconducting coil. Because superconductors offer virtually no resistance to electrical current flow, energy can be stored with
very high efficiency. While still under development for widespread EV use, SMES offers the potential for very rapid
charging/discharging rates and high-power density, making it attractive for applications where quick bursts of energy are needed.
Certain materials, when cooled to near absolute zero (typically using liquid helium or specialized cryocoolers), exhibit a
phenomenon called superconductivity. In this state, the material offers virtually zero electrical resistance to the flow of direct
current (DC). The superconducting material is formed into a large coil, much like the coil in an electromagnet. When electricity
from an external source is supplied to the superconducting coil, a direct current begins to flow through it. As the current flows
through the coil, it generates a strong magnetic field within and around the coil. This magnetic field is where the energy is stored.
Because the superconducting coil has almost zero resistance, the current can flow continuously without significant energy loss. The
magnetic field and the stored energy remain essentially constant as long as the coil remains superconducting. When energy is
needed, the current flow in the coil is carefully controlled using power electronics (e.g., inverters). As the current decreases, the
magnetic field collapses, and the stored magnetic energy is converted back into electrical energy. This electrical energy can then be
discharged to power an electric motor. The schematic diagram of Superconducting Magnetic Energy Storage (SMES) is as shown in
Fig. 6.
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Fig. 6 Schematic Diagram of Superconducting Magnetic Energy Storage (SMES)

SMES systems can deliver and absorb power much faster than batteries, enabling ultra-fast charging and improved regenerative
braking performance. Their ability to deliver large amounts of power quickly could provide significant acceleration boosts for EVs.
The absence of chemical reactions during energy storage suggests potentially long cycle lives compared to batteries. EVs equipped
with SMES could potentially contribute to grid stabilization by absorbing excess energy and releasing it when needed.

Maintaining the superconducting state requires extremely low temperatures, necessitating expensive and energy-intensive cooling
systems (e.g., liquid helium). This significantly impacts overall energy efficiency and cost. SMES systems can be bulky and heavy,
presenting challenges for integration into vehicles. The materials and technology involved in building SMES systems are currently
very expensive. Strong magnetic fields generated by SMES coils require effective shielding to prevent interference with vehicle
electronics and potential health concerns.
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V. MECHANICAL STORAGE TECHNOLOGY ASESS FOR ELECTRIC MOBILITY
Mechanical energy storage (MES) is employed for large-scale, long-duration energy storage. Current technologies within this
category encompass pumped hydro energy storage (PHES) and compressed air energy storage (CAES). MES systems store energy
by physically constraining movement or utilizing gravitational potential. For example, flywheels and mechanical springs store
kinetic energy that can be quickly accessed. The concept of Flywheel, Mechanical Springs and Compressed Energy Storage
Systems are discussed below:

A. Flywheel

Flywheels offer a unique approach to energy storage in electric vehicles, utilizing the principle of rotational kinetic energy. An
electric motor or breaking operation accelerates a flywheel (rotor), often housed in a vacuum to minimize friction, to incredibly high
speeds, thus storing energy. When the vehicle requires additional power, the spinning flywheel drives a generator, converting its
rotational energy back into electricity to power the motor or supplement the battery. This system boasts advantages like high power
density for quick bursts of acceleration and a long lifespan, as flywheels are less prone to degradation from repeated charge cycles
when compared to batteries. Flywheels generally offer a lower energy density compared to lithium-ion batteries, meaning they store
less total energy for a given size and weight. Schematic arrangement of Flywheel energy storage system is shown in Fig. 7.

Coupling

Power
Source/ Sink

Flywheel Electric Machine

Fig. 7 Schematic arrangement of Flywheel energy storage system

While not yet mainstream, flywheels have found application in certain contexts, such as the Flybrid KERS (Kinetic Energy
Recovery System) system in Formula 1 racing, which harnessed braking energy via a flywheel for brief acceleration boosts.
Additionally, research and development initiatives have explored flywheel integration in various EV prototypes, particularly for
urban transportation solutions. Despite facing challenges like cost, safety considerations associated with high-speed rotating
components, and packaging constraints, flywheel energy storage remains a promising avenue for improving EV performance and
efficiency.

B. Mechanical Springs:

The concept of using mechanical springs to store energy for use in electric vehicles has seen some exploration, primarily at the
research and prototype level. The idea revolves around compressing or extending a spring (or a system of springs) to store potential
energy, which can then be released to assist the electric motor, especially during acceleration or hill climbing. The applications and
prototypes are significantly less common and less developed compared to flywheel systems or battery technologies because of its
seriously very low energy density.

C. Compressed Air Energy Storage System:

Compressed Air Energy Storage (CAES) systems have been explored as a potential alternative to conventional batteries in electric
vehicles, offering the promise of faster refuelling. The core concept involves using an electric motor to compress air into a high-
pressure storage tank. When energy is needed, the compressed air is released to drive an air motor (turbine) connected to the wheels,
effectively converting the stored energy back into mechanical power. The schematic arrangement of Compressed-air energy storage
system is shown in Fig. 7.
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Fig. 7 Schematic arrangement of Compressed — air energy storage system

However, there are some practical challenges that need to be addressed with this technology. First is the weight and volume of the
high-pressure tank which leads to low energy density. Another one is energy efficiency. Compressing air generates heat, and some
CAES designs struggle to effectively recapture or utilize this heat, leading to efficiency losses.

Although no commercially available electric vehicle on the market currently uses a CAES system, several companies have explored
the possibility of creating vehicles powered by compressed air. Notably, Motor Development International (MDI) of Luxembourg,
in partnership with Tata Motors of India, has been working on the AirPod, envisioned as a commercially available vehicle designed

to operate solely on compressed air. EngineAir Pty Ltd. is among other companies also actively engaged in developing engines
driven by compressed air.

Table 4 enumerates the evaluation and comparative analysis of various energy storage systems available commercially for electric
vehicles.

Superconducting Compressed
Li-ion Hydrogen Supercapacitors Magnetic Mechanical Air Energy
Parameter Batteries Fuel Cells | (Ultracapacitors) | Energy Storage Flywheels Springs Storage
(SMES) (CAES)
Energy ~3000 (H2,
Density 150-300 but system 05-10 05-10 50-130 0.01-0.05 05-10
(Wh/kg) less)
Power Density | 330 1000 | 500-1000 | 10,000-20,000 | 5000-10,000 | 1,0005,000 | , High (but Low
(W/kg) short duration)
Limited by
. 1,000- 3,000-7,000 Virtually Virtually Compressor/
Cycle Life 5,000+ hrs 500,000+ unlimited 100,000+ Unlimited Turbine
wear
95-99
Efficiency (%) 85-95 40-60 90-98 (excluding 85-95 90-95 40-70
refrigeration)
Self- 1-5% per - . Hl_g_h Low (requires - Slow
. Negligible (significant . Moderate Negligible
Discharge month cryocooling) Leakage
voltage drop)
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Large
Environmental Mlnlng, Hydrog_en Relatively low High (cr;_/ogenlc Manufacturing | Manufacturing Footprl_nt,
Impact Disposal Production materials) Geological
Impact
Thermal Flammability Quench_lssges, Containment Mechanical Rupture of
Safety Runaway Generally safer Magnetic field . .
) of H2 failure Failure tank
Risk concerns
Moderate . .
Cost to High High Moderate Very High Moderate Low Moderate
Scalability Excellent Moderate Good Limited Good Limited Largﬁlicale
Hybrid Grid .
. . L Hybrid . .
" Mainstream | Long-range Vehicles, Stabilization, . Suspension Stationary
Applications . - Vehicles, L
EVs EVs, Buses Regenerative Specialized Racin systems Applications
Braking Applications g
Maturity Mature Developing Developing Niche Developing Mature Developing
Ener Years at Indefinite (if Days (requires Days/Weeks
gy room stored . ys (req (depending on | Weeks/Months Indefinite Days/Weeks
Retention trickle charge)
temperature properly) system)
TABLE IVV

COMPARATIVE ANALYSIS OF CURRENT ENERGY STORAGE SYSTEMS FOR ELECTRIC VEHICLES

VI. HYBRID ENERGY STORAGE SYSTEMS (HESS) FORELECTRIC MOBILITY

HESS in electric vehicles combine two or more different energy storage technologies to leverage the strengths of each, resulting
in enhanced performance and efficiency. The primary reason for using HESS is that a single energy storage technology often
struggles to simultaneously meet all the demands of an EV. For instance, Batteries and Fuel Cells offer good energy density for long
range but can have limitations in power density for rapid acceleration and may degrade faster with frequent high-power demands.
Ultracapacitors, Superconducting magnetic energy storage devices, Flywheels, Mechanical Springs and Compressed- Air energy
storage system on the other hand, provide high power density for quick bursts of energy but have lower energy density, limiting
their ability to store large amounts of energy. By combining these, a HESS can optimize energy management. The high-power
component, like ultracapacitors, handles peak power demands during acceleration and regenerative braking, reducing stress on the
battery and extending its lifespan. The high-energy component, like the battery, provides the sustained energy needed for cruising
and long-range driving. This synergistic approach allows for improved acceleration, increased efficiency through better regenerative
braking, extended battery life, and potentially reduced overall system cost and weight compared to relying solely on a large battery
pack to meet all power and energy requirements. HESS allows EVs to achieve a better balance of performance, range, and longevity.
Below table shows the detailed comparative analysis Current Energy Storage Systems available for Electric Vehicles.

VII. CONCLUSION

The evolution of energy storage systems is central to the widespread adoption and improved performance of electric vehicles. While
lithium-ion batteries have become the dominant technology, ongoing research and development efforts are paving the way for
advanced solutions such as solid-state, ZEBRA, metal-air, and flow batteries, each with the potential to enhance energy density,
safety, and lifespan. Furthermore, fuel cells, supercapacitors, SMES, flywheels, and mechanical springs offer unique advantages that
can be leveraged in specific applications or combined in hybrid energy storage systems. HESSs represent a particularly promising
approach, allowing EVs to overcome the limitations of individual storage technologies by synergistically integrating different
systems to meet varying power and energy demands. As the demand for sustainable transportation continues to grow, innovation in
ESS technology will be crucial for achieving longer driving ranges, faster charging times, improved overall efficiency, and reduced
environmental impact. Future research should focus on optimizing the performance, cost-effectiveness, and scalability of both
individual ESS components and integrated HESS architectures to accelerate the transition towards a fully electric and sustainable
transportation future.
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Based on the present available technology and feasibility, lithium-ion batteries and hydrogen fuel cells typically serve as the main
energy storage systems and Supercapacitors are frequently used as supplementary power sources to deliver the high bursts of energy
needed for acceleration and other demanding operations in Electric Vehicles.
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