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Abstract

The transition to sustainable transportation has driven the development energy storage plays
a critical role in enhancing efficiency and performance. This study provides a
comprehensive analysis of Hybrid Energy Storage Systems (HESS) designed to improve the
reliability, lifespan, and energy management of HEVs. HESS integrates multiple energy
storage technologies, such as batteries and super capacitors, leveraging their complementary
characteristics to optimize power delivery and energy recuperation.

This research explores various HESS architectures, control strategies, and energy
management techniques to achieve high efficiency and extended durability. The study
highlights key performance parameters, including power density, energy density, and state-
of-charge balancing, which influence system optimization. Additionally, a comparative
analysis of different hybrid storage configurations is conducted to evaluate their
effectiveness under dynamic driving conditions. Advances in power electronics and
intelligent control algorithms, such as model predictive control and machine learning-based
optimization, are also examined for their potential to enhance energy utilization.
Furthermore, the study assesses the environmental and economic impacts of HESS
implementation in HEVs, considering lifecycle costs and sustainability factors. By
integrating renewable energy sources and smart grid compatibility, HESS can contribute to
reducing carbon emissions and promoting green mobility solutions. The findings of this
research provide valuable insights for automotive manufacturers, policymakers, and
researchers in advancing hybrid electric vehicle technology. Future prospects emphasize the
development of next-generation materials, intelligent energy distribution networks, and
enhanced integration with renewable energy systems to foster a more sustainable and

energy-efficient transportation sector.
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Introduction

In recent years, Hybrid Electric Vehicles (HEVs) have emerged as a revolutionary
advancement in the quest for sustainable and efficient transportation solutions. Defined by
their integration of an internal combustion engine with an electric propulsion system, HEVs
significantly reduce greenhouse gas emissions and fuel consumption compared to traditional
vehicles. As global environmental concerns escalate and fossil fuel reserves dwindle, the
significance of HEVs in modern transportation becomes ever more apparent. The growing
demand for sustainable energy solutions drives the continuous innovation and development
of HEVs, positioning them as a cornerstone of future mobility.

Central to the performance and efficiency of HEVs is the energy storage system (ESS).
These systems are pivotal in storing and delivering the necessary energy to power the
vehicle, directly influencing its range, power, and overall efficiency. Traditional ESSs, while
effective, often face limitations in meeting the dynamic energy requirements of HEVs. This
has led to the exploration and development of hybrid energy storage systems (HESS), which
combine multiple types of energy storage technologies to optimize performance. By
leveraging the strengths of different storage mechanisms, HESS can provide a more
balanced, reliable, and efficient energy solution for HEVs.

This paper aims to provide a comprehensive study on hybrid energy storage systems for
sustainable hybrid electric vehicles. The primary objective is to review the current state of
HESS, exploring their design, functionality, and impact on the performance of HEVs. Key
topics addressed include the various components and configurations of HESS, their
operational principles, and the technological advancements driving their development.
Through this review, we aim to highlight the critical role of HESS in the evolution of HEVs

and their potential to revolutionize the future of sustainable transportation.

IL Background Information: A Comprehensive Study on Hybrid Energy Storage
Systems for Sustainable Hybrid Electric Vehicles
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1. ELECTRIC PROPULSION SYSTEM

The different types of topological architecture and config- uration of HEV are shown in
Figure 1 [8].

The energy source, power converters, and traction mo- tor are the important prime parts of
an EV. Energy sources comprise of a battery cell, SC, and fuel cell (FC). Elec- tronic control
unit (ECU) controls the power flow from source to the motor. According to the load
demand, the power converter adjusts the voltage. Efficient operation of battery relies on its

management system [9].

1.1. Cell technologies

Among many critical parameters, state of charge (SOC) of battery plays a crucial role. The
direct measurement of battery SOC is impossible. It primarily trusts on chemical
composition. Thus, for the accurate estimation of SOC, modeling of the battery cell is
necessary. Analytical or sto- chastic model, electrical equivalent circuit, or electrochem- ical
model are the present categories of battery models.

Batteries are subjected to high damages because of overcharging and over discharging
characteristics. It must be prevented from those damages to improve their life cy- cle. Hence,
optimization of the efficiency of energy utiliza- tion algorithms that incorporates battery
terminal voltage and current is performed. for this analysis [10—12]. Some techniques are
emerging for the estimation of battery SOC, and each technique has its own merits and

demerits.

1.1.1. Battery modeling
1.1.1.1.  Internal resistance model. The signifi- cance of internal resistance model is
to describe the battery capacity regarding open-circuit voltage. Here, cell ohmic

resistance is indicated by Ro.

1.1.1.2.  Resistor—capacitor model. In resistor— capacitor model, C, indicates
nominal capacitance and Vocsoc) represents open-circuit voltage as a function of SOC.

Current discharge because of the effect of electrode

3352 Mr. Kishor Dhore et al 3350-3374



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.56
material is denoted as Cy, and V. is the surface capacitor voltage. The end, surface, and

terminal resistance are rep- resented as Re, Rs, and R;, respectively. A negative indica- tion of

current represents the discharging current.
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Figure 1. Architecture and configuration of different vehicles: (a) internal combustion engine
(ICE) vehicle, (b) battery electric vehicle,
(c) series hybrid vehicle, (d) parallel hybrid vehicle, (e) series—parallel hybrid vehicle,
and (f) complex hybrid vehicle.

1.1.1.3 Thevenin battery model. Open-circuit voltage is the voltage across Cj
that helps in SOC estima- tion. Electrochemical polarization capacitance of
the model and its corresponding resistance is denoted as C, and R,. R; is the
input ohmic resistance. Figure 2 depicts the equiva- lent circuits of battery

model [13-15].

1.1.2. Ultracapacitor
There are two types of electric double-layer capacitors present. When there is charge
storage in the electronic in- terface material (or) electrical double layer (or) electrolyte, then

the capacitor is termed as UC. When the atomic spe- cies underwent a transient revisable

3353 Mr. Kishor Dhore et al 3350-3374



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.56
absorption within the structure of a crystal, then it is named as SC. Figure 3a exhibits the

different electrical properties of battery and UC [23]. UC can be utilized to supply very large
currents, and at the same time, the change in voltage, which is a function of SOC of UC, is
also very high. The SOC of UC is subjected to many quick changes [24].
Because UC SOC is directly proportional to the square of UC cell voltage, SOC of UC can
be determined accu- rately. Also, the operating temperature of UC ranges
between —40 and +70 ° C, which seems to be greater than batteries. Hence, the hybridized
UC-battery performance offers a best result in real-time applications. Figure 3a rep- resents
the electrical properties of different batteries and UC [25-28].
There are many starts, stop, and go driving condition in the urban driving cycle. The
electricity generated because of regenerative braking is captured by UC, and the cap- tured
powered can be immediately delivered power for acceleration. This is applicable in UC
because of its fast charge and discharge rates. The design of carbon UC can help in the
improvement of fuel economy under all driving cycles. Figure 3b compares the ZEBRA

battery character- istics with UC [29].

1.2. Electric motors

In today’s modern era, different types of electric motors are used in an EV application. In
many conventional vehicles, direct current (DC) motors were highly used, but due to the
recent technological developments, even alternating cur- rent (AC) electric motors are made

more suitable [30].
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Figure 3. (a) Electrical properties of batteries and ultracapacitors and (b) comparison of

ZEBRA batteries and ultracapacitor. UC, ultracapacitor.
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1.2.1. Direct current motor

Simple construction, control, and flux—torque decouple of DC motor pays more attention in
the transportation sector in old times, but its maintenance problems due to brushes and rings
pull down the DC motor [31]. Separately excited DC commutator motor has decoupled flux
and torque characteristics; hence, it is highly recommended for field weakening operation. It
requires more motor shaft torque because it supports low-speed and constant power
operation. This drive is less suitable in the case of single gear transmission operation
because of its weight and cost [32]. Brushed DC motor is less efficient, bulkier in con-
struction, less reliable, and costlier, but it is well known for their high torque capability at

low speed [33].

1.2.2. Alternating current motor

Direct current motor drives have some distinct disad- vantages over AC counterparts, such
as less efficiency, lower power density, inefficient regenerative braking, less reliable, and
high maintenance. Fewer commutator and induction motors are accepted by the propulsion
systems worldwide because of their reliability and free mainte- nance. Researchers work on
vector control or field orienta- tion control of the induction motor to offer a wide range of
speed control and to improve its dynamic performance. It is noted that its efficiency is
reduced considerable if it is operated at high speed. Field orientation control of the in-
duction motor can decouple field and torque

component. Flux-weakening control is meant for above-rated speed at rated power
capability (constant power operation). The popularity of induction motor mainly depends on

its rug- gedness, reliable operation, and its improved dynamic per- formance [34,35].

1.2.3. Synchronous reluctance motor

Synchronous reluctance motors are developed by ABB that focuses on the improvement of
system performance and efficiency. It is combined with frequency converter so as to tender
service friendliness, cost effective of a sim- ple induction motor. Revolutionary rotor
constructions of induction motor contribute less loss and allow employing high power.
Synchronous reluctance motor performances are similar to combined performance of

induction motor and permanent magnet motors. The frame size is much
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smaller when compared with induction motor for the same output [36,37]. By the

utilization of current angle control, maximum torque can be achieved, which ensures that
the motor is always operated at desirable efficiency for all values of load. The research
Johan et al. performed is a simulation in which front drive is propelled by a petrol engine
and back drive by 28-kW reluctance synchronous machine. They concluded that small
synchronous reluc- tance motor could generate a peak torque of 150 Nm, 1480 kg vehicle
accelerates from 0—60 km/h in 19 s. Also, it measures a maximum range of vehicle on a
single battery charge as 90 km at 60 km/h [38].

1.1.1. Switched reluctance motor

Unlike other AC motors, switched reluctance motor (SRM) has only one magnetic field.
The twisting force is generated based on the minimum reluctance position. SRM can
replace permanent magnet synchronous motor desirably because it uses rare-earth magnet-
free materials. Many researchers are focusing on the improvement of power/torque density
and its efficiency. Selection of frame size and stator and rotor pole plays a major role in
design procedure for SRM.

In the case of vehicle applications, 6/4, 8/6, 10/12, 8/12, 6/12, and 18/12 are used as
stator/rotor pole numbers. The higher the number of poles, the lower the noises. This
creates a major impact on power electronic converter configuration, stator phase current
fundamental frequency, and changes in stator flux waveform. The main merits of SRM are
its simple construction, cost, and robust operation. Despite of its merits, it has high
acoustic noise level, and it is in need of a special converter [39—43].

Table 1 compares the different motor drives used in EV based on vehicle efficiency,

maturity of the drive technology, reliability, power density, and cost factor [44]

1.3. Power electronic controller

In this section, interface required for the interconnection be- tween the electrical system and
the electrochemical energy storage systems is discussed. Power electronic converter acts as
the interfacing unit. There are three different category- rise of power electronic converters:
standard topologies, multiport topologies, and multilevel topologies. Standard topology or

two-port converter is one in which input port is connected to source and output port to load.
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It is further classified as single and double stage. In a single stage, the charge and discharge

characteristic of storage system uses

DC Induction Switched reluctance Permanent magnet
motor motor motor brushless DC motor

Efficiency  Low Medium Medium High

Maturity High High Medium Medium

Reliability = Low High High Medium

Power Low Medium Medium High

density

Cost factor Medium Low Medium High

DC, direct current; EV, electric vehicle.

Table I. Comparison of different motor drive characteristics for EV application.

1. POWER MANAGEMENT CONTROL STRATEGY
There are many rule-based and optimization control studies that are used in the literatures. The
general classification of control strategy is shown in Figure 6 [70-76].
topology. The charging and discharging current profiles of the battery are smooth because
SOC depends on the volt- age, it does not vary significantly as the power manage- ment is
not active. The utilization of UC is poor in this topology [61,64—69]. The different HESS

topologies’ com- parison is represented in Table III.

Multiple UC/batt Battery/  Battery/UC
converter ery ucC passive
configurati configur configur parallel
on ation ation configuration

Efficiency Low Medium Medium High
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performance of
battery pack High
Discharge and charge

performance of UC

pack
Converter efficiency High
Complexity High
Cost High
Semiconductor High

switches used
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Medium

Medium
Medium
Medium
Medium
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Medium Low

Medium Lo
Medium Low
Medium Low
Medium Low
Medium Low

UC, ultracapacitor.
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Table III. Comparison of different hybrid energy storage system topologies.

A. Basics of Hybrid Electric Vehicles

Overview of HEV architecture and components

A Hybrid Electric Vehicle (HEV) is a vehicle that combines a traditional internal combustion

engine (ICE) with an electric motor. This combination aims to improve fuel efficiency,

reduce emissions, and enhance performance. The key components of an HEV include:

o Internal Combustion Engine (ICE): Provides mechanical power to drive the wheels.

e [Electric Motor: Generates electric power to assist the ICE or provide independent
propulsion.

o Battery Pack: Stores electrical energy for the electric motor.

o Power Electronics: Controls the flow of electrical energy between the battery, motor, and
generator.

e Transmission: Connects the ICE and electric motor to the wheels, allowing for various
operating modes.

Types of HEVs (series, parallel, and series-parallel hybrids)

HEVs can be categorized into three main types based on how the ICE and electric motor

interact:

1. Series Hybrid: The ICE generates electricity, which powers the electric motor, which in turn
drives the wheels. This configuration is ideal for fuel efficiency but may have lower
acceleration.

2. Parallel Hybrid: The ICE and electric motor can both drive the wheels directly, or the ICE
can generate electricity to power the motor. This configuration offers a balance of

performance and efficiency.

3. Series-Parallel Hybrid: Combines elements of both series and parallel configurations,
allowing for greater flexibility in operating modes.

Hybrid Energy Storage Systems (HESS)

A Hybrid Energy Storage System (HESS) combines multiple energy storage technologies to

leverage their respective strengths and mitigate their weaknesses. HESS typically consists of:

o Battery Pack: Provides the primary energy storage for the vehicle.

e Super capacitor Bank: Offers high power density for rapid charging/discharging and peak
power delivery.

o Fuel Cell Stack: Generates electricity from a fuel source, such as hydrogen.
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Power Management System: Controls the energy flow between the different storage

components.

Benefits of integrating multiple energy storage technologies

Integrating multiple energy storage technologies in HESS offers several advantages,
including:

Improved overall performance: HESS can provide a balance of energy density, power

density, and charging/discharging capabilities.

Enhanced efficiency: By optimizing the use of each storage technology, HESS can reduce
energy losses and improve overall efficiency.

Extended battery life: By sharing the load with other storage components, HESS can reduce
the stress on the battery and prolong its lifespan.

Increased flexibility: HESS can adapt to different driving conditions and operating modes,
providing a more versatile and efficient solution.

Longer battery life: Reduced battery stress from frequent deep discharge cycles.

Faster charging: Super capacitors can handle high charging rates, enabling quicker
refueling.

Limitations:

e Higher cost: Super capacitors generally have a higher cost per unit energy compared
to batteries.
e Size and weight: The additional components can increase the overall size and weight

of the vehicle.

I1I. Types of Hybrid Energy Storage Systems for Sustainable Hybrid Electric Vehicles
A. Battery-Super capacitor Hybrid Systems
Description and working principles:
o Battery: Provides high energy density, suitable for long-range driving.
e Super capacitor: Offers high power density, ideal for rapid charge/discharge and
regenerative braking.
e Hybrid: Combines the strengths of both, delivering high energy and power
capabilities.
e Operation: The battery stores energy during charging or regenerative braking, while

the super capacitor handles rapid power surges for acceleration or peak loads.
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Advantages:

o Improved performance: Enhanced acceleration, regenerative braking efficiency, and
overall vehicle Longer battery life: Reduced battery stress from frequent deep
discharge cycles.

o Faster charging: Super capacitors can handle high charging rates, enabling quicker
refueling.

Limitations:

o Higher cost: Super capacitors generally have a higher cost per unit energy compared
to batteries.

o Size and weight: The additional components can increase the overall size and weight
of the vehicle.

e  responsiveness.

B. Battery-Fuel Cell Hybrid Systems

Description and working principles:

e Battery: Provides primary energy storage for initial acceleration and peak loads.

e Fuel Cell: Generates electricity through a chemical reaction between hydrogen and
oxygen, offering a continuous power source.

e Hybrid: Combines the advantages of both for extended range and reduced emissions.

e Operation: The battery powers the vehicle initially, while the fuel cell takes over as
the primary power source, replenishing the battery through regenerative braking.

Advantages:

o Extended range: Fuel cells can provide a continuous power supply, enabling longer
driving distances.

e Reduced emissions: Fuel cells produce zero tailpipe emissions, making them more
environmentally friendly.

o Increased efficiency: The combination of battery and fuel cell can optimize energy
usage.

Limitations:

o Higher cost: Fuel cell technology is still relatively expensive.

o Hydrogen infrastructure: The availability of hydrogen refueling stations is limited
in many regions.

o Complexity: Fuel cell systems are more complex and require careful management.

C. Other Hybrid Configurations

Emerging technologies and configurations:
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o Flywheel energy storage: Kinetic energy is stored in a rotating flywheel, offering

high power density and fast response times.

o Compressed air energy storage: Air is compressed and stored in a tank, releasing
energy upon expansion to power the vehicle.

o Flow battery: Electrolytes are circulated between two tanks, enabling energy storage
and discharge.

e Hybrid configurations: Combining multiple technologies, such as battery-
supercapacitor-flywheel or battery-fuel cell-compressed air, to optimize performance
and address specific needs.

Potential benefits and challenges:

o Enhanced performance: These technologies can offer unique advantages, such as
high power density, fast charging, or extended range.

e Reduced environmental impact: Some technologies, like compressed air energy
storage, have a lower environmental footprint.

e Cost and complexity: Many of these technologies are still in development and may
face challenges in terms of cost and complexity.

IV.  Technical Considerations in HESS Design and Performance Analysis for HEV's
A. Energy Management Strategies

Importance of efficient energy management in HESS:

Optimizes energy utilization, maximizing vehicle range and reducing fuel consumption.
Ensures balanced state of charge (SOC) for both battery and ultra capacitor to prevent
premature degradation.

Minimizes power losses and maximizes system efficiency.

Common strategies and algorithms used:

Rule-based strategies: Simple and easy to implement, but may not be optimal in all driving
conditions.

Fuzzy logic: Offers flexibility and adaptability to varying driving scenarios.

Predictive control: Utilizes vehicle and road information to anticipate future energy needs.
Equivalent consumption minimization strategy (ECMS): Balances energy consumption
between the battery and ultra capacitor to minimize overall fuel consumption.

B. Power Electronics and Control Systems

Role of power electronics in HESS integration:

Enables efficient power conversion and distribution between the battery, ultracapacitor, and

electric motor.
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Provides isolation and protection for the components.

Enables bidirectional power flow, allowing for regenerative braking.

Key control systems and their functionalities:

Battery management system (BMS): Monitors battery SOC, temperature, voltage, and
current to ensure safe and efficient operation.

Ultracapacitor management system (UCMS): Similar to BMS, but specifically tailored for
ultracapacitors.

DC-DC converter control: Regulates voltage and current between the battery and
ultracapacitor.

Motor control: Controls the speed and torque of the electric motor based on driver inputs

and energy management strategies.

C. Thermal Management

Importance of thermal management in HESS:

Prevents overheating or undercooling of battery and ultracapacitor cells, which can

lead to performance degradation and safety hazards.

Techniques and technologies for effective thermal management:

Liquid cooling: Circulates a coolant fluid around the battery and ultracapacitor cells to
transfer heat.

Air cooling: Uses fans to circulate air over the components to dissipate heat.

Phase change materials (PCMs): Absorb and release heat during phase transitions (solid to
liquid or liquid to solid).

Thermal management systems (TMS): Integrated systems that combine various cooling

techniques for optimal performance.

A. Efficiency and Range Improvement

Impact of HESS on vehicle efficiency and range:

Improved efficiency: Ultra capacitors can provide high-power bursts, reducing the load on
the battery and improving overall system efficiency.
Increased range: The combination of battery and ultra capacitor storage can extend the

vehicle's range compared to using a battery alone.

Comparative analysis with traditional energy storage systems:
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Compared to batteries: HESS offers faster charging, higher power density, and longer cycle

life.
Compared to fuel cells: HESS provides higher power density and faster response times, but

may have higher manufacturing costs.

Economic considerations in HESS deployment:
Initial cost: HESS may have higher initial costs compared to traditional battery-only systems
due to the inclusion of ultracapacitors and associated components.
Long-term cost: HESS can offer lower long-term costs due to the extended lifespan of ultra
capacitors and reduced battery degradation.
Long-term durability and reliability of HESS:

e Ultra capacitor durability: Ultra capacitors generally have longer cycle life and

higher durability compared to batteries.
o Battery management: Proper battery management can significantly improve the
lifespan of the battery component in HESS.

C. Environmental Impact
Environmental benefits of using HESS in HEVs:
Reduced emissions: HEVs with HESS can significantly reduce greenhouse gas emissions
compared to traditional internal combustion engine vehicles.
Improved energy efficiency: The combination of battery and ultracapacitor storage can lead
to higher energy efficiency and lower fuel consumption.
Analysis of lifecycle emissions and sustainability:
Lifecycle assessment: Evaluating the environmental impact of HESS throughout its entire
lifecycle, including manufacturing, operation, and end-of-life disposal.
Sustainability: Assessing the long-term sustainability of HESS in terms of resource

consumption, waste generation, and social impacts.
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Review

Author [1] has described detailed reviews about energy storage systems for vehicles,
focusing on technology, environmental impacts, and costs. It analyzes various vehicle types,
including Battery Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), Plug-in
Hybrid Electric Vehicles (PHEVs), and Fuel Cell Electric Vehicles (FCEVs). The study
highlights the advantages and challenges of different energy storage solutions, such as
lithium-ion and lithium-sulfur batteries, fuel cells, and super capacitors. It emphasizes the
environmental benefits of electric vehicles (EVs), particularly in reducing greenhouse gas
emissions, though limitations such as high costs, long charging times, and infrastructure
challenges remain. The paper suggests that combining energy storage systems can optimize
vehicle performance, proposing hydrogen fuel cells with auxiliary energy storage systems as
a promising solution. It also notes that while current EV technologies are expensive,
advancements are expected to make them competitive with internal combustion vehicles by

2050. The integration of renewable energy is crucial for maximizing environmental benefits.

The paper [2] discusses the transformation of the transportation sector towards electric
vehicles (EVs) as a sustainable alternative to fossil fuel-powered vehicles. It highlights the
advantages of EV technology, including eco-friendliness, reduced fuel costs, lower
maintenance, and improved safety. The selection of an appropriate energy storage system is
critical to the performance of EVs, with the paper emphasizing the importance of hybrid
energy storage systems that combine batteries and ultra capacitors. Lithium-ion batteries are
identified as the most suitable option due to their high specific energy and efficiency, while
ultracapacitors address peak power demands during acceleration and other high-load
situations. The paper outlines the basic configurations of battery and ultracapacitor hybrid
systems, explaining

how they complement each other by delivering the average power and handling transient
demands effectively. It also discusses the advantages of this hybrid system, such as extending
battery life, reducing replacement costs, and improving overall vehicle performance. In
conclusion, the paper underscores that the careful selection of energy storage systems plays a
pivotal role in enhancing the functionality and driving performance of electric vehicles,
making them a viable solution to reduce fossil fuel dependency and carbon emissions.

The paper [3] discusses the use of energy storage systems (ESS) in electric vehicles (EVs)
and their role in the future electricity supply. Different types of energy storage devices

(ESDs), such as batteries, super capacitors, and fuel cells, are used in EVs to meet the power
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demand. Li-ion batteries are the most commonly used ESD in EVs due to their high capacity,

energy density, and long cyclic life. The paper also highlights the importance of battery
management systems (BMS) in ensuring the safety and longevity of ESDs in EVs. The BMS
monitors and controls various parameters such as cell voltage, charge/discharge control, and
cell balancing to optimize the performance of ESDs. The study also discusses the challenges
and issues faced in the energy management system of EVs and provide some
recommendations to overcome them. Overall, the paper provides an overview of EV systems,
ESS technologies, and the importance of BMS in ensuring efficient and safe operation of
EVs.

The article [4] "Design and Analysis of Hybrid Energy Storage System for Electric Vehicle
Applications" discusses the development of a hybrid energy storage system (HESS) that
integrates lithium-ion batteries and super capacitors for electric vehicles (EVs). The research
addresses challenges such as limited driving range and long charging times associated with
EVs. The proposed model utilizes solar panels for energy generation, employing Maximum
Power Point Tracking (MPPT) to optimize energy extraction. The study includes simulations
performed using MATLAB

Simulink, demonstrating improved performance metrics compared to previous models, such
as increased battery voltage and current. The findings indicate significant potential for HESS
in enhancing EV efficiency and operational flexibility. Future work will explore optimizing
model accuracy and analyzing the impact of temperature on energy storage components.

The study reviews [5] the electric vehicle (EV) system and applicable energy storage system
(ESS) technologies, focusing on the energy management system's challenges and issues. It
highlights the increasing demand for EVs driven by factors such as cost, sustainable battery
value, and e-commerce accessibility. The review methodology involved selecting 420 papers
from various reputable sources, narrowing it down to 101 relevant studies, with over 90
published in the last three years.The output of the study is organized into five key steps:
discussing different types of EVs, summarizing applicable ESS, analyzing energy
management systems, highlighting issues and challenges, and proposing recommendations to
address these problems. The study identifies critical challenges in energy management,
including temperature control, safety, lifecycle management, environmental impact, and
recycling of batteries.Lithium-ion batteries are identified as the preferred choice for EVs due
to their high energy density. The study concludes by emphasizing the need for advancements

in battery management systems and sustainable practices to enhance the overall efficiency
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and safety of EV technology, ensuring a more reliable and environmentally friendly future for

electric vehicles.

Systems (HESS) for Sustainable Hybrid Electric Vehicles (HEVs). We have explored the

pivotal role of HESS in enhancing the efficiency, performance, and environmental impact of

HEVs. Key findings include:

o The synergistic combination of different energy storage technologies in HESS offers a
more effective solution compared to standalone batteries or super capacitors.

e HESS can significantly improve fuel economy, reduce emissions, and extend the
driving range of HEVs.

o The optimal configuration of HESS depends on various factors, including vehicle

application, driving conditions, and cost-benefit analysis.

Conclusion

This comprehensive study has delved into the intricacies of Hybrid Energy Storage. The
future of HESS in the automotive industry is promising. As technology advances and costs
decrease, HESS are likely to become a standard component in HEVs and electric vehicles
(EVs). Further research and development are essential to address the challenges and
limitations associated with HESS, such as energy density, power density, and durability.
Advancing HESS technology is crucial for achieving sustainable transportation and reducing
our reliance on fossil fuels. By combining the best aspects of different energy storage
technologies, HESS offer a viable and promising solution for the future of automotive
transportation. As we continue to invest in research and development, we can pave the way

for a cleaner, more efficient and more sustainable transportation landscape.
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