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A B S T R A C T

In the era of shifting toward greener and zero-emission energy production and transportation, Electrical Vehicles 
(EVs) gained substantial attention worldwide owing to their potentiality of the least carbon footprints on the 
environment. Nowadays, climate change is considered as the principal side effects of using fossil fuels and using 
conventional transportation systems. Considering the replacement of conventional plants with Renewable En
ergy (RE), the electrification of energy consumption is one of the key elements of the energy transition, due to the 
variability of Renewable Energy Sources (RESs), and EVs are one of the main ways to increase it. Meanwhile, 
limited infrastructure for charging and maintenance has made us step forward in battery management, Battery 
Thermal Management Systems (BTMSs), and predictive maintenance for EVs to optimize energy efficiency, to 
have a range prediction over the distance these smart vehicles will commute. In this study, we had a compre
hensive review of integrating Artificial Intelligence (AI), Digital Twins (DTs), and Metaverse into the EVs sector 
to anticipate the energy consumption behavior of electric machines and vital factors that affect their distance 
navigation. Having energy-related insights and also developing a road map for project owners to commence 
replacing traditional methods with cutting-edge optimizing technologies distinguishes this paper from other 
studies.

1. Introduction to artificial intelligence (AI) application in 
energy sectors

Nowadays we are facing a humongous amount of alteration in the 
energy sectors as we are having developments in digital technologies, 
which directly affect the supply, demand, and even consumption algo
rithms of the sites. Smart software will replace humans in terms of 
designing, monitoring, controlling, and optimizing as time passes. 
Moreover, AI plays a crucial role in achieving our goal of optimizing 
decision-making. It can be integrated into our sites to reduce costs and 

increase efficiency and it is inevitable [1].
As the goal of the United Nations sustainable development is to in

crease energy efficiency and reduce emissions of greenhouse gasses, 
novel types of vehicles have recently emerged, which are nominated as 
EVs. In comparison with diesel engine vehicles, these electrical devices 
can empirically decrease carbon dioxide emissions by up to 43 %. 
Additionally, the Digital Twin (DT) has the capability of making elec
trical devices the mainstream of the industry to address global warming 
[2]. We can shape the next generation of electrical devices through 
advances in battery technology like energy management systems, bat
tery management, and energy efficiency optimization [3]. Table 1
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presents an evaluation of several recent studies on the integration of 
advanced technologies in the next generation Electric Vehicle (EV). 
These studies cover vital areas including wireless power transfer, 
Vehicle-to-Grid (V2G) integration, batteries, self-driving, and policy is
sues. This is why each entry is followed by the presentation of this 
study’s strengths and weaknesses on the one hand, and the analysis of 
the strengths and weaknesses inherent in the presented innovations on 
the other. For instance, certain papers offer novel ideas about how the 
wireless charging infrastructure can be established or elaborate control 
methods, but many of them might not be backed up by real-life imple
mentation, or contain comprehensive information on cost-effectiveness. 
In the same manner, there has been a great advancement in executing 
energy management as well as in the area of solid-state batteries, but 
issues such as scalability, support from the authorities, and costs are still 
major concerns. It provides a clear and comprehensive consideration of 
existing and developing EV technologies by categorizing them and 
focusing on their promise to transform mobility and energy sectors and 
proposing R&D directions for further studies.

Our traditional grid now cannot effectively fulfill the energy needs 
like before owing to the huge steps that have been taken in the looming 
era to modernize, automize, and digitalize machines and electrical de
vices. So, linking Renewable Energies (REs) like solar power, wind en
ergy, and geothermal power can be a promising way of tackling this 
phenomenon, however, the role of AI is bold in linking these energies to 
our system. On the other hand, due to the unsustainability of the REs, for 
example, we can harvest wind power in certain ranges of wind rates. 
Also, solar energy can be trapped only in day times, more specifically if 
the climate of the area changes and gets cloudy, our energy production 
will be dwindled. So, AI can use the data of the seasons to anticipate the 
behavior of the climate and give alters to use Energy Storage Systems 
(ESSs) that are relevant to address the demand of the network. With this 
attitude, we can develop a smart energy industry and prevent blackouts 
as much as possible as we are going to use the maximum amount of our 

electrical energy from REs. Table 2 presents the role of AI in the design 
and control of solar and hydrogen energy [23].

Cyber-attacks have the potential to arouse global concerns in terms 
of hacking nuclear plants or even enabling heavy explorations across the 
world and having severe environmental side effects, so AI and the 
Internet of Things (IoT) can be accomplished to prevent infrastructural 
facilities from these types of attacks and rise smart grid’s security [24]. 
Additionally, when one of the main power plants of a country deals with 
an unpredictable error, we can use AI and IoT to adapt the gride with a 
low amount of electrical power generation and it can decide how to 
increase the power production of other sites to have the least amount of 
lost cost in that period. Without the help of AI, we might experience 
harsh economic problems when an unforeseeable phenomenon takes 
place, however, the data quality or even lack of data can be possible 
challenges that we might deal with when we link AI to the sites. These 
challenges are comprehensively analyzed in Table 3, focusing on the 
intersection of AI and the energy sector [25].

In this paper, we are going to discuss the integration of AI into EVs in 
terms of predicting the failure time of these devices in the next part, 
which can lead to enhancing the safety of the system. Afterward, energy 
management systems would be the next debate in part 3 and, in this 
section, we will demonstrate the role of AI in monitoring, controlling, 
and giving optimal demand response to the system, range prediction, 
Battery Thermal Management System (BTMS), and Advanced Driver 
Assistance System (ADAS). Moreover, we will illustrate that we are 
capable of enabling a synchronized pattern to the network by combining 
DTs in Section 4, which is a representation of typical electrical equip
ment into actual electrical devices. The privilege of electrical machines 
in the metaverse now is a leading edge due to the production of zero- 
emission and empowerment through Renewable Energy Sources 
(RESs), so in Section 5, our focus will be on metaverse EVs. In the last 
step Section 6, we will have a strategic analysis framework to raise the 
profit margins and accommodate a competitive superiority for 

Nomenclature

Acronyms
AC Alternating Current
ACC Adaptive Cruise Control
ADAS Advanced Driver Assistance System
AGV Autonomous Guided Vehicle
AI Artificial Intelligence
ANN Artificial Neural Network
AR Augmented Reality
BEV Battery Electric Vehicle
BLDC Brushless Direct Current
BMS Battery Management System
BTMS Battery Thermal Management System
BWM Best Worst Method
CaaS CAR-as-a-Service
CNG Compressed Natural Gas
CPS Cyber-Physical System
DC Direct Current
DT Digital Twin
E&HV Electric and Hybrid Vehicle
LESS Electrical Energy Storage System
EM Electric Mobility
ESC Electronic Stability Control
ESS Energy Storage System
EV Electric Vehicle
FCV Fuel Cell Vehicle
G2V Grid-to-Vehicle
ICE Internal Combustion Engine

IoT Internet of Things
LPG Liquefied Petroleum Gas
MCU Motor Control Unit
ML Machine Learning
MR Mixed Reality
NFT Non-Fungible Token
PESTLE Political, Economic, Social, Technological, Legal and 

Environmental Factors
PHEV Plug-in Hybrid Electric Vehicle
PV Photovoltaic
RBV Resource-Based View
RE Renewable Energy
RES Renewable Energy Source
RL Reinforcement Learning
SEM Structural Equation Modeling
SOAP State of Available Power
SoC State of Charge
SoH State of Health
SoL State of Life
SUV Sport Utility Vehicle
SWOT Strengths, Weaknesses, Opportunities, and Threats
TMPS Tire Pressure Monitoring System
TPB Theory of Planned Behavior
TSRS Traffic Signal Recognition System
UPHS Underground Pumped Hydro Storage
V2G Vehicle-to-Grid
VCU Vehicle Control Unit
VR Virtual Reality
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companies of all kinds.

2. Integration of AI and EV

In the new era, the world is turning to massively use EVs owing to the 
greener environment that they provide, besides the higher reliability 
and maintenance costs of these vehicles. However, optimizing the de
vices is now the researcher’s prominent goal as these novel electrical 
machines have limited range and safety problems [26]. The cooperation 
of EVs with the grid is necessary to stabilize the network by acting as an 
electrical storage (Fig. 1), so we need a means of organizing EVs to be 

Table 1 
The latest studies in electrical devices.

No. Study Strengths Weaknesses Reference

1 Trends and 
Emerging 
Technologies for 
the Development 
of EVs

Include V2G and 
wireless 
charging.

Limited study on 
economic 
feasibility.

[4]

2 Innovations in EV 
Technology: A 
Review of 
Emerging Trends 
and Future 
Directions

Covers almost 
every modern 
technology such 
as self-driving 
features.

The material does 
not contain highly 
specific analytical 
data.

[5]

3 Novel Pre-emptive 
Control Solutions 
for V2X Connected 
EVs

Introduces new 
control 
approaches to 
increase safety in 
networked EVs.

Negligible 
protections as far 
as the realities of 
solutions are 
concerned.

[6]

4 A Novel 
Mathematical 
Model for 
Infrastructure 
Planning of 
Dynamic Wireless 
Power Transfer 
Systems for EVs

Provides a 
steadfast 
reference 
framework for 
implementing a 
wireless power 
transfer system.

Primarily 
addresses 
infrastructure 
while less 
attention is paid to 
the integration 
with other EV 
systems.

[7]

5 A Holistic Review 
on Advanced Bi- 
directional EV 
Charging Control 
Algorithms

classification and 
comparison of the 
G2V and V2G 
charging control 
approaches.

Does not review 
the practical 
application or 
implementation.

[8]

6 Recent Progress in 
Energy 
Management of 
Connected Hybrid 
EVs Using 
Reinforcement 
Learning (RL)

Improves energy 
management by 
applying RL 
methodologies.

Further validation 
is necessary to 
confirm this 
property.

[9]

7 Driving Change: 
The Impact of 
Emerging 
Technologies on 
EV Production

Demonstrate how 
AI and IoT are 
involved in the 
production of 
EVs.

Lack of 
comprehensive 
information on the 
effects of AI on the 
environment.

[10]

8 The Future is 
Electric: 5 
Technologies That 
Will Revolutionize 
Mobility

Concerning 
innovative 
technologies and 
possibilities.

Overview 
discourse that 
lacks specific 
action plans.

[11]

9 Next-Generation 
Profiles Project 
Makes EV High- 
Power Charging 
Safer, Reliable

Covers high- 
power chargers 
and fundamental 
high-power 
charging systems.

Little information 
about how these 
systems is 
integrated with 
EVs on a large 
scale is available.

[12]

10 Honda Presents 
Next-generation: 
HEV Technologies 
at Press 
Conference

This highlights 
the progress that 
Honda has made 
in hybrid EV 
technologies.

Absence of stiff 
measures 
indicating the 
performance of the 
system.

[13]

11 A System in 
Transition: The 
Influence of Next- 
Generation 
Technologies

Identification of 
the nature, types, 
and integration 
into existing grid 
systems of EV 
technologies.

Not much 
emphasis has been 
placed on certain 
distinct EV 
technologies.

[14]

12 EVs Prove a 
Bumpy Ride for 
Battery Metals

Analyses how 
trends in the 
popular EV 
market affect raw 
material supply 
chains.

Discusses materials 
but ignores 
different 
approaches.

[15]

13 China and U.S. 
Both Eye 
Breakthrough EV 
Technology

Draws attention 
to global rivalry 
in EV battery 
production.

Lacks technical 
analysis; mainly 
explores markets.

[16]

Table 1 (continued )

No. Study Strengths Weaknesses Reference

14 The Luxury Sports 
Car Gets an 
Electric Makeover

Offers 
information on 
how luxury cars 
are being 
electrified.

Lacks 
consideration of 
overall theme and 
technical 
specifications.

[17]

15 Recent Advances 
in Solid-State 
Batteries for EVs

A review of the 
development and 
issues 
surrounding 
solid-state 
batteries.

Less concerned 
with real-world 
applicability and 
their respective 
costs.

[18]

16 Autonomous 
Driving and Its 
Impact on EV 
Adoption

Compares the 
development of 
automation in 
cars and the 
increasing 
popularity of EVs.

Limited 
connection of 
technical 
integration issues 
being made.

[19]

17 Wireless Charging 
Technologies for 
EVs: A 
Comprehensive 
Review

It provides full 
coverage of the 
development of 
wireless EV 
charging 
technologies.

Lack of adequate 
focus on the cost 
and infrastructure 
implications of 
these 
advancements.

[20]

18 V2G Integration: 
Recent 
Developments and 
Future Prospects

V2G integration 
brings out further 
concerns which 
can be further 
discussed here.

Insufficient 
analysis of the 
policy 
requirements that 
must underpin 
V2G systems.

[21]

19 Impact of AI on EV 
Energy 
Management 
Systems

Discusses how AI 
can enable 
efficient EV 
energy 
management 
systems from the 
current thinking.

Concentrated on 
the theoretical part 
of the problem and 
containing only a 
few real-life 
applications.

[22]

Table 2 
The role of AI in photovoltaic (PV) systems and hydrogen energy.

NO. The name of the role The way AI contributes to the RES

1 AI in PV systems AI aids in solar energy harnessing through PV 
systems, including irradiance prediction and 
solar cell model estimation.

2 Solar irradiance 
prediction

AI techniques forecast solar irradiance, crucial 
for PV system operation, using physics-ruled, 
data-driven, and hybrid models.

3 AI in solar cell 
parameters identification

AI assists in identifying parameters for solar cell 
models, enhancing simulation accuracy using 
various methodologies.

4 AI in hydrogen energy AI plays a vital role in advancing hydrogen 
energy’s sustainability, covering production, 
storage, and transport.

5 Hydrogen energy’s 
sustainable future

Hydrogen is recognized as clean energy with 
high potential due to its environmentally 
friendly combustion product.

6 AI in hydrogen 
production and transport

AI optimizes hydrogen production technologies 
for economics and low carbon emissions, 
enhancing safety and system economy.
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linked with the network, which shortly the most of its generated power 
will be by unconventional and RESs. Among the technological advances 
that we made through these years, AI is one of the most significant ones 
in the self-learning and prediction capability that it has [27].

To maximize the range of the vehicles, the first step is to design the 
machine in a way to efficiently uses the energy, which is mostly in a 
chemical form in the batteries. Additionally, choosing the shortest route 
to the destination is also drastically effective on fuel consumption, so 
two main methods have been developed to meet the requirements; 
Energy-efficient routing of EVs and maximization of battery-efficient 
[28]. In conventional vehicles, the most energy-efficient route is the 
one that we can reach the destination in the shortest time, however, in 
electrical machines this concept is different. As the range of the vehicles 
is a critical issue, moreover, in a few quarters there isn’t enough 
charging infrastructure for EVs so in these areas a wrong choice of a 
route can lead to abandoning the vehicle on the road, consequently, the 
energy-efficient route is defined as one, which uses the least amount of 
energy to reach the vehicle and passengers there. On the other hand, the 
management of the charging and discharging of the supercapacitor to 
optimize the energy flow and battery life is a must, furthermore, the 
operation temperature of batteries is considered to be 25–45 ◦C, so in 
harsh climates, we have to develop a cooling and heating system for 

batteries to keep their efficiency in the maximum mode [29].
AI can be accomplished in forecasting climate conditions, which 

affects BTMS and charging infrastructures to provide more energy in 
electric form when the demand is high for instance, the sky is going to be 
clear in a few ahead days, so solar panels can generate power and there is 
no need to store energy and appoint batteries in the maximum charging 
phase. Nevertheless, when forecasts show cloudy weather conditions 
shortly, we should be prepared by maximizing our stored energy in 
order not to cause unbalancing of the network or even in the worst 
scenarios, cause more fossil fuel combustion in conventional power
plants [30]. So, AI has the capability of reducing air pollution and 
decreasing carbon footprint by anticipating weather algorithms.

3. Energy management systems in EVs

3.1. Range prediction

Due to the efficient operation of EVs, now there is a rising demand for 
appointing these devices in a wide range of industries, however, 
depending on the performance that they have the capability of deliv
ering, facilities are inevitably dependent on the distance and the range of 
these devices that they can travel. Predicting the range of the travel of 
electrical machines is contemplated as a sincerely twisted subject that a 
plethora of factors can affect like the environmental circumstances or 
even the design of the vehicle. Vital factors that impressively affect 
range prediction: 

• Vehicle design
• Driver
• Environment
• Battery Management System (BMS)

Generally, the design of the machine has a direct relation with the 
overall energy efficiency in using the fuel of the system, so by using 
aerodynamic methods in designing the external surface of the car, we 
can approach having the most efficient way of the energy consumption 
algorithm. Moreover, the weight of the components and the overall 
weight of the machine, besides the number of passengers has a large 
effect on the energy consumption of the vehicle owing to the limited 
amount of energy that the storage system of the vehicle contains, which 
in the most of the scenarios are batteries. These factors should be barred 
in mind and be defined as vital parameters when we try to write a 
predicting algorithm for electrical devices, additionally, if we want to 
have a precise range prediction, the weight of each passenger should be 
calculated as well [31].

The driver itself can play a vital role in this subject of having suffi
cient energy consumption by defining “Driver Aggressiveness”. The way 
the acceleration pedal is operated is highly dependent on the emotional 
circumstances of the driver and his or her level of angriness. As the level 
of the acceleration pedal is connected to the fuel consumption, which is 
gasoline in Internal Combustion Engines (ICEs) and electricity in EVs if 
the driver is not in his or her excellent spiritual situation, we may face 
aggressive behavior that affects the energy usage, consequently, causing 
less range of distance that the vehicle might have traveled. Self-driving 
cars have the potential of the least possibility of occurrence of these 
violent actions owing to their programming [32].

The range of the commute that a typical car might be driven is 
severely influenced by the internal and external environment. If pas
sengers in the car are willing to use the air conditioning system on a hot 
summer day in an extreme level, this might cause a high consumption of 
the batteries energy that can reduce the range of the distance that the 
vehicle is going to travel or cause a repetitive charge of the electric 
machine. The outside weather or circumstances have the potential to 
change the range of the car too. Severe climates or steep uphill on 
mountain roads can use a substantial amount of electric energy or even 
in the worst scenarios cause overheating of the machine and causing 

Table 3 
The challenges that we are going to face in linking AI to energy sectors.

NO. Challenges in energy- 
related AI

Details

1 Non-theoretical history Lack of AI skills among decision-makers in the 
energy sector, hindering adoption and 
understanding of AI applications.

2 Lack of practical expertise Difficulty in finding qualified professionals to 
develop reliable AI-powered applications with 
practical benefits, leading to reluctance to try 
new strategies.

3 Outdated power system 
infrastructure

Obsolete infrastructure hampers modernization 
efforts, leading to data disorganization and 
vulnerability to cyber threats.

4 Economic pressure Integrating advanced energy technologies is 
costly and time-consuming, requiring 
substantial investment in software 
development and deployment.

5 Decentralization and 
diversification

Complex challenges arise from the 
decentralization and diversification of energy 
supply, compounded by emerging AI 
technologies and increasing demand trends.

6 Cellular technologies Dependency on cellular technology limits AI’s 
impact in developing economies, especially in 
underserved areas, while increasing the risk of 
cyberattacks.

7 Black boxes AI-based applications are opaque to consumers, 
posing a potential threat as understanding of 
their internal functions is limited, necessitating 
integration into power systems with effective 
protections.

Fig. 1. Interaction between network and EVs [27].
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dysfunction of the engine [33].

3.2. BTMS

As we approach technology of appointing a wide range of RE sites 
due to zero emission aim toward addressing climate change, batteries 
can be a suitable way of storing this clean energy that is produced by 
REs. The intermittency of renewables now makes it a challenge to sta
bilize the network and generate a steady voltage for residential and 
industrial users so these ESSs are vital to be linked to renewable sites 
[34].

Among the REs, Solar has gained so much attention owing to the 
capability of installing solar panels all around the world. However, the 
Middle East and Africa have the highest potential to harvest solar en
ergy, but the temperature rises extremely during the daytime, causing 
harsh circumstances for batteries to function. The best temperature 
range for lithium-ion batteries to operate is considered to be between 15 
◦C to 35 ◦C and if we exceed this range, this can affect the lifetime of the 
battery or even cause exploration in some cases so linking a cooling 
system that operates with the circulation of water or any kind of fluid 
high internal energy can be a promising solution to tackle this issue [35].

Solar panels can’t operate in their best condition when the temper
ature exceeds 35 ◦C, so this cooling system can cool both energy storage 
and solar panels simultaneously to make the efficient way of having the 
least amount of energy losses and generating the most amount of 
possible clean and green energy. The cooling methods of BTMS can be 
categorized into [36]: 

• Air-cooled BTMS
• Liquid-cooled BTMS

In EVs, specific cooling methods like air-cooled EVs, liquid-cooled 
EVs as well as Phase Change Material (PCM) coolants are broadly 
used. Air cooling is comparatively straightforward and usually cheaper, 
but it may excessively heat and lose efficiency as an electric car battery 
charger in taxing operations. First, liquid cooling either by using water 
or a coolant provides better thermal conductivity as compared with air 
cooling used in high-performance EVs. The technique of PCM cooling is 
based on materials that consume heat during phase change and offer 
passive thermal management; however, they are sometimes combined 
with other techniques for improved function. The air-cooled systems are 
highly used owing to the low economic capital costs that they require to 
install in the sites and they perform well when the ambient temperature 
or the wind temperature isn’t more than 35 ◦C, mostly in the winter 
time, but in the rest of the seasons, the ambient temperature might get 
high, in which the fan can afford to cool the system so liquid-cooled 
BTMS can be appointed due to the high internal energy that liquid 
contains in comparison with air. However, the piping and even 
providing the fluid to circulate is challenging in a few remote areas, 
additionally, countries that deal with economic problems might find this 
method expensive to install. So, it depends on the locations where these 
batteries operate and the money that is considered to be invested [37].

Battery positioning within EVs also significantly impacts the thermal 
management strategy. Batteries are commonly located on the vehicle 
floor or under seats to minimize space and impact at the same time these 
positions are most subjected to environmental thermal loads from road 
surfaces and environmental temperature. These effects of external 
temperatures are closely controlled by a well-designed BTMS to preserve 
uniform conduction of heat throughout the battery pack and thereby 
avoid thermal gradients that would otherwise hamper the uniform aging 
of the battery cells and also the capacity [38].

3.3. Battery management and energy efficiency optimization

Tackling the battery’s oversizing, aging, and durability is now a 
leading-edge technology that researchers all around the world are 

attempting to deal with. The pollution of ICEs, besides of new engine’s 
far lower maintenance costs has led the world toward the great 
replacement of these machines by EVs [39]. Table 4, illustrates the 
distinctive energy producers of cars and their energy loss, efficiency, and 
used energy respectively.

By accomplishing battery management technology, we can control, 
monitor, and command operations to the battery payback systems and 
transfer energy to the powertrain. With this attitude, we can: 

• Protection of electrochemical cells from overheating
• Protect the batteries from over-charging or over-discharging
• Monitoring the voltage and current
• Diagnose the possible errors or faults of the system

In terms of protection, optimization, and prediction numerous 
studies have been conducted in recent years and different modules and 
methods have been introduced, like State of Charge (SoC) and State of 
Health (SoH) modules, which use fuzzy logic or different mathematical 
models to identify the possible error and malfunctions. However, the 
purpose of these methods is to maximize the energy efficiency of the 
system to provide a reasonable energy consumption for a high range of 
commutes and this can’t be fulfilled if we don’t have a sensitive BMS to 
define a typical range of temperature to the battery cells to function in 
best circumstances and have the highest efficiency [40].

3.4. Autonomous driving with ADASs

Nowadays, autonomous driving technology has widely replaced 
human drivers to reduce the risk of having car accidents or even causing 
the demise of pedestrians. Safety rules in this decade have made car- 
producing companies accomplish auto-driving systems for their last- 
made cars, but it yielded energy-saving outcomes for these devices as 
they approached the wide production of EVs in the industry [41]. In 
terms of safety in new conception has been introduced; ADASs. It must 
aid the driver or the autonomous driving system in avoiding any possible 
collisions and the most important methods are: 

• Adaptive Cruise Control (ACC)
• Tire Pressure Monitoring System (TMPS)
• Traffic Signal Recognition System (TSRS)
• Electronic Stability Control (ESC)
• Driver behavior monitoring
• Automatic emergency brake systems

ADAS mostly uses a distinctive range of sensors to be aware of the 
surroundings and it processes the ambient circumstances to make the 
best decision. It can be integrated into energy management of vehicle 
batteries in electric devices to not only optimize energy consumption, 
but also it has the capability of range predicting by assessing the algo
rithms of electric power consumption due to the specific period. 
Analyzing the recorded driving data can also be a key parameter to 
ADAS to predict the amount of energy required for the same distance 
that a car has commuted before. By linking the optimizing methods, we 
can revolutionize autonomous driving by the word, however, as human 
life is directly dependent on this novel technology, a comprehensive 

Table 4 
The comparison between different energy producers of vehicles.

Technology Energy loss (%) Efficiency (%) Energy used (kWh/km)

Petrol 86 14 1.36
Diesel 80 20 0.95
LPG 84 16 1.19
CNG 81 19 1.00
PHEV 55 45 0.42
FCV 78 22 0.87
Battery/EV 33 67 0.28
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study should be organized to prevent any possible infinitesimal faults 
[42]. Indeed, the inclusion of ADAS in the development of autonomy in 
vehicles is crucial not only to the safety and comfort of the driver but 
also to the efficiency of energy used by EVs. ADAS includes systems such 
as driving, cruise control, lane keeping support, and stability control 
since it helps regulate power usage while driving to avoid negative 
impacts of such wastage. Among all the identified opportunities for 
saving energy in ADAS in EVs, adaptive cruise control can be attributed 
to one of the most important. Adaptive cruise control engages the engine 
at a constant speed and avoids frequent instances of accelerating or 
decelerating; therefore, fuel economy is promoted. In a related way, 
lane-departure intervention systems try to minimize lateral movements 
that create drag, though it may not be their primary goal to do so. ADAS 
interaction with the energy management system is especially significant 
as EVs move to a higher level of autonomy. Leveraging data from ADAS, 
the energy management system in autonomous EVs can predict the 
power demands, change energy distribution, and avoid peak loads [43]. 
In the same context, an energy management system linked to the ADAS 
can predict the energy demands of a car through traffic conditions and 
manage battery consumption for an extended range of vehicles. Thus, 
the energy management system, supported by the auxiliary drive and 
assistance system, keeps energy distribution between auxiliary systems, 
including climate control, lighting, and propulsion, as well as a division 
of power for each trip [44].

3.5. Smart charging infrastructure via V2G integration

Conventional sources of energy for cities are now altering due to 
their high carbon dioxide emission, consequently, RESs are replacing the 
old and obsoleted ways of energy production. This phenomenon is 
leading us toward smart cities, in which electric devices are being highly 
used by citizens and gasoline-fueled vehicles are no longer a privilege. 
However, the wide use of these electric devices requires frequent 
charging stations to fulfill the power needs of people’s transportation 
means. As the most relevant energy form of EVs is electricity, these 
charging infrastructures have to provide an electric source of power to 
answer the power demand, so owing to the large usage of RESs in large 
scales of providing electricity for smart cities, these charging stations 
can be integrated to the REs to produce clean energy for cars, addi
tionally, ESSs have the capability of installing in these charging in
frastructures to store the energy of renewables due to their intermittency 
in generating energy, for instance, solar power only can be harvested 
during daytimes. A challenging issue in charging electric devices is the 
profound charging time of this process in comparison with gas-powered 
stations, which should be addressed to facilitate the way of smart 

charging’s commercialization [45].
As EVs provide a substantial amount of energy in load, they have the 

potential to act as a power source or an electrical ESS. This concept is 
crucial when we face critical power demands in peak times of the 
network and we need a huge power source to balance the supply and 
demand, in which EVs can supply the required power to the network, 
That’s what aids V2G interaction. However, smart charging in
frastructures should be raised to meet the needs of electric cars [46]. 
Throughout the research conducted by Ustun et al. [47] a microgrid 
model was simulated for V2G and Grid-to-Vehicle (G2V) with EV 
employment (Fig. 2). Results illustrated that from the V2G scheme, a 
generation of support can be done by electrical devices and this fact is 
more obvious in the islanded mode, where EVs ease the burden of de
mand on other distributed generators and increase the reliability of the 
microgrid and collected V2G pools, which several EVs have interfaced.

Smart charging through V2G integration is a step up from the 
traditional ways of charging out smart vehicles and managing their 
energy requirements along with improving the stability of the grid. V2G 
technology includes return flow whereby EV batteries can both use 
electricity from the grid and supply electricity back to the grid in mo
ments of maximum demand. This capability assists to take load off the 
grid, foster the uptake of RES, and promote the provision of cleaner and 
more reliable energy systems. Based on empirical evaluations, concrete 
infrastructure elements are required to hook into V2G and these are 
chargers that are invertible so that they operate reversely to provide 
power give back, coupled with metering structures that facilitate 
instantaneous tracking of the flow of energy. As a result of its ability to 
allow EVs to feed stored electricity back into the grid, V2G is a very 
suitable tool in the management of volatility of renewable power. When 
there is more energy available than needed, EVs can power up from RES; 
in times of high load demand, these vehicles can feed energy back into 
the grid. This integration is more important in strategies that support 
renewable power sources, particularly solar and wind, since they are 
fluctuating generators. V2G systems allow EVs to balance demand by 
charging or discharging depending on the availability of renewable re
sources hence the buffer storage. Further, through optimizing the 
distributed energy storage in a group of EVs, V2G system can fully offset 
demand spikes on nonrenewable power plants and bring about lower 
carbon footprint and system expenses to electricity utilities [48].

3.6. Predictive maintenance

In today’s world, due to the high and expensive costs of the main
tenance of conventional vehicles, people are willing to use electrical 
devices. These electrical machines are made up of two significant seg
ments; An energy storage part which is mainly batteries and a Brushless 
Direct Current (BLDC) motor. Specific sensors that use voltage and 
current are created to assess the lifespan of battery cells and decide 
whether a failure or dysfunction is going to occur and are mostly 
managed by BMS. The functional safety of the products to prohibit 
unpredicted maintenance costs is a must for industrial companies and 
has become a significant challenge. So predictive maintenance plays one 
of the key roles in addressing unforeseen product failures. The compe
tency of Machine Learning (ML) in monitoring and assessing the 
recorded data from censors, besides accomplishing IoT can be appointed 
to anticipate whether we are going to face an error in any part of the 
products. It becomes way crucial when the understudied components 
are the tiers because if one of them is punctured, it puts the lives of 
passengers in great jeopardy. Additionally, a lack of components or high 
maintenance costs may encourage project owners to use this novel 
technology [49].

As we are having advancements in the energy sector, automation, 
and digitalization are taking place in the new era due to the replacement 
of digital and electrical devices for the old-fashioned ways of industrial 
operations. So, requirements for energy are rising as time passes, and we 
are facing an energy crisis to fulfill the energy needs of industrial or even 

Fig. 2. A simulated micromodel for V2G interactions of EVs [47].
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residential amenities. To tackle this problem, we not only have to install 
new renewable plants to increase energy production but also to prevent 
any error or failure that affects the power output of the system is a must. 
Consequently, the concept of predictive maintenance has significant 
attention in anticipating product failures. To raise the EV charging load, 
Shuvo & Yilmaz [50] have conducted a study on distribution power 

sites, using RL to decide whether to replace the component that has an 
error or to use maintenance operation. The results (Table 5) demonstrate 
that if we use the deep RL algorithm, we will have the most amount of 
cumulative reduction and outage reduction by 54 and 70.1 %, 
respectively.

3.7. Supply chain optimization

Due to the broad use of EVs all over countries, fulfilling the supply 
chain of materials that are used to produce the critical components of 
these vehicles has now become a challenging subject for car-producing 
companies [51]. One of the most important components is lithium-ion 
batteries, whose usage percentage of lithium in various industry sec
tors is shown in Fig. 3. Owing to the lithium limitations that we have in 
producing a large number of these batteries for cars, the replacement 
process of these vehicles for conventional cars is going at infinitesimal 
speed. Throwing away these batteries after their expiration and also not 
fully recycling and reusing the lithium part of the batteries are the main 
reasons that prohibit reusing these batteries in EVs. Besides, abandoning 
such hazardous components also has numerous side effects on the 
environment. So, to optimize the supply chain of EVs, we have to opti
mize the recycling system of ESSs, specifically Electrical Energy Storage 
Systems (EESSs) of EVs to address the challenges of large production of 
these vehicles [52]. Kumar et al. [53] have surveyed accomplishing 
Delphi and Best Worst Methods (BWMs) in assessing the challenges of 
the EV supply chain. They stated that the Delphi method is crucial when 
we face complex decision-making problems and it circulates the expert’s 
reactions in diverse rounds throughout the group participants till a 
consensus is gained, however, the BWM is used when we require more 
trustworthy and stable results.

4. DTs in EVs

In the EV industry, which has attracted the attention of many soci
eties to reduce the transportation sector’s emissions and increase energy 
consumption efficiency, the emerging technology of DT can greatly help 

Table 5 
The cost comparison between different accomplished policies in predictive 
maintenance.

Policy Cumulative 
cost ($)

Reduction 
(%)

Outage 
(kWh)

Reduction 
(%)

Failure based 159,408 0 20,862 0
Myopic (Load 

priority)
99,889 37.3 10,767 48.4

Myopic (Age 
priority)

112,719 29.3 7844 62.4

Deep RL based 72,294 54.6 6243 70.1

Fig. 3. Industrial employment of lithium [53].

Fig. 4. Primary functions of DTs [54].
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accelerate the design and manufacture of EVs. By creating a digital 
version of electric cars in the production or pre-production stages, this 
technology can lessen the costs of testing and experiments and increase 
the speed of design and production. DT, as a virtual replica of the main 
sample of the desired system, allows AI engineers and designers to 
accurately analyze and predict possible problems such as breakdowns, 
reduced efficiency, corrosion, and wear by simulating system compo
nents. DT technology has a vast potential to be integrated with the EV 
industry and it has demonstrated its ability to accelerate innovation in 
this industry by creating a virtual space to optimize the production and 
design process (Fig. 4). It should be noted that this requires a more 
detailed understanding of the different aspects of DT technology [2]. 
This technology can be associated with EVs in various aspects, which are 
described below for each of these aspects.

4.1. Autonomous motion and driving control

DT technology has great potential to transform and advance the 
evolving field of Autonomous Guided Vehicles (AGV). One of the main 
foundations of Industry 4.0 is vehicles capable of making intelligent 
decisions [55]. Intelligent decision-making in EVs can be implemented 
with different algorithms and configurations of Cyber-Physical Systems 
(CPSs). With this system, EVs can perform their tasks according to 
different conditions and in a self-adaptive manner and improve them
selves. Algorithms used in AGV usually work gradually and by calcu
lating the distance at different points on the paths leading to the goal, it 
finds the right path to reach the destination. This system works 
dynamically in such a way that even after the trip is completed, the 
algorithm evaluates the performance of the AGV [56].

With this action, this system always improves itself and can find the 
best and most efficient way to travel to the destination. DT technology 
can help to improve this self-driving system by creating different sce
narios for appropriate routing, or by providing a lot of data and making 
predictions based on these data, which is very difficult for AGV to 
calculate these data [57].

4.2. EV inverters

Electronic power devices play many roles in different parts of EVs, 
such as charging and discharging the battery, transferring power from 
the battery to the motor, and all kinds of electrical appliances. Mean
while, significant progress has been seen in the traction inverter tech
nology and there are still many opportunities for the development of this 
technology due to its importance. The task of the traction inverter is to 
control the amount of energy that must be transferred from the high- 
voltage battery to the motor so that the motor does not get disturbed 
and the car moves properly. Inverters are made up of Motor Control 
Units (MCUs) that after receiving commands from the Vehicle Control 
Unit (VCU) that determine the speed and torque of the electric motor, 
convert these commands into signals and transmit them to the motor 

[58].
Inverters are assumed to be the brains of EVs because the conversion 

of commands from stationary units to the motor is done by this part. 
Factors such as high efficiency, low noise, low weight, and how to 
control the power flow at different voltages should be taken into 
consideration in determining the proper performance of converters in 
EVs. DT technology can be used to evaluate inverters according to the 
mentioned criteria and to guarantee that the inverter system does not 
face problems and obstacles during the operation and movement of the 
vehicle and can predict upcoming situations in real time. In inverters, DT 
can also be used by monitoring the health of inverters and estimating 
their lifespan, as well as optimizing performance and troubleshooting 
[59,60].

4.3. EV power and motor system

As mentioned, inverters are one of the most important parts of EVs, 
besides that, the electric motor is also a vital part of EVs. The main 
function of the motor is to convert electrical energy into kinetic energy 
to move the wheels. The motor in electric cars acts like a generator in 
such a way that when the car is going downhill, the electric energy is 
stored in the battery. Also, when the car brakes, by using the regener
ative braking system, some of the braking energy is stored in the battery, 
and this leads to saving more energy and declining energy consumption 
in EVs [61].

The design and control of EV motors is one of the main challenges the 
EV industry faces. In the EV industry, achieving maximum motor effi
ciency is the main aim because it reduces energy consumption and in
creases battery life. With the advancement of DT, it is possible to benefit 
from this technology to deal with design and control problems in the EV 
industry. By benefiting from this technology, it is possible to test 
different strategies for motor control without the need for a physical 
model and use it in different stages of design to optimize the motor work 
process. This saves a lot of time and costs for the technology develop
ment department [2,62].

4.4. BMS

The use of DT in battery storage systems is one of the important is
sues to help reduce emissions and move towards energy sustainability. 
In EVs, the BMS plays a fundamental role in ensuring safety, reliability, 
proper performance, battery life, and battery protection, in other words, 
it is the core of the ESS in EVs. BMS consists of microprocessors inte
grated with a series of functions, sensors, and controllers to measure 
battery characteristics [63]. BMS is an important unit in EVs that eval
uates the battery capacity in real time using various parameters that 
indicate the performance of the battery during charge or discharge 
times. Sometimes, in EVs, for better control of the vehicle and battery 
conditions, a temperature control unit is integrated with the BMS to 
measure the battery temperature (Fig. 5). Various other units, such as 

Fig. 5. A structure for building battery DTs [65].
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the VCU, are installed to prevent the voltage from exceeding the critical 
values of the battery, whose task is to receive more information and 
better predict and control different conditions of the battery [64].

A suitable and optimal BMS is a system that can guarantee battery 
performance in challenging conditions and times when it has in
teractions with the grid. The main parameters that BMS needs and de
fines to understand battery conditions are the State of Available Power 
(SOAP), SoC, State of Life (SoL), and SoH. Among these parameters, SoC, 
which shows the behavior of the battery in the face of various external 
and internal conditions, is more important [66]. The SoC predicts when 
the vehicle needs recharging or service and overhaul with the history it 
gets from the battery data [67]. Various studies show that DT can have 
appropriate and suitable applications in BMS. The current BMSs in 
different scenarios and conditions cannot predict and estimate the bat
tery condition and vehicle needs in real time. Therefore, using car data 
to use and forecast in deep learning algorithms and using them to benefit 
from the virtual model in the DT environment can help to make BMSs 
more accurate [68,69].

5. Metaverse EVs

As scientific progress accelerates, emerging technologies are 
increasingly at the forefront of reshaping our reality. Among these 
transformative innovations, the metaverse emerges as a standout 
concept; a three-dimensional digital universe amalgamating real and 
simulated experiences through Virtual Reality (VR) and Augmented 
Reality (AR) [70,71]. Originating from Neal Stephenson’s speculative 
fiction novel Snow Crash, the metaverse envisions a futuristic realm 
where individuals engage with one another and digital entities in 
immersive 3D environments facilitated by customizable avatars [72,73]. 
Given that in the past 20 years, rapid advancements in VR, AR, and 
Mixed Reality (MR) technologies have brought about the realization of 
the metaverse [74]. This burgeoning interest culminated in the meta
verse’s recognition as one of the top 10 emerging technologies of 2023, 
securing the 5th position on the list [75].

In an era where the lines between reality and virtuality are 
increasingly blurred, the concept of commuting transcends traditional 
boundaries. With rapid technological advancements, the metaverse 
emerges as an integral aspect of our lives, offering immersive experi
ences and redefining urban mobility. The metaverse, characterized as a 
network of interactive digital replicas of the physical world, serves 
multifaceted purposes ranging from training and design to promotion 
and research [76]. Its integration of innovative technologies such as VR, 
AR, and DTs revolutionizes various industries, including automotive and 
transportation [74].

With ongoing technological evolution, various dimensions of the 
metaverse are being explored, revealing its potential impacts across 
multiple domains [77]. Of particular significance is the metaverse’s 
influence on transportation, where EVs take center stage. This section 
endeavors to explore this intersection, elucidating how EVs could 
revolutionize transportation within the digital landscape of the meta
verse. By examining the integration of EVs into this virtual realm, we can 
gain insights into the future dynamics of mobility and sustainability 
within the metaverse. Since then, EVs have emerged as pivotal assets in 
the fusion of metaverse applications with public transportation systems. 
Their technological compatibility, environmental sustainability, and 
potential to enrich user experiences serve as catalysts for gathering 
comprehensive transit data while championing sustainable and efficient 
transportation solutions [71].

In addition, advancements in accelerated computing, AI, and the 
industrial metaverse catalyze a profound transformation in the auto
motive sector [78]. These technologies reshape the entire lifecycle of 
vehicles, from design and manufacturing to operation, maintenance, 
and repairs, resulting in smarter, more connected automobiles [78,79]. 
Also, the metaverse allows manufacturers to test innovative features and 
options that could be incorporated into real-world vehicles. Key drivers 

influencing the adoption of the metaverse in EVs include modern mar
keting techniques, evolving customer shopping experiences, and 
advanced manufacturing processes [80,81]. Generally, the integration 
of metaverse technologies and EVs involves creating virtual trans
portation spaces, conducting computational experiments for model 
learning, and optimizing feedback mechanisms to enhance system per
formance and efficiency [76]. These tasks contribute to the development 
of innovative solutions for addressing challenges in urban mobility, 
energy consumption, and environmental sustainability.

In the virtual realm of transportation, cars must accurately replicate 
real-world behaviors such as acceleration, braking, and steering. 
Achieving this level of accuracy is crucial for minimizing discrepancies 
between the virtual and real worlds [74]. Therefore, the virtual trans
portation environment encompasses various components, including 
fixed objects like buildings and road infrastructure, moving objects such 
as vehicles and pedestrians, dynamic factors like weather patterns and 
seasonal variations, as well as sources of light that affect visibility and 
perception [77,82]. These elements collectively contribute to creating a 
realistic simulation that effectively mirrors real-world driving 
conditions.

As mentioned, the effect of the metaverse on automotive de
velopments is profound and multifaceted. In recent years, accelerated 
computing, AI, and the industrial metaverse have reshaped the way 
vehicles are designed, manufactured, and operated [79,83]. These 
technologies enable the creation of intelligent, connected automobiles 
that leverage VR, AR, and DTs [78]. Design processes benefit from vir
tual simulations and prototyping within the metaverse, allowing for 
rapid iteration and optimization. Engineers can collaborate in virtual 
environments, streamlining the design process and reducing 
time-to-market for new vehicle models. Manufacturing processes are 
also transformed by the metaverse, with DTs enabling real-time moni
toring and optimization of production lines [79]. AI-driven predictive 
maintenance ensures optimal performance, while AR-enhanced training 
programs improve worker efficiency and safety [78,84]. In terms of 
vehicle operation, the metaverse facilitates the integration of ADASs and 
autonomous driving technologies [72]. VR simulations enable testing 
and validation of these systems in virtual environments, ensuring their 
safety and reliability before deployment on real roads [82].

In addition, metaverse technology plays a vital role in creating 
comprehensive engagement for EVs through marketing where it is much 
easier to monitor the customer’s behavior [80]. The automotive industry 
witnesses a surge in metaverse utilization for innovative marketing 
campaigns [85]. As consumers embrace digital platforms, traditional 
advertising approaches evolve to create interactive and immersive ex
periences. Leveraging the metaverse enables automotive companies to 
craft campaigns that deeply engage customers, blending real-world and 
virtual elements to enhance brand visibility and foster emotional con
nections [86,87].

Case in point, Nissan’s venture into the metaverse in July 2022 to 
promote its all-EV, the Ariya, through AR visualization, demonstrates 
the industry’s adaptation to evolving consumer trends [78]. Renault 
partnered with The Sandbox in September to bring its cars into the 
metaverse, aiming to introduce new automotive experiences [88]. Volvo 
launched its latest EV in the metaverse during the summer through the 
Volvoverse consortium, emphasizing sustainability [89]. Hyundai used 
Roblox in August to debut its latest Sport Utility Vehicle (SUV), offering 
virtual test drives and social gaming elements [88]. Ford is gearing up 
for the metaverse with 19 trademark filings covering virtual vehicles, 
clothing, and Non-Fungible Tokens (NFTs) [90]. The automotive met
averse market is projected to reach $16.5 billion by 2030, prompting 
industry leaders to innovate meta-mobility and consumer touchpoints 
[88,91].

Electric commuting in the metaverse offers a sustainable, 
technology-driven, and immersive experience. Users virtually commute 
using eco-friendly EVs within expansive digital environments. These 
virtual EVs, known for their zero emissions, would not only mimic real- 
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life counterparts in terms of design and functionality but also offer 
enhanced features tailored for the metaverse [92]. Users would have the 
opportunity to customize every aspect of their virtual rides, from the 
exterior appearance to the interior amenities and performance attributes 
[72,83]. Whether it’s sleek aerodynamic designs, futuristic interfaces, or 
innovative energy-saving mechanisms, virtual commuters would have 
the freedom to tailor their vehicles to suit their preferences and needs 
[82].

In the age of the metaverse, coupled with the surge of EVs, managing 
battery consumption becomes critical due to intensive computational 
tasks within immersive services. To tackle this challenge, optimization 
strategies can be employed, offloading complex computations to alle
viate the vehicle workload [93]. Since infrastructure plays a crucial role 
in facilitating seamless electric commuting. Virtual cities and landscapes 
replicate real-world urban environments, with interconnected digital 
realms allowing users to navigate through roads. Charging stations 
strategically located throughout the metaverse provide convenient ac
cess to power for EVs, powered by renewable sources such as solar or 
wind energy [92]. Interactive traffic systems, including smart lights and 
dynamic lane management, ensure smooth traffic flow, minimizing 
congestion and emissions [94]. Advanced AI algorithms optimize route 
planning for efficient travel, promoting environmental consciousness 
while offering convenient and efficient transportation solutions.

In summary, as technology continues to evolve, the role of the 
metaverse in our lives becomes increasingly prominent. Electric 

commuting within the metaverse represents a revolutionary change in 
transportation, blending sustainability with innovation. Embracing this 
digital frontier offers endless possibilities for exploration and connec
tivity. The integration of the metaverse into automotive and trans
portation presents transformative opportunities. Smart transportation 
tools assisted driving visuals, and AR displays are poised to reshape the 
industry. This convergence holds the promise of enhanced experiences, 
improved efficiency, and a path toward a more connected, sustainable 
future.

6. Strategic analysis frameworks

The integration of AI in next-generation EVs can be studied strate
gically using the PESTLE (Fig. 6) framework, which is the tool that 
outlines the Political, Economic, Social, Technological, Legal, and 
Environmental (PESTLE) aspects of this sector and helps to structure the 
strategic analysis [95]. Besides, a SWOT (Fig. 7) analysis consists of a 
total picture of the internal Strengths and Weaknesses, the external 
Opportunities and Threats (SWOT), and thus, it helps in making stra
tegic decisions [96]. The main point of sustainable transportation 
development, the Plug-in Electric Vehicles (PEVs) is that not only for 
their environmental benefits but also for their superior energy effi
ciency. Contrary to the traditional vehicles running on ICEs, EVs afford a 
huge decrease in energy consumption, which is more than 75 % energy 
efficiency compared to ICE counterparts [97,98].

Taking into account the bigger picture, it’s seen that the transport 
sector plays a big role in energy-related emissions around the world, and 
road transport is the main source of the fuel that is used. Hence, the shift 
towards Electric Mobility (EM) is considered as a way to reduce emis
sions and to improve energy efficiency in the industry. This change, as 
pointed out by the researchers is a very significant step in the automo
tive industry, from the old to the new, the gasoline vehicles to the 
electric ones. This has led to many countries rethinking their trans
portation system and, thus, urging them to adopt this kind of vehicular 
technology that is sustainable [99,100].

Li et al. [101] showed in their study the primary role of policy mix 
characteristics is consistency, coherence, and credibility in EV purchase 
intention in the Chinese market. The research based on the extended 
version of the Theory of Planned Behavior (TPB) systematically in
vestigates the relation of psychological determinants, policy attributes, 
and consumer pre-disposition towards the adoption of EVs. Survey re
sults, which are based on a well-designed methodology, show that the 
uniformity, logical consistency, and reliability of a policy framework 
increase the chances of EV purchases among people. On the contrary, the 
wide range of policy measures does not seem to be of any importance in 
the buyer’s purchasing decisions. Besides that, more analytical aspects 
of the study show the complex role of the policy attributes which are not 
only responsible for the EV purchase intentions but also for moderating 
the psychological constructs under the decision. Significantly, the policy 
consistency is the moderator which can be applied to the attitudinal 
factors, social norms, and the perceived control that can influence the 
EV purchase intent in a contrary way. Of course, in the first case, con
sistency reduces the effect of attitude and normative factors, but on the 
other hand, it at the same time intensifies the influence of perceived 
behavioral control on the intention to buy EVs. This complicated result 
shows the tight connection between the policies and the personal 
choices that affect the way people move sustainably.

In a notable study by Jia & Chen [102], the dynamics of EV adoption 
in Virginia are analyzed through a dual approach: Driver’s opinions 
were collected in a 2018 survey of 837 people and the county-level 
ownership data from 2012 to 2016 was used. The main findings are 
the adoption of male gender, higher education, and the availability of 
Direct Current (DC) fast charging stations as the factors that positively 
influence EV adoption, especially battery EVs. The research reveals a 
difference between the effects of aging and individual preferences, 
where the former suggests a decline in EV interest with age, but the 

Fig. 6. PESTLE diagram.

Fig. 7. SWOT diagram.
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latter shows the contrary by the fact that the older counties have higher 
EV registrations. The research shows how the need for detailed policy 
making which takes into the fact that both desired preferences and the 
actual number of owners are vital for EV adoption.

Higueras-Castillo et al. [103] examine the factors that affect the 
acceptance of Electric and Hybrid Vehicles (E&HVs) in the trans
portation sector to reduce air pollution. By the data obtained from 404 
potential consumers, the study uses Structural Equation Modeling (SEM) 
and Artificial Neural Networks (ANNs) to explain the relationships be
tween purchase barriers, government incentives, pro-environmental 
behavior, and social reputation. Important findings are the vehicle 
range, the number of infrastructures, and the charger time which are the 
main factors that make reliability and thus the adoption difficult. The 
following issues are the greatest among these, the limited vehicle range 
and the long charging times are the main ones. On the contrary, the 
study points out the positive impact of financial incentives on the 
thinking of consumers towards E&HV, thus, improving product accep
tance. This research gives a detailed insight into the behavioral model of 
E&HV adoption and stresses the importance of reliability and economic 
factors that are the decisive factors in the consumer’s decision-making 
process.

Pradeep et al. [104] uses mediation analysis to explain the reasons 
why people buy Battery Electric Vehicles (BEVs) While knowledge of 
maintenance exhibited no direct impact, it had significant indirect ef
fects on purchasing decisions. In contrast, perceived technology 
demonstrated substantial direct and indirect influences, underscoring its 
importance. These insights are of great value for the policymakers and 
the planners of the urban transport system who want to move urban 
commuters to sustainable transport modes. The results stress the 
essential part of the positive attitude towards the BEVs, mainly for those 
whose motivation is environmental. The analysis detects the low 
maintenance and fashion characteristics as the key drivers of EVs. Thus, 
the analysis concludes that these aspects are considered as the advan
tages of BEVs in comparison with the traditional vehicles. This also 
means that car manufacturers should team up with designers to focus on 
these features, thus making the BEVs more attractive to consumers and 
resulting in the BEVs being adopted more.

Lashari et al. [105] their research targeted the market of EV buyers in 
the major cities of South Korea, a total of 1500 valid responses were 
collected from a wide array of age groups, genders, income levels, and 
professions. The analysis, using binary logistic regression and regression 
tree methods, showed that the willingness to buy the EV is driven by the 
perceptions of the environmental and economic benefits, and the con
cerns about the technology are the reasons why the people buy the EV. 
The research using the logistic regression analysis has shown that the 
environmental benefits are the most important factor that makes people 
to be positive about EVs. These findings prove to be very helpful in the 
process of forming the consumer’s perception and attitude. They suggest 
that by emphasizing the environmental benefits of EVs, governments 
could enhance public perception and address misconceptions, thus, the 
adoption rates would be increased. Besides, the building of more 
charging stations for vehicles will further support this transition. On the 
manufacturing front, the study recommends that automotive companies 
focus on technological improvements, especially in the areas of battery 
safety and capacity, to address and mitigate the technological concerns 
that currently hinder potential buyers from opting for EVs.

In their research, Ali & Naushad [106] delve into the factors influ
encing the uptake of EVs, identifying financial incentives, charging 
infrastructure, social influence, environmental concerns, and notably, 
price as key drivers. The study prominently concludes that price stands 
out as the foremost factor affecting EV adoption, overshadowing the 
impacts of other variables such as incentives, infrastructure availability, 
social dynamics, and environmental considerations. Additionally, the 
research highlights demographic insights, revealing a stronger inclina
tion towards EVs among males compared to females, and a higher pro
pensity for adoption among younger and more educated demographics. 

These findings suggest that understanding and addressing price sensi
tivity, coupled with targeted educational and marketing strategies, 
could significantly enhance EV adoption rates, particularly among spe
cific demographic groups.

Through a SWOT analysis, the study by Costa et al. [100] examines 
the important factors that are responsible for the movement of EVs in 
Brazil, which is a country renowned for its automotive manufacturing 
and also for its leadership in sugar cane ethanol production. This anal
ysis progressively evaluates the pros, cons, opportunities, and threats 
related to the EM sector, taking into account both the tangible and 
intangible aspects of EVs and their charging infrastructure. The 
strengths that were identified are the business opportunities that come 
from the battery industry and the environmental advantages, like the 
decrease in greenhouse gas emissions. The analysis also stresses the 
innovation potential, especially the integration of RESs with EV battery 
systems and the idea of Car-as-a-Service (CaaS). On the contrary, the 
SWOT analysis reveals the major problems, such as the EV resale value 
decline, the lack of comprehensive EV legislation, the absence of 
comprehensive EV legislation, and the prevalent range anxiety among 
potential consumers. Besides, it uncovers the limitations in the social, 
technological, economic, and innovative spheres, thus, showing the 
necessity of a strong public awareness and promotion campaign to 
explain the benefits of EVs. Notably, the analysis suggests that, despite 
internal weaknesses like inadequate charging infrastructure, the 
external environment presents numerous opportunities for growth and 
expansion in the EV market. The consensus among stakeholders is that 
EVs represent an optimal solution for advancing low-carbon trans
portation in Brazil, meriting robust support from both governmental and 
private sectors to facilitate this transition.

In their study, Olabi et al. [107] explore the landscape of BEVs, 
presenting a structured SWOT analysis that delineates the strengths, 
weaknesses, opportunities, and threats inherent in the widespread 
adoption and commercialization of BEVs. The study points out the 
cost-effectiveness of BEVs, stressing their lower per-kilometer fuel 
running costs than gasoline and ethanol-powered vehicles. The BEVs 
have simpler powertrain designs that cause them to be quieter and to 
have fewer emissions, so they meet the urban environmental standards 
and they improve the air quality. The study names significant obstacles 
to BEV adoption. For instance, the high initial purchase costs prevent 
potential buyers from buying them. Besides, the long battery charging 
time and the driving range issue, caused by the battery cost, volume, and 
weight, are the biggest problems. The efficient performance of BEVs in 
extreme weather conditions, which can affect the battery efficiency and 
driving range, is also mentioned as a weakness. They point out the po
tential for growth in the BEV sector through substantial investments in 
charging infrastructure, extending beyond urban centers to rural areas. 
Smart grids and V2G technologies are the innovative means of the 
integration of BEVs into the energy ecosystem, thus the BEV owners can 
get the energy from the EVs and can also support the utilization of RE. 
The volatility of oil prices and the geopolitical and economic factors 
influencing the petroleum markets are cited as external threats that 
could affect the competitiveness of BEVs. Besides, the environmental 
problems related to the disposal of lithium-ion batteries at the end of 
their life, especially the risk of pollution and toxic emissions, are 
mentioned as the main problems that need to be dealt with to make the 
adoption of BEVs sustainable.

Pandyaswargo et al. [99] carry out a detailed investigation of 
Indonesia’s increasing battery industry, which is the main force of the 
country’s EV sector. The study, by means of a SWOT assessment, reveals 
important information about the industry at present and its possible 
development in the future. The analysis points out the strengths of 
Indonesia which are the extensive mineral resources necessary for bat
tery production, a young and productive population that can serve as 
both a market and a workforce, and the expertise in the manufacturing 
of ICE vehicles. Nevertheless, it also shows weaknesses like a lack of 
technological know-how in battery production and low market 
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awareness of low-carbon lifestyles, which can be an obstacle to the in
dustry development. Moreover, the study underscores opportunities for 
the industry, including international collaborations and investments to 
enhance technological capabilities and knowledge transfer. On the other 
hand, it also causes problems for the sustainability of EVs in Indonesia 
because of the low share of RE in the national energy mix. Additionally, 
the research identifies threats such as legal uncertainties surrounding 
nickel ore export bans and competition from alternative technologies 
like hydrogen fuel cells. It suggests that government policies should 
focus on enabling the growth of RE and consider diversifying beyond 
nickel to ensure long-term industry sustainability.

7. Mathematical models of energy management in EVs

EV users experience a wide range of problems e.g., automobile 
mileage, electric range, accessibility to charging stations, and charging 
expenses. To alleviate these concerns, mathematical simulations have 
been established for managing energy consumption and power-grid in
tegrations. These models are intended to optimize objectives such as 
reducing operational charges, energy use, and CO2 emissions while 
confirming grid stability. These models discover numerous conditions 
and their performance measurements, bringing the specialists attention 
to the reductions in operation charges, energy consumption, and CO2 
emissions. Also, these concepts underline the position of selecting suit
able models to encounter purposes such as route optimization, cost 
minimization, and frequency balancing for efficient EV-grid in
frastructures. Table 6 reviews the details of the latest conducted studies 
on this topic.

Here, Pg drawn from the grid at each station (g) during specific time 
periods (j), the grid electricity price (ggridc

j ) and the time interval (Δt). It 
also accounts for the cost of energy storage operations (Pbatd

g,j ), which 
includes the power supplied to or from the battery, scaled by the time 
interval, the battery capacity degradation coefficient (Zb), and the unit 
price of battery capacity (cbat ).

8. Insights and concluding thoughts

The aim of approaching a greener environment requires smart and 
adaptive machines to be broadly used in our everyday lives. Electrical 
devices can be one of the best options to tackle the rising phenomena, 
which has been caused by conventional vehicles like climate change. 
Besides, the capability of integration with AI allows EVs to be enhanced 

in terms of efficiency and adapting to the smart grid with technological 
advances we are making as time passes. Optimizing and raising the ef
ficiency of EVs gets more attention when it deals with the energy sector, 
as automation and digitalization are forcing a high electrical energy 
demand for the grid. The energy crisis now is more sensible than before 
due to the comprehensive amount of energy usage by industrial and 
residential machines, however, the transportation system is considered 
to be one of the significant energy users. The vast installation of RE 
farms across the world has shifted the world toward electrical machines 
too as the generated power of these farms is mostly electric power, 
nevertheless, the intermittency of the produced power by REs has made 
project owners install ESSs with a drastic capital cost. In this study, we 
have discussed that through smart charging infrastructures and V2G 
integration, we can use the battery of EVs as an EESS to act a peak 
shaving role in high energy-demand periods. The role of AI gets more 
vital in range prediction and battery management of EVs when we face 
an infinitesimal number of charging infrastructures or even harsh cli
mates, which encourage us to accomplish BTMS and predictive main
tenance. Finally, we have highlighted that DTs and Metaverse can lessen 
the costs of testing and experiments, increase the speed of the design of 
machines, and link with AI in predictive maintenance by being a virtual 
replica of the main sample.
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Table 6 
Review on the mathematical modeling in the EV associated topics.

Ref. Resolution Application Objective function Shortcomings

[108] Operational cost 
reduction for EV 
charging

Mixed-integer linear 
programming

Obj = min
∑J

j=1

∑G
g=81

(
Pgrid

g.j ⋅ggridc
j ⋅Δt + Pbatd

g,j ⋅Δt⋅Zb⋅cbat
)

Enhanced planning 
charges

[109] Economic profit 
growth

EV aggregator 
simulation

Obj = MaxBEVA = Max
[∑H

h=1
λ(h)

∑Ne

e=1
neπe⋅

(
Ps

discharge(e, h) − Ps
charge(e, h) −

∑H
h=1

∑Ne

e=1
neπe

∑Ns
s=1

πs⋅λcom⋅Ps
con(e, h)

)]
Unsatisfying fixed 
aspiration

[110] Economic 
enhancement in 
microgrid

Scheduling mixed- 
integer linear 
programming

Obj = MinCsum = {
CPV + CWT + CDG + Closs StageI

CPV + CWT + CDG + Closs − CEV StageII
Unacceptable 
charging time

[111] Power and voltage 
management in 
EVs

Interval optimization 
program Obj = MinxJt

(
xt ,

(
PW,t ,PpV,t ,SD,t

))
=

{
J1,t

(
xt ,

(
PW,t ,PpV,t , SD,t

))

J2,t
(
xt ,

(
PW,t ,PpV,t , SD,t

))

}
Unexpected errors 
in involving 
uncertainties

[112] Minimization of 
battery 
employment in 
EVs

A dynamic model for 
power cost

Obj1 = BSmax = max(BS)

Obj2 = ACD =
1

NEV

∑NEVCDi(m)

i=1

Obj3 = BCC =

(
ICB(t) − BUCAPC(t)

max(ICB)

)

EPpst + EP(t)

High value of 
battery storage 
system

[113] Optimal 
forecasting 
algorithm in EVs

Minimum errors and 
delays in the 
operational functions 
and feedbacks

Obj = min

[
1
N
∑N

i=1
(Ies − Ia)2

]
Non-general results 
for pricing
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