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Abstract

Electric vehicles are rapidly reshaping global transportation, emerging as a central pillar of
efforts to cut greenhouse gas emissions and end dependence on fossil fuels. This review
provides a critical and integrative synthesis of recent advances in electric vehicle technolo-
gies, focusing on three interconnected domains: battery innovations, charging strategies,
and grid integration. Progress in high-energy-density lithium-ion chemistries, emerging
solid-state and sodium-ion batteries, and advanced battery management systems is exam-
ined with respect to their implications for driving range, safety, and lifecycle sustainability.
Charging infrastructure developments, including fast and ultra-fast charging, wireless
charging, and battery-swapping networks, are evaluated in terms of technical feasibility,
grid impact, and user adoption. The evolving role of EVs in enhancing energy system
flexibility is further analyzed through vehicle-to-grid (V2G) and smart grid interactions,
with emphasis on control algorithms, grid stability, and renewable energy integration. By
critically analyzing recent literature, this review identifies key technological, infrastructural,
and system-level challenges, as well as emerging research directions that require coordi-
nated optimization across domains. The insights presented aim to guide future research,
technology development, and policy design toward the realization of a resilient, efficient,
and scalable electric mobility ecosystem.

Keywords: electric vehicles; battery technology; charging infrastructure; vehicle-to-grid;
sustainable transportation; solid-state batteries; smart charging; grid integration

1. Introduction

The global transition toward sustainable transportation has become a central priority
in efforts to mitigate climate change, reduce dependence on fossil fuels, and improve
urban air quality. The transportation sector remains one of the largest contributors to
global greenhouse gas emissions, prompting governments and industries to accelerate the
development of low-carbon mobility technologies. Among these solutions, electric vehicles
(EVs) have emerged as a key technological pathway for decarbonizing the transport sector
while simultaneously improving energy efficiency and reducing local air pollution [1-3].
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Over the past decade, rapid advances in energy storage technologies, power electronics,
and digital control systems have enabled significant improvements in EV performance,
including extended driving range, enhanced energy efficiency, and improved compatibility
with renewable energy sources [4-6]. Despite these technological advancements, the
transition toward large-scale electric mobility presents several interconnected challenges
that extend beyond the vehicle itself. The performance and sustainability of EV systems
depend on the coordinated development of battery technologies, charging infrastructure,
and power-grid integration mechanisms [7]. These three domains collectively determine the
feasibility, reliability, and environmental performance of electric mobility systems. Batteries
influence driving range, charging behavior, safety, and lifecycle environmental impacts,
whereas charging infrastructure determines accessibility, convenience, and infrastructure
scalability. Simultaneously, the integration of EVs with the electrical grid introduces both
opportunities and challenges related to grid stability, energy demand management, and
renewable energy integration [8-10].

Electric vehicles can generally be categorized into battery electric vehicles (BEVs),
plug-in hybrid electric vehicles (PHEVs), hybrid electric vehicles (HEVs), and fuel-cell
electric vehicles (FCEVs) [11-13]. Each configuration exhibits distinct advantages and
limitations in terms of energy efficiency, operational flexibility, infrastructure requirements,
and environmental performance. BEVs rely exclusively on rechargeable battery packs and
produce zero tailpipe emissions, making them particularly attractive for reducing urban
air pollution and greenhouse gas emissions [14]. PHEVs combine electric propulsion with
internal combustion engines to extend driving range while reducing fuel consumption,
although their environmental benefits depend strongly on driving patterns and charging be-
havior [15]. HEVs utilize hybrid powertrains and regenerative braking systems to improve
fuel efficiency without requiring external charging infrastructure, whereas FCEVs generate
electricity using hydrogen fuel cells, offering rapid refueling but facing challenges associ-
ated with hydrogen production, storage, and infrastructure deployment [16]. Historically,
the concept of electric mobility dates back to the late nineteenth century; however, early
EV technologies were limited by low battery energy density, high costs, and insufficient
charging infrastructure [17]. The recent resurgence of EVs has been largely driven by ad-
vancements in lithium-ion battery technologies, declining battery manufacturing costs, and
supportive government policies aimed at promoting low-carbon transportation systems.
Policies such as purchase subsidies, tax incentives, emission regulations, and renewable
energy integration mandates have accelerated EV adoption across many regions [18-20].
As a result, global EV markets have experienced rapid expansion, particularly in China,
Europe, and North America, where cumulative EV sales are projected to exceed 50 million
vehicles by 2030 under current policy trajectories (Figure 1a) [21,22].

Despite these encouraging developments, several technological and infrastructural
challenges remain. Battery performance parameters such as energy density, cycle life, cost,
and thermal stability continue to influence vehicle range, safety, and long-term sustainabil-
ity [23-25]. Charging infrastructure must simultaneously meet the competing requirements
of high power delivery, grid compatibility, and user convenience, particularly in regions
with increasing penetration of renewable energy sources [26,27]. In addition, vehicle-
to-grid (V2G) technologies and smart charging frameworks have emerged as promising
approaches to integrate EVs with the electrical grid, enabling bidirectional energy ex-
change that can support grid stability and facilitate renewable energy integration [28,29].
Although numerous studies have investigated individual aspects of EV systems, many
existing reviews focus on a single dimension of the EV ecosystem, such as battery chem-
istry, charging infrastructure, or grid integration. This fragmented perspective limits the
ability to understand the system-level interactions that govern the overall performance and
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sustainability of electric mobility systems. In practice, the effectiveness of EV deployment
depends on the coordinated optimization of battery technologies, charging strategies, and
grid interaction mechanisms.

Figure 1. Comprehensive overview of electric vehicle (EV) battery technologies and performance
challenges. (a) Evolution timeline of EV technologies; (b) comparison of conventional and emerging
battery chemistries; (c) key battery degradation mechanisms. The individual panels are described in
detail in the accompanying text of Section 2.

In this context, the present review provides a comprehensive synthesis of recent devel-
opments in EV technologies by examining three interconnected pillars: battery technologies,
charging infrastructure, and power-grid integration. The review evaluates advancements
in lithium-ion batteries and emerging next-generation chemistries; analyzes the evolution
of EV charging systems, including fast charging, wireless charging, and battery swapping;
and discusses the growing role of EVs in smart energy systems through vehicle-to-grid inte-
gration and intelligent charging strategies [30]. By integrating insights from these domains,
this review identifies key technological challenges, infrastructure constraints, and research
gaps that must be addressed to enable scalable and sustainable electric mobility systems.
The distinctive contribution of this review, relative to existing surveys that typically address
battery chemistry, charging infrastructure, or grid integration in isolation, is its explicitly
cross-domain framing: rather than treating these as separate topics, the present work
organizes the literature around the coupling between them, for example, how fast-charging
power levels constrain battery thermal design, how battery degradation pathways limit
the economic case for vehicle-to-grid participation, and how the electricity generation mix
governs whether operational efficiency gains translate into life-cycle emission reductions.
Throughout, comparative tables are used to benchmark competing technologies and to
make the unresolved trade-offs between energy density, safety, cost, grid impact, and
sustainability explicit so that the synthesis is critical rather than purely descriptive.

2. Battery Technologies for Electric Vehicles

Battery technologies represent the core enabling component of electric vehicles (EVs),
directly determining driving range, charging capability, safety, and long-term sustainability.
As global EV adoption continues to accelerate, improvements in battery performance,
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durability, and cost reduction have become critical research priorities. Over the past decade,
lithium-ion batteries have emerged as the dominant energy storage technology for EV appli-
cations because of their relatively high energy density, long cycle life, and rapidly declining
manufacturing costs [30]. Advances in materials science, electrode design, and battery
management technologies have significantly improved battery performance, enabling
longer driving ranges and enhanced operational reliability. Among lithium-ion batteries,
several chemistries have been widely adopted in EV applications, including lithium nickel
manganese cobalt oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), and lithium
iron phosphate (LFP). These chemistries offer different trade-offs between energy density,
safety, cost, and lifespan, as illustrated in Figure 1b [31-33]. NMC and NCA batteries are
commonly used in long-range EVs due to their high energy density, which allows vehicles
to achieve extended driving ranges with relatively smaller battery packs. However, these
chemistries depend on critical raw materials such as cobalt and nickel, which present
challenges related to supply chain stability, cost volatility, and environmental impacts asso-
ciated with mining and processing [34,35]. Furthermore, high-energy cathode materials
can increase the risk of thermal instability and require sophisticated thermal management
systems to maintain safe operation.

In contrast, lithium iron phosphate batteries provide enhanced thermal stability, longer
cycle life, and lower manufacturing costs compared with high-nickel chemistries. These
advantages have led to their increasing adoption in mass-market EV models and energy
storage systems [36,37]. Nevertheless, LFP batteries exhibit lower energy density, which can
limit vehicle driving range unless larger battery packs are used. Consequently, the choice
of battery chemistry often depends on the specific application requirements, including
vehicle size, driving range, cost constraints, and safety considerations. Recent research
efforts have focused on improving lithium-ion battery performance through advanced
material engineering and electrode design strategies. Techniques such as nano-structuring
of electrode materials, surface coating, and dopant engineering have been explored to
enhance ion transport, improve structural stability, and mitigate degradation mechanisms
that occur during repeated charge-discharge cycles [38—40]. These approaches aim to
address key challenges such as capacity fading, lithium plating, and structural degradation
of electrode materials, which ultimately affect battery lifespan and reliability. Beyond
conventional lithium-ion batteries, several next-generation battery technologies are being
actively investigated to overcome the limitations of current systems. Solid-state batteries
have attracted considerable attention due to their potential to deliver significantly higher
energy densities while improving safety. By replacing flammable liquid electrolytes with
solid ion-conducting materials, solid-state batteries can reduce the risk of thermal runaway
and enable higher operating voltages [41,42]. However, significant technical barriers re-
main, including interfacial resistance between electrodes and solid electrolytes, dendrite
formation during lithium deposition, and manufacturing scalability challenges [43—45]. In
addition, practical solid-state cell designs must apply and maintain a controlled external
stack pressure, typically on the order of several megapascals, during cycling in order to pre-
serve intimate electrode—electrolyte contact, suppress void formation at the lithium-metal
interface, and limit dendrite ingress; the resulting mechanical fixturing is itself a non-trivial
cell- and pack-level design constraint. As a result, although solid-state batteries show
significant promise for future EV applications, large-scale commercial deployment is likely
to occur in the medium- to long-term. In terms of commercialization readiness, the emerg-
ing chemistries occupy clearly different positions. Sodium-ion cells have already reached
early commercial production, with cell-level costs that can fall below those of lithium iron
phosphate, where sodium precursors and aluminum current collectors displace lithium and
copper, although pack-level energy density remains a constraint. Solid-state batteries are
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still largely at the prototype-to-pilot stage, and current cost estimates (frequently quoted in
the range of several hundred US dollars per kWh) are dominated by low manufacturing
yields and the cost of high-purity solid electrolytes rather than by raw materials; cost parity
with mature lithium-ion lines is therefore widely viewed as a post-2030 prospect contingent
on yield improvements and dry-electrode or roll-to-roll processing. Lithium-sulfur and
lithium-—air systems remain pre-commercial, with cycle-life and efficiency limitations that
currently outweigh their raw-material cost advantage [46]. These differences imply that the
near-term cost reductions available to EV manufacturers will come predominantly from
continued lithium-ion learning-curve effects and from selective adoption of sodium-ion in
cost-sensitive, shorter-range segments, rather than from solid-state batteries.

Sodium-ion batteries represent another emerging alternative to lithium-based systems.
Because sodium resources are abundant and widely distributed, sodium-ion batteries offer
potential advantages in terms of material availability and cost reduction. Although their en-
ergy density is generally lower than that of lithium-ion batteries, sodium-ion systems may
provide viable solutions for medium-range EVs and grid storage applications [46]. Other
advanced chemistries such as lithium-sulfur and lithium-air batteries offer extremely high
theoretical energy densities, potentially several times greater than conventional lithium-ion
batteries. However, practical implementation remains constrained by challenges such
as electrolyte instability, polysulfide shuttling effects, and electrode degradation [47,48].
To address these limitations, researchers are exploring advanced cathode and anode ar-
chitectures, including porous electrode structures, composite materials, and alloy-based
anodes, which can improve reversible capacity, enhance rate performance, and extend
cycle life [49-51]. These developments illustrate that future EV batteries will likely involve
a combination of material innovations and advanced engineering solutions rather than
reliance on a single dominant chemistry. Viewed in terms of deployment horizon and
technological maturity, these chemistries occupy distinct roles. In the short term, lithium
iron phosphate (LFP) and high-nickel NMC/NCA cells remain the dominant, fully com-
mercial options: LFP is favored for mass-market and stationary applications owing to
its safety, long cycle life, and low cost, whereas high-nickel chemistries serve long-range
vehicles where high energy density is decisive, at the expense of cost and thermal margin.
In the medium term, sodium-ion batteries, which are already entering early commercial
production, offer a credible cost- and resource-driven complement for shorter-range and
grid-storage applications, despite their lower energy density. In the long term, solid-state
batteries represent the most promising route to substantially higher energy density and
improved safety, while lithium—sulfur and lithium-air remain at lower maturity and face
more fundamental cycle-life and efficiency barriers; the realization of these high-energy op-
tions depends primarily on resolving interfacial, mechanical, and manufacturing challenges
rather than on the underlying electrochemistry alone.

In addition to battery chemistry, battery management systems (BMS) play a crucial
role in ensuring the safe and efficient operation of EV battery packs. Modern BMS tech-
nologies continuously monitor key parameters such as voltage, temperature, current, and
state-of-charge to prevent unsafe operating conditions, including overcharging and deep
discharge [52,53]. Advanced algorithms based on machine learning and predictive mod-
eling are increasingly being integrated into BMS architectures to improve state-of-health
estimation and optimize charging behavior [54,55]. Such intelligent control systems are
particularly important during high-power fast charging, where improper management
can accelerate degradation processes such as lithium plating and thermal stress. Ther-
mal management systems further complement BMS functionality by maintaining batteries
within safe operating temperature ranges during high-power operation. Techniques such as
liquid cooling, phase-change materials, and heat-pipe-based thermal management systems
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have been developed to dissipate heat generated during rapid charging and discharging
cycles [56]. In addition, mechanical design considerations—including structural rein-
forcement and electrode stabilization—have been investigated to minimize stress-induced
cracking, electrode delamination, and electrolyte depletion during repeated cycling [57-59].
A comparative overview of state-of-the-art and emerging battery chemistries used in EV
applications is presented in Table 1, which summarizes typical energy density ranges, cycle
life, charging capability, safety characteristics, and key technological challenges associated
with each battery system.

Table 1. Comparative overview of state-of-the-art and emerging battery chemistries, highlighting
typical energy density, cycle life, charging capability, safety /thermal stability, and key technological
challenges relevant to next-generation energy storage systems.

. Energy Density Cycle Life . Safety/Thermal

Battery Chemistry (Wh/kg) (Cycles) Charging Rate Stability Key Challenges

NMC811 Li-ion [60]  250-300 1000-1500 Fast (up to 3 C) Moderate Cobalt content,
thermal management

NCA Li-ion [61] 240-290 800-1200 Fast (up to 3 C) Moderate Thermal runaway risk

LFP Li-ion [62] 160-200 2000-3000 Moderate (1-2 C) High Lower energy density

. . . Interface resistance,

Solid-state Li [63] 350-450 1000-2000 Fast (up to 2 C) Very High dendrites

Li-S [64] 400-600 theoretical ~ 300-500 Moderate Moderate Polysulfide shuttling

Na-ion [65] 150-200 1500-2500 Moderate (1-2 C) High Lower energy density

LiFePO4-C [66] 170-210 22002800  Moderate High Conductivity
limitations

High-Ni Li-ion [67] 300-350 900-1300 Fast Moderate Stability and cost

This comparison highlights that no single battery chemistry simultaneously opti-
mizes all performance parameters, and future EV battery development will likely involve
application-specific trade-offs between energy density, safety, cost, and sustainability. Read
quantitatively, the benchmarks in Table 1 make these trade-offs explicit. High-nickel
chemistries (NMC811, NCA) lead on gravimetric energy density (roughly 240-300 Wh/kg)
but trail LFP on cycle life (about 800-1500 versus 2000-3000 cycles) and on thermal safety,
so they favor long-range vehicles where pack mass dominates. LFP inverts this ranking,
trading roughly 30—40% lower energy density for longer life, better abuse tolerance, and
lower cost, which explains its rapid uptake in mass-market and stationary applications.
Solid-state and lithium-sulfur cells promise the highest energy densities (up to ~450 Wh/kg
and 400-600 Wh/kg theoretical, respectively), but their entries are constrained by unre-
solved barriers, interfacial resistance and dendrites for solid-state, and polysulfide shuttling
and short cycle life (~300-500 cycles) for lithium—sulfur, that keep them pre-commercial.
Sodium-ion occupies a distinct niche, accepting lower energy density (~150-200 Wh/kg)
in exchange for abundant, low-cost materials. The central unresolved technical trade-off
across the table is therefore the simultaneous pursuit of high energy density, long cycle
life, and intrinsic safety: gains in one column are still typically obtained at the expense
of another, and the chemistry is consequently defined only relative to a specified applica-
tion and its cost and safety constraints. It is also worth noting that the values compiled
here are drawn from heterogeneous sources and reporting conditions; the ranges should
therefore be read as indicative benchmarking rather than as a controlled meta-analysis, and
standardized test protocols would be required before stronger quantitative comparison is
warranted. As the global EV fleet continues to grow, lifecycle sustainability and end-of-life
battery management are becoming increasingly important considerations. Battery degrada-
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tion mechanisms including capacity fade, impedance growth, and loss of active materials
can significantly affect battery performance and economic value over time. The major
degradation pathways influencing battery aging are illustrated in Figure 1c, including solid
electrolyte interphase (SEI) growth, lithium plating, dendrite formation, and thermal effects
that contribute to capacity loss and reduced cycle life [68-70]. To address these challenges,
significant research efforts are being directed toward developing efficient recycling and ma-
terial recovery technologies. Methods such as hydrometallurgical processing, mechanical
shredding, and direct cathode regeneration allow the recovery of valuable materials such
as lithium, cobalt, nickel, and manganese from end-of-life batteries [71-73]. In addition
to recycling, second-life applications for retired EV batteries have attracted increasing
attention. In such applications, partially degraded EV batteries are repurposed for station-
ary energy storage systems, enabling continued use in grid support, renewable energy
integration, or backup power applications before final recycling [74,75]. These circular
economy strategies can significantly reduce lifecycle environmental impacts and improve
the overall sustainability of EV battery systems. Integrating advanced battery chemistries,
intelligent battery management systems, and efficient recycling technologies will therefore
be essential for enabling the long-term scalability of electric mobility [76-81]. Crucially,
the battery characteristics discussed above charge-acceptance rate, thermal limits, and
degradation behavior directly determine which charging strategies are technically feasible
and safe; the following section therefore turns from the cell to the charging infrastructure
through which these batteries interact with the vehicle and the grid.

Current limitations and open research challenges. Despite steady gains in energy
density and cost, no single chemistry simultaneously satisfies range, safety, cost, and
sustainability requirements, so cell selection remains an application-specific compromise.
The most important unresolved challenges are the scalable, defect-free manufacturing of
solid-state cells under the required stack pressure, the suppression of lithium dendrites and
interfacial degradation, the maturation of sodium-ion energy density toward automotive
requirements, and reduced dependence on critical raw materials such as cobalt and nickel
through recycling and alternative cathodes.

3. Charging Infrastructure and Strategies

The availability and efficiency of charging infrastructure represent one of the most
critical determinants of large-scale electric vehicle (EV) adoption. Charging systems in-
fluence vehicle usability, user convenience, infrastructure investment requirements, and
the operational interaction between EV fleets and electrical power systems [82-84]. As EV
penetration increases globally, the deployment of reliable, scalable, and grid-compatible
charging networks has become a key challenge for transportation electrification. Effective
charging infrastructure must simultaneously address multiple technical constraints, in-
cluding battery charging characteristics, power electronics limitations, grid capacity, and
spatial accessibility. EV charging technologies are commonly categorized into AC charging,
DC fast charging, and ultra-fast charging systems, which differ significantly in terms of
power rating, charging time, and infrastructure requirements [85]. Conventional alternating
current (AC) charging is typically deployed in residential and workplace environments,
where vehicles remain parked for extended periods. AC chargers generally provide power
levels between approximately 3-22 kW, enabling overnight charging that supports daily
commuting patterns [86]. Although this approach is cost-effective and places relatively
low stress on distribution networks, the long charging duration limits its suitability for
long-distance travel or high-utilization commercial fleets.

To overcome these limitations, direct current (DC) fast-charging systems have been
developed to deliver significantly higher power levels, typically ranging from 50 kW to
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350 kW, allowing EV batteries to be charged within approximately 10-30 min depending
on battery capacity and state-of-charge [87-89]. These technologies substantially improve
charging convenience and reduce range anxiety. However, high-power charging introduces
important technical challenges related to battery degradation and grid stability. Rapid
charging generates elevated thermal loads within battery cells, which can accelerate degra-
dation mechanisms such as lithium plating, electrode stress, and electrolyte decomposition
if charging profiles are not carefully managed [90-94]. To put this effect in quantitative
terms, accelerated-cycling studies generally report that raising the charging rate from a
moderate 1 C to 3 C or above increases the capacity-fade rate by roughly a factor of two to
three for typical NMC cells; whereas cells cycled at around 1 C may lose on the order of
2-5% of capacity per 100 full equivalent cycles under controlled conditions, and sustained
fast charging at 34 C without adequate thermal control can raise this to roughly 8-15%
per 100 cycles and can shorten usable cycle life by an order of 20-40% relative to slow
charging [95]. These figures are strongly dependent on cell chemistry, operating tempera-
ture, and the state-of-charge window, and they improve markedly when fast charging is
combined with active cooling and adaptive current tapering at high states of charge [96-98].
The technical trade-offs among different charging technologies are summarized in Table 2,
which compares charging power ranges, typical charging times, conversion efficiencies,
grid impacts, and associated technical challenges [99]. As shown in Table 2, AC home
and workplace charging impose relatively low grid stress, whereas DC fast and ultra-fast
charging systems require substantial grid capacity and advanced thermal management
strategies. Ultra-fast charging technologies delivering power levels above 350 kW can
reduce charging times to less than 15 min, but they also create substantial peak demand
and require significant infrastructure investment, including high-capacity transformers
and energy buffering systems.

Because of these challenges, recent research has focused on the development of ad-
vanced charging algorithms that optimize charging processes while minimizing battery
degradation. Intelligent charging strategies dynamically adjust voltage and current pro-
files according to battery state-of-charge (SOC), temperature, and state-of-health (SOH)
in order to reduce electrochemical stress during high-power charging [88]. Techniques
such as pulse charging and multi-stage adaptive charging protocols have demonstrated
the potential to improve charging efficiency and extend battery lifespan while maintaining
acceptable charging durations [100]. These developments highlight that charging infrastruc-
ture performance cannot be evaluated solely in terms of charging speed; instead, a balanced
optimization between charging time, battery health, and grid impact is required.

In addition to plug-in charging technologies, wireless power transfer (WPT) has
emerged as an alternative approach to improving user convenience and enabling automated
charging systems. Wireless charging systems transfer electrical energy through magnetic
resonance coupling between transmitter and receiver coils, eliminating the need for physical
connectors. The fundamental architecture of a wireless EV charging system is illustrated
in Figure 2, which shows the main components, including the power conversion stages,
compensation circuits, and inductive coupling interface between the charging pad and the
vehicle receiver [101]. Wireless charging enables convenient and automated energy transfer,
particularly for urban environments and autonomous vehicle systems where manual cable
connections may be impractical. The compensation network that tunes the coupled coils
strongly influences efficiency and tolerance to coil misalignment, and the choice of topology
is therefore application-dependent. The series—series (SS) topology is widely used for
fixed-geometry stationary charging because its compensation capacitors are independent of
the coupling coefficient and load, giving a simple, efficient design when alignment is well
controlled. Series—parallel (SP) and parallel-based topologies provide a more load-tolerant
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output but are more sensitive to coupling variation. Higher-order topologies such as LCC
and LCL networks, although more complex and costly, maintain a near-constant output
current and higher efficiency over a wider range of misalignment and air-gap variation,
which makes them the preferred choice for dynamic and quasi-dynamic charging, where
the relative position of the coils changes continuously [102].
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Figure 2. Architecture of an inductive wireless charging system for electric vehicles showing the
power conversion stages, compensation circuits, transmitter and receiver coils, and DC output
charging module. Adapted from Palani et al., Energies, 2023, 16, 2138 [90].

Wireless charging technologies can be implemented under several operational configu-
rations depending on infrastructure design and vehicle motion. The main wireless charging
modes are illustrated in Figure 3, including static wireless charging (SWC), quasi-dynamic
wireless charging (QWC), and dynamic wireless charging (DWC) [90]. Static wireless
charging occurs when vehicles are parked over charging pads, similar to conventional
stationary charging systems. Quasi-dynamic charging allows energy transfer during short
stops, such as traffic signals or bus stops, while dynamic wireless charging enables vehicles
to receive energy while driving over electrified road segments. Although dynamic charging
systems have the potential to reduce onboard battery capacity requirements and extend
driving range, they currently face substantial technical and economic challenges, including
infrastructure costs, electromagnetic compatibility issues, and energy transfer efficiency
limitations [91]. In summary, of the three modes, SWC is the most technologically mature
and lowest in cost, QWC offers opportunistic energy top-ups at stops with moderate added
complexity, and DWC is the least mature but offers the greatest potential to shrink on-
board battery size, with infrastructure cost and electromagnetic compatibility remaining its
principal barriers to deployment.

Another promising approach to rapid EV energy replenishment is battery swapping
technology, which replaces depleted battery packs with fully charged units at dedicated
stations. In battery swapping systems, the vehicle battery is mechanically removed and
replaced within a few minutes, effectively decoupling vehicle utilization from charging
time [92]. This approach is particularly attractive for commercial fleets, ride-sharing
services, and public transportation systems where minimizing downtime is critical. Bat-
tery swapping is also included in Table 2, highlighting its extremely short refueling time
compared with conventional charging methods. However, several challenges hinder
widespread implementation, including battery standardization, automated handling re-
liability, and the logistics of managing large inventories of battery packs [93,94]. Beyond
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charging hardware technologies, the spatial distribution and planning of charging infras-
tructure play an essential role in supporting EV adoption. Charging stations must be
strategically located based on traffic density, travel patterns, and grid accessibility in or-
der to ensure adequate coverage and minimize infrastructure costs. Studies have shown
that optimal placement of charging stations can significantly improve network efficiency
while reducing congestion and improving accessibility for EV users [95-98]. For example,
fast-charging stations along major transportation corridors support long-distance travel,
while residential and workplace charging infrastructure enables routine daily charging. As
EV penetration increases, unmanaged charging behavior can create significant stress on
electrical distribution networks. Large numbers of EVs charging simultaneously during
peak demand periods can lead to voltage fluctuations, transformer overloading, and local-
ized grid congestion. These impacts are illustrated conceptually in Figure 4, which presents
the relationship between different EV charging technologies and daily power demand pro-
files [26]. The figure highlights how uncoordinated fast charging can significantly increase
peak electricity demand, whereas coordinated smart charging strategies can shift charging
loads to periods of lower demand.

oogo“‘goo

* & 2 : : < £ < _m

Figure 3. Types of wireless electric vehicle charging systems, including static wireless charging
(SWCQ), quasi-dynamic wireless charging (QWC), and dynamic wireless charging (DWC). Adapted
from Palani et al., Energies, 2023, 16, 2138 [90].

To address these challenges, smart charging strategies have emerged as a key compo-
nent of modern EV energy systems. Smart charging enables bidirectional communication
between EVs, charging stations, and grid operators to dynamically schedule charging
activities based on electricity prices, grid conditions, and renewable energy availability [99].
Advanced control algorithms employing artificial intelligence, machine learning, and pre-
dictive optimization techniques are being developed to coordinate charging schedules
across large EV fleets while accounting for user mobility requirements and grid stability
constraints [100]. These approaches can reduce peak demand, improve renewable energy
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utilization, and enhance overall energy system efficiency. Furthermore, bidirectional energy
transfer technologies enable EV batteries to act as distributed energy storage resources [101].

Table 2. Comparison of electric vehicle charging technologies in terms of power rating, typical
charging time, conversion efficiency, grid impact, and key technical challenges, illustrating trade-offs
between charging speed, infrastructure demand, and system reliability.

Charging Technology Power Range _}Zﬂl:al Charging ::;/ff)laency Grid Impact Main Challenges
()

AC Home [102] 3-7kW 6-12h 90 Low Slow for long-range EVs

AC Workplace [103] 7-22 kW 3-8h 90 Low Infrastructure cost

DC Fast [104] 50-350 kW 10-30 min 90-95 High Thermal stress, battery
degradation

Wireless Charging [105] 7-50 kW 30 min-6 h 8090 Moderate Coupling efficiency

Battery Swapping N/A 3-5 min N/A Moderate Standarc}lzatlon,
automation

Ultra-Fast DC [106] 350-500 kW 5-15min 85-90 Very High Battery heating,
infrastructure

Hybrid AC/DC [107] 22-150 kW 1-6h 88-92 Moderate Cost, grid coordination

Solar-Powered 3-50 kW 4-12h 75-85 Low Intermittent generation

Charging [108]

Note: AC = alternating current; DC = direct current.

Vehicle-to-grid (V2G) and vehicle-to-home (V2H) systems allow EVs to supply elec-
tricity back to the grid or local loads during periods of high demand. The integration
of charging strategies with grid-interactive capabilities is summarized in Table 3, which
presents representative research studies combining advanced battery technologies, charg-
ing strategies, and grid integration mechanisms such as V2G and virtual power plants
(VPPs) [109-117]. As shown in Table 3, coordinated charging and bidirectional energy
exchange can reduce peak demand, improve renewable energy integration, and enhance
the environmental performance of EV systems.

Despite substantial technological progress, several challenges remain in the develop-
ment of scalable and resilient EV charging infrastructure. These challenges include un-
derstanding the long-term impacts of ultra-fast charging on advanced battery chemistries,
integrating wireless charging and battery swapping technologies with conventional infras-
tructure, and developing unified control frameworks capable of managing heterogeneous
EV fleets and distributed energy resources [109]. Future research should therefore focus on
the holistic co-optimization of battery performance, charging infrastructure deployment,
grid interaction mechanisms, and user behavior in order to maximize system efficiency
and sustainability. By combining intelligent charging algorithms, renewable energy in-
tegration, and advanced grid coordination mechanisms, EV charging infrastructure can
evolve from a potential bottleneck into a key enabling technology for large-scale sustainable
electric mobility.

Current limitations and open research challenges. The principal limitation of current
charging technology is the tension between ever-higher charging power and its conse-
quences for battery degradation, grid loading, and installation cost. Ultra-fast charging
accelerates aging and stresses local infrastructure, wireless charging still trails wired sys-
tems in efficiency and standardization, and battery swapping faces pack-standardization
and business-model barriers. Key open challenges include establishing interoperable high-
power standards, co-designing charging protocols with battery thermal limits, and ensuring
that charging deployment does not outpace distribution-network reinforcement.
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Figure 4. Conceptual framework of EV charging infrastructure and its impact on grid demand.

(a) Flowchart illustrating major EV charging approaches: conventional AC, DC fast, and ultra-fast

charging and their integration with smart charging solutions, renewable energy sources, battery

swapping networks, and bidirectional energy flow concepts (V2G/V2H). (b) Representative daily

power demand profiles for residential, workplace, and fast charging, highlighting peak demand

periods and associated grid stress resulting from uncoordinated high-power charging.

Table 3. Summary of representative research studies integrating advanced battery technologies with

charging strategies and grid-interactive schemes (V2G/V2H/VPP), highlighting key electrochemical

performance outcomes and associated environmental or life-cycle assessment (LCA) insights.

Battery . Grid S Environmental/

Research Work Technology Charging Strategy Integration/V2G Key Findings LCA Insights

Fast charging may
- V2G frequency degrade battery; 35% GHG

Zhangetal. [110] ~ NMC811 Li-ion DC fast regulation predictive BMS reduction vs. ICE
improves life
High energy

Ye etal. [111] Solid-state Li AC Bidirectional V2G density, stable Lower b'atte.ry

home/workplace cycle life production impact
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Table 3. Cont.
Battery . Grid g Environmental/
Research Work Technology Charging Strategy Integration/V2G Key Findings LCA Insights
Fleet Reduced peak Moderate LCA
Kumar et al. [112] LFP Li-ion Wireless . load; user impact; renewable
aggregation/ VPP . . .
convenience integration
High energy . .
o High potential
Liangetal. [113]  Li-S DC fast +smart g1y density: thermal - o1y Vings if
charging management
needed renewable
Resource-friendly; Lower resource
Chen et al. [114] Na-ion AC + swapping Grid smoothing moderate energy .
) depletion
density
. Fast charging
Singh et al. [115] NCA Li-ion Ultra-fast DC VZG. ancillary feasible with BMS Mo.de.r ate
services emissions
control
He et al. [116] LiFePO,-C AC V2G frequency + Stable, long-life 20-30 /.0 LCA
peak battery reduction
High energy Moderate
Khan et al. [36] High-Ni Li-ion ggrfais; + smart Fleet VPP density, moderate environmental
smns degradation impact
Park et al. [117] Solid-state Li Wireless V2H, ren ewable Longer cycle life; LO.W GHG with
smoothing thermal stable grid renewables

Note: V2G = vehicle-to-grid; V2H = vehicle-to-home; VPP = virtual power plant; LCA = life-
cycle assessment.

4. Vehicle-to-Grid, Smart Grid Integration, and Grid Synergies

The increasing penetration of electric vehicles (EVs) has introduced new opportunities
for transforming the structure and operation of modern electrical power systems. Tra-
ditionally, vehicles have been considered passive energy consumers; however, with the
advancement of bidirectional charging technologies and intelligent energy management
systems, EVs are increasingly viewed as distributed energy resources capable of actively
supporting grid stability and renewable energy integration [118,119]. This transformation
is particularly significant in the context of smart grid development, where digital communi-
cation, advanced control algorithms, and distributed energy resources enable more flexible
and resilient power systems. Vehicle-to-grid (V2G) technology enables bidirectional energy
flow between EV batteries and the electrical grid, allowing EVs to both consume electricity
during charging and return stored energy when needed. Through this bidirectional inter-
action, EVs can function as mobile energy storage units capable of providing a range of
grid-support services such as frequency regulation, voltage support, peak load reduction,
and demand response [120]. The conceptual architecture of a V2G system interaction
between EV batteries, charging infrastructure, residential energy systems, and the utility
grid. In such systems, power electronic converters manage the bidirectional transfer of
electricity while maintaining battery safety and performance. Communication networks
coordinate charging and discharging operations through grid control signals and energy
management algorithms [121].

The integration of EVs with the power grid offers significant opportunities for enhanc-
ing the flexibility of energy systems with high penetration of renewable energy sources.
Renewable energy technologies such as solar photovoltaics and wind power are inher-
ently intermittent and can create imbalances between electricity supply and demand. EV
batteries can help mitigate this variability by storing excess renewable electricity during
periods of high generation and supplying energy back to the grid during peak demand
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periods [122,123]. In this way, coordinated EV charging and discharging can contribute
to load balancing and reduce reliance on fossil-fuel-based peaking power plants. Smart
grid technologies play a crucial role in enabling this coordinated interaction between EVs
and power systems. Smart grids incorporate real-time monitoring, digital communication
networks, and advanced control strategies to optimize electricity distribution and con-
sumption [124,125]. Within this framework, EV charging can be dynamically scheduled
based on grid conditions, electricity prices, and renewable energy availability. Advanced
control approaches such as model predictive control, machine learning algorithms, and
heuristic optimization techniques have been developed to coordinate charging schedules
for large EV fleets while considering factors such as battery state-of-charge, user mobility
requirements, and grid capacity constraints [126,127].

Standardized communication protocols also play an important role in facilitating seam-
less integration between EVs and smart grid systems. Protocols enable secure communica-
tion between EVs, charging stations, and grid operators, allowing automated authentication,
energy management, and bidirectional power exchange [128,129]. Such standardization
is essential for scaling vehicle-grid interaction technologies beyond experimental pilot
projects toward widespread deployment.

The impact of EV charging on electrical distribution networks is strongly influenced
by the spatial and temporal patterns of charging demand. Uncoordinated charging of
large EV fleets can lead to substantial increases in peak electricity demand, transformer
overloading, and voltage fluctuations within local distribution networks [130]. These chal-
lenges are particularly pronounced in urban areas with high EV adoption and limited grid
capacity. However, coordinated charging strategies that schedule charging activities during
off-peak hours can significantly reduce these impacts and improve overall grid efficiency.
Simulation studies and field trials have demonstrated that coordinated charging strategies,
when combined with stationary energy storage and distributed renewable generation, can
significantly reduce peak demand and improve grid reliability. The grid-support services
that EVs can provide through V2G and smart charging are summarized in Table 4, which
highlights key operational mechanisms, reported grid impacts, and associated technical
challenges [131]. For example, EVs can participate in frequency regulation services by
rapidly adjusting charging or discharging rates to maintain system frequency stability. Sim-
ilarly, peak shaving strategies can reduce electricity demand during peak hours by shifting
EV charging to off-peak periods or discharging stored energy back to the grid. To convey
the practical scale involved, a single vehicle interfaced through a typical bidirectional
charger contributes only about 7-11 kW, so delivering 1 MW of aggregated frequency-
regulation capacity requires on the order of 100-150 such vehicles available simultaneously
(or substantially fewer if higher-power DC chargers are used) [132-135]. Because only a
fraction of an aggregated fleet is plugged in and available at any instant, the registered
fleet typically needs to be several times larger than this committed capacity. The principal
ancillary services can also be compared quantitatively: frequency regulation requires sub-
second to few-second response and is the most valuable but most cycling-intensive service;
voltage support, delivered through reactive-power injection, acts on a similar timescale to
stabilize local voltage within roughly £5%; peak shaving and demand response operate on
minute-to-hour timescales and can reduce local peak demand by approximately 10-30%;
and renewable smoothing buffers fluctuations on second-to-minute timescales, improving
renewable utilization by an estimated 15-25%. These indicative power ranges, response
times, and grid benefits are summarized in Table 4.
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Table 4. Key grid-support functions enabled by electric vehicles through V2G and smart charg-
ing mechanisms, describing underlying operational principles, reported grid-level impacts, and
associated technical and operational challenges.

Parameter Description/Mechanism Reported Impact Key Challenges
. EVs supply energy to Battery cycling,
Frequency regulation [135] stabilize grid frequency +0.05 Hz participation
Shifting

Peak shaving [136]

10-30% peak load

charging/discharging Aggregation control

during peaks reduction
Bidirectional flow o e s
Voltage support [137] L £5% stabilization Inverter coordination
maintains voltage
Renewable smoothing [138] Store excess PV /wind .15_25 o .1mproved Forecast errors
energy integration
EV Fleet VPP [139] Aggregated EVs actas Scalable grid services Standard1zf’;1t1on,
virtual power plant cybersecurity
Demand response [140] EVs a.d]ust charging in Reduces peak User compliance
real-time
Ancillary services [141] Provide reactive power Improved grid stability =~ Communication latency
Emergency backup [142] Eﬁi;:fply energy m Short-term resilience Battery state management

Impact of High EV Penetration on Distribution Transformers and Low-Voltage Networks

While the preceding discussion focuses on system-level grid services, high local EV
penetration also imposes distinct stresses at the distribution level that have been high-
lighted in the recent literature. Clustered, uncoordinated residential charging particularly
the simultaneous evening connection of several vehicles on the same feeder can drive
distribution transformers beyond their rated loading, raising hot-spot temperatures and
accelerating insulation aging; studies report that such conditions can measurably shorten
transformer loss-of-life when peak charging coincides with the existing demand peak. In
low-voltage feeders, the additional current draw causes increased voltage drop and can
push end-of-feeder voltages below statutory limits, while single-phase home chargers dis-
tributed unevenly across phases aggravate phase unbalance and neutral-conductor loading.
High-power and harmonically rich charger front-ends can also raise total harmonic distor-
tion if power-quality standards are not enforced. Reported mitigation measures include
coordinated and smart charging to flatten the local load profile, phase-balancing and on-
load tap-changer control, targeted transformer reinforcement, and the deployment of local
stationary storage to decouple charging peaks from feeder limits. These distribution-level
considerations are an essential complement to the bulk-system services summarized in
Table 4, since the practical hosting capacity for EVs is frequently constrained first at the
transformer and feeder level rather than at the transmission level.

Voltage regulation is another important application of EV-grid interaction. Through
bidirectional inverters, EV batteries can supply or absorb reactive power to stabilize voltage
levels within distribution networks [137]. Additionally, EV fleets can be aggregated and
managed as virtual power plants (VPPs), enabling grid operators to coordinate large
numbers of distributed batteries as a single controllable energy resource. As shown in
Table 4, aggregated EV fleets can provide scalable grid services, including congestion
management, demand response, and renewable energy smoothing [139]. Recent research
has also explored the integration of artificial intelligence and predictive analytics into EV-
grid coordination systems. Machine learning and reinforcement learning algorithms have
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been applied to optimize charging schedules, forecast electricity demand, and coordinate
distributed energy resources within smart grids [132,133]. Recent work has sharpened
these methods on both the battery and the fleet side. On the battery side, reduced-order
electrochemical models identified under periodic excitation have clarified the dominant
degradation mechanisms that govern how repeated grid-service cycling ages Li-ion cells,
providing the cell-level basis needed to bound safe V2G duty cycles [136]. On the fleet side,
reinforcement-learning controllers have been developed that let an electric-bus charging
station bid economically into vehicle-to-grid markets while respecting battery and schedule
constraints [137], and related scheduling formulations have shown that charging and
discharging can be co-optimized with on-site photovoltaic generation to reduce both grid
stress and energy cost in PV-rich distribution networks [138]. Together these studies
illustrate a shift from rule-based coordination toward data-driven controllers that explicitly
trade off battery health, user constraints, and grid-service revenue. These advanced control
techniques allow energy systems to dynamically adapt to fluctuations in renewable energy
generation and electricity demand while maintaining grid stability. Another promising
research direction involves the integration of EV energy storage with building energy
management systems and distributed renewable energy generation. In such integrated
systems, EV batteries can store excess solar energy generated by rooftop photovoltaic
installations and supply electricity to residential or commercial loads during periods of
high demand [134]. This concept, often referred to as vehicle-to-home (V2H) or vehicle-to-
building (V2B) integration, enables EVs to participate in broader sector coupling strategies
that connect transportation, electricity, and building energy systems.

Despite the significant potential of V2G and smart grid integration, several technical
and economic challenges remain. One of the primary concerns is the impact of bidirectional
charging on battery degradation. Frequent charging and discharging cycles associated with
grid services may accelerate battery aging if not properly managed [139-143]. Therefore,
advanced battery health monitoring and control strategies are required to ensure that
participation in grid services does not significantly reduce battery lifespan. Cybersecurity
also represents a critical challenge for EV-grid integration systems. Because smart charging
infrastructure relies on digital communication networks, these systems may be vulnera-
ble to cyberattacks that could disrupt electricity supply or compromise user data [144].
Ensuring secure communication protocols and robust system architectures is therefore
essential for protecting smart grid infrastructure. Several concrete mitigation frameworks
are now being investigated. At the protocol level, the Plug-and-Charge mechanism uses
a public-key infrastructure with X.509 certificates to authenticate vehicles and charging
stations automatically, and ongoing enhancements to the standard focus on certificate
lifecycle management and TLS-based session security to close known authentication and
man-in-the-middle weaknesses. At the architecture level, zero-trust designs that authen-
ticate and continuously verify every device, message, and session, rather than trusting
any node inside the network perimeter, are being adapted to charging networks to limit
the lateral movement of an attacker who compromises a single charger or aggregator.
Distributed-ledger (blockchain) approaches have likewise been proposed to secure V2G
transactions and energy-trading settlement, providing tamper-evident metering and de-
centralized authentication that reduces reliance on a single trusted operator at the cost of
additional latency and computational overhead. Reported incidents and red-team case
studies, including demonstrated vulnerabilities in public charging stations and in the Open
Charge Point Protocol used between chargers and back-end management systems, under-
line that these defenses must be evaluated against realistic attack models rather than treated
as purely theoretical. A balanced assessment therefore suggests that no single measure
is sufficient: layered defense combining standardized secure communication, zero-trust

https://doi.org/10.3390/en19173991


https://doi.org/10.3390/en19173991

Energies 2026, 19, 3991

17 of 34

segmentation, and auditable transaction records is required, and the residual latency and
cost of these measures must be weighed against their security benefit when designing large-
scale deployments. Furthermore, economic and regulatory frameworks for compensating
EV owners for providing grid services remain underdeveloped in many regions. Without
appropriate market incentives, EV users may have limited motivation to participate in V2G
programs [145]. Policymakers must therefore develop regulatory structures that support
fair compensation mechanisms, encourage participation, and ensure interoperability across
different charging networks. Future research should focus on the development of inte-
grated energy management frameworks that simultaneously consider battery health, grid
stability, user mobility patterns, and economic incentives. By combining predictive grid
analytics, intelligent control algorithms, and advanced communication systems, EVs can
evolve from passive transportation devices into active components of intelligent energy
systems. Ultimately, the integration of EVs with smart grids represents a transformative
opportunity for energy system decarbonization. When effectively coordinated, EV fleets
can provide valuable grid services, facilitate renewable energy integration, and enhance
the overall resilience of electricity networks, thereby supporting the transition toward
sustainable and intelligent energy systems.

Current limitations and open research challenges. V2G and smart charging offer valu-
able flexibility and grid-support services, their large-scale realization remains constrained
by several unresolved issues: uncertainty over the additional battery degradation caused by
frequent bidirectional cycling and its effect on user economics, the absence of harmonized
interoperability standards and market mechanisms to remunerate aggregated flexibility, cy-
bersecurity and privacy risks in large charger populations, and distribution-level constraints
(transformer loading, voltage, unbalance, and harmonics) that frequently limit hosting
capacity before transmission-level benefits can be captured. Resolving these will require
coordinated advances in control algorithms, standardization, and regulatory frameworks.

5. Environmental and Life Cycle Assessment of Electric Vehicles

Evaluating the environmental sustainability of electric vehicles (EVs) requires a com-
prehensive life cycle perspective that considers impacts across all stages of production,
operation, and end-of-life management. Unlike conventional internal combustion engine
(ICE) vehicles, EVs produce no tailpipe emissions during operation; however, their overall
environmental performance depends heavily on upstream processes such as raw material
extraction, battery manufacturing, electricity generation, and battery recycling. Conse-
quently, life cycle assessment (LCA) has become an essential analytical framework for
evaluating the true environmental benefits of EV technologies [146]. Life cycle assessments
typically divide EV environmental impacts into several major stages: raw material extrac-
tion, vehicle and battery manufacturing, operational energy consumption, and end-of-life
management. Each of these stages contributes differently to the overall environmental
footprint of EV systems. Raw material extraction represents a particularly important stage
because lithium-ion batteries require several critical metals, including lithium, cobalt, nickel,
and manganese. The extraction and processing of these materials involve energy-intensive
mining and refining operations that can generate significant greenhouse gas emissions and
environmental impacts [147].

Battery manufacturing is widely recognized as one of the most energy-intensive phases
of EV production. Lithium-ion battery production involves several high-temperature and
energy-consuming processes, including electrode synthesis, solvent-based coating, cell
assembly, and formation cycling [148,149]. These processes require substantial electricity
and thermal energy inputs, which can contribute significantly to life cycle greenhouse
gas emissions depending on the carbon intensity of the electricity supply used during
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manufacturing. Recent studies estimate that battery production alone may account for
approximately 40-50% of total EV life-cycle emissions for mid-size battery electric vehi-
cles, particularly when manufacturing occurs in regions with carbon-intensive electricity
generation [150-153]. These findings highlight the importance of decarbonizing battery
manufacturing processes and improving energy efficiency within battery production facili-
ties. Despite the environmental impacts associated with battery production, the operational
phase of EVs generally provides significant environmental advantages compared with
conventional ICE vehicles. Electric powertrains exhibit higher energy efficiency than
combustion engines, converting a larger proportion of input energy into useful vehicle
motion [154]. In addition, regenerative braking systems recover kinetic energy during de-
celeration, further improving overall energy efficiency [155,156]. As a result, EVs typically
require significantly less energy per kilometer compared with gasoline or diesel vehicles.

The environmental benefits of EV operation depend strongly on the electricity genera-
tion mix used to charge vehicles. When EVs are charged using electricity generated from
renewable or low-carbon sources, substantial reductions in greenhouse gas emissions can
be achieved. Life cycle studies indicate that battery electric vehicles powered by electricity
systems with more than 60% renewable energy penetration can achieve greenhouse gas
reductions of approximately 50-70% relative to conventional vehicles [157,158]. Conversely,
when EVs are charged in regions where electricity generation relies heavily on coal-based
power plants, the overall emissions advantage may be reduced. This highlights the im-
portance of simultaneous decarbonization of both transportation and electricity sectors.
The magnitude of this regional effect is considerable and should be treated as a primary
determinant of EV sustainability rather than a secondary caveat. In grids dominated by
hydro, nuclear, or high-renewable generation (for example, Norway, France, or Sweden),
the operational carbon intensity of charging is very low and the manufacturing-phase
emissions are recovered after a relatively short distance of driving. In carbon-intensive
grids that remain heavily coal-based (for example, parts of India, China, Poland, or coal-
reliant regions of the United States), the higher charging emissions lengthen this break-even
distance substantially and, in the most carbon-intensive cases, can narrow the life-cycle
advantage over efficient hybrids to a small margin. Because grids are also decarbonizing
over a vehicle’s lifetime, time-resolved and marginal-emission accounting, rather than a
single average grid factor, gives a more accurate picture of realized benefits [159]. Lithium-
ion batteries degrade gradually during operation due to electrochemical and mechanical
processes such as electrolyte decomposition, active material loss, and structural changes in
electrode materials. When battery capacity falls below acceptable thresholds for automotive
use, end-of-life management strategies become necessary to recover valuable materials and
minimize environmental impacts. A comprehensive overview of EV battery end-of-life
management shows the workflow for battery pack removal, cell disassembly, safety screen-
ing, and subsequent pathways for second-life utilization or recycling [160]. In second-life
applications, partially degraded EV batteries can be repurposed for stationary energy
storage systems that support renewable energy integration or provide backup power for
buildings and micro-grids. These applications allow the remaining battery capacity to be
utilized before final recycling.

Battery recycling technologies play a crucial role in improving the sustainability of
EV systems. Hydrometallurgical recycling processes are widely used to recover valu-
able metals such as lithium, cobalt, nickel, and manganese from spent batteries through
chemical leaching and selective precipitation processes [159-161]. Emerging direct recy-
cling techniques have also been proposed to regenerate cathode materials while reducing
energy consumption and processing complexity. By recovering valuable materials and
reducing the need for new mining activities, recycling processes can significantly reduce
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environmental impacts associated with battery production. The environmental implica-
tions of these life cycle stages are summarized in Table 5, which compares the life cycle
environmental performance of conventional ICE vehicles and EVs using lithium-ion and
solid-state batteries.

Table 5.
hicles and electric vehicles (EVs) with Li-ion and solid-state batteries, summarizing environ-

Comparative life-cycle assessment (LCA) of internal combustion engine (ICE) ve-

mental impacts across major life-cycle stages and the dominant mechanisms governing overall
sustainability performance.

EV (Solid-State)

Life Cycle Stage ICE Vehicle Impact EV (Li-Ion) Impact Impact Key Mechanisms

Raw material High GHG, resource Moderate GHG, high Moderate, less critical Mining, electrode

extraction [159] depletion energy for battery metals processing

Manufacturing [160] Moderate GHG High due to battery Very hlgh . Cell assembly
assembly energy-intensive

Operation [161]

Fuel combustion
emissions

Lower if renewables
integrated

Grid-dependent

. Electricity source
emissions

End-of-life [162]

Limited reuse

Potential circular
economy

10-15% GHG reduction
via recycling

Hydrometallurgy,
second life

Total LCA [163] Baseline 30-50% lower than ICE  40-60% lower Full hfe(‘:ycle
integration

Battery transport [164]  Minor Moderate Moderate Logistics energy

Maintenance [165] Medium Low Low Fewer fluids and parts

Grid N/A Reduce operational Greater benefits with Grid integration

decarbonization [166]

GHG low-carbon electricity

As shown in Table 5, EVs generally exhibit 30-50% lower total life cycle greenhouse
gas emissions compared with ICE vehicles, primarily due to the absence of combustion
emissions during vehicle operation [163]. Furthermore, next-generation battery technolo-
gies such as solid-state batteries may provide even greater environmental benefits by
reducing the use of critical metals and improving overall battery efficiency. It should be
emphasized, however, that the solid-state figures reported in Table 5, including the 40-60%
lower total life-cycle impact relative to ICE vehicles, are largely prospective rather than
empirical. Because solid-state batteries remain in the pre-commercial to early-commercial
phase, their life-cycle inventories are derived chiefly from predictive process modeling and
laboratory- or pilot-scale data rather than from at-scale manufacturing. The energy required
to mass-produce solid electrolytes and to operate the high-pressure, controlled-atmosphere
processing steps that solid-state cells currently demand is highly uncertain and could be
substantially higher than today’s estimates assume; conversely, anticipated gains in energy
density and cycle life may reduce per-kWh impacts once yields improve. These projected
values should therefore be interpreted as indicative ranges that are sensitive to future
manufacturing pathways, and they will require revision as verified at-scale production
data become available. However, life cycle assessments also reveal that EV sustainabil-
ity is influenced by several additional environmental indicators beyond greenhouse gas
emissions. These include resource depletion, water consumption, land use, and potential
human health impacts associated with mining and battery manufacturing. For example,
cobalt extraction has been associated with environmental and ethical concerns related to
mining practices and supply chain transparency. Consequently, battery researchers and
manufacturers are increasingly exploring alternative chemistries that reduce or eliminate
cobalt content, such as high-nickel cathodes and lithium iron phosphate batteries.
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Recent advances in life cycle assessment methodologies have therefore expanded
beyond single-metric carbon footprint analysis to incorporate multi-criteria sustainability
indicators. These approaches consider broader environmental and socio-economic im-
pacts, including resource circularity, energy return on investment, and human toxicity
potential [160-162]. Such comprehensive assessments enable more balanced evaluations of
competing battery technologies and vehicle designs. The integration of battery recycling
and second-life applications into EV energy systems offers additional opportunities to
reduce environmental impacts. Studies suggest that incorporating these circular economy
strategies can reduce life cycle greenhouse gas emissions by approximately 10-15% while
also reducing demand for newly mined raw materials [163-165]. These strategies not only
improve environmental sustainability but also enhance the economic viability of EV battery
supply chains by recovering valuable materials. Future research should therefore focus on
integrating low-carbon battery manufacturing processes, advanced recycling technologies,
and sustainable material sourcing strategies into EV production systems [166]. In addition,
improvements in predictive battery degradation modeling and battery health monitoring
systems can help optimize battery utilization and extend operational lifetimes. By com-
bining technological innovation with circular economy principles, EV systems can achieve
substantial reductions in environmental impacts while supporting the global transition
toward sustainable transportation.

6. Policy, Economics, and Market Dynamics

The global transition toward electric mobility is shaped not only by technological
advancements but also by policy frameworks, economic incentives, and market dynamics
that influence consumer behavior and industrial investment. Government regulations and
economic instruments play a crucial role in accelerating the adoption of electric vehicles
(EVs) by reducing financial barriers, supporting infrastructure development, and promot-
ing sustainable energy transitions [167-169]. As a result, effective policy design has become
a central element in national and regional strategies aimed at reducing greenhouse gas
emissions from the transportation sector. Policy mechanisms supporting EV adoption can
generally be categorized into financial incentives, regulatory frameworks, infrastructure de-
velopment programs, and market-based instruments. Financial incentives such as purchase
subsidies, tax rebates, and reduced registration fees directly reduce the upfront cost of
EVs, thereby improving their competitiveness relative to conventional internal combustion
engine (ICE) vehicles [170-172]. Since battery costs represent a substantial portion of EV
manufacturing expenses, these incentives can significantly influence consumer purchasing
decisions, particularly during the early stages of market development. Economic analyses
indicate that battery production accounts for approximately 30-50% of the total cost of
electric vehicles, making it the dominant factor affecting EV affordability [173]. However,
technological learning effects, improvements in manufacturing processes, and large-scale
production have significantly reduced battery costs over the past decade. Mechanistic
models based on learning-curve theory suggest that battery costs could decline by 20-40%
over the next decade as production capacity expands and supply chains mature [174]. Such
cost reductions are expected to bring EV prices closer to parity with conventional vehicles,
reducing the need for long-term government subsidies.

In addition to purchase incentives, the total cost of ownership (TCO) plays an impor-
tant role in determining the economic attractiveness of EVs. The TCO includes factors
such as vehicle purchase price, electricity costs, maintenance expenses, and resale value.
Because EVs contain fewer moving parts than combustion vehicles, maintenance costs are
typically lower, and operational expenses may also be reduced due to the lower price of
electricity relative to gasoline or diesel fuels. Several studies have shown that the initial
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price premium of EVs can often be recovered within four to six years, depending on driving
patterns, electricity tariffs, and battery durability [175]. Charging infrastructure availability
also strongly influences EV adoption rates. A lack of accessible charging stations can
discourage consumers from purchasing EVs due to concerns related to driving range and
charging convenience. This phenomenon, commonly referred to as range anxiety, remains
a significant barrier in regions with underdeveloped charging networks. Research indicates
that strategically deploying fast-charging stations along major transportation corridors
and expanding residential and workplace charging facilities can significantly improve
consumer confidence and accelerate EV adoption [176].

Market adoption of EVs is also influenced by social and behavioral factors. Consumer
awareness, environmental attitudes, and social influence often play a role in early adoption
patterns. Early adopters can generate network effects that stimulate further adoption
through increased public visibility and improved charging infrastructure availability. How-
ever, regional differences in income levels, energy prices, and infrastructure access can lead
to heterogeneous adoption patterns across different countries and urban environments.
In addition to financial incentives, regulatory measures such as low-emission zones, fuel
economy standards, and carbon pricing mechanisms are increasingly being implemented
to encourage electrification of transportation systems [177]. Low-emission zones restrict
access of high-polluting vehicles in urban areas, thereby incentivizing the adoption of
zero-emission vehicles such as EVs. Similarly, carbon pricing policies internalize envi-
ronmental costs associated with fossil fuel consumption, making electric mobility more
economically competitive.

Policy initiatives are also expanding beyond vehicle adoption to address sustainability
across the entire EV supply chain. Governments are increasingly implementing regulations
related to battery recycling, critical material sourcing, and second-life battery utilization
to support the development of circular battery economies. These measures aim to reduce
environmental impacts associated with raw material extraction while improving resource
efficiency and supply chain resilience. From an economic standpoint, the competitiveness
of the circular battery economy hinges on whether recovered materials can be supplied at or
below the cost of newly mined and refined feedstock. For low-value chemistries such as LFP,
by contrast, the recoverable metals (chiefly lithium and iron phosphate) carry far less value,
and conventional recycling is frequently not cost-competitive with primary supply unless
lithium prices are high or processing is supported by policy measures such as recycled-
content mandates, extended-producer-responsibility fees, or gate-fee structures; direct
cathode recycling, which preserves cathode structure and avoids re-synthesis, is a key route
being pursued to shift this balance [175-178]. The breakeven point is therefore sensitive to
volatile commodity prices, collection and logistics costs, and achievable recovery yields,
which is why several jurisdictions pair recycling targets with economic instruments rather
than relying on material value alone. Despite these supportive policies, several challenges
continue to affect EV market growth. High upfront costs, uncertainty regarding long-term
battery performance, limited grid capacity in some regions, and technology standardization
issues can slow adoption rates [178]. Addressing these challenges requires coordinated
policy approaches that integrate technological innovation, infrastructure development, and
economic incentives. An overview of major policy instruments and incentive mechanisms
influencing EV adoption is summarized in Table 6. The table presents common policy tools
such as purchase subsidies, tax rebates, low-emission zones, renewable energy mandates,
and infrastructure grants, along with their reported impacts on EV market adoption and
associated implementation challenges [179-186].
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Table 6. Overview of major policy instruments and incentive mechanisms influencing electric-vehicle
(EV) adoption, summarizing their reported impacts on market uptake alongside key implementation
challenges and limitations.

Policy/Incentive

Reported Effect on

Mechanism EV Adoption

Challenges/Limitations

Purchase subsidies [179]

Reduces upfront cost 15-40% adoption increase Budget constraints

Tax rebates [180]

Lowers annual cost 10-25% adoption increase Regional variability

Low-emission zones [181]

Restrict ICE vehicle access Incentivizes EV use Enforcement

Renewable mandates [182] Promotes low-carbon electricity Enhance EV benefits Grid readiness
Battery leasing [183] Reduces TCO Improves affordability Standardization
Second-life incentives [184] Encourages recycling Extends battery life Policy alignment

Infrastructure grants [82] Charging stations Faster adoption Funding allocation
Carbon credit [185] EV fleet credits 5-15% adoption increase Verification
Fleet electrification [186] Corporate incentives Large-scale uptake High upfront cost

As shown in Table 6, financial incentives can increase EV adoption rates by 15-40%
in early-stage markets, although long-term effectiveness depends on policy stability and
market maturity. In addition to direct incentives, innovative financial mechanisms are
emerging to reduce consumer risk and improve EV affordability. Examples include battery
leasing models, vehicle-as-a-service platforms, and dynamic electricity pricing schemes
that integrate EV charging with smart grid systems. These approaches allow consumers to
access electric mobility without bearing the full upfront cost of battery ownership while
also enabling participation in grid services such as demand response and vehicle-to-grid
programs. Looking forward, future policy development should focus on integrated strate-
gies that simultaneously address EV manufacturing, charging infrastructure expansion,
electricity system decarbonization, and sustainable material supply chains. Advanced
techno-economic modeling approaches that combine vehicle technology evolution, battery
cost projections, energy pricing scenarios, and policy interventions can provide valuable
insights for designing effective transition pathways. By aligning technological innovation
with supportive policy frameworks and economic incentives, governments and indus-
try stakeholders can accelerate the transition toward sustainable electric mobility while
ensuring that EV adoption contributes effectively to global climate mitigation goals.

7. Future Trends, Emerging Technologies, and Research Gaps

The rapid advancement of electric vehicle (EV) technologies, charging infrastructure,
and grid integration mechanisms has created new opportunities for transforming global
transportation systems. However, several technological, economic, and infrastructural
challenges must still be addressed to enable large-scale adoption of EVs and to fully re-
alize their potential for decarbonizing the transportation sector. The analysis presented
in the previous sections highlights several emerging trends and research directions that
will shape the future development of electric mobility systems. One of the most impor-
tant research directions involves the continued development of next-generation battery
technologies. While lithium-ion batteries currently dominate the EV market due to their
favorable balance between energy density, cost, and reliability (as summarized in Table 1),
further improvements are necessary to support longer driving ranges, faster charging
capabilities, and improved safety [187-190]. Emerging battery chemistries such as solid-
state batteries, lithium—sulfur batteries, and sodium-ion batteries are being investigated
as potential alternatives to conventional lithium-ion systems. Solid-state batteries offer
the possibility of significantly higher energy densities and improved thermal stability
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by replacing liquid electrolytes with solid ionic conductors [187]. However, challenges
related to electrode—electrolyte interface stability, dendrite formation, and manufacturing
scalability remain important barriers to commercialization. To provide a consolidated
view of how close these emerging options are to large-scale deployment, Table 7 assigns
an indicative Technology Readiness Level (TRL) band to each of the principal emerging
EV technologies and summarizes the major technical, economic, and regulatory barriers
that must be overcome. The TRL bands are indicative rather than absolute and vary by
region and developer, but they make clear that the technologies differ widely in maturity,
from near-commercial fast charging and battery swapping to still-developmental dynamic
wireless charging and solid-state batteries.

Table 7. Comparative assessment of emerging EV technologies, indicating approximate Technology
Readiness Level (TRL) and the principal technical, economic, and regulatory barriers to large-scale
deployment [188-192].

Technology

Major Technical/Economic/

Approx. TRL Development Status Regulatory Barriers

Grid capacity and transformer loading;
Commercial; deployment  thermal stress and accelerated battery

Fast/ultra-fast charging TRL 89 scaling degradation; high station and
connection cost

Static wireless charging TRL 7-8 Early commer- Lower efficiency than wired; coil

(SWQ) cial/demonstration alignment; standardization and cost

Dynamic wireless charging
(DWCQ)

Very high road-infrastructure cost;
TRL 4-6 Pilot/demonstration electromagnetic compatibility;
efficiency at speed; lack of standards

Pack standardization; large battery

. Commercial in specific inventory and capital;
Battery swapping TRL7-8 markets/fleets automated-handling reliability;
business-model fragmentation
Interfacial resistance and dendrites;
. . . stack-pressure management;
Solid-state batteries TRL 4-6 Prototype to pilot manufacturing yield and cost; parity
viewed as post-2030
Farlv commercial Lower energy density limits range;
Sodium-ion batteries TRL 7-8 Y ol supply-chain and cell-format maturity
production . .
still developing
Battery degradation from cycling;
V2G/VPP integration TRL 5-7 Pilots anc.l early immature compensation markets and
commercial programs regulation; cybersecurity;

interoperability and standards

Note: TRL = Technology Readiness Level (1 = basic principles; 9 = proven at commercial scale).

In parallel with battery chemistry innovation, advances in battery management sys-
tems (BMS) and predictive diagnostics are expected to play a critical role in improving
battery performance and durability. Machine learning algorithms and data-driven diagnos-
tic techniques are increasingly being used to predict battery degradation, optimize charging
strategies, and extend battery lifespan. Integrating such predictive models with real-time
monitoring systems can enable adaptive charging control that minimizes degradation
mechanisms such as lithium plating and thermal stress during high-power charging opera-
tions [191]. Another important research direction involves the development of ultra-fast
charging technologies and advanced charging infrastructure architectures. As discussed in
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Section 3, high-power charging systems can significantly reduce charging times but also in-
troduce challenges related to grid capacity, thermal management, and battery degradation.
Future charging infrastructure will likely integrate energy storage buffers, renewable en-
ergy generation, and intelligent load management systems to reduce peak grid demand and
improve overall system efficiency. Additionally, wireless charging technologies, illustrated
in Figures 2 and 3, may play an increasingly important role in enabling automated charging
solutions for autonomous vehicles and public transportation systems. The integration of
EVs with smart grid and vehicle-to-grid (V2G) technologies also represents a major area of
future research. As described in Section 4 EVs have the potential to function as distributed
energy storage resources capable of providing grid services such as frequency regulation,
demand response, and renewable energy balancing. Aggregated EV fleets can be coordi-
nated through virtual power plant (VPP) frameworks, enabling grid operators to manage
large numbers of distributed batteries as a unified energy resource [192]. However, several
challenges remain in optimizing these systems, including the development of standardized
communication protocols, ensuring cybersecurity of digital infrastructure, and managing
the impact of bidirectional charging on battery degradation. Table 8 Summarises of the
principal technical for high EV penetration in distribution networks, together with their
principal causes and the most proposed mitigation strategies.

Table 8. Summary of the principal technical issues reported in the literature for high EV pen-
etration in distribution networks, together with their principal causes and the most proposed
mitigation strategies.

Technical Issue

Principal Cause Commonly Proposed Mitigation Strategies

Distribution

Simultaneous uncoordinated

charging at the evening demand peak Coordinated /smart and time-of-use charging

to flatten local peaks; targeted transformer

transformer/feeder
overloading

on a shared feeder, raising hot-spot
temperature and accelerating
insulation loss-of-life

reinforcement; local stationary storage to
decouple charging peaks from feeder limits

Voltage drop/under-voltage

Additional feeder current from
clustered charging pushing
end-of-feeder voltages below
statutory limits

On-load tap-changer and voltage-regulator
control; reactive-power support via
bidirectional (V2G) inverters; feeder
upgrading and dynamic hosting-capacity
management

Phase unbalance and
neutral-conductor loading

Uneven distribution of single-phase
home chargers across the three
phases

Phase-balancing and phase reassignment;
three-phase charger deployment;
smart-charging control that accounts for
per-phase loading

Harmonic distortion

Harmonically rich power-electronic
charger front-ends injecting current
harmonics into the network

Enforcement of power-quality standards,
active and passive harmonic filtering; use of
high-power-factor active-front-end chargers

Another emerging research area involves the integration of EV energy storage with
distributed renewable energy systems and building energy management networks. Vehicle-
to-home (V2H) and vehicle-to-building (V2B) concepts enable EV batteries to supply
electricity to residential or commercial loads during periods of high demand. Such inte-
grated energy systems can increase renewable energy utilization and improve resilience
during power outages [193]. Future energy systems may therefore evolve toward highly
interconnected infrastructures where transportation, electricity generation, and building
energy systems operate in a coordinated manner. Environmental sustainability also remains
a critical consideration for future EV development. As discussed in Section 5, battery man-
ufacturing and raw material extraction currently contribute significantly to the life-cycle
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environmental footprint of EVs. Future research must therefore focus on low-carbon battery
manufacturing processes, sustainable material sourcing, and improved recycling technolo-
gies. Circular economy strategies, including second-life battery utilization and closed-loop
material recovery, can significantly reduce resource consumption and environmental im-
pacts [194]. The battery end-of-life management pathways how second-life applications
and advanced recycling processes can contribute to more sustainable EV supply chains.
Policy frameworks and economic incentives will also continue to influence the trajectory
of EV adoption. As summarized in Table 6, financial incentives, regulatory mechanisms,
and infrastructure development programs have played a crucial role in accelerating EV
market growth in many countries. However, future policy development must increasingly
focus on long-term sustainability rather than short-term adoption incentives. This includes
supporting battery recycling industries, ensuring ethical sourcing of critical materials,
and integrating EV deployment with broader energy system decarbonization strategies.
Despite significant progress in EV technology and infrastructure development, several
research gaps remain. One major gap involves understanding the long-term impacts of
ultra-fast charging and V2G operations on battery degradation and system reliability. More
comprehensive experimental and modeling studies are required to evaluate these impacts
under realistic operating conditions [195-197]. Additionally, the large-scale integration
of EVs into electrical grids requires improved models capable of predicting interactions
between charging demand, renewable energy variability, and power system stability.

Another important research challenge involves standardization and interoperability
across charging infrastructure and communication systems. Currently, multiple charging
standards and communication protocols exist, which can create compatibility challenges
for EV users and infrastructure providers. Developing globally standardized interfaces and
communication frameworks will be essential for enabling seamless EV charging experiences
and large-scale grid integration [198]. Finally, future EV research must increasingly adopt
multidisciplinary approaches that integrate technological, economic, and behavioral per-
spectives. The transition toward sustainable electric mobility involves complex interactions
among vehicle technology, infrastructure deployment, energy markets, consumer behavior,
and policy frameworks. Addressing these challenges will require collaborative research
efforts that combine expertise from engineering, energy systems analysis, economics, and
environmental science. Overall, the future development of EV systems will depend on the
successful integration of advanced battery technologies, intelligent charging infrastructure,
smart grid coordination, and sustainable material supply chains. By addressing the tech-
nological and systemic challenges identified in this review, EVs can evolve into a central
component of sustainable energy systems and play a pivotal role in global efforts to reduce
greenhouse gas emissions and mitigate climate change.

8. Conclusions

Electric vehicles (EVs) have emerged as a central technology for achieving sustainable
transportation and reducing greenhouse gas emissions in the mobility sector. This review
has examined the interconnected advancements in battery technologies, charging infras-
tructure, and grid integration mechanisms, highlighting their collective role in shaping the
future of electric mobility. Lithium-ion batteries currently dominate EV applications due
to their favorable balance of energy density, cost, and maturity, while emerging technolo-
gies such as solid-state and sodium-ion batteries offer promising pathways for improving
energy storage performance. The comparative analysis presented in Table 1 illustrates
the technological trade-offs among existing and emerging battery chemistries, emphasiz-
ing that continued research in materials engineering, battery management systems, and
thermal control will be essential for improving safety, durability, and energy density.
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Charging infrastructure and grid integration strategies play an equally important
role in enabling large-scale EV deployment. Conventional AC charging, DC fast charging,
wireless charging systems illustrated in Figures 2 and 3, and intelligent charging strategies
summarized in Table 2 demonstrate the diversity of technological approaches currently
under development. The integration of EVs with smart grid systems, as summarized in
Table 4, reveals significant opportunities for using EV batteries as distributed energy storage
resources capable of supporting renewable energy integration and grid stability. However,
challenges such as infrastructure investment requirements, battery degradation under
high-power charging, and coordination of large EV fleets remain critical areas requiring
further research and technological development.

From a broader sustainability perspective, life-cycle assessment studies discussed in
Section 5 and summarized in Table 5 indicate that EVs can significantly reduce overall
greenhouse gas emissions compared with conventional internal combustion engine vehi-
cles, particularly when powered by low-carbon electricity sources. At the same time, policy
frameworks and economic incentives summarized in Table 6 continue to play a crucial role
in accelerating EV adoption and supporting the development of charging infrastructure and
battery recycling industries. Future progress in electric mobility will therefore depend on
coordinated advancements across multiple domains, including battery innovation, intelli-
gent charging infrastructure, grid integration technologies, and sustainable material supply
chains. By addressing the technological and systemic challenges identified in this review,
EV systems can contribute significantly to the development of resilient, low-carbon energy
and transportation networks. Realizing this potential in practice, however, will require
overcoming several real-world implementation barriers that remain only partially resolved.
Foremost among these are the need to reinforce distribution networks and transformers
to accommodate clustered high-power charging, the absence of mature market and regu-
latory mechanisms to fairly compensate vehicle owners for providing V2G and ancillary
services, and the continued lack of harmonized communication and connector standards
across regions and manufacturers. These institutional and infrastructural gaps—rather
than cell-level performance alone—are likely to be the decisive factors that determine how
quickly the laboratory and pilot-scale advances surveyed here translate into large-scale,
sustainable electric mobility.
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