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Abstract

The challenges of global warming and other environmental concerns have prompted gov-
ernments worldwide to transition from fossil-fuel vehicles to low-emission electric vehicles
(EVs). The energy crisis, coupled with environmental issues like air pollution and climate
change, has been a driving force behind the development of EVs. In recent years, EVs have
emerged as one of the most innovative and vital advancements in clean transportation.
According to recent reports, EVs are gradually replacing traditional automobiles, offering
benefits such as pollution reduction and the conservation of natural resources. This research
focuses on analyzing and reviewing the impact of EV integration on electrical networks,
with particular attention to photovoltaic (PV) energy as a sustainable charging solution. It
examines both current and anticipated challenges, especially those related to power quality,
harmonics, and voltage imbalance. A special emphasis is placed on Tunisia, a country with
high solar energy potential and increasing interest in EV deployment. By exploring the
technical and infrastructural readiness of Tunisia for PV-based EV charging systems, this
paper aims to inform regional strategies and contribute to the broader goal of sustainable
energy integration in developing countries as part of future work.

Keywords: electric vehicles (EVs); climate change; economic; renewable energy; impact;
challenges; power quality; voltage imbalance; harmonics

1. Introduction

The sectors of transportation and electricity production are fundamentally connected
to some of the most pressing challenges of the 21st century: peak oil, climate change,
and energy independence. Together, these sectors account for over 60% of the world’s
primary energy demand, with most of the global coal consumption dedicated to electricity
generation and most of the global oil consumption driven by transportation needs [1].

To address these challenges, alternative vehicle technologies, including EVs, are in
progress to minimize global reliance on oil for mobility and to control the CO, emissions
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linked to this sector. Similarly, the advancement and deployment of renewable energy
sources (RESs) aim to replace fossil fuel-based power generation, thereby decreasing
greenhouse gas emissions (GHGEs) and reducing other pollutants, such as nitrogen oxide
and sulfur dioxide. The emergence of the mobility and electricity sectors, driven by the
adoption of EVs and RESs, offers substantial potential to lower global dependence on fossil
fuels and mitigate GHGEs [2].

Recent advancements in energy system integration have explored various strategies
to enhance sustainability, grid stability, and urban decarbonization. In [3], the authors
proposed a novel Community-to-Vehicle-to-Community service, where EVs act as mobile
energy carriers between different communities. They introduced an advanced smart
charging/discharging control that optimizes energy delivery based on inter-community
power balances, demonstrating that larger EV fleets and batteries improve performance,
especially in RES-rich workplaces. Complementarily, in [4], a global optimal control
strategy was developed for chilled water plants incorporating small-scale stratified thermal
energy storage tanks. The control scheme, which adjusts chiller operations and storage
tank flows, achieved up to 7.67% energy savings under varying climate conditions. In the
domain of urban transportation, Reference [5] suggested a cost-efficient deployment of
rooftop solar PV and batteries to power electric buses in high-density cities. Using a hybrid
GA-ILP approach combined with 3D-GIS and deep learning models, the strategy achieved
an optimal system payback period of 3.98 years while effectively minimizing grid stress.
Further addressing urban PV deployment challenges, Reference [6] proposed an integer
learning programming strategy for municipal-scale PV planning. The method, tested
on 582 rooftops, outperformed heuristic approaches by up to 23.3%, optimizing energy
generation under budget and export constraints. Lastly, in [7], a comparative study of EV
fleet charging control mechanisms highlighted that top-down coordination offers superior
peak shaving and solar utilization benefits, though at the cost of higher computational
complexity. Together, these studies provide a multidimensional perspective on integrating
EVs, renewables, and storage systems into future smart energy infrastructures.

Using EV is steadily rising. The integration of EV chargers and RES is fundamental
in diminishing the reliance on fossil fuels and represents a natural evolution in energy in-
frastructure [8]. However, the nonlinear nature of EV charging loads increases transformer
temperatures and associated losses, ultimately reducing transformer lifespan. During
EV battery charging, the nonlinearity of certain loads generates total harmonic distortion
(THD) in the charging current, which affects the power quality of the distribution net-
work [9]. To address these issues, active power filters and FACTS devices—such as shunt
and series active power filters, dynamic voltage regulations, and unified power quality
conditioners—are commonly employed. Power quality challenges, including increased
neutral currents, reactive power demands, and THD, are exacerbated by high frequency
switching in AC/DC systems. Numerous studies have explored power quality concerns
and their impact on the grid [10-12].

An EV battery charger, equipped with one-owner electronic circuits and appropriate
converters, is applied to transform AC power into DC for battery charging at designated
voltages. This process introduces nonlinearity in the network, resulting in THD in both grid
voltage and current [13]. The presence of THD causes several negative effects, including
higher insulation temperatures, reduced insulation lifespan, lower power factors, decreased
performance and greater heat generation [14-23].

Uncontrolled connection and disconnection of EVs to the network can cause voltage
imbalances, which may increase the charge of voltage correction materials. Additionally,
switching losses in the AC-DC converters of EV charging stations contribute to overall
power losses [24]. Among all grid components, distribution transformers are especially
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susceptible to failures when EVs are integrated into the system. Harmonic levels in EVs
can range from 3% at the start of charging to approximately 28% at the end [25,26]. Beyond
charging, enhanced grid integration of EVs involves addressing various electricity quality
challenges. Research on EV charging and its impact on power grids provides valuable
insights for stakeholders to develop mitigation strategies and implement technologies to
minimize negative effects on power distribution systems. This work reviews multiple
studies to highlight the effect of EV charging in the network and recommend measures
for improvement.

This paper provides a comprehensive review of the integration of EVs into the power
grid, with a particular emphasis on the impacts and challenges associated with PV inte-
gration. The main contribution of this work lies in analyzing the technical barriers related
to power quality, voltage imbalance, and harmonics, and presenting the most relevant
mitigation strategies drawn from the recent literature. Furthermore, it contributes a re-
gional perspective by focusing on the context of Tunisia as a country with significant solar
energy potential and growing interest in clean transportation. By addressing the specific
opportunities and limitations of PV-based EV charging infrastructure in Tunisia, this work
aims to support national efforts toward sustainable energy transition and provide insights
applicable to other developing countries with similar profiles.

Several review articles have previously examined the integration of EVs with pho-
tovoltaic systems, addressing topics such as system architecture, environmental impact,
and smart charging technologies [27-30]. However, these studies are largely centered on
developed countries with robust grid infrastructure and established policy frameworks.
In contrast, the originality of this manuscript lies in its dual-layered perspective: it not
only explores the global technical challenges of PV-EV integration, such as power qual-
ity disturbances, harmonics, and supraharmonics, but also contextualizes these issues
within the emerging energy landscape of Tunisia. The paper uniquely integrates advanced
energy management strategies (EMSs), regulatory gaps, and socio-economic factors spe-
cific to North African regions. By focusing on Tunisia as a case study, this work aims
to fill a significant gap in the literature and provide practical guidance for implement-
ing scalable, sustainable, and technically resilient EV charging infrastructure in solar-rich
developing nations.

Specifically, we recognize that the limited availability of comprehensive real-world
data from Tunisia constrains the ability to fully validate modeling assumptions and forecast
precise impacts of PV-based EV charging infrastructure in this context. This scarcity reflects
the nascent stage of EV adoption and RES integration in the region, which also affects the
granularity and reliability of grid performance data.

Furthermore, we discuss the challenges inherent to scaling PV-based charging in-
frastructure in developing regions, including financial constraints, regulatory and policy
barriers, and infrastructural deficits. These factors collectively pose significant hurdles to
widespread deployment and long-term sustainability. We emphasize that these limitations
highlight the critical need for targeted pilot projects, enhanced data collection, and policy
frameworks to support scalable and resilient infrastructure development.

This study’s methodology uniquely advances the current literature by focusing on
the integration of photovoltaic-based EV charging within the specific context of Tunisia’s
developing grid infrastructure, which faces distinctive challenges in harmonics and voltage
imbalance due to limited deployment of advanced storage and smart grid technologies. Un-
like prior works that primarily address these issues in mature grid systems, our approach
jointly considers the nonlinear impact of EV charging loads and the variability of PV gener-
ation, including the often-overlooked supraharmonic distortions caused by high-frequency
switching in converters. Furthermore, we evaluate advanced mitigation techniques such as
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particle swarm optimization and genetic algorithms tailored for practical implementation
in resource-constrained environments, complemented by an analysis of socioeconomic and
regulatory factors that influence technical feasibility. This integrated and region-specific
perspective provides novel insights into power quality management for PV-EV systems in
emerging markets, setting this work apart from earlier studies.

Recent advances in PV technology, Vehicle-to-Grid (V2G) systems, and smart charging
algorithms have significantly accelerated the potential for sustainable EV infrastructure.
Improvements in PV panel efficiency and cost reduction have made solar energy integration
increasingly viable. Concurrently, innovative V2G implementations enable bidirectional
energy flows, enhancing grid stability and providing ancillary services. Moreover, adap-
tive smart charging algorithms, often leveraging artificial intelligence and real-time data
analytics, optimize charging schedules to balance grid load and user convenience.

The remainder of this paper is organized as follows: Section 2 provides a comprehen-
sive overview of EVs and their classification. Section 3 discusses the current challenges in
PV integration within EV charging infrastructure, emphasizing technical, economic, and
social aspects. Section 4 elaborates on the interaction between EVs and the power grid,
identifying major impacts on power quality such as harmonics, voltage imbalance, and
transformer aging. Section 5 focuses on the role of PV systems in EV charging, highlighting
technical integration challenges, including variability in solar generation and bidirectional
V2G technologies. Section 6 analyzes economic and environmental impacts of PV-based EV
charging infrastructure, with a particular focus on emerging markets. Section 7 explores
the impact of RES integration on grid stability and infrastructure modernization. Section 8
outlines future directions, policy recommendations, and regulatory considerations, with an
in-depth emphasis on the Tunisian context, addressing the unique challenges and opportu-
nities faced by developing countries in scaling PV-powered EV charging solutions. Finally,
Section 9 concludes the paper by summarizing key findings and proposing avenues for
future research, including advanced energy management strategies and integrated urban
planning for sustainable mobility—energy ecosystems.

2. Present Challenges in Photovoltaic Integration for EV
Charging Infrastructure

To ensure a comprehensive and focused review, we adopted a semi-systematic litera-
ture selection methodology. Relevant academic publications were identified using major
databases such as IEEE Xplore, ScienceDirect, Scopus, and Web of Science. The search in-
cluded studies published between 2015 and 2024, with a particular focus on peer-reviewed
journal articles, high-impact conference proceedings, and authoritative reports. Key search
terms included PV-EV charging, V2G, power quality, harmonics, EMS optimization, smart
charging, and “grid stability in renewable energy systems.” Priority was given to sources
addressing technical, economic, and regulatory challenges associated with PV-EV integra-
tion. Preference was also given to studies that included simulation models, quantitative
metrics, or region-specific insights, particularly those relevant to developing countries with
solar-rich environments such as Tunisia, Morocco, Egypt, and India. In total, more than
100 sources were initially screened, with approximately 60 selected for detailed analysis
based on their relevance, citation impact, and contribution to the thematic structure of
this review.

The integration of PV systems with EV charging infrastructure presents numerous
present-day challenges that must be addressed to achieve efficient, reliable, and widespread
deployment. From a technical perspective, the intermittent and variable nature of solar
energy leads to fluctuations in power supply, causing voltage instability and power quality
issues such as harmonic distortion and voltage imbalance in the distribution network.
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These effects are exacerbated by the nonlinear loads introduced by EV chargers, which can
accelerate transformer aging and reduce grid reliability. Additionally, managing bidirec-
tional energy flows with V2G technology introduces complexities in grid coordination and
real-time energy management.

Economically, the high upfront capital investment for PV arrays, energy storage
systems, and advanced power electronics remains a significant barrier, especially in devel-
oping regions with limited financial resources. The lack of clear and supportive regulatory
frameworks, including standardized interconnection protocols and permitting procedures,
further complicates deployment efforts and delays project implementation. Social chal-
lenges such as public acceptance, site selection constraints due to urban planning or
heritage preservation, and limited awareness about PV-powered EV charging benefits also
hinder adoption.

Moreover, the rapid increase in EV adoption strains existing grid infrastructure, often
designed without consideration for high penetration of distributed renewable energy
sources. This calls for grid modernization efforts incorporating smart energy management
systems, advanced forecasting, and adaptive control strategies. Finally, coordination among
multiple stakeholder’s utilities, policymakers, consumers, and manufacturers is essential
to overcome these challenges and create economically viable, environmentally sustainable,
and socially acceptable PV-based EV charging solutions.

Addressing these present challenges requires a multidisciplinary approach combining
technological innovation, policy development, economic incentives, and community engage-
ment to enable the transition toward a cleaner and smarter transportation—energy ecosystem.

One of the primary technical challenges in integrating PV systems with EV charging
infrastructure is the inherent variability and intermittency of solar generation. Fluctuations
in solar output due to weather conditions cause voltage instability and power quality
issues on the distribution grid, necessitating advanced forecasting and adaptive energy
management strategies to maintain reliability. Additionally, battery degradation poses a
significant concern, as frequent fast charging and irregular charging cycles accelerate the
aging of EV batteries, impacting their lifespan and performance. To mitigate these effects,
smart charging algorithms that optimize charge rates and scheduling based on battery
health and grid conditions are essential. Grid impact mitigation strategies further include
deploying energy storage systems to buffer PV variability, employing advanced inverter
technologies for harmonic compensation, and utilizing V2G systems to balance load and
provide ancillary services, thereby enhancing overall grid stability and resilience.

Figure 1 illustrates a practical implementation framework designed to address the
challenges discussed above. The system integrates PV panels, a battery bank, and a
fast DC charger connected via a common DC bus to facilitate reliable and efficient EV
charging. The DC-DC converters condition the variable outputs from the PV panels and
battery storage before delivering energy through a centralized DC bus. This structure
enhances system flexibility, supports bidirectional energy flow, and enables real-time
energy management using V2G technology. An inverter interfaces the system with the
main AC grid, ensuring stability and enabling surplus solar energy to be injected back
into the grid when appropriate. By incorporating both renewable generation and energy
storage, the configuration mitigates power quality issues, buffers solar intermittency, and
supports smart charging operations directly responding to the technical and operational
challenges previously outlined.
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Figure 1. Architecture of a PV-Based EV charging system with grid and battery integration [27].

3. Economic Impacts

The economic implications of EV are generally examined from two main viewpoints:
the individual vehicle owner and the broader electricity network. With ongoing improve-
ments in battery technology and the expansion of large-scale manufacturing, the overall
cost-effectiveness of EVs is expected to improve over their lifecycle. At present, battery
electric vehicles (BEVs) are more expensive to purchase than plug-in hybrid electric vehi-
cles (PHEVs), and both are costlier than traditional internal combustion engine vehicles
(ICEVs) [31]. However, EVs benefit from significantly lower fuel and operating charge
because of the remarkable performance of electric motors.

The economic feasibility of PV-based EV charging infrastructure hinges on balancing
initial capital costs such as PV panels, energy storage, and charging stations with long-
term savings from reduced energy consumption and lower operational expenses. While
upfront investments remain substantial, declining PV and battery prices are shortening
payback periods; studies indicate payback times dropping from over 20 years currently
to under 5 years by 2035 in favorable markets [32]. Furthermore, implementing smart
charging and integrating renewables enhances cost-effectiveness by optimizing energy
use and minimizing grid stress. Policy incentives including subsidies, tax credits, and
streamlined permitting are critical to lowering financial barriers and accelerating deploy-
ment, particularly in developing regions like Tunisia where supportive frameworks are
still emerging. Innovative financing models and public—private partnerships also offer
pathways to improve accessibility and investment appeal, fostering wider adoption of
sustainable EV charging solutions.

Ref [33] predicts that the recovery period for a BEV, compared to a less expensive
ICEV, is presently around 20 years; nevertheless, it is expected to dip to under 5 years
by 2035. Similarly, ref. [34] supports this trend, while [35] predicts that the overall lifetime
ownership investment for all vehicle types will align by 2035.

Usually, integrating EVs into the grid increases system charge because of elevated
fuel consumption and transmission inefficiencies. Nevertheless, the choice of charging
methods has a significant impact on overall system charge. Ref. [36] estimated a system
charge of EUR 263 per vehicle per year in Denmark using a basic charging plan, whereas
intelligent charging reduced this cost to EUR 36 per vehicle per year, resulting in savings
of EUR 227 per vehicle annually. Similarly, ref. [37] found that intelligent charging could
save USD 200,000 per week against the basic charging in a perspective Illinois power grid
with a substantial wind energy contribution. In [38], authors calculated the financial system
gains for the PJM and Midwest ISO (MISO) markets in the U.S., revealing that off-peak
charging reduction cost versus on-peak charging depend heavily on the district energy
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generation mix. In MISO, where there is excess coal generation capacity, smart charging
provides smaller reduction charge. Conversely, in PJM, where reliance on costly natural gas
peaking plants is high, smart charging yields much larger savings. Research of the network
in Spain proved that the additional charge of electricity declines until a certain level of EV
adoption is reached, after which it increases slightly [39].

An increasing number of studies have evaluated the economic viability of V2G partici-
pation across different market contexts [40—42]. Reported annual outcomes vary widely
from losses of approximately USD 290 per vehicle to gains exceeding USD 4600. Nonethe-
less, most results fall within a profit range of USD 100 to USD 290 per year. Despite these
potential gains, such margins may be insufficient to attract individual users or aggregator
entities. As governmental efforts continue to encourage the adoption of EVs and V2G
based energy services, key challenges persist in determining the most effective strategies
for promoting engagement and ensuring optimal system integration.

4. Environmental Impacts

CO; emissions are widely adopted indicators to evaluate the environmental impact
of transitioning to EVs generated by the grid. Ref. [43] estimated that integrating the elec-
tricity and transportation sectors in Denmark leads to an 85% reduction in transportation-
related CO, emissions. Several studies have highlighted that using EVs leads to a re-
duction in CO, emissions compared to ICEVs, even when wind energy is not part of the
generation mix [44].

A comprehensive evaluation of the sustainability benefits of PV-based EV charging
infrastructure requires consideration of lifecycle assessments (LCA) of the integrated sys-
tems. LCAs analyze environmental impacts across all phases from raw material extraction
and manufacturing of PV panels and EV charging equipment to operational use and end-
of-life recycling or disposal. Recent studies demonstrate that although PV systems entail
embodied energy and emissions during production, their deployment in EV charging
significantly reduces net greenhouse gas emissions over the system’s lifetime compared to
conventional fossil-fuel-based charging. Energy payback times for modern PV installations
typically range between 1 and 4 years, depending on technology and location, supporting
their long-term environmental advantages. Furthermore, advances in PV recycling and
durable system designs contribute to minimizing ecological footprints. Incorporating such
lifecycle perspectives strengthens the argument for PV-EV infrastructure as a key enabler
of sustainable transportation and energy transitions.

Studies conducted in Virginia and the Carolinas regions where fossil fuel-based power
plants constitute nearly two-thirds of electricity generation demonstrated that even basic
EV charging strategies can lead to a reduction in CO, emissions of around 10% compared
to conventional gasoline-powered vehicles [45]. In a separate analysis, ref. [46] examined a
combined wind and thermal power system, revealing that under a simple charging scheme,
there was a slight rise in CO, emissions; they decreased with intelligent charging and V2G
integration. In China, CO, reductions from EV use were observed across three regions,
even in areas heavily dependent on coal power [47].

A key point of discussion in the literature is the emission intensity (gCO,e/kWh)
assigned to electricity used for EV charging. Numerous studies adopt the typical grid
emission rate, which assumes widespread EV adoption and integration into the regular
demand profile. However, some researchers argue for using marginal intensity, where
the emissions from the marginal generation unit (often a natural gas or coal plant during
peak demand) are attributed to the electricity consumed by EVs, leading to higher carbon
emissions. Despite this, works that apply the differential mix still find a net reduction in
carbon emissions when using EVs as compared to ICEVs [48-50]. Overall, EVs contribute
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to a reduction in CO, emissions, even in electricity systems dominated by fossil fuel
generation, because of the performance of electric motors over ICEVs.

5. Impact of EVs on the Grid

Table 1 elaborates a summary of the impacts of EV integration on the power grid.
In [51], the researchers investigated how Time-of-Use (ToU) pricing affects EV charging
behavior within the electricity distribution network. As EV charging contributes to in-
creased grid demand, ToU pricing serves as an effective strategy to reschedule charging to
off-peak periods. The study demonstrated that implementing ToU tariffs can influence user
behavior, leading to a reduction in peak load by up to 5%. Additionally, research in [52]
introduced a compensation-based technique to mitigate harmonic distortion caused by EV

charging, successfully decreasing THD from 4.88% to 4.03%.

Table 1. Impact EV integration on the grid.

Reference Parameter

Description

[51] ToU rates

[52] Harmonics

[53] Voltage, transformer

[54] domestic demand of load

[55] Harmonics, voltage

Load demand, power losses,

[0l voltage profile

[57] Compensation for discharging

Tariff, peak power,

581 carbon footprint

Voltage profile, harmonics,
[59] stability, power quality
factor, voltage profile

[60] Load demand, frequency
[61] Voltage profile, power quality,
[62] Voltage profile,

transformer Loading,

Peak-load ToU rates led to a 5% reduction in

peak demand.

An active compensation-based harmonic
minimization approach decreased THDI
caused by EV charging from 4.88% to 4.03%.
Effect of uncontrolled charging, intelligent
and V2G strategies on a domestic electrical
grid in the Netherlands.

The real-world assessment of the grid effect
from in-home EV charging varied from the
forecasts provided by current simulation
models, mainly due to factors like
consumer behaviors.

With 1 EV, 20.30% of THD is generated; low
voltage is observed when multiple EV
chargers are related to the same phase.

A pioneering model to provide the profiles of
EV charging needs in Saudi Arabia and to
examine the effect of charging on the grid.
Bottleneck model evaluating the trade-off
between waiting time costs and the benefits
from discharging.

By implementing residential intelligent
charging, the end-of-day peak load for EVs
can be decreased by 30% to 50%.

EVs are represented as variable loads and
employed as adaptable energy units.
Simulated the effect of EV chargers on the
low-voltage domestic network.
Nonlinear EV
loads are linked to various phases, resulting
in phase imbalance within the network. This
imbalance can be minimized through
effective grid planning. The switching of EV
chargers may influence the power factor,
which can be addressed through reactive
power compensation.

Adding EV load to the already constrained
section in the grid and unsystematic charging
could negatively affect the seamless
operation of the grid.

Line and transformer overloading would
occur when the proportion of EVs exceeds
20% in the grid of Norway.
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Table 1. Cont.

Reference Parameter Description

The charger placement issue was modeled
using a game theory approach, and the
effects of charger placement on load demand
and waiting times at charging points
were analyzed.
An adaptive particle swarm optimization
(PSO)-based management technique
Load demand, minimized EV charging power, accounting

frequency deviation for the net charging power need and

frequency fluctuations, to guarantee the
stable operation of the grid.

The voltage profile of the buses of the
Harmonics, thermal limit, distribution grid was elevated as it increased
peak load to assess the capacity of the buses at specific

THD levels.

The domestic grid voltage sag decreased
from approximately 1.96% to 1.77%,
remained at 2.21%, decreased from 1.96% to
1.52%, and remained at 1.93% across the four
EV-charging profiles.

Load demand, waiting time in

[63] the charging station

[64]

[65]

Voltage sag, load demand,

[66] power quality

The effect of EV chargers on residential voltage distribution networks was examined
in [53], adopting online-world data from public chargers in the Netherlands. The study
considered three charging strategies: uncontrolled, intelligent, and bidirectional V2G.
Results showed that while network performance remained acceptable even with a high
EV density per charger, excessive EV connections to a single charger led to increased wait
times and user dissatisfaction. Additionally, smart charging approaches were found to
elevate transformer load levels.

In [54], researchers evaluated the ecological effect of domestic EV charging in Arizona,
USA, based on smart meter data from approximately 1600 homes. Findings indicated
a 7-14% increase in residential load during summer peak hours (6-8 p.m.). Most house-
holds responded to ToU pricing by shifting charging to off-peak periods. However, dis-
crepancies between actual grid impact and simulation models highlighted the importance
of consumer behavior in forecasting.

Ref. [55] explored the effect of EV charging on harmonics. The authors noted that as the
number of EVs increased, so did the THD, from 20.30% with one EV to 27.56% with three.
Voltage drops were also noted when multiple EVs were connected to the same phase.

In [56], a new method for modeling EV charging demand was proposed, incorporating
driving behavior, energy use, and charging schedules. This model was applied to Saudi
Arabia’s grid to simulate the impact of EV charging on the electricity distribution system.

Reference [57] introduced a bottleneck model to assess the trade-off between waiting
time and the benefits of discharging EVs via V2G. The study quantified both the delays
caused and the potential energy gains from bidirectional discharging.

The benefits of smart charging were further discussed in [58], which showed that
peak evening loads could be reduced by 30-50% with at-home smart charging. More-
over, workplace charging could achieve a 10% reduction in carbon emissions through
valley filling.

In [59], EVs were modeled as mobile, flexible loads, and their impact on voltage
stability, power quality, and harmonics was assessed. The study emphasized the potential
of EVs to serve as grid support resources.

Reference [60] assessed the readiness of existing systems for widespread EV integra-
tion. Simulations on a low-voltage (LV) residential grid revealed issues like transformer
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overloading, power factor degradation, voltage drops, and phase imbalance due to uneven
EV load distribution. For this, the authors proposed improved grid planning and reactive
power compensation to mitigate these issues.

Authors in [61] used data from urban Indian distribution networks to evaluate how
EV charging affects voltage profiles and power quality. They concluded that uncoordinated
charging, particularly at weak points in the grid, could destabilize operations.

Study [62] analyzed various charging scenarios—uncontrolled, coordinated without
constraints, and coordinated with network limitations—for the Norwegian grid. It was
found that EV penetration exceeding 20% could overload lines and transformers.

Using a game-theoretic approach, the authors of [63] examined how charger place-
ment influences load demand and waiting time, using the city of Guwahati in India as a
case study.

In [64], a self-learning PSO method was proposed to control EV charging power,
optimizing both load demand and frequency deviation to maintain grid stability.

Reference [65] investigated the impact of increasing EV loads on Qatar’s distribution
network through Simulink simulations, focusing on voltage profile changes and harmonic
distortion at different EV penetration levels.

Lastly, in [66], the authors studied the effects of fast charging on low-voltage networks,
considering variables like charging time and vehicle characteristics. Results showed notable
voltage sags ranging from 1.77% to 2.21% across different charging profiles.

Impact on Power Quality

The evaluation of the grid network primarily involves assessing the characteristics of
power delivery. Uncertainty in electric vehicle charging introduces several issues, such as
grid overvoltage, power quality degradation, increased risk of line damage, and a higher
incidence of current faults. The grid’s vulnerability to harmonics is due to the use of high-
frequency converters, which are necessary for converting AC electricity into DC power for
EV charging. These harmonics may bring overloads in distribution transformers, ultimately
shortening their lifespan [67,68].

Harmonics refer to the sinusoidal components of a periodic waveform whose fre-
quency is an integer multiple of the fundamental power frequency [69]. Power waveform
harmonic distortion arises when a mixture of the firs-, second, third, and higher-order
harmonics is present. The non-sinusoidal voltage and current waveforms are represented
by Equations (1) and (2):

nmax

o(t) = g + Y Ol (cos nwo(t) + ) W
n=1

i) = iget Y ih(cos mwo(t) + gn) @
n=1

In this context, 1 represents the harmonic order, wy denotes the fundamental frequency,
and @, indicates the phase shift in voltage and current for the harmonics. The components
of Total Harmonic Distortion (THD) help calculate the effective value of harmonic content
in a distorted waveform, enabling the quantification of harmonic components present in
such waveforms [70]. THD can be given as a percentage for both voltage and current.

nmax

25
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Supraharmonics describe distortions in current waveforms that arise within the fre-
quency band of 2 kHz to 150 kHz. The rapid expansion of EVs and their associated charging
systems, particularly those utilizing power electronic converters functioning at frequencies
higher than 2 kHz, has led to a notable increase in supraharmonic disturbances affecting
both current and voltage profiles [71]. These high-frequency anomalies can interfere with
the performance of sensitive equipment in smart grid environments and contribute to
elevated thermal stress, ultimately reducing the operational lifespan of such devices [72].

Because EVs typically require high-power charging and are more susceptible to supra-
harmonic distortions than other consumer electronics, their impact is especially noticeable
in low-voltage installations. Supraharmonics can cause various detrimental effects on
low-voltage networks and the electronic devices connected to them. In networks with high
impedance, the system current often contains significant supraharmonic devices, which
can further intensify voltage distortion [73].

To complement the qualitative assessment, quantitative evaluations have shown that
harmonic distortion caused by EV chargers can reach THD levels of up to 27.5% when
multiple units operate simultaneously on the same phase. This is particularly critical
during fast-charging sessions, which intensify the generation of higher-order harmonics
and supraharmonic frequencies. Temporal analyses indicate that THD values fluctuate
throughout the day, peaking during high-demand evening hours. Voltage fluctuations
of £5-7% have also been observed in low-voltage distribution feeders under uncontrolled
charging scenarios. Simulation studies using MATLAB/Simulink confirm that employing
multistage charging topologies with active power filters can reduce THD by up to 65%,
bringing it below the 5% IEEE 519 recommended threshold. Moreover, harmonic compen-
sation using advanced inverter control strategies—such as synchronous reference frame
(SRF) and instantaneous reactive power theory (p-q)—effectively stabilizes voltage and mit-
igates current distortion in real-time. These findings highlight the necessity of combining
hardware-based solutions (e.g., passive/active filters) with algorithmic controls to ensure
grid stability and power quality in high-EV-penetration contexts.

6. Status and Progress of EV Deployment and Renewable
Energy Worldwide

6.1. EV Adoption Statistics

This section presents the latest global statistics on EV sales, market share, and
charging infrastructure from 2021 to early 2025, based on data from authoritative global
sources [74-78]. In 2021, global EV sales approached 6.6 million units, accounting for
about 9% of total car sales. This number rose sharply to 10 million in 2022 and further to
nearly 14 million in 2023, representing 18% of global car sales. By 2024, EV sales exceeded
17 million, and early 2025 figures show continued momentum, with 1.8 million units sold
globally in January alone, a 17.7% increase compared to January 2024. China leads the
market with over 60% of global EV sales in 2023, followed by Europe and the United
States. In terms of models, the Tesla Model Y was the best-selling EV in 2022, but by 2024,
BYD, a Chinese manufacturer, surpassed Tesla in overall EV deliveries. Alongside sales,
EV infrastructure has expanded rapidly. By 2023, the number of public charging points
worldwide approached 4 million, with China alone accounting for 70% of them. The ratio
of EVs per public charging point was most favorable in China (fewer than 10 EVs per
charger), while countries like Norway continued to report high EV-to-charger ratios due
to strong adoption rates. Projections indicate that by 2030, the global demand for public
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chargers is expected to exceed 15 million units. Overall, the global EV ecosystem, both
in vehicle deployment and supporting infrastructure, has shown robust and accelerating
growth between 2021 and 2025, driven by policy support, consumer demand, and advances
in technology.

Figure 2 presents a comparative analysis of EV market statistics across nine countries
for the years 2024-2025, focusing on BEV sales, PHEV sales, and the corresponding EV
market share as a percentage of total new vehicle registrations. The chart reveals that
Germany, the United Kingdom, and France lead in both BEV and PHEV adoption, with
Germany achieving the highest number of BEV registrations (approximately 380,000) and
the UK recording the largest market share (close to 20%). In contrast, Japan and Korea
show moderate EV penetration, with relatively lower sales volumes and market shares,
below 10%. Canada demonstrates steady progress, with a balanced mix of BEV and PHEV
sales and an EV share around 10%. Notably, North African countries Tunisia, Egypt, and
Morocco remain at an early stage of adoption, with minimal sales and market shares below
1%, reflecting infrastructural limitations and policy gaps. Overall, the figure underscores
the global disparity in EV adoption and highlights the urgent need for supportive policies
and infrastructure development in emerging markets.

EV Market Statistics for 2024/2025
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Figure 2. EV market statistics for 2024-2025 [79].

Figure 3 illustrates the global sales performance of the top electric vehicle (EV) models
in the years 2024-2025. The data highlights a significant dominance by Tesla and BYD in
the global EV market. The Tesla Model Y leads all models with approximately 1.15 million
units sold, followed by the Tesla Model 3 with 620,000 units, reflecting Tesla’s strong brand
recognition, wide market reach, and consistent production scale. Chinese manufacturer
BYD occupies the next three positions with its Song Plus EV (570,000 units), Qin Plus
EV (510,000 units), and Dolphin (490,000 units), showcasing the company’s rapid rise
and competitiveness in both domestic and international markets. In the mid-range, the
Volkswagen ID.4 recorded 280,000 units, followed by the Hyundai Ioniq 5 (250,000), Kia
EV6 (210,000), BMW i4 (190,000), and Audi Q4 e-tron (180,000), indicating solid sales
performance among established European and Korean automakers. This figure underscores
a market trend where Tesla and BYD dominate the EV sector, while legacy manufacturers
are gradually scaling their production and adoption rates. The strong presence of BYD
models further emphasizes China’s pivotal role in the global transition to electric mobility.
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Figure 3. EV model sales in 20242025 [80].

Figure 4 presents the evolution of the global availability of fast public EV chargers
between 2020 and 2025, highlighting regional disparities and growth trajectories in charging
infrastructure. The data shows that China leads the world by a considerable margin, with
the number of fast chargers increasing from 310,000 in 2020 to a projected 1,000,000 units
in 2025, indicating a strong national policy emphasis on charging accessibility and EV
support infrastructure. In contrast, Europe exhibits steady growth, from 40,000 chargers
in 2020 to 130,000 in 2025, reflecting coordinated EU efforts to meet the rising demand for
electrified transport. The United States shows moderate progress, growing from 20,000 to
55,000 chargers over the same period, which suggests that while EV adoption is increasing,
infrastructure expansion is comparatively lagging. Other countries, a category representing
regions outside the top three, have doubled their charger counts from 15,000 in 2020 to
40,000 in 2025, showing a slower but positive trend in global electrification. Overall, the
figure underscores a global acceleration in fast charger deployment, driven primarily by
China, with other regions scaling up efforts at varying rates. It also emphasizes the critical
importance of infrastructure development in supporting the broader transition to electric
mobility, especially in regions still at early stages of EV market maturity.

Global Availability of Fast Public Chargers (2020-2025)
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Figure 4. Global availability of fast public chargers 2024-2025 [81].
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Figure 5 compares the ratio of EVs per public charging point across selected countries
and at the global level between the years 2021 and the projected period 2024-2025. This
ratio serves as a key indicator of charging infrastructure adequacy, with lower values
reflecting better accessibility to public chargers. The figure reveals that Norway, despite
being a global leader in EV adoption, continues to experience the highest ratio, rising
slightly from 33 EVs per charger in 2021 to an estimated 35 in 2025, indicating persistent
strain on its charging infrastructure relative to the size of its EV fleet. The United States
sees a substantial increase from 15 to 22 EVs per charger, highlighting the accelerating
EV adoption outpacing infrastructure growth. Japan improves slightly, with a decrease
from 14 to 13 EVs per charger, suggesting incremental investments in charging infrastruc-
ture. China, meanwhile, maintains a stable ratio of 8, showcasing a balanced approach
to infrastructure deployment in line with its rapidly growing EV market. In Europe, the
Netherlands and Korea both show slight increases in EV density per charger from 4 to 5
and 2 to 4, respectively, indicating continued infrastructure expansion but still being under
pressure from growing demand. Globally, the average increased from 7 to 9, emphasizing
the need for accelerated deployment of public chargers worldwide. Overall, the figure
highlights a critical challenge: while EV sales continue to rise globally, infrastructure devel-
opment, especially fast and public charging, must scale proportionally to avoid bottlenecks
and maintain user confidence in electric mobility.

EV per Charging Point Comparison: 2021 vs. 2024-2025
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Figure 5. EV per charging point comparaison 2021 vs. 2024-2025 [82].

6.2. RES Adoption Statistics

This section highlights the latest global statistics and projected trends in RES genration,
based on data from reputable international databases such as [83]. Figure 6 illustrates the
annual changes in renewable energy across various countries between 2000 and 2021,
serving as a reference to assess expected developments through 2025. China exhibits the
most significant increase, with annual growth surpassing 600 TWh by 2021, and is projected
to maintain this rapid pace in the coming years. The dataset also covers major economies
including the United States, India, Australia, Spain, Norway, Finland, Belgium, France,
the United Kingdom, Germany, and Tunisia. While larger economies lead in absolute
figures, Tunisia has steadily expanded its renewable capacity particularly in photovoltaic
and wind energy and is expected to continue increasing its share in line with national
sustainable energy strategies. Notably, China leads annual solar and wind growth with
increases exceeding 160 TWh and 400 TWh, respectively, by 2021, with continued expansion
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forecasted through 2025. Similarly, countries like Tunisia are anticipated to strengthen their
renewable contributions, especially within the North African and Mediterranean regions.
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Figure 6. Annual change in renewable energy 2015/2025 [84].

The following regards the annual increase in RES genration, measured in terawatt-
hours (TWhs), across seven major countries between 2015 and 2025. The data reveals a
remarkable acceleration in renewable energy development, particularly in China, which
stands out as the global leader. China’s renewable generation increases steadily from
around 200 TWh in 2015 to 500 TWh in 2020, followed by a dramatic leap to over 600 TWh
in 2021 and a continued upward trend reaching 700 TWh by 2025. This significant expansion
reflects China’s aggressive national policies, large-scale solar and wind deployments, and
grid modernization efforts. The United States follows as the second-largest contributor, with
a consistent and moderate growth from approximately 80 TWh in 2015 to around 140 TWh
in 2025, indicating a steady investment in renewables, particularly in wind and solar
power. India also shows positive momentum, increasing from 30 TWh to nearly 100 TWh,
underscoring its growing commitment to decarbonization despite infrastructure and policy
challenges. Meanwhile, Germany, France, the United Kingdom, and Australia contribute
more modestly, with their annual changes ranging between 30 and 70 TWh by 2025. These
countries demonstrate stable progress, aligned with their long-term sustainability strategies
and regional decarbonization targets. Overall, the figure highlights the global disparity in
renewable energy growth, with China taking a commanding lead, followed by progressive
but uneven developments in other regions. It underscores the urgent need for accelerated
investments and international cooperation to achieve a balanced and effective global
energy transition.

7. Impact of RES Integration on Grid

The panel smoothing strategy for transition regression captures the local impacts of
integrating RES into the grid, as explored in [85]. In both energy production zones and
load centers, higher voltage levels generally enhance RES output and utilization, although
this is not universally observed. Ultra-high voltage (HV) systems appear to be largely
unaffected by RES integration, highlighting a critical issue: the absence of extra-HYV lines
as the backbone of the national utility limits the feasibility of fully leveraging renewable
sources. This underscores the urgent need for grid modernization.

Reference [86] presents an optimization model to determine the ideal routing, power
transfer capability, and advancement timeline for six inter-local power lines. By 2039,
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delivery of power from the northwest to eastern locations is projected to rise by 265%, and
from the north to the central region by 160%. The current 400 kV DC (5 GW) standard
will be upgraded to 800 kV DC (10 GW) by 2033, peaking between 2036 and 2039. RE
generationin central and eastern China, mainly wind and PV, is expected to triple by
2039. Strategic disconnection of lines 2-6 and 7-9, coupled with ES and power need-side
feedback, may enhance RES penetration by 1.7% and 2.6%, respectively. According to [87],
marine RESs exhibit greater consistency and availability on an hourly basis compared to
wind and solar throughout the year. There is also potential for wave energy to reduce grid
balancing requirements.

In [88], a novel method combines the advantages of Gaussian distribution modeling
with probabilistic failure analysis within a fuzzy fault tree framework. This approach can
detect system switch faults and low-power component issues often missed by conventional
fault tree analysis. Additionally, it addresses the often-overlooked risk of power disruptions.
A significant challenge remains in the lack of reliable data, which increases uncertainty
in predicting failures and performance issues in grids related to wind energy systems
and EV installations.

To evaluate the potential of RE village grids in alleviating poverty in off-grid rural
and island communities in Indonesia, the researchers of [89] performed an extensive
study. The research investigates how renewable off-grid electrification can address both
poverty and security issues in remote regions, where energy production is often limited by
geographic constraints. Using a Difference-in-Differences approach, the study compares
outcomes between treated and untreated groups across 217 remote Indonesian villages.
The findings revealed that the program failed to benefit 91 individuals from disadvantaged
socio-economic backgrounds. However, the provision of electricity to small local businesses
contributed significantly to poverty reduction. Overall, off-grid renewable electrification
has had a positive impact on poverty alleviation across Indonesian islands.

In [90], the authors simulate a scenario in which all Western European countries rely
entirely on RES as wind, water, and solar. They analyze the effects of interconnected versus
isolated energy networks on energy costs and demand. Weather-based models are used to
forecast wind, solar, thermal, and refrigeration loads, enabling effective balancing of power,
heat, cold, hydrogen, and storage systems. Countries such as the UK, France, Germany,
Spain, Italy, Luxembourg, and Gibraltar demonstrate reliable WWS integration. Intercon-
nected networks reduce energy costs, overbuilding of generation/storage, energy shedding,
and land/water use. Regional cooperation could lower electricity costs in Western Europe
by up to 13%. The greatest emission reductions are seen when Denmark (20.6%) and
Northwestern Europe (13.7%) are connected to Norway’s hydropower resources. Further-
more, strategic connections—such as those involving Luxembourg and larger neighboring
countries—yield mutual benefits. Economically robust nations like France and Germany
are well-positioned to transition to 100% WWS grids.

The integration of utility-scale PV and wind farms is essential for building sustain-
able energy systems. Unlike conventional power plants, PV and wind systems generate
electricity independently [91]. In Lesotho, RES intermittency has contributed to grid insta-
bility. Most PV and wind installations are concentrated near Ha-Ramarothole and Letseng
substations. To analyze the dynamic effects of renewable energy fluctuations, researchers
introduced a short-circuit fault at the busbar with the lowest critical clearing time, measur-
ing the resulting voltage, frequency, and rotor angle variations. Additionally, a steady-state
voltage analysis was conducted using hourly load data, IREG data, and Muela Hydropower
generation for 2018. The findings were evaluated against the Lesotho Grid Code, focusing
on grid stability indicators.
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With the ongoing global energy crisis, RESs are expected to gradually replace tradi-
tional power plants in the coming decades, as noted in [92]. Consequently, current research
prioritizes integrating RESs into smart grids. The study outlines various control strategies
each with their own advantages and drawbacks that support efficient renewable energy
integration into smart grid infrastructures.

Reference [93] provides a comprehensive overview of how integrating RES technolo-
gies affects power network performance, along with common mitigation approaches. RESs
can be sourced from PV, wind, biomass, geothermal, and renewable hydrogen or fuel cells.
However, some global forecasts overestimate the capacity of renewables due to constraints
in actual deployment. This review highlights the main technical barriers and offers practical
solutions to enhance renewable integration.

In previous years, RESs could have been prevalent. However, their integration poses
technical challenges. The absence of conventional synchronous generators reduces system
inertia, complicating regulation. RESs are also associated with high levels of uncertainty;,
limited fault ride-through capacity, increased fault current, constrained generation re-
serves, and poor power quality. Solar and wind power are susceptible to variability. To
address these challenges, researchers have developed advanced technologies for control,
optimization, energy storage, and fault current limitation [94].

8. Photovoltaic-Based EV Charging Infrastructures

Prior to the installation of a PV system for EV charging, it is important to evaluate the
social acceptance of the infrastructure, its potential effects on society, and the additional
services it will provide. PV-based EV charging stations have already influenced society
and are being increasingly accepted, providing new services that benefit users, particularly
those outside urban areas and early adopters. Integrating solar energy with EV charging
infrastructure offers substantial potential to reduce carbon emissions, enhance energy secu-
rity, and promote energy mobility [95]. Nevertheless, the integration process encounters
various issues that need to be resolved to ensure effective integration. The planning and
deployment of PV systems for EV charging infrastructure require careful optimization to
ensure maximum efficiency. Site selection for solar panels is particularly challenging, as it
involves considerations such as sun exposure and available space. Additionally, ensuring
that solar panels generate enough energy to charge EVs efficiently is critical. The integration
of PV into existing power grids presents technical challenges, particularly in handling the
variability of PV output and the dynamic nature of EV charging demand. Addressing these
fluctuations necessitates the deployment of advanced energy management techniques [96].
One of the major obstacles is the substantial capital investment required to implement
EV charging infrastructure powered by solar energy. Securing financial support remains
difficult due to high upfront expenditures and long return-on-investment timelines. To
ensure the long-term success of such initiatives, it is vital to develop business models
that are both economically viable and environmentally sustainable. Despite ongoing re-
ductions in the cost of PV technologies, financial hurdles continue to slow large-scale
adoption. Moreover, for seamless integration with the power grid, the establishment of
standardized connection protocols for solar-based EV charging systems is crucial. Sim-
plifying regulatory frameworks and accelerating permitting procedures are also key to
reducing administrative burdens and facilitating timely project execution. Promoting the
expansion of solar-powered EV infrastructure requires addressing these multifaceted tech-
nical, financial, and regulatory barriers, it is necessary to develop clear and supportive
regulatory frameworks [97].
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8.1. Adoption and Integration of PV in Environmentally Protected Areas
Technical and Economic Implications Within the Tunisian Context

The integration of PV-based EV charging infrastructure in Tunisia presents unique
technical and economic challenges that must be carefully considered. Technically, Tunisia’s
existing grid infrastructure requires significant modernization to effectively manage the
variability introduced by photovoltaic generation and the increasing load from EV charging
stations. Grid stability concerns, such as voltage fluctuations, harmonics, and phase
imbalance, are exacerbated by the limited deployment of advanced battery energy storage
(BESS) and real-time energy management tools. Furthermore, the relatively low penetration
of smart grid technologies constrains the effective implementation of bidirectional V2G
services, which are essential for optimizing energy flows and grid support.

Economically, the high upfront investment costs for PV arrays, BESS, and EV charg-
ing infrastructure pose significant barriers, particularly in a developing country contexts
where financial resources and incentives are limited. The regulatory framework in Tunisia
is still evolving, with challenges related to permitting, interconnection standards, and
policy incentives that affect the scalability and attractiveness of PV-powered EV infras-
tructure projects. Additionally, socioeconomic factors, including consumer awareness and
acceptance, impact demand growth and thus the viability of large-scale deployments.

Addressing these challenges requires coordinated efforts combining grid upgrades,
targeted policy development, and innovative financing models tailored to local conditions.
Pilot projects and data collection initiatives are crucial for informing scalable solutions and
demonstrating technical feasibility and economic benefits. By focusing on these aspects,
Tunisia can leverage its abundant solar resources to foster a sustainable and resilient EV
charging ecosystem, aligned with national renewable energy and climate goals.

To strengthen the regional applicability of our modeling framework, pilot project
outcomes and benchmarking data from comparable solar-rich regions have been reviewed.
In Morocco, the Green Energy Park in Ben Guerir has launched demonstration projects
on PV-powered EV charging integrated with smart grids and storage systems, providing
valuable technical and economic insights applicable to North African markets. Similarly,
Egypt’s Benban Solar Park, one of the largest in Africa, has incorporated localized charging
infrastructure studies and public-private partnership models to support green mobility.
These examples confirm the viability of high-irradiance countries implementing hybrid
PV-EV systems at scale. Although Tunisia currently lacks large-scale deployments, such
regional benchmarks offer relevant technical parameters, financing schemes, and policy
frameworks that can inform pilot programs. Drawing on these analogs enhances the credi-
bility of our modeling assumptions and supports a phased approach to implementation,
starting with localized testbeds in cities such as Tataouine, Tozeur, and Sfax.

PV systems are playing an increasingly significant role in shaping architectural and
urban spaces, thanks to innovative module designs and their incorporation into both new
constructions and building renovations, as well as urban areas, energy communities, and
preserved landscapes. Beyond enhancing energy efficiency, PV technologies contribute
to minimizing GHGE, lowering electricity costs, and fostering economic growth. Recent
advances in the visual design of PV panels allow for better integration of esthetics, techno-
logical performance, and energy production. In addition, PV systems offer multifunctional
uses and open new opportunities for creative and sustainable architectural solutions [98,99].

However, the adoption of PV systems in cities remains a topic of debate. Social
preferences driven by perceived benefits, cultural values, and societal priorities play a
significant role in determining community acceptance of PV systems. The transition from
buildings to landscapes for PV integration increases design complexity, requiring careful
coordination between urban planning, architecture, energy planning, heritage conservation,
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and environmental protection. To address this, research has aimed at assessing openness
to PV technology and its acceptance in landscapes with protected heritage and natural
values. A study on PV systems in such landscapes revealed high acceptance rates, with 90%
of respondents showing support, divided into 46.5% fully accepting and 43.5% partially
accepting. Partial acceptance generally reflects the need for customized PV designs. Only
a small percentage (7%) of respondents considered PV technology unsuitable, while 3%
expressed reservations about its implementation. These findings align with previous
research on incorporating PV technology into historic structures, with similar patterns of
total and partial acceptance [100].

8.2. Technical and Operational Issues of Energy Coordination in PV Charging Stations

EV users typically recharge their vehicles using residential connections, which results
in significant system losses within the power sector, ultimately reducing profitability. Many
EV chargers also introduce power quality issues due to their nonlinear response. These grid
reliability issues arise from poorly coordinated and inefficient charging patterns. Solutions
to these issues include reconfiguring charging schedules, ameliorating inverter designs,
incorporating RES, and implementing EMS.

To provide a more structured perspective, the technical challenges of PV-based EV
charging systems can be classified into three main categories: grid-level, load-level, and
control-level issues. Grid-level challenges primarily include voltage instability and har-
monic distortion caused by the intermittent nature of PV generation and the nonlinear
characteristics of EV chargers. Load-level concerns involve phase imbalance and peak
demand spikes, particularly during uncontrolled mass charging. Control-related challenges
center on the complexity of coordinating bidirectional power flows and dynamically man-
aging energy from multiple sources in real time. In response, advanced EMS leveraging
intelligent algorithms have been proposed. For instance, active power filtering based on
SREF theory has been shown to reduce THD by up to 65%, maintaining values within IEEE
519 recommended limits. To mitigate load-level issues, smart scheduling strategies can
reduce evening peak loads by 30-50% by distributing EV charging more evenly across
off-peak hours. At the control level, optimization techniques such as PSO and GA are
employed to manage power exchange between PV arrays, storage systems, and EVs. Sim-
ulation studies have demonstrated that PSO-based EMS can enhance PV utilization by
12-18%, while GA approaches improve energy efficiency and reduce battery degradation
by optimizing charging patterns. This systematic combination of tailored mitigation strate-
gies and intelligent EMS technologies significantly contributes to the stable and scalable
deployment of PV-based EV infrastructure.

Leveraging available RE is considered the most effective technique from both a fi-
nancial and ecological perspective, as it eases the load on the network and enhances grid
reliability. EMS maximizes RE use while minimizing charging costs. The optimization of
hybrid RE-based EV charging stations may be reached through algorithms like PSO, genetic
algorithms (GAs), and a combination of both (GA-PSO), leading to improved performance.
Additionally, new energy transfer systems, like the bidirectional V2G technique, allow EVs
to supply power back to the grid during blackouts or peak demand periods. This greatly
supports the sustainability of power systems and the mobility sector, offering multiple
techno-economic and environmental benefits [101].

To provide a quantitative perspective on the impact of different PV system configu-
rations on charging station performance and grid stability, various modeling approaches
have been developed and validated through simulations and case studies. For instance,
standalone PV arrays integrated with EV chargers show improvements in energy self-
consumption and reduced grid dependency, but face challenges due to solar intermittency,
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which can cause voltage fluctuations and reduce overall charging efficiency. Hybrid config-
urations that combine PV systems with BESS offer enhanced energy smoothing capabilities,
enabling more stable power delivery, improved load matching, and reduced stress on grid
infrastructure. Simulation studies reveal that such hybrid systems can increase charging
station efficiency by up to 15% and reduce grid voltage deviations by 10-20%, depending
on storage capacity and control algorithms. Additionally, advanced smart charging and
V2G algorithms that dynamically manage energy flows between EVs, PV arrays, and the
grid optimize peak shaving and frequency regulation, thereby supporting grid stability.
Case studies from regions with high PV penetration further demonstrate that proper sys-
tem design and coordination can mitigate power quality issues, lower operational costs,
and enhance reliability, confirming the crucial role of quantitative modeling in guiding
infrastructure deployment and policy decisions.

Incorporating PV systems into EV charging infrastructure introduces a mix of issues
and opportunities. Tackling concerns such as power quality and energy losses requires the
deployment of advanced solutions, including hybrid renewable configurations, intelligent
energy management approaches, and optimized control algorithms. With ongoing advance-
ments in PV technology, its role in EV charging systems becomes increasingly important for
enhancing efficiency, reducing pressure on the power grid, and supporting the shift toward
green energy. The integration of V2G technology amplifies this potential by transforming
the energy landscape, emphasizing the need for ongoing studies [102].

For effective implementation, selecting optimal locations for solar-powered EV charg-
ing stations is key. EV charging takes longer than refueling conventional vehicles, which
means a significant increase in the number of stations will be required to provide EV users
with the same level of convenience that gasoline stations offer to ICEVs. To facilitate the
shift towards electric mobility, numerous governments have introduced measures like tax
benefits, vehicle exchange programs, and subsidies for EV purchases. Furthermore, the
price of new EVs has fallen significantly in the last ten years [103].

Site selection for PV-powered EV charging stations can benefit from novel approaches,
such as using Geographic Information Systems for optimal placement. Recent works have
employed GIS and Multi-Criteria Decision-Making techniques for identifying optimal sites
for PV plants. However, there has been limited attention on integrating RE and determining
the best sites for PV-generated EV charging stations [104].

Prior to the deployment of PV for EV charging, assessing the societal acceptance and
potential social impacts of this infrastructure is a fundamental step. Recognizing how the
public perceives PV-powered EV charging stations, along with the additional services they
can provide, is key to ensuring their successful integration. The combination of PV tech-
nology with electric vehicle charging offers promising benefits, including limited GHGE,
ameliorated energy resilience, and the advancement of sustainable mobility. Nevertheless,
several issues require attention to ensure effective integration. These include improving
system design and installation practices for greater performance, carefully. It is also critical
to establish interconnection standards and navigate complex utility regulations to ensure
seamless grid integration. The development of supportive regulatory frameworks and
the continued advancement of energy management systems, like PSO and GA, will be
essential for maximizing the performance of these systems. The introduction of V2G tech-
niques further presents emerging possibilities for energy exchange and grid stabilization
during critical events such as power outages and periods of peak demand. Overcoming the
associated challenges while leveraging the advantages of PV integration in EV charging
infrastructure will necessitate ongoing innovation and research efforts [105].

To further quantify the influence of PV variability on grid performance, simulation-
based evaluations were conducted to assess voltage stability and power quality under
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different PV generation profiles. The results reveal that during peak solar generation
periods, voltage fluctuations can exceed acceptable thresholds, especially in low-inertia
grids without energy buffering. However, the integration of hybrid systems combining
PV arrays with BESS significantly mitigates these effects. Simulation models show that
such configurations can reduce voltage deviation by 10-20%, depending on the storage
capacity and control strategy employed. Additionally, adaptive control algorithms such
as PSO and GA demonstrate effectiveness in dynamically managing energy dispatch
between PV, storage, and EV load, thereby improving load matching and minimizing grid
stress. Advanced forecasting techniques, when integrated with smart energy management
systems, also help anticipate and smooth out PV intermittency. These quantitative insights
emphasize the critical role of intelligent coordination strategies and hybrid system design
in maintaining power quality and grid stability in PV-based EV charging infrastructures.

Energy charging capacity levels, charger topologies, communication protocols, and im-
plementation guidelines are also critical considerations in the advancement of EV charging
infrastructure. The performance of EV batteries can be influenced by the type of charging
infrastructure used. Charging power is categorized into three levels: Levels 1, 2, and 3.
Unidirectional charging (on-board) is easier to manage for hardware issues, reduces battery
wear, and is constrained by size, weight, and cost. Bidirectional charging (off-board),
however, allows energy to flow from the grid to the battery and vice versa. A comparison
of various EV charging infrastructures, based on factors like location, power capacity,
and equipment, reveals the need for improved power management, standardization, and
resolution of infrastructure-based challenges for wider EV acceptance [106].

This comparative Table 2 highlights the distinct characteristics of EV charging tech-
nologies. While Level 1 and Level 2 chargers exert minimal to moderate impact on the
grid and battery systems, Level 3 chargers, especially fast DC types, introduce significant
power quality concerns due to high THD levels (up to 27%) and thermal stress on both
transformers and batteries. Bidirectional V2G chargers, though complex, offer the potential
to alleviate grid stress through smart coordination and ancillary services. This analysis un-
derscores the importance of aligning charger deployment with grid capacity and intelligent
control mechanisms to ensure safe, efficient, and sustainable integration.

Table 2. Comparative analysis of EV charger types based on power capacity, directionality, and

grid /battery impact.
Power Charging oL . Grid Power Battery
Charger Type Capacity Time Directionality Use Case Impact Quality Health
Level 1 (AC) 1.4-24 kW 8-20h Unidirectional Home/residential Minimal, Negllgll?le Mlmmgl
lowload  harmonics  degradation
Level2 (AC)  33-22kW 38h  Uni/Bidirectional Public/residential Moderate  Mild THD —  Slightly
impact increase higher wear
. s Accelerated
Level 3 (DC . Mostly Highways, High Significant degradation
. 50-350 kW  15-45 min S . peak THD
Fast Charging) Unidirectional fleet charging (20-30% after
demand  (up to 27%)
500 cycles)
Load — May
. .VZC.; 3.3-50 kW Variable Bidirectional Grid support, bala'ncmg, mltilg'ate or control to
(Bidirectional) smart homes ancillary inject tect
services harmonics protec
battery

Lastly, the social impacts of PV-powered EV charging stations cannot be overlooked. A
critical initial phase in deploying a PV-based EV charging system involves evaluating public
acceptance of the infrastructure and examining its broader social implications. PV-based
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EV charging infrastructure not only affects how society receives this technology but also
offers new services, particularly to users in rural or less urbanized areas and early adopters.

8.3. PV-CS Social Impacts

Prior to deploying a PV system for EV charging, it is essential to evaluate public
acceptance of the infrastructure and its effect on society, as well as the updated services it
may introduce.

Empirical studies underline that social acceptance is a pivotal factor influencing the
adoption of PV-powered EV charging infrastructure. Survey data from various regions
reveal high levels of community support, with acceptance rates often exceeding 90% when
the benefits of reduced emissions, cost savings, and enhanced energy autonomy are clearly
communicated. For example, a recent study in European communities showed that 46.5% of
respondents fully accepted PV integration in urban and semi-urban environments, while an
additional 43.5% expressed conditional acceptance depending on design customization and
impact mitigation. Key drivers of acceptance include environmental awareness, perceived
economic benefits, and trust in renewable technology. Conversely, concerns related to vi-
sual impact, upfront costs, and system reliability remain significant barriers, as highlighted
by focus group analyses and behavioral surveys. Understanding these behavioral and per-
ceptual factors is essential to tailor outreach, policy frameworks, and infrastructure design,
thereby facilitating more effective deployment and broader community engagement.

Recent empirical studies support the importance of public perception in the deploy-
ment of PV-powered EV charging stations. A survey conducted across 11 European urban
and semi-urban regions found that 90% of respondents expressed support for PV integra-
tion, with 46.5% fully approving and 43.5% conditionally accepting the systems, depending
on design and environmental integration. A pilot project in Germany also revealed that
public satisfaction increased significantly when stations included transparent information
on energy sources and environmental benefits. However, case studies in Spain and Italy
noted recurring concerns over visual impact, lack of awareness, and doubts about return
on investment as barriers to adoption. In Tunisia, while large-scale data are limited, small-
scale interviews in solar pilot regions such as Tataouine and Sfax have indicated growing
interest, particularly among youth and tech-literate users, although concerns remain about
upfront costs and local grid readiness. These findings highlight the importance of context-
specific engagement strategies, educational campaigns, and inclusive planning processes
to strengthen social acceptance and support the expansion of PV-based EV infrastructure.

The integration of PV-based EV charging infrastructure has already influenced public
perception and acceptance, offering services that benefit not only urban residents but also
users in rural areas and early adopters. Four conceptual case studies, all solar-powered, are
presented to illustrate these innovative services: a PV-powered luggage vehicle, a solar-
equipped train station, a solar-powered bus terminal, and a portable charging unit [107].

8.4. Impact of Photovoltaic-Based EV Charging Infrastructure on Sustainability and the Economy

EV charging stations powered by PV systems offer a range of benefits for both the
economy and the environment. Economically, these stations reduce dependence on the
power grid, which lowers operating charge and provides long-term savings for both con-
sumers and businesses. By harnessing solar energy, they foster greater control over energy
supply and mitigate the impact of increasing fuel prices. Environmentally, PV-powered
charging stations reduce pollution and GHGE, further enhancing the sustainability of
EV. When combined with PV systems, EV charging stations improve grid stability and
efficiency through optimized charging schedules. Moreover, these stations are indepen-
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dent of the grid, boosting transportation system resilience and providing backup power
during outages.

The viability of on-site energy storage for EV charging stations, powered by PV, has
been explored in simulations conducted in both the United States and China. These studies
discuss the findings, with energy balance serving as the foundation for evaluating ecological
and financial metrics. The economic analysis factors in PV array investment costs, BESS,
electricity sales to the grid, and grid electricity purchases to calculate a yearly operating
cash flow. Additionally, the remediation charge of GHGE is assessed by fusing both green
and investment practicality evaluations [108].

8.5. Technical Standards and Protocols

The successful deployment and operation of PV-powered EV charging infrastructure
relies heavily on adherence to established technical standards and communication protocols
that ensure interoperability, safety, and efficient integration with the grid. Key standards
include International Electrotechnical Commission (IEC) 61850 [109], which defines com-
munication networks and systems for power utility automation, facilitating seamless data
exchange between grid components and charging stations. The International Organization
for Standardization (ISO) 15118 protocol governs the communication between EVs and
charging stations [110], enabling features such as plug-and-charge, smart charging, and
bidirectional energy flow in V2G systems. Interconnection standards such as Institute
of Electrical and Electronics Engineers (IEEE) 1547 and Underwriters Laboratories (UL)
1741 standard specify requirements for integrating distributed energy resources, including
PV systems, to ensure grid stability and safety [111]. Compliance with these standards
supports standardized control, monitoring, and protection functions, which are critical for
scaling PV-EV infrastructure. Furthermore, ongoing developments in cybersecurity stan-
dards are increasingly important to safeguard communication channels against potential
threats. Incorporating these technical frameworks into design and policy considerations
provides clear guidance to practitioners and regulators, fostering reliable and resilient
PV-based EV charging networks.

While standards such as IEC 61850, ISO 15118, IEEE 1547, and UL 1741 provide a foun-
dation for PV and EV system integration, several technical and regulatory gaps remain. For
example, IEC 61850 enables substation automation and communication, but its implemen-
tation across distributed PV-EV systems is still limited. ISO 15118 supports smart charging
and V2G communication, yet lacks widespread compatibility across EV brands and charger
types. IEEE 1547 defines interconnection requirements for distributed energy resources,
but does not fully address the dynamic behaviors of V2G-enabled EV chargers. Regulatory
inconsistencies further complicate deployment: many regions lack unified guidelines for
bidirectional energy flows, cybersecurity requirements, or streamlined permitting. To
facilitate seamless integration, it is crucial to establish globally harmonized standards for
charger communication, enforce minimum cybersecurity protections for grid-interfaced
systems, and develop fast-track permitting processes tailored to PV-based EV charging
stations. These improvements will accelerate deployment, enhance interoperability, and
ensure grid reliability as EV and PV adoption expands.

8.6. Regulatory, Technical, and Social Barriers

The successful integration of PV-powered EV charging infrastructure faces several reg-
ulatory, technical, and social barriers that require deeper consideration. From a regulatory
standpoint, varying policies across regions create challenges for scalability. For example,
the EU Renewable Energy Directive and U.S. Clean Energy Standards have established
frameworks that encourage the adoption of EVs and PV systems through financial incen-
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tives, grid integration standards, and emission reduction targets. However, regions with
less mature regulatory environments, such as Tunisia, face slower implementation due to
gaps in interconnection policies and lack of standardized permitting processes for renew-
able energy systems. On the technical side, hardware compatibility remains a significant
hurdle, particularly in integrating various EV models, PV systems, and energy storage units.
Interoperability issues, including mismatched charging protocols and differing inverter
technologies, can hinder efficient energy exchange and grid stability. To address these,
universal standards and smart grid technologies are crucial. Socially, public acceptance and
cultural factors play a significant role in adoption rates. Regions with higher environmental
awareness, like Scandinavian countries, show faster adoption of PV-EV systems, while
areas with lower awareness face resistance to new technologies. Additionally, cultural
perceptions about the reliability and esthetics of PV infrastructure can also affect adoption,
especially in urban areas where space and visual appeal are important considerations.
Overcoming these barriers requires tailored policy development, technical innovation, and
community engagement to ensure the success of PV-powered EV infrastructure globally.

9. Conclusions and Future Trends

The integration of EVs into existing power grids is essential for advancing sustainable
transportation and reducing greenhouse gas emissions. This review underscores the
significant impacts of EVs on power quality, grid stability, and infrastructure planning,
particularly when combined with renewable energy sources like PV systems. Despite
ongoing technological progress addressing challenges such as voltage imbalance, harmonic
distortion, and energy storage, strategic planning and supportive policy frameworks
remain critical.

While PV-powered EV charging infrastructure offers significant environmental and
economic benefits, several key hurdles impede its large-scale deployment. Primary chal-
lenges include the variability of solar energy, which necessitates advanced energy storage
and smart grid management to ensure consistent power supply; high upfront capital costs
for PV systems, batteries, and charging stations limit widespread adoption, especially
in developing regions with constrained financial resources; additionally, technical issues
such as hardware interoperability and the lack of standardized communication protocols
hinder seamless integration. Social acceptance and regulatory uncertainties further com-
plicate deployment, as supportive policies and clear guidelines are still evolving in many
markets. Overcoming these barriers requires continued technological advancements in
high-efficiency PV panels, durable and cost-effective energy storage solutions, and intelli-
gent charging algorithms that optimize energy flow and battery health. Equally important
are the development of universal standards and scalable business models that encourage
investment and consumer confidence. By addressing these multifaceted challenges through
coordinated innovation, policy support, and stakeholder engagement, PV-EV infrastructure
can achieve practical, sustainable scalability.

Despite significant progress in integrating PV systems with EV charging infrastructure,
several critical research gaps remain. Future investigations should focus on the develop-
ment of advanced energy management algorithms that dynamically optimize the balance
between PV generation variability and EV charging demand to enhance grid stability and
efficiency. Furthermore, resilience strategies need to be designed to ensure reliable EV
charging during power outages, including the exploration of V2G capabilities and hybrid
energy storage solutions. Additionally, integrated urban planning approaches that coor-
dinate PV-EV infrastructure deployment with city energy and transportation systems are
essential to maximize socio-economic and environmental benefits. Targeted pilot projects in
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developing regions, such as Tunisia, could provide valuable data to refine these strategies,
enabling scalable and sustainable deployment of PV-based EV charging networks globally.

In Tunisia, with its high solar irradiance, the transition to EVs and renewable energy
presents both an environmental imperative and a strategic opportunity for regional leader-
ship. However, limited infrastructure and the need for grid modernization pose challenges
to large-scale EV adoption.

Future research should focus on integrating advanced energy storage systems to
manage PV variability and balance supply—-demand dynamics, especially during peak
solar generation. Optimizing storage sizing, hybrid solutions, and intelligent controls will
enhance system reliability and cost-effectiveness. Parallel efforts in grid modernization—
deploying smart grid technologies tailored to Tunisia’s unique energy profile—are necessary
to enable real-time monitoring, adaptive energy management, and efficient V2G operations.

Equally vital is the formulation of clear, supportive policies that streamline interconnec-
tion, simplify permitting, and incentivize investment in PV-powered EV infrastructure. Col-
laborative frameworks involving utilities, regulators, industry, and communities will foster
social acceptance and equitable access. Encouraging local R&D and academic partnerships
will further enable context-specific solutions, particularly for rural and semi-urban regions.

By capitalizing on its solar potential and prioritizing sustainable infrastructure, Tunisia
can emerge as a model for clean mobility and decentralized renewable energy integration
in North Africa.
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Abbreviations

BEV battery electric vehicle
BESS Battery Energy Storage Systems

EV Electric vehicles

EMS energy management strategies
G2v Grid to vehicles

GA Genetic algorithm

GHGE greenhouse gas emission

GIS Geographic Information Systems
ICEVs internal combustion engine vehicles
PQ Power quality

PHEV  plug-in hybrid electric vehicle
PV Photovoltaic

RES Renewable energy source

SRF synchronous reference frame

MISO  Midwest ISO
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THD Total harmonic distortion

TUO Time of Use

UPQC  unified power quality conditioners
HV high voltage

V2G Vehicle to grid

References

1.  Hainsch, K. Identifying policy areas for the transition of the transportation sector. Energy Policy 2023, 178, 113591. [CrossRef]

2. Mansouri, N.; Mnassri, A.; Nasri, S.; Ali, M.; Lashab, A.; Vasquez, J.C.; Guerrero, ].M. Control and Optimization of Hydrogen
Hybrid Electric Vehicles Using GPS-Based Speed Estimation. Electronics 2024, 14, 110. [CrossRef]

3.  Board, A; Sun, Y.; Huang, P; Xu, T. Community-to-vehicle-to-community (C2V2C) for inter-community electricity delivery and
sharing via electric vehicle: Performance evaluation and robustness analysis. Appl. Energy 2024, 363, 123054. [CrossRef]

4. Zou, W, Sun, Y.; Gao, D.-C.; Zhang, X. Globally optimal control of hybrid chilled water plants integrated with small-scale thermal
energy storage for energy-efficient operation. Energy 2023, 262 Pt A, 125469. [CrossRef]

5. Ren,H.;Ma, Z,; Fong, AM.L,; Sun, Y. Optimal deployment of distributed rooftop photovoltaic systems and batteries for achieving
net-zero energy of electric bus transportation in high-density cities. Appl. Energy 2022, 319, 119274. [CrossRef]

6. Ren,H.;Ma, Z;Chan, A.B.; Sun, Y. Optimal planning of municipal-scale distributed rooftop photovoltaic systems with maximized
solar energy generation under constraints in high-density cities. Energy 2023, 263, 125686. [CrossRef]

7. Huang, P.; Munkhammar, J.; Fachrizal, R.; Lovati, M.; Zhang, X.; Sun, Y. Comparative studies of EV fleet smart charging
approaches for demand response in solar-powered building communities. Sustain. Cities Soc. 2022, 85, 104094. [CrossRef]

8. Zhao, ].; Xi, X.I; Na, Q.I; Wang, S.; Kadry, S.N.; Kumar, PM. The technological innovation of hybrid and plug-in electric vehicles
for environment carbon pollution control. Environ. Impact Assess. Rev. 2021, 86, 106506. [CrossRef]

9.  Filote, C,; Felseghi, R.; Andreea, R.; Maria, S.; Aschilean, I. Environmental impact assessment of green energy systems for power
supply of electric vehicle charging station. Int. J. Energy Res. 2020, 44, er.5678. [CrossRef]

10. Johnson, O.D.; KHassan, A. Issues of power quality in electrical systems. Int. |. Energy Power Eng. 2016, 5, 148-154. [CrossRef]

11.  Singh, B.; Jain, V.; Chandra, S.A.; Al-Haddad, K. Power Quality Improvement in a PV Based EV Charging Station Interfaced
with Three Phase Grid. In Proceedings of the Toronto: IECON 2021—47th Annual Conference of the IEEE Industrial Electronics
Society, Toronto, ON, Canada, 13-16 October 2021; pp. 1-6. [CrossRef]

12.  Farahani, H.F. Improving voltage unbalance of low-voltage distribution networks using plug-in electric vehicles. J. Clean. Prod.
2017, 148, 336-346. [CrossRef]

13.  Zhou, X; Zou, L.; Ma, Y.; Gao, Z. Research on impacts of the electric vehicles charging and discharging on power grid. In Pro-
ceedings of the 2017 29th Chinese Control And Decision Conference (CCDC), Chongging, China, 28-30 May 2017; pp. 1398-1402.
[CrossRef]

14. Fernandez, L.P,; San Roman, T.G.; Cossent, R.; Domingo, C.M.; Frias, P. Assessment of the impact of plug-in electric vehicles on
distribution networks. IEEE Trans. Power Syst. 2011, 26, 206-213. [CrossRef]

15. de Hoog, J.; Muenzel, V.; Jayasuriya, D.C.; Alpcan, T.; Brazil, M.; Thomas, D.A.; Mareels, I.; Dahlenburg, G.; Jegatheesan, R. The
importance of spatial distribution when analysing the impact of electric vehicles on voltage stability in distribution networks.
Energy Syst. Optim. Model. Simul. Econ. Asp. 2015, 6, 63-84. [CrossRef]

16. Masoum, M.A.; Moses, P.S.; Smedley, K.M. Distribution transformer losses and performance in smart grids with residential
Plug-In Electric Vehicles. ISGT 2011, 2011, 1-7.

17.  Hussain, M.T,; Bin Sulaiman, N.; Hussain, M.S.; Jabir, M. Optimal Management strategies to solve issues of grid having Electric
Vehicles (EV): A review. |. Energy Storage 2021, 33, 102114. [CrossRef]

18. Dharmakeerthi, C.H.; Mithulananthan, N.; Saha, T.K. Overview of the impacts of plug-in electric vehicles on the power grid. In
Proceedings of the 2011 IEEE PES Innovative Smart Grid Technologies, Perth, WA, Australia, 13-16 November 2011; pp. 1-8.

19. Li, H.L.; Bai, X.M.; Tan, W. Impacts of plug-in hybrid electric vehicles charging on the distribution grid and smart charging. In
Proceedings of the IEEE POWERCON 2012: International Conference on Power System Technology, Auckland, New Zealand,
30 October—2 November 2012.

20. Rautiainen, A.; Markkula, J.; Repo, S.; Kulmala, A.; Jarventauta, P.; Vuorilehto, K. Plug-in vehicle ancillary services for a
distribution network. In Proceedings of the 2013 Eighth International Conference and Exhibition on Ecological Vehicles and
Renewable Energies (EVER), Monte Carlo, Monaco, 27-30 March 2013; pp. 1-8.

21. Yong,].Y,; Ramachandaramurthy, V.K; Tan, K.M.; Mithulananthan, N. Bi-directional electric vehicle fast charging station with
novel reactive power compensation for voltage regulation. Int. J. Electr. Power Energy Syst. 2015, 64, 300-310. [CrossRef]

22. Kim, K;; Song, C.S.; Byeon, G.; Jung, H.; Kim, H.; Jang, G. Power demand and total harmonic distortion analysis for an EV

charging station concept utilizing a battery energy storage system. J. Electr. Eng. Technol. 2013, 8, 1234-1242. [CrossRef]


https://doi.org/10.1016/j.enpol.2023.113591
https://doi.org/10.3390/electronics14010110
https://doi.org/10.1016/j.apenergy.2024.123054
https://doi.org/10.1016/j.energy.2022.125469
https://doi.org/10.1016/j.apenergy.2022.119274
https://doi.org/10.1016/j.energy.2022.125686
https://doi.org/10.1016/j.scs.2022.104094
https://doi.org/10.1016/j.eiar.2020.106506
https://doi.org/10.1002/er.5678
https://doi.org/10.11648/j.ijepe.20160504.12
https://doi.org/10.1109/IECON48115.2021.9589248
https://doi.org/10.1016/j.jclepro.2017.01.178
https://doi.org/10.1109/CCDC.2017.7978736
https://doi.org/10.1109/TPWRS.2010.2049133
https://doi.org/10.1007/s12667-014-0122-8
https://doi.org/10.1016/j.est.2020.102114
https://doi.org/10.1016/j.ijepes.2014.07.025
https://doi.org/10.5370/JEET.2013.8.5.1234

World Electr. Veh. ]. 2025, 16, 349 27 of 30

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.
45.

46.
47.

48.

49.

50.

51.

Lucas, A.; Bonavitacola, F.; Kotsakis, E.; Fulli, G. Grid harmonic impact of multiple electric vehicle fast charging. Electr. Power
Syst. Res. 2015, 127, 13-21. [CrossRef]

Delgado, J.; Faria, R.; Moura, P.; de Almeida, A.T. Impacts of plug-in electric vehicles in the portuguese electrical grid. Transp. Res.
Part D Transp. Environ. 2018, 62, 372-385. [CrossRef]

Williamson, S.S.; Rathore, A.K.; Musavi, F. Industrial electronics for electric transportation: Current state of-the-art and future
challenges. IEEE Trans. Ind. Electron. 2015, 62, 3021-3032. [CrossRef]

Grunditz, E.A ; Thiringer, T. Performance analysis of current BEVs based on a comprehensive review of specifications. IEEE Trans.
Transp. Electr. 2016, 2, 270-289. [CrossRef]

Khadake, S.B.; Khedekar, S.V.; Kawade, A.M.; Vyavahare, S.S.; Kashid, PJ.; Chounde Amol, B.; Mallad, H.M. Solar Based Electric
Vehicle Charging SystemReview. Int. ]. Adv. Res. Sci. Commun. Technol. (IJARSCT) 2024, 4, 42-57. [CrossRef]

Prachi, A.B. Integration of Renewable Energy and Artificial Intelligence in Electric Vehicle Charging: A Review of Smart
Grid-Connected Systems. Res. ]. Eng. Technol. Med. Sci. 2024, 7, 49-58.

Shib, S.K.; Dipto, D.R.; Rahman, M.T.; Rahman, M.M,; Islam, R.; Shufian, A. Machine Learning-Driven Demand Prediction
for Off-Grid PV-Integrated EV Charging Stations. In Proceedings of the 2024 IEEE 3rd International Conference on Robotics,
Automation, Artificial-Intelligence and Internet-of-Things (RAAICON), Dhaka, Bangladesh, 29-30 November 2024; pp. 152-157.
Onaolapo, A K.; Abe, B.T. Innovative Feature Analysis of Electric Vehicle Technology, Charging Infrastructure, Power manage-
ment, and Control Methods. WSEAS Trans. Power Syst. 2024, 19, 350-359. [CrossRef]

Yadnik, S.; Tiwari, S. Renewable Energy based Multimode Electric Vehicle Charging Station: A Review. Ijraset |. Res. Appl. Sci.
Eng. Technol. 2022, 10, 2990-2997. [CrossRef]

Thomas, C. Fuel cell and battery electric vehicles compared. Int. . Hydrogen Energy 2009, 34, 6005-6020. [CrossRef]

Dong, Q.; Liang, S.; Li, J.; Kim, H.C.; Shen, W.; Wallington, T.J. Cost, energy, and carbon footprint benefits of second-life electric
vehicle battery use. iScience 2023, 26, 107195. [CrossRef]

Thiel, C.; Perojo, A.; Mercier, A. CostandCO2 aspects of future vehicle options in Europe undernim energy policy scenarios.
Energy Policy 2010, 38, 7142-7151. [CrossRef]

Faria, R.; Moura, P.; Delgado, ].; de Almeida, A. A sustainability assessment of electric vehicles as a personal mobility system.
Energy Convers. Manag. 2012, 61, 19-30. [CrossRef]

Contestabile, M.; Offer, G.; Slade, R.; Jaeger, F.; Thoenees, M. Battery electric vehicles, hydrogen fuel cells and biofuels. Which
will be the winner? Energy Environ. Sci. 2011, 4, 3754-3772. [CrossRef]

Kiviluoma, J.; Meibom, P. Methodology for modeling plug-in electric vehicles in the power system and cost estimates for a system
with either smart or dumb electric vehicles. Energy 2011, 36, 1758-1767. [CrossRef]

Wang, J.; Liu, C.; Ton, D.; Zhou, Y.; Kim, J.; Vyas, A. Impact of plug-in hybrid electric vehicles on power systems with demand
response and wind power. Energy Policy 2011, 39, 4016-4021. [CrossRef]

Lynch, T.; Michelin, M.; Jongejan, A.; Leahy, T. Is smart charging policy for electric vehicles worthwhile? Energy Policy 2012,
41, 259-268.

Fernandes, C.; Frias, P,; Latorre, ]. Impact of vehicle-to-grid on power system operation costs: The Spanish case study. Appl.
Energy 2012, 96, 194-202. [CrossRef]

Tomi¢, J.; Kempton, W. Using fleets of electric-drive vehicles for grid support. J. Power Sources 2007, 168, 459-468. [CrossRef]
Andersson, S.L.; Elotsson, A.; Galus, M.; Goransson, L.; Karlsson, S.; Johnsson, F.; Andersson, G. Plug-in hybrid electric vehicles
as regulating power providers: Case studies of Sweden and Germany. Energy Policy 2010, 38, 2751-2762. [CrossRef]

White, C.; Zhang, K. Using vehicle-to-grid technology for frequency regulation and peak-load reduction. J. Power Sources 2011,
196, 3972-3980. [CrossRef]

Juul, N.; Meibom, P. Optimal configuration of anintegrated power and transport system. Energy 2011, 36, 3523-3530. [CrossRef]
Lund, H.; Kempton, W. Integration of renewable energy into the transport and electricity sectors through V2G. Energy Policy 2008,
36, 3578-3587. [CrossRef]

Hadley, S. Impact of Plug-In Hybrid Vehicles on the Electric Grid; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 2006.
Goransson, L.; Karlsson, S.; Johnsson, F. Integration of plug-in hybrid electric vehicles in a regional wind-thermal power system.
Energy Policy 2010, 38, 5482-5492. [CrossRef]

Wu, Y,; Yang, Z.; Lin, B.; Liu, H.; Wang, R.; Zhou, B.; Hao, J. Energy consumption and CO2 emission impacts of vehicle
electrification in three developed regions of China. Energy Policy 2012, 48, 537-550. [CrossRef]

Ma, H.; Balthser, F,; Tait, N.; Riera-Palou, X.; Harrison, A. A new comparison between the life cycle green house gas emissions of
battery electric vehicles and internal combustion vehicles. Energy Policy 2012, 44, 160-173. [CrossRef]

Mc Carthy, R.; Yang, C. Determining marginal electricity for near-term plug-in and fuel cell vehicle demands in California:
Impacts on vehicle greenhouse gas emissions. J. Power Sources 2010, 195, 2099-2109. [CrossRef]

Elgowainy, A.; Burnham, A.; Wang, M.; Molburg, J.; Rousseau, A. Well-to-Wheels Energy Use and Greenhouse Gas Emissions Analysis
of Plug-In Hybrid Electric Vehicles; Argonne National Laboratory: Lemont, IL, USA, 2009.


https://doi.org/10.1016/j.epsr.2015.05.012
https://doi.org/10.1016/j.trd.2018.03.005
https://doi.org/10.1109/TIE.2015.2409052
https://doi.org/10.1109/TTE.2016.2571783
https://doi.org/10.48175/IJARSCT-22705
https://doi.org/10.37394/232016.2024.19.30
https://doi.org/10.22214/ijraset.2022.41951
https://doi.org/10.1016/j.ijhydene.2009.06.003
https://doi.org/10.1016/j.isci.2023.107195
https://doi.org/10.1016/j.enpol.2010.07.034
https://doi.org/10.1016/j.enconman.2012.02.023
https://doi.org/10.1039/c1ee01804c
https://doi.org/10.1016/j.energy.2010.12.053
https://doi.org/10.1016/j.enpol.2011.01.042
https://doi.org/10.1016/j.apenergy.2011.11.058
https://doi.org/10.1016/j.jpowsour.2007.03.010
https://doi.org/10.1016/j.enpol.2010.01.006
https://doi.org/10.1016/j.jpowsour.2010.11.010
https://doi.org/10.1016/j.energy.2011.03.058
https://doi.org/10.1016/j.enpol.2008.06.007
https://doi.org/10.1016/j.enpol.2010.04.001
https://doi.org/10.1016/j.enpol.2012.05.060
https://doi.org/10.1016/j.enpol.2012.01.034
https://doi.org/10.1016/j.jpowsour.2009.10.024

World Electr. Veh. ]. 2025, 16, 349 28 of 30

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Jones, C.B.; Vining, W.; Lave, M.; Haines, T.; Neuman, C.; Bennett, J.; Scoffield, D.R. Impact of Electric Vehicle customer response
to Time-of-Use rates on distribution power grids. Energy Rep. 2022, 8, 8225-8235. [CrossRef]

Kazemtarghi, A.; Chandwani, A.; Ishraq, N.; Mallik, A. Active Compensation-based Harmonic Reduction Technique to Mitigate
Power Quality Impacts of EV Charging Systems. IEEE Trans. Transp. Electrif. 2022, 9, 1629-1640. [CrossRef]

Singh, R.S.; Mier, G.; Bosma, T.; Eijgelaar, M.; Bloemhof, G.; Sauba, G. Assessment of EV charging strategies and their effect
on residential grids using co-simulation. In Proceedings of the 2022 International Conference on Smart Energy Systems and
Technologies (SEST), Eindhoven, The Netherlands, 5-7 September 2022; IEEE: New York, NY, USA, 2022; pp. 1-6.

Qiu, Y.L.; Wang, Y.D.; Iseki, H.; Shen, X.; Xing, B.; Zhang, H. Empirical grid impact of in-home electric vehicle charging differs
from predictions. Resour. Energy Econ. 2022, 67, 101275. [CrossRef]

Pankaj, S.; Khalid, M.R.; Alam, M.S.; Asghar, M.].; Hameed, S. Electric Vehicle Charging Stations and their Impact on the Power
Quality of Utility Grid. In Proceedings of the 2022 International Conference on Decision Aid Sciences and Applications (DASA),
Chiangrai, Thailand, 23-25 October 2022; IEEE: New York, NY, USA, 2022; pp. 816-821.

Alquthami, T.; Alsubaie, A.; Alkhraijah, M.; Alqahtani, K.; Alshahrani, S.; Anwar, M. Investigating the Impact of Electric Vehicles
Demand on the Distribution Network. Energies 2022, 15, 1180. [CrossRef]

Ding, Y,; Li, X;; Jian, S. Modeling the impact of vehicle-to-grid discharge technology on transport and power systems. Transp. Res.
Part D Transp. Environ. 2022, 105, 103220. [CrossRef]

Rancilio, G.; Bovera, F.; Delfanti, M. Tariff-based regulatory sandboxes for EV smart charging: Impacts on the tariff and the power
system in a national framework. Int. ]. Energy Res. 2022, 46, 14794-14813. [CrossRef]

Rahman, S.; Khan, I.A.; Khan, A.A ; Mallik, A.; Nadeem, M.F. Comprehensive review & impact analysis of integrating projected
electric vehicle charging load to the existing low voltage distribution system. Renew. Sustain. Energy Rev. 2022, 153, 111756.
Mane, ].A.; Rade, M.R.; Buwa, O.N. Impacts of Electric Vehicle Charger on the Power Grid. In ISUW 2019; Springer: Singapore,
2022; pp. 91-100.

Deb, S.; Sachan, S. Proposed Power Systems Planning in Indian Scenario for Integrating EV Charging Infrastructure. In Developing
Charging Infrastructure and Technologies for Electric Vehicles; IGI Global: Hershey, PA, USA, 2022; pp. 25-37.

Zaferanlouei, S.; Lakshmanan, V.; Bjarghov, S.; Farahmand, H.; Korpéds, M. BATTPOWER application: Large-scale integration of
EVs in an active distribution grid—A Norwegian case study. Electr. Power Syst. Res. 2022, 209, 107967. [CrossRef]

Sachan, S.; Kumar, L.; Deb, S. Smart Charging of Electric Vehicles Considering User Behavior. In Proceedings of the 2021 13th
IEEE PES Asia Pacific Power & Energy Engineering Conference (APPEEC), Kerala, India, 21-23 November 2021; IEEE: New York,
NY, USA, 2021; pp. 14.

Dechanupaprittha, S.; Jamroen, C. Self-learning PSO based optimal EV's charging power control strategy for frequency stabilization
considering frequency deviation and impact on EV owner. Sustain. Energy Grids Netw. 2021, 26, 100463. [CrossRef]

Ahmed, A.; Igbal, A.; Khan, I.; Al-Wahedi, A.; Mehrjerdi, H.; Rahman, S. Impact of EV charging station penetration on harmonic
distortion level in utility distribution network: A case study of Qatar. In Proceedings of the 2021 IEEE Texas Power and Energy
Conference (TPEC), College Station, TX, USA, 2-5 February 2021; IEEE: New York, NY, USA, 2021; pp. 1-6.

Khan, M.M.H.; Hossain, A.; Ullah, A.; Hossain Lipu, M.S.; Siddiquee, S.S.; Alam, M.S.; Jamal, T.; Ahmed, H. Integration of
large-scale electric vehicles into utility grid: An efficient approach for impact analysis and power quality assessment. Sustainability
2021, 13, 10943. [CrossRef]

Soleimani, M.; Kezunovic, M. Mitigating transformer loss of life and reducing the hazard of failure by the smart EV charging.
IEEE Trans. Ind. Appl. 2020, 56, 5974-5983. [CrossRef]

Hilshey, A.D.; Rezaei, P.; Hines, P.D.H.; Frolik, J. Electric vehicle charging: Transformer impacts and smart, decentralized solutions.
In Proceedings of the IEEE Power Energy Soc Gen Meeting, San Diego, CA, USA, 22-26 July 2012; pp. 1-8. [CrossRef]

Maier, V.; Pavel, S.G.; Beleiu, H.G.; Farcas, V. Aspects on harmonics analytical identification of a periodic nonsinusoida wave. In
Proceedings of the 2019 8th International Conference on Modern Power Systems (MPS), Cluj, Romania, 21-23 May 2019; pp. 1-6.
[CrossRef]

Alhafadhi, L.; Teh, J. Advances in reduction of total harmonic distortion in solar photovoltaic systems: A literature review. Int. J.
Energy Res. 2019, 44, 2455-2470. [CrossRef]

Waniek, C.; Wohlfahrt, T.; Myrzik, ] M.A.; Meyer, ].; Klatt, M.; Schegner, P. Supraharmonics: Root Causes and Interactions between
Multiple Devices and the Low Voltage Grid. In Proceedings of the IEEE PES Innovative Smart Grid Technologies Conference
Europe (Isgt-Europe), Turin, Italy, 26-29 September 2017.

Wang, L.; Qin, Z.; Slangen, T.; Bauer, P.; VanWijk, T. Grid Impact of Electric Vehicle Fast Charging Stations: Trends, Standards,
Issues and Mitigation Measures—An Overview. IEEE Open . Power 2021, 2, 56-74. [CrossRef]

Espin-Delgado, A.; Ronnberg, S.; Letha, S.S.; Bollen, M. Diagnosis of supraharmonics-related problems based on the effects on
electrical equipment. Electr. Power Syst. Res. 2021, 195, 107179. [CrossRef]


https://doi.org/10.1016/j.egyr.2022.06.048
https://doi.org/10.1109/TTE.2022.3183478
https://doi.org/10.1016/j.reseneeco.2021.101275
https://doi.org/10.3390/en15031180
https://doi.org/10.1016/j.trd.2022.103220
https://doi.org/10.1002/er.8183
https://doi.org/10.1016/j.epsr.2022.107967
https://doi.org/10.1016/j.segan.2021.100463
https://doi.org/10.3390/su131910943
https://doi.org/10.1109/TIA.2020.2986990
https://doi.org/10.1109/PESGM.2012.6345472
https://doi.org/10.1109/MPS.2019.8759685
https://doi.org/10.1002/er.5075
https://doi.org/10.1109/OJPEL.2021.3054601
https://doi.org/10.1016/j.epsr.2021.107179

World Electr. Veh. ]. 2025, 16, 349 29 of 30

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Electric Car Registrations and Sales Share in Selected Countries, 2016-2021—Charts—Data & Statistics—IEA. Available online:
https:/ /www.iea.org/data-and-statistics /charts/electric-car-registrations-and-sales-share-in-selected-countries-2016-2021 (ac-
cessed on 24 January 2023).

Electric Car Statistics—EV Data [Update: Jan 23] | Heycar. Available online: https://heycar.co.uk/blog/electric-cars-statisticsand-
projections (accessed on 24 January 2023).

Trends in Charging Infrastructure—Global EV Outlook 2022—Analysis—IEA. Available online: https://www.iea.org/reports/
global-ev-outlook-2022 /trends-in-charging-infrastructure (accessed on 24 January 2023).

Electric LDV Per Charging Point in Selected Countries, 2010-2021—Charts—Data & Statistics—IEA. Available online:
https:/ /www.iea.org/data-and-statistics/charts/electric-1dv-per-charging-point-in-selected-countries-2010-2021-2 (accessed on
24 January 2023).

Renewable Energy—Our World in Data. Available online: https://ourworldindata.org/renewable-energy (accessed on
24 January 2023).

Available online: https://www.iea.org/reports/global-ev-outlook-2025/trends-in-electric-car-markets-2 (accessed on
15 April 2025).

Available online: https:/ /cleantechnica.com/2025/05/06/global-ev-sales-evs-now-21-of-world-auto-sales-in-2025/ (accessed
on 15 April 2025).

Available online: https://www.zap-map.com/ev-stats/how-many-charging-points (accessed on 15 April 2025).

Available online: https://www.eei.org/-/media/Project/EEI/Documents/Issues-and-Policy/Electric-Transportation/EV-
Forecast-Infrastructure-Report.pdf (accessed on 15 April 2025).

Wang, Y.; Xu, C.; Yuan, P. Is there a grid-connected effect of grid infrastructure on renewable energy generation? Evidence from
China’s upgrading transmission lines. Energy Environ. 2022, 33, 975-995. [CrossRef]

Available online: https://ember-energy.org/app/uploads/2025/04/Report-Global-Electricity-Review-2025.pdf (accessed on
15 April 2025).

Yu, S.; Zhou, S.; Qin, J. Layout optimization of China’s power transmission lines for renewable power integration considering
flexible resources and grid stability. Int. J. Electr. Power Energy Syst. 2022, 135, 107507. [CrossRef]

Bhattacharya, S.; Pennock, S.; Robertson, B.; Hanif, S.; Alam, M.].E.; Bhatnagar, D.; Preziuso, D.; O'Neil, R. Timing value of marine
renewable energy resources for potential grid applications. Appl. Energy 2021, 299, 117281. [CrossRef]

Akhtar, I; Kirmani, S.; Jameel, M. Reliability Assessment of Power System Considering the Impact of Renewable Energy Sources
Integration into Grid with Advanced Intelligent Strategies. IEEE Access 2021, 9, 32485-32497. [CrossRef]

Wirawan, H.; Gultom, Y.M. The effects of renewable energy-based village grid electrification on poverty reduction in remote
areas: The case of Indonesia. Energy Sustain. Dev. 2021, 62, 186-194. [CrossRef]

Jacobson, M.Z. The cost of grid stability with 100% clean, renewable energy for all purposes when countries are isolated versus
interconnected. Renew. Energy 2021, 179, 1065-1075. [CrossRef]

Mokeke, S.; Thamae, L.Z. The impact of intermittent renewable energy generators on Lesotho national electricity grid. Electr.
Power Syst. Res. 2021, 196, 107196. [CrossRef]

Ayadi, F; Colak, I; Garip, I.; Bulbul, H.I. Impacts of Renewable Energy Resources in Smart Grid. In Proceedings of the 2020 8th
International Conference on Smart Grid (icSmartGrid), Paris, France, 17-19 June 2020; pp. 183-188.

Oyekale, J.; Petrollese, M.; Tola, V.; Cau, G. Impacts of Renewable Energy Resources on Effectiveness of Grid-Integrated Systems:
Succinct Review of Current Challenges and Potential Solution Strategies. Energies 2020, 13, 4856. [CrossRef]

Alam, M.S.; Al-Ismail, F; Salem, A.; Abido, M.A. High-Level Penetration of Renewable Energy Sources into Grid Util-
ity:Challenges and Solutions. IEEE Access 2020, 8, 190277-190299. [CrossRef]

John, L.; Patro, R.; Padmakala, S.; Madhumala, R.B. E-mobility as a service and its economic impact: Regulations, policies,
governance, and best practices in E-mobility ecosystems. In E-Mobility in Electrical Energy Systems for Sustainability; IGI Global:
Hershey, PA, USA, 2024; pp. 42-64. [CrossRef]

Cevik, S.; Ninomiya, K. Chasing the sun and catching the wind: Energy transition and electricity prices in Europe. J. Econ. Financ.
2023, 47,912-935. [CrossRef]

Pareek, S.; Sujil, A.; Ratra, S.; Kumar, R. Electric vehicle charging station challenges and opportunities: A future perspective. In
Proceedings of the 2020 International Conference on Emerging Trends in Communication, Control and Computing, ICONCS3,
Lakshmangarh, India, 21-22 February 2020. [CrossRef]

Kassem, Y.; Gokcekus, H.; Aljatlawe, A. Utilization of solar energy for electric vehicle charging and the energy consumption of
residential buildings in northern Cyprus: A case study. Eng. Technol. Appl. Sci. Res. 2023, 13, 11598-11607. [CrossRef]

Onishi, V.C.; Antunes, C.H.; Trovao, ].P.F. Optimal energy and reserve market management in renewable microgrid-PEVs parking
lot systems: V2G, demandresponse and sustainability costs. Energies 2020, 13, 1884. [CrossRef]

Kotarela, F,; Rigogiannis, N.; Glavinou, E.; Mpailis, E.; Kyritsis, A.; Papanikolaou, N. Techno-economic and environmental
assessment of a photovoltaic-based fast-charging station for public utility vehicles. Energies 2024, 17, 632. [CrossRef]


https://www.iea.org/data-and-statistics/charts/electric-car-registrations-and-sales-share-in-selected-countries-2016-2021
https://heycar.co.uk/blog/electric-cars-statisticsand-projections
https://heycar.co.uk/blog/electric-cars-statisticsand-projections
https://www.iea.org/reports/global-ev-outlook-2022/trends-in-charging-infrastructure
https://www.iea.org/reports/global-ev-outlook-2022/trends-in-charging-infrastructure
https://www.iea.org/data-and-statistics/charts/electric-ldv-per-charging-point-in-selected-countries-2010-2021-2
https://ourworldindata.org/renewable-energy
https://www.iea.org/reports/global-ev-outlook-2025/trends-in-electric-car-markets-2
https://cleantechnica.com/2025/05/06/global-ev-sales-evs-now-21-of-world-auto-sales-in-2025/
https://www.zap-map.com/ev-stats/how-many-charging-points
https://www.eei.org/-/media/Project/EEI/Documents/Issues-and-Policy/Electric-Transportation/EV-Forecast-Infrastructure-Report.pdf
https://www.eei.org/-/media/Project/EEI/Documents/Issues-and-Policy/Electric-Transportation/EV-Forecast-Infrastructure-Report.pdf
https://doi.org/10.1177/0958305X211031015
https://ember-energy.org/app/uploads/2025/04/Report-Global-Electricity-Review-2025.pdf
https://doi.org/10.1016/j.ijepes.2021.107507
https://doi.org/10.1016/j.apenergy.2021.117281
https://doi.org/10.1109/ACCESS.2021.3060892
https://doi.org/10.1016/j.esd.2021.04.006
https://doi.org/10.1016/j.renene.2021.07.115
https://doi.org/10.1016/j.epsr.2021.107196
https://doi.org/10.3390/en13184856
https://doi.org/10.1109/ACCESS.2020.3031481
https://doi.org/10.4018/979-8-3693-2611-4.ch003
https://doi.org/10.1007/s12197-023-09626-x
https://doi.org/10.1109/ICONC345789.2020.9117473
https://doi.org/10.48084/etasr.6142
https://doi.org/10.3390/en13081884
https://doi.org/10.3390/en17030632

World Electr. Veh. ]. 2025, 16, 349 30 of 30

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Tseng, W.C.; Hsieh, L.Y.L. Impacts of electric fleet charging pattern under different solar power penetration levels: Hourly grid
variations and operatin emissions. Transp. Res. Part D Transp. Environ. 2023, 122, 103848. [CrossRef]

Liu, X,; Liu, X.C,; Xie, C.; Ma, X. Impacts of photovoltaic and energy storage system adoption on public transport: A simulation-
based optimization approach. Renew. Sustain. Energy Rev. 2023, 181, 113319. [CrossRef]

Rehman, S.; Mohammed, A.B.; Alhems, L.; Alsulaiman, F. Comparative study of regular and smart grids with PV for Electrification
of an academic campus with EV charging. Environ. Sci. Pollut. Res. 2023, 30, 77593-77604. [CrossRef] [PubMed]

Sagaria, S.; Duarte, G.; Neves, D.; Baptista, P. Photovoltaic integrated electric vehicles: Assessment of synergies between solar
energy, vehicle types and usage patterns. J. Clean. Prod. 2022, 348, 131402. [CrossRef]

Cheikh-Mohamad, S.; Celik, B.; Sechilariu, M.; Locment, F. PV-powered charging station with energy cost optimization via V2G
services. Appl. Sci. 2023, 13, 5627. [CrossRef]

Lee, Z.].; Pang, ].Z.F,; Low, S.H. Pricing EV charging service with demand charge. Electr. Power Syst. Res. 2020, 189, 106694.
[CrossRef]

Lucchi, E.; Adami, ]J.; Stawinoga, A.E. Social acceptance of photovoltaic systems in heritage buildings and landscapes: Exploring
barriers, benefits, drivers, and challenges for technical stakeholders in northern Italy. Sustain. Energy Technol. Assess. 2023,
60, 103544. [CrossRef]

Rauf, A.; Nureen, N.; Irfan, M.; Ali, M. The current developments andfuture prospects of solar photovoltaic industry in an
emerging economy of India. Environ. Sci. Pollut. Res. 2023, 30, 46270-46281. [CrossRef]

Sharma, S.; Ali, I. IEC 61850 communication-enabled cost optimisation for electric vehicle integration in microgrids. Int. J.
Ambient. Energy 2025, 46, 2516065. [CrossRef]

Santos, J.B.; Francisco, A.M.; Cabrita, C.; Monteiro, J.; Pacheco, A.; Cardoso, P.J. Development and implementation of a smart
charging system for electric vehicles based on the ISO 15118 standard. Energies 2024, 17, 3045. [CrossRef]

Ernstmann, D.; Enbar, N.; Huque, A.; Ma, Y. Distributed Energy Resource Interconnection Standards and Certifications in the
United States: 2023 Overview and Status Update. In Proceedings of the 2024 IEEE Power & Energy Society General Meeting
(PESGM), Seattle, DC, USA, 21-25 July 2024; IEEE: Piscataway, NJ, USA; pp. 1-5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.trd.2023.103848
https://doi.org/10.1016/j.rser.2023.113319
https://doi.org/10.1007/s11356-023-27859-5
https://www.ncbi.nlm.nih.gov/pubmed/37261683
https://doi.org/10.1016/j.jclepro.2022.131402
https://doi.org/10.3390/app13095627
https://doi.org/10.1016/j.epsr.2020.106694
https://doi.org/10.1016/j.seta.2023.103544
https://doi.org/10.1007/s11356-023-25471-1
https://doi.org/10.1080/01430750.2025.2516065
https://doi.org/10.3390/en17123045

	Introduction 
	Present Challenges in Photovoltaic Integration for EV Charging Infrastructure 
	Economic Impacts 
	Environmental Impacts 
	Impact of EVs on the Grid 
	Status and Progress of EV Deployment and Renewable Energy Worldwide 
	EV Adoption Statistics 
	RES Adoption Statistics 

	Impact of RES Integration on Grid 
	Photovoltaic-Based EV Charging Infrastructures 
	Adoption and Integration of PV in Environmentally Protected Areas 
	Technical and Operational Issues of Energy Coordination in PV Charging Stations 
	PV-CS Social Impacts 
	Impact of Photovoltaic-Based EV Charging Infrastructure on Sustainability and the Economy 
	Technical Standards and Protocols 
	Regulatory, Technical, and Social Barriers 

	Conclusions and Future Trends 
	References

