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Abstract: Electric vehicle technology is transitioning from mobility based on fossil fuel combustion
to one based on vehicle electrification, in which the primary energy is increasingly renewable, and
the generation of pollutants and CO2 emissions is being reduced. This paper provides a tour of the
key aspects of these systems, reviewing their most important historical, legislative, and grid impact
topics. For this purpose, a literature review of publications up to 2022 is conducted. The last decade is
the subject of a deeper analysis, shedding light on the essential characteristics of this technology and
fundamentally focusing on its integration into electrical distribution networks. This work is carried
out based on a review of a selection of articles written by authors worldwide who have researched
these topics. We ordered and analyzed the temporal evolution of the defined categories, obtaining
their research line direction. A meta-analysis of grid impact was also carried out, prompting clear
conclusions about the state of the art and potential future works.

Keywords: electric vehicle; EV simulation; electrical grid; electrical shortage; power quality; EV
integration in cities

1. Introduction

The electric vehicle (EV) in all its modalities, whether hybrid, plugged-in, or battery [1],
is presented as a feasible solution to the problems of resources, energy, and pollution
management facing countries worldwide [2,3]. Multiple factors are accelerating its adoption
by consumers and society, the most important causes of which have been studied for years
and can be summarized as follows:

• Growing global concern about climate change and its effects on glacier melting [4],
sea level increments, thermal variations and extreme precipitations attributed to
global warming, specifically to greenhouse gas (GHG) emissions and the high CO2
production associated with energy obtained through fossil fuel combustion. The
reduction of GHG emissions caused by human activity, considered the main cause
of rapidly advancing global warming [5], is a core priority. The International Energy
Agency (IEA) has made several proposals aimed at limiting the increase in global
temperature to two degrees Celsius by 2050 [6]. In this line, the transportation sector
was the producer of 25% of GHG emissions in 2009. Since then, various initiatives
have been implemented to reduce these gases by incorporating cleaner technologies
in vehicles such as electrification, which emits less CO2 than internal combustion
engine vehicles (ICEV) when electricity comes from renewables or from the use of new
fuels [7]. According to the European Environment Agency, 15% of GHG emissions
are caused by the transportation sector, with this figure being 27% in the European
Union (EU) [8,9]. In the case of the United States (US), this rate rises to 29%; thus,
private and public organizations are working together to make it possible for all EVs
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to work with electricity from renewable sources [10,11]. In the US, the transportation
and electricity sectors accounted for over 53% of GHG emissions in 2021 [12], with
work on EV solutions showing the potential to improve these figures.

• A progressive increase in the costs of extracting crude oil and higher prices for con-
sumers are among the reasons for the IEA warning of a decrease in gasoline and diesel
production in the coming decades. Except in the US, where large investments have
been made in fracking, oil companies are gradually ceasing to invest in new oil fields,
and are diversifying them into other sectors such as electricity and renewables [13].
Thus, investment in clean energy by oil and gas companies doubled to around 20 bil-
lion USD by 2022, accounting for around 4% of upstream capital investment and 0.5%
of net income [14].

• Although the enormous energy density and stability of fuels have favored their global
use for more than a hundred years, the production of environmental pollutants from
fossil fuel combustion for electrical or transportation purposes is increasing globally
and becoming toxic at local levels in large cities, where the density of pollutants
from tailpipes or factories is high and they remain immobile due to different weather
conditions, causing episodes of low air quality and illnesses [15]. Approximately 90%
of the world’s citizens live in areas where the World Health Organisation’s (WHO) air
quality guidelines are exceeded. Cities produce about 78% of CO2, and significant air
pollutants affect the more than 50% of the world’s population living in them [16].

• Greater global efficiency, rationalizing energy consumption, and the need for a new
paradigm around the use of renewable resources is called for, along with changing the
centralized energy production concept of the 20th century towards wider geographical
distribution. This could include an increase in the penetration of Distributed Energy
Resources (DER), in which Plug-in Electric Vehicles (PEV) can be included thanks
to their capacity to provide stored electricity when necessary [17]. Further studies
assessing the impact of penetration of DERs above 20%, reaching 40% and even 60%,
are essential to anticipate their impact on the electricity grid [18].

• Due to different geopolitical strategies, many countries consider energy independence
an important matter of state, raising the possibility of EVs providing future energy
storage capacity when there are surpluses, transferring them to the country’s own elec-
trical system, and avoiding the need for importation when there are shortages [19,20].
As a reference, the authors of [21] quantified the global EV battery capacity available
for grid storage through simulation, assuming a future level of EV battery deployment
and other variables. They found a technical capacity of 32–62 terawatt-hours by 2050.
Short-term grid storage needs could be met with EV user participation of between
12% and 43% as early as 2030 in most regions.

1.1. Problem Statement: EV Integration in Cities

The ambitious objectives for 2030 in the Climate and Energy Framework of the Eu-
ropean Commission (EC) involve progressive substitution of ICEVs by PEVs and battery
electric vehicles (BEV) over coming years, which will produce an increase in electricity
consumption that must be addressed by a greater penetration of renewables [22].

Currently, several central and northern European countries have high EV penetration [23]
and are suffering some of its consequences, which will be generalized to the rest of the
countries as EV uptake increases. Grid imbalances may occur due to high demand for fast
charging, harmonic injection, and a low power factor. Charging control must be improved
through smart chargers to ensure that it is not done uncontrollably, and the aggregator
figure will have to be consolidated by bringing together the interface between distributed
system operators (DSO) and EV customers, all in coordination with management of renew-
ables [24].

We conduct a review of interesting topics involving EVs, and especially the problem
of EV integration into cities’ electrical grids to avoid the described effects.
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1.2. Motivation and Objective

This study was conducted because even though there is a large amount of scientific
literature on EVs, few reviews include the main topics of this study and its associated
complementary information. Hence, as a novelty, this paper includes a meta-analysis of
the key issues related to EVs and their integration into electrical networks within the same
document. We extract and classify the most important aspects of the research hitherto
conducted, providing a baseline document and a starting point for future research.

The work has a triple objective: first, to fill a gap for a comprehensive review of
many aspects that are associated with EV technology, including a historical, legislative,
and literature review followed by extraction of key categories and their impact on the
network; second, to define the baseline of EV research, indicating the state of the art in
various defined areas related to this technology; third, to serve as a starting point for
researchers and provide them with a numerical analysis to determine and distinguish
the areas of greatest development and relevance despite the rapid changes taking place
in this sector thanks to public–private collaboration. These areas are presented as those
of paramount interest to the scientific community and where research resources should
continue to be invested in order to chart a faster path to solving the significant engineering
and socioeconomic problems associated with EVs.

1.3. Structure and Content

This study is divided into six sections. The first corresponds to the introduction,
motivation, objectives, and structure. The second reviews the history of the EV, seeking to
find the original publications or those closest to them along with the causes of the current
situation, while understanding that EVs are as old as combustion engines. The Section 3
deals with the EU’s legislative objectives for EVs in the coming years, referencing associated
regulations and official data on EV uptake. The Section 4 analyses the number of public
charging points installed worldwide and relates them to the current stock of EVs. On
the other hand, it reviews and analyses the sales of electric buses and trucks, which are
increasingly being integrated into cities and highways. The Section 5 is a methodological
review of the existing literature on EVs up to 2022; we select relevant review studies,
determine key categories, and then analyze their frequency of appearance and relative
importance numerically and graphically throughout each year. In so doing, we perform an
analysis of the relative importance of technical categories extracted from the articles based
on the design of two ad hoc Key Performance Indicators (KPI). Based on these data, we
conduct a meta-analysis of 32 selected EV review articles written in the last 11 years and
extract an extensive energy and transport bibliography. The Section 6 addresses the impact
of EVs in the electrical distribution network, showing the main aspects of research over the
years that have not yet been completely solved for broad EV implementation in cities. The
paper ends with a last section, which provides the main conclusions of the study.

2. Electric Vehicles: History and Evolution

The Hungarian inventor Anyos Jedlik István is credited with inventing a system in
1828 similar to a skateboard powered by an electric motor [25]. It was not until 1835 that the
first electrically powered carriage-type vehicle, attributed to the English inventor Robert
Anderson, was presented at an industry conference. It used a disposable battery powered
by crude oil. The same year, Professor Sibrandus Stratingh (The Netherlands) together with
his assistant Christopher Becker invented a three-wheeled EV [26]. In the same year, the
American inventor Thomas Davenport invented the first model EVs. These were primitive
vehicles that barely reached 12 km/h, and are considered the first EVs [27]. In 1837, the
Scottish inventor Robert Davidson developed his own invented electric motor, performing
tests on a model locomotive, and in 1841–1842 testing his motor in real vehicles [28].

In 1860, the first rechargeable lead–acid battery was invented by the French physicist
Gaston Plante [29]. In 1882, William E. Ayrton and John Perry (England) developed a
three-wheeled EV integrating two batteries, with the possibility of switching between
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them to control the vehicle’s speed [30]. The first EV production is credited to Thomas
Parker in 1884 [31], coming before Karl Benz and his Motorwagen petrol-powered vehicle
in 1886 [32]. William Morrison (US) developed a six-passenger EV capable of reaching
23 km/h, in 1895 according to [33] or between 1887 and 1890 according to [34]. In 1897 the
first electric taxi service was launched in London [35]. In 1898, Ferdinand Porsche invented
an EV called the P1, which is considered the world’s first hybrid EV, running on both
electricity and gas [36]. In 1899, the EV ‘La jamais contente’ exceeded 100 km/h [37]. By
the end of the 19th century, about 40% of vehicles in the US were battery-powered electric,
with the rest powered by steam or gasoline. EVs were clean and comfortable, but batteries
were inefficient and expensive, allowing for a distance of only a few kilometers and using
a battery exchange model in which discharged batteries were removed and charged at
service stations. Before the end of that century, Borland Electric’s EV travelled 100 miles
from Chicago to Milwaukee, charging the batteries overnight and repeating the reverse trip
next day [38].

At the beginning of the 20th century, speed and range performance were similar in EVs
and gasoline vehicles. In 1900, New York City came to have a fleet of electric taxis; between
1900 and 1910 there were 38% EVs, which worked without vibrations, although they had
complex recharging systems. In comparison, 40% were steam cars, which had to wait
almost 45 min to produce steam and constantly poured water, while 22% were powered
by gasoline and were difficult to start, producing smoke and vibrations. There were also
electric buses for public transportation; between 1909 and 1914, the Fritchle company sold
almost 200 vehicles per year, guaranteeing 100 miles on a single charge. The sales peak
was reached in 1912 [39], with EVs arousing so much interest that Henry Ford and Thomas
Edison partnered to study opportunities around a possible low-cost EV in 1914. However,
due to the cumbersome electrical charging systems and parallel discovery of large oil wells,
the consequent cheaper gasoline as well as the development of better ICEVs, promoted by
Henry Ford in 1908 with his Model T, tipped the balance towards thermal propellants. In
1912, Ford’s mass production of vehicles meant that a gasoline car cost almost three times
less than an EV [40]. In the same year, the first electric starter was invented by Charles
Kettering, eliminating the cumbersome hand crank when driving ICEVs. This combination
of factors led to EVs disappearing in the US over the following decade [41]. In Europe,
Germany used EVs during the 1930–1940s. The EV concept was not rethought until the
oil crisis in the 1970s, during which fuel costs increased dramatically [42]. In 1969–1970,
General Motors developed the GM XP 512E, an EV prototype for cities [43].

In 1971, NASA used its Lunar Rover EV, with a range of 90 km and a speed of 13 km/h,
for the Apollo 15 mission on the Moon’s surface [39]. Another example of an EV from the
same era was the 1974 Citicar [44]. In 1976, Chevrolet offered the Electrovette [45], and in
the same year Volkswagen announced an Elektro-Golf, which had an external appearance
similar to the original Golf GTi [46].

In 1979, Chrysler presented the ETV-1 Electric Car [47] and the Comuta EV [48]. All
these models were limited in both top speed (72 km/h) and autonomy (64 km). In the
1980s, various environmental studies determined that one of the most important causes of
pollution in large cities was ICEVs [49]. Electronics industries were called upon to improve
battery capacity, with Nickel Metal Hydride (Ni-MH) batteries already on the market at
the end of 1980s, and Lithium batteries with a much higher energy density very close
to becoming a reality (1991) [50]. Due to the pollution levels reached in these years, the
California Air Resources Board made the decision that by 1998 2% of the cars sold should
not produce emissions and by 2003 this should increase to 10% [51].

In 1996, General Motors began full-scale manufacturing of the all-electric GM EV1.
After thousands of units had been sold, the zero-emissions requirement was abruptly
changed to low emissions, leading to General Motors pulling all EVs from the market.
Toyota left some of its RAV-4 type models on the market. Officially, users were told
that this action was due to the end of the useful life of the batteries [38]. The next step
was the development of hybrid vehicles, which supported a gasoline engine using Ni-
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MH batteries. In 1997, Toyota launched the Prius in Japan. In 2000, its distribution was
expanded worldwide with great success, becoming the most sold hybrid model in the
world [52]. In 2007, companies decided to manufacture EVs again due to increases in fuel
prices. In 2008–2009, Tesla built a 100% EV Tesla Roaster with a lithium battery and 320 km
of autonomy [53]. In 2010, a Daihatsu Mira was converted into an EV by the Japan Electric
Vehicle Club, with the range exceeding 1003 km one charge [54]. In the same year, the
EV ‘Venturi Jamais Contente’ reached a speed of 515 km/h [55]. At the same time, the
‘Lekker Mobil’ traveled 605 km from Munich to Berlin on a single charge of 115 kWh in real
cooling/heating and traffic conditions [56].

The Chevrolet Volt extended-range electric vehicle (E-REV) was launched on the
market in 2010. In this technology the power transmitted to the wheels is completely
electrical and comes from two sources, the first stored in the vehicle batteries and the
second produced by converting gasoline to electricity [57].

In 2011, the Nissan Leaf was declared the best car by the European Car of the Year
awards [58].

The Opel Ampera, commercially launched in 2011, offered plug-in vehicle capabilities
while being an E-REV [59]. In 2012 it was declared the best car in the European Car of the
Year awards [60].

In 2013, the Drayson Racing Technologies B12/69EV reached 330 km/h [61]. In 2014,
Nissan’s ZEOD RC reached 300 km/h [62]. In the same year, the e-Golf was introduced on
the market with a 24.2 kWh battery. In 2017, its capacity was increased to 35.8 kWh [63].

In 2017, the Rimac Concept reached 1088 hp, comparable to the famous Bugatti
Veyron with 1001 hp [64]. In 2021, the ‘e-Miles’ was presented; designed for city driving,
it is driven with a joystick, 90% of its parts are 3D printed, and it can be controlled via
smartphone, with autonomous driving planned as well. [65]. In 2022, the high-end ‘Lucid
Air’ was sold with a range of up to 520 miles, surpassing the 500-mile range anxiety barrier
for customers regarding EVs compared to ICEVs [66]. Advances in 2023 and 2024 have
been fundamentally dedicated to increasing autonomy, safety, and battery reliability [67],
deploying a greater number of fast chargers accessible to citizens [68], and reducing the
price of EVs to facilitate user uptake [69].

3. Current Objectives and Legislation for Successful European EV Penetration

According to Figure 1, global CO2 emissions have increased continuously and con-
siderably since the Industrial Revolution, reaching almost 38 Gt CO2e in 2022 [70]. An
important part of the scientific community considers that these emissions are responsible
for global warming [5], and a significant proportion of these emissions come from the
transport sector, which, based on fuel consumption, accounts for around 29% of global CO2
emissions [71] and in the case of Europe 19.4% for the road transport sector [72].
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Based on the above reasons, this section studies the legislative evolution of ICEVs in
Europe and the coexistence with current EV regulations towards a transition to net-zero
emissions vehicles.

3.1. EU Legislation Background on ICEV Vehicles and Environmental Aspects

The EU has a long tradition of regulations for the reduction of pollutants in the envi-
ronment. The first was included in Directive 70/220/EEC in 1970 [73], which was replaced
by the ‘Euro’ regulations (Table 1), which include increasingly demanding requirements
for reduction of toxic emissions such as CO, NOx, HC, or particles from vehicles. These
regulatory requirements have been implemented consecutively over the years through
various European directives.

Table 1. Euro regulations, year of approval, and associated directives.

Name Euro 1 Euro 2 Euro 3 Euro 4 Euro 5 Euro 6

Year 1992 1996 2000 2005 2009 2014

Directive 91/441/EEC [74] 94/12/EC [75] 98/69/EC [76] 2002/80/EC [77] 715/2007/EC [78] 459/2012/EC [79] 2016/646/EU [80]

Between Euro 2 and Euro 4, there emerged the “golden age” for diesel thermal com-
bustion engines, with notable increases in power and efficiency reached due to the use of
common rail and turbochargers [81]. Since 2001, the use of bio-fuels has been regulated to
reduce emissions. New vehicles [82] based on hydrogen (fuel cells or combustion) and EVs
have started to lead to a new paradigm shift in the transport sector.

Regarding CO2 emissions, the EC instructed vehicle manufacturers to voluntarily
reduce emissions; however, seeing that this measure had no effect [83], it was decided
to present the legislative proposal COM(2007) 0019 to reduce CO2 vehicle emissions at
120 g CO2/km [84]. Thus, 2009 saw the approval of Regulation (EC) No 443/2009, the
objective of which was to reach 95 g CO2/km [85]. This regulation was finally replaced by
the current one (as of the date of publication of this paper), Regulation (EU) 2019/631 [86],
which will temporarily coexist with the new Euro 7 regulation to transition towards the
zero net emissions goal in 2050, discussed below in Section 3.2.

3.2. Current European Legislation on EVs

The EU has set several temporary targets to eliminate polluting vehicles throughout
its territory. In November 2018, the EU Vision for a climate-neutral Europe was defined
to be consistent with the Paris Agreement, in which the commitment is to maintain the
increase in global warming below 2 ◦C, and if possible no more than 1.5 ◦C [87].

The EU has set 2050 as the year in which it will achieve climate neutrality. This is a
fundamental objective within the European Green Deal, an ambitious EU plan that aims
for Europe to be the first climate-neutral continent by that year and in which the EU is
to invest in technologies and research to support citizens to achieve that goal [88]. To
begin this process, in December 2019 the European Council endorsed the objective of a
climate-neutral EU by 2050 [89], submitting its long-term strategy to the United Nations
Framework Convention on Climate Change (UNFCCC) in March of 2020 [90].

Another Green Deal objective is that of reducing net GHG emissions by at least 55% by
2030 compared to 1990 levels [91]. For these purposes the EC has developed the European
Climate Law, which sets a legally binding target of net zero GHG by 2050 while addressing
the necessary steps to reach both this target and the EU 2030 one [92]. Drawing on these
two objectives, a set of proposals to revise and update EU legislation and include new
initiatives to ensure that EU policies follow climate goals, which have been called ‘Fit for
55’, were submitted to the Council in July 2021. These comprise several policy areas, such as
transport, environment, energy, and economic and financial affairs. In the transport case, the
proposal introduces increased reduction targets of EU-wide CO2 emissions for cars and vans by
2030 and sets a new target of 100% for 2035, meaning that from 2035 on all cars or vans sold on
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the market in the EU will be zero-emission [93]. In Brussels, a press release was published on 28
October 2022 indicating that the European Commission had reached an agreement “ensuring
all new cars and vans registered in Europe will be zero-emission by 2035” [94].

It is important to emphasize that this regulation will apply to new ICEVs emitting
CO2. At the time of application, the regulations apply to cars and vans, not to trucks
or motorcycles. In successive updates, these types of vehicles could change. EVs can
also achieve the zero-emission requirement with BEV or hydrogen approaches that use
100% renewable electricity. Additionally, ‘Fit for 55’ plans for power generation include
a milestone at which 40% of all energy produced in Europe in 2030 should come from
renewables [93].

As can be seen in Figure 2, based on the European strategy described above and similar
strategies in other regions of the world, the authors of [95] made projections for CO2e
emissions while distinguishing between ‘advanced economies’ and ‘emerging economies
and developing countries’. According to these estimates, the former will reach carbon
neutrality four years earlier, although the latter will have to move much faster to achieve
this goal.
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Figure 2. Global CO2e forecasts per year.

Previous actions have had a great impact on the uptake of BEV and Plug-in Hy-
brid Electric Vehicles (PHEV) in the global (Figure 3) [96] and European (Figure 4) [97]
marketplaces.

EV uptake is directly related to a wide range of charging points. For this purpose,
taking Spain as an example, Royal Decree 29/2021, published at the end of 2021, obliges
public and private entities in non-residential buildings with more than twenty parking
lots to install a number of EV charging points proportional to the total parking lots as of 1
January 2023. Specifically, one charging point should be installed every 40 parking lots in
companies and universities and one charging point every 20 parking lots in administrative
and government buildings [98].
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In November 2022, the Euro 7 proposal to reduce pollutant emissions from vehicles
and improve air quality was approved. It will foreseeably come into force in 2025 for cars
and vans and in 2027 for trucks and buses, and which will carry through until 2035, when
new vehicles will be zero-emission. Euro 7 will consider tailpipe emissions and those due
to brakes and tires, as well as battery life in the case of BEVs [99].
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4. Charging Infrastructure and Other Types of EVs: Current State

This section focuses on the current state of public charging points and their relation-
ship with the number of EVs. Other types of EVs are reviewed as well, such as Heavy
EVs, as their acquisition by public entities and private companies is becoming more and
more relevant.

4.1. EV Charging Infrastructure

It is estimated that there are almost ten times as many private chargers as public ones.
These are usually located in the private car parks of EV users. Private charging points
take advantage of cheaper hourly rates and tend to be located in less densely populated
cities. Public chargers have a greater impact in cities with high population per unit area
and low availability of private car parking [100]. Grid voltage on the consumption side
may condition the installation of private charging points. In countries with a voltage of
220 V, overnight charging times of a few hours can be achieved, while in countries with a
voltage of 100–120 V it is difficult to charge an EV in less than ten hours [101].

Increased availability of public charging points favors higher uptake of EVs by
users [102]. Figures 5 and 6 present the number of publicly installed vehicle charging
points per region by slow and fast chargers respectively, for 2015–2023 [103].

China stands out in the installation of public charging points compared to other
regions, showing solid growth until 2023, followed by Europe. All other regions show
sustained growth over the years. Fast chargers accounted over 35% of public charging
stock at the end of 2023.

China leads the deployment of EV supply equipment, with around 60% of slow
chargers and more than 85% of the world’s fast chargers. Its target for 2030 is to achieve a
full charging coverage in highways and cities. In relation to the European Union, the text
of the alternative fuels infrastructure regulation agreed upon in 2023 requires public fast
chargers every 60 km along the European Union’s main transport corridors. This measure
will allow 0.8 kW of publicly accessible chargers for each registered PHEV and 1.3 kW for
each registered BEV [103].
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Figure 6. Available public fast chargers per region.

An analysis can then be carried out to assess the temporal evolution of the number of
vehicles per public charger, both slow and fast; to this end, the data extracted from Figure 3
for PHEVs and BEVs are unified into a single value by region and year, and divided by the
number of chargers for the cases represented in Figures 5 and 6. The results can be seen in
Figures 7 and 8.

Figure 7 shows the fluctuations corresponding to the number of EVs per public slow
charger. China has a stable curve with a low average value, indicating a good match
between new vehicle sales and electric infrastructure deployment. As both factors vary
appreciably from year to year, while their stability is continuous, it can be concluded that
there is a consolidated strategy in EV production and electric infrastructure deployment.
The region ‘Other EV’, for which the variation in both factors is very small (Figures 3 and 5),
indicates that the market is still in its infancy, which is the reason for the apparent stability.
In the case of Europe, limited and stable behavior can be observed, with both factors
growing in step with each other. Finally, the US still shows non-stable behavior that
depends on the increased production of EVs in certain years and increased installation of
charging points in others. It is expected that these regional values will be very stable from
2030 onwards due to the supranational plans that are being implemented to replace ICEVs
and the deployment of charging points in these regions.

Figure 8 shows similar behavior to the previous case for fast charging points. As this
is a more advanced technology, the differences between regions is magnified. It can be
observed that China has reached a practically constant ratio between EVs and fast chargers
after 2016, with the small value indicating high availability of public fast charging service.

In the Other EV category, despite the stability of the graph, gradual growth can be
observed. This will potentially increase in the coming years with the surge in EV sales.
Europe is escalating this ratio in an oscillating albeit controlled way, while continuing to
increase the number of EVs and fast charging points. Finally, in the case of the US, the
deployment of fast charging points has increased from 2019, reaching ratios similar to
those in Europe, though not yet in terms of the number of EVs sold or the deployment of
fast chargers.
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Figure 7. Number of EVs per available public slow charger by region.
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Figure 8. Number of EVs per available public fast charger by region.

4.2. Heavy EVs

This subsection deals with heavy EVs, which for the purposes of this study are those
other than passenger cars. Specifically, electric buses for travelers and electric trucks for
freight transport are discussed.
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4.2.1. Electric Buses

Figure 9 represents the sales of electric buses in different regions of the world between
2015 and 2023. It can be seen that the largest producer of these vehicles is China, followed
by Other, Europe, and the USA. Since 2018, sales of these vehicles have started to grow
moderately but continuously. There are various reasons for this, including the low penetra-
tion of these vehicles in large markets such as Korea and the USA. On the other hand, sales
of these products are very limited in emerging and developing countries [103].
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Figure 9. Number of electric bus sales per year by region.

4.2.2. Electric Trucks for Freight Transport

In Figure 10, it can be seen that after fluctuating between 2015 and 2020, sales of electric
trucks have increased each year up to 2023, with China leading the way in production
of these vehicles. From 2021 onwards, Europe picks up the pace, selling more units, a
behavior that can be explained by the EU’s emission reduction targets of 90% CO2 by 2040
for this type of vehicle [103].
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Figure 10. Number of electric truck sales per year and region.

5. Methodological Review of Existing Literature

A main aim of this study is to carry out a chronological analysis of review articles re-
lated to the incorporation of EVs in distribution networks and the integration of Renewable
Energy Sources (RES) and management of these systems over time. Review articles include
a summary of the most important advances at the time they were written; a meta-analysis
of these will enable us to understand the evolution of technological research on the subject
we are dealing with and make extrapolations for the future.

To conduct the study, we worked with the IEEE Xplore, Scopus, Google Scholar, and
Web of Science databases, planning different levels of searches. In the first place, the search
period was determined, finding 1973 as the first year in which an EV article was published
within what we consider the modern era, as opposed to the historical context discussed
in Section 2. An iterative searching process was carried out including more terms and
conditions, revealing a few articles containing the characteristics that we sought. In a first
analysis (Figure 11), we evaluated the literary production containing “electric vehicle and
electrical networks” terms, along with their possible variations in the search rules, for any
type of scientific article, finding the first references in 1976 (series in blue). A part of this
methodology is based on [104]. The next analysis added the “renewables” term to the
previous search, obtaining the yellow series.

Regarding the blue series, two periods were detected: the first up to 2007, with scant
scientific output, and another from 2007 onwards showing continuously growth until 2022.
Looking at the chart carefully, as many as eight different trend changes can be observed:

1973–1975: There are no scientific ‘EV’ plus ‘electrical networks’ publications.
1976–1990: Small EV models were introduced into the market, with limited benefits

because they used lead–acid batteries with low charge density. In this period, the effects on
the power factor of the first EV chargers, which generated harmonics in the distribution
network, began to be investigated [105].

1991–1996: These were the years in which the GM EV1 was launched and the use
of Ni-MH batteries with higher capacities and charge cycles became more widespread.
There was interest studying the issue of charging peaks when many EVs were present in
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distribution networks, with some authors concluding that EV penetration greater than 20%
could not be achieved due to the long battery charging time of 12 h [106].

1997–2005: The launch and worldwide distribution of the Toyota Prius meant that
Hybrid Electric Vehicles (HEV) began to take center stage. The study of BEVs and their
impact on networks continued to advance, seeking to determine the impacts of different
levels of EV penetration [107] and fast chargers [108] as well as how transformers are
affected by EVs [109].

2006–2010: Fuel price increases and the launch of the Li-ion battery Toyota Roaster
BEV boosted the interest of researchers in EVs. The Vehicle-to-Grid (V2G) paradigm was
defined for the first time [110], which triggered profuse research on this subject. By the end
of this period, almost all of the “classic” EV problems had been described.

2011–2016: BEVs along with hydrogen combustion engines and fuel cells, were consid-
ered a real solution for gradually replacing fossil fuel-powered combustion engines. Studies
carried out at this point included “classic” EV problems, optimization of recharging [111],
cancellation of harmonics, and potential positive effects of EVs on the network [112].

2017–2020: Topics related to network voltage stability through the automatic variation
of battery charge current level were researched [113] as well as the effects on EV generation
and consumption in real time [114]. The IEA report addressed EV results on charging at
low demand times, the variable use of RES for reliability, and Demand-Side Response (DSR)
aspects as a means of EV charging control [115].

2021–2022: An acceleration in scientific output is observed during this period. Specific
issues regarding how networks are affected by alternating EV charges with high-capacity
batteries emerge as a new concept to be addressed [116]. On the other hand, research on
aspects such as the characterization of several EVs and their supraharmonic emissions [117],
which in previous years were not easy to predict, could be derived from observations of
real technologies integrated at scale.
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Figure 11. Chronological publication analysis of ‘electric vehicle’ plus ‘electrical networks’ (series in
blue); the series in yellow includes the same terms plus ‘renewables’.

Regarding the yellow series, a logical reduction in the number of articles is observed,
with gradual growth from 2006 until 2022, indicating that the three search terms have
generated continually increasing interest in the scientific community.
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Considering only review articles that already include consolidated progress from
previous years in different aspects, the two series are shown in Figure 12.
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Figure 12. Chronological publication analysis of ‘electric vehicle’ plus ‘electrical networks’ plus
‘review’ papers (series in blue). The series in orange shows the same terms plus ‘renewables’ for the
period from 2012 to 2022.

Both bar graphs correspond to Series 1 and 2 seen previously, but with only review
articles included. For this study, we only selected the articles corresponding to the orange
series, as it incorporates the criteria we searched for and the number of studies is manage-
able, allowing for selection of only the most appropriate. Our meta-analysis covered 2012
to 2022, comprising the years of greatest EV development and progression.

Up to four articles per year were selected proportionally to the number of articles
published (except the first years), as indicated in Table 2, based on quality, the content
of the publications, the number of citations, and a reasonable geographical distribution
reflecting the global research diversity, as can be seen from Tables A1–A6 and in Figure 13.
The countries of origin of the selected review papers were USA, Canada, Colombia, China,
Australia, India, Pakistan, Malaysia, Denmark, France, Sweden, Germany, Italy, and Spain
representing an even distribution of knowledge from across the world.

Regarding the fields in which the authors of the review articles worked, 96.88% were
researchers at their respective universities, while the remaining 3.12% worked in the
electrical industry.

Table 2. Number of review articles selected per year.

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total

Number of articles 1 2 3 3 3 3 3 4 4 3 3 32
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Figure 13. Geographical distribution of review articles; darker colors indicate a larger number
of papers.

In this review, eight main categories were studied over time, as in our view they
include the essential aspects of both EVs and their integration into electrical networks and
RES effects. Certain categories were subdivided into other subcategories to collect concepts
and details that may be interesting to follow and research. We show these elements in
Table 3, with the same colors subsequently used in the other graphs for data analysis.

Table 3. Selected categories and corresponding acronyms.

Category Acronym

Simulations S

Technology T

Grid Impact GI

Cost, energy and pollution savings using EV instead ICEV C&S

Emission reduction management in relation to ICEV without RES E

Smart Grid technologies SG

EV and Wind Power WP

EV and Solar Power SP

Simulations: This category provides tools to predict future effects by simulating
scenarios of interest, anticipating the best technical and economic solutions. Within it, four
subcategories are considered: long term, which includes simulations to anticipate effects
from several days to years; short term, for simulations ranging from milliseconds to hours
or even a day; optimization algorithms, for the type of simulations that find optimal points
of energy consumption, percentage of RES to include, and cost reduction strategies on the
production and consumer’s side; and PHEV/EV penetration and electric system capacity.
Simulations are carried out to determine how many EVs the electrical distribution system
can accept according to the restrictions studied in each use case.
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Technology: Includes technological aspects of EVs and their integration into the elec-
trical network. Seven subcategories are considered: battery technology remanufacturing
and recycling, which refers to batteries in general along with chemistry, autonomy, types,
and recycling; chargers/charging stations, including research to make the charging net-
work viable or to deal with speed, location, or harmonics aspects; fast chargers and related
problems and solutions; wireless chargers and research into these systems; Vehicle-to-
Grid/Home/Vehicle (V2GHV), Vehicle–Grid Integration (VGI), and Grid-to-Vehicle (G2V)
research, which includes the aspects of bidirectional electricity transfer between the grid
and EVs; electric motors, including constructive aspects; and finally electronics, including
advances in power electronics related to inverters, converters, and control systems for the
improvement of EVs.

Grid Impact: This includes papers that refer to the impact of EVs on the electricity
grid. Five subcategories were selected: smart charging/charge management and location,
including general design aspects of smart charger installation, topologies, and their best
location; transformer congestion and line deterioration in distribution networks, including
papers on power transformers and their potential loss of life due to the effects of EV
connections; quality of electrical signal, which includes research related to this variable
when EVs are incorporated into the network; stability of power systems and grids under
increasing EV penetration; and demand response (DR), which collects knowledge related to
interactions between users and their demand responses for different distributor strategies.

Cost, energy, and pollution savings of using EV instead of ICEVs: Several articles
provide estimations or justifications around EVs in terms of energy savings and avoiding
pollutants (NOx) and particles (HC) compared to traditional ICEVs.

Emission reduction management in relation to ICEV without RES: This category
includes articles in which conclusions are drawn about the reduction of CO2 emissions
from incorporating EVs in cases without integration of RES in the system. Aspects such as
better balancing of charging and storage capacity on the part of EVs in relation to ICEVs
are included as well.

Smart Grid technologies: Articles referring to communication technologies, control
strategies, and management of networks are included in this category.

EV and Wind Power: Contains five subcategories involving studies on the influence
of RES and the relationship with EV penetration: increments in EV and wind power
facilities, relating to both systems and their necessary joint growth; shortage and quality
of production (RES penetration issues), determining classic challenges of RES penetration
in grids and how EVs can help; energy efficiency vs. fossil fuel consumption, including
studies analyzing EV energy efficiency with wind power models in comparison to fossil
fuel vehicles; emission reduction management, including studies of how emissions are
reduced by wind power usage; and operational cost management (users and companies),
including economic studies on better management of EVs and wind power together.

EV and Solar Power: Includes studies considering the influence of SP and its relation-
ship with EV penetration. Six subcategories are included, the first five being equivalent
to those of the previous WP category but for photovoltaic energy (PV): increments in EV
and solar facilities; shortages and quality of production (RES penetration issues); energy
efficiency vs. fossil fuel consumption; emissions reduction management; operational cost
management (users and companies); and an additional sixth category, energy management
among EVs, PV, and HVAC, which considers studies incorporating both categories plus
heat, ventilation, and air conditioning (HVAC) systems in buildings.

Our analysis of these categories is shown in Table 4, with a tick indicating when a
topic is discussed in the corresponding study.
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Table 4. Analysis of categories and subcategories, with a tick indicating when a topic is researched in the corresponding study.

Integration of EV in Distribution Grids

Study S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 S26 S27 S28 S29 S30 S31 S32

Year 2012 2013 2013 2014 2014 2014 2015 2015 2015 2016 2016 2016 2017 2017 2017 2018 2018 2018 2019 2019 2019 2019 2020 2020 2020 2020 2021 2021 2021 2022 2022 2022

Simulations ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Long term ✓ ✓ ✓ ✓ ✓

Short term ✓ ✓ ✓ ✓

Optimization algorithms ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

PHEV/EV penetration and electric system capacity ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Technology ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Battery technology, remanufacturing and recycling ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Chargers/Charging stations ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Fast chargers ✓ ✓ ✓ ✓ ✓ ✓ ✓

Wireless chargers ✓ ✓ ✓

V2GHV or VGI or G2V ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Electric motor ✓ ✓ ✓

Electronics (inverters, converters and control systems) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Grid Impact ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Smart charging/charge management and location ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Transformer congestion and line deterioration ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Quality of electrical signal ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Stability of power systems/grid ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Demand Response (DR) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Cost, energy and pollution savings using EV instead ICEV ✓ ✓ ✓ ✓ ✓ ✓ ✓

Emission reduction management in relation to ICEV without RES ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Smart Grid technologies ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

EV and Wind Power ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Increments in EV and wind power facilities ✓ ✓ ✓ ✓ ✓ ✓ ✓

Shortage and quality of production (RES penetration issues) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Energy efficiency vs. fossil consumption ✓ ✓ ✓ ✓

Emission reduction management ✓ ✓ ✓ ✓ ✓ ✓ ✓

Operational cost management (users and companies) ✓ ✓ ✓ ✓ ✓ ✓

EV and Solar Power ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Increments in EV and solar facilities ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Shortage and quality of production (RES penetration issues) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Energy efficiency vs. fossil consumption ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Emission reduction management ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Operational cost management (users and companies) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Energy management among EV, PV and HVAC ✓ ✓ ✓ ✓ ✓
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Based on Table 4, a study of the timeline was carried out to observe the evolution of
the different categories related to EVs and study the scientific community’s interest in each
of them. For each year, the percentages of total studies in each category are compared in
Figure 14.
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Figure 14. Evolution of EV research from 2012 to 2022 according to the selected categories.

S appears every year in the selected articles, showing variations between 8.33% and
30.00% (mean: µS = 17.60%, standard deviation: σS = 6.44%) with respect to those ones
studied. Its behavior is oscillating, although present throughout the period. It can be
concluded that the use of simulation for EV research in electrical networks has been
persistent and continues to be so. Predicting system behaviors allows for their evolution
and optimization, and is key to obtaining valuable results.



Appl. Sci. 2024, 14, 7147 20 of 39

T is present every year, varying between 6.25% and 25.00% (µT = 18.45% and σT = 7.00%)
with oscillating behavior, although present throughout the period. The technological topics
change during the years of study, with greater focus on electric motor technology in the
first years and power electronics (inverters, converters, and control systems) for elimination
of harmonics and better fast charger implementation in the later years.

GI is present throughout the period, oscillating between 12.50% and 25.00% (µGI = 20.42%
and σGI = 5.30%). All studies refer to this topic, whether in a simply introductory way or
by developing it in more depth. The increase in network EV penetration and associated
problems is a subject on which the scientific community agrees, appearing in many studies.
The low level of σGI confirms this fact, although the base search for articles was focused on
this topic.

C&S presents intermittent behavior, with a range of values between 0% and 12.50%
(µC&S = 5.05% and σC&S = 4.99%). This topic can be segregated into two sets of research:
studies seeking to justify the superiority of EVs compared to ICEVs in terms of energy and
pollution in cases where the primary energy is not renewable; and studies in which it is
assumed that EVs will eventually be used with a renewable mix.

E shows intermittent behavior, and does not appear every year. The range of values is
between 0% and 13.04% (µE = 5.45% and σE = 5.46%). Again, two types of research can be
identified: studies investigating EVs as a solution to reduce emissions by themselves (i.e.,
without adding RES), and those directly focused on other aspects while assuming a future
renewable mix.

SG oscillates between 0% and 25.00% (µSG = 11.58% and σSG = 8.19%). This category
is closely related to telecommunications and the Internet of Things (IoT) systems, and
frequently involves the management of smart grids; therefore, the presence of high EV
penetration shows important dependency on the GI category. Depending on the topics
researched in each year’s reviews, authors may not specifically indicate this; nevertheless,
any grid impact would be impossible without smart grids.

WP oscillates between 0% and 16.67% (µWP = 7.92% and σWP = 5.96%). This essential
category shows a two-way technical dependency between EV and wind power, with high
penetration of both being possible.

SP oscillates between 0% and 25.00% (µEV = 13.55% and σEV = 7.17%). This is an
essential category for enabling high EV and solar power penetration.

To rank the categories and estimate their relative importance and consistency over
time, we defined the following two key performance indicators (KPIs).

KPI1i = µi (1)

KPI2i =
σi
µi

(2)

In both equations, i is the corresponding category indicated in Tables 5 and 6.
We ordered the previous categories based on these KPIs, with a higher KPI1 value

indicating greater relative presence on the part of a category and a lower the KPI2 value
indicating greater consistency and stability over time.

Table 5. KPI1 values for each analyzed EV category.

i GI T S SP SG WP E C&S

KPI1i [%] 20.42% 18.45% 17.60% 13.55% 11.58% 7.92% 5.45% 5.05%

Table 6. KPI2 values for each analyzed EV category.

i GI S T SP SG WP C&S E

KPI2i 0.26 0.37 0.38 0.53 0.71 0.75 0.99 1.00
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In Tables 5 and 6, the first places (GI, T, and S) indicate the importance and temporal
consistency for the subject and categories of study. Next, SP and SG have similar impor-
tance, with their order reversed by only one position based on each KPI. The next place
corresponds to the WP category. Finally, the last positions are for C&S and E categories,
which had the least impact on the studies.

Figure 15 presents the same type of analysis for the set of subcategories belonging to S,
incorporating years and average frequency.
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Figure 15. Temporal evolution of Simulations subcategories from 2012 to 2022.

Table 7 orders the S subcategories from greatest to least interest and consistency over
time according to the KPIs described above. It can be concluded that the subcategory with
the greatest research importance is that of optimization algorithms, which are the most
interesting tool for researchers.

Table 7. KPI analysis of S subcategories.

Subcategory KPI1i [%] KPI2i

Optimization algorithms 43.94 0.47

PHEV/EV penetration and electric system capacity 35.00 0.45

Long term 10.91 1.21

Short term 10.15 1.61

Figure 16 shows a similar analysis for the T subcategories. Using the previous method,
Table 8 shows the subcategories ordered from most to least important.

At a technological level, the most widely studied subcategories are ‘V2GHV or (VGI)
or (G2V)’, with high research relevance. Well behind, the second subcategory of ‘Battery
technology, remanufacturing, and recycling’ also accumulates a large amount of research
in the study period. Solving technological problems related to both topics is essential for
massive integration of EVs at the general level.
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Figure 16. Temporal evolution of Technology subcategories from 2012 to 2022.

Table 8. KPI analysis of T subcategories.

Subcategory KPI1i [%] KPI2i

V2GHV or VGI or G2V 36.24 0.66

Battery technology, remanufacturing and recycling 21.27 0.62

Electronics (inverters, converters and control systems) 15.34 0.57

Chargers/Charging stations 15.72 0.69

Fast chargers 6.05 1.53

Wireless chargers 2.72 1.75

Electric motor 2.65 2.25

In the case of GI (Figure 17), using the previous method, Table 9 shows the subcate-
gories ordered from most to least important.

Between the second and third rows of Table 9, more weight was selected for trans-
former congestion and line deterioration in distribution networks versus stability of power
systems/grid, as the relative variation of KPI2 (4.00%) was greater than that of KPI1 (3.84%).
Due to these small differences, both subcategories are considered equivalent in importance.
The most important variable is smart charging/charge management and location. This
makes perfect sense, as most articles refer to controlled and scheduled charging strategies
as well as optimal location of electrical infrastructure to optimize equipment, materials, and
costs. This is arguably the most promising topic of study. The following two subcategories
ensure that distribution networks can support high EV penetration and that the useful life
of transformers will not be limited due to overloading.
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Figure 17. Temporal evolution of Grid Impact subcategories from 2012 to 2022.

Table 9. KPI analysis of GI subcategories.

Subcategory KPI1i [%] KPI2i

Smart charging/charge management and location 35.28 0.68

Transformer congestion and line deterioration in distribution networks 19.52 0.48

Stability of power systems/grid 20.30 0.50

Quality of electrical signal 16.70 0.69

Demand Response (DR) 8.19 1.28

We did not carry out this analysis on the categories that do not include any subcate-
gories, as they were studied in the pie charts shown previously in Figure 14.

In the case of WP (Figure 18), Table 10 is obtained by applying the same analysis
to the data. The first two subcategories represent two different sides of the same reality,
constituting the greatest challenges for this category, namely, that high penetration of EVs
and wind power is not easy if carried out separately.

Table 10. KPI analysis of WP subcategories.

Subcategory KPI1i [%] KPI2i

Shortage and quality of production (RES penetration issues) 27.58 1.40

Increments in EV and wind power facilities 16.97 1.80

Emission reduction management 16.21 1.88

Operational cost management (users and companies) 7.12 1.76

Energy efficiency vs. fossil consumption 4.84 1.72
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Figure 18. Temporal evolution of EV and Wind Power subcategories from 2012 to 2022.

In the case of SP (Figure 19), Table 11 was obtained by applying the same analysis to
the data.
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Figure 19. Temporal evolution of EV and Solar Power subcategories from 2012 to 2022.
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Table 11. KPI analysis of SP subcategories.

Subcategory KPI1i [%] KPI2i

Increments in EV and solar facilities 29.19 0.94

Shortage and quality of production (RES penetration issues) 21.92 0.72

Operational cost management (users and companies) 14.7 0.86

Emission reduction management 10.85 1.05

Energy efficiency vs. fossil consumption 8.79 1.01

Energy management among EV, PV and HVAC 5.46 1.46

As in the previous case, the most important variables belong to the first two rows,
with both having considerable technological interdependence. While in the previous WP
category both subcategories had practically similar values, in the SP category the shortage
problem is less important compared to ‘Increments in EV and wind power facilities’, indi-
cating that although combination of EVs and PV is necessary for high penetration of both
technologies, the integration of PV itself is less reliant on EVs for higher penetration than
vice versa. This seems reasonable, as in the case of homes PV production is normally lower
than the needs of the home and when PV resources are available they are normally fully
consumed, making it easier to decouple PV accumulation than in the case of wind energy.

With our analysis of the selected review articles completed, a meta-analysis of the
technical content of the 32 selected articles was carried out, incorporating the results of each
for the selected category where appropriate. In this paper, we only perform a meta-analysis
of the grid impact category, leaving the rest of the categories for a future publication.

6. Grid Impact

The main aspects that negatively impact the grid are described below. We retrieved
and analyzed the results published by the scientific community in each subcategory.

6.1. Smart Charging/Charge Management and Location

The high and disruptive level of EV penetration expected over the coming years [118]
will reduce fossil fuel usage while entailing high electrical demand from distribution
networks which were not originally designed for this purpose, resulting in network impacts,
current congestion, and voltage drops in lines and transformers [104,119]. This challenge
can be addressed through the design and operation of high-quality smart grids and the use
of local RES generators. These can allow surplus electricity to be stored in EVs, granting
DSOs greater flexibility in managing demand peaks and valleys, active and reactive power
in the network, frequency control, and spinning reserves [120].

For a better understanding of this section, Figure 20 presents a diagram showing the
stakeholders and principal elements in the network.

The main network stakeholders are EVs, aggregators, and DSOs. Aggregators are an
interface between EVs and DSOs that unifies a set of EVs and their individualized state
variables, such as the state of charge (SoC). They are necessary for V2G strategies and
are able to achieve significant loads, which can then be intelligently managed by DSOs.
EV charging and discharging orders are sent to the aggregator by the DSOs based on
network need. DSOs are dedicated to optimizing large electricity flows, while aggregators
individualize these orders to each customer. This strategy is economically and operationally
the best for all stakeholders [121].

Electricity generation, transmission, and distribution are affected differently as EV
penetration increases. Generation and transmission have a wide overload safety margin by
design, and as such are not greatly affected. In contrast, distribution is affected, as it has
not been designed for either the level of overload that EVs can produce or for electricity
generation at the distribution level. In addition, fast chargers can significantly affect
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distribution, a situation that could be partially alleviated if some of them were installed in
the transmission part to minimize the effects. Each case should be studied separately [122].

Aggregator

Regulation signal Regulation signal

Cluster 1 Cluster 2 Cluster N-1 Cluster N

TSODSO

High voltaje 
transformer

Medium voltage
transformer

Low voltage
transformer

SoC & EVs Input dataSoC & EVs Input data

SoC & EVs
Input data

SoC & EVs
Input data

Dis/charging
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Dis/charging
signal

Dis/charging signal Dis/charging signal

Figure 20. Main elements of an electric network in the context of EV charging.

Transmission system operators (TSOs) and DSOs are affected differently by EVs. EVs
limit the variations of RES energy in transmission, absorbing energy when there is a surplus
and giving it up when there is not enough renewable production. Therefore, TSOs are
favored by further stabilization of the network. In the case of DSOs, high penetration of
EVs produces extra loads as well as loss of quality and stability of the electrical wave, which
significantly impacts the distribution network. There may sometimes be conflicts between
stakeholders due to the priority of EV storage resources in terms of need. The authors
of [123] proposed a list to solve these problems: (1) (TSO) emergency actions; (2) (TSO/DSO)
alert actions; (3) (DSO) local voltage control; (4) (DSO) peak-shaving; (5) (TSO) voltage
support; (6) (DSO) Mvarbands (7) frequency control; (8) (TSO) other ancillary services;
(9) (aggregator) imbalance issues; and (10) power quality [124].

EVs connected to the grid generate different problems, such as unbalanced grid areas
due to high fast-changing demands, harmonic injection, and low-power factors. Thus,
it is estimated that EV penetration of 10% will increase peak demand by 17.9%, while
20% penetration will increase it to 35.8%. In the case of all impacts on a grid being
controlled (power demand optimization, minimum voltage deviation, ensuring smooth
load peaks, avoiding significant transformer impact, maximizing the grid load factor,
maximum utilization of RES, and minimization of energy losses), one study indicates that
the voltage deviation in a residential distribution network could be less than 10% for EV
penetration of 30%. To reduce EV impact, smart chargers containing advanced control
electronic converters must be used [125].

Uncontrolled EV charging shows investment increases in generation and transmission
infrastructure as well as in operation, which can be avoided using smart charging strategies
that balance the network and avoid peaks. Smart charging involves power and information
transmission (SoC, voltage, current, and time to full charge). In the event that charging is
unidirectional, control strategies can be used to manage the reactive power with current
phase-angle control, maximizing the benefits for both aggregators and clients [126,127].

In relation to energy losses and investment costs, energy losses could increase by up
to 40% in off-peak hours for a penetration up to 60% of PEVs, and up to 15% of the total
actual distribution network costs would need to be invested depending on the charging
strategy [125].
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In an ideal model simulation, for a certain level of PEV loads, if they are fully control-
lable then the invoiced costs would not be increased, while even 10% non-controlled lower
penetrations could increase charging costs by up to 22% [128].

Similar data obtained from other studies demonstrate the network stress produced
by uncontrolled EV charging, which generates higher infrastructure costs, indicating that
60–70% of these could be eliminated if charging was carried out in a controlled way.
Different authors divide the charging process into centralized and decentralized strategies.
In the former, EV charging is programmed through a controller located in the charging
station or in the aggregator. The variables managed are the SoC, grid situation, and
electricity prices. This strategy optimizes charging for large EV penetration, a necessary
requirement for the existence of aggregators. The decentralized strategy leaves the charging
schedule in the hands of the owner, making it more fault-tolerant, less technically complex,
and easier to scale [129].

Other more recent works explain the same concepts in greater detail, referring to
them as uncoordinated or coordinated strategies. In the first case, the user decides to
make a “direct” or “delayed” charge. In the “direct” case, the EV is charged when desired
until it reaches a certain battery level, then is disconnected. In the “delayed” case, the
EV connection is delayed to favorable periods when the network is not as saturated.
Coordinated strategies use optimization, scheduling, and pricing techniques belonging to
the same transformer, and can be continuous or discrete. Uncoordinated strategies refer to a
charging period during which an EV is continually charged without interruption. In discrete
techniques, on the other hand, the charging period is divided into a number of intervals,
with the system deciding whether to charge a certain vehicle or if it is better to charge
another. The advantages of these strategies increase when working with networks that
allow V2GHV, although the strategies increase in complexity as well. Studies have shown
that coordinated smart charging is much more efficient than uncoordinated charging [130].

In the case of bidirectional cables (V2G or V2H) [131,132] or wireless [133] charging,
cost increases for the customer are involved due to degradation of the batteries, more
expensive power electronics (inverters and converters), metering, and control. On the
other hand, there are greater benefits for DSOs, as more stored energy is available with
capacity for instant use due to using EVs as energy vectors, allowing critical aspects of the
network such as active and reactive power, current harmonics, load balancing, and peak
load shaving to be regulated [134,135].

Successful integration of V2G technology is related to communications systems, com-
patible infrastructure, and regulatory support, which differ depending on regions and
market dynamics [68].

The use of a distributed charging strategy maintains user privacy and is favorable
when there are low communications requirements; however, for the EV and RES high-
penetration cases, it is advisable to use centralized charging, which optimizes the energy
usage of the network thanks to the information provided by the communication systems.
In cities and for slow or moderate charging speeds, EVs are typically parked for 22 h per
day [136,137].

Regarding the location of smart chargers, while the number of EVs is undeniably
increasing, wider adoption will only be possible with charging infrastructure deployment
that considers the location of EV owners and their behaviors, setting two possible objectives:
(1) maximization of the service provided for a given cost, or (2) minimization of the cost of
charging infrastructure for a defined service level [138].

In this sense, studies have considered whether it is better to install smart chargers in
a specific area or along a highway, as well as the appropriate number of chargers. Other
studies have searched for the best location of these elements through optimization strategies,
with other approaches calculating the spatial distribution of load demand and deducing the
best locations. Study of the installation location of smart chargers allows network managers
to predict the points of greatest demand within the network. Researchers have extensively
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studied whether current charging infrastructure is appropriate and what additions or
modifications would be necessary to achieve high EV penetration [139].

In relation to EV uptake barriers, researchers have indicated that the main problems
are that users are not interested in purchasing an EV when there is not enough charging
infrastructure, while operators do not want to invest too much in infrastructure if there
are not enough EVs. According to various authors, DSOs should invest more in charging
infrastructure than in subsidizing batteries [138].

Smart charging will have an impact not only in cities, but in rural areas as well. Studies
carried out to evaluate their viability by 2030 have concluded that the use of EVs in these
locations is possible without building new lines or other infrastructure; however, the electric
charging process must be controlled so as not to affect the electrical network [140].

Finally, new problems related to the environment, such as the dissipation of amounts
of large heat and the electromagnetic compatibility of the charging stations, still need to be
addressed [141].

6.2. Transformer Congestion and Line Deterioration in Distribution Networks

The transformers (medium voltage and especially low voltage) and conductors be-
longing to distribution networks were not designed to charge EVs. There is a significant
impact on overloading of these elements when EV penetration is high. Thus, it is important
for future cities and neighborhoods to consider EV charging when sizing their electrical
systems [134,142].

EV geographic aggregation strategies can impact distribution networks and their
elements (transformers, feeders, and branches) unless charging coordination strategies are
implemented [128,132].

Other authors have concluded that electrical systems do not have the appropriate
dimensions for meeting future PHEV demand. Although there are no real data yet, many
simulation analyses have been performed to obtain these conclusions [121].

In Figure 20, it can be seen that there is a real risk of PEV loading in distribution
networks causing deterioration of low-voltage transformers and lines [119,130]. These
effects include reduced efficiency, temperature increases, and premature failure of the
insulation/windings or core structure. The power electronic systems of battery chargers
produce current harmonics that deteriorate transformers, impacting the efficiency and
safety of smart grids. The incorporation of local RES can help to solve these problems [120].

The imbalance between phases occurring when an EV is charged in only one phase
can produce overload in a line or transformer phase while the rest are unaffected, which
directly impacts transformer failures [104,137].

These phenomena depend on the network zone, as overloads can be produced by
a high concentration of EVs at a point while not affecting others. A detailed analysis is
necessary to determine the underlying causes [131,143].

Other studies have indicated that even if EV penetration increases, with advanced
smart charging strategies it would not be necessary to make new investments in genera-
tion and transmission, although it has been suggested that there would be an impact on
transformers and lines during distribution [122,126,130].

Simulation studies have shown that PEV penetration levels between 17% and 31%
increase transformer currents from 37% to 74% [125]. These studies have concluded that
this level of penetration generates transformers losses when chargers work at level 2 or 3.
For future cities or equipment replacement, it is necessary to consider that transformers
and conductors must be oversized. Studies have indicated that PEV penetration of 50%
could reduce transformer life by 200% to 300%. On the other hand, if loads are controlled,
the lifetime can be increased by 100% to 200% compared to the previous case. Moreover,
PEV penetration of 30% would increase demand by 10% in a Belgian network, exceeding
the capacity of transformers and conductors. In these cases, it is proposed to deal with
voltage drops by means of load-tap charging transformers or by using a capacitor bank.
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The advanced use of V2G will make it possible to smooth out these effects [125], as EVs can
behave as auxiliary services for network management [127].

Recent research has evaluated the impact of artificial intelligence in analyzing optimal
charging and discharging scheduling in V2G systems, concluding that the operating costs of
the electrical network can be significantly reduced with the use of simple algorithms [144].

6.3. Quality of Electrical Signal

High penetration of EVs and resulting incorporation of equipment with great power
electronics produces current harmonics and voltage variations that deteriorate downstream
equipment [125,127,131].

The effect of harmonic production, peak loading, and power quality degradation,
among others, is more important when multiple EV chargers are present in the same
location, that is, when installation of chargers is not planned, especially if they are fast
chargers [104,137,145].

Power quality degradation can originate from voltage deviations, harmonic currents,
phase imbalance, or direct current (DC) offset. In fact, one of the reasons for ending the
transfer of energy between a charger and an EV is the effect of harmonics [143]. Standards
such as EN 61000 and IEEE 519 establish upper limits of harmonic currents and voltages,
with power factor being the quality parameter of networks without distortion; transformers
and feeders typically suffer decreased value of the power factor [130,146].

It is necessary to coordinate the charging and discharging of all EVs to maintain the
network quality while individualizing the monitoring of each vehicle and establishing an
appropriate regulation and different charging modes that do not disturb the system [134,147].

The origin of harmonics in EV chargers is the use of converter switching, which several
authors have sought to solve by incorporating specific filtering device strategies. When
properly controlled, EV chargers can work as active filters and provide variable impedance
for each harmonic frequency that needs to be limited [142].

Supra-harmonics are derived from fast chargers, and may have an impact on dete-
rioration of the grid behavior. This is even more the case if the X/R ratio of distribution
line is small or if there is a low short-circuit ratio and high impedance. Supra-harmonic
distortion is addressed by means of an AC–DC front-end rectifier and proper input filter
design. Voltage fluctuations are another type of quality problem arising as a consequence
of EVs fast charging. Some authors have indicated that this problem increases if the power
of the buses is increased. Similarly, voltage fluctuation is associated with installation of a
fast charging station on a weak network bus [122,141].

6.4. Stability of Power Systems/Grids

Power electronics systems are increasingly present in electrical networks to regulate
the greater penetration of RES, which can cause the global system to lose inertia and lead
to problems with reactive power generation, frequency control, and imbalance between
load and power generation [120,132,134].

Due to their power electronics, chargers can be a source of network instabilities,
making it necessary to control the location of the charger, monitor the SoC of the battery,
and plan EV charge/discharge strategies to avoid destabilizing the network [121,147].

The combination of charging EVs, smart grid management, and renewable production
can result in configuration that, rather than destabilizing the grid, has the opposite effect. EV
charging and renewable production are random and distorting grid elements in separation;
however, with proper smart control and V2G use it is feasible to transport energy where
it is needed, stabilize grids through ancillary services such as frequency regulation, and
avoid demand peaks even when performing a fast charge [130,138].

In order for these systems to favor the stability of the network, it is necessary to
accurately model the network to obtain valid results [135].

EVs can act as auxiliary services for management, network flexibility, and demand-side
management [127,137].
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To maintain a correct balance between demand and supply while ensuring that the
electrical network works reliably, ancillary services supporting the network can be used
to maintain sustainability and reliability. DSOs traditionally control local voltage and
congestion prevention while TSOs control frequency (spinning and non-spinning reserve
and regulation). With increased penetration of EVs and RES, DSOs will have to take on
more responsibility in the spinning reserve and regulation areas [104,148].

The main ancillary service stabilizing an EV infrastructure network is the spinning
reserve service (using V2G, where the energy stored in the EV is transferred to the network
to collaborate or resolve situations of insufficient generation or supply failure, along with
active power support/load leveling and peak load shaving), which mitigates consumption
peaks or valleys at very specific times of the day caused by usage habits. In this way,
“load leveling” will activate the EV charging mode, absorbing energy from the network
when global electrical demand is low, while “peak load shaving” provides (injects) energy
from EVs to the network when the demand is high. Reactive power support/voltage
regulation/power factor correction is another service for grid reliability. It requires proper
voltage and power factor regulation, which is corrected by a static reactive compensator.
With the implementation of V2G, the capacitive power source can be obtained from the EV
connected to the grid through its DC-link capacitor connected in a bidirectional EV charger.
Thus, monitoring the EV voltage through a meter in the charger means that reactive power
can be compensated for by regulating the phase angle. If grid voltage is high enough, the
EV starts charging; otherwise, it stops charging [125,131,142].

Installation of EV charging stations on weak buses causes grid instability problems
such as power/economic losses and voltage instability. Fast charging stations cause even
more instabilities. Several simulation studies have been carried out to determine these
effects, which are highly dependent on the location of the network, finding that the system
takes more time to recover previous conditions. Installing RES or local storage on charging
stations has been found to improve network stability [122,141,143].

6.5. Demand Response (DR)

As both the number of PEVs and their concentration in certain urban locations increase,
network will be affected if appropriate strategies are not adopted. Demand responses (DR)
can provide tools to deal with this issue [128,142].

DRs and demand response programs (DRP) are related to the idea that electrical
systems will tend to be more efficient if fluctuations in demand are smaller. DRPs are
created as incentives for customers to consume less energy at times when market prices are
higher, when the electrical system is more stressed, or when it is at risk. For this reason, a
large part of the success of a DRP is its predictability in terms of demand; consequently,
proposals that are satisfactory to potential clients must be made in economic terms and in
schedules [121,137].

Examples include Rescheduling charging power, in which a smart charger is necessary
to provide variable power to a EVs within predefined limits; rescheduling the charging
period, which consists of moving usual hours to other slots accepted by consumers; and
power feedback or V2G, as explained above, in which DRPs are articulated by taking
advantage of the large amount of stored energy for use at optimal moments in order to
stabilize the network. Excellent control of these strategies could allow for high penetration
of EVs with little impact on the distribution network. At the local level and focused on EV
users, various groups of such vehicles which may be encompassed by buildings or other
configuration of a distribution sub-grid can be managed by charging service providers
(CSPs), commonly called aggregators. Through supply-and-demand strategies, the optimal
objective is for all three actors to achieve financial profit. In the future, clients could access
day-ahead or real-time markets without using aggregators as intermediaries [121,122,138].
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In order to be successful using the aforementioned strategies, economic dispatch tools
should be used to minimize operation costs under electric system safety constraints. Thus,
generation should use EVs in V2G mode to stabilize production, while transmission should
minimize losses by optimizing EVs location and their charging schedules. At the equipment
maintenance level, optimizing the use of EV batteries should be pursued [104,123,136].

7. Conclusions

• The progressive replacement of ICEVs by solutions that do not rely on fossil fuels is
ongoing around the world. One of the most promising solutions for this transition is
represented by EVs. Their energy storage characteristics and support for the electric
grid once the technology is consolidated can lead to notable improvements in energy
resource management, mobility, and environmental impact.

• EV history provides three conclusions: first, electric transportation technology is as old
or even older than that based on fossil fuels; second, between 1900 and 1930 three dif-
ferent propulsion technologies (electric, fossil fuel, and steam) coexisted commercially;
and third, the simultaneity of previous solutions could be repeated today to address
the transition in vehicle propulsion systems, with consumers potentially being able
to opt for EVs, hydrogen vehicles (fuel cell or combustion), or vehicles powered by
new synthetic fuels. Another possibility is that a balance between these three variants
could be reached, potentially coexisting indefinitely.

• From 1970 onwards, the EU has championed the global decarbonization initiative,
increasingly limiting CO2 emissions and different pollutants. Euro 7 will be the latest
regulation leading the continent towards emissions neutrality from vehicles.

• The rate of EV incorporation in society up to 2035 will result in overload in electrical
networks, as they were not initially designed for EVs. It is foreseeable that there may
be local effects based on the size of a city’s distribution network. It is possible that the
maximum design power per home may be exceeded when connecting level 2 EVs if
all users do so at the same time. This can directly impact the main elements of the
distribution network, with power lines subjected to overheating and transformers to
constant overloads, resulting in consequent loss of useful life. Different strategies can
allow the use of existing infrastructure to be safely maximized through detailed study
of each use case and the active management of user demand.

• According to our meta-analysis, the increase in EVs will allow RES penetration to be
higher, as EVs can act as storage when there is an overproduction of electricity and
release stored energy when the network has insufficient production. Thus, EVs act
as a stabilizing element of the network when working together with RES. Therefore,
greater penetration of EVs allows more surplus renewable production to be absorbed
and makes more storage available when necessary. Furthermore, the objective of
greater renewable penetration requires having storage and action mechanisms in case
of faults.
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AC Alternating Current

BEV Battery-Electric Vehicles

C&S Cost, energy, and pollution savings using EV instead ICEV

CO Carbon monoxide
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CO2 Carbon dioxide

CSP Charging Service Providers

DC Direct Current

DER Distributed Energy Resources

DR Demand Response

DRP Demand Response Programs

DSO Distributed Systems Operators

DSR Demand-Side Response

E Emissions reduction management in relation to ICEV without RES

EC European Commission

EU European Union

EV Electric Vehicle

G2V Grid To Vehicle

GHG Greenhouse Gas

GI Grid Impact

HC Hydrocarbons

HEV Hybrid Electric Vehicles

HVAC Heat, Ventilation, and Air Conditioning

ICEV Internal Combustion Engine Vehicle

IEA International Energy Agency

IoT Internet of Things

KPI Key Performance Indicator

Ni-MH Nickel–Metal Hydride

NOx Nitrogen oxides

PEV Plug-in Electric Vehicles

PHEV Plug-in Hybrid Electric Vehicles

PV Photovoltaic energy

R Electrical Resistance

RES Renewable Energy Sources

S Simulations

SG Smart Grid technologies

SoC State of Charge

SP EV and Solar Power

T Technology

TSO Transmission System Operators

UNFCCC United Nations Framework Convention on Climate Change

US United States

V2G Vehicle-to-Grid

V2GHV Vehicle-to-Grid/Home/Vehicle

V2H Vehicle-to-Home

VGI Vehicle Grid Integration

WHO World Health Organization

WP Wind power

X Electrical Reactance
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Appendix A. Information on Selected Review Studies

The following tables list the review studies selected for this paper. They include the
study identifier (S1 to S32), year of publication, main author, and bibliographic reference.

Table A1. Selected review articles (S1–S6) per year and main author.

Study S1 S2 S3 S4 S5 S6

Year 2012 2013 2013 2014 2014 2014

Main author Murat Yilmaz
[125]

David B.
Richardson [126] Wei Gu [121] Ahmed M.A.

Haidar [147]

Pranav
Maheshwari
[127]

Xianjun Zhang
[128]

Table A2. Selected review articles (S7–S12) per year and main author.

Study S7 S8 S9 S10 S11 S12

Year 2015 2015 2015 2016 2016 2016

Main author Liansheng Liu
[120]

Salman Habib
[134]

Jia Ying Yong
[142]

Junjie Hu
[148]

Abdul Rauf
Bhatti [124]

Kang Miao Tan
[131]

Table A3. Selected review articles (S13–S18) per year and main author.

Study S13 S14 S15 S16 S17 S18

Year 2017 2017 2017 2018 2018 2018

Main author Ashique, R. H
[143] Ahmad, A. [133] Sovacool, B. K.

[119]
Thompson, A.
W [149]

Shepero, M.
[129]

Hoarau, Q.
[118]

Table A4. Selected review articles (S19–S24) per year and main author.

Study S19 S20 S21 S22 S23 S24

Year 2019 2019 2019 2019 2020 2020

Main author Collin, R.
[132] Pagany, R. [139] Li, Z. [150] Barone, G.

[135]
Mohammad, A.
[137]

Arias-Londoño,
A. [104]

Table A5. Selected review articles (S25–S30) per year and main author.

Study S25 S26 S27 S28 S29 S30

Year 2020 2020 2021 2021 2021 2022

Main author Fachrizal, R.
[136] Ding, Z. [123] Aretxabaleta,

I. [146]
El-Bayeh, C. Z.
[130]

Eltoumi, F. M.
[145]

Rahman, S.
[122]

Table A6. Selected review articles (S31–S32) per year and main author.

Study S31 S32

Year 2022 2022

Main author Metais, M. O. [138] Safayatullah, M. [141]
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