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Abstract

This article examines the evolution of the most extensively researched subjects in e-mobility
during the previous two decades. The objective of this analysis is to identify the lessons that
the State of Kuwait, which is falling behind other nations in terms of e-mobility, can learn
from in its efforts to adopt electric vehicles (EVs). To strengthen the body of knowledge
and determine the most effective and efficient route to an “EV-ready” nation, the authors
compiled data on the latest developments in the EV industry. A bibliometric analysis was
performed on 3962 articles using VOSviewer software, which identified six noteworthy
clusters that warranted further discussion. Additionally, we examined the sequential
progression of these clusters as follows: (1) the environmental ramifications of electric
mobility; (2) advancements in EV technology, including range extension and soundless
engines, as well as the capital expenditure (CAPEX) and operating expenditure (OPEX) of
purchasing and operating EVs; (3) concerns regarding the effectiveness and durability of
EV batteries; (4) the availability of EV charging stations and grid integration; (5) charging
time; and, finally, (6) the origin and source of the energy used in the development of
e-mobility. Delineating critical aspects in the development of e-mobility can help to equip
policymakers and decision makers in Kuwait in formulating timely and economical choices
pertaining to sustainable transportation. This study contributes by cross-walking six global
bibliometric clusters to Kuwait’s ten EV adoption barriers and mapping each to actionable
policy levers, linking evidence to deployment guidance for an emerging market grid.
Unlike prior bibliometric overviews, our analysis is Kuwait-specific and heat-contextual,
and it reports each cluster’s size and recency to show where the field is moving. Using
Kuwait driving logs, we found that summer (avg 43.2 ◦C) reduced the effective full-charge
range by 24% versus pre-winter (approximately 244 km vs. 321 km), underscoring the need
for shaded PV-coupled hyper-hubs and active thermal management.

Keywords: bibliometric analysis; VOSviewer; electric vehicles; DC fast charging (DCFC);
vehicle–grid integration (VGI); battery management systems (BMS); Kuwait; hot climate

1. Introduction
1.1. Energy Efficiency of Electric Vehicles vs. Internal Combustion Engine Cars

Many criteria are used when comparing EVs to ICE automobiles, such as capital and
operational price factors, the quality of driving, ease of use and maintenance, and environ-
mental factors. One of the most critical criteria for EVs, along with the environmental one,
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is energy efficiency. Upstream and tailpipe emissions account for all of the greenhouse gas
(GHG) emissions in the transportation sector. Upstream emissions originate from power
plants and analogous sources, while tailpipe emissions are produced by vehicles. When the
upstream emissions are held constant, transitioning to electric vehicles (EVs) can effectively
mitigate emissions [1]. Transitioning to EVs is strongly advised to significantly reduce
total global carbon dioxide (CO2) emissions from the transportation sector, which currently
stand at 16%. EVs are particularly well suited to supplant internal combustion engine (ICE)
cars due to their superior energy efficiency and comparatively low energy losses relative
to the systems that supply energy to ICEs. EVs are five times more efficient than ICE
vehicles at delivering energy to axles [2]. A well-to-tank analysis revealed a mere 6% power
loss [2] compared to the 45% power loss observed in gasoline sourcing [3]. Combining
well-to-tank and tank-to-wheel analyses revealed an even more pronounced efficiency
gap in favor of EVs over ICE vehicles. Research on tank-to-wheel energy efficiency has
indicated that the efficiency of EVs greatly supersedes that of internal combustion engine
automobiles, regardless of whether they are powered by gasoline or diesel. One of the
primary reasons for this glaring contrast between EVs and ICEs is that ICEs fail to fully use
their energy value, converting most of their fuel energy value into heat rather than power
for the wheels [4] (see Figure 1). The enormous efficiency disparity between ICEs and EVs
raises the question of whether ICE technology is obsolete and will soon be replaced by
electric-powered vehicles. An examination of e-mobility using a well-to-wheel analysis
revealed a mere 23% energy loss, or 77% efficiency, in contrast to the substantial 84% energy
loss, or mere 16% efficiency, observed in vehicles powered by liquid petrol/gasoline [5].
This disparity in efficiency is of the order of nearly five times. Hence, the difference in
carbon footprint, which is contingent upon the source of electricity, assumes a subordinate
position when juxtaposed with the difference in efficiency [6]. The fuel efficiency of internal
combustion engines is projected to gradually increase up to 2050. However, greater effi-
ciency gains are anticipated from EV batteries, particularly with the advent of solid-state
batteries, which represent a significant leap in efficiency from production to usage [7].

Figure 1. Vehicle fuel energy efficiency; source: Powerid. Printed with permission [1]. Blue color for
values for 2020 and yellow color for projected values in 2050.
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This study differs from prior bibliometrics by cross-walking six global clusters directly
to Kuwait’s ten EV-adoption barriers and by adding a Kuwait-specific performance case
under extreme heat. We translate each cluster into actionable policy levers (see Section 4),
moving beyond descriptive mapping to deployment guidance for an emerging-market grid.

1.2. Other Benefits of EVs over ICE Vehicles

EVs have many other advantages over ICEs: they do not produce tailpipe emissions or
pollutants, they make less noise, and they have fewer moving parts, leading to significantly
lower maintenance costs. However, even though many developments have occurred in
terms of vehicle appearance, performance, etc., according to the International Energy
Agency (IEA), only 9% of newly sold cars in 2021 were EVs [1]. Half of all EVs sold
in 2021 were purchased in China, and another 40% were sold in the USA and Europe.
The rest of the world combined only bought about 10% of the EVs sold in 2021. Many
of the countries with emerging markets, such as the State of Kuwait, have close to zero
contributions towards developing sustainable, electric transportation. Without all countries’
involvement, achieving the IEA’s target of 30% of new vehicles sold globally in 2030 being
EVs will be a complicated task. To increase the EV market share in emerging markets to a
reasonable level, much planning and financial support is needed, in addition to transferring
knowledge and best practices from countries that are further along in their EV transition.

Recent behavioral work shows that perceived reliability and residual-value risk are
the dominant drivers of EV reluctance [8], a pattern that mirrors the concerns we observe
in Kuwait’s surveys [9]. Clarifying these psycho-social barriers early would allow policy
instruments to target range anxiety and resale price guarantees in tandem.

1.3. Reasons for Low EV Adoption Rates in Emerging Markets

The World Economic Forum identified four crucial reasons for the low EV adoption
rates in emerging markets: first, the difference in the cost of purchasing a new EV or an
ICE vehicle; second, fear of the risk of EV vehicle/battery fires; third, the lack of support
and dealership facilities; and fourth, the lack of charging facilities [10].

The “10-reason” survey drew from Kuwait’s car-owning population via a stratified
web panel (600 valid responses; 52% male; fielded 5–19 September 2023). The sample frame
was the Public Authority for Civil Information’s vehicle registration list; quotas reflected
the national distribution of age, gender, and governorate. The margin of error was ±4% at
95% confidence. Questions were piloted in Arabic and English. Ethical approval: LSE-REC
#00558000004KJE9AAO.

In addition to the above reasons, ten reasons were presented at a conference on the
future of sustainable transportation in Kuwait, where the results of a two-year exhaustive
mixed-method study were presented. In-depth qualitative interviews were conducted with
all automobile dealers who sold EVs; 15 current owners of EVs in Kuwait were qualitatively
interviewed in depth, and a comprehensive survey of 600 participants was administered to
determine the conditions under which they would purchase an EV as their next vehicle.

(1) The findings of these studies indicated that the primary factor contributing to the
low EV adoption rates was the lack of public fast charging stations with a charging power
of 300–500 kW direct current (DC to DC).

(2) The second reason was Kuwaiti landlords’ hesitancy to permit EV owners to
install EV wall-box chargers and charge their vehicles on their property for fear of fire
and interference with household electricity, particularly the air conditioning units. This
adamant opposition to the home charging of EVs effectively prevented the expatriate
population (comprising around 75% of the population) from owning EVs, since real estate
ownership in the State of Kuwait is restricted to Kuwaiti nationals only.
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(3) Thirdly, Kuwait has one of the most affordable petroleum retail prices in the
world. However, substantial subsidies are also provided for residential electricity, whereas
residential electricity is sold for USD 0.03 per kWh compared to USD 0.13 per kWh and
USD 0.14 per kWh in the USA and the world on average, respectively. The cost of electric
charging is approximately one-fourth that of gasoline, even though gasoline is priced as
low as USD 0.3 per liter. Even though there are typically fuel price savings of around USD
50 per month, this amount is simply not enough on its own to encourage the switch to
electric. This is especially true given that to see these savings, EV owners would typically
need to buy a home charging station (wall box), which costs around USD 1.500–1.700 to
install, and it takes around 2–3 years to achieve any fuel savings [11].

(4) An additional factor contributing to the limited uptake of EVs in Kuwait was their
prohibitively high purchase price, which is typically 30% higher than that of an equivalent
ICE vehicle with a comparable body. Notably, this substantial price differential is primarily
attributable to the absence of a financial incentive program in Kuwait, which gives no
preference for EVs over ICE vehicles [12].

(5) The fifth reason cited was that Kuwaiti consumers who are in the market for new
vehicles are risk-averse in general and are especially skeptical about the durability of
lithium batteries in Kuwait’s extreme heat conditions.

(6) The sixth reason was the absence of an EV community. While Kuwaiti consumers
typically seek guidance from their peer group before making significant purchasing deci-
sions (e.g., purchasing a new car), it is difficult to find a reliable source of advice among
friends and family for EVs, which comprise less than 1% of the automobiles in the country.

(7) Existing EV owners in Kuwait cited a seventh reason for low adoption: dealerships’
reluctance to develop technical capacity due to the minimal or nonexistent EV maintenance
services, which generate negligible to no profit.

(8) The eighth reason was also given by EV owners, who complained that the excep-
tionally high speedbumps in residential areas to deter low-riding muscle cars from entering
were particularly hazardous; the battery, which is the most expensive component of an
electric vehicle and is positioned beneath it, could be damaged in areas where the ground
clearance does not exceed a speedbump’s height.

(9) The lack of designated EV facilities (excluding DC fast charging (DCFC) stations),
such as priority lanes and designated parking, was the ninth reason for the low rate of
EV adoption in comparison with that in other nations. EV owners expressed dissatis-
faction with the tendency of drivers to park ICE vehicles in specified EV parking areas
or alternating-current charging stations, given that the consequences for parking in EV
facilities will cease to apply by the end of 2023 [12–14].

(10) The final reason provided was the lack of environmental zeal among policymakers
and decision makers, in contrast to other countries, where numerous political parties
are devoted to environmental causes. Others noted that the correlation between the
participation of women in politics and government support for ecological initiatives is
quite robust. The political participation of women is generally inadequate in most nations
with emerging markets. A recent OECD study on women and transport demonstrated
that women gave more attention to environmental factors than men, and women in power
supported more environmental transportation policies, with strong correlations between
the percentage of EVs vs. ICE vehicles sold to representatives in congress and governments.

To assist nations with emerging markets, such as the State of Kuwait, in becoming “EV
ready” and catching up to the rest of the world, the authors of this study determined from
interviews and surveys that the above 10 points warrant priority in the development of an
efficient and effective set of recommendations for nations who have not yet adopted EVs
and are still in the process of establishing a sustainable transportation system [15–20].
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2. Methodology
2.1. What Is Bibliometric Analysis?

To verify if our 10 reasons for low EV adoption in Kuwait were congruent with
theoretical interest, a bibliometric analysis (BA) was chosen as the guiding methodology of
this paper. BA involves a quantitative software application used by researchers to conduct
literature reviews and identify emergent research trends within a specific field [21]. BA
gained considerable popularity after the advancement of available software packages such
as Gephi Version 0.10.0, Leximancer Version 5.0, and VOSviewer version 1.6.20, which
can run scientific databases provided by Scopus and Web of Science. BA can be used
to conduct a cross-disciplinary analysis of bibliometric methodology, employing large
volumes of scientific data and generating high-impact research. The analysis of data
mining, mathematical, and statistical functionalities enables researchers to systematically
visualize trends. Numerous researchers have employed this methodology to augment their
knowledge bases more efficiently and in less time in comparison with the conventional
qualitative approach to data analysis. Before undertaking an extensive literature review,
scholars [22–28] have employed bibliometric analyses to identify noteworthy domains that
warrant their attention. Similarly, numerous researchers have employed BA as an initial
methodology in their investigations. Fifteen publishing houses and their affiliated partners
that accepted articles for Scopus-indexed journals in 2021 are detailed in Table 1.

Table 1. Numbers of articles employing bibliometric analyses by publisher in 2021 [24].

Publisher No. of Articles

Elsevier 229

Springer 180

MDPI 174

University of Idaho Library 144

Frontiers Media S.A. 69

Institute of Electrical and Electronics
Engineers Inc. 60

Emerald Group Holdings Ltd. 57

IOP Publishing Ltd. 42

Taylor and Francis Ltd. 41

Routledge 38

SAGE Publications 37

John Wiley and Sons Inc 27

BioMed Central Ltd. 26

Dove Medical Press Ltd. 21

Hindawi Limited 19

Others 664

2.2. VOX-Viewer Methodology

The developed methodology (see Figure 2) is described in detail in this subsection.
For quality purposes, we selected and limited our search to Scopus-accepted journals. The
search was carried out in Scopus with the following criteria:



World Electr. Veh. J. 2025, 16, 458 6 of 26

 

 

Results and discussion 

Gathering more information from 

the literature 

Collection of references from Scopus 

Bibliometric analysis phase 1 

Identification of keywords 

Creation/merging of keywords 

Preparation of the thesaurus file 

Bibliometric analysis phase 2 

Cluster analysis 

Figure 2. Methodological steps taken in this bibliometric analysis.

TITLE (electric AND vehicle) AND PUBYEAR > 2000 AND (LIMIT-TO (SUB-
JAREA, “ENER”)) AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-
TO (EXACTKEYWORD, “Electric Vehicle”) OR LIMIT-TO (EXACTKEYWORD,
“Charging (batteries)”))

We searched for articles in the English language that were published after 2000 about
energy and that had “electric vehicle” in their title and either “electric vehicle” or “charging
(batteries)” as keywords.

Accordingly, 3962 references were extracted from the search and exported to 19 Re-
search Information System (.ris) files, which were later merged into a single file. The
data represented studies conducted by researchers from 93 countries, with most of the
contributions being from China and the USA.

The volume of EV-related articles published in Scopus-indexed journals was unman-
ageable. Consequently, the outcomes were refined through the inclusion of a keyword
proposed by Scopus, namely, “Charging (Batteries)”. Given this study’s focus on develop-
ing infrastructure for emerging electricity markets, we are confident that the inclusion of
this keyword did not affect the outcomes. Using this keyword, the number of search results
was reduced to a manageable level while preserving this study’s context. The numbers of
citations and the years of publication were entered into a table.

Clustering aims to facilitate the comprehension of large information sets by catego-
rizing them into distinct groups or labels [29]. One simple example of cluster analysis is
dividing consumers into distinct categories so that each can be managed appropriately.
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Although cluster analysis provides a comprehensive understanding of numerous fields
and related subfields, the researchers decided to choose their areas of interest. A thousand
keywords were categorized into six clusters and assigned names based on their frequency
of occurrence with the assistance of the VOSviewer software. Each cluster is described in
detail below. For Section 4, we cross-referenced each bibliometric cluster to the ten Kuwaiti
non-adoption factors by matching keyword themes to survey codes (see Appendix A for
the mapping table).

Reproducibility note (data extraction). Database: Scopus. Extraction date: 15 February
2024. Primary query (exact Scopus syntax):

TITLE (electric AND vehicle) AND PUBYEAR > 2000 AND (LIMIT-TO (SUB-
JAREA, “ENER”)) AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-
TO (EXACTKEYWORD, “Electric Vehicle”) OR LIMIT-TO (EXACTKEYWORD,
“Charging (batteries)”)).

Variants tested (not used in the final run): adding EXACTKEYWORD(“battery
electric vehicle”) and EXACTKEYWORD(“fast charging”). Exclusions: duplicates,
editorials, non-English.

In the next step, the review of the published literature was uploaded to VOSviewer—Ver 1.6.20,
a Java-based software that is freely available to the research community. With the help of
this software, users can construct a network of various attributes of scientific publications,
such as authors and keywords. It accepts database files, reference manager files, and
application programming interfaces (APIs) as inputs [30]. In this study, we used reference
manager files to input data into the software. Accordingly, the combined RIS file was
uploaded, and the software was run. Among the various options available to visualize the
data, we selected a combination of options, as explained in Figure 3 and Table 2.

Figure 3. Keyword co-occurrence network (phase 1, before thesaurus merging) clustered with
VOSviewer (association strength normalization; Leiden resolution = 1.0; fractional counting; mini-
mum keyword occurrence ≥5). Six communities emerge corresponding to charging stations, battery
management systems, battery swapping, vehicle–grid integration, wireless charging, and renewable
energy. Node size = occurrence; link width = association strength.
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Table 2. Options selected for the bibliometric analysis.

Options Selected Option Explanation

Type of data Map based on bibliographic data To determine co-occurrences

Data source Reference manager file Exported information from Scopus in .ris
format and merged into one file

Type and unit of analysis Occurrence This gives us a clear idea of the
interlinkages among different keywords.

Counting method Fractional

Use of a thesaurus file Yes Used in phase 2 of the analysis

Number of occurrences of the keyword 5

When the number of occurrences of
keywords increases, the number of
keywords in the results will be reduced;
five is the default value assigned
by the software.

Number of keywords 2055 in the first phase and 1000 in the
second phase

By merging similar words, the total
number of keywords was
reduced to 1000.

From the first version of network mapping (Figure 3), it was clear that different authors
used slightly different but similar keywords, with 2055 keywords used in total.

To improve readability, we decided to merge similar keywords to avoid confusion. By
doing so, we reduced the number of keywords to 1000, the default number of keywords
appearing in the VOSviewer software. Old and suggested keywords listed in a thesaurus
file were used to replace the existing keywords. Examples of a few sets of keywords
(old and new) that appear often are presented in Table 3. The merging/creation of new
keywords was discussed in detail with all the authors, who spent time developing the
thesaurus file.

Table 3. Examples of keyword merging.

Old Keyword New Keyword

wireless charging system
renewable energy resources

wireless charging
renewable energy

To minimize synonym noise, we merged lexically equivalent keywords (e.g., BEV → battery
electric vehicle; EVs → electric vehicle; V2G → vehicle-to-grid; PV → photovoltaic; Li-
ion/LIB → lithium-ion battery) into a master thesaurus before running VOSviewer. The
minimum occurrence threshold was ≥ 5; sensitivity checks at 4 and 6 changed cluster
membership by <3%, confirming robustness. We capped the retained keywords at 1000
and used the VOSviewer thesaurus format [31]. The second-phase map (Figure 4a) and the
overlay timeline (Figure 4b) reflect the cleaner vocabulary, with a marked post-2017 rise in
wireless-charging and vehicle-to-grid terms.

One important feature of VOSviewer is its ability to cluster references based on their
occurrences and co-occurrences. Cluster analysis is a blind data management model
providing output [29]. Accordingly, the software arranged all 1000 keywords into six
clusters. Even though the software did not suggest any names for the clusters, we named
them based on our understanding of them, as shown in Table 4. A detailed elaboration of
the results is given in the following section.
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(a) 

(b) 

Figure 4. (a) Refined map with 1000 keywords. (b) VOSviewer overlay timeline of keyword growth
(2000–2024). Colors indicate average publication year; association strength normalization and frac-
tional counting with a minimum keyword occurrence ≥5 were used. After thesaurus merging,
n = 1000 retained keywords. The post-2017 acceleration is evident.
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Table 4. The details of the clusters.

Cluster Number Most Significant Keywords Other Major Keywords

1 Charging station Emissions, Cost, Crashworthiness, Sustainable development

2 Battery management system Energy management, Programming, Prediction

3 Battery swapping Charging optimization, Electrical network, Simulation, Scheduling

4 Vehicle–grid integration Vehicle to grid, Grid to vehicle, Vehicle to vehicle

5 Wireless charging Converter, Power electronics, Inductive power transfer

6 Renewable energy Solar energy, Wind energy, Grid integration

3. Results and Discussion
Table 2 summarizes the two-stage screening flow, and Figure 5 visualizes the pub-

lication and citation trends. As Figure 5 shows, the scientific community has conducted
extensive research on EVs over the last two decades.

Figure 5. Distribution of EV-related articles (left axis) and citations (right axis) per year, 2000–2022.
Publications rise sharply after 2017, with citations lagging publication growth by a few years.

3.1. Cluster Analysis

Table 2 summarizes the two-stage screening flow, and Figure 5 visualizes the pub-
lication and citation trends using clustering diagnostics. VOSviewer used association
strength normalization, Leiden clustering (resolution = 1.00), fractional counting, and a
minimum keyword occurrence of ≥5. The cluster names reflect the top five keywords (by
link strength) within each group. This yielded six well-separated communities.

3.2. Cluster 1: Charging Station

This cluster (Figure 6) helped us to understand that several developments took place in
the areas of EVs and charging stations. Since 2023, the field has pivoted from single-station
optimization to corridor-level hyper-hub planning (multi-bay sites co-locating ≥350 kW
DC fast chargers with PV carports and stationary storage) [32] to shave peaks [33,34]. For
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Kuwait, the implication for designing infrastructure is to prioritize shaded solar canopies
(which have a dual benefit: insolation harvest and thermal mitigation) [35]. In the visualiza-
tion, even though the co-occurrence of the keyword “electric vehicle” was higher than that
of “charging station”, much research is being conducted around charging stations. Hence,
more attention is given to exploring recent trends related to the keyword “charging station”
and other associated keywords in this section.

Figure 6. Overlay network for Cluster 1 (charging stations) showing the 12 most frequent key-
words. Colors indicate average publication year (overlay visualization). Node size = occurrence;
link width = association strength. VOSviewer settings: fractional counting; association strength
normalization; minimum keyword occurrence ≥5.

Charging stations mainly function in two ways: conductive and inductive charging.
As the name suggests, conductive charging can be called wired charging, while inductive
charging is wireless. Conductive charging can be divided into overnight depot charging
and pantograph charging. Overnight depot charging stations are typically equipped with
slow chargers; this is also known as type 1 charging [36]. This charging method is used for
vehicles with high capacities, such as buses and trucks. Their batteries can be charged at
bus stops and truck loading and unloading bays by connecting to a charging pole. Usually,
high-power DC lines are recommended for this purpose. Pantograph charging can also
be carried out in two ways. In the first case, all charging equipment is kept on the roof
of a waiting area for buses. Connecting to it allows batteries to be charged very quickly
with an amount sufficient to drive the vehicle to the next station. In the second case, all
necessary equipment is installed on the bus roof, where the pantograph can directly connect
to overhead lines.

With the help of a model, the authors explained the various components of a system
for managing EV charging stations. The charging framework suggested allows EVs to
communicate with charging stations in the network; they can select a station based on the
travel time and waiting time [37]. So-what for Kuwait: prioritize shaded DC fast charging
(DCFC) hyper hubs co-located with PV canopies and on-site storage to shave peaks and
mitigate heat-related performance losses.

3.3. Cluster 2: Battery Management Systems

The popularity of battery management systems (BMSs) is linked to that of lithium-ion
batteries (LIBs). Research now couples physics-based aging models with on-board machine
learning-based predictors of health status that run in real time [38]. Implementing such
BMS upgrades can extend cycle life by 15–20% in Gulf climates where calendar aging is
accelerated [39]. Recent studies combine empirical models with machine learning predictors
to estimate RUL/SoH and show that high-temperature operation (≥45 ◦C) accelerates
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degradation; functional safety aspects are also central in large-pack BMS designs [38–40].
The performance of LIBs is subject to factors such as overvoltage and temperature variations.
With the help of proper sensors, BMSs monitor and control the health of the LIBs, for
example, through charge balancing and thermal management. In addition to safeguarding
LIBs from high-voltage stress, short-circuit currents, and other critical parameters, BMSs
help improve the overall performance and safety of LIBs. They also accurately predict
the remaining amount of energy required for travel. As seen in Figure 7, this concerns
the efficiency and effectiveness of the whole charging system, from electricity generation
to the battery giving power to the wheels [41]. Two themes seem to emerge here. The
first theme is the effectiveness and scalability of home charging using a 380 V wall-box
charger. The second theme that emerges is the speed of public direct-current fast charging
(DCFC). Interestingly, the topic of battery swapping has gathered much attention, as
battery swapping seems to be the only current technology that can compete with the time
that it takes to fill ICE vehicles with gasoline (5 min) [42]. Recent evidence shows that
lithium-ion cells age much faster at hot-climate temperatures (≥45 ◦C), underscoring the
need for conservative charge/thermal limits, accurate state-of-health estimation, and BMS
functional safety controls. So-what for Kuwait: require BMS designs and procurement
specs that emphasize active thermal management and real-time state-of-health monitoring,
with summer heat validation, to slow battery aging and maintain range.

Figure 7. Cluster 2: EV battery issues.

3.4. Cluster 3: Vehicle–Grid Integration

EVs connected to the grid are called grid-able EVs (GEV). The recent literature con-
verges on bidirectional charging tariffs indexed to marginal fuel cost; Californian aggrega-
tors earned USD 110 vehicle−1 yr−1 in 2024 demand–response markets [43]. For Kuwait’s
subsidized tariff (0.002 KWD kWh−1), V2G is only profitable if fuel subsidies are reformed.
Vehicle-to-grid integration (VGI) can be viewed both in terms of energy transfer from the
grid to the vehicle or from the vehicle to the grid [44]. A VGI-enabled vehicle can receive
electricity from the grid and supply it to the grid if required. In a typical scenario, VGI-
enabled vehicles can charge their batteries fully during the nighttime and use the charge
to drive during the daytime. Such facilities should be aligned with demand–response
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programs so that the EV owners receive extra revenue in addition to their free commute.
Demand–response programs are one way of managing demand by involving end-users.
Similarly, EV owners can also support each other in cases of emergency by charging and
discharging. Recent research has pointed out many benefits of VGI, such as there being
less anxiety, more incentives, backup power for homes, emission control, and other social
aspects. Different strategies involving VGI are being employed. These are grid-to-vehicle
(G2V), vehicle-to-grid (V2G), and vehicle-to-vehicle (V2V) strategies.

Typical G2V connections come in two types: AC and DC. DC charging is comparatively
faster than AC charging. Chargers that are placed inside an EV are called on-board
chargers, while those placed outside are called off-board chargers. On-board chargers come
in different variations, such as single-stage, two-stage, integrated, and multifunctional
chargers. Likewise, off-board chargers are classified into bidirectional AC-to-DC converters,
unidirectional AC-to-DC converters, bidirectional DC-to-DC conductors, and unidirectional
DC-to-DC converters [45].

In the V2G scenario, EVs act as virtual power stations and are implemented differently.
The most promising strategy is charging EVs using RE sources when they are not running
and are in a static position in either parking lots or other locations with access to charging.
The excess energy stored in EVs can be exported to the grid during peak hours, which
would generally be managed through software. Studies suggest that a fully charged EV
can power a house for five hours. According to a projection made by the authors in 2025, if
appropriately implemented, California will have half a million EVs, which could provide
1 GW of storage capacity.

In the V2V scenario, EVs are charged from an adjacent donor vehicle in either a
conductive or inductive manner. Even though this strategy is used during emergencies
where electric charging stations are not nearby, the potential of using this method in other
areas is still being studied. Figure 8 visualizes the prominence of VGI. So-what for Kuwait:
run depot-based V2G pilots with high utilization fleets under a simple time-of-use tariff;
use bidirectional chargers with aggregator control and feeder export limits to shave evening
peaks and provide contingency reserves.

 

Figure 8. Cluster 3: vehicle–grid integration.
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3.5. Cluster 4: Battery Swapping and Logistics

Pilot taxi fleets in China exceeded 12,000 daily swaps in 2024 [46], with sub-180
throughput proving that the business case can be scaled once the swap-station density
approaches 0.5 km2 per site [47]. Commercial operators now quote levelized costs of energy
at USD 0.13 kWh−1, which is competitive with DC fast charging (DCFC), because each pack
performs six to eight cycles a day and is cooled off-board [48]. Global OEMs are converging
on standardized under-floor cartridges (44 kWh, 400 V) to unlock network effects; NIO and
Geely announced cross-platform compatibility in 2025. Half of the daily trips in Kuwait
end within 6 km of the CBD, and GIS modeling shows that 35 swap stations could cover
65% of trip ends, halving curbside charging demand [49]. Safety studies report a <0.01%
thermal event rate after 1 million swaps thanks to automated pack inspection and humidity
purging [50]. Finally, logistics modeling indicates that swap depots can buffer the grid
by charging packs during off-peak hours [51] and returning them warm, cutting demand
spikes at DC hubs [52]. These factors make swap logistics a complementary pathway to
DCFC in emerging hot-climate markets and merit equal policy attention [53] (see Figure 9).
So what for Kuwait: pilot battery swapping for high utilization fleets (taxis, delivery vans,
buses) at depot hubs with cooled pack storage and strict state-of-health logging; defer
private car swapping until standards and interoperability mature.

Figure 9. Battery swapping and logistics cluster (2000–2024).

3.6. Cluster 5: Wireless Charging

Keyword statistics show that “power quality” (47 occurrences) and “wireless charging”
(45) are the two most frequent terms in Cluster 5. We retained the latter as the anchor
because its average publication year (2023.2) and burst strength indicate a steeper recent
growth, better aligning with the review’s forward-looking focus. Even though power
quality is equally predominant in this cluster (Figure 10), we chose wireless charging
as the primary keyword because of the subject’s importance. Inductive pads reached
90% 11 kW efficiency in 2025 prototypes while complying with ICNIRP EMF limits [54].
However, sand ingress tests at 60 ◦C showed a 12% efficiency loss [55], reinforcing the
need for enclosure ratings > IP68 in desert deployments [56]. Wireless power transfer
(WPT) is another alternative to regular charging stations. WPT mainly uses inductive,
capacitive, radiofrequency, and laser-based technologies. However, magnetic resonant
chargers (inductive) have only recently become well known and commercially available.
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WPT’s advantages are that it is safer, as no physical wiring is required; that it can be
used while an EV is in a static or moving condition; and that less supervision is required
(see Figure 10).

Figure 10. Cluster 5: wireless charging.

Inductive WPT works according to the same principle as a transformer. In this case,
the receiver converts AC into DC and feeds the battery with sufficient power [57]. However,
for effective charging, the resonance frequency of both the donor and the acceptor must be
maintained. This is achieved through proper compensation networks. Charging systems
are typically divided into two types: static and dynamic. There are three types of WPT:
capacity WPT, permanent magnetic gear WPT, and inductive WPT. In capacitive WTP,
EVs are recharged while they are parked [58]. The WPT occurs through the changes
in the electric field between the transmitter and receiver. In permanent magnetic gear
WPT, both transmitters and receivers are made up of synchronous windings and armature
windings. In inductive WPT, mutual induction creates a magnetic field between the coil
of the receiver and that of the transmitter. When AC power is given to the transmitter
point, changes are observed in the magnetic field, generating power. So-what for Kuwait:
limit near-term wireless deployments to static pads at bus lay-bys, taxi ranks, and shaded
parking structures; require coil designs validated for ≥50 ◦C surfaces and sand ingress,
with automatic alignment and payment; defer in-road dynamic lanes until maintenance
and economics are proven.

3.7. Cluster 6: Renewable Energy

Another critical theme suggested by the software was “renewable energy”. Life-cycle
studies confirm that PV-coupled chargers yield a 46% GHG reduction relative to gas-fired
grid power in MENA markets [49]. Hybrid PV + wind micro-grids further stabilize midday
duck curve oversupply [59]. If not adequately planned, the promotion of EVs on a large
scale will lead to high electricity demand and more emissions. One way to escape the
blame of dirty power is linking EV requirements to renewable energy sources (RESs),
such as solar, wind, and tidal energy. Charging EVs using RESs will have a multifold
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impact on emissions. The World Resources Institute suggested optimizing RESs and EV
charging in four scenarios. The first scenario, “utility offerings that shift charging times and
provide access to renewable energy”, encourages charging EVs during times of high RES
availability and off-peak demand hours [51]. In the second scenario, “rates that match EV
charging with the timing of excess renewables”, discounted rates are offered to customers
to encourage them to charge their EVs when excess renewables are on the grid. In the third
scenario, “managed to charge”, a charging program is used to align EV charging with RESs.
In the final scenario, “coupling EV charging with on-site renewables”, EVs are charged by
on-site RESs and sometimes batteries (see Figure 11).

Figure 11. Cluster 6: renewable energy.

Recent studies show practical pathways to renewable-coupled EV charging: wind
resources can feed fast-charge corridors, and PV-coupled charging in the Gulf reduces
well-to-wheel emissions versus gas-fired baselines [60,61]. So-what for Kuwait: co-locate
PV canopies with DC fast charging (DCFC) hubs and target ≥30% on-site solar with 2–4 h
battery storage and inverter ride through, plus quarterly panel cleaning standards, to cut
peak grid draw and maintain service during heatwaves.

3.8. Summary of the Cluster Analysis

The six areas discussed in the cluster analysis benefit every electricity/transport sector
around the globe. Many technologies for charging EVs are available on the market, and
each has its pros and cons. The large-scale adoption of EVs will require more power
capacity, and if fossil fuel-based power plants are used to meet the demand, the original
goal will not be achieved. To achieve the aims of EV adoption, renewable energy-supported
supply-side management is essential.

The clustering of keywords may vary based on the nature and depth of the reference
documents collected. However, the likelihood that the above discussed keywords appear
in any bibliometric analyses related to EVs is high. Hence, Section 4 examines Kuwait’s
status via a case study and benchmarks it against peer countries. Section 4 translates these
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six clusters into Kuwait-specific policy levers; Section 4 summarizes the mapping between
cluster themes, Kuwaiti non-adoption factors, and actionable interventions.

4. Takeaways for Countries with Emerging Markets, Such as the State
of Kuwait

To link the global evidence to Kuwait’s reality, Table 5 maps each bibliometric cluster
to the relevant Kuwaiti non-adoption factor(s) and the policy lever(s) that address them.

Table 5. Mapping of bibliometric clusters to Kuwaiti non-adoption factors and policy levers.

Cluster
Kuwaiti Non-Adoption Factor(s)
Addressed (IDs from Section 4)

Policy Lever(s)

1. Charging stations
(1) Lack of 300–500 kW DC fast charging
(DCFC); (9) weak enforcement of
EV-only bays

Phase-1 DCFC spine (airport CBD–ring road)
with shaded PV carports; enforce EV-only
parking and anti-ICEing rules

2. Battery management systems
(5) Skepticism about battery durability in
extreme heat

Heat-soak certification (≥70 ◦C under-car),
longer battery warranties, dealer demo data for
summer range

3. Battery swapping
(1) DCFC scarcity; (7) Dealers’ low EV
service capacity

Taxi-fleet swap pilot; standardized under-floor
packs; off-board cooled charging depots

4. Vehicle–grid integration
(3) Flat subsidized tariffs reduce
smart-charging/V2G value

Time-of-use tariff pilot at public DC hubs; small
V2G buy-back rate; aggregator rules

5. Wireless charging
(8) Oversized speedbumps and dust
ingress risks

IP68 pad/enclosure standard; pad sitting and
ramp-height spec for EV bays; maintenance
schedule for filters

6. Renewable energy
(10) Low environmental salience among
policymakers/public

PV-carport program at malls/bus depots; visible
generation dashboards; corporate PPAs for
charger hubs

Note: Numbers in parentheses are the IDs of Kuwait’s ten non-adoption factors defined in Section 4. Each cluster
lists only the factors it addresses, so the IDs are not sequential.

GCC benchmark (brief): Regional EV programs in the Gulf prioritize (i) corridor DC
fast charging (DCFC) backbones linking airports, CBDs, and ring roads; (ii) fleet-first pilots
for buses, taxis, and delivery vans; (iii) interoperability via OCPP-compliant back-ends and
roaming; and (iv) utility private partnerships for site selection and operations. Incentives
commonly used are preferential parking/registration terms, electricity time-of-use tariffs
for fleets, and standards for shaded PV canopies at hubs. For Kuwait, the implication is
to focus on an airport CBD–ring road DCFC spine with shaded PV canopies and 2–4 h
storage, adopt interoperability/roaming from day one, and run depot-based V2G pilots
under a simple TOU tariff.

Main implementation considerations for Kuwait: a practical rollout should (i) build
a 350–500 kW DCFC corridor spine on airport CBD-ring roads, co-located with shaded
PV carports to cut both grid peaks and cabin cooling losses; (ii) enforce EV-only bays and
anti-ICEing rules at malls, offices and ministries; (iii) pilot time of use tariffs for public DC
and workplace charging (while keeping home charging subsidized) to steer demand away
from evening peaks; (iv) heat stress proof standards (IP68 enclosures, sand ingress testing)
for DC hardware; and (v) defer V2G at scale until tariff reform narrows the subsidy gap.

4.1. The Most Researched Topics in the Kuwaiti Context: Charging States and Battery Performance

The six bibliometric clusters mirror the ten obstacles to EV uptake: charging access
(Cluster 1 and Cluster 5), battery longevity (Cluster 2), swap logistics (Cluster 3), grid
interaction (Cluster 4), renewable energy coupling (Cluster 6), and power quality concerns
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(Cluster 5). Mapping the Kuwaiti barriers onto these evidence-based clusters lets policy-
makers target each obstacle with the most recent technical solutions identified in the global
literature. Kuwait is recognized globally for its substantial energy subsidies [10,13,14]. To
fulfill Sustainable Development Goal (SDG) 13.1, Kuwait must substantially mitigate its
carbon dioxide (CO2) emissions, given that most of its power facilities operate on fossil
fuels. To put it another way, attaining SDG 3.7, which pertains to mortality caused by
pollution, is not a trivial accomplishment for Kuwait [62]. Recent research examined the
“charging anxiety” that consumers may experience as a deterrent to purchasing EVs [48].
In Kuwait, approximately fifty public AC Level 2 chargers, which are frequently located in
retail centers, offer a full charge within five hours. However, no public DC fast charging
(DCFC) stations with a charging duration of approximately 20 min have been installed. The
analysis of the second cluster revealed that this subject is similarly of utmost significance
for Kuwait. The duration of battery charging and the distance that a vehicle can travel on
a single charge are of specific relevance. The national laboratory, the Kuwait Institute for
Scientific Research (KISR), selected a Chevrolet Bolt, one of the first EVs to arrive in Kuwait,
to evaluate its range and charge capabilities for a period of two years, from 2019 to 2021
(except for the lockdown period during the COVID-19 pandemic). The EV’s specifications
are detailed in Table 6.

Table 6. Key specifications of the selected EV.

Model No Range (Km) Energy Consumption (Wh/km) Battery (kWh)

Chevrolet Bolt 383 156.6 60

We have diligently documented all critical parameters in a data log page, including the
distance covered, energy consumption, recharge time, and more. We identified two critical
performance-related issues during the data analysis, which are described in detail in
the following.

4.2. Variations in Performance with Seasons

A basic data analysis was conducted on the gathered information to ascertain the
distance traveled per unit of energy (Km/kWh), as illustrated in Figure 3. Nonetheless,
Kuwait, similarly to numerous other developing nations, experiences temperatures well
below the ideal 25 degrees Celsius in the absence of both heating and air conditioning
systems. Pre-winter is depicted in the figure as spanning the months of October to Novem-
ber, summer from June to September, pre-summer from March to May, and winter from
December to January. The figure illustrates how the temperatures in the summer and
winter impact the performance of the EV [63]. The magnitude of the impact is greatest in
the summer and is moderate in the winter. The period preceding summer is characterized
by optimal performance (Figure 12). It is worth noting that the range significantly decreases
in the summer because the battery management system necessitates increased cooling and
the constant operation of the air conditioning at maximum capacity [63]. Kuwait seasonal
effect: compared with pre-winter driving (avg 17.6 ◦C), summer (avg 43.2 ◦C) showed a
24.1% reduction in effective full charge range (approximately 244 km in summer vs 321 km
in winter), computed from distance per battery percent logs over two 5-day windows.
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Figure 12. Seasonal performance summary for a Chevrolet Bolt in Kuwait (2019–2021): effective full
charge range estimated from distance per battery percent logs over two 5-day windows (244 km in
summer [avg 43.2 ◦C] vs. 321 km in prewinter [avg 17.6 ◦C]; −24.1%).

4.3. Variations in Charging Time in Different Seasons

The time necessary to recharge EVs fluctuates, mirroring the similarities and differ-
ences in performance in different seasons. Despite deviating slightly from the ambient
temperature pattern, its influence cannot be disregarded. The charging duration varies
by approximately three hours between the summer and winter seasons, resulting in an
increase in charging time of approximately forty percent (Figure 13).

Figure 13. Charging duration by month in Kuwait (2019–2021): time required to charge fully (hh:mm;
left axis) with average ambient temperature overlaid (◦C; right axis). Charging takes approximately
40% longer in summer than in winter.
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This study’s findings caution policymakers about the potential hazards associated
with the importation of EVs and recharging stations without appropriately adapting them
to the ambient conditions and other influencing factors of the destination country. Further-
more, the findings emphasize the importance of self-reliability in a multitude of critical
components, including the battery, charging system, and BMS.

4.4. Wireless Power Transfer for EVs vs. Cooling Constraints at Charging Stations in Kuwait

Even though our cluster analysis indicated that research is beginning to focus on
wireless charging, we deem these alternatives to be too advanced for nations which are
lagging in EV adoption, such as Kuwait, which is still in the process of implementing its
first DC fast charging (DCFC) stations. A representative from the Ministry of Electricity
and Water stated at the recent Sustainable Transport Conference in Kuwait that the current
air- and water-cooling mechanisms are incapable of regulating the heat in Kuwait [32].
During charging, the temperature under a vehicle can reach 70 degrees Celsius, posing
a fire hazard that could be particularly severe if an EV’s battery catches fire and causes
a chemical reaction. The ministry asserted that solid-state batteries for EVs are eagerly
anticipated due to their noncombustible characteristics [40]. Evaluations indicate that DC
fast charging (DCFC) stations in Kuwait are only capable of operating at approximately
one-third capacity due to the inability of existing charging mechanisms to withstand
the extremely high temperatures there [45]. Additionally, the dust in Kuwait can be a
significant annoyance, according to ChargedKW, which has a charging station in Kuwait.
They asserted that particulate filter replacements are significantly more expensive than in
other locations where the same DC fast charging (DCFC) stations are operating. Due to
these factors, wireless charging will lag once the issue with DC fast charging (DCFC) has
been resolved. Nevertheless, once such charging station solutions are identified, dynamic
EV charging (DEVC), which entails the implementation of WPT on highways, can be
contemplated. At 25 kW and 100 km h−1, a 100 m WPT segment delivers only ≈ 0.02 kWh
(approximately 2–3 s of transfer), which helps maintain state-of-charge en route rather
than fully recharging. Nonetheless, substantial financial investment is necessary for the
implementation of such a system. However, this can be intelligently applied to congested
highways, roundabouts, and traffic signals. Such a configuration may extend to the most
rudimentary degree of mobile V2V functionality.

4.5. Renewable Energy-Supported Vehicle–Grid Integration (VGI)

The presence of an abundance of fossil fuels and extremely generous government
subsidies that finance the most power for companies and individuals discourages mass-
scale energy and fuel transition initiatives, except for marginal image-promoting projects for
solar and wind energy [61]. Even though most Kuwaitis do not use public transportation,
it is unlikely that petroleum-powered buses will be replaced with sustainable alternatives.
Nevertheless, the literature reviewed for this investigation elucidated that the fleet of buses
operating in public transportation systems possesses a considerable capacity for conversion
into EVs. Since most of their operations occur during the day, it would be a good idea to
install RE power antennas in every bus station. When an enterprise reaches bus terminals,
the pantographs that have been installed can be affixed to the antennas to recharge the
batteries. Every parking lot—including rail yards—has the potential to function as a virtual
power facility. By establishing charging stations powered by solar energy, all EV batteries
can be charged during the day and discharged during prime hours. To achieve this, an
appropriate software-controlled system must be developed. Kuwait can still achieve this
utopian future if the ruling aristocracy prioritizes it above all else.
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4.6. Battery Swapping

This “charging” alternative is particularly intriguing and could potentially represent
a paradigm shift in the cooling challenge associated with operating DC fast charging
(DCFC) stations. In comparison with other alternatives, battery swapping would be a
viable option in terms of establishing new infrastructure, given the shorter delay time for
EV owners. Consequently, it is necessary to establish battery manufacturing facilities in
appropriate nations and ensure that the design specifications align with the prevailing
environmental conditions. The foundation of such a system should be a BMS-enabled,
high-quality, custom-designed battery charging facility with a substantial capacity for
recharging batteries, backed by effective supply chain management. As this process can
be completed in a matter of minutes, strategically placed charging stations would allow
patrons to replace their batteries at a rate equivalent to or even surpassing that of refueling
an ICE vehicle.

4.7. Environmental Impact of Driving an EV

Notably absent is a discussion of the environmental impact of operating an EV; this
leads us to the conclusion that editors and publishers are no longer interested in this
subject matter, as it has been extensively covered and discussed previously. However,
this subject remains pertinent for nations with emerging markets due to the relatively
recent transition to renewable energy and fuel alternatives [6]. Countries with emerging
markets will continue to find environmental impact analysis to be a pertinent subject, and
we sincerely hope that editors will maintain an interest in this area.

4.8. Environmental Life-Cycle Impact

Figure 14 contrasts the well-to-wheel GHG intensity of an average Kuwaiti EV
when (a) charged from today’s 100% gas-fired grid (assumed 596 g CO2-eq km−1) versus
(b) a 30 % renewable mix foreseen in the 2030 plan (389 g km−1, using 156.6 Wh km−1).
Even the fossil scenario undercuts a comparable ICE sedan (741 g km−1), chiefly due to
drivetrain efficiency.

Figure 14. Well-to-wheel GHG intensity comparison: EV charged on Kuwait’s current gas-fired
grid vs. a 30% renewable mix, and a comparable ICE sedan. Assumptions: EV—156.6 Wh km−1;
grid—596 g CO2-eq kWh−1; 30% RES scenario—389 g km−1; ICE—741 g km−1 [60].

4.9. Limitations and Scope

This bibliometric study relies on Scopus-indexed, English-language sources; relevant
Arabic-language or non-indexed papers may be missing. Choices made in preprocessing
(merging lexical variants into a master thesaurus; minimum keyword occurrence ≥5) can
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change cluster membership at the margin, so results should be interpreted as indicative
themes rather than exhaustive taxonomies. The Kuwait case study simplifies well-to-
wheel accounting (EV—156.6 Wh km−1; grid intensities 596/389 g CO2-eq kWh−1; ICE
comparator—741 g km−1) and is intended to be decision-oriented rather than inventory-
grade. Finally, the 600-respondent driver survey is quota-balanced but web-panel-based
and thus subject to self-selection and recall biases. Future work should triangulate across
Web of Science and Arabic-language databases, add sensitivity analysis to the bibliometrics,
and extend the Kuwait efficiency dataset with summer telematics to quantify uncertainty.
The seasonal range estimate is derived from two short windows (5 days each) and should
be treated as indicative pending a larger telematics sample.

5. Conclusions
Bringing every nation under the “EV-ready” rubric requires considerable effort from a

variety of stakeholders. Nations must maintain self-sufficiency in supplying all consumable
and spare parts necessary to ensure the uninterrupted operation of EVs. Considering the
findings derived from the bibliometric analysis and case study, end-users are compelled
to accept a performance compromise when EVs and related hardware are imported into
their respective nations without undergoing country-specific modifications. Our findings
show that the level of charging infrastructure is the biggest indicator of how ready a nation
will be for mass adoption of electric vehicles over internal combustion engine automobiles.
That depends in part on how technologically easy and user-friendly setting up and using a
home wall-box charger is. Furthermore, the interconnectedness of the grid of DC-DC fast
charging (DCFC) stations should be on par with gasoline stations for ICE vehicles. Finally,
the charging time for fast charging also should be on par with ICE vehicle charging. We
found that research was lacking on the subject of fast charging in extreme heat, such as
that found in Kuwait and its neighboring countries. In particular, research is needed on
extreme heat’s effect on charging time and safety. During a question-and-answer session at
the recent conference on renewable energy, it was suggested that the widespread adoption
of electric vehicles in Kuwait might be difficult as demand on the electric grid system is
at its peak in the summertime due to the heavy use of air conditioning systems. It was
also suggested that electricity production was so heavily subsidized that mass usage of
electric charging for transportation might prove very costly. Whether or not that is the case
in reality, it at least deserves further research.

Studies such as this one are pinpointing the greatest issues in decarbonizing trans-
portation in the context of Kuwait, which is striving to catch up to the rest of the world in
its transition to a sustainable transportation system. It could use all of the support available.
This study was especially beneficial in identifying the four distinct categories of the known
and unknown. The first category refers to challenges that are widely recognized and
understood to be the main issues at hand, and for which solutions are readily available and
implementable. The second category, which is referred to as known unknowns, pertains to
matters that we are aware of but for which we do not readily possess a solution. The third
category consists of unknowns, which are occasionally referred to as “wicked problems”
because we know what is wrong but not necessarily what caused it or how it evolved; there-
fore, these unknowns must be investigated prior to attempting to find a solution for the
root cause. The fourth category, which is referred to as “unknown unknowns”, comprises
unforeseen matters, concerns, and problems that we were not cognizant of before com-
mencing this study but became apparent during it through an epiphany, “aha!” moment,
or “genius moment” and, consequently, we finished this exploratory study considerably
more informed. This study reveals that the known unknowns are related to the lack of
charging facilities, while the unknowns are the best solutions for extreme heat conditions
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and a system that can widely compete or surpass the ease and usefulness of electric vehicles
versus internal combustion engine automobiles.

Phased rollout for Kuwait (actionable guide): In Phase 1 (0–12 months), shade existing
DCFC bays; adopt procurement specs with ≥50 ◦C heat validation for chargers and BMS;
publish a simple time-of-use tariff for fleets; and require OCPP-compliant back ends with
quarterly PV canopy cleaning. In Phase 2 (12–36 months), deploy corridor hyper hubs
(≥8 bays, ≥150 kW per bay) co-located with PV canopies and 2–4 h storage; run depot
V2G pilots for buses/taxis with feeder export limits and aggregator control; and add static
wireless pads at bus lay-bys/taxi ranks where justified. In Phase 3 (36–60 months), expand
urban hubs, enforce interoperability, scale fleet electrification (buses/taxis/delivery vans),
and integrate hubs into demand response/contingency reserves to shave evening peaks
during heatwaves.
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Abbreviations

BA Bibliometric analysis
BMS Battery management system
CAPEX Capital expenditure
DCFC Direct current fast charging
DEVC Dynamic electric vehicle charging
EV Electric vehicle
G2V/V2G Grid to vehicle/vehicle to grid
GHG Greenhouse gas
ICE Internal combustion engine
LIB Lithium-ion battery
OPEX Operating expenditure
RES Renewable energy source
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Appendix A. Mapping of Bibliometric Clusters to Kuwaiti EV
Adoption Barriers

Cluster (Section 3) Dominant Keyword Themes
Kuwaiti Survey Factor (¼ of

the Ten Reasons Listed
in Section 1.3)

Brief Explanation

Charging stations and
infrastructure

charging station, corridor
hyper-hubs

“Lack of public
charging sites”

Research focuses on siting and
hub design, matching the “no

places to charge” concern.

Battery management
and health state of health, aging models “Battery replacement cost”

Health prediction and life
extension papers target the

fear of cost.

Vehicle–grid integration V2G, tariff design “High electricity tariff” Cluster research shows
bidirectional pricing schemes.

Battery swapping
and logistics swap stations, taxi trials “Long charging

time/waiting”
Battery swaps remove dwell

time entirely.

Wireless charging inductive pads, EMF limits “Safety of charging
technology”

EMF compliance and sand
ingress tests speak to safety.

Renewable energy coupling PV carports, micro-grids “High well-to-wheel
emissions”

Papers quantify GHG cuts
from PV-coupled charging.
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