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Abstract

Currently, the market for cars based on alternative fuels is developing very dynamically,
which is caused by the growing needs in the field of environmental protection and the
desire to reduce dependence on fossil fuels. Many countries have introduced various forms
of support for people who decide to buy an electric or a hybrid car. The European Union
has also introduced increasingly restrictive CO, emission standards, which accelerates
the transition to alternative drives. The main research question in the paper was how the
market for alternative energy sources in transport is developing in individual countries of
the community, what the infrastructure looks like, and whether there is a large diversity in
this field in the countries under study. The taxonomic methods (the TOPSIS method and
the cluster analysis) have been applied for the research. The data were taken from Eurostat
and the European Alternative Fuels Observatory statistical data. The analysis allowed an
identification of key regularities that characterize the process of transformation of road
transport in the European Union. Firstly, there is a clear division in countries with a high
level of electrification (clusters I, IV, and VI) and countries that prefer gas drives (cluster
V) or that are at an early stage of transformation (clusters II and III). Secondly, a strong
relationship between the development of charging infrastructure, especially ultra-fast
stations, and the level of adoption of electric vehicles was confirmed.

Keywords: electric vehicles; alternative fuels; electro-mobility; electricity recharging infrastructure;
taxonomical analysis; ranking; TOPSIS method

1. Introduction

The market for cars based on alternative fuels has developed very dynamically in
the last ten years [1]. This is the result of growing needs in the field of environmental
protection, the reduction of CO, emissions, and the desire to reduce dependence on fossil
fuels. In October 2014, the Directive of the European Parliament and of the Council
2014/94/EU on the deployment of alternative fuels infrastructure was adopted. Its main
task was to support the use of alternative fuels in the entire transport of the European
Union. Within the meaning of this directive, alternative sources of power for cars include
fuels and energy sources that are to serve as a substitute for energy sources from crude oil
in transport [2]. The proposal to repeal the above directive was adopted on 14 July 2021 in
order to replace it with the Alternative Fuels Infrastructure Regulation (AFIR). In 2023, the
Regulation of the European Parliament and of the Council on the deployment of alternative
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fuels infrastructure was issued, which replaced the previous Directive 2014/94/EU and
established new, binding targets for Member States in the development of infrastructure
for road vehicles, trains, ships, and aircraft using alternative fuels. The key assumptions of
the regulation [3] include the following:

e Mandatory national targets: Member States are required to provide an appropriate
number of publicly accessible charging and refueling points for alternative fuels,
distributed proportionally to the number of vehicles using these fuels.

e Common technical specifications: Uniform technical standards for alternative fu-
els infrastructure have been established to ensure interoperability and ease of use
throughout the European Union.

e Information requirements and payments: Infrastructure operators are required to pro-
vide users with transparent information on availability, prices, and payment options
in an easy and non-discriminatory way.

e National policy frameworks: Each Member State must develop and submit to the Euro-
pean Commission a national policy framework for the development of the alternative
fuels market and plans for the deployment of the relevant infrastructure.

e  Reporting mechanism: A system for regular reporting on progress towards the targets
has been introduced to monitor and support the coherent development of infrastruc-
ture across the Union.

The aim of the regulation was to create a coherent and accessible network of alterna-
tive fuel infrastructure that would enable the free movement of low- and zero-emission
vehicles throughout the European Union, which will contribute to reducing greenhouse
gas emissions and achieving climate neutrality by 2050.

Thanks to these actions, users of vehicles powered by alternative fuels can expect a
gradual improvement in the availability of charging and refueling infrastructure, which
will facilitate the daily use of such means of transport.

In connection with favorable formal actions improving the infrastructure, electric,
hybrid, hydrogen, and biofuel-powered vehicles are becoming increasingly popular among
consumers and companies. They are also supported by governments through tax relief,
subsidies, and investments in charging and refueling infrastructure [4]. Thanks to these
initiatives, the market for alternative energy sources has become more accessible, and the
development of technology allows for the production of cars with a longer range and better
performance, which attracts more people willing to buy this type of vehicle. Subsidies for
production and infrastructure construction policies can promote the adoption of electric
vehicles by up to 70% [5].

Many countries, including Poland, have introduced subsidies, tax breaks, and other
forms of financial support for people who decide to buy an electric or hybrid car. The
European Union has also introduced increasingly restrictive CO, emission standards, which
accelerates the transition to alternative drives.

Alternative energy vehicles include the following:

o  FElectric vehicles (BEV)—they use energy stored in lithium-ion or other batteries and
are charged using electricity from the power grid and plug-in hybrid PHEV cars,
combining an electric drive with an internal combustion engine in a configuration that
allows charging from the grid and driving in purely electric or hybrid modes.

e  Hybrid cars (HEV, MHEV)—these cars combine an internal combustion engine with
an electric engine, which allows fuel savings and CO, reduction. They are chosen as
an alternative to combustion vehicles, especially in cities.

e  Hydrogen cars (FCEV)—they use fuel cells that convert hydrogen into electricity, and
the exhaust gases are only water vapor.
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e  Biofuel cars—fuels are produced in liquid or gaseous forms from biomass (agricultural
waste, algae, or oil plants).

o  Gas cars (CNG, LNG, LPG)—CNG is compressed natural gas used in passenger cars,
buses, and trucks, and LNG is liquefied gas used mainly in sea and truck transport.

e  Solar cars—they use photovoltaic panels to generate electricity; solar energy can be a
supplement to electric cars.

Different solutions used in vehicles have different advantages and disadvantages. Table 1
lists the most frequently mentioned advantages and disadvantages of individual solutions.

Table 1. Advantages and disadvantages of individual drives used in vehicles.

Type of Vehicle Advantages Disadvantages
. . - limited range and long charging time, problems

Electric no exh.aust emissions, high energy efficiency, low with battery disposal, high CO, emissions in

operating costs b :

attery production

lower fuel consumption, lower CO, emissions, higher production costs and higher price, lower
Hybrid quiet operation, no need for charging, longer fuel economy on fast routes, high servicing costs

range than electric cars (battery, electrical systems)

fast refueling (about 5 min), long range, no high hydrogen p'rodl'lctlon costs, poorly
Hydrogen A developed refueling infrastructure, energy losses

exhaust emissions . -

in hydrogen production
. renewab}e energy source, rec'iuctlon of exhaust emissions (lower than in fossil fuels),
Biofuels CO,; emissions, can be used in . .
1 . need to modify engines

traditional engines
Gas lower CO; emissions, cheaper fuel than classic lsitrl11111tfe(z);Sriluf:rlﬁ)leg%Yf;figi;SIOS,TEjZions
(CNG, LNG, LPG) fossil fuels, cleaner combustion L Ue g star

large fuel tanks required in vehicles

Solar free renewable energy, no exhaust emissions low efficiency (small panel area), dependence on

weather conditions, high costs

Source: own study based on the analysis of the subject literature.

Despite the fact that the percentage of cars using alternative energy sources increases
year by year, the means of transport based on fossil sources (diesel and petrol) still play an
important role in road transport. The figure (Figure 1) presents the mutual dependence
of the fleet of electric passenger cars (BEV) per 1000 inhabitants and the fleet of passenger
cars using traditional energy sources per 1000 inhabitants in individual European Union
countries in 2023. Based on the analysis of the data presented in the figure, four groups
of countries marked with different colors can be distinguished. It can be seen that, in all
countries, cars that use fossil fuels as an energy source are still the dominant means of
passenger transport. Among them, there are countries where the indicator of cars based
on alternative energy sources per 1000 inhabitants is small, below 15, but there are also
countries characterized by even twice as high values (Denmark and Luxembourg).

By taking into account the introduced regulations and changes taking place in the
automotive market, which are presented in Figure 1, an attempt was made to answer the
following research questions:

e  How is the market for alternative energy sources in transport developing in individual
EU countries?

e  What is the infrastructure and what types of fuels are the countries being studied
investing in?

o s there any differentiation between countries in terms of introducing new technologies?

e  Which countries are best positioned on the new path of automotive development, and
which have the greatest difficulties?
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Figure 1. Scatter graph between the fleet of electric cars (BEV) per 1000 inhabitants and the fleet of
passenger cars based on traditional fuels (diesel, petrol) per 1000 inhabitants in EU countries in 2023.
Source: own study based on statistical data from the European Alternative Fuels Observatory and
transport data from the Eurostat database.

2. Literature Review

The issues related to the development of the transport sector using alternative, and
thus ecological (zero or lower emission), power sources, such as electricity, natural gas and
industrial gas (LNG, CNG, LPG), hydrogen cells (Hydrogen—H?2), etc., have been widely
discussed and analyzed in the scientific literature for the last 5-7 years. There are many
review publications that provide a broad overview of the literature in this research field.
Among many such publications, several review items should be mentioned in particular.
The paper [6] presents a bibliographic and systemic review of the literature on supply
chain management in the production of electric cars in the world. A systematic review of
publications in this field was carried out using the PRISMA method. The results show that
most works focus on the aspects of purchasing raw materials for production, environmental
impact, and cost analysis. Risk management in the supply chain was relatively poorly
analyzed in the studies examined. The most frequently analyzed components of electric cars
were batteries, but also their other components in the context of research on the assessment
of greater competitiveness in relation to conventional vehicles. The paper [7] presents
a bibliographic analysis of over 17,000 articles published in the years 2011-2022, which
are located in the SCOPUS database. The analysis shows that China, the United States,
and the United Kingdom are leaders in research on electric vehicles and their large-scale
applications. China is also a leading country in terms of research institutions and authors
dealing with electric vehicles in their research. The research showed that the authors
most often published their research results in the journal Energies. On the other hand,
the analysis of keywords showed that their research mainly concerned electric vehicles
and, in particular, battery management systems, energy storage, charging infrastructure,
environmental problems, etc. The review paper [8] analyzed the literature on the impact of
e-mobility on the sustainable development of cities in the context of the circular economy,
distinguishing a number of important collective research areas. Then, the paper [9] contains
a systematic review of bibliographic entries concerning the main factors (motivators and
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barriers) that influence consumers’ choice of electric vehicles as passenger cars. The main
conclusion from the study conducted is that the latest literature draws attention to a wide
range of determinants, without examining which of them have the greatest impact on
the purchase of electric vehicles by consumers. Another conclusion is that environmental
aspects are less important for consumers than it might seem (the impact of unfavorable
factors related to climate change and the need to switch to renewable energy). Finally,
in the work [10], scientific publications from 2015-2019 were analyzed in the context of
addressing social aspects of electric vehicles, taking into account aspects such as acceptance,
perception, impact, social cost, welfare, user experience, readiness, and their relationships
with the sustainable development goals proposed by the UN.

Many detailed publications concern various aspects of the development of the trans-
port sector and the market for the sale of cars powered by alternative energy sources (mainly
electric cars) in individual countries of the world. Various aspects of the possibilities of
development of this transport sector are discussed, and the challenges that this sector faces
are analyzed, as well as its opportunities and threats.

In Poland, and in the whole of Europe, the electric car sector has also begun to develop
very rapidly in recent years. Among the numerous works discussing this subject, the
publication [11] should be mentioned, as it analyzes the prospects for the development
of electro-mobility in Poland in areas such as the electric car market and charging station
infrastructure. It indicates what necessary actions should be taken to stimulate the de-
velopment of the sales market and the entire infrastructure influencing the development
of electric passenger transport (BEV category M1) in Poland. It is also indicated that the
entire system of legislative actions and subsidies for the purchase of electric vehicles signif-
icantly intensifies the development of electro-mobility. Similar issues were raised in the
works [12,13], where environmental and economic factors that influence the development
of the electro-mobility sector in Poland were examined, and attention was paid to the
factors that determine the purchase of electric passenger cars, taking into account personal
preferences and economic factors. The publication [14] focuses on the prospects for the
development of electromobility in Poland in the context of the implemented development
program (Industry 4.0). The level of development of the examined sector in Poland was
compared with other selected EU countries. The works [15,16] examined the impact of
infrastructure on the development of the electric car sales market in Poland in comparison
to other European Union countries. The work [17] dealt with a very important problem
concerning the analysis of costs related to the possession and maintenance of electric cars
in Poland. The works [18-20] concerned important issues of implementing electromobil-
ity in urban public transport in Poland in the context of the EU goal set for the member
states, i.e., a gradual transition to ecological electric transport. The results included in the
work [20] are of particular importance, where the factors and mechanisms that influence
the spatial sustainable development of cities in Poland were analyzed in the context of the
impact of the second generation of electromobility introduced in Polish urban transport,
based primarily on electric means of transport.

Numerous publications analyze the development prospects of the electric vehicle
sector (an analysis of its opportunities and examination of its threats) both in personal
passenger transport and urban public transport. These works also concern the analysis of
supporting infrastructure, e.g., charging stations, examination of factors influencing the
purchase of electric vehicles, or a review of the strategies used and incentives introduced in
given countries stimulating the demand for electric cars in selected countries of the world.
Such analyses were carried out for Croatia [21,22], ASEAN countries [23], Portugal [24,25],
China, Europe and the USA [26], Malaysia [27], Germany [28,29], Greece [30], selected
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European countries and only the EU [31,32], India [33], selected European regions [34,35],
or Lithuania [36].

Of particular importance, there are the analyses of strategies implemented by various
countries of the world aimed at stimulating the development of the electric transport sector
and the electric vehicle sales market, as well as analyses of purchasing preferences or sales
market forecasts and broadly understood innovativeness of the electric vehicle sector and
new technologies used there. Such issues are discussed in many works, e.g., works [37-44]
are worth noting. Another important research problem is the study of the development
of supporting infrastructure, e.g., concerning electric car charging stations, their capacity,
efficiency, and effectiveness of network coverage of the entire country. Works [45-49] are
devoted to this research.

Significant issues discussed in the literature include problems related to greenhouse
gas emissions, e.g., CO; in the transport sector, the life cycle of electric batteries, problems
related to the ecological disposal of electric cars and their cells, etc. Such issues were
discussed in [50-56]. The impact of the COVID19 pandemic on the electric transport sector
was also analyzed in scientific papers; such studies were conducted, among others, in
publications [57,58]. The studies [59-61] were devoted to the study of the development of
electromobility in cities in the context of sustainable development of cities of the future and
zero-emission transport (the so-called Smart City concept). Electric transport is not the only
zero-emission type of transport that has been developing dynamically in recent years. In the
last few years, the expansion of transport based on hydrogen cells has become increasingly
visible. These issues were also discussed in the literature on the subject, e.g., in [62-64].

The above review of the current literature shows that there are relatively few pub-
lications that comprehensively address the use of statistical and taxonomic methods in
examining the development of road transport using alternative energy sources from a multi-
faceted perspective. This is in terms of the development of the transport fleet (passenger
cars, public transport vehicles, freight vehicles), the infrastructure supporting the vehicle
fleet (charging stations, refueling of alternative fuels), and its efficiency and availability, as
well as the effectiveness of implementing the policy of phasing out fossil fuels and the green
transformation in various countries around the world, including the European Union.

The following section of the literature analysis provides a detailed analysis of works
that specifically address very similar issues discussed in this publication and employ similar
research methods (TOPSIS analysis, the Ward cluster analysis), with particular emphasis on
identifying potential research gaps, expanding research to include possible new research
areas, and applying new analytical methods.

In the work [54], already mentioned in this section, an analysis of the ecological
efficiency of electric cars in European countries was conducted. However, the analysis
was limited to the following three areas: energy consumption, greenhouse gas emissions,
and water consumption. The PCA (principal component analysis) method was used to
determine the so-called EES (eco-efficiency scores) in the three areas of electric car use
in EU countries. Cluster analysis (k-means) was used to determine three homogeneous
groups of EU countries similar in terms of the ecological efficiency of electric vehicles
measured by EES indicators. The analysis of the optimal number of clusters was performed
using the following known validation measures: Dunn, Connectivity, and Silhouette. The
results were not compared using other research methods, such as the Ward method. In the
publication [49], also mentioned earlier in this section, a taxonomic analysis was conducted
to compare the use of innovative energy technologies, mainly electricity and renewable
energy in transport in selected EU countries. The study was conducted only for 2019. Only
seven diagnostic variables were used, describing the share of renewable energy used in
transport, the fleet of electric and hybrid passenger and freight vehicles, and their CO,
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emissions. Four groups of similar countries were identified using taxonomic analysis
using the Ward’s method, and these clusters were characterized. However, no comparative
analyses were conducted to identify which variables dominated within the clusters. There
were also no validation analyses performed to determine the optimal number of clusters,
to compare results with other methods (e.g., k-means), or to compare results to several
previous years. The selection of diagnostic variables could also be expanded to include
variables describing the development of charging and refueling infrastructure for vehicles
powered by ecological energy sources, or indicators of the implementation of the AFIR
targets. Our approach presented in this paper significantly expands on these analyses and
the results obtained in this regard. In the next paper, mentioned above [16], the results of
previous analyses were expanded by developing an econometric model (however, without
taking into account changes over time) that describes the relationship between the new
electric car registration rate and the following six factors: the share of renewable energy
in electricity production, national income per capita, electricity prices, the number of fast
and basic charging stations, and battery electric vehicle benefits. A thorough verification of
the estimated model was performed, but because the variables in the model are not time
series, the model cannot be used for forecasting. Using Ward’s method, two groups of
countries similar in terms of the indicators used were identified. No validation analyses
were conducted to determine the optimal number of clusters, compare results with other
methods, or investigate which variables had the greatest impact on the clusters. In [65]
(which addresses the general issue of the effectiveness of implementing alternative energy
sources and the Green Deal, not necessarily in transport), the TOPSIS method was used
to determine a synthetic measure describing the effectiveness of implementing the green
transformation strategy (GG—green growth strategy) in EU countries using a large number
of factors, as many as 51. These factors were divided into the following five main groups:
environmental and resource productivity, natural asset base, environmental dimensions of
quality of life, economic opportunities and policy responses, and socio-economic context.
A novelty compared to previous work is the use of the TOPSIS measure to determine four
clusters of similar countries. The rankings determined using all variables and within each
group of analyzed factors allowed for the examination of changes in the rankings from year
to year, which is also an interesting result. Although our study does not include studies
conducted over several years, such supplementary studies are planned for the future.
Importantly, a correlation coefficient analysis (Kendall and Pearson) was also carried out to
examine the stability of the determined rankings. However, the authors did not compare
the obtained results with other methods. In [66], the use of alternative renewable energy
sources in transport was examined using the TOPSIS methodology. However, only a
very narrow set of diagnostic variables was considered, including only three indicators
describing the use of renewable energy sources in transport (percentage, per capita, and per
unit of national income GPD). No other important factors related to infrastructure or the
implementation of green energy transition goals were considered. It should be emphasized
that the CCSD method was used to select the variable importance weights. Our approach
uses a similar CRITIC method and considers rankings without weights and with weights
also determined using the percentage coefficient of variation method. The final average
ranking in our approach, which is a novelty, takes into account the results obtained in all
variants. Based on the results of the TOPSIS analysis in [66], five clusters of countries were
determined, ranging from very low to very high levels of renewable energy use. Therefore,
the results were not compared with other methods and were not validated.

Other multi-criteria decision support (MCDA) methods, such as AHP, ELECTRE, and
PROMETHEE, are also applied in analyses of the use of alternative energy sources in
transport in various aspects and in the planning processes for sustainable energy devel-
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opment in countries. The analyses in various research areas using these methods can be
found in [67-69]. However, these publications are not strictly related to the research area
similar to ours. Rather, they are reviews of current research results loosely related to the
topic of the research presented in this work.

When summarizing the literature review, it should be noted that the research results
presented in this work constitute a clear and significant contribution to expanding existing
research that analyzes the level of development of alternative fuels in transport in European
countries. The research methods used in the work are known and were applied before,
but it uses and compares the results obtained using different variants and approaches,
applying different research methods, adopting a wide spectrum of diagnostic variables, and
providing numerous conclusions and practical recommendations for the studied countries
aimed at stimulating their transition to green energy sources.

3. Materials and Methods

To determine the ranking of European Union countries according to the level of
development of the transport sector based on alternative, ecological energy sources, a
commonly used method of linear ordering of objects was applied, using the TOPSIS
methodology (Technique for Order Preference by Similarity to Ideal Solution) [70] with
the Euclidean measure of distance between research objects. A matrix characterizing the
researched objects according to several evaluation criteria (quantitative features) is given as
follows: X = Xj;,
and m is the number of studied objects (EU countries).

i=1,...,m;j=1,...,n wherenis the number of diagnostic variables,

The calculation procedure used to determine the ranking for European Union countries
was as follows:

1. It is expected that all diagnostic variables X; will be treated as stimulants or de-
stimulants. The features characterized as nominants will be converted to correspond-
ing stimulant values by the following transformation:

; . wN
mzn{nom], Xij }

LywNl’
max{nom],Xij }

Xij =

1)
where: XII]V is the value of the j-th nominant observed for the j-th object, and nom; is the
nominal value of the j-th variable.

2. The matrix of normalized values for diagnostic variables is determined using the
Unitarization procedure (aimed at transforming the values of all diagnostic variables
to their comparable values in the interval [0,1]):

Xij — mmX,]
Zi=—— 2
U maxXi; — minX;; @
1 1

where minX;; is the minimum value of the j-th diagnostic variable before normalization,
1

and maxX;; is the maximum value of the j-th diagnostic variable before normalization.
1

3. Three variants of the ranking were applied. In the first variant, the same weights were
assumed for all diagnostic variables, taking into account their equal contribution to
the rankings, while in the second variant, an individual weight system was adopted

for each diagnostic variable w; € (0,1); }1:1 wj = 1. The weights were determined
. Vs; . . .
according to the formula w; = 2,,7%, where Vs; is the percentage coefficient of
j=1 VS
variation for the j-th diagnostic variable. Therefore, the variable made a greater

contribution to the ranking; the greater its variability, the more it differentiated the
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studied objects [71]. The third variant of determining the contribution of diagnostic
variables to the final value of the aggregated TOPSIS measure consisted of determining
weights using the CRiteria Importance Through Intercriteria Correlation (CRITIC)
method. The normalized values for the ranking variant with different weights were,
therefore, multiplied by their corresponding weights Zlf]- = wj-Z;j, while, for the
ranking version with equal weights, it was assumed Z! i = Zij:

4. Coordinates for pattern vector a™ (ideal solution) for optimum values of diagnostic
variables and anti-pattern vector a~ (anti-ideal solution) for the worst values of
diagnostic variables are determined according to the following formulas:

at = (af,af,...,05) = {( Lc.zfmej‘j € ]5>, <1_11111an{]|] € ]D> }, (3)

jejD)}/ (4)

5.  The distances of the i-th object from the EDM;" formula and EDM;  anti-formula were
determined. The calculations used the EDM (Euclidean distance measure) as follows:

-t = () (s

where [g is the set of stimulants, while Jp is the set of de-stimulants.

2
EDM} = \/ i (Z—ar) (5)

EDM; = \/Z;?_l(zgj = a;)z, )

6. An aggregate measure (ranking index) corresponding to the degree of similarity
of the investigated objects to the ideal solution is determined according to the
following formula:

EDM;

TOPSIS (EDM)R; = EDM + EDM?’ 7)

fori=1,...m; where0 < R; <1.

7. The objects are placed in a decreasing order depending on the value of measure R;,
and the final ranking is generated for the objects (European Union countries). The
greater the values of the calculated synthetic index for the country, the higher the
country’s position in the ranking.

Ward’s method and the k-mean’s method were applied to determine clusters of similar
European Union countries in terms of the degree of use of alternative energy sources in
road transport and the level of development of infrastructure for servicing and charging
vehicles powered by alternative fuels.

The agglomeration cluster analysis method proposed by Ward [72] uses the variance
analysis approach to estimate the distance between clusters. In this method, the sum of
squared deviations of any two clusters that can be formed at each stage is minimized. It is
considered a very effective method, although it tends to create clusters of small size; it also
provides full control over the resulting number of groups and presents the most natural
clusters of grouped elements.

The clustering algorithm in Ward’s method consists of several steps and is performed
as follows:

1. A matrix of taxonomic distances is determined (the Euclidean distance is assumed in
the calculations, as in the TOPSIS method) with dimensions n X n, which represents
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the distance of each pair of objects from each other. This matrix is a symmetric matrix
with respect to the main diagonal, which contains zeros.

2. A pair of object indices (“p” and “q”, p < q) is found, and in further iterations of the
algorithm, the components of the clusters for which the mutual distance is minimal.

“"__r

3.  The objects (or clusters) “p” and “q” are combined into one new cluster, which

“u_ 1

occupies the position with the number “p”. At the same time, the object (cluster)

with the number “q” is removed, and the numbers of the clusters with a number
higher than it are reduced by one. In this way, the dimension of the distance matrix is
reduced by 1.

4. The distance of the newly created cluster from each remaining cluster “r” is deter-

mined (r takes values different from p and g) according to the following formula:

Dpr - al'dpr + a2'dqr + bdpq, (8)

“u_ 1 “"_ 1

where Dpr is the distance of new cluster “p” from any cluster “r”, d pr is the distance of the

“u_ 1

original cluster “p” from any cluster

“_

, dqr is the distance of the original cluster “q” from

“u_ 1
r

“"_ 17 “u_ 1

any cluster “r”, and dy,; is the mutual distance for primary clusters “p”.
The values of parameters a1, a,, b are determined according to the following formula:
np + ny nq + nr 7117‘

a = 0y = b= , )
Ny + ng + 1y Ny + ng + 1y Ny + ng + ny

In Formula (9), np, ng, n, denote the numbers of individual objects in individual clusters.

The iterative steps are repeated until all individual objects are combined into one large
n-element cluster.

In the paper, statistical data sources were used regarding the fleet of vehicles powered
by alternative fuel sources in the European Union countries and their supporting infras-
tructure [73] and also Eurostat data regarding motor vehicles powered by traditional fuel
sources (petrol, diesel) [74], as well as data on the population in EU countries [75].

The k-means method belongs to the group of cluster analysis algorithms, i.e., the analysis
involving the search for and separation of groups of objects similar in terms of the analyzed
characteristics. It is a non-hierarchical method. The main difference between non-hierarchical
and hierarchical algorithms is the need to pre-specify the number of clusters. Using the
k-means method, k different, possibly distinct, clusters are created. The algorithm involves
moving objects from cluster to cluster until the variability within and between clusters is
optimized. The similarity within a cluster should be as high as possible, while individual
clusters should be as different from each other as possible. The principle of the algorithm
is as follows: the number of clusters is determined. One method used to determine the
number of clusters is to arbitrarily select it and then modify it to obtain better results. The
choice of the number of clusters can also be based on the results of other analyses. In the
next step, the initial cluster centers are determined. Cluster centers, also known as centroids,
can be selected in the following several ways: randomly selecting k observations, selecting
the first k observations, or selecting them to maximize cluster distances. One of the most
commonly used methods is to run the algorithm several times and select the best model after
initially selecting random cluster centers. The distances of objects from the cluster centers are
then calculated. The choice of metric is a crucial step in the algorithm. It influences which
observations will be considered similar and which will be too different. The most commonly
used distance metric is the Euclidean distance. The objects are assigned to clusters. For a given
observation, the distances from all clusters are compared and assigned to the cluster with the
closest center. New cluster centers are established. Most often, the new cluster center is a
point whose coordinates are the arithmetic mean of the coordinates of the points belonging to
a given cluster. The previous operations are repeated until the stopping condition is met. The
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most commonly used stopping condition is the number of iterations specified at the beginning
or no shifting of objects between clusters [76].

4. Results
Characteristics of Diagnostic Variables Used in the Research

Among many available indicators that characterize the developing market of cars based on
alternative fuels, fifteen variables were selected that describe the percentage share of individual
types of cars with different drives in the total fleet, new registrations of these cars, features
responsible for the infrastructure, charging and fast charging possibilities, and other characteris-
tics of the market of cars powered by alternative fuels. In Table 2, some selected indicators are
characterized using descriptive statistics.

Table 2. Basic descriptive statistics of variables selected for research.

Diagnostic Variable AB X M, Xinin Xonax o V,

Fleet (passenger cars) as percentage of total fleet

(BEV + PHEV) [%] X1 6.11 5.20 0.51 15.67 4.50 73%
fﬁ;%(%ﬁsénfgéf ff/z]as percentage of total fleet X, 2.04 031 0003 1625 412 201%
I;izvt;fgrgf;?;?;ff?gsg\r; ief)gé%a[so /f]ercemage Xs 4386 4630 072 7758 1900  43%
E}iﬁ;’fgﬁgﬁi‘;’fﬁ;ﬁf ?E;egjgéﬁgsﬁ;g?z?mage X 182 054 000 1222 301  165%
ﬁiﬁt;fizf;?;‘fjrffﬁﬁf;;‘ o cars) as percentage Xs 00028 00002 0.0 0.02 001 182%
I;?gt:f‘(flisxT;;ﬁgggﬁ:?éiEk\’,uie;;{ag\%e[r;zmage X6 2391 1598 314 6201 1958  81%
el ﬁifisﬁigﬁﬁi‘jtgﬁﬁi{‘;‘ébg‘ifg’ i?é;c[efl]t ageof  x, 439 125 000 2169 654  149%
ﬁi&;ﬁiﬁfﬁ?ﬁtﬂzﬁﬁz + PHEV)| [tf}ﬁe Xs 117 030 0.00 722 187 160%
I;}i&;’f%ﬁ;;?;’t‘f;fjﬁfﬁfg Egggcﬁgtéfe[/] Xo 279 033 000 3961 777 278%
gf,?;;‘s’v(ig:yf[i;]g“’wm in recharging X0 1221 675  —2607 21101 4103  336%
Qf;;ﬁi%“i f}?;?gtislga;)iss;eﬁ%]as percentage X1 7.85 198 000 10000 1927  245%
o porcont et tota (DO rocharging poimis ] X2 4193 244 000 15 21 5%
i“;iiﬁﬂﬁiﬁ‘;jf;iiijlﬁcykfjfg{fgggﬁf sgir}g] points s 6633 7036 2233 9604 2194  33%
Number of LPG vehicles per LPG refueling point X1 129.76 111.78 0.28 651.38 150.28 115%

AFIR (output/target) [%]

X15 295.39 302.87 12.12 619.53 134.31 45%

Meaning of symbols: AB—variable symbol (abbreviation), x—mean, M.—median, X,,;,—minimum, X;sx—
maximum, oc—standard deviation, V,—coefficient of variation. Source: own study based on statistical data from
the European Alternative Fuels Observatory [73].

Firstly, it should be pointed out that all the features adopted for the study are charac-
terized by high variability, and in each case, the coefficient of variation is higher than 10%,
which is considered the limit of homogeneity of the community. The greatest variability oc-
curs for the variable Xy and amounts to 336%, and the most homogeneous in the countries
studied is the indicator X3, which amounts to only 33%, which means that the countries
studied are at a similar level in terms of this feature.
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Xi1—Fleet (passenger cars) as [%] of total fleet (BEV + PHEV). On average, around 6%
of electric or hybrid cars are registered in the countries. The smallest number occurs
in Poland and amounts to 0.51%, while the largest number of such cars is registered in
Luxembourg (15.67%). The distribution shows right-side asymmetry, which means that,
in most of the countries studied, the percentage of electric and hybrid cars is lower than
the average.

Xp;—Fleet (passenger cars) as [%] of total fleet (LPG, CNG, LNG). The average
percentage share of passenger cars powered by LPG, CNG, and LNG is 2.04%, and the
median is 0.31%; thus, in most countries, the percentage share of cars powered by this fuel
is lower than average. It is the smallest in France and amounts to 0.003%, while the highest
is in Poland and reaches as much as 16.26%.

X3—New registrations (passenger cars) as [%] of total registrations (BEV + PHEV).
This variable represents new registrations of electric and hybrid passenger cars. The average
is almost 44%, which is a high share of these cars in the total number of registrations, and
the median is 46.3%, which means that there is a left-side asymmetry, meaning that, in
most countries, the percentage of newly registered electric and hybrid cars is higher than
average. The fewest vehicles of this type are registered in Bulgaria (0.72%), and the most
are in Finland (77.58%).

Xg—New registrations (passenger cars) as [%] of total registrations (LPG, CNG,
LNG). The average share of newly registered LPG, CNG, and LNG passenger cars is 1.82%,
so the percentage is not large. There are countries where no such registrations were
recorded at all. These were Denmark, Ireland, and Cyprus, while the largest number of new
registrations of this type of passenger car was recorded in Romania (12.22%). The median
was 0.54%, which indicates that, in most countries, the percentage of newly registered
passenger cars powered by LPG, CNG, and LNG is below the average.

X5—New registrations (passenger cars) as [%] of total registrations (H2). This is
an indicator that most countries have a value of 0%, meaning that there are no such cars
in registration. This is the case in Ireland, Greece, Croatia, Cyprus, Lithuania, Latvia,
Luxembourg, Hungary, and Malta, as well as in Romania, Slovenia, and Finland. The
average share is small and amounts to 0.0028% of all newly registered passenger cars.
The median is lower than the average; thus, in most countries, the percentage of newly
registered hydrogen-powered cars is lower than the average. The largest number of newly
registered hydrogen-powered passenger cars is in Poland and France (0.02%).

Xe¢—New registrations (vans and buses) as [%] of total new registrations (BEV + PHEV).
Another indicator is the share of newly registered vans and buses powered by electricity
and hybrids. The average level of this type of car in new registrations is around 24%. The
median is 16%, which means a large right-hand asymmetry; thus, there are many more
countries whose level of the indicator is lower than the global average. The fewest such
cars were registered in The Czech Republic (3.14%) and the most in Romania (62.01%).

X7—New registrations (vans and buses) as [%] of total new registrations (LPG, CNG,
LNG). The average number of registered new vans and buses powered by LPG, CNG,
and LNG is around 4.5%, and the median is slightly lower at the level of 1.25%, which
means that, in most countries, there were fewer of these registrations than the average for
all EU countries. In several countries, no such new registrations were recorded at all; these
were Bulgaria, Cyprus, and Malta. The largest percentage of new cars of this type is in
Italy (21.7%).

Xs—New registrations (trucks) as [%] of total registrations (BEV + PHEV). The
average percentage of newly registered trucks with electric and hybrid drive was at the
level of 1.17% and the median was even lower, which means that, in most countries, the
percentage of cars with such drive was lower than the global average. In Bulgaria and
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Malta, there were none at all, and the highest share of cars with such drive was in The
Netherlands (7.22%).

X9—New registrations (trucks) as [%] of total registrations (LPG, CNG, LNG). The
average percentage of registrations of new LPG-, CNG-, and LNG-powered trucks is
around 3%; the median of 0.33% indicates that, in most countries, this share is lower than
average. No such registrations were recorded at all in Bulgaria, Croatia, Cyprus, and Malta,
while Latvia had the largest share (39.61%).

X10—Year-over-year growth [%] in recharging points AC (charging with alternating
current). One of the indicators characterizing the level of use of alternative sources for
powering vehicles is the increase in charging points (year-on-year increase). The average
increase in charging points is 12.21%, while, in most countries, the increase was below the
average. The smallest was in Croatia, where a very large decrease of —26.07% was recorded.
On the other hand, the largest increase took place in Estonia by 211.01%.

X11—AC recharging points (Fast Speed) as [%] of total AC recharging points. The
average share of fast charging stations in total charging points is around 7.85%. The median
is lower than the average of 1.98; thus, in most countries, this share is lower than the average
for the entire group of countries. The smallest share of fast charging stations is characterized
by Estonia at 0%, and the highest percentage share is recorded in Malta at 100%.

X12—DC recharging points (ultra-fast level 1 and level 2) as [%] of total DC recharg-
ing points. The average share of ultra-fast charging stations using direct current in the
total number of charging stations using direct current is about 42%. The median was lower
than the average; thus, in most countries, this share is lower than the average for the entire
group of countries. The smallest share of ultra-fast charging stations is characterized by
Malta at 0%, and the highest percentage share is recorded in Luxembourg at 87.15%.

Xi3—Unrestricted accessibility (24/7) recharging points as [%] of total recharging
points. The average share of charging points with unlimited accessibility is 66.33%. The
median is 70.36%, which indicates that, in most countries, there are more such points
than the average for all countries. The smallest share of unrestricted charging points is in
Sweden at 22.33%, and the highest is in Malta at 96.04%.

X14—Number of LPG vehicles per LPG refueling point. The next indicator analyzed
was the number of LPG-powered cars per refueling point. On average, in the countries
studied, there are 129.76 cars per charging point. The median is 111.78 cars, which means
that, in most countries, the number of cars per refueling point is lower than average. The
smallest is in Sweden, at 0.28 cars per station, and the largest is in Poland, at 651 cars
per station.

X15—AFIR (output/target) [%]. According to Article 3.1 of the Alternative Fuels Infras-
tructure Regulation (AFIR) [3], Member States are required to facilitate the deployment of
publicly accessible charging stations for light-duty vehicles, in proportion to the adoption
rates of electric vehicles in their territories. In particular, the AFIR dictates the following
annual cumulative power output targets for charging infrastructure:

e  Battery Electric Light-Duty Vehicles (BEV): Each BEV registered in a Member State
must be served by a minimum total power output of 1.3 kW from publicly accessible
charging stations.

e  Plug-in Hybrid Electric Vehicles (PHEV): Each registered PHEV must have a minimum
total power output of 0.8 kW from publicly accessible charging stations.

These objectives ensure that infrastructure deployment is consistent with vehicle use,
thus supporting broader EU environmental and mobility objectives. The achievement of
these aims is assessed by comparing the actual power output available through public
infrastructure to the calculated target power output, facilitating transparent and objective
monitoring of progress towards AFIR compliance. The average target achievement in the
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countries studied was 295.39%, and the median was slightly higher, which indicates that
most countries achieved the target above average. The lowest indicator value was in Malta
with 12.12%, and the highest was in Lithuania with 619.53%. The next step in the research
was to conduct a correlation analysis to check whether there is a strong correlation between
the indicators. The variables taken into account in the study should not be too closely
related because, in this case, they convey the same information. The relationships are given
in the correlation matrix in Table 3.

Table 3. Correlation matrix between indicators used in the research.

X1 X2 X3 Xq Xs Xe X7 Xs Xo X0 X Xz Xz X Xgs
X1 1 —038 066 —031 —-0.14 061 —-0.05 057 002 0.03 —-0.04 084 -—0.18 —042 —0.38
Xs —-038 1 -03 017 032 -023 023 -022 O —0.06 —0.05 —0.27 —0.1 = 0.8 0.13
X3 0.66 —0.3 1 —0.18 0.06 | 058 —-0.02 04 014 0.12 011 044 —-0.03 —0.11° —0.39
Xy —031 017 -—-018 1 0.02 018 034 -024 001 -0.18 —0.05 —0.3 0.18 047 0
Xs —0.14 032 0.06 0.02 1 —0.01 036 019 -0.05 0.06 —-0.17 0.09 004 038 —0.05
Xe 0.61 —-023 058 018 —-0.01 1 —0.13 051 —-0.08 —0.03 —0.09 055 —-0.32 —0.16 —0.26
Xy —0.05 023 -—-0.02 034 036 —-013 1 —0.06 034 014 -01 002 0.07 041 0.23
Xg 057 —-022 04 —-024 019 051 —-0.06 1 —0.02 —0.05 —-0.05 0.65 —0.32 —0.28 —0.16
X9 0.02 0 0.14 0.01 —-0.05 —0.08 034 —-0.02 1 0.03 —-0.11 —-0.05 0.02 0.04 042
X10 0.03 —-0.06 012 -0.18 0.06 —0.03 0.14 —-0.05 0.03 1 —0.06 0.05 0.16 —-0.09 0.38
X117 —-0.04 —-0.05 0.11 -0.05 —-0.17 —0.09 —-0.1 —-0.05 —0.11 —-0.06 1 —0.35 023 0.12 | —0.42
X 1084 027 044 —-03 009 055 0.02 065 —-0.05 0.05  —-035 1 —0.33 —041 -0.11
Xi3  —018 -01 —-0.03 0.18 0.04 ' —032 0.07 —-032 0.02 016 023 | —033 1 0.16 —0.07
X1z =042 0.8 —-0.11 047 038 —-0.16 041 —-028 0.04 —-0.09 0.12 | —041 0.16 1 0.08
X5 =038 0.13 | =039 O —0.05 —026 023 -0.16 042 038 @ —042 —0.11 —-0.07 0.08 1

Source: own study based on correlation coefficients determined in the Statistica 13 program.

It is worth noting that there are no large collinear dependencies in the correlation
matrix. The highest correlation coefficient is between X; and X;; and amounts to 0.84, so it
does not exceed 90%. This is a high positive dependency and is directly proportional to
the increase in X fleet (passenger cars) as [%] of total fleet [BEV + PHEV], the value of Xj,
increases, i.e., the number of DC recharging points (ultra-fast level 1 and level 2) as [%] of
total DC recharging points. On the other hand, the largest negative dependency is between
X1 and Xy4, and it amounted to —0.42, which means that, with the increase in X; fleet
(passenger cars) as [%] of total fleet [BEV + PHEV], the value of X4 decreases, which is
the number of LPG vehicles per LPG refueling point. The dependencies are presented in
scatterplots (Figure 2a,b).

In the figures (Figure 2a,b), some outliers can be seen. In the first one, there are
two countries located under the regression line, namely Malta and Portugal, where very
low Xj; indices were recorded. On the other hand, in the graph (b), there are also two
countries that have very high values of the indicator in this case, X14, and these are Poland
and Italy, respectively.

For the selected indicators, a cluster analysis was carried out, which aimed to distin-
guish European Union countries similar to each other in terms of the development of new
technologies concerning the implementation of alternative energy sources powering vehi-
cles. The Ward agglomeration method based on minimizing variance in the created clusters
was selected for the research. Euclidean distance was adopted for the research. In the first
stage, an analysis of the course of cluster agglomeration was carried out. Four indices were
used to determine the number of clusters, and the results are presented in Table 4.
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Figure 2. (a) Correlation between X; and Xjy; (b) correlation between X; and Xj4 (the solid line
indicates the regression line, the dashed line indicates the 0.95 confidence interval). Source: own
study using the Statistica 13 program.

Table 4. Results of estimating the optimal number of clusters using selected indicators.

Clusters Davies—Bouldin [77] Baker-Hubert [78] Hubert-Levine [79] leShlr%m’ Walther,
1) (min) (max) (min) and Hastie (GAP) [80]
min (k) where GAP>0
2 1.42 0.26 0.47 —0.0124
3 1.94 0.32 0.43 —0.0277
4 1.73 0.52 0.36 —0.0453
5 1.45 0.62 0.38 —0.0087
6 1.32 0.75 0.29 0.0197
7 1.09 0.79 0.36 0.0008
8 0.93 0.82 0.44 0.0664

Source: own study.

The analyses conducted indicate that there are the following two optimal divisions:
one into six clusters, as indicated by the Hubert-Levin and Tibshirani, Walther, and Hastie
methods, and one into eight clusters, as indicated by the Davies-Bouldin and Baker-Hubert
methods. This is also clearly illustrated in the scree plot in Figure 3.

Euclidean Distance

Linkage distance

—— Linkage distance

Figure 3. The course of cluster agglomeration. Source: own study using the Statistica 13 program.
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Due to the fact that three single-element clusters appear in the division into eight

clusters, it was decided to divide the data into six groups. This is also the approach adopted

in the analysis, shown in Figure 4.

Tree diagram - Ward's Method

Euclidean distance

IJ;:I_

12

© 0 o
—

Linkage distance

14
16 |
18

Figure 4. The results of cluster analysis and the division of countries into six clusters. Source: own

study using the Statistica 13 program.

Clustering was also performed using the k-means method, assuming six predeter-

mined clusters as input, as required by the procedure of this method.

The results of the comparison of clustering using both methods are presented

in Table 5.

Table 5. Comparison of cluster composition using Ward’s and k-means methods.

Ward’s Method

K-Means Method

Austria, Germany, Ireland,

Austria, Cyprus, Estonia,

Group I Luxembourg, Cyprus, Hungary, = Hungary, Ireland, Lithuania,
Slovenia, and Spain Slovenia, and Spain

Group II Malta, Portugal, and Romania Malta, Portugal, and Romania
Bulgaria, Greece, Lithuania, Bulgaria, Croatia, The Czech

Group III Croatia, Slovakia, and Republic, Greece, Latvia,
The Czech Republic and Slovakia

Group IV Estonia and Latvia Belgium, Finland, Germany,

and Luxembourg

Group V France, Italy and Poland France, Italy, and Poland
Denmark, Sweden,

Group VI The Netherlands, Finland, Denmark, The Netherlands,

and Belgium

and Sweden

Source: own study.
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Based on the results, it can be concluded that two clusters, II and V, share the same

elements. In the remaining clusters, there are slight shifts in countries between groups,

while Group 1V is completely different, with completely different countries within it. The

results obtained using Ward’s method were chosen as the basis for further analysis because,

in previous analyses, two countries—Estonia and Latvia—were identified as outliers in

certain characteristics, and Group IV, in Ward’s method, contains these two countries in

one group, indicating a better division into groups using this method.

Based on group averages, the clusters of the studied countries were characterized,

and the variables that had the greatest contribution to the formation of these clusters were

given (Figures 5-7).
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Figure 5. (a) Radar plot of the ratios of group means to the global mean in cluster I; (b) radar plot of

the ratios of group means to the global mean in cluster II. Source: own study.
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Figure 6. (a) Radar plot of the ratios of group means to the global mean in cluster III; (b) radar plot of

the ratios of group means to the global mean in cluster IV. Source: own study:.
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Figure 7. (a) Radar plot of the ratios of group means to the global mean in cluster V; (b) radar plot of
the ratios of group means to the global mean in cluster VI. Source: own study.

The first cluster is the most numerous and includes the following eight countries:
Austria, Germany, Ireland, Luxembourg, Cyprus, Hungary, Slovenia, and Spain. This
group is characterized by a high level of share of electric and hybrid passenger cars, as
well as a high level of access to unlimited charging stations and a high share of ultra-fast
charging stations (level 1 and 2). The share of newly registered electric and hybrid cars in
total cars is also high. (Figure 5a).

The second cluster includes Malta, Portugal, and Romania. These countries are charac-
terized primarily by a high share of AC recharging points (Fast Speed) and the percentage
of newly registered passenger cars powered by LPG, CNG, and LNG. The percentage
of newly registered electric and hybrid passenger cars is also high. The percentage of
unlimited charging points is also above average. The remaining indicators are below the
global average (Figure 5b).

The third cluster includes countries such as Bulgaria, Greece, Lithuania, Croatia,
Slovakia, and The Czech Republic. This is a group of countries with the lowest values of
indicators responsible for the use of cars powered by alternative energy sources. These
countries also occupy the last places in the average ranking conducted (Figure 6a). Two
indicators, whose average values are above the average level for all 27 EU countries,
are the percentage of cars powered by LPG, CNG, and LNG gas and a fairly high AFIR
(output/target) [%] indicator in these countries. All other indicators have averages below
the global average value calculated for the EU countries.

The fourth cluster includes Estonia and Latvia. This is the smallest group, which has
been distinguished from the other countries due to the very high value of the indicator
responsible for the increase in charging points (year-on-year increase). The increase is
very large. This group also has a very large percentage of newly registered trucks, buses,
and vans powered by LPG, CNG, and LNG. The largest of the clusters is the AFIR (out-
put/target) [%] level. These countries have one of the highest indicators of unlimited access
to charging points. These countries occupy the top two places in the average ranking
regarding the use of alternative energy sources in road transport, which is first and second
place (Figure 6b).
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The fifth cluster is France, Italy, and Poland. These are also countries with a high
use of alternative energy sources in powering cars. Most of the analyzed indicators have
their average values in these countries above the general average. These are definitely the
countries where the most LPG-, CNG-, and LNG-powered vehicles are used. They also have
the highest percentage of gas-powered passenger cars and newly registered gas-powered
cars, as well as newly registered buses and vans running on gas fuel. Unfortunately,
the infrastructure is somewhat outdated and poorly developed because the indicators of
the number of cars with gas installations per one charging station are very high. These
indicators have the highest value in these countries among all the analyzed clusters. It is
also worth noting that this group of countries has the highest percentage of newly registered
hydrogen-powered passenger cars (Figure 7a).

The sixth and last cluster is definitely a group of countries at a high level in terms
of the use of alternative fuel sources. It includes the following five countries: Denmark,
Sweden, the Netherlands, Finland, and Belgium. The highest in this group is the indicator
for the share of newly registered electric and hybrid trucks, as well as buses and vans.
There is also good infrastructure there, as the percentage of ultra-fast stations is high. The
highest is also the indicator for the share of electric and hybrid cars in total cars and the
indicator for newly registered electric and hybrid passenger cars. Thus, this is a group of
countries investing very heavily in both infrastructure and the fleet of cars based on electric
and hybrid drives. This group also has the fewest LPG-powered cars at charging stations.
Thus, the infrastructure for LPG-powered cars is also prepared (Figure 7b).

Based on the diagnostic variables adopted for the study, a ranking of countries was
also established in terms of the use of alternative sources of car power and their supporting
infrastructure. All variables were treated as stimulants except for the variable Xj4, the
number of LPG vehicles per LPG refueling point, which was considered a de-stimulant
since the more cars there are per charging station, the worse the situation in the country
under the study is. The ranking was constructed using the TOPSIS method discussed in
the Materials and Methods section. The results of the ranking in two variants, TOPSIS 1
(without weights, where each variable had an equal contribution to the ranking) and
TOPSIS 2 (with weights depending on the variability of these indicators, the greater the
variability of the indicator, the greater the weight and, therefore, the contribution of the
variable to the creation of the ranking), are presented in Table 6. The weight system
used for individual diagnostic variables X;—Xj5 for variant 3 (with methodology CRITIC)
was as follows: w; = 0.95%, wy = 0.92%, w3 = 3.81%, wy = 0.7%, ws = 0.002%, we = 4.04%,
w7y = 1.3%, wg = 0.4%, W9 = 1.66%, w1 = 8.9%, w11 = 4.618%, Wip = 4.9%, w13 = 5.1%,
W14 = 31.3%, w15 = 31.4%.

The best in the average ranking were the following countries: Estonia (ranking with-
out weights 5), Latvia (ranking without weights 6), The Netherlands (ranking without
weights 1), Denmark (ranking without weights 3), and Sweden (ranking without weights 2).
The worst were the following countries: Hungary, Ireland, Greece, and Portugal, which
also occupied the last positions in the variant of the ranking without taking into account the
contribution of variables. Poland was in 15th place in the average ranking (i.e., quite high),
while in the ranking without weights, it was in 13th place (in the middle of the ranking of
all 27 EU countries).

The map (Figure 8) shows the clusters of countries that are similar in terms of the level
of development of road transport based on alternative energy sources (natural and indus-
trial gas, electric cells, hydrogen cells) and the development of supporting infrastructure
(charging stations, refueling stations) along with the average ranking of these countries.
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Table 6. The results of EU country rankings based on the following measures: TOPSIS1 (without
taking into account variable weights), TOPSIS 2 (with weights), and their average value TOPSIS mean.

Country TS, Ry Country TS, R, Country TS3 R3 Country TSy Rm Rg
Netherlands 0.483 1 Estonia 0417 1 Estonia 0834 1 Estonia 0563 233 | 1
Sweden 0.462 2 Latvia 0385 2 Latvia 0747 2 Latvia 0.519 333 | 2
Denmark 0.441 3 Poland 0347 3 Slovakia 0.694 3 Netherlands 0468 7.00 @ 3
Luxembourg 0.439 4 France 0330 4 Czech Republic  0.680 4 Denmark 0448 867 | 4
Estonia 0.437 5 Malta 0320 5 Croatia 0.645 5 Sweden 0.453 8.67 | 5
Latvia 0.424 6 Italy 0314 6 Austria 0.644 6 France 0.427 10.67 6
France 0.422 7 Netherlands 0306 7 Slovenia 0636 7 Czech Republic 0424 11.00 7
Finland 0.419 8 Sweden 0300 8 Greece 0.630 8 Finland 0422 11.33 8
Ttaly 0.418 9 Denmark 0294 9 Bulgaria 0.629 9 Luxembourg 0.407 12.00 9
Germany 0.401 10 Romania 0262 10  Lithuania 0628 10  Belgium 0411 13.00 10
Belgium 0.395 11 Bulgaria 0.248 11  Finland 0.628 11  Austria 0.399 1333 11
Romania 0.388 12 Czech Republic  0.247 12 Belgium 0.626 12  Italy 0.359 13.67 12
Poland 0.382 13 Germany 0.244 13  Netherlands 0616 13  Germany 0.400 14.00 13
Austria 0.367 14 Luxembourg 0221 14  Denmark 0.610 14  Romania 0.396 14.00 14
Portugal 0.361 15 Finland 0219 15  Cyprus 0.607 15  Poland 0.325 14.33 15
Malta 0.360 16 Belgium 0213 16  Sweden 0599 16  Bulgaria 0.389 15.00 16
Czech Republic 0.346 17 Portugal 0208 17  Spain 0595 17  Malta 0.365 1533 17
Spain 0.340 18 Cyprus 0196 18  Luxembourg 0.562 18  Slovakia 0.387 16.67 18
Cyprus 0.338 19 Spain 0190 19  Germany 0.556 19  Cyprus 0.380 17.33 19
Hungary 0.328 20 Austria 0.188 20  Romania 0537 20  Slovenia 0.372  18.00 20
Slovenia 0.321 21 Ireland 0.181 21  France 0529 21  Spain 0.375 18.00 21
Ireland 0.318 22 Lithuania 0.177 22 Hungary 0.526 22 Croatia 0.366 18.33
Lithuania 0.313 23 Slovakia 0170 23  Ireland 0521 23  Lithuania 0.373 18.33
Slovakia 0.296 24 Croatia 0.168 24  Portugal 0493 24  Portugal 0.354 18.67
Bulgaria 0.289 25 Hungary 0.168 25  Malta 0414 25  Greece 0.352  20.67
Croatia 0.286 26 Slovenia 0160 26  Italy 0346 26  Ireland 0.340 22.00
Greece 0.269 27 Greece 0.158 27  Poland 0246 27  Hungary 0.341 22.33

TS;—TOPSIS; measure (without weights), TS,—TOPSIS, measure (with weights estimated on the basis coefficient
of variation V), TS3—TOPSIS3 (with weights estimated according to the CRITIC method), TSy;—mean TOPSIS
measure, R;—ranking according to TS;, Ry—ranking according to TS,, R3—ranking according to TS, Ryy—mean
of Ry, Ry, R rankings, Rp—ranking final. Source: own study.

Clusters in EU countries (Ward)

with Final ranking

[ ] Cluster |

Cluster Il
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Cluster IV

- Cluster V
- Cluster VI

Figure 8. Ranking of EU countries in terms of the average value of the TOPSIS measure (mean) along
with the affiliation of the surveyed countries to the obtained clusters. Source: own study with the use
of the Statistica 13 (Maps) program.
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5. Discussion

The analysis clearly indicates significant differences between EU countries in terms of
the adoption of vehicles that use alternative energy sources. The coefficient of variation at
the level of 73% for the share of electric and plug-in hybrid cars (BEV + PHEV) in the total
vehicle fleet highlights significant disparities in the pace of transformation of the transport
sector. The differences between countries with the highest (Luxembourg—15.67%) and the
lowest (Poland—0.51%) share of electric vehicles reflect the multidimensional nature of the
process of electrification of transport in Europe.

The heterogeneity of electric vehicle adoption may result from several factors. The
Nordic countries, Luxembourg, and The Netherlands are characterized by better developed
charging infrastructure and higher BEV + PHEV adoption rates, which are confirmed by
the results of Xue et al. [40], who observed a clear division in countries with high adoption
(Nordic countries and The Netherlands) and the rest. This is confirmed by the high position
of the TOPSIS 1 ranking. The results of the correlation analysis confirm these trends,
indicating a strong relationship (r = 0.84) between the share of electric and hybrid vehicles
in the total fleet and the percentage of ultra-fast DC charging stations. This relationship
confirms the key role of the availability of advanced charging infrastructure [46] in the
process of transport electrification. Countries with a well-developed network of ultra-fast
charging stations show a higher level of electric vehicle adoption, which suggests the
existence of a positive feedback loop between these variables.

Cluster analysis allowed the identification of six clearly differentiated groups of
countries, representing different models of adoption of vehicles powered by alternative
energy sources. Cluster six is particularly noteworthy, comprising Belgium, Finland,
Denmark, Sweden, and The Netherlands. These countries present the most advanced model
of transport electrification, characterized by the highest share of electric and hybrid cars
in both the existing fleet and in new registrations. The high share of electric trucks, buses,
and vans is also distinctive, which indicates a holistic approach to transport transformation
that covers not only the passenger car segment. The key success factor is extensive ultra-
fast charging infrastructure, supported by comprehensive fiscal incentives for businesses
and individuals.

An interesting characteristic is presented by cluster five (France, Italy, Poland), where
the use of gas fuels (LPG, CNG, LNG, H2) dominates. These countries show the highest
percentage of gas-powered passenger cars and newly registered vehicles of this type. The
indicator of the number of LPG vehicles per one refueling point is the highest in this
group (especially in Poland at 651 cars per station), which should be interpreted with
caution. The high value of this parameter results primarily from the very large number
of vehicles equipped with gas installations and not necessarily from insufficient refueling
infrastructure. It is worth noting that the structure of gas fuel use was diversified even
within a single cluster. In the case of LPG-, CNG-, and LNG-powered vehicles, we observed
a different adoption pattern with the leading position of Poland (16.26%), Bulgaria (12.6%),
Italy (9.7%), and a low share of France (0.003%). In the case of hydrogen (H2) power, the
share of newly registered hydrogen vehicles was the highest in Poland and France (0.02%).
The high share of gas-powered vehicles indicates a preference for transitional technologies,
which may hinder a rapid transition to full electrification. Paradoxically, these countries
also show interest in hydrogen technologies (especially France and Poland), suggesting
potential for diversification of alternative energy sources.

The third cluster, including Bulgaria, Greece, Lithuania, Croatia, Slovakia, and The
Czech Republic, represents a group of countries with the lowest rates of adoption of
alternative energy sources. The only parameters exceeding the European average are
the share of gas-powered vehicles and the AFIR output/target indicator. This charac-
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teristic may indicate an initial stage of transformation, focused on transitional solutions
(LPG/CNG) while building the foundations of infrastructure in accordance with AFIR
requirements, but without a dynamic increase in the adoption of electric vehicles. These
countries need comprehensive strategies for accelerated electrification, taking into account
economic constraints.

The case of Estonia and Latvia (cluster IV) presents an alternative model of transport
transformation, characterized by one of the lowest levels of passenger fleet electrification
in Europe, while intensive development of charging infrastructure is taking place. Despite
a very low number of electric cars per 1000 inhabitants, these countries achieve the highest
AFIR target implementation rates and unlimited availability of charging points and the
highest dynamics, focusing on the electrification of commercial transport through a high
share of trucks, buses, and vans powered by alternative fuels, where the extensive charging
network significantly outpaces the adoption of electric vehicles by individual users. This
approach, with a persistently low rate of electrification of passenger transport, may be
a rational alternative for countries with limited financial resources or lower purchasing
power of consumers. In contrast to the comprehensive cluster six model, Estonia and Latvia
demonstrate that sequential transport transformation with prioritization of infrastructure
and commercial fleets, even with a small share of electric cars in passenger transport, can be
an alternative path for countries starting the process of transport electrification. This strat-
egy is reflected in weighted rankings (TOPSIS 2 and TOPSIS (mean)). This “infrastructure
first” model may be particularly attractive for countries with limited financial resources,
enabling the creation of foundations for future growth in electric vehicle adoption.

Cluster II (Malta, Portugal, Romania) combines relatively high dynamics of electric
vehicle adoption with insufficiently developed infrastructure, especially in terms of fast
charging stations.

Cluster I (Austria, Germany, Ireland, Luxembourg, Cyprus, Hungary, Slovenia, and
Spain) is characterized by a high share of electric and hybrid vehicles and well-developed
charging infrastructure, with less emphasis on the electrification of commercial transport
compared to cluster VI.

It is worth noting the significant variation in the AFIR output/target indicator between
Member States (from 12.12% in Malta to 619.53% in Lithuania). This disproportion indicates
an uneven pace of infrastructure implementation in relation to the number of registered
electric vehicles.

The analysis of trends in new vehicle registrations indicates the dominant position of
BEV + PHEV technology, with an average share of 43.86% in passenger car registrations,
while gas-powered vehicles account for an average of 1.82%, and hydrogen vehicles for
only 0.0028%. This distribution suggests that electrification may be the main direction of
transformation of European road transport, with a marginal role of hydrogen propulsion in
the short term.

The dynamics of the development of AC charging infrastructure are particularly inter-
esting, showing an average year-on-year increase of 12.21%, with significant differences
between countries (from —26.07% in Croatia to 211.01% in Estonia). This variability indi-
cates an uneven pace of infrastructure investment, which may lead to widening disparities
between Member States in terms of the availability of charging infrastructure.

6. Conclusions
6.1. Main Conclusions from the Research

The conducted analysis allowed for the identification of key regularities that charac-
terize the process of transformation of road transport in the European Union. Firstly, there
is a clear division in countries with a high level of electrification (clusters I and VI) and
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high dynamics (cluster IV), and countries preferring gas drives (cluster V) or being at an
early stage of transformation (clusters II and III). Secondly, a strong positive correlation
was confirmed between the development of charging infrastructure, especially ultra-fast
stations, and the level of adoption of electric vehicles.

The identification of six clusters of countries with different profiles of transport electri-
fication indicates the existence of different transformation paths, conditioned by economic,
geographical, and political factors. The TOPSIS ranking of countries confirmed the domi-
nant position of the Nordic countries and Western Europe, while the transformation delay
of the countries of Central, Eastern, and Southern Europe was simultaneous. TOPSIS
rankings, taking into account weights, indicate Estonia and Latvia as the leaders, due to
their high dynamics and highly developed infrastructure. The key factor differentiating
EU countries in terms of the use of alternative energy sources in transport is not only
the level of vehicle adoption but also the structure and quality of the charging/refueling
infrastructure. Countries with the highest share of electric vehicles are also characterized
by the best-developed ultra-fast charging infrastructure, which confirms the hypothesis of
mutual reinforcement of these elements in the process of transport electrification.

6.2. Implications for Transport Policy

Countries in cluster VI (Denmark, Sweden, the Netherlands, Finland, and Belgium) have
achieved a leading position in EV adoption within the EU. It is important to emphasize that,
while direct subsidies were a key instrument that significantly contributed to this success,
these nations are now moving beyond this initial support phase. As the market matures, broad
purchase grants have been phased out (Finland, Sweden) or replaced with targeted incentive.
The current fiscal focus is on durable, CO,-based tax systems and powerful corporate incen-
tives. Fiscal instruments include CO,-based registration and ownership taxes, reduced rates
for battery electric vehicles (BEVs), and favorable corporate tax deductions. Belgium offers
100% deductibility for BEV-related business expenses until 2026, alongside full exemption
from registration and road taxes in Flanders. Denmark applies a reduced registration tax rate
of 40% for BEVs through 2025, which will gradually increase thereafter. The Netherlands im-
posed a flat BPM of EUR 667 in 2025 for BEVs and provides road tax discounts through 2030.
Sweden maintains very low annual road taxes and favorable benefit-in-kind taxation, despite
having phased out its bonus—malus scheme in 2022. Finland, although no longer offering
purchase subsidies, keeps BEVs effectively tax-exempt. Regulatory tools with high transfer-
ability include mandated charging infrastructure in new or renovated buildings, low-emission
zones in urban areas, and fleet procurement rules such as Belgium’s 100% zero-emission
vehicle mandate for public authorities starting in 2025. Implementation strategies should align
with national fiscal capacity, with lower-income countries prioritizing low-cost regulatory
instruments and simple tax exemptions, gradually scaling up incentives over time [73].

The research results indicate the need for differentiated strategies to support transport
transformation in individual EU Member States. For cluster III countries (Bulgaria, Greece,
Lithuania, Croatia, Slovakia, and The Czech Republic), the priority should be given to acceler-
ate the development of basic charging infrastructure and introduce financial instruments to
stimulate the adoption of electric vehicles.

The experience of cluster VI countries (Belgium, Finland, Denmark, Sweden, and The
Netherlands) indicates the effectiveness of a comprehensive approach, combining the devel-
opment of ultra-fast charging infrastructure with fiscal instruments supporting the purchase
of electric vehicles and initiatives and promoting the electrification of commercial fleets,
including trucks and buses.

For cluster V countries (France, Italy, and Poland), characterized by a high share of
gas-powered vehicles, it seems recommended to adopt a strategy that assumes a gradual
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transformation towards electromobility while optimizing the existing gas infrastructure as a
transitional solution.

Countries belonging to cluster II should be supported primarily by stimulating invest-
ments in fast and ultra-fast charging stations.

In the case of countries in the first cluster, the optimal strategy seems to be stimulating the
electrification of commercial transport through tax incentives targeted at businesses investing
in electric transport fleets.

6.3. Research Limitations and Directions for a Further Analysis

The study conducted, despite its comprehensive approach to the issue of alternative
energy sources in transport, has certain limitations. Firstly, the analysis is based on cross-
sectional data, which makes it impossible to capture changes over time. Further research will
take into account the dynamics, allowing for the analysis of the development strategies of
individual countries.

Secondly, the analysis does not take into account variables that may affect the level
of adoption of alternative energy sources, such as macroeconomic factors, electricity prices,
the level of subsidies for the purchase of electric vehicles, the socio-economic structure of
society, or the degree of urbanization. These variables could provide a fuller understanding
of the conditions for the electrification of transport. An interesting research area would also
be the analysis of the effectiveness of various public policy instruments in stimulating the
development of electromobility at the national and local levels.

6.4. Challenges and the Future

Although the alternative car market is growing, it still faces some challenges. These
include the following:

Price: Electric and hybrid vehicles are often more expensive than traditional combustion cars.

Range and charging time: Although the range of electric vehicles is growing, it is still
one of the main limitations for consumers.

Battery efficiency and availability: Battery production, as well as their recycling,
remains one of the key challenges for the industry.
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