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Abstract

:

The Industry 4.0 idea influences the development of both charging stations and electromobility development, due to its emphasis on device communication, cooperation, and proximity. Therefore, in electromobility development, growing attention is paid to chargers’ infrastructure density and automotive electric vehicles’ accessibility. The main goal of this scientific paper was to present the electromobility development represented in the number of charging stations and its infrastructure development calculations. In this study, the sequence of methods was used to indicate and explore the research gap. The first was the Structured Literature Review (SLR) variation method. The second method was the classical tabular comparison of gathered results. The third research method was a cluster analysis based on secondary data with cross-country comparisons of the number of charging stations and electric cars. Therefore, this paper presents a theoretical discussion and practical business implications based on the achieved results of clusters and rankings. The main finding of this paper is that charging stations play a pivotal role in electromobility development in countries with already developed road infrastructure and maritime transportation. The charging stations can support energetic infrastructure, especially in countries with vast geographical distances. The charging stations and electric vehicles statistics presented in ratios and ranks proved similarities in the electromobility development patterns in the analyzed countries. This paper also presents the limitations of the performed study and identifies possible future research avenues.
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1. Introduction


New technologies and innovations [1,2], related to the Industry 4.0 idea in the energy sector [3,4], are genuinely powering the digital economy [5,6]. Industry 4.0 is a concept related to the use of automation [7], data processing [8], and data exchange [9], employed especially in practice in car charging stations, its infrastructure [10,11], and energy distribution networks [12,13]. The electromobility is developed through the Industry 4.0 features [14,15], which can be measured by the growing number of electric cars or electric vehicles (EVs) [16,17] and charging stations [18,19]. The charging stations are gathered in off-grid or on-grid networks [20,21] that require continuous data analysis [22,23] in electricity distribution or sale processes [24,25]. It should also be considered that electric vehicles vary in terms of software [26,27], technical specifications [28,29], performance [30,31], and even charging methods [16,32]. EVs can communicate between each other and also charging stations, and create the Internet of Vehicles (IoV) [33,34]. There are also different law regulations and economic and social factors worldwide [35,36], which influence electromobility popularity expressed as the growing number of electric car users [37,38]. The existing literature reviews [39,40] suggest that there is still a research gap related to the technical dimensions [41,42] of electromobility development [43,44]. Despite extensive research, cross-country and multidimensional comparisons of electromobility development in the broader energy sector context are lacking [45,46]. This perspective opens the door to a potential discussion regarding the application of foreign solutions in domestic electromobility development programs, such as incentives or energy infrastructure modernization [47] and national strategies [48,49]. On the other hand, potential drivers of electric vehicles are concerned about the lack of charging stations [50,51], while facilities owners, where stations would be useful, are hesitant to build because of the low number of electric cars [52]. Although there are multiple challenges related to very specific solutions related to the availability of electricity production from different sources or to the energy storage for charging stations, they are not subject of this research. This study integrates two research perspectives to provide theoretical and practical implications of the studied statistics and calculations in cross-country comparisons anchored in Industry 4.0. The Industry 4.0 influence on electromobility development is visible especially in the integration of communications [53,54], modern power system management [55], EVs control management [56,57], and computing technologies for IoV [58], which are based on grid stability and large-scale EV charging networks [59,60]. The importance of those Industry 4.0 characteristics is visible also in the whole energy sector [17,61].



The main goal of this scientific paper is to present the electromobility development represented in the number of charging stations and its infrastructure development calculations. Therefore, this scientific article presents selected electromobility development conditions focused most on the Industry 4.0 idea, related to the EVs infrastructure accessibility, development, and density [62]. This research primarily employs a descriptive method coupled with statistical analysis along with a more elaborated method of cluster analysis to answer the research question:



RQ: is the number of charging stations conditioned for the growing number of electric vehicles?



In this study, quantitative methods were used to indicate and explore the research gap and to address the formulated research question. The main adopted method was a secondary data analysis and cross-countries comparison of charging stations and electric cars’ numbers. A comparison was made of the relationships between the number of car charging stations and the number of electric cars in the chosen countries.



The paper is structured into four main sections: Introduction, Methods, Results, and Discussion. After presenting the main goal and research question in the introduction in the Materials and Methods, the three procedures and data sources are explained. The logic behind those three methods is to guide the reader from the general to the detailed view of the charging stations and electromobility development influenced by Industry 4.0. Then, in the fourth part of this paper, the results of the Structured Literature Review (SLR), tabular comparison, and cluster analysis methods are presented and discussed in the fifth subchapter of this paper. In the last section, the conclusion and implication of the presented results are listed. In the fifth section, the future research avenues are addressed along with the limitations of this study.




2. Materials and Methods


Instead of a single method, a sequence of methods have been employed to investigate the literature-identified [39,41,63] research gap and achieve the paper’s primary objective. The first method was the SLR variation based on the Scopus database queries [64,65]. The second method was a tabular comparison of the calculated results presented in detail in Supplementary File S1. The third method was the K-Means Clustering Algorithm, which is an unsupervised machine learning to explore secondary data from the Passport business database [66] in the R programming environment.



In the SLR variation with queries [67,68], the scientific literature was explored quantitively to check the number of publications indexed in the Scopus scientific database related to Industry 4.0, electric vehicles, and charging stations [69,70]. Each query syntax is presented in Table 1 with the obtained results in ascending order.



The scientific literature dedicated to Industry 4.0 and charging stations, as presented in Table 1, is still rare only in the case of specific queries results [64]. However, a larger number of results were achieved in the SLR when the third query was extended by the “artificial AND intelligence” keywords [64,68]. Queries presented in Table 1 were used, due to the significant number of scientific publications in the whole explored period (the only limitation was the date of research, 01 August 2022) in the Scopus database. The SLR results based on the different syntax queries proved that direct keyword search offered a better match. The definitions of electric vehicles and charging stations were agreed upon in the effect of the SLR method results. To enhance the consistency and transparency of the research in this paper, the list of following abbreviations used in this publication is presented:




	
EV—Electric Vehicle, alternative fuel vehicle [71];



	
BEV—Battery Electric Vehicle, a vehicle powered by an electric motor only [72];



	
PHEV—Plug-In Hybrid Electric Vehicle, a vehicle powered by an internal combustion engine and an electric motor, with the possibility of an external charge;



	
EREV—Extended-Range Electric Vehicle, a vehicle powered by electricity that can additionally be produced from a small internal combustion engine [72];



	
FCEV—Fuel Cell Electric Vehicle, Hydrogen powered vehicle [72];



	
Charging station—public EV charging device;



	
Charging point—charging slot for one EV.








In this research, the electric car or electric vehicle (EV) is defined as a car that runs on alternative fuel and can be: BEV, PHEV, EREV, and FCEV. A charging station is treated as a charging point for calculation purposes, due to the lack of available data separating charging stations with 1, 2, or 3 charging points. Therefore, a charging station is a facility with one charger (charging spot). An electric vehicle charging station is equipment that connects an electric vehicle (EV) to a source of electricity to recharge it [73].



In this study, calculations were performed to present ratios between secondary data retrieved from the Passport business database [66]. Calculations are presented in an Excel file as Supplementary File S1. Equation (1) was used to calculate NEVCS, which is the number of electric vehicles per 1 charging station:


NEVCS = NEV/NCS



(1)




where:




	
NEVCS—number of electric vehicles per 1 charging station;



	
NEV—number of electric vehicles in country;



	
NCS—number of charging stations in country.








Equation (2) was used in this study to calculate the number of charging stations per 1 km2 (NCSKM):


NCSKM = NCS/AR



(2)




where:




	
NCSKM—number of charging stations per 1 km2;



	
NCS—number of charging stations in a specific country;



	
AR—area of analyzed country (km2).








In this scientific paper, the availability of the charging stations was also calculated with the use of Equation (3). Equation (3), the number of charging stations per 1 person (NCSP), and Equation (4), the number of people per 1 charging station (NPCS), were calculated in this study:


NCSP = NCS/P



(3)






NPCS = P/NCS



(4)




where:




	
NCSP—number of charging stations per 1 person;



	
NPCS—number of people per 1 charging station;



	
NCS—number of charging stations in specific country;



	
P—population of specific country (number of citizens).








Comparative tables were proposed to provide a global comparative cross-country analysis of the electromobility development and charging infrastructure. The tables’ content was calculated using all equations presented above and the secondary data presented in Supplementary File S1. Comparisons are consecutively presented as ranks in the following tables: countries with the highest number of charging stations (with one or more charging spots); the calculated ratio of electric cars per charging station; the ratio of charging stations per km2, and charging stations per citizen. Various articles, websites, and reports were consulted to determine the number of registered electric cars. These sources were complemented and confirmed by the Passport database. Observing secondary data led to the conclusion that the number of electric vehicles and charging stations must increase rapidly, particularly during the transition period when coexisting with gas stations [16,74]. The subject of the analysis, used as a second method, was data in the Passport business database [66]. Access to this database was provided by the registration via Wroclaw University of Business and Economics (Poland) and York University (Canada) proxy connections. In this database, two direct keywords were searched: “electric cars” and “charging stations”. There were data related directly to the electric cars registrations and car charging stations in the Passport database for years 2016–2021. The data collected for all electric car types registrations were counted in the thousands, while the charging stations were in measured units (despite their type). The data for the electric vehicles were aggregated and downloaded with default settings. The raw secondary data downloaded from the Passport business database are presented in Supplementary File S1. In this study, data significantly exceeding other numbers were excluded as outliers [75]. In addition, data reported by China (the People’s Republic of China) as the source of the non-reliable information [76,77] were also excluded.



In the section titled “Cluster Analysis Results”, the K-Means Clustering Algorithm method is explained in detail along with its results to improve the readability of this study.




3. Results


3.1. SLR Results


Industry 4.0 still poses challenges to a large group of automotive organizations and often creates opportunities related to the processes of their further growth (quantitative changes) or improvements and development (qualitative changes) [78]. Therefore, Industry 4.0 influences organizational management and cooperation between electric car producers and charging stations [79]. The number of publications is significantly lower than in the query where more general Artificial Intelligence is applied (Table 1).



The resource-based view assumes that no enterprise has all the required resources for effective performance [80]. This resource-based view results in paying attention to the association of the organization with the business environment [81]. This surrounding is the source of the resources that the organization is not able to produce independently. The desire to fill the resource gap pushes numerous organizations seeking to maintain or gain a competitive advantage, and some of them want to establish inter-organizational ties [82] and join the inter-organizational network (systems). Electric cars and charging station networks are examples of this. Vehicle manufacturers are rarely concerned with investing in a network of chargers, instead focusing on their vehicles [83]. On the other hand, there has been an expansion of companies producing and operating electric vehicle charging stations [84]. New companies providing charging services are following the official partners of large car corporations [85]. The creation of a new electric vehicle involves a high entry threshold, so there is interest in creating new service solutions [86].



The interorganizational networks are made up of at least two autonomous organizations that are becoming more similar to each other and growing the use of information technology with time [87]. The cooperation necessity with many stakeholders and business partners can bring surprises, discouragement, and resistance concerning the changes required in modern organizations that implement the Industry 4.0 infrastructure [88]. This infrastructure is crucial not only for the change in management and information. It also creates a similarity between autonomous organizations in the network [66]. However, the cooperation between organizations in such a system brings more positive than adverse effects. Companies specializing in a particular field are less likely to be re-branded, whereas newly established start-ups have the opportunity to fully adapt to the market and a given demand for specific services or products [13].



Industry 4.0 implementation in the organizations allows them to form a system and gain some organizational proximity. This organizational proximity is a crucial property of cooperating organizations. Additionally, the AI can influence the following: explaining competitiveness and efficiency sources, as well as stages and conditions for development; nodes’ basic identification features—transfer of research attention from ties to network nodes; relationship identification on the cooperative line in networks and innovation types. Industry 4.0 in organization management favors sharing information, knowledge, and technology. Therefore, Industry 4.0 is accelerating the change implementation. It is also intensifying development thanks to the practical cooperation benefits of building inter-organizational trust, reducing the level of business uncertainty [89,90]. Based on the development of electromobility, there is a phenomenon of co-opetition among the organizations responsible for charging networks [91]. Companies are trying to operate autonomously from each other and increase their number of points, but with the high level of competition, it is becoming impossible to operate independently. For this reason, subscription schemes are being created, which are based on the sharing of charging services between several operators. The assumptions of Industry 4.0 have a crucial expression in the electromobility market [92].




3.2. Tabular Comparison Results


The results of the tabular comparisons are gathered and presented in Supplementary File S1 in detail. However, the extract of these calculations is presented in four consecutive tables below. These comparisons were based on the calculation results of formulas 1–4. Therefore, the four categories were chosen to indicate a broad selection of the best developing countries. Table 2 presents the total number of charging stations in a given country (more is better in this case). Table 3 presents the number of registered electric cars per station (less is better). Table 4 indicates the number of stations per 1 km2 of national area (more is better). Table 5 presents the number of people per charging station (less is better).



The results of the Passport business database exploration were used this study. As a result, Table 2 presenting the number of charging stations (Table 2) and Table 3, Table 4 and Table 5 with the results of Equations (1)–(3) were proposed. Table 2 presents the number of public charging stations by country, due to available data from the Passport database [66,93]. The number of chargers indicates the available charging stations, regarding the output in 2021. The rank method in presenting calculated data was adopted also for Table 3, Table 4 and Table 5.



In Table 2, economically developed countries are distinguished, as the top 10 countries with the highest absolute number of charging stations. A significant development of electromobility is observed in highly developed countries, with a long history of the technological progress and discoveries [94,95]. For developing countries, there are no relevant data or the numbers are relatively small. This raises the research question of what influences EV development presented in the Section 1 of this paper.



Table 2 list the top ten countries from different continents, representing the continents of Europe, North America, and Asia. The largest number of charging stations in the world is located in the United States. The average across the list in Supplementary Files S1 is 15,687 charging stations per country. Sweden, as the lowest of the top 10, has more charging stations than the average result presented in Supplementary File S1. Countries that produce electric vehicles are leading the ranking (the USA, South Korea, Germany, France, the UK, Japan, Italy, and Sweden).



In Table 3, the ratio (NEVCS) of the number of electric cars (NEV) to charging stations (NCS), as indicated in Equation (1), is presented. Table 3 presents the selected top 10 countries, according to this ratio, but the full list is presented in Supplementary File S1.
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Table 3. The top 10 countries with the lowest number of electric vehicles per 1 charging station.






Table 3. The top 10 countries with the lowest number of electric vehicles per 1 charging station.





	No.
	Country
	NEV
	NEVCS





	1.
	Bulgaria
	418
	0.61



	2.
	Latvia
	569
	1.19



	3.
	South Korea
	115,137
	1.39



	4.
	Slovakia
	2271
	1.40



	5.
	Croatia
	1874
	1.99



	6.
	Turkey
	6000
	2.41



	7.
	Austria
	48,006
	2.76



	8.
	Czechia
	6608
	2.87



	9.
	Cyprus
	179
	2.89



	10.
	Hungary
	8548
	2.96







Source: Authors’ elaboration based on [66,96,97,98,99,100,101,102].











Table 3 presents the countries with the lowest NEVCS, the ratio of electric vehicles per charging station. This can be recognized as the theoretically better situation for EV drivers, because it means more flexibility of charging stations, smaller queues (accessibility), and, consequently, faster charging. Surprisingly, Bulgaria is the only country in the list with more charging stations than electric cars (ratio lower than 1). From the drivers’ perspective, this is a positive result, while from an economic point of view, it can mean selective use of the device and indicate the problem of network over-development. It should be taken into account that such a result is achieved through the very small number of cars registered in Bulgaria. However, there are large differences in the number of cars (EVs). The smallest NEV in the rank belongs to Cyprus, which, in the top 10 list compared to the largest (South Korea), is only about 0.0016‰ (Table 3). Countries with low numbers of electric cars are leading the way in the comparison in Table 3. The average number of electric cars registered in the researched countries is 123,248, presented in Supplementary Materials File S1. There is no country in Table 3 presented as one of the top 10 countries according the NEVCS factor list, which equals or exceeds the average of 11.58. This is because this is a reversed ratio. Hungary has the lowest value in the table, which corresponds to almost 3 cars per station.



The number of charging stations per 1 km2 were calculated according to Equation (2) in Table 4. The results presented in this table reflect the area of charging station density, as a charging stations per km2 factor of electromobility development.
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Table 4. The top 10 countries with the highest number of charging station per 1 km2.






Table 4. The top 10 countries with the highest number of charging station per 1 km2.





	No.
	Country
	Country Area (AR)
	NCSKM





	1.
	Netherlands
	37,377
	2.45442



	2.
	South Korea
	100,210
	0.82433



	3.
	Belgium
	30,666
	0.48855



	4.
	Luxembourg
	2595
	0.40231



	5.
	Malta
	316
	0.31646



	6.
	Slovenia
	20,273
	0.27426



	7.
	Austria
	83,878
	0.20754



	8.
	Switzerland
	41,285
	0.20119



	9.
	Germany
	357,569
	0.17538



	10.
	United Kingdom
	244,381
	0.15845







Source: Authors’ elaboration based on data in Supplementary File S1 and [66,103,104,105,106,107,108].











The results presented in Table 4 suggest that the more charging stations per 1 square kilometer, the better the situation for EV drivers. The density of charging stations, or their dispersion in Table 4, provides a preview of chargers’ availability. The average value in the whole analyzed list, presented in Supplementary File S1, is 0.14460 charging stations per square kilometer. Each of the listed items in the top 10 position exceeds this average score (Table 4). There is only one country (the Netherlands) with a value of NCKSM exceeding 2 charging stations per square kilometer. The first country’s score, the Netherlands, by almost 17 times exceeds the average value of the whole rank list of countries (Supplementary Fie S1). The rank of ten top countries with a NCKSM factor is closed by the United Kingdom with score of 0.15845, also higher than the average for the whole analyzed set of countries.



In Table 5, the number of citizens of each country per 1 charging station (NPCS) and the reversed ratio of the number of charging stations per person (NCPS) are presented. Those values were calculated according to Equations (3) and (4), respectively. The ascending value of NPCS was the basis for the countries rank of the top 10 countries listed in Table 5.





[image: Table] 





Table 5. The top 10 countries with the lowest number of citizens per 1 charging station.






Table 5. The top 10 countries with the lowest number of citizens per 1 charging station.





	No.
	Country
	Population (P)
	NPCS
	NCSP





	1.
	Netherlands
	17,475,415
	190
	0.0052496



	2.
	Norway
	5,391,369
	218
	0.0045788



	3.
	Slovenia
	2,108,977
	379
	0.0026363



	4.
	Iceland
	368,792
	391
	0.0025543



	5.
	Austria
	8,932,664
	513
	0.0019488



	6.
	Sweden
	10,379,295
	514
	0.0019463



	7.
	Luxembourg
	634,730
	608
	0.0016448



	8.
	South Korea
	51,305,184
	621
	0.0016101



	9.
	Belgium
	11,554,767
	771
	0.0012966



	10.
	Denmark
	5,840,045
	966
	0.0010353







Source: Authors’ elaboration based on [66,108,109,110].











The results presented in Table 5 suggest that with the decreasing number of citizens per charging station (possible users of the charging stations and EVs), the situation for electromobility development is better. This observation corresponds with the higher position of the country in the rank (Table 5) and the reversed ratio of NCPS. Therefore, from the user’s point of view, the accessibility is higher if fewer people share charging stations. The Netherlands tops the list with a ratio of 0.0052496 people per charging station (NCSP). The average value of NPCS is 18,688 citizens per charging station and an index of 0.0007617 of citizens per station (NCSP). Each country positioned in Table 5 is significantly above the average values of both calculated ratios. This comparison gives a preview of countries that are ready for the transition to electric vehicles in terms of providing charging points for the general population [47]. Denmark closes the table of the top 10 countries with a score around five times worse than the leading country. The comparison is particularly important for the further development of EV infrastructure. Assuming a ban on new internal combustion vehicles in 2035 [16], comparisons to the population may be appropriate when switching to an alternative vehicle power source.




3.3. Clusterization Results


The Passport Business Database (Passport) [66] was used as the source of data for the K-Means Clustering Algorithm method [111]. Data with exceptions identified and previously excluded from tabular comparisons were downloaded for the full analysis. The passport data related to EV registrations are divided into subsets of BEVs, PHEVs, and HEVs. The passport metadata also split data for charging stations into two types. The first type are the charging stations, which are the piece of infrastructure that provides electricity for charging EVs. Charging refers to a charging power that is less than 22 kW. The second type are fast-charge stations. This infrastructure element provides electric power for charging electric vehicles. Fast charging refers to a charging power greater than 22 kW [93]. Clustering analysis was performed on both categories of charging stations. However, only data for the year 2021 were collected for the analyzed countries.



The data were gathered in .csv format that consisted of countries and variables: charging stations, EV, NCSKM, NCSP, and NPCS, as indicated in Equations (1)–(4) and calculated in detail in Supplementary File S1. The next step was to remove outliers and unnecessary data. The following countries and regions were not considered, due to the outlier characteristics: Asia Pacific, Australasia, Western Europe, North America, China, Iceland, and the Netherlands. In the R environment, data were scaled by the scale R base function [112]. The Passport data were missing for some data; thus, they were complemented and verified by the additional sources and gathered in Supplementary File S1. The numbers related to citizens and area were acquired in the Passport Business Database [66]. To include a multivariate dataset, the factoextra R package was used [113]. In this package, Principal Component Analysis (PCA) was used to summarize the information contained in the continuous data’s dimensionality without affecting important information [114,115].



Figure 1 presents the cluster plot in two-dimensional space (Dim1 and Dim2). These dimensions are functionally equivalent to Principal Components (PCs). PCs are independent (orthogonal) to other PCs and are linear combinations of the original variables. In Figure 1, the horizontal dimension (Dim1) corresponds to the first principal component (PC1). PC1 is a new variable that explains 50.5% of the majority of the total variance of the original dataset variables. The vertical axis in Figure 1 (Dim2) refers to the second principal component (PC2), which explains 24.4% of the overall variance. Both PCs explain 74.9% of the overall variance.



The clustering method results presented in Figure 1 differ in color, shape, and area. Therefore, the three clusters were identified, and the researched countries can be classified as most developed, very developed, and least developed in terms of the factors that were taken into consideration. The detailed results of clusters are presented in Table 6, Table 7 and Table 8. Nevertheless, some relationships were discovered that occur in clusters. More specifically, cluster 1 represents countries that have a very well-developed maritime infrastructure that support the export of the produced electric vehicles. Therefore, cluster 1 was named as a cluster of the first pattern of electromobility development (Table 6).



Another cluster represents countries that are a mixture of countries with the developed maritime infrastructure allowing them trade and development, such as Japan, Belgium, or Sweden. However, most of the countries represented in the second cluster have access to the coastline or diversified geographically coastline. The exceptions are Luxembourg and Switzerland. Table 7 presents the second cluster named in the article as coastal-island.



The third cluster represents least developed countries (Table 8) that contribute least to the maritime infrastructure and are landlocked. Their development in terms of the in-depth technical aspect of electromobility development is also uncertain. In addition, this cluster consists of the largest number of countries in comparison to previous ones.



The fundamental principle of partitioning methods, such as K-Means Clustering, is to construct clusters in such a way that the total intra-cluster variation (calculate total within-cluster sum of square) is minimized. The total Within-cluster Sum of Square (WSS) assesses the clustering’s compactness, and best value is when the WSS is decreasing rapidly, but not unvarying. The elbow method [116] is a quantitative discriminant method used for establishing the optimal number of clusters in the clustering algorithm. The elbow method calculates total WSS as a function of cluster count (Figure 2). One should select a number of clusters such that adding another cluster does not significantly increase the total WSS. The optimal number of clusters determined by the elbow method steps is as follows:




	
Calculate the clustering algorithm (k-means clustering) for various values of k.



	
Calculate the total within-cluster sum of squares for each k (WSS).



	
Plot the WSS curve based on the number of clusters k.



	
The location of a bend (when WSS is decreasing rapidly) in the plot is commonly used to determine the proper number of clusters.








The silhouette analysis (Figure 2) evaluates the average distance between clusters and measures how well an observation is grouped. The silhouette plot shows how close each point in a cluster is to points in neighboring clusters. A large average silhouette width indicates that the clustering is robust. The average silhouette method calculates the average silhouette of observations for various k values. The ideal number of clusters k is the one that maximizes the average silhouette across a range of k values [116]. The algorithm is similar to the elbow approach and is as follows:




	
Calculate the clustering algorithm (k-means clustering) for various values of k



	
Calculate the average silhouette of observations for each k.



	
Plot the average silhouette method curve based on the number of clusters k.



	
The maximum location is regarded as the acceptable number of clusters.








In the upper part of Figure 2, the elbow method is presented. For data considered in this article, the use of the elbow method approach is to get an idea of clusters. It implies interpreting a line plot with an elbow shape. The number of clusters represents the number of elbow bends. The x-axis represents the number of clusters, while the y-axis represents the Within-Clusters Sum of Squares (WCSS) for each number of clusters. The elbow technique determined that three clusters are the optimal number.



Moreover, in the bottom part of Figure 2, the validity index is represented graphically by the silhouette’s method for the ten identified clusters. Figure 2 shows, on the x-axis, the number of clusters and, on the y-axis, the silhouette index. As can be seen in Figure 2, the maximum index value obtained in the analyzed range is for k = 3. Moreover, the identification of minimum values for k is close to 4 and 9, confirming that the range of partitions tested is appropriate for the analysis of the dataset under consideration. This confirms the number of clusters presented in Figure 1.





4. Discussion


Energy sector organizations operate in a network economy supported by infrastructure solutions based on Industry 4.0 [99,117]. The researched accessibility of the electric cars and density of the electromobility infrastructure in the form of a list of countries organized as ranks indicate that there are patterns of the electromobility development. There are three major patterns describing the relations between the number of electric vehicles and charging stations. These three patterns are presented in the form of the 3 clusters presented in Figure 1.



The main research of this study is that Industry 4.0 creates the space for the electromobility development [118,119]. The conditions of the modern economy are privileged by innovative organizations, using the latest technologies, which are under the Industry 4.0 influence. This is because pioneering and innovation are some of the cornerstones of the competitive advantages sought by organizations [120]. The Industry 4.0 technologies can support managerial decisions about inter-organizational cooperation, improve learning, creation, absorption, and commercialization of knowledge [121,122]. By analyzing the Industry 4.0 studies published so far, it has been discovered that they mostly discuss the technical aspects. This complex but beneficial situation is visible in cluster 1 countries.



Industry 4.0 organizations are striving to provide cutting-edge technologies [34,123]. Fleet electrification and investment in electric vehicle charging networks are such examples [124]. With a single hub location for charging, this does not pose major problems. Difficulties arise when wanting to create a network and provide conditions for electromobility development [50]. Problems can occur both when the scale is transferred vertically and horizontally (between countries). This planar shift is visible also in Figure 1, where clusters 2 and 3 provide charging infrastructure for cars produced mainly in countries from cluster 1. In terms of vertical scale, households consume relatively small amounts of electricity, with a standard connection power of 12.5 kW with 3 phases [125,126]. In the case of charging electric cars with normal power of up to 22 kW or high power of up to 400 kW [56], currently, there is a much higher power consumption, which was previously rare [127,128]. The differences in electricity consumption between countries in cluster 1 are the reason for its vertical span, wider than in other clusters. Obstacles can be outdated electrical installations that need to be extensively upgraded to accommodate EVs [116,129]. In commercial buildings, there is more power available, but in single-family homes, the increase in power comes at a significant cost [51]. The investment in building fast charging stations and adapting the infrastructure promises an uncertain return on investment [130]. In order to make the development of new stations viable, states may subsidize charging stations and the costs associated with charging [86]. However, the research question arises after the development of the charger network whether the energy capacity of the economies will sustain the demand caused by electric vehicles. This topic will be explored further in future research.



New technology, which charging stations are also commonly considered to be, is not always entirely innovative. For example, the access control to the charger was introduced as verification using RFID cards [131]. The current trend is to move away from physical items and even replace payment cards with a phone [132]. The introduction of physical RFID cards has added a complication [133] despite the research in this study of chargers’ availability. Different manufacturers started to use their cards, so an electromobility development journey required several cards [134], for example, one for own home stations and another with access to a particular operator. The various cards for several operators are currently being leveled by providing the possibility of controlling one’s own card, which is programmed for several separate companies [135]. The latest start-ups are introducing wireless control of charging sessions using a smartphone [136]. What might have seemed obvious (as even cars are controlled from an app) is only now being implemented in the charging station market [137]. Only by implementing full online verification is it possible to create common networks and facilitate communication between points. The solution comes from The Open Charge Point Protocol (OCPP) that allows the electric vehicle, charging station, and management system to communicate with each other [138]. Those two technical aspects are part of Industry 4.0 but are not presented in the statistical analyses presented in this article. There are other consequences; this Industry 4.0 revolution changes everything in business, from business models and their matching with strategies to customer service. Those subjects create another possible direction of the further studies.



In the results of tabular comparisons, the appearance of outlier results is observed. This is due to the low number of electric cars in the Netherlands, relative to charging stations. Iceland is an outlier due to the small population. Developed countries are meeting the conditions of the environmental and networked economy, in which, along with a high level of capital, investment is being made to improve the environment—in this case, through electric vehicles and all infrastructure. The Netherlands has an exceptionally developed electromobility on a global scale. It achieves high scores in many comparisons. It is definitely several years ahead of its development. As an EU country, it raises the interesting question of when the EU average will equal the Netherlands’ 2021 level of development.



Another trend is in the tourist countries, where there is a relatively high number of charging stations despite the small number of electric cars registered in the country. This may illustrate an adaptation of the needs of the developed country customer rather than a concern for the environment. Developing countries are the largest, relatively EV-developed group. For these countries, a complete change to electric vehicles could prove to be a major obstacle to electromobility development. In the example of Bulgaria (Table 3), there are more charging stations than electric vehicles in the country as a whole. In the case of Cyprus, Turkey, Croatia, and Bulgaria, the relatively high number of charging stations [139] can indicate an orientation toward external visitors to the country (tourists).




5. Conclusions


Since 1905, the global road infrastructure has gradually adapted to accommodate combustion vehicles. Petrol stations have become a permanent feature of the landscape across the globe. However, in the 21st century, electric cars have been acknowledged again and it has been decided to completely change the current market. The European Union has already mandated the possibility of buying only electric cars from 2035 [16]. It involves building an entirely new infrastructure and modernizing the entire energy sector dedicated to the electromobility [140]. Charging stations for electric cars as an essential product for EVs are starting to become a new reality. This entails upgrading electrical installations and an increased energy resource, leading to more consistent low-carbon energy sources. Therefore, this study answered positively the RQ whether the number of charging stations has an impact on the number of electric cars. The topic of electric cars and charging stations has saturated the research community in recent years, and although the number of publications presented in this study is relatively high, there are still research gaps that this research attempted to address.



This research aim was achieved by presentation of the qualitative and quantitative results from recognized databases. Presented in this research, qualitative results included the formulation of definitions, which vary in the scientific literature. On the other hand, the quantitative results of analyzed secondary data from 2021 pointed at the patterns of the electromobility development. The first was the tabular comparison, where the top 10 countries in four categories were selected for an extensive analysis of the theme of charging stations. The recurring countries were then described. However, their whole collection was then the subject of the clustering algorithm method. In the results, the first pattern was represented by countries that have a developed economy, produce electric cars, have a significant number of car chargers, and have developed a maritime infrastructure supporting the export of the produced cars. The second pattern was represented by countries of the second cluster that not only have a domestic production of the electric cars influencing their position in the ranks, but also develop the car chargers’ infrastructure. The third scenario represented countries of the third cluster where the import of the electric cars or their production is lower than the number of car chargers. The third group of countries also represented a different level of the adoption of the Industry 4.0 idea. The limitations of this research were databases and the data reliability. The Scopus and Passport databases require a standard academic subscription, which can be a source of the limitations for those who would like to replicate this study. Next to the accessibility is the structure of the data available to be exported from the database. There is a limitation of the used SLR variation method related directly to the queries formulation. The main problem with the obtained results is the large number of synonyms and the variety of spellings for the matched results. The secondary data availability is also a limitation of this part of study. The newest and most reliable data related to the numbers of registered electric vehicles are from the end of 2021 [141,142]. There are other questions opened by the provided analyses, related to the energy generation and consumption. In this study, the electromobility development measured by the number of the electric vehicles and the availability of car chargers does not reflect the required energy consumption growth, but presents an interesting pattern of the countries with a highly developed industry and transportation system (also maritime). A limitation of the method of comparing different countries with each other is that it is not possible to determine the unique trend, so outliers appeared and had to be excluded. Therefore, the method was complemented by the clustering algorithm method to overcome this limitation. Then, the main limitations of this paper were omitted by the usage of three methods used in the sequence. Therefore, this article is not only conceptual in its nature, but also provides a preview into methods that can be employed by the practitioners and scientists.



The theoretical contribution of this paper is placed in measurement of electromobility development, indicating countries not only as leaders of the trend but also patterns of the conditions provided for such a change. Another scientific contribution is a review of the secondary statistical data and their usage in calculations, to answer positively the RQ about relations between the number of electric vehicles and car chargers. The third theoretical contribution of this study is based on the exploration of the two gaps. The first is the knowledge gap about the definitions used in the scientific papers. The second is the taxonomic gap, which is satisfied in this study by the ranks in different aspects. In the future, the characteristics of the charging stations allow the use of machine learning and indicate patterns of the electromobility development. This is one of the possible research avenues associated with the exploratory research gaps.



The methodological contribution of this research paper is based on the used set of methods to explore the subject literature and business data. The bibliometric study based on the SLR variation with queries can be an initial step in the exploration of the research problem expressed in the RQ.



The practical contributions of this paper can interest researchers, managers, and policymakers interested in the energy sector and electromobility development. Presented in this study, the high number of charging stations may indicate a good level of electromobility development, but when compared to cars in use, area, or population, the indicators change significantly. For example, this is a useful indicator to check the development in terms of total conversion to EVs, but does not take into consideration actual users. The limitation of the classic comparison can be seen in the context of the distances between car chargers, which open perspectives for the new studies. Denser charging networks are expected in more populated areas. This specific direction of the electromobility development involves both managerial and technological solutions. The results of this study can serve as a prerequisite for increasing the effectiveness of public decision making, as evidence of the positive relation between electric vehicles and car charging stations in electromobility development.



The novelty of this study is based on the identification of the patterns of electromobility development presented in the logic sequence of methods, The article provides an overview of the existing literature on Industry 4.0 and electromobility development relations. However, the effects on the management of the companies that use the Industry 4.0 technologies and form inter-organizational networks should be examined in the future in the broader context of the electric vehicles chargers networks [143]. Another novelty of this study is based on the identification of leaders in the presented ranks and clusters. A presentation of the existing research gaps and identification of the main directions of future research constitute another novel feature of this study. The next research study should also define criteria for non-technological aspects of Industry 4.0 in the electromobility issues and how these should be treated. The new possible direction of the research method can be the use of the bibliometric software to analyze the literature in-depth by the bibliometric maps.
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Figure 1. Clustering of charging stations data for different countries. Source: Authors’ elaboration based on [66]. 
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Figure 2. Determining cluster k numbers. Source: Authors’ elaboration. 
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Table 1. Quantitative research gap analysis based on keyword search in Scopus (1 August 2022).
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	No.
	Query Syntax
	No. of Results

(1 August 2022)





	1
	(TITLE-ABS-KEY (“industry 4.0”)) AND (“charging stations”)
	28



	2
	(TITLE-ABS-KEY (charging AND stations)) AND (electric AND vehicles) AND (“industry 4.0”)
	34



	3
	(TITLE-ABS-KEY ((charging AND stations) AND (artificial AND intelligence))
	120







Source: author’s elaboration.
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Table 2. Top 10 countries with highest absolute number of charging stations.
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	No.
	Country
	NCS





	1
	USA
	123,000



	2
	Netherlands
	91,739



	3
	South Korea
	82,606



	4
	Germany
	62,711



	5
	France
	54,653



	6
	United Kingdom
	38,722



	7
	Japan
	32,100



	8
	Italy
	26,860



	9
	Norway
	24,686



	10
	Sweden
	20,201







Source: Authors’ elaboration based on data collected in Supplementary File S1 based on [66].
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Table 6. Countries of the first cluster—electric vehicles producers.






Table 6. Countries of the first cluster—electric vehicles producers.





	No.
	Country
	Country Code





	1.
	United States of America
	USA



	2.
	France
	FR



	3.
	Germany
	DE



	4.
	Norway
	NO



	5.
	South Korea
	KR



	6.
	Great Britain
	GB







Source: Authors’ elaboration based on data in Supplementary File S1.













[image: Table] 





Table 7. Countries of coastal-island cluster.
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	No.
	Country
	Country Code





	1.
	Japan
	JP



	2.
	Sweden
	SE



	3.
	Belgium
	BE



	4.
	Slovenia
	SI



	5.
	Malta
	MT



	6.
	Austria
	AT



	7.
	Luxembourg
	LU



	8.
	Switzerland
	CH



	9.
	Finland
	FI



	10.
	Denmark
	DK



	11.
	Spain
	ES



	12.
	Italy
	IT



	13.
	Canada
	CA



	14.
	India
	IN







Source: Authors’ elaboration based on data in Supplementary File S1.
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Table 8. Countries distinguished in the third cluster.
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	No.
	Country
	Country Code





	1.
	Poland
	PL



	2.
	Greece
	GR



	3.
	Chile
	CL



	4.
	Brazil
	BR



	5.
	Romania
	RO



	6.
	South Africa
	ZA



	7.
	Australia
	AU



	8.
	Mexico
	MX



	9.
	Turkey
	TR



	10.
	Lithuania
	LT



	11.
	Thailand
	TH



	12.
	New Zealand
	NZ



	13.
	Cyprus
	CY



	14.
	Ireland
	IE



	15.
	Portugal
	PT



	16.
	Czechia
	CZ



	17.
	Estonia
	EE



	18.
	Bulgaria
	BG



	19.
	Hungary
	HU



	20.
	Croatia
	HR



	21.
	Slovakia
	SK



	22.
	Latvia
	LV







Source: Authors’ elaboration based on data in Supplementary File S1.
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