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Abstract


This study explores the challenges associated with long-distance travel exceeding 2000 km using an electric vehicle (EV) on a route spanning multiple countries, from Bulgaria to France. A dedicated research methodology was developed, selecting a specific route and EV for analysis. The findings indicate that the energy consumption along the entire route averaged approximately 0.18 kWh/km under a load of around 240 kg. Furthermore, the study identified key challenges faced by EV drivers, particularly in locating charging stations and securing electric energy supply. Based on the results, several recommendations are proposed to enhance charging infrastructure conditions and mitigate driver uncertainty.
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1. Introduction


In contemporary society, individual mobility remains heavily dependent on internal combustion engine (ICE) vehicles, which significantly contribute to climate change. However, in recent years, one of the most transformative shifts in the mobility sector has been the growing integration of electric vehicles (EVs) into daily life. Market data and numerous studies indicate that the public acceptance of EVs will continue to rise [1].



Electric vehicles represent a promising technology for achieving a sustainable transport sector due to their near-zero carbon emissions, low noise levels, high efficiency, and operational flexibility, including grid integration capabilities [1,2,3,4,5]. Encouraging EV adoption aligns with the European Union’s ambition to become the first climate-neutral continent by 2050, necessitating ambitious transport-sector changes to achieve a 90% reduction in transport-related greenhouse gas emissions by 2050. While EV usage is already widespread in urban environments for short-distance commuting [3], their deployment for long-distance travel remains constrained by factors such as limited range per charge [1], prolonged battery charging times (30–40 min to reach 80% capacity), and inadequate charging infrastructure [6]. Cross-border travel with EVs presents additional complications, given the disparities in charging infrastructure across different countries.



Research in this field primarily focuses on two key areas: determining the power requirements of EVs—where models such as VSP [7] and VT-CPEM [8] are assessed using simulations and real-world data from vehicles like the Nissan Leaf [9]—and analyzing actual energy consumption and its forecasting under various conditions [10,11].



For instance, a study in Denmark analyzed data from over 230,000 EV trips using models like the Citroën C-Zero, Peugeot Ion, and Mitsubishi i-MiEV [10]. These trips were predominantly short-distance commutes, revealing an average energy consumption of 18.3 kWh/100 km and an optimal speed range of 52–60 km/h at an ambient temperature of 14 °C. Moreover, it was observed that winter energy consumption increased by 34% compared to summer, reaching 22.5 kWh/100 km [10]. Another study [11] confirmed that EVs are more energy-efficient in urban settings compared to highway driving. The studies were mainly conducted over short distances, but were conducted over a period of 5 months with a converted Nissan D21 electric vehicle and confirm the results obtained by other authors.



The present research builds upon these studies by conducting a real-world experiment to highlight key challenges in utilizing EVs for long-distance travel across multiple countries. The study also provides recommendations for policymakers in designing a more comprehensive European electric mobility system.



Through this study, the novelty that is proposed is related to the fact that, based on a real experiment, the main problems in the use of electric vehicles (EVs) for long-distance travel, passing through several countries, have been highlighted, and recommendations have been made to policymakers for future work in designing a comprehensive (broad) electric mobility system in Europe.




2. Literature Review


The existing literature contains multiple studies on long-distance EV travel, yet most are confined to single-country assessments. A simulation-based study along the Paris-Lyon highway (France) [12] yielded insights useful for vehicle manufacturers, policymakers, and charging infrastructure planners. According to the International Energy Agency (IEA) [13], current limitations in battery capacity and charging times remain the primary obstacles to long-distance EV travel. However, significant advancements in ultra-fast charging stations and battery technologies are anticipated over the next decade.



The issue of routing in electric vehicles, as discussed in [14], is regarded as one of the principal focal points of contemporary scientific research. Numerous studies closely examine the challenges associated with the adoption of electromobility. Particular attention is warranted for cross-border travel, as it entails a multitude of complexities, including disparities in charging infrastructure, standardization of charging protocols, variations in pricing models and payment methods, administrative and regulatory barriers, as well as constraints related to driving range and charging duration.



The distribution of charging stations for electric vehicles varies significantly across different countries. While nations such as Germany, France, and the Netherlands have established well-developed networks of fast-charging stations, others, including Bulgaria, Romania, and Greece, exhibit substantial gaps in infrastructure. Accessibility remains particularly limited in rural and remote areas.



The existence of diverse connector standards leads to interoperability issues between networks. Furthermore, different operators require distinct access cards or mobile applications, complicating user convenience.



A standardized payment system is lacking—some charging stations accept credit cards, whereas others operate exclusively on a subscription basis. Disparities in charging costs between countries further complicate expense planning for electric vehicle users.



Each nation enforces distinct regulations governing the operation of charging stations. Moreover, varying policies on electric vehicle incentives contribute to the uneven development of charging infrastructure.



Most electric vehicles have a range of approximately 300–500 km, necessitating frequent charging stops. Even at fast-charging stations, the time required to recharge remains considerably longer than refueling with conventional fuels, particularly given the inherent power limitations of battery technology.



All these factors underscore the necessity of identifying optimal routing solutions for electric vehicle travel, as examined in [14], alongside a broader analysis of the challenges associated with the adoption of electromobility.



Numerous authors have proposed models addressing specific challenges and their corresponding solutions. In [15], a routing framework for electric vehicles is presented, wherein the primary objective is to determine the fastest route with recharging stops while accounting for dynamic road conditions and battery capacity constraints. The authors propose an efficient algorithm that integrates classical routing techniques with adaptive real-time data processing methods. The study includes an analysis of computational complexity, simulation results, and comparisons with alternative methodologies.



The minimization of the maximum travel distance for electric vehicles, considering battery limitations and charging station availability, is examined in [16]. Numerical investigations have been conducted using randomly generated datasets for fleet routing, incorporating certain modifications from existing literature. The effectiveness of the proposed methods is assessed through extensive computational experiments.



Optimization strategies for routing are explored in light of technological advancements, particularly the potential integration of mobile energy diffusers for on-the-go recharging of electric vehicles [17].



In [18], a strategy for “Route Optimization Related to Vehicle Propulsion” is proposed, wherein the dynamics of vehicle propulsion are incorporated into the route optimization process.



The shortest path problem in the context of optimal electric vehicle (EV) routing is analyzed in [19]. The authors consider constraints such as battery capacity and the necessity of recharging, which complicate the classical shortest path problem. They propose an extended routing model that accounts for both route length and energy consumption, incorporating recharging possibilities along the way. Algorithms are formulated to compute optimal routes that minimize travel time while factoring in variables such as topography, traffic conditions, and charging station availability. The proposed methods enhance route planning efficiency for electric vehicles compared to traditional shortest path algorithms.



The issue of identifying energy-optimal routes for electric vehicles is addressed in [20]. The primary aim is to develop algorithms that minimize energy consumption during travel, rather than merely identifying the shortest or fastest route. The proposed algorithms employ preprocessing of cartographic data and dynamic route recalculations to ensure optimal outcomes.



Although still a relatively new field, research on electric vehicles and charging infrastructure has already produced numerous well-regarded studies [21,22]. At the same time, there remain many areas for further investigation.



As highlighted in [23], changes in human mobility are not solely driven by technological innovations such as autonomous and electric vehicles or advancements in connectivity and data communication. Instead, they are often shaped by social behaviors. Other researchers emphasize the necessity of interdisciplinary research to address the multifaceted challenges of electromobility. For instance, [24] calls for a deeper exploration of the social, economic, and political dimensions of electric vehicle adoption, including issues of equity and access to charging infrastructure. The assessment of consumer preferences regarding electric vehicles represents a dynamic and evolving area of literature.



Several studies have focused on electric buses in urban environments, developing models [25] and predicting energy consumption using real-world data processed through machine learning-based mathematical models [26]. These studies reveal that energy consumption in urban conditions increases with rising ambient temperatures, high-intensity traffic flow, and frequent stops at intersections. Conversely, it can decrease under sunny weather conditions and during travel at higher speeds. However, the authors acknowledge that many of these findings are derived primarily from simulations and computational analyses rather than empirical testing. Real-world studies involving 12 m electric buses have been conducted in [27], where researchers found no strong correlation between average speed and energy consumption, suggesting the need for further investigation due to the simultaneous influence of multiple factors. This highlights a predominant research focus on electric buses, which are becoming increasingly integrated into public transportation systems. Meanwhile, data on long-distance electric vehicle travel remains scarce or insufficiently documented.



Empirical studies conducted under real-world conditions can follow two primary approaches. The first involves determining the energy-economy characteristics of electric vehicles, assessing energy consumption under sustained travel at various constant speeds and across different road inclinations. The second approach consists of conducting real-world travel experiments along routes traditionally used by internal combustion engine vehicles.



A review of the existing literature reveals that while many crucial aspects of electric vehicle adoption have been explored, there is a noticeable lack of documented real-world experiments on cross-border travel in Europe. This is particularly significant, as such studies are essential for the development of charging infrastructure and the seamless integration of electric vehicles into the continent’s transportation network. A real-world experiment could provide valuable insights into how infrastructure heterogeneity affects travel experiences, the specific challenges that arise when driving through different countries, and how electric vehicle users navigate these obstacles.



Real-world factors—including road characteristics, climatic conditions, traffic congestion, and vehicle load—can significantly impact energy consumption and driving range. Conducting experiments under actual conditions would yield critical data for optimizing routes and charging strategies during long-distance travel, ultimately improving energy efficiency. Empirical data from such experiments could also illustrate how electric vehicles contribute to reducing carbon emissions on long journeys.



Given that recharging electric vehicles takes considerably longer than refueling at conventional petrol stations, a real-world study could assess the time consumers spend at charging stations during extended trips and evaluate its impact on route planning and travel duration. Additionally, such an experiment could serve as a testing ground for emerging charging technologies—such as ultra-fast chargers and wireless charging—assessing their compatibility with various electric vehicle models and their potential role in shaping future infrastructure developments. Europe hosts a diverse array of payment platforms and applications for charging, varying by region and operator. A real-world experiment could offer crucial insights into the obstacles and inefficiencies associated with payment systems during cross-border travel—an essential factor for improving system integration. Furthermore, conducting a real-world study would provide valuable data for assessing the effectiveness of existing European mobility and decarbonization policies. Such an analysis could help identify both the successes and shortcomings of EU regulations and standards in the context of international electric vehicle travel. Evaluating the user experience during cross-border journeys is another vital aspect, encompassing both emotional and psychological factors such as the stress of locating charging stations, long waiting times, and the potential lack of available chargers. A real-world experiment could identify the most pressing challenges faced by electric vehicle drivers and suggest improvements to enhance the overall user experience.



The present study examines an experiment in which an internal combustion engine vehicle is replaced with an electric vehicle to determine the feasibility of long-distance travel spanning multiple countries over a distance exceeding 2000 km.




3. Materials and Methods


The five main components of the research methodology, along with their sequence, are summarized in Figure 1: case definition, data collection from various sources, selection, experimental research, and, finally, calculation of average performance metrics along the route.



Case Definition



The case definition process consists of four steps: the first two involve a literature review on EVs and their charging infrastructure, a study of road infrastructure and potential routes from Ruse to Paris, and an examination of the temporal horizon.



Literature Review on EVs



As of March 2024, there are 13,466 registered EVs in Bulgaria, comprising a highly diverse fleet that includes various brands: Tesla, Dacia, BMW, Hyundai, Mercedes, Volvo, Renault, Volkswagen, Opel, Kia, Peugeot, Skoda, and others. EVs are available in a wide range of sizes and configurations, from compact urban cars to larger models, with the range of each model on a single charge varying according to specific attributes. On average, EVs can travel between 150 and 400 km on a full battery charge, as indicated in the literature [28,29]. However, this range is influenced by numerous factors, such as weather conditions [4,30], road conditions and gradients [31], traffic intensity, driving speed, battery degradation, and others [32,33].



Literature Review on EV Charging



Compared to conventional vehicles, EVs still have a significantly lower range-approximately 380 km (average range among 10 passenger EVs currently on the market)-and thus require more frequent recharging. Charging time depends on the type and capacity of the vehicle’s battery as well as on the charging point’s capacity (Table 1). While “slow” and “normal” chargers are more suitable for home or office charging cycles, “rapid” and “ultra-fast” chargers are better suited for highways and major road networks. Drivers often express concerns that their EV may not have enough range to reach their destination [1] and that charging may require waiting in line if charging posts are already occupied. These concerns are exacerbated by the range limitations and worries about the availability of charging stations along the route.



The availability of charging infrastructure varies significantly across countries, with payment systems lacking standardized minimum requirements and insufficient user information. It is worth marking that national fuel station chains have integrated charging posts at many of their locations along highways.



Within Europe, and particularly the EU, there is a unified standard for EV charging plugs (Type 2 and Combo 2 Combined Charging Systems).



According to Annex II of the EU’s Alternative Fuels Infrastructure Directive (AFID) [35], alternating current (AC) charging points for EVs must be equipped, for interoperability purposes, with at least open Type 2 sockets or connectors for vehicles, as specified in standard EN 62196-2.



The AFID (Annex II) mandates that high-power direct current (DC) charging points for EVs be equipped, for interoperability purposes, with at least Combo 2 Combined Charging Systems, as outlined in standard EN 62196-3.



The distribution of charging stations remains uneven, as there are no clear and consistent minimum infrastructure requirements to ensure EV mobility across regions. This is largely driven by private initiatives and investments rather than cohesive strategy and standards. The lack of harmonized payment systems with minimum requirements, along with real-time information on station availability and service billing, further complicates long-distance EV travel.



Preliminary destination selection and study of road infrastructure and potential routes.



The initial criteria for destination selection are as follows:




	-

	
A route exceeding 2000 km in length;




	-

	
Passing through multiple countries;




	-

	
The team should have no prior EV charging experience before the experiment.









Following these conditions, the chosen destination was Ruse, Bulgaria, to Paris, France.



For this destination, two main route options were considered:




	-

	
Traveling exclusively within the EU (Bulgaria, Romania, Hungary, Austria, Germany, France), as shown in Figure 2.









	-

	
Traveling through both EU and non-EU countries (Bulgaria, Serbia, Croatia, Slovenia, Austria, Germany, Belgium, and France*), as shown in Figure 3.



*An alternative route, shorter than the one selected, exists.
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Figure 3. Route from Ruse to Paris through EU and non-EU countries. 






Figure 3. Route from Ruse to Paris through EU and non-EU countries.
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Study of temporal horizon



The energy consumption of an EV depends on weather conditions, with literature indicating that in some cases, winter energy consumption increases by more than 20%, while in hot summer conditions it rises by more than 10% [28,29].



Data collection from various sources



During the research development, both existing and new data were collected. The research team developed a data collection plan, specifying sources, scope, methods, and timelines relevant to the study. The data collection process is illustrated in Figure 4. To track trends and provide reliable information for analysis, the appropriate study period was established, ensuring access to historical data.



The collected data are substantial in volume and are characterized by exceptional heterogeneity in terms of format, presentation method, temporal scope, territorial coverage, complexity, and volume.



Data from institutions were obtained through an exchange of letters requesting information provision. Following an examination of public sources, the necessary data for the research were extracted. The organization of data acquisition from institutions and public sources serves as a guarantee of their quality.



Through independent investigations, data essential for the research were secured, as well as additional data for analytical purposes.



To overcome the challenges in evaluating the collected data, they were systematized according to their applicability, sources, and scope. Data evaluation was conducted through an analysis of their quality, availability, and timeliness of receipt. The applicability of the data for performing the necessary analyses is contingent upon their quality.



Through independent investigations, the data essential for the research were secured, as well as additional data for analytical purposes.



Figure 5 illustrates the block diagram of the processes involved in data collection.



Selection



This stage is related to the selection of the EV for the experiment, the route, the temporal horizon, and the development of a schedule for movement along the route.



Selection of EV: For the purposes of this study, a new Peugeot e-2008 was purchased and registered in March 2023. That year, the model was manufactured with two different battery capacities: one with 50 kWh and another with 54 kWh. The vehicle used for the study was equipped with the following technical specifications, as documented in the technical manual:



Autonomous range: 330–342 km, aligning closely with the European average at the time.



Battery capacity: 50 kWh lithium-ion battery.



Electric motor power: 100 kW, front-mounted.



Curb weight: 1623 kg.



Maximum speed: Electronically limited to 150 km/h.



Average energy consumption (WLTP cycle): 15.7–16.1 kWh/100 km.



The car is traveling with two passengers and luggage, i.e., a load of around 240 kg.



Route selection: The route was chosen to pass through countries outside the EU and through several EU member states. The requirement to assess the degree of compatibility between the charging infrastructure conditions in the two groups of countries (EU and non-EU) and to guarantee a wider sample size for the study prompted the decision.



The team’s selected rest stops also influenced the decision to pass through specific cities.



Route: Ruse, Bulgaria–Vidin, Bulgaria–Belgrade, Serbia–Zagreb, Croatia–Maribor, Slovenia–Salzburg, Austria–Munich, Germany–Wuppertal, Germany–Liège, Belgium–Paris, and France.



Figure 3 illustrates this route.



Selection of time horizon for the experiment: A variant for the experiment during the summer period was chosen, as it is a lighter period in terms of energy consumption (including auxiliary load restrictions if necessary).



Experimental Study



Study route: It coincides with the one chosen in part 3.



Charging points: They are selected based on the publicly available data about public charging stations.



Execution of the movement schedule: A comparison is made with the planned schedule.



Calculation of average performance indicators for the route



Travel time: This is the total travel time—    t   m o v e     and the time for charging breaks—    t     c h a r g e   a l l      , and for other breaks (for recreation)—    t   s t a y    :


  T =   t   m o v e   +   t     c h a r g e   a l l     +   t   s t a y   ,   min .  



(1)







The charging breaks time is the sum of the charging preparation times     t   p r e p a r a t i o n     and charging time     t   c h a r g e    :


    t   c h a r g   e   a l l     =   t   p r e p a r a t i o n   +   t   c h a r g e   ,   min .  



(2)







Time for EV charging preparation,     t   p r e p a r a t i o n    : This is the time required to initiate charging, which includes familiarizing oneself with the terms of use of the respective charging station provider, ensuring compliance with the necessary requirements, and connecting the station’s plug to the EV.



It is important to note that the research team engaged with the charging stations for the first time, resulting in extended setup durations. As a result, the preparation for charging during the initial meeting required more time than with a known and previously utilized charging infrastructure.



EV charging time,     t   c h a r g e    : The actual time during which the EV battery draws electricity from the charging post and for which the service is billed.



Energy consumption of the EV: This refers to the charged energy at each of the   n   stations during the study, denoted as     E     c h a r g e d   i      , for   ( 1 ≤ i ≤ n )  . The specific energy consumption for each trip between two charging sessions is represented as     E   S E C    , as well as the total charged energy consumption     E   t o t a l    , without considering the amounts of regenerated energy during movement.



The total energy utilized by the EV,     E   t o t a l     is the sum of the charged amounts at each charging post:


    E   t o t a l   =   ∑  i = 0   n      E     c h a r g e d   i       ,   kWh .  



(3)







The specific consumption refers to the expenditure of electricity per kilometer traveled under certain conditions.


    E   S E C   =      E     c h a r g e d   i         S   i      ,   kWh / km ,  



(4)




where     S   i   ,   ( k m )   represents the actual distance traveled by the EV to the respective charging point   i   from charging point   ( i − 1 )  .



Utilization of Charging Infrastructure for EVs: The primary criterion for the utilization of charging infrastructure is, of course, its actual condition—operational or non-operational. Additionally, its functionality is assessed based on multiple criteria that determine the factors influencing its use, such as location, information availability, amenities, payment options, and others. Possible external factors that could hinder its utilization are also identified.




4. Results


During the course of the study, a distance of 2984 km was covered under various speed regimes and ambient temperatures, along with diverse road conditions and varying degrees of auxiliary load utilization.



The time allocated for charging breaks, calculated using (2), is:



    t   c h a r g   e   a l l     = 296 + 813 = 1109   min ≈ 18.48 h.



The total travel time, calculated using (1), is:



  T = 2444 + 1109 + 2822 = 6375   min ≈ 106.25 h.



The total energy consumed by the EV, calculated using (3), is:



    E   t o t a l   = 506.86   kWh.



Following the methodology, (4) has been applied under various driving modes and conditions. The results are summarized in Table 2 and graphically represented in Figure 6 and Figure 7.



The charging stops for the electric vehicle were conducted according to Table 3. The first charging session (Position “0”) was carried out at home, using a standard 220 V electrical grid in Ruse, Bulgaria. In all subsequent cases, charging was performed at commercial charging stations.



In three instances, highlighted in orange in Table 3 (Positions 4, 12, and 14), attempts to charge the vehicle were unsuccessful due to malfunctions or incompatibilities at the charging stations. As a result, it was necessary to locate the nearest available station in the area. This underscores one of the significant risks faced by electric vehicle drivers—without reserving sufficient battery capacity to reach an alternative charging station, they risk being stranded. To mitigate this issue, real-time information on the operational status of charging stations and their current occupancy is crucial.



In Serbia (near Belgrade) and Croatia (around Zagreb), severe traffic congestion was encountered, often requiring long stops and idling in dense queues under high ambient temperatures (30–34 °C). This had a notable impact on energy consumption, as prolonged stationary periods in high heat conditions increased battery drain. Overall, navigating through major urban areas proved to be one of the most significant risk factors for range efficiency.



The green-highlighted entry in Table 3 (Position 10) represents a charging station where the journey resumed with auxiliary loads activated (air conditioning system). The decision to turn on climate control was based on Austria’s well-developed fast-charging infrastructure (stations over 80 kW were spaced approximately 50 km apart), significantly lowering the risk of failing to locate a charging point. Additionally, moderate ambient temperatures (20–23 °C) in the mountainous terrain reduced the strain on energy consumption.



In Germany, with the exception of the Munich region, where the temperature rose to around 30 °C, the rest of the journey took place in milder conditions (23–24 °C). However, high traffic volumes on the autobahns frequently led to congestion, limiting speeds and increasing stop-and-go driving. In some segments, the vehicle was able to maintain higher speeds of approximately 120 km/h, which contributed to greater deviations from the expected range due to increased energy demand.



These findings highlight how external factors such as traffic density, climate conditions, and charging station reliability significantly influence energy consumption and travel efficiency for long-distance electric vehicle journeys.



The most sparsely distributed charging stations were encountered in Bulgaria and Serbia. In Bulgaria, the route followed primary roads where charging stations are currently under development. In Serbia, the route passed through two distinct segments:



The first section, from Bulgaria via the Vrška Čuka border crossing to the Niš–Belgrade highway, had very few charging stations.



The second section, along the highway, featured a higher number of charging stations, improving accessibility.



In contrast, in Croatia, Austria, Germany, Belgium, and France, fast-charging stations were well-distributed throughout the journey, which primarily followed major highways, ensuring greater convenience for long-distance travel.



From the information presented in Figure 6, it can be concluded that, during travel without auxiliary loads, losses due to discrepancies in mileage are primarily influenced by the speed modes, while specific consumption varies depending on both the speed modes and ambient temperature in a timely manner.



Table 4 shows the mean and boundary values of the four key indicators assessed during the journey: ambient temperature, vehicle speed, losses due to discrepancies in mileage, and specific fuel consumption when driving without auxiliary loads. The data that was processed with IBM SPSS Statistics 26 shows that the temperature ranges from 24 to 35 °C, the average speed on the sections from 58.9 to 74.5 km/h, the mileage mismatch losses from 0.64 to 29.86%, and the specific fuel consumption ranges from 14.65 to 22.14 kWh/100 km. The electric vehicle’s route passes through the countries of Bulgaria, Serbia, Croatia, Slovenia, and Austria. The electric vehicle did not require charging in Slovenia due to its short 80 km travel distance.



The data, analyzed using SPSS and summarized in Table 5, examine the relationships between each pair of evaluated parameters through Pearson’s correlation coefficient. The results indicate significant interactions between environmental and driving factors. A notable correlation (0.563) was observed between ambient temperature and specific energy consumption when traveling without auxiliary loads during high daytime temperatures (30–35 °C). This effect is attributed to several factors: 1. The study route passes through high-traffic areas with frequent congestion and delays, particularly near Belgrade and Zagreb. 2. The journey includes both highway segments and non-highway roads, where traffic density is lower, but the roads are characterized by numerous curves, ascents, and descents. 3. Battery characteristics, as higher ambient temperatures accelerate battery discharge rates. 4. To compensate for time lost in traffic congestion, the vehicle often maintained higher speeds where possible, leading to greater energy consumption. In this case, the impact of temperature is directly interlinked with other factors not explicitly reflected in the table.



A significant correlation (0.517) was also found between temperature and average speed, driven by similar factors as previously described.



The strongest correlation (0.601) was identified between specific energy consumption and losses due to discrepancies in mileage losses. This is primarily explained by the prolonged idle time in traffic congestion, during which the electric vehicle continues to consume energy at low speeds. Even when stationary, power consumption persists due to operating headlights, dashboard illumination, safety sensors, and monitoring systems, which contribute to losses due to discrepancies in mileage.



These findings highlight the complex interactions between environmental conditions, driving behavior, and energy efficiency, emphasizing the need for strategic route planning and real-time adaptive energy management for electric vehicles.



The table indicates that along the planned route, a significant number of charging stations (9) are conveniently located within 2 km of a main road/highway, followed by those situated at a nearby distance of 2 to 4 km (6). The difference in the number of stations located in each of the remaining two ranges is minimal, but their combined percentage of the total remains relatively high-25%. Three of the visited stations are located outside the EU, with the total distance to and from the main road ranging between 0.4 and 0.6 km. This distance is associated with the fact that these charging stations are situated within populated areas.



Table 6 shows the mean and boundary values of the four evaluated indicators: ambient temperature, vehicle speed, losses due to discrepancies in mileage, and specific fuel consumption when driving with auxiliary loads. The data processed with SPSS show that the temperature varies in the range from 21 to 28.8 °C, the average speed on the sections from 60.8 to 92.9 km/h, losses due to discrepancies in mileage from 21.05 to 49.69%, and the specific fuel consumption from 15.88 to 21.23 kWh/100 km.



The data, processed using SPSS and summarized in Table 7, reveal a significant inverse correlation between ambient temperature and average speed. This trend is primarily attributed to heavy traffic congestion near Munich, where road conditions resulted in a drop in average speed to 60.8 km/h, despite high ambient temperatures of 28.8 °C. Losses due to discrepancies in mileage exhibited a moderate correlation (0.396) with average speed, indicating that higher speeds contributed to increased deviations from the expected driving range. A moderate correlation (0.420) was also observed between losses due to discrepancies in mileage and specific energy consumption. This relationship is influenced by road inclines, which enable longer distances to be covered with lower energy consumption while maintaining higher speeds. Additionally, regenerative braking plays a role in partially replenishing battery energy during descents.



When comparing the actual specific energy consumption over the entire route to the manufacturer-stated consumption from test conditions, the real-world energy consumption was approximately 11% higher. This finding aligns with the predictions in [36], where authors estimate a 10% discrepancy between real-world and test cycle energy consumption. The key contributing factors to this difference include high traffic density and frequent stops near major urban areas; sustained highway speeds exceeding 90 km/h, increasing energy demand; inclined road sections, requiring additional energy for ascents; the impact of ambient temperature on battery efficiency; and vehicle energy consumption.



Data were collected from 20 charging stations, with successful charging conducted at 17 locations. For fast and ultra-fast charging stations within the EU, the cost of charging services ranged from EUR 0.46 to EUR 0.73 per kWh. Outside the EU, charging costs were significantly higher, ranging between EUR 0.91 and EUR 0.98 per kWh. The total detour distance from the main road/highway to the charging station and back varied between 0.4 km and 17 km. Table 8 presents the distribution of charging stations based on their detour distances, providing insights into accessibility and convenience along the evaluated route.



The data in Table 8 indicate that a significant number of charging stations (9) were conveniently located within 2 km of a main road or highway. These were followed by six stations situated at a moderate distance of 2–4 km, which can still be considered reasonably accessible. The difference in the number of charging stations in the remaining two distance categories is minimal; however, their share of the total remains relatively high at 25%, highlighting that a considerable portion of charging infrastructure requires longer detours. For charging stations outside the EU, three locations were visited, with detour distances ranging between 0.4 and 0.6 km from the main road. Their placement was primarily influenced by the fact that these stations were situated within urban areas, rather than along highways.



Additionally, each charging station was assessed based on the following factors: the presence of a roof over the charging area; availability of a resting area (benches); access to free internet; the option for cash payments; online information about the station’s functionality; the status of the station on the internet; information regarding station occupancy on the internet; and the actual condition of the station. The summarized data are presented in Table 9.




5. Discussion (Main Problems and Recommendations for Future Work)


The following main issues can be identified:




	
Limited availability of charging stations.



	
Need for reliable public information regarding the location of rapid charging infrastructure for EVs, respective charging power, and pricing.



	
The necessity of pre-route research for selected destinations.



	
Extended travel duration due to additional charging time.



	
Compatibility of charging points, variations in payment methods across different countries, including those offered by various providers (the need for installing and using different applications instead of the option to directly use debit and credit cards, difficulties with payment processing, such as incompatible payment methods or complex payment procedures).



	
Lack of protective structures at some charging points, which complicates reading information during sunny weather and does not protect users from adverse weather conditions (rain, snow, etc.).



	
Mandatory rest areas adjacent to charging stations.



	
Issues with cellular and network connectivity, such as unreliable internet connectivity, can disrupt communication between EVs and charging infrastructure, leading to unsuccessful charging or delays.



	
The absence of Wi-Fi at charging stations necessitates the use of data while roaming.



	
Limited driving range and inadequate charging infrastructure.



	
Management of charging cables, as issues with tangled cables, insufficient cable length, and difficulties handling heavy cables.



	
Reliability problems with charging infrastructure, such as malfunctioning equipment or inconsistent charging performance.



	
Charging EVs after reaching 80% battery capacity takes a considerable amount of time.








Recommendations:




	
Establishment of a unified information platform that should provide information on the location of rapid charging infrastructure for EVs, charging power, pricing, and other relevant data (e.g., rest area conditions during charging).



	
Introduction of a unified standard for payment—a standardized payment method for the charged amount of energy using credit and debit cards, streamlining payment processes, offering multiple payment options, and ensuring secure and reliable transaction processing.



	
Mandatory implementation of protective structures at charging stations, which should adhere to a unified standard.



	
Designated rest areas adjacent to charging infrastructure to ensure that users have appropriate facilities for relaxation while charging.



	
Availability of Wi-Fi at charging points to enhance user experience.



	
Utilization of standard charging protocols and increased operational compatibility between charging infrastructure and EVs.



	
Regular maintenance and updates of quality assurance measures with implemented real-time monitoring of charging points to maintain service quality.








Improvement of network infrastructure by deploying backup solutions, such as offline charging authentication methods, to address connectivity issues.




6. Conclusions


The study aims to highlight the main problems and provide recommendations for enhancing the potential of electric mobility for long-distance travel across multiple countries. This case was chosen because it frequently serves as a barrier to the adoption of EVs by consumers. The analysis of the results allowed for the identification of key issues and the formulation of essential recommendations. The study lacks a comprehensive sensitivity analysis that could strengthen the results, as the research focused only on several key parameters and the uncertainty analysis for some of them, such as energy consumption, and the availability and conditions of charging stations.



The presented methodology for researching electric mobility over long distances, starting from Bulgaria and traversing multiple countries, allows for the determination of the necessary amounts of energy required for charging EVs as well as the main challenges associated with traveling in them.



The research found that electricity consumption and battery usage are significant factors impacting long-distance mobility, alongside the availability of rapid charging points. When driving without auxiliary loads, the correlation analysis revealed that losses due to discrepancies in mileage are primarily influenced by speed variations, showing an approximately direct proportionality to driving speed. Additionally, specific energy consumption was found to be dependent on losses due to discrepancies in mileage (correlation coefficient: 0.601) and ambient temperature (correlation coefficient: 0.563).



While driving with auxiliary loads and relatively high average speeds, specific energy consumption remained relatively stable at approximately 18 kWh/100 km, regardless of fluctuations in ambient temperature. In contrast, range deviation losses exhibited a moderate correlation with speed (0.396) and varied in response to changes in ambient temperature.



Regarding the conditions observed at the charging stations, a predominant lack of protective coverings and resting areas was noted, as well as a complete absence of free internet access at all stations. Only one station offered the option for cash payments. Information about the station’s functionality was unavailable online for 25% of the stations, while data regarding their online status was lacking for 40% of the stations. In 50% of cases, there was no information online about station occupancy.



Electric mobility in urban settings has been well-researched and demonstrates proven potential. However, when the same EVs are used for long-distance travel and when crossing various countries, numerous problems arise that require solutions. Otherwise, there may be a necessity to own two vehicles: one for city travel and another for long-distance travel, which would further increase the global vehicle fleet. Current applications of long-distance electric mobility may require reassessment depending on future technological and managerial decisions implemented by policymakers.
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Figure 1. Main components of the research methodology. 
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Figure 2. Route from Ruse to Paris only on the territory of the EU. 
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Figure 4. Data collection process. 
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Figure 5. Flow chart of the processes for evaluating the collected data. 
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Figure 6. The correlation between ambient temperature and speed mode concerning losses due to discrepancies in mileage and specific consumption during travel without auxiliary loads. 
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Figure 7. The correlation between ambient temperature and speed mode concerning losses due to discrepancies and specific consumption during travel with auxiliary loads. 
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Table 1. Available charging technology [34].
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	Charger Speed and Type
	Rated Power (kW)
	Approximate Charging Time *





	Slow (AC)
	3–7
	7–16 h



	Normal (AC)
	11–22
	2–4 h



	Rapid (DC)
	50–100
	30–40 min



	Ultra-fast (DC)
	>100
	<20 min







* It also depends on the battery capacity and other variables.













 





Table 2. Summary of the results for specific consumption ESEC and losses due to discrepancies under different atmospheric conditions and driving modes.
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	№
	Ambient Temperature, °C
	Speed Mode, km/h
	Utilization of Auxiliary Loads (AC, Radio, etc.)
	Actual Distance Traveled, km
	Discrepancy in Mileage *, km
	Losses Due to Discrepancies in Mileage, %
	Specific Consumption      E   S E C      kWh/100 km





	1
	23–30
	58.9
	No
	157
	1
	0.64
	14.65



	2
	35
	68.0
	No
	273
	21
	7.69
	15.71



	3
	23–30
	68.1
	No
	193
	35
	18.25
	16.42



	4
	35
	64.2
	No
	154
	38
	24.92
	22.14



	5
	34
	74.5
	No
	211
	63
	29.86
	17.44



	6
	33–27
	73.8
	No
	252
	30
	11.9
	15.25



	7
	24
	60.0
	No
	15
	3
	20
	15.3



	8
	25
	65.0
	No
	209
	47
	22.49
	16.36



	9
	21–23
	91.2
	Yes
	149
	49
	32.89
	18.15



	10
	21
	92.9
	Yes
	178
	60
	33.71
	18.33



	11
	27–30
	60.8
	Yes
	152
	32
	21.05
	18.97



	12
	23
	77.3
	Yes
	179
	73
	40.78
	18.78



	12
	24
	85.1
	Yes
	183
	51
	27.87
	17.64



	14
	24
	71.7
	Yes
	165
	71
	43.03
	21.23



	15
	22
	65.7
	Yes
	184
	44
	23.91
	15.88



	16
	23
	92.6
	Yes
	159
	79
	49.69
	17.35



	17
	23
	85.2
	Yes
	160
	34
	21.25
	16.78







* difference between the actual recorded distance traveled and the estimated range displayed on the vehicle’s onboard computer after charging.













 





Table 3. Charging stations were visited along the research route.
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	№
	№ Equivalent from Table 2
	Route Point/Charging Station
	Address
	Country





	0
	Start
	University of Ruse “Angel Kanchev”
	g.k. Student town, st. “Studentska” 8, 7017 Ruse
	Bulgaria



	1
	1
	AutoBOX (Voltspot) RAI Pleven
	Varbishka St., 5839 Pleven
	Bulgaria



	2
	2
	Eldrive
	Western Industrial Zone, Pannonia Blvd 43, 3705 Vidin
	Bulgaria



	3
	3
	Charge&GO
	OMV Auto put Niš—Beograd Lapovo
	Serbia



	4
	Charging unsuccessful
	Charge&Go
	OMV Belgrade Bypass, Belgrade 11271
	Serbia



	5
	4
	OMV eMobility
	OMV Auto put Beograd Zagreb, Ruma 22400
	Serbia



	6
	5
	ChargePoint
	Petrol Charging Station Ul. Petra Svačića 1, 35000, Slavonski Brod
	Croatia



	7
	6
	Elen
	Krapina, 49000, Krapina
	Croatia



	8
	7
	Elen
	INA Donji Macelj 110-c, 49225, Donji Macelj
	Croatia



	9
	8
	IONITY
	Europastraße 10a, 8784 Trieben
	Austria



	10
	9
	IONITY
	Warte am See 28 Mondsee, 5311 Innerschwand am Mondsee
	Austria



	11
	10
	EnBW
	Zusestraße 1, 85649 Brunnthal
	Germany



	12
	Charging unsuccessful
	ChargePoint
	Otto-Hahn-Straße 6, 85276 Pfaffenhofen an der Ilm
	Germany



	13
	11
	Fastned
	Am Kreisel, 85125 Kinding
	Germany



	14
	Charging unsuccessful
	Mer Germany
	Randersackerer Str. 46B, 97072 Würzburg
	Germany



	15
	12
	WVV Energie
	Zeppelinstraße 122, 97074 Würzburg
	Germany



	16
	13
	Fastned
	Brüsseler Str. 14, 65552 Limburg an der Lahn
	Germany



	17
	14
	EnBW
	Widukindstraße 97, 42289 Wuppertal
	Germany



	18
	15
	IONITY
	Rue d’Awans 105, 4460 Grâce-Hollogne
	Belgium



	19
	16
	ENGIE Vianeo
	Aire de la Sentinelle Ouest—A2, 59174 La Sentinelle
	France



	20
	17
	ENGIE Vianeo
	B&B HOTEL Saint-Witz, 10 Rue Jean Moulin, 95470 Saint-Witz
	France



	21
	End
	Paris Charles de Gaulle Airport
	Paris Charles de Gaulle Airport, 95700 Roissy-en-France
	France










 





Table 4. Descriptive statistics of the studied indicators when traveling without auxiliary loads.
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Descriptives




	

	
Statistic

	
Std. Error






	
Temperature

	
Mean

	
29.5000

	
1.63390




	
95% Confidence Interval for Mean

	
Lower Bound

	
25.6364

	




	
Upper Bound

	
33.3636

	




	
Minimum

	
24.00

	




	
Maximum

	
35.00

	




	
Average

Speed

	
Mean

	
66.5625

	
2.02493




	
95% Confidence Interval for Mean

	
Lower Bound

	
61.7743

	




	
Upper Bound

	
71.3507

	




	
Minimum

	
58.90

	




	
Maximum

	
74.50

	




	
Losses

	
Mean

	
16.9688

	
3.40466




	
95% Confidence Interval for Mean

	
Lower Bound

	
8.9180

	




	
Upper Bound

	
25.0195

	




	
Minimum

	
0.64

	




	
Maximum

	
29.86

	




	
Spec

Consumption

	
Mean

	
16.6588

	
0.84056




	
95% Confidence Interval for Mean

	
Lower Bound

	
14.6711

	




	
Upper Bound

	
18.6464

	




	
Minimum

	
14.65

	




	
Maximum

	
22.14

	











 





Table 5. Correlation analysis of the studied indicators when traveling without auxiliary loads.
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Correlations




	

	
Temperature

	
Spec Consumption

	
Losses

	
Average Speed






	
Temperature

	
Pearson Correlation

	
1

	
0.563

	
0.166

	
0.517




	
Sig. (2-tailed)

	

	
0.146

	
0.694

	
0.190




	
N

	
8

	
8

	
8

	
8




	
Spec

Consumption

	
Pearson Correlation

	
0.563

	
1

	
0.601

	
0.064




	
Sig. (2-tailed)

	
0.146

	

	
0.115

	
0.880




	
N

	
8

	
8

	
8

	
8




	
Losses

	
Pearson Correlation

	
0.166

	
0.601

	
1

	
0.342




	
Sig. (2-tailed)

	
0.694

	
0.115

	

	
0.407




	
N

	
8

	
8

	
8

	
8




	
Average

Speed

	
Pearson Correlation

	
0.517

	
0.064

	
0.342

	
1




	
Sig. (2-tailed)

	
0.190

	
0.880

	
0.407

	




	
N

	
8

	
8

	
8

	
8











 





Table 6. Descriptive statistics of the studied indicators when traveling with auxiliary loads.
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Descriptives




	

	
Statistic

	
Std. Error






	
Temperature

	
Mean

	
23.4222

	
0.74569




	
95% Confidence Interval for Mean

	
Lower Bound

	
21.7027

	




	
Upper Bound

	
25.1418

	




	
Minimum

	
21.00

	




	
Maximum

	
28.80

	




	
Average

Speed

	
Mean

	
80.2778

	
4.00048




	
95% Confidence Interval for Mean

	
Lower Bound

	
71.0527

	




	
Upper Bound

	
89.5029

	




	
Minimum

	
60.80

	




	
Maximum

	
92.90

	




	
Losses

	
Mean

	
32.6867

	
3.39347




	
95% Confidence Interval for Mean

	
Lower Bound

	
24.8613

	




	
Upper Bound

	
40.5120

	




	
Minimum

	
21.05

	




	
Maximum

	
49.69

	




	
Spec

Consumption

	
Mean

	
18.1233

	
0.50706




	
95% Confidence Interval for Mean

	
Lower Bound

	
16.9541

	




	
Upper Bound

	
19.2926

	




	
5% Trimmed Mean

	
18.0754

	




	
Minimum

	
15.88

	




	
Maximum

	
21.23

	











 





Table 7. Correlation analysis of the studied indicators when traveling with auxiliary loads.
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Correlations




	

	
Temperature

	
Average

Speed

	
Losses

	
Spec

Consumption






	
Temperature

	
Pearson Correlation

	
1

	
−0.644

	
−0.304

	
0.343




	
Sig. (2-tailed)

	

	
0.061

	
0.426

	
0.366




	
N

	
9

	
9

	
9

	
9




	
Average

Speed

	
Pearson Correlation

	
−0.644

	
1

	
0.396

	
−0.191




	
Sig. (2-tailed)

	
0.061

	

	
0.292

	
0.622




	
N

	
9

	
9

	
9

	
9




	
Losses

	
Pearson Correlation

	
−0.304

	
0.396

	
1

	
0.420




	
Sig. (2-tailed)

	
0.426

	
0.292

	

	
0.260




	
N

	
9

	
9

	
9

	
9




	
Spec

Consumption

	
Pearson Correlation

	
0.343

	
−0.191

	
0.420

	
1




	
Sig. (2-tailed)

	
0.366

	
0.622

	
0.260

	




	
N

	
9

	
9

	
9

	
9











 





Table 8. Distribution of charging stations according to the total distance from and back to the main road.
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	Range (km)
	0.4–0.85
	1–1.6
	2.3–4
	4.1–10
	>10





	Number of charging stations
	5
	4
	6
	3
	2










 





Table 9. Summary data for evaluating the functionality of visited charging stations in relation to their geographical distribution.
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Criteria

	
Available in, Number of Stations

	
Missing in, Number of Stations






	
Geographical location

	
EU

	
non-EU

	
EU

	
non-EU




	
Roof over the charging area

	
3

	
0

	
14

	
3




	
Resting area (benches)

	
2

	
0

	
15

	
3




	
Availability of free Wi-Fi

	
0

	
0

	
17

	
3




	
Option for cash payments

	
1

	
0

	
16

	
3




	
Online information regarding the station’s functionality

	
14

	
1

	
3

	
2




	
Station status online

	
11

	
1

	
6

	
2




	
Online information on station occupancy

	
10

	
0

	
7

	
3




	
In terms of actual condition, only one of the twenty visited stations is non-operational, and it is located outside the EU.
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