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Abstract

:

Short-term, automated car rental services, i.e., car sharing, are a solution that has been improving in urban transportation systems over the past few years. Due to the intensive expansion of the systems, service providers face increasing challenges in their competitiveness. One of them is to meet the customer expectations for the fleet of vehicles offered in the system. Although this aspect is noted primarily in the literature review on fleet optimization and management, there is a gap in research on the appropriate selection of vehicle models. In response, the article aimed to identify the vehicles best suited for car-sharing systems from the customer’s point of view. The selection of suitable vehicles was treated as a multi-criteria decision-making issue; therefore, the study used ELECTRE III—one of the multi-criteria decision-making methods. The work focuses on researching the opinions of users who rarely use car-sharing services in Poland. The most popular car models in 2021, equipped with internal combustion, hybrid, and electric engines, were selected for the analysis. The results indicate that the best suited cars are relatively large, spacious, and equipped with electric drive and represent the D segment of vehicles in Europe. In addition, these vehicles are to be equipped with a powerful engine, a spacious boot, and a fast battery charging time. Interestingly, small city cars, so far associated with car sharing, ranked the worst in the classification method. In addition, factors such as the warranty period associated with the quality of the vehicles, or the number of car doors, are not very important to users. The results support car-sharing operators in the process of selecting or modernizing a fleet of vehicles.
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1. Introduction


Car-sharing systems, that is, short-term automated car rental services, are solutions that are becoming more and more popular around the world. The systems’ popularity and intensive development are mainly related to our high convenience and self-commissioning [1]. Furthermore, the systems also benefit from the fact that the vehicles of the systems have free access to parking lots within the operating zones of operation, and in most systems, it is possible to return the vehicle anywhere within the zones located in the city [2]. The great interest in car-sharing services also translates into international statistics. In 2020, the global car-sharing market exceeded USD 2 billion [3]. By 2027, the market value is projected to exceed USD 3 billion [4].



The significant development of car-sharing services in the world has led to many changes in the rules of their operation. For example, operators have made improvements in the operation and optimization of their systems, service management, and the implementation of new transport or area solutions to all innovations related to the COVID-19 pandemic, with a need to adapt the vehicle fleet to a higher level of safety for users [5,6,7,8]. All of these aspects are of great interest to scientists around the world. However, from the point of view of scientists, one issue is considered relatively often—the fleet of cars used in car sharing. When the international literature is analyzed, four main thematic areas can be distinguished from the point of view from which a car-sharing fleet is considered.



The first area concerns the relocation of vehicles. The relocation of vehicles is particularly important due to the limited parking space in cities [9]. The analysis and recommendations for the relocation of cars in systems are particularly important due to the functioning of various types of car-sharing systems on the market. These include [10,11,12,13,14]:




	
Round-trip car-sharing (round-trip station-based, back-to-base car-sharing)—when the vehicle is rented and always returned to the same location—a dedicated parking space;



	
Round-trip home zone-based—when the vehicle is rented and returned to specific zones of operation by the operator of a given system in the city;



	
One-way (station-based car-sharing)—when the vehicle is rented, e.g., at point A, and is returned to another point, e.g., at point B, but limited only to the rental points established by the system operator;



	
Free-floating car-sharing—when the vehicle is rented and returned anywhere in the city, within the entire area of operation of the car-sharing system.








Various forms of rentals and returns generate the need for a proper rotation of vehicles within the available zones, which is emphasized by Changaival et al., defining the placement of the vehicles as a fleet placement problem (FPP) [15]. Ströhle et al. showed a relationship between leveraging the customer’s flexibility for car sharing and fleet optimization, indicating that a customer’s flexibility in the range of 1 km allows a fleet reduction of 12% [16]. In turn, Monteiro et al. analyzed the distribution of the zones in car sharing and proved that settling more parking spaces and vehicles near each other is more effective than having parking spaces located in the city but distant from each other [17]. In turn, Lemme et al. focused on the creation of an optimization model to evaluate electric vehicles as an alternative to a fleet composition in station-based car-sharing systems, demonstrating that it is possible to rotate vehicles properly in zones; although, in the case of electric vehicles being implemented for the first time in a fleet, this should be checked in pilot programs due to the main disadvantage of vehicles, which is the economic dimension [18]. In turn, Carlier et al. proposed a programming-oriented mathematical approach and introduced a simple linear model based on total flow variables [19]. Their solution was based on three optimization criteria: maximizing the met car-sharing requirements while minimizing the vehicle fleet and relocation operations [19].



The second of the thematic areas dedicated to the fleet of cars in car-sharing systems is devoted to issues related to the size of the fleets owned in the systems. For example, Nourinejad and Roorda devoted their research to fleet size decision support and showed that the number of cars is related to specific user demand patterns [20]. In turn, Barrios and Godier simulated the appropriate number of vehicles to achieve a flexible car-sharing system, stressing that the periodic redistribution of vehicles, which is not carried out continuously, is of particular importance [21]. In comparison, Lu et al., conducting research on optimizing the profitability and quality of service in car-sharing systems under demand uncertainty, showed that exogenously given one-way car-sharing demand can increase car-sharing profitability under a given one-way and round-trip price difference and vehicle relocation cost, while an endogenously generated one-way demand, due to pricing and strategic customer behavior, may decrease car-sharing profitabilities [22].



The third area of fleet research is devoted to considering vehicles from car-sharing systems and their impact on economic and social issues. For example, Hui et al. considered the impact of car sharing on the willingness to postpone a car purchase, indicating that 50% of respondents in the Chinese city of Hangzhou will postpone their car purchases by participating in car sharing [23]. For comparison, Jain et al., in their research on the Australian city of Melbourne, showed that residents of densely populated inner suburbs used a shared car to avoid or delay owning a car, while residents of the middle suburbs used car sharing to avoid buying a second car [24].



In turn, Liao et al., who performed research in the Netherlands, obtained results that around 40% of the respondent’s car drivers indicated that they are willing to replace some of their private car trips with car sharing, and 20% indicated that they could abandon a planned purchase or lose a current car if car sharing becomes available near them [25].



Another identified research topic was devoted strictly to the use of alternatively powered vehicles and all pro-ecological solutions affecting the improvement in the level of sustainability of car-sharing systems. In this area, many research works were carried out. Many works have been devoted to the idea of alternative drives and eco-friendly issues, including the application of an alternative power supply for vehicles through the possibility of urban power electromobility from historical buildings, the use of vehicles-to-grid or research on the real energy consumption of vehicles that can be used in car-sharing services in urban conditions [26,27,28,29,30]. For example, Migliore et al. dealt with the definition of the environmental benefits related to car-sharing systems, indicating the possibility of achieving limits in pollutants emission by 25% for PM10 and 38% for CO2 [31]. Shaheen et al., examining the approach of system users to the fleet of alternatively powered vehicles, indicated that pairing shared electric or plug-in hybrid vehicles increased user sympathy for the use of car sharing [32]. In turn, Liao and Correia showed that electric vehicles in car sharing are mainly used for short trips, and their current users are mostly middle-aged men with relatively high incomes and education [33].



The last of the identified thematic groups is the research on the operational and technical aspects of a fleet of vehicles made available in car-sharing systems. In this area, together with our co-authors, we carried out various types of research aimed at identifying the main technical aspects that are important for the proper functioning of the services [34]. We also carried out research on the determination of the types of fleets used in car-sharing systems in Europe [35], as well as analyzing the type of vehicle tailored to the requirements of car-sharing system operators [36]. However, this research focused on the needs of the service providers and how this translated into business profitability, not on checking the real expectations of society. Noticing this research gap, the author proposed a research cycle devoted to the selection of vehicles for the car-sharing fleet from the point of view of various types of users. This article aimed to analyze the types of vehicles best suited to the needs of customers who rarely use car-sharing systems.



The research was proposed in a case study of a company operating in the Polish car-sharing services market. The Polish car-sharing market has not been selected by chance, as Poland is considered one of the fastest-growing shared-mobility markets [3]. Although car-sharing systems in Poland were relatively late compared to other European countries (in 2016), the market is considered dynamic and valuable [37,38]. At the highest stage of the development of the systems, 17 service providers offered car-sharing services in 250 Polish cities [38]. From a financial point of view, car-sharing services generated revenues of more than PLN 50 million in 2019 and more than PLN 100 million in 2021 [38]. In Poland, car-sharing services, despite many superlatives, have also suffered many failures. These included, in addition to the financial problems of the operators, an unsuitable vehicle fleet or the type of car-sharing services offered in cities [34,35,36]. In many cases, changes to the vehicle fleet appear only as pilots, such as the introduction of several electric vehicles [34,35,36]. In response to the appropriate adaptation of the vehicles to the needs of society using car sharing, our own research was proposed. The results of the research are presented in this article.



The work was divided into five chapters. The first section is an introduction with a review of the literature. In the second chapter, the research methodology is presented. The third chapter indicates the obtained research results, which are discussed in the fourth part of the article. The fifth chapter presents a summary, research limitations, and further research plans of the author.




2. Methodology


Choosing appropriate vehicle models for a car-sharing fleet is a multifaceted problem. In situations related to complex decision-making problems, one of the methods of support in analytical processes is the method of multi-criteria decision support, called Multiple-Criteria Decision Making (MCDM) or Multiple-Criteria Decision Analysis (MCDA). These methods can provide a wide range of tools to help identify the best options for the criteria under consideration or a full ranking of the possible solutions [39]. The methods are based on elements of knowledge in such fields as decision theory, mathematics, economics, computer science, or information systems [31]. The widespread interest in these methods is related to their wide utilitarianism [31]. Transport processes, due to their multi-criteria nature and complexity [40,41,42], seem to be an excellent application for MCDA methods. From the point of view of transport issues, multi-criteria decision support methods were used in selecting the Paris Metro project, car-sharing services in Shanghai, assessment of the state of transport in Istanbul, or air connections with Pittsburgh [43,44,45].



There are many different methods of multi-criteria decision support. According to the classification, the methods based on superiority ratios, function, utility, and aggregate measures can be distinguished [46,47,48,49]. One method that allows for making a detailed comparison of the analyzed criteria and, on its basis, obtaining a ranking of the solutions (given variants) chosen for analysis is the ELECTRE III method.



ELECTRE III is a method that derives from the French name Elimination Et Choix Traduisant la Realitè. It owes its popularity to the fact that among all the methods of the ELECTRE group, performing analyses with an indication of a ranked final ranking is possible [50]. The ELECTRE III method introduces parameters that determine the relationship between individual variants—the preference threshold, the equivalence threshold, and the veto threshold [51].



The ELECTRE III method is based on the use of society’s opinion to assess the importance of individual factors that influence the choice of a given variant [52]. Individual criteria in the ELECTRE III method may be strongly or slightly better than each other, respectively. Therefore, by using this method, it is possible to determine the insignificant or very significant differences between the analyzed variants [53]. The ELECTRE III method is based on a three-stage algorithm presented in Figure 1.



In the first stage, it is necessary to identify the variants of the decision and then define a set of criteria that will be used to evaluate each of the variants [50,51,52,53,54,55]. For each of the criteria, a weight is determined, which is indicated by experts. The respondents compared each pair of criteria according to Saaty’s scale, giving grades from 1 to 9, where [46]:




	
1—same meaning;



	
2—very weak advantage;



	
3—weak advantage;



	
4—more than a weak advantage, less than strong;



	
5—strong advantage;



	
6—more than a strong advantage, less than very strong;



	
7—a very strong advantage;



	
8—more than a very strong advantage, less than an extreme;



	
9—extreme, total advantage.








Then, by comparing the two decision variants, the exceedance index was calculated [50,51,52,53,54,55].



In the second stage, using the calculated exceedance index, it was determined whether the first variant was better than the second due to the selected criterion. Consequently, the calculations of the compliance rate should be performed to obtain an answer with the level of advantage of one variant over the other in terms of all criteria [50,51,52,53,54,55]. The compliance rate is the sum of the criteria weights for which the evaluation value of one variant is greater than or equal to the evaluation value of the other variant [50,51,52,53,54,55].



In the third stage, an altitude difference matrix was created. The variants should be arranged sequentially, starting from their initial ordering using the classification procedures of ascending and descending distillation [50,51,52,53,54,55]. Both distillations rate the variants from best to worst [50,51,52,53,54,55]. Ascend distillation is a planning process that begins with selecting the best variant and placing it at the top of the ranking [50,51]. The best variant is selected one by one from the remaining variants and placed in the next position in the classification. This procedure is repeated until all possible variants have been analyzed [50,51]. Descend distillation is a planning process that begins with selecting the worst variant and placing it at the end of the ranking. Subsequently, similar to ascending distillation, further analyses should be performed, bearing in mind that in the subsequent iterations of the variants to be considered, the worst variant is always selected and placed in the next positions from the end ranking [53,54]. After the distillation has been completed, a final ranking is made.



The results are presented in the next chapter.




3. Calculation Procedure


The proposed study was carried out for the case study of one car-sharing company operating in the Polish area. The company currently has about 2000 vehicles, focusing on cars of one type: small-sized cars and urban hatchback cars equipped with three or five doors. The research aimed to analyze and indicate what type of fleet would be best suited to the needs of system users who rarely use rental cars, that is, from 5 to 10 times a year.



Twelve new vehicle models equipped with internal combustion, hybrid, and electric engines were selected for the study. The proposed models were chosen among the most popular cars in Europe in 2021, based on the Automotive News Europe report [56]. The car models selected for the analysis represented different vehicle classes (car segments). The car classes are car-scheme classifications used in Europe, standardized following ISO Standard 3833–1977. They categorize vehicles in terms of size and equipment. The standard distinguishes nine main classes marked with the letters A to M that characterize the type of vehicle. A detailed breakdown of the vehicle classes is presented in Table 1.



Among the car models included in the report, the focus was on the vehicles representing the four most popular car segments in Poland, which are the A, B, C, and D classes [57]. A list of the vehicle models included in the analysis is presented in Table 2.



Following the methodology to proceed using the ELECTRE III method, the next step was to develop a set of criteria from which individual variants were evaluated. Due to the lack of literature devoted to analyzing the impact of the individual criteria on fleet selection, the factors were arbitrarily indicated. When defining the set of criteria, the desire was made to indicate the measurable factors directly related to the specification of individual vehicles. A set of factors is presented in Table 3.



The developed criteria were used for the analysis of the vehicles. Each of the vehicles considered in the analysis (variants presented in Table 2) was represented by the technical parameters that characterized them as corresponding to the assumed criteria. Therefore, the next step was to assign each of the criteria values of the individual parameters based on the technical specifications of the vehicles and the Euro NCAP reports. A detailed list is presented in Table 4.



The next step was to establish the importance of the individual criteria when determining the vehicles by respondents. For this purpose, a survey was conducted among users of the car-sharing system. Among the users of the analyzed operator, 200 car-sharing users were selected for the study, who use the systems rarely, that is, from 5 to 10 times a year. The survey was conducted anonymously in June 2022. The respondents who participated in the survey represented a population of 200,000 users of the system of the analyzed enterprise. For the research sample, the confidence level was 95% (α = 0.95). The fraction size was 0.5, and the maximum error was estimated at 8%. The respondents filled in the questionnaire, which was made available via the internet using the Computer-Assisted Web Interview (CAWI) method. The questionnaire was fully anonymous and focused on obtaining only the answers needed to perform the ELECTRE III analyses, i.e., receiving pairwise comparisons of each of the criteria. The respondents assessed the importance of each criterion on Saaty’s scale, assigning values from 1 to 9 and entering them into the appropriate field of the matrix. The matrix of pairwise comparisons is shown in Figure 2.



Based on the assessments given by the respondents, a list was created showing the average importance of each of the criteria. The score values were used for further analysis using the ELECTRE III method. The summary is presented in Table 5.



According to the ELECTRE III methodology, the next step was to determine the maximum difference in the criteria values, the equivalence threshold, the preference threshold, and the veto threshold. Detailed data are presented in Table 6.



The next step, according to the ELECTRE III methodology, was to create the concordance matrix. The matrix is presented in the form of Table 7.



The next stage in the ELECTRE III method was to perform the ascending and descending distillations against each of the variants and create, in the final step, a dominance matrix. The dominance matrix is presented in Table 8.



The last step was to prepare the final ranking that presents the variants in terms of the preferences of experts and the adopted factors. The final ranking is presented in Table 9.



The graphical arrangement of the variants is shown in Figure 3.




4. Discussion


The research, carried out using the ELECTRE III multi-criteria decision support method, allowed us to draw a ranking of the vehicle models that meet the expectations of users who rarely use car-sharing systems. According to the results, the best model turned out to be the V12 car model. The selected model is a mid-range electric crossover passenger car. The V11 variant took second place, and the variants V4 and V9 ex aequo were third.



When analyzing the results in detail, in terms of the vehicle size, it should be stated that the main positions were taken by the models representing the class D cars, i.e., the segment that includes middle-class passenger cars, relatively large and comfortable family and sports cars. This class includes classic passenger cars with dimensions larger than compact ones, ensuring a relatively comfortable ride for five people on longer journeys. Interestingly, the vehicles representing the smallest class of cars, i.e., A, were ranked the worst.



From the point of view of vehicle propulsion, the fully electric vehicle was classified as the highest in the ranking. Second place was also taken by a car with this type of drive. In turn, the third and fourth places are represented by cars with hybrid drives. Interestingly, the last places in the ranking were also taken by electric cars (variants V3 and V10). Such results indicate that, for the respondents, it was especially for not the fact that the vehicles had alternative propulsion but the detailed parameters characterizing individual vehicles.



When analyzing the results obtained from the point of view of the importance of individual criteria for users, it should be mentioned that the most important issues were engine power, boot capacity, rental cost, battery charging/refueling time, and safety equipment. This may prove that people who rarely use car-sharing vehicles want to use relatively large, spacious, and comfortable vehicles equipped with large luggage spaces, in which it will be possible to charge the battery or refuel the car in the shortest possible time. In addition, safety equipment issues were also important. Therefore, placing vehicles such as the V10 and V8 variants in the last places is because these cars represent class A, have a small load space, and have low engine performance. Interestingly, the size of the car, its capacity, and the performance of the engine weighed heavily on the cost of renting a car. Factors that came in the last positions deserve special attention. These were issues, such as the warranty period that were deliberately included in the analysis, as it is usually associated with high-quality vehicles. Factors such as NCAP safety and the number of doors in the vehicle were equally low rated. Such factors may indicate that the respondents treat car-sharing vehicles as an additional, occasional means of getting around, which they usually use alone or with one additional passenger, disregarding the facilities needed by families, such as more doors. It is also worth paying attention to the safety issues that did not turn out to be of key importance to the respondents, perhaps because the vehicles are not used by them frequently.




5. Conclusions


In conclusion, the research conducted allowed us to achieve the goal of the work, which was to select vehicles for car-sharing systems from the point of view of users who rarely use the services. The research showed that the V12 model representing the D vehicle class, equipped with a high-performance electric motor, was the best solution. Furthermore, it should be emphasized that the vehicles with alternative drives were placed in the highest rankings. By taking into account the detailed expectations of users about the fleet, it should be noted that the most important criteria include engine power, boot capacity, rental cost, battery charging/time of refueling, and safety equipment. Therefore, the fleet preferred by users who rarely use car-sharing systems is relatively large, spacious, and comfortable, with vehicles equipped with high-performance engines. By comparing the results obtained with real business practices, it should be noted that the V12 variant car, which leads in the ranking, is the main model used in the German car-sharing model, WeShare, in Berlin or Hamburg [58]. Therefore, these vehicles are successfully used in urban conditions, as evidenced by their use in large metropolitan car-sharing.



An interesting finding was that small city vehicles were ranked the lowest. It should be mentioned that the idea of car-sharing services assumed that the vehicles used in the systems would be small city cars, whose task would be to free public space [59]. However, the results obtained show that this type of vehicle will not be the first choice among users who rarely use car-sharing systems. This is a valuable note for car-sharing service operators who, when planning to diversify their fleet, should pay attention to the real needs of their users. Of course, from the point of view of public space, small city cars will be the best solution due to their dimensions, but then it is worth undertaking detailed research on the needs of users. The analyzed example shows that in the case of users rarely using car-sharing systems, small vehicles would not be rented, and as a result, a large number of them would remain unrolled in the city, becoming unprofitable for the operator and occupying public space. Taking into account the users’ specific expectations, it can be assumed that if small vehicles were equipped with high-power engines and fast-charging batteries, they could significantly make gains in the final classification in the ranking. Furthermore, when considering the modernization of the vehicle fleet in the category of future rentals by rare users, the aspects of warranty, NCAP safety, or the number of doors should not be crucial. These considerations should provide important guidance to operators in their willingness to select other vehicles for their fleet than the models covered in this article.



This article has limitations. The main limitation was that the research only covered the Polish market. Moreover, they were devoted exclusively to a group of people who rarely use car-sharing systems. As there is no literature dedicated directly to the selection of the fleet of vehicles for car-sharing systems, the author did not refer to the research conducted by other authors in discussing the results.



In future work, the author plans to analyze other user groups to obtain the full range of user approaches to the vehicle fleet. In addition, the author plans to conduct research for countries other than Poland to compare users’ preferences in terms of the vehicle fleet.
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Figure 1. ELECTRE III steps of the procedure. 
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Figure 2. Matrix of pairwise comparisons. 
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Figure 3. Final ranking—graphic visualization. 
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Table 1. Characteristics of vehicle classes.






Table 1. Characteristics of vehicle classes.





	Segment
	Description





	A
	Cars designed for urban driving; are characterized by small dimensions and low operating costs. Impractical to travel on extra-urban routes. They can be two- or four-seater, and five-seaters usually allocate three rear seats for children.



	B
	Small cars that offer more than the A segment space for passengers and a practical boot. These features allow them to be driven on routes outside the city, but they are more intended for use in the city as “another car” in the family.



	C
	Medium-sized cars; designed for city and highway driving. They offer space for five adults and a luggage compartment, as well as relatively comfortable travel conditions. Selected as both the first and the next vehicle in the family.



	D
	Cars that provide comfortable travel conditions for five adults (with luggage) over longer distances. Most often in body versions of sedans (or similar in size to hatchback sedans) and station wagons. Many of them are available in coupé versions, most often as sporty, exclusive versions of a given model.



	E
	Large, comfortable, and well-equipped cars, the purpose of which is not only to be used by families but also as representative limousines for companies. The technology and equipment contained in them allow for long journeys, and the technical data of the leading versions can often compete, even with typical sports cars.



	F
	Limousines with the highest level of equipment and the best (often the largest) engines. Their features allow for a very comfortable journey for both the driver and passengers. Often used as representative limos for heads of state, companies, etc., these cars are often better driven as rear seat passengers rather than as drivers.



	J
	Sport utility cars or cars have features that allow off-road driving.



	M
	Multipurpose cars. A class of spacious cars that can carry at least five people along with large luggage.



	S
	A class of cars that includes a very large group of vehicles considered being sports, sporting, and extravagant coupé style or very high-performance vehicles, designed either as models designed to achieve high speeds and high accelerations or as road versions of performance cars.
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Table 2. Variants included in the analysis.






Table 2. Variants included in the analysis.





	Variant Number
	Car-Class
	Type of Engine





	V1
	C
	ICE



	V2
	B
	ICE



	V3
	B
	Hybrid



	V4
	D
	Hybrid



	V5
	B
	ICE



	V6
	C
	Hybrid



	V7
	C
	ICE



	V8
	A
	Electric



	V9
	D
	Hybrid



	V10
	A
	Electric



	V11
	D
	Electric



	V12
	D
	Electric







ICE—Internal Combustion Engine (ICE).
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Table 3. Set of criteria considered during car-sharing fleet selection analysis.






Table 3. Set of criteria considered during car-sharing fleet selection analysis.










	Criteria Number
	Name of the Criterion
	Characteristics of the Criterion





	C1
	Rental cost [€]
	The cost of renting a car from the car-sharing system, considering rental time, rental distance, and stop-over fee, expressed by the Formula (1)




  r e n t a  l  c o s t    (  i , j  )  = (  r  m i n   +  s  m i n   ) i +  r  k m   j  



(1)




where:

i—rental time [min],

j—rental distance [km],

   r  m i n   =  {            0.14   €   f o r   A − c l a s s   c a r s       0.17   €   f o r   B − c l a s s   c a r s               0.21   €   f o r   C − c l a s s   c a r s       0.27   €   f o r   D − c l a s s   c a r s            —rental cost for 1 min,

   r  k m   =  {            0.24   €   f o r   A − c l a s s   c a r s       0.24   €   f o r   B − c l a s s   c a r s               0.24   €   f o r   C − c l a s s   c a r s       0.28   €   f o r   D − c l a s s   c a r s            —rental cost for 1 km,

   s  m i n   = 0.03   €   f o r   A , B , C , D − c l a s s   c a r  —stop-over fee for 1 min



	C2
	Engine power [kW]
	The power generated by the vehicle’s engine.



	C3
	Energy consumption/fuel consumption [kWh/100 km]
	The amount of fuel or electricity required for a car to travel 100 km.



	C4
	Time of battery charging/time of refueling [min]
	Minutes needed to top up fuel/electricity to maximum fuel tank capacity or car battery capacity.



	C5
	Boot capacity [l]
	The number of liters of luggage that can fit in the boot of a car.



	C6
	Number of doors in the vehicle [-]
	The number of doors the vehicle is equipped with.



	C7
	Vehicle length [m]
	Distance from the front to the rear of the vehicle in meters is one of the main dimensions describing the vehicle.



	C8
	Euro NCAP rating [-]
	Vehicle Safety Ranking, published by the European New Car Assessment Program (Euro NCAP)—an independent and non-profit vehicle safety assessment organization. Euro NCAP has created the five-star safety rating system to help consumers, their families, and businesses compare vehicles more easily and to help them identify the safest choice for their needs. The safety rating is determined from a series of vehicle tests designed and carried out by Euro NCAP. These tests represent, in a simplified way, important real-life accident scenarios that could result in injured or killed car occupants or other road users. The number of stars reflects how well the car performs in the Euro NCAP tests, but it is also influenced by the safety equipment that the vehicle manufacturer is offering in each market.



	C9
	Safety equipment [-]
	Vehicle equipment to increase the level of safety is one of the Euro NCAP system assessment categories considering factors, such as the frontal crash protection systems (front airbag, belt pre-tensioner, belt-load limiter, knee airbag), lateral crash protection (side head airbag, side chest airbag, side pelvis), airbag, center airbag), child protection (Isofix/i-size, integrated child seat, airbag cut-off switch), safety assist (seatbelt reminder), and other safety systems.



	C10
	Warranty period in years [-]
	One of the institutions of contract law. In Polish law, this refers to certifying the quality of the item sold. It is expressed in years.
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Table 4. Criteria values for individual car variants.






Table 4. Criteria values for individual car variants.





	
No.

	
C1

	
C2

	
C3

	
C4

	
C5

	
C6

	
C7

	
C8

	
C9

	
C10




	
[€]

	
[kW]

	
[kWh/100 km]

	
[min]

	
[l]

	
[-]

	
[m]

	
[-]

	
[-]

	
[-]






	
V1

	
0.48

	
81

	
38.5

	
2

	
380

	
5

	
4.28

	
5

	
10

	
2




	
V2

	
0.44

	
74

	
37.8

	
2

	
311

	
5

	
4.05

	
4

	
9

	
2




	
V3

	
0.44

	
74

	
28.7

	
1.5

	
286

	
3

	
3.94

	
5

	
8

	
3




	
V4

	
0.58

	
215

	
13.3

	
2

	
480

	
4

	
4.70

	
5

	
11

	
2




	
V5

	
0.44

	
48

	
29.4

	
1.5

	
391

	
5

	
4.05

	
5

	
10

	
2




	
V6

	
0.48

	
90

	
29.4

	
2.5

	
361

	
4

	
4.37

	
5

	
10

	
3




	
V7

	
0.48

	
110

	
37.8

	
2.5

	
600

	
5

	
4.68

	
5

	
10

	
3




	
V8

	
0.41

	
33

	
13.9

	
90

	
300

	
5

	
3.73

	
1

	
6

	
2




	
V9

	
0.58

	
104

	
23.8

	
2

	
443

	
5

	
4.47

	
5

	
8

	
5




	
V10

	
0.41

	
70

	
11

	
240

	
363

	
3

	
3.63

	
4

	
8

	
2




	
V11

	
0.58

	
109

	
14.4

	
360

	
585

	
5

	
4.49

	
5

	
8

	
2




	
V12

	
0.58

	
128

	
17

	
450

	
543

	
5

	
4.58

	
5

	
8

	
3
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Table 5. Weight values.






Table 5. Weight values.





	Criteria Number
	Weights





	C1
	0.133



	C2
	0.176



	C3
	0.066



	C4
	0.1225



	C5
	0.1395



	C6
	0.084



	C7
	0.082



	C8
	0.082



	C9
	0.108



	C10
	0.007
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Table 6. The set of thresholds for equivalence, preference, and veto.
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Criteria Number

	
Maximum Difference of Criteria Values

	
Equivalence Threshold

	
Preference Threshold

	
Veto Threshold




	
∆ = max − min

	
Q = 0.25 × ∆

	
p = 0.5 × ∆

	
V = ∆






	
C1

	
0.17

	
0.0425

	
0.085

	
0.17




	
C2

	
182

	
45.5

	
91

	
182




	
C3

	
27.5

	
6.875

	
13.75

	
27.5




	
C4

	
448.5

	
112.125

	
224.25

	
448.5




	
C5

	
314

	
78.5

	
157

	
314




	
C6

	
2

	
0.5

	
1

	
2




	
C7

	
1.07

	
0.2675

	
0.535

	
1.07




	
C8

	
4

	
1

	
2

	
4




	
C9

	
5

	
1.25

	
2.5

	
5




	
C10

	
3

	
0.75

	
1.5

	
3











[image: Table] 





Table 7. Concordance matrix values.
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	Variants
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12





	V1
	-
	1.0
	0.9977
	0.606
	1.0
	0.9977
	0.8175
	1.0
	0.803
	0.8775
	0.548
	0.5318



	V2
	1.0
	-
	0.9977
	0.4047
	0.9973
	0.9816
	0.7762
	1.0
	0.6612
	0.8775
	0.4951
	0.443



	V3
	0.7734
	0.8946
	-
	0.2775
	0.8041
	0.8014
	0.6083
	0.916
	0.499
	0.8775
	0.382
	0.3598



	V4
	0.85
	0.85
	0.9317
	-
	0.85
	0.9317
	0.7739
	0.916
	0.8742
	0.8775
	0.7464
	0.7912



	V5
	0.9786
	0.9854
	0.9977
	0.5903
	-
	0.9816
	0.7184
	1.0
	0.7288
	0.8775
	0.4546
	0.3839



	V6
	0.8946
	0.9014
	1.0
	0.5999
	0.916
	-
	0.7488
	0.916
	0.7128
	0.8775
	0.464
	0.464



	V7
	1.0
	1.0
	1.0
	0.691
	1.0
	1.0
	-
	1.0
	0.803
	0.8775
	0.6875
	0.6875



	V8
	0.5299
	0.7279
	0.7849
	0.2795
	0.7057
	0.5066
	0.3148
	-
	0.3638
	0.8118
	0.2394
	0.1979



	V9
	0.8692
	0.934
	1.0
	0.773
	0.9352
	0.9352
	0.7297
	1.0
	-
	0.8775
	0.7647
	0.8393



	V10
	0.5803
	0.8033
	0.9186
	0.3486
	0.7385
	0.5779
	0.4384
	0.916
	0.5775
	-
	0.4959
	0.3625



	V11
	0.8692
	0.934
	0.9317
	0.773
	0.8692
	0.8669
	0.8669
	1.0
	0.9688
	1.0
	-
	0.9977



	V12
	0.8692
	0.934
	0.9537
	0.7835
	0.8822
	0.8822
	0.8692
	1.0
	0.993
	1.0
	1.0
	-
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Table 8. Dominance matrix values.
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	Variants
	V1
	V2
	V3
	V4
	V5
	V6
	V7
	V8
	V9
	V10
	V11
	V12





	V1
	-
	E
	R+
	R−
	E
	E
	R−
	R+
	R−
	R+
	R−
	R−



	V2
	E
	-
	R+
	R−
	E
	E
	R−
	R+
	R−
	R+
	R−
	R−



	V3
	R−
	R−
	-
	R−
	R−
	R−
	R−
	R−
	R−
	R+
	R−
	R−



	V4
	R+
	R+
	R+
	-
	R+
	R+
	R+
	R+
	R
	R+
	R−
	R−



	V5
	E
	E
	R+
	R−
	-
	E
	R−
	R+
	R−
	R+
	R−
	R−



	V6
	E
	E
	R+
	R−
	E
	-
	R−
	R+
	R−
	R+
	R−
	R−



	V7
	R+
	R+
	R+
	R−
	R+
	R+
	-
	R+
	R−
	R+
	R−
	R−



	V8
	R−
	R−
	R+
	R−
	R-
	R−
	R-
	-
	R−
	R+
	R−
	R−



	V9
	R+
	R+
	R+
	R
	R+
	R+
	R+
	R+
	-
	R+
	R−
	R−



	V10
	R−
	R−
	R−
	R−
	R−
	R−
	R−
	R−
	R−
	-
	R−
	R−



	V11
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	-
	R−



	V12
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	R+
	-







(E)—a pair of variants are equivalent; (R+)—the first variant is better than the second variant; (R−)—the first variant is worse than the second variant.
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Table 9. Final ranking.






Table 9. Final ranking.





	Doinance Matrix
	Ascend Distillation
	Descend Distillation





	V1
	5
	5



	V2
	5
	5



	V3
	6
	7



	V4
	2
	4



	V5
	5
	5



	V6
	5
	5



	V7
	4
	4



	V8
	6
	6



	V9
	3
	3



	V10
	7
	7



	V11
	1
	2



	V12
	1
	1
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