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Abstract

:

Due to the development of the shared economy, increasingly more shared mobility providers have launched services based on the use of electric vehicles. The increasing growth of electric shared mobility services has produced various types of problems that do not occur (or occur with a limited effect) under conventional shared mobility systems. This increase in electric shared mobility problems has led to many effects, including limitations of the system zones or going out of business. To avoid difficulties in the functioning of electric shared mobility systems, various scientific studies have been undertaken to model and optimize the operation of these systems. Modeling and optimization mainly relate to one category of the system—for example, only to bike sharing. However, to understand the system of electric shared mobility holistically, there is a need to define the criteria generally as stimulants or destimulants. Based on these assumptions, we conducted research on the identification of factors influencing the development of electric shared mobility services. We conducted our own expert research based on the Social Network Analysis method. The aim of this study was to determine the factors that influence the development or recession of services in the entire electric shared mobility market in reference to selected stakeholders. The obtained results indicate a non-standard approach to the modeling and optimization of electric shared mobility services. This study could be used as support for creating electric shared mobility models and could also be helpful for service providers or local mobility managers through the developed recommendations.
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1. Introduction


Electromobility is one of the prominent world trends related to the phenomenon of sustainable transportation [1]. Since electromobility at its current stage of development is a very costly solution for common citizens, the way to implement it alongside the assumptions of sustainable transport development policy is through the use of electric vehicles in shared mobility systems [2,3,4].



The direction of action towards electromobility can be observed in the changes that have occurred on the market of shared mobility services in recent years. First, changes have been made to bike-sharing and car-sharing fleets by supplementing them with electric vehicles [5,6]. Electric scooter sharing systems and e-mopeds were then successively introduced to the market [7]. The shared mobility timeline, taking into account the breakthrough points related to the inauguration of electrical systems, is presented in Figure 1.



The inclusion of electric vehicles into the fleet of shared mobility services involves taking into account elements such as [5,6,7,8,9,10,11,12]:




	
An appropriate number of vehicles in the fleet;



	
Ensuring appropriate diversification of the fleet;



	
Planning the vehicle charging system (personally by users or via the operator’s employees);



	
Providing one’s own charging stations or access to charging stations;



	
Solving parking problems via the provision of dedicated spaces, free spaces, or mobility hubs in cooperation with cities.








Despite taking some of the above-mentioned actions, some business practices have indicated various types of problems to occur in electric shared mobility systems. These kinds of problems have appeared at the stage of both system planning and operation. For example, the operator Vozilla, a municipal electric car rental company that operated in Wrocław, Poland starting in 2018, ceased its activities after two years [13]. Despite the great interest in this system (over 60,000 people registered in the system during its operation, and the fleet of 240 cars was used nearly 600 thousand times), it was forced to stop functioning. As reasons for the need to shut down its system, the company indicated, for example [13]:




	
Rising electricity prices;



	
Too little relief for electric vehicles;



	
Too little aid from the government;



	
Too slow a development of infrastructure for vehicle charging.








Another famous example of electric car-sharing systems shutting down was the case of the French Autolib system [14]. This system operated in Paris starting in 2011 and was equipped with 4000 battery-powered cars stationed at over 1100 self-service docking stations [14]. Autolib’s functioning was planned up to 2023, and its evaluation system was one of the best developed in Europe. Unexpectedly, the system ceased to function in 2018 [14]. Interestingly, economic issues were not the main reason for ceasing its operations. The detailed reasons for shutting down the system were as follows [14,15,16]:




	
The changing mobility behavior of Parisians;



	
The poor technical condition of vehicles in terms of their servicing;



	
The poor condition of vehicles in terms of the cleanliness of the vehicle both inside and outside;



	
No control of items left in vehicles (users reported that the vehicles contained food residues, rubbish, or even drugs);



	
A lack of vehicle security checks (break-ins and homeless people staying overnight in the vehicles).








Problems with functioning in the world markets do not only apply to electric car-sharing. For example, the electric scooter-sharing operator Bird + Circ was forced to end its systems in the Middle East (Bahrain, UAE, and Qatar) [17]. The given reason was a failure to meet the relevant technical standards for electric scooters [17]. It was determined that the vehicles were too often exploited and that their further use would be dangerous and unsafe for users [16]. The reliability of the vehicles was, therefore, very limited. The scooters were not only unsafe but also unsightly for potential users, which is why the entire fleet was scrapped [17].



In turn, the French city of Marseille was forced to limit the number of operators of electric scooters [17]. In the city’s opinion, too many vehicles led to traffic chaos [17]. It was also mentioned that too many movements were performed using scooters [17]. These indicated factors were connected with the excess accidents caused by the use of scooters with too little responsibility among their users [17]. In another case, Swedish cities introduced special speed limits for scooters, while Germany focused on the need to register scooters, equip them with license plates, and undergo a technical inspection, which resulted in the closure of other scooter-sharing systems [18].



An analysis of the business practices of the electric shared mobility market suggested to us that the factors that act as stimulants in one type of system may become destimulants in another type of electric shared mobility system. Since we observed large discrepancies in the problems emerging on the electric shared mobility market, we also decided to analyze the aspects that were taken into account by scientists during the modeling and optimization of electric shared mobility systems around the world. In the article we aimed at investigation of significant factors influencing planning and implementation, functioning and governance of all electric shared mobility services which is board area in transport planning and modeling. To identify specific stimulants and destimulants for various types of systems and to provide appropriate recommendations, we preformed our own research and mathematical analyses. This approach allowed us to identify the main factors influencing the development or recession of electric sharing systems, which supplements the research gap.



This article is structured as follows: The first section refers to the necessary information on the research topics undertaken; the next section describes the positioning of the topic in the foreign literature; the third section refers to the description of the SNA methodology; and the fourth section presents a discussion of the obtained results, while the last section summarizes the article with recommendations.




2. Factors Influencing Electric Shared Mobility Services


Even though many different aspects are referred to as problems or growth factors in market practices, it is important to analyze what factors are highlighted by scientists during the modelling and optimization of various electric shared mobility systems. The conducted literature analysis compiles the factors for every type of electric shared mobility system [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44]. The factors presented below include the stages of planning the system’s implementation, its functioning, and its maintenance, thereby covering the entire service life cycle [42,43,44]. The data sheets are presented in Table 1, Table 2 and Table 3.



The prepared lists of factors mainly concern issues related to the appropriate location of vehicles and their fleet size. Moreover, the research conducted by foreign scientists has focused only on selected types of shared mobility services, e.g., electric-bike-sharing or electric-scooter-sharing systems [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. However, when considering real business practices, not all factors taken into account in the modeling and optimization are consistent with the reality of the electric shared mobility market’s functioning [5,7,45,46,47,48]. Moreover, we observed a lack of scientific studies dedicated to a holistic approach for the whole electric shared mobility market that takes into account specific stakeholders’ needs [49,50,51,52]



The article aims to define the main factors related to all of the electric shared mobility service types at the stages of planning, implementation, and functioning while considering the problems of various stakeholder groups. The analysis was performed using the heuristic method and Social Network Analysis (SNA).




3. Methods


Based on the literature review related to the factors influencing electric shared electric mobility, we prepared the plan for our own research. The next step was to conduct expert interviews based on the heuristic methods to verify the problems defined and designate new research areas. Then, the next step of the study was based on Social Network Analysis (SNA).



Social Network Analysis is a research method related to the behavior of the individual at the micro-level, the pattern of relationships at the macro level, and the interactions between the two [53,54,55]. This method allows one to study collectively by assessing the relationships between different units. SNA combines elements of statistics, sociology, and social psychology and was introduced by Moreno in 1934 [53,54,55]. Now, SNA is widely used in many research disciplines, such as social and behavioral sciences, computer science, technological forecasting, production, project management, environmental and energy sciences, and risk management [56,57,58,59,60]. SNA characterizes networked structures by nodes/knots (individual actors, people, or things within the network) with the relationships described as named arrows between the nodes (relationships or interactions) that connect them [55]. These relationships could include interdependence, communication, the level of influence, competence, linkage, or the economy [55,56,57,58,59,60]. SNA discovers the relationships between individuals and assesses the impact of these relationships on the behavior of individuals. These relationships are focused not on individual actors and their relations but their interrelationships. Several characteristics describe the level of relationships, which can be defined by their frequency, the type of relationship, and the strength-level of the interaction [55]. The underlying assumption is that this relational place in the structure (the network) determines the behavior of individuals [61,62,63]. Finally, the data collected were analyzed by means of several techniques that illustrate the relationships [61,62,63]. The main advantage of the SNA method is its ability to reconstruct, visualize, and analyze complex and multilevel relationships occurring in a given phenomenon, given both the direct and indirect relationships between the issues. Research using SNA analysis can determine the impact of individual groups on the processes occurring in a given network [64]. The detailed analysis steps are presented in the subsection related to the research process.



Referring to the assumptions of the Social Network Analysis method, we defined the groups of the main stakeholders who are related to electric shared mobility services. Three main stakeholder groups were identified [65,66,67]:




	
Users (further marked as “U”);



	
Governments (further marked as “G”);



	
Operators (further marked as “O”).








These are the groups most closely connected to electric shared-mobility [65,66,67]. Extended interactions among the indicated groups of stakeholders may improve the state of the current shared mobility market situation and may exert an influence on local transport policy-makers when creating sustainable urban mobility plans or the new sustainable transportation regulations [65,66,67].



The next step was to prepare a questionnaire for expert research and to conduct that research. We conducted this research in 2019 during annual workshops related to shared electric mobility in Paris, France. These workshops attracted more than 100 participants from different professions and included, among others, electric shared mobility operators, local self-government officials, SUMP experts, and researchers familiar with shared mobility solutions. The research was carried out during a session dedicated to the “Electric mobility impact factors”. All who were willing to participate in the session reported their willingness through limited registration via a mobile application. During the selection, the individual’s professional position and experience related to electric mobility sharing services were considered. Based on the participants’ submissions, 25 participants were invited to participate in the research session. For the number of participants to be sufficient to obtain statistically correct results, Equation (1) for the minimum number of experts was used [68]:


   E  min   = 0.5 ×  (   3 p  + 5    )  =   17.5   - >   18  



(1)




where Emin is the minimum number of experts, and p =      α    is statistical significance,   α     = 10%.



Following the guidelines for conducting expert research presented in [68], the indicated minimum number of experts was a representative sample. In the case of expert research, this result reflects the general publics’ opinion. This type of approach to expert research has been expressed, for example, in the works [69,70,71,72]. The 25 experts were composed of: seven representatives of electric shared mobility operators, eight representatives of local self-government officials, three representatives of SUMP experts, and seven representatives of researchers familiar with shared mobility solutions representing various academic backgrounds (technical universities, universities, and business academies). Twenty-five experts were worked in the group system. According to Arrow’s theory, a group decision support system was used because there is no ideal decision-making mechanism that would allow for a rational selection of group preferences based on individual preferences of individual group members [68]. However, if group members have common goals, appropriate ways of aggregating assessments and opinions from individual members of the expert group may be helpful. Therefore, the group needed to be composed of such a wide range of experts representing various scientific disciplines, branches of the economy, and the public sector. During the work, techniques related to group decision support based on the heuristic methods were used. We proposed a group activating method based on the Gordon’s Techniques that are appropriate heuristic methods for making group decisions [73]. The used method was the Forced Relations Technique, based on a register of characteristics, also called “selective listing” or “attribute listing” [73]. The technique consists of specifying various features related to a given problem and then considering modifying, replacing these elements, and using these elements’ characteristics to obtain better results. It is also used to position problems and match problems to defined sets [73]. Based on the methods’ principles, we proposed a list of factors (problems) connected with the experts’ shared electric mobility markets’ development. After the experts had reviewed the list of problems, they were asked three questions related to the existing problems, problem solving/solutions, and financial aspects. The main questions posed are shown in Figure 2 below.



The interviews were also able to retrieve additional expert answers. The next step was to assign each of the assessment factors to indicate their level of importance. Based on the experts’ responses and the development of synthetic assessments, 19 factors were obtained. All the factors that were results of the working meeting were considered in further analyses (see Table 4) to contribute to the calculations using the SNA method. The research sample size was compatible with the requirements of data analysis applied to previous shared mobility studies [34,38,54]. In the next step, five main areas were defined, which are related to the problems and the stakeholders. The experts indicated five areas of electric shared mobility system functioning:




	
planning (A1);



	
implementing (A2);



	
functioning (A3);



	
governance (A4);



	
others (A5).








In the Social Network Analysis method, the nodes represent the identified problem and link a problem and stakeholders with the other problem. In turn, the interviewees had to specify the full potential impact of the problem on the stakeholder, the impact of the problem on another problem, and the problem in the given area. A list of the problems with detailed descriptions is presented in Table 4.



A list of problems with the related stakeholders and areas considered in the Social Network Analysis is presented in Table 5.




4. Results


This analysis was performed using the R programming and the Igraph library. The results of the network-level analysis are shown in Figure 3. The network shown is made up of 22 nodes and is connected by 56 links. The colors of the nodes represent the categories of stakeholders and problems. The arrowhead direction of the link arrow shows the direction and relationship between a pair of stakeholders and the problem. The problems affecting more links are located in the center of the network, and the nodes with fewer links are closer to the network border.



The spatial view of the network makes it possible to clearly define the relations of stakeholders with the problems occurring in the network and to determine the main problems arising from this network structure. The large number of arrows (Figure 3) indicates that there are many relations between stakeholders and problems and also indicates that the same problem occurs in many stakeholder groups. In practice, a change in one factor affects a change in the rest of the network, which is essential for stakeholders. Table 6 and Table 7 present the number of input and output connections for a given node.



We subsequently determined the closeness centrality. Closeness centrality is a useful measure of the average shortest distance from each vertex to each other vertex. Specifically, it is the inverse of the average shortest distance between the vertex and all other vertices in the network. The network closeness centrality was calculated based on Equation (2) [69]:


  C  ( x )  =  1   ∑ y  d  (  x , y  )    = 0.315  



(2)




where C(x) is closeness centrality, and d(x,y) is the distance between vertices x and y.



The average node distances are shown in Table 8. As noted in Table 8, average node distances higher than C(x) values indicate problems that go beyond the closest centrality area. The occurrence of values greater than the calculated range interferes with the proper functioning of the network. The results of this analysis can be used for further research, modeling, and optimization of electric cooperative mobility systems that consider criteria whose values C(x) > 0.314 in more detail. These values indicate that the network is intense and that the factors are closely related. The challenges associated with these influencing factors will, therefore, be very complex and challenging to manage due to the intense network of connections. The presence of multiple shared nodes at the center of the network indicates that operator performance plays a crucial role in the sustainable development of the entire system.



When analyzing the obtained values of individual factors in detail (see Table 7), the most important problem is factor P10—infrastructure. Subsequently, three factors, P7, P11, and P13, obtained very similar values, which means that when modeling and optimizing systems, it is worth considering these factors simultaneously because they complement each other. Moreover, it is worth paying attention to factor P19, which is an area of system operation important for the functioning of any type of system. Factors P5, P6, P12, and P14 should also be discussed together. However, they have a very statistically small significance for system development.



Moreover, factors P1, P3, P4, P9, and P17, despite representing seemingly important features, are the least important factors in optimizing systems for efficient functioning. Indeed, they were almost irrelevant to the analysis performed. Therefore, they are not valuable areas of interest for modeling and optimization. Based on the conducted research, new network topography was created, showing the connection of areas with stakeholder problems. The network structure is shown in Figure 4.



Table 9 presents the number of connections shown in Figure 4.



Knowledge of the network structure allows one to establish appropriate management of the individual elements in the network. The sizes of the circles shown in the SNA method indicate the scope of the problems (Figure 4). Only the A5 (others) area has no connection to the rest of the network, which means that problem in this part of the network does not affect proper operation in the rest of the network. The A1 (planning) area has the most considerable impact on the network and is directly linked to the A4 (governance) and A3 (functioning) areas. Combining these areas with existing problems and their proper management will significantly reduce the risk of the incorrect operation of the network in this structure.



Based on the results of the Social Network Analysis, the distribution of individual factors in the network, and expert research, we determined the types of individual factors influencing the development of electric mobility market services. The conducted research allowed us to additionally determine the impact of the type of stakeholder (the group of stakeholders) on the nature of a given variable in the electric services model of shared mobility. Table 10 presents the set of variables and their characteristics depending on the group of stakeholders.



Based on the conducted research, it can be concluded that the type of stakeholder depends on the nature of a given variable representing the selected factor. Importantly, the variability of this type of characteristic can be observed for the factors with average node distances > C(x). This type of compilation can be very helpful for modeling and using, for example, multi-criteria decision support methods.




5. Discussion


The research carried out using the Social Network Analysis method allowed us to determine the most crucial mobility factors for the electric shared mobility industry. Moreover, it allowed us to identify areas to focus on to ensure the optimal use and profitability of these systems. By analyzing the most important problems in the network in detail, it is possible to highlight (see Table 8) aspects such as infrastructure, fleet condition, user security, prices, and rental area. Importantly, the proposed approach and the results obtained take into account all types of electric shared mobility services. Although the systems differ in the type of vehicles, the concept of their functioning is based on the same idea (electric shared mobility). The most significant impact on the operation of the network appears to be problem P10 (infrastructure), which affects all groups of stakeholders and three areas of functioning. Interestingly, the problems of properly matched infrastructure (including the number of chargers and their technical reliability, the number of parking spaces, the number of dedicated areas where vehicles can be parked, electromobility hubs, and more) are not clearly highlighted in the optimization models. It is, therefore, particularly important to link the services to local SUMPs and to ensure that the services have a clearly laid out approach to power supply for juicers, individual clients, and company employees. Therefore, the models should assume specific data not only about the number of infrastructures but also the data related to the people connected with the system’s operational aspects.



The second important aspect is the P7 problem, which indicates the proper condition of the vehicle fleet. Notably, in the proposed models presented in the literature, the focus was only on the number of vehicles. Such a result among research and business practices should take into account the issues of fleet diversification and the technical condition of the fleet. Operational issues are very often overlooked, and, as the examples show, they are one of the main problems leading to the shutdown of electric shared mobility systems.



The third major problem is user security (P11). This goal for this factor is not road safety. Instead, the task is not to violate the user’s comfort and ensure that the condition of the vehicles does not endanger user security, as well as ensure that there is no fraud or other legal irregularities involved. This aspect is particularly important during the design stage to ensure adequate monitoring of the condition of the vehicles. Moreover, this factor is directly related to the number of vehicle rentals [5,9,74,75].



Another important factor is the well-known problem of appropriate pricing. Notably, the problems related to the condition of the vehicle fleet, user security, and prices, according to the analysis, achieved very similar values. Therefore, it is suggested to consider these factors together during modeling because they complement each other. This, therefore, indicates that such issues cannot be ignored when performing mathematical modeling, which is an important guideline for scientists modeling electrical shared mobility services.



Moreover, the analysis indicated one more group of factors that should be systematically examined, which includes aspects such as legal requirements, parking space location, weather, and vehicle relocation. This set indicates the correct direction of activities in the field of service development and supports the creation of appropriate legal regulations on the use of services that will allow, for example, the additional relocation of vehicles depending on the weather. This could mean, for example, temporarily allowing operators to set up virtual mobility hubs at stations, collective communication stops, or transfer points in bad weather when an increase in demand for electric shared mobility services is possible. It may also entail the need to create relocation models of vehicles under changing weather conditions. We suggest that the relevant parties develop scenarios for travel chains using shared vehicles depending on the weather while taking into account the condition of the vehicle battery, the charging time, and the necessary infrastructure.



Importantly, based on the analysis performed, factors such as vehicle location, registration process, rental process, vehicle safety, and urban traffic accessibility are the least important when modeling and optimizing systems. These factors achieved the lowest statistical values during the performed analysis. The registration and rental processes are organizational issues that are important for first-time users. When analyzing the system, active users are considered as a whole, so these elements may be omitted. In turn, issues such as the location of vehicles or the safety of users are beyond the control of the operator or analyst. It is impossible to predict specific vehicle locations because shared mobility systems based on dockless (free-floating) models do not have clearly defined parking spaces. In turn, safety issues depend on the condition of the roads, the users’ predispositions, and, for example, weather conditions, which also cannot be influenced directly at the level of mathematical modeling. Importantly, these two aspects are often found in scientific models and could be replaced with other factors.



Based on the obtained results, it can be stated that the main challenges facing today’s industry of shared electric mobility are the following:




	
Directing more attention to monitoring the quality of services and their availability for users of electric shared mobility systems;



	
Establishing cooperation with the authorities to develop a standard policy for the development of electric shared mobility systems, developing joint plans for the location of chargers and parking spaces for electric vehicles, and establishing privileges for users and operators;



	
Researching the number of electric vehicles and their distribution in a given area in the city to improve access to services for potential system users;



	
Developing plans for cooperation between operators and cities as mutual business partners, which would increase transport accessibility and obtain a more favourable pricing policy for services for urban residents;



	
Promoting electric shared mobility services (among both operators and city authorities).








Comparing the obtained results with the research of other authors, it is worth pointing out that we have classified the model network structures in terms of nodes and relations between them. Commonly, models of transport networks are described only by directed graphs. The authors’ approach was based on the use of a complex network, which, unlike directed graphs, is characterized by a more complicated architecture than networks described by graphs with a specific (predetermined) number of nodes and connections (edges) [76,77,78,79]. Moreover, the obtained detailed results regarding the aspects that can be taken into account when analyzing electric shared mobility systems are an original added value due to the SNA method used in modeling transport processes.



Moreover, based on the performed analyses, it was possible to determine which of the factors are stimulants, destimulants, and neutral for the development of electric shared mobility systems for each of the stakeholders. This type of compilation provides valuable support for analysts in the process of modeling and optimizing systems and could be widely used in the field.




6. Conclusions


In the current era of striving to create the most sustainable mode of transport, it is very important to have guidelines on how to properly model and optimize implemented or existing shared electric mobility market services.



The analysis presented in the present study offers an innovative approach to the factors influencing the development of shared electric mobility services. Based on the use of the Social Network Analysis method supported by expert research, we developed a list of factors that are important in creating a holistic model of electric services for shared mobility. Moreover, the analysis made it possible to identify the main areas that should be considered as criteria in related mathematical models. Moreover, we showed that some of the proposed approaches, such as infrastructure, user safety, and aspects of fleet maintenance and operation, are overlooked in the literature. Notably, the results obtained in the conducted research were confirmed in real business practices.



In conclusion, the research in this study showed that there is great potential in using the SNA method for more comprehensive transport analyses in the field of modern transport mobility. This type of analysis is essential when designing new mobility services and implementing them in a specific area. What is more, knowing the character of the factors as stimulants, destimulants, and neutrals (see Table 10) is crucial during modeling and optimizing services in modern urban transport systems. Also, knowledge of the challenges that operators may face at the stage of service implementation will facilitate faster integration of the service within the area and with other systems operating in the city. We recommend that researchers who have access to more detailed trip data for electric shared mobility services use the present method together with elements of machine learning. A combination of SNA analysis and machine learning can support the process of creating an intelligent, integrated MaaS (Mobility as a Service) system, which is a significant challenge in the electric shared mobility industry.



Based on the provided Social Network Analysis, it is recommended to:




	
Improve mobile applications with a module containing the possibility of assessing the quality of services and then monitoring and analysing the quality of services by operators in real time using machine learning and big data;



	
Develop a local policy of shared electric mobility in cooperation with local self-governments with focusing on the aspects related to the infrastructure for charging electric vehicles (number, availability, location; infrastructure dedicated to vehicles from electric sharing systems, creating mobility hubs and parking spaces); technical fleet issues (condition of vehicles, including their mileage, wear, and reliability level); ensuring the security of users’ (in the case of personal data, safe payments, and General Data Protection Regulation issues); monitoring the number of fares, account activation fees, deposits, costs of violations, and subscriptions; system operational area (ground surface); providing the number of zones; type of system within the zone offered (see Table 8);



	
Develop mathematical models that contain algorithms describing the principles of efficient operation of systems in the field of vehicle location and their availability to users;



	
Create joint hubs for shared electro-mobility that function as a separate and specially arranged public space, where charging points and docks for vehicles with shared electric mobility are located;



	
Create a Mobility as a Service Urban Platform that will gather all operators under one application. This type of solution will give users and operators equal access to the market for shared electric mobility.








As noted in Table 8, the average node distances higher than the C(x) values indicate problems that go beyond the closeness centrality area. The occurrence of values greater than the calculated range interferes with the proper functioning of the network. These values indicate that the network is intense and that the factors are closely related. The challenges associated with these influencing factors will, therefore, be very complex and challenging to manage due to the intense network of connections. The presence of multiple shared nodes at the center of the network indicates that operator performance plays a crucial role in the sustainable development of the entire system.



The results of this analysis can be used for further research, modeling, and optimization of electric cooperative mobility systems that consider criteria whose values C(x) > 0.314 in more detail. Moreover, the obtained results of this analysis can be used to assess the validity of a given criteria, e.g., when applying the multi-criteria methods used to develop a model of the transport system in the studied area. Moreover, the analysis showed which of the problems (factors) are most relevant for the holistic modeling and optimization of electric co-green mobility systems. Because each of these groups is associated with different types of sub-criteria, some selected criteria are worth considering during modeling and optimization, including:




	
Infrastructure: the number of vehicles charging stations, types of chargers, charging time, availability of chargers, and the presence and number of dedicated parking spaces and e-mobility hubs;



	
Fleet condition: mileage, technical inspections, and the occurrence of daily technical inspections;



	
User security: existence of a protection system for users’ personal data and vehicle disinfection frequency;



	
Rental area: number of zones for the functioning of the area, the number of sub-zones, the type of the system, and the size of the area;



	
Law requirements: legal provisions regarding the movement of a specific type of vehicle, e.g., parking rules and operator regulations;



	
Location of parking spaces: number of parking spaces, number of private and public parking spaces dedicated to electric sharing systems, geographic location, accessibility, and parking fees;



	
Weather: the occurrence of rainy days and rules of operation on cold days (issues of battery status and user safety);



	
Vehicles replacements: number of vehicles, number of employees to service, relocations during charging, and external human resources to handle battery charging.








Additionally, this analysis provides initial research results for the further advisement of valid and cost-effective electric shared-mobility systems in urban transport. We are planning to upgrade this analysis in our subsequent articles by considering a more significant number of initial data and preparing similar studies in other areas of systems to verify and improve the presented method.
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Figure 1. Shared mobility and electric-shared mobility timeline. 
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Figure 2. The specific content of the research questions asked during the expert analysis. 
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Figure 3. The network of stakeholder-associated problems. 
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Figure 4. The network of stakeholders and associated factors (problems) for the five main areas. 
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Table 1. Factors that are taken into account when modeling and optimizing electric bike-sharing systems—a literature review.
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Factor

	
Sub-Factor

	
Type of Research

	
Literature






	
Costs

	
operational cost

	
optimization

	
[19,20]




	
reposition costs




	
infrastructure cost




	
Fleet

	
range

	
optimization

	
[19]




	
safety




	
cost of purchase




	
Parking

	
location of (dockless) bikes

	
modelling

	
[21,22]




	
location of docking stations




	
Weather

	
Weather

	
optimization

	
[23]
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Table 2. Factors that are taken into account when modeling and optimizing electric car-sharing systems—a literature review.
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Factor

	
Sub-Factor

	
Type of Research

	
Literature






	
Costs

	
operational cost

	
optimization

	
[24,25]




	
reposition costs




	
infrastructure cost




	
Fleet

	
range

	
modelling

	
[26]




	
safety




	
Fleet

	
size

	
modelling

	
[25]




	
optimization

	
[27]




	
Parking

	
location of parking areas

	
modelling

	
[28,29]




	
location of vehicles




	
Fees

	
pricing policy

	
modelling

	
[30]




	
Charging

	
number of the charging stations

	
modelling

	




	
location of the charging stations

	
modelling

	
[31,32,33]




	
recharging policy

	
modelling

	




	
time of charging

	
optimization

	
[34,35]




	
battery capacity

	
optimization

	




	
Model of system

	
rental rules

	
modelling

	
[31]




	
vehicles relocation time

	
optimization

	
[36]
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Table 3. Factors that are taken into account when modeling and optimizing electric scooter-sharing and electric moped-sharing systems—a literature review.
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Factor

	
Sub-Factor

	
Type of Research

	
Literature






	
Costs

	
operational cost

	
optimization

	
[37,38]




	
reposition costs




	
infrastructure cost




	
Parking

	
location of parking areas

	
modelling

	
[39]




	
Fees

	
pricing policy

	
modelling

	
[38]




	
Charging

	
location of the charging stations

	
optimization

	
[40]




	
recharging policy




	
time of charging




	
battery capacity




	
Weather

	
weather

	
optimization

	
[41]
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Table 4. Influencing factors (problems) with their corresponding descriptions.
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	Problem Nodes
	Problem Name
	Description





	P1
	location of vehicles
	the distribution of vehicles in the electric sharing zones of operation



	P2
	mobile apps
	the functioning of the application and accessibility for the user (UX and UI)



	P3
	registration process
	the form of registration in the system, e.g., via a mobile application or requiring reporting to the customer service office



	P4
	rental process
	Rules for renting vehicles, e.g., through a mobile application, using a card, on a subscription basis, etc.



	P5
	law requirements
	legal provisions regarding the movement of a specific type of vehicle, e.g., scooters, parking rules, operator regulations, etc.



	P6
	location of parking spaces
	number, geographic location, accessibility, and parking fees



	P7
	fleet condition
	technical condition of vehicles, including their mileage, wear, and reliability level



	P8
	security of vehicles
	the level of protection and monitoring of vehicles and monitoring the condition of vehicles in terms of break-ins, thefts, etc.



	P9
	safety of users
	the level of safety of users using vehicles—the use of vehicles with a high NCAP score, considering the technical condition of vehicles and their timely service inspections, rewarding safe driving among users, etc.



	P10
	infrastructure
	infrastructure for charging electric vehicles—number, availability, location; infrastructure dedicated to vehicles from electric sharing systems, e.g., mobility hubs and parking spaces



	P11
	user security
	ensuring the security of users’ personal data, safe payments, and

General Data Protection Regulation issues



	P12
	weather
	weather conditions—mainly rainy and cold days



	P13
	prices
	the amount of fares, account activation fees, deposits, costs of violations, and subscriptions



	P14
	vehicle replacements
	relocation of vehicles within the offered zone—issues of human resources that perform this service, privileges for relocating vehicles, etc.



	P15
	privileges for operators
	the possibility of co-creating a system with the city, separation of zones only for electrical sharing systems, etc.



	P16
	surcharges for operators
	reduced parking costs,



	P17
	urban traffic accessibility
	adaptation of the municipal transport system to support electrical sharing systems, e.g., the presence of an integrated ITS system; willingness to create a shared mobile application for all systems; electronic parking fees; electronic fees for entering city zones, etc.



	P18
	serviceability safety
	focusing on the safe driving of the user, controlling journeys based on compliance with road regulations



	P19
	rental area
	system operational area (ground surface); number of zones; type of system within the zone offered
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Table 5. Influencing factors (problems) with the corresponding stakeholders and areas.
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	Stakeholder Nodes
	Problem Nodes
	Areas





	U
	P1
	A3



	U
	P2
	A1, A2



	U
	P3
	A3



	U
	P4
	A3



	O, U, G
	P5
	A4



	O, U, G
	P6
	A4



	O, U
	P7
	A1, A2, A4



	O, U
	P8
	A3



	U
	P9
	A3



	O, U, G
	P10
	A1, A2, A3



	O, U, G
	P11
	A1, A4



	O, U, G
	P12
	A5



	O, U, G
	P13
	A1, A3



	O, U, G
	P14
	A3



	O
	P15
	A4



	O, G
	P16
	A4



	O
	P17
	A4



	O, U
	P18
	A3



	U
	P19
	A1, A2










[image: Table] 





Table 6. The number of inputs for stakeholders.
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	Stakeholders
	In Degree





	User (U)
	23



	Operators (O)
	19



	Government (G)
	15
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Table 7. The number of outputs of problem nodes.
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	Problem Nodes
	Out Degree





	P10
	9



	P7
	6



	P13
	6



	P11
	6



	P19
	4



	P6
	3



	P5
	3



	P14
	3



	P12
	3



	P8
	2



	P2
	2



	P18
	2



	P16
	2



	P9
	1



	P4
	1



	P3
	1



	P17
	1



	P15
	1



	P1
	1
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Table 8. The average node distances.






Table 8. The average node distances.





	Problem Nodes
	Average Node Distances





	P10
	1



	P7
	0.72



	P11
	0.666



	P13
	0.666



	P19
	0.44



	P5
	0.333



	P6
	0.333



	P12
	0.333



	P14
	0.333



	P2
	0.254



	P8
	0.24



	P16
	0.206



	P18
	0.206



	P15
	0.129



	P1
	0.127



	P3
	0.127



	P4
	0.127



	P9
	0.127



	P17
	0.112
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Table 9. The number of connections related to the areas.
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	Areas
	Number of Connections





	A3
	17



	A4
	15



	A1
	14



	A2
	8



	A5
	3
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Table 10. Set of variables and their characteristics depending on the group of stakeholders.
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Problem Nodes

	
Problem Description

	
Stakeholders




	
User

	
Operators

	
Government






	
P1

	
location of vehicles

	
S

	
S

	
S




	
P2

	
mobile apps

	
S

	
S

	
S




	
P3

	
registration process

	
S

	
S

	
S




	
P4

	
rental process

	
S

	
S

	
S




	
P5

	
law requirements

	
N

	
D

	
S




	
P6

	
location of parking spaces

	
S

	
S

	
D




	
P7

	
fleet condition

	
S

	
D

	
D




	
P8

	
security of vehicles

	
S

	
D

	
S




	
P9

	
safety of users

	
S

	
S

	
S




	
P10

	
infrastructure

	
S

	
D

	
D




	
P11

	
user security

	
S

	
D

	
D




	
P12

	
weather

	
N

	
D

	
N




	
P13

	
prices

	
D

	
S

	
N




	
P14

	
vehicle replacements

	
S

	
D

	
D




	
P15

	
privileges for operators

	
N

	
S

	
D




	
P16

	
surcharges for operators

	
N

	
S

	
D




	
P17

	
urban traffic accessibility

	
S

	
S

	
S




	
P18

	
serviceability safety

	
S

	
S

	
S




	
P19

	
rental area

	
S

	
D

	
N








D—destimulant, S—stimulant, N—neutral.
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