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Abstract

:

The mobility needs of society are constantly increasing, resulting in congested urban areas. New mobility concepts such as e-scooters can help to reduce traffic. In particular, commuting paths, which generally remain within a specific distance, are short and manageable via an intermodal travel chain. In combination with public transport, commuting paths could be beneficial. To evaluate the potential of e-scooters used with commuting paths, a literature research focusing on mobility behavior and characteristics was conducted. In addition, an end-user survey was used to identify the ecological and economical potential for typical work routes. The research results indicate that both the mobility preferences of the users, e.g., acceptance of intermodal travel, and the technical specification of e-scooters, e.g., speed and range, meet the needs of commuting. The assessment of typical work routes shows that the use of e-scooters for the first and last mile, in combination with public transport, is highly beneficial. Furthermore, e-scooters have the potential to provide individual advantages in the areas of travel time and costs. From an ecological perspective, CO2-equivalent emissions may also be reduced for some users depending on the substituted modes.
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1. Introduction


Today’s population shows an increasing need for mobility [1]. This results in major traffic problems, especially in cities and conurbations. The infrastructure can no longer cope with this increased traffic volume, which ultimately leads to congestion, noise, and overloaded public transport. Additionally, the pollution thresholds are not adhered to due to the increase in individual motorized traffic. In many German cities, driving bans have therefore already been implemented [2]. To resolve this problem, firstly, the optimization of conventional means of transport and, secondly, the implementation of new means of transportation and mobility, should be considered. However, new mobility solutions do not only have advantages. Many of these new systems also result in negative effects, e.g., in the area of the operation model. One of the most famous examples globally is “O-Bike”, who offered their bike-sharing solution, not only in Germany, but also in Australia and China [3]. Due to a lack of organizational measures by suppliers, the bikes were indiscriminately parked in cities, thus blocking public footpaths. The city populations reacted with vandalism. Thus, the hoped-for traffic innovation did not appear to find acceptance among the population and the company has since withdrawn from the market.



A new means of transport for the German market is personal light electric vehicles (PLEVs). Due to their small size and portability, PLEVs have significant potential for the interconnection of several means of transport in an intermodal travel chain; for example, it is possible to take a PLEV onto public transport or in cars. As a consequence of this property, this mode of transport is ideal for overcoming the first- and last-mile issue. The most common form of PLEV at present is the e-scooter (e-kick-scooter). This new type of mobility, and its use, are part of the public discourse and discussed in the media. However, media awareness mostly focuses on individual incidents (e.g., accidents) or suspicions. Studies dealing with their use and impact on traffic remain the exception rather than the rule. As a result, this study investigated the potential of e-scooters based on the following research question:




What is the time- and cost-potential of e-scooters for individual users and which influences do they have on the environmental balance?





Thus, this study focused on routes to work within the German market. As commuters mostly travel highly optimized routes, any improvements are beneficial. Furthermore, because work paths are already predefined, users were able to provide detailed information in the conducted survey. The overarching research interest lies in the comparison of the use of e-scooters and other means of transport on typical commuting paths. The methodical approach consisted, firstly, of a literature search to identify properties of commutes, means of transport, and the first and last mile. Secondly, the user’s preferences for e-scooters were detected via a survey, which included different mobility scenarios. These data were collated and evaluated in a comparative methodology, in which the ecological and economic potential of e-scooters was derived. The methodology of this study is presented in detail in the following section, followed by the compilation of the state-of-the-art research within this field. Section 3 focusses on the results of the evaluated datasets, the conducted end-user survey, and the executed calculations. In Section 4, the results are summarized and the key findings are highlighted. This paper is based on [4] and shows extended results.




2. Methods and Fundamentals


2.1. Methodology


To answer the research question, a methodical approach was developed (Figure 1). The main target was to compare commuting paths with each other using different means of transport (alternative drive systems, public transport, bike, etc.) and, in particular, the e-scooter, as is the most recent form of mobility. For this purpose, the ecological and economic potential of e-scooters used on commuting paths should be evaluated. Therefore, basic research and a user-survey, including scenario development, was required.



The first step was basic research in the fields of typical commuting paths (1), properties of means of transport (2), and the relevance of the first and last mile (3). To analyze typical commuting paths, it is important to know, e.g., the means of transport used by respondents, the average distance traveled, and the daily travel time to the workplace. The data are based on the German study “Mobility in Germany” from 2017 [5]. The study contains data from over 300,000 interviewed persons. This large sample ensures a reliable overview of peoples’ commuting behavior and the general use of means of transport can be obtained. The second step was an investigation of important properties of means of transport used while commuting. The target was to define comparable criteria among the means of transport. The third part of the state-of-the-art analysis was the identification of the relevance of the first and last mile. An end-user survey provided additional input for the comparison methodology from a user’s perspective (5). This perspective is crucial, as a mobility concept only works if it is accepted by users. The user survey should address the current state in addition to future mobility scenarios. To achieve this goal, future mobility scenarios were researched within this study (4). This provided respondents the opportunity to predict a possible change in their mobility behavior according to different future scenarios.



The results of the basic research, scenario development, and user survey led to the comparative methodology (6). The comparative methodology was based on the evaluation of relevant criteria for means of transport. The aggregated results helped to identify when the use of e-scooters is beneficial, with special consideration of the criteria cost, time, and ecology. This finally revealed the ecological (7) and economic (8) potential of e-scooters on commuting paths, which were analyzed both individually and in combination with other means of transport.




2.2. Basic Research


The basic research was divided into analysis of typical commuting paths, properties of means of transport, and the relevance of the first and last mile. To analyze typical commuting paths, the data collected must reflect actual mobility behavior, thus the “Mobility in Germany” database [5] was used. The focus was on the main characteristics of the commuting path, such as the distance to work, the time needed to cover that distance, and the choice of the means of transport and their combination (intermodal usage). Furthermore, it can be helpful to split the data into urban and rural areas. The following means of transport were identified as typical modes used for commuting; all of these were compared with the usage of e-scooters, whether single-use or in an intermodal mobility chain:




	
Car;



	
Train;



	
Tram;



	
Bus;



	
E-Bike;



	
Bike;



	
Foot;



	
E-scooter.








The next step was to identify criteria for evaluating of the means of transport, which depend on the main target, i.e., the ecological and economic potential. Applied to the mobility sector, the rational choice theory defines three factors that influence the choice of the means of transport: time, cost, and convenience. According to this theory, ecological criteria do not need to be formulated because there is no rational justification [6]. In addition to numerous subjective criteria regarding the choice of means of transport (e.g., living conditions, personal attitude to transport, social environment), there are many objectively measurable criteria, particularly considering the expenditure of time and costs [7]. Acquisition, fuel, and maintenance costs should also be considered regarding the use of motorized individual transport (MIT). Similarly, the access, departure, and transfer times influence the time aspect of public transport and thus the choice of the means of transport [8]. Contrary to the position of Goetz [9], an ecological investigation must be part of the analysis, because ecology is an major factor in the current, mobile environment. Due to the lack of objective criteria, convenience was not considered in the evaluation. To compare different means of transport, the following properties were defined:



2.2.1. Time


To calculate the time needed ttotal in minutes from the starting point to the target point, in addition to the average time of travel ttravel, the duration of first (tin) and last mile (tout), and—on intermodal paths—the transfer time ttransfer, also need to be taken into account. The average time of travel is the ratio of the covered distance x to the average velocity of the means of transport vtravel. The calculation (Formula (1)) is based on the researched average velocity of the means of travel and the chosen vehicle for the first and last mile.


ttotal = ttravel + tin + tout + ttransfer with ttravel = x/vtravel



(1)








2.2.2. Costs


The second criterion for rating the means of transport is the cost. To ensure comparable values, the price per passenger kilometer (EUR/km) was selected. The stated cost can vary strongly depending on the means of transport used. Hence, data for average values (acquisition cost, maintenance, consumption, duration of use, etc.) were used.




2.2.3. Ecology


To rate the sustainability of the different means of transport, the Global Warming Potential (GWP) was used as a reference, which is determined through a life cycle assessment. According to Jepsen et al. [10], this is the most precise tool to estimate environmental outcomes of products during their whole life cycle, meaning from production to disposal. To compare products, a functional unit needs to be selected. The GWP is a well-suited tool to calculate the emissions per passenger kilometer (gCO2/km).



To archive intermodal mobility, the first and last mile are particularly relevant. These bridge the gap from public transport to the starting or target point. Thus, the attractiveness of intermodal travel chains depends on the first and last means of transport. Consequently, the relevance of first- and last-mile mobility ranks highly and will increase in the near future [11]. For this reason, it is important to know how many people travel on intermodal commuting paths using first- and last-mile vehicles, in addition to how they define the first and last mile. It is not clear whether this is a geographic mile (1.609 km) or if the distance varies. A growing trend is the use of sharing systems for multi- or intermodal mobility. Sharing systems exist for cars, bikes and e-bikes, and scooters and e-scooters. The latter offers promising potential based on small size, good portability (e.g., in public transport) and easy usage. The analysis of the first- and last-mile relevance includes the actual use, properties, and sharing systems.





2.3. Scenario Development


The comparison should also consider the influence of changes in mobility infrastructure and rules. Different scenarios [12] have been developed to analyze a wide range of these changes in future mobility. In this study, various existing scenarios found within the literature and other studies were analyzed and served as a base, rather than executing a scenario analysis. The most important characteristics with regard to PLEVs were included in the end-user survey. Therefore, the influence of changes in mobility infrastructure and legislation for e-scooters could be estimated. The maximum timescale for the applied scenarios was 2030.




2.4. End-User Survey


After the development of the scenarios, an end-user survey provided information about the acceptance and potential of new mobility devices such as e-scooters. The results, which were incorporated in the comparative methodology, helped to understand the users’ challenges, their requirements for a pleasant commuting path, and their reasons to either use, or not use, e-scooters for commuting. Thereby, the main objective was to contrast users of e-scooters with non-users, to evaluate the different assumptions regarding this mean of transport. As there were only a few users of e-scooters and even fewer commuters at the time of the survey, their user behavior was also identified. The latter data was used to derive typical commutes for the comparative methodology. The survey was based on the research question, which is defined in Section 1. On this basis, so-called program questions were derived to answer the research question. These include:




	
Which people can imagine using e-scooters?



	
Why do people choose their means of transport?



	
How would people use e-scooters?








Next, constructs were defined and quantified in order to answer these questions. For example, if the program question was “Which people can imagine using e-scooters?”, the construct included age, salary, gender, and employment relationship. These constructs are highly relevant; they need to contain all necessary values to answer the program questions without unnecessarily expanding the survey [13]. The survey questions were derived from these constructs. The future scenarios from the previous section were also included in the survey. The participants were required to reflect on their mobility behavior in coming years depending on changing framework conditions. Thus, the current state and an overview of future trends were included.




2.5. Comparative Methodology


The next step was to merge the results of earlier work (basic research, scenario development, end-user survey) into the comparative method (Figure 2). Evaluation criteria, as defined in Section 2.2, were calculated from all of the collected data. To enable a comparison of different means of transport, five typical commuting paths were defined within the study. These represented all kinds of commutes identified in the basic research and the end-user survey. For these use cases, conventional means of transport were compared with either the single usage of e-scooters or an intermodal combination with public transport. Based on the basic research, the end-user survey and, in particular, the comparison between typical commutes and economic and ecological potential of e-scooters on commuting paths, was derived.





3. Results


The applied method helped analyze the potential of e-scooters on commuting paths. In this section, the results are presented.



3.1. Results of the Basic Research


The analysis of mobility behavior on commuting paths (including vocational training) was based on data of the Federal Ministry of Transport and Digital Infrastructure Germany, collected within the scope of “Mobility in Germany” (MiD) between 2008 and 2017. On average, a respondent commuted 39 km daily in 2017, taking 80 min. Distances up to 5 km represented the highest share, of 47%, whereas the segments of 5–10 km and 10–20 km had shares of 18% each. One-twentieth of commuters cover a distance of more than 50 km a day. Respectively, commutes and other work-related journeys (business trips, journeys to customers, etc.) represent one-third of the total mobility volume. The indicated relevance reveals the need for a representative case to analyze the use of personal light electric vehicles. An examination of the required time suggests that one-third of all commutes take less than 15 min. Another third takes between 15 and 30 min. After describing the distance and duration of typical commuting paths, the chosen means of transport was assessed. A share of 49% of respondents use a car (only MIT as driver and passenger), 18% of whom as a passenger. Public transport, bikes, and journeys by foot, respectively, represented 15%, 13%, and 12% of commuting paths. In contrast, combinations of different modes of transport only played a minor role (Table 1).



Based on the information about the modes of transport, it was identified if intermodal use was prevalent. A share of 20% claimed that they used two or more means of transport for commuting, whereas 73% only used one. Consequently, the intermodal use of means of transport offers significant potential. These depicted values of commuting paths build the basis for the case study in Section 3.4, which features typical commuting paths based on data of the MiD study. The applicability of PLEVs was tested for each of these typical paths. The next step in the basic research was the identification of specific properties of means of transport. The average speed, the cost per kilometer, and the GWP per passenger kilometer were determined. To assess the time needed and the average velocity in the case of public transport, the regional timetable was used. The time durations for first and last mile (FLM) were calculated similar to the manner used for the time needed for the main means of transport in Formula (1). Therefore, the velocities of the respective means of transport covering the FLM (e.g., by walking or e-scooter) and the distance of the FLM were used. For connections to train or public transport stations, a time of 5 min for parking and walking to the platform was added when using individual transport (e.g., car, bike, e-scooter). When arriving by foot, only 2 min were added, as no additional vehicle parking is required. As it is already included in the respective routes, the transfer times between means of public transport were not specified. To rate the financial aspect of the different means of transport, the costs in cents (EUR) per passenger kilometer were analyzed. The stated values can vary strongly depending on the means of transport being used. Hence, average values (acquisition cost, maintenance, consumption, duration of use, etc.) were used. The public transport costs depend on regional pricing. To rate the sustainability of the different means of transport, the Global Warming Potential (GWP) was used. Table 2 shows the values of the included criteria.



Research on the topic of mobility behavior shows that young adults (20–29 years), in particular, aim to use public transport, bicycle, or walk. This is also true for car owners who use their car less often than previously and demonstrate a stronger affinity for multimodal traffic [20]. Data from a German mobility panel indicates the same constant increase in people with multimodal behavior, from 3–6% in 1997 (depending on age) to 4–9% in 2011. A survey of 170 people in the Rhine-Neckar region suggests that 18% of covered distances are intermodal [11]. Of these respondents, 82% were found on paths with three stages, mostly with public transport as the main means of transport. Thus, intermodal sections are paths to cover the first and last mile. According to these studies, one can expect the relevance of the FLM to further increase, meaning that research considering the first and last mile is necessary. A study on the behavior of underground railway users in New Delhi analyzed the characteristics of the FLM. Most of the FLM paths were found to be covered by walking (mostly more than 50%). The covered distance for the FLM reached—depending on the location of the station—between 0.7 and 4.2 km [21]. A study in the USA found that there were significant differences when choosing the means of transport depending on the setting of the public transport station. In the inner city, two-thirds of people reached their station by walking, whereas in the suburbs only 5% arrived on foot (compared to 85% by car). The cause for this seems to be the maximum reasonable walking distance of 400 to 600 meters, which at times can be doubled by using good infrastructure (e.g., safe walkways). For distances over 1.6 km, the share of pedestrians decreased under 10%, whereas the motorized individual transport reached its maximum. The share of cyclists did not depend on the distance, and was in the lower single-digit percentile range overall [22]. These results underline both the current relevance and the importance of FLM-mobility as a field in future urban mobility.




3.2. General Results of the End User Survey


In the context of this study, 152 people were surveyed in total, 120 online and 32 personally. The share of male participants was 73.0% (111 people) and that of female participants was 26.3% (40 people). One respondent chose the sex “diverse” (0.7%). A sample size of one was not considered further for gender-specific evaluations. As described above, the aim of the survey was to interview people with and without experience with e-scooters and comparable vehicles, to obtain an overview of opinions and estimate their potential as a commuting vehicle. Therefore, the survey was conducted at the “micromobility-expo” fair in Hannover, Germany (3–4 May 2019), and online (10–24 May 2019). In total, 50.7% (77 people) did not have experience with e-scooters, 27.6% (42 people) had tested one, and 21.7% (33 people) either owned a PLEV or used one regularly (e.g., in sharing systems). Figure 3 presents the means of transport that that respondents have access to. The means of transport with the greatest access is the, car at 81.6% (Figure 3), followed closely by bike (77.6%), bus (76.3%), and train (72.4%). As underground and rapid railways are only available in cities, their share (57.2%) was smaller than those of other public means of transport. Additional modes, such as Mobility as a Service (MaaS), e-bikes, or motorbikes were used by less than 20% of the respondents. A share of 15.8% (24 people) owned or had access to a personal light electric vehicle.



Nine of the respondents were using a PLEV for commuting purposes. Despite this low number, a brief summary indicates considerable differences in usage patterns (Figure 4). Thus, five people (55.6%) used their PLEV in an intermodal manner in combination with public transport. The remaining four respondents (44.4%) exclusively used the PLEV for the direct commute to work. In addition, the distances of commuting paths covered (partly) with PLEV varied greatly: 44.4% were distances of over 20 km, all of which were combined with the use of public transport systems. Each category with shorter distances was also present, although the PLEV was used exclusively in most of these cases. To conclude, the application of PLEVs was widespread, ranging from unimodal to intermodal use.



Subsequently, participants were asked if they could imagine replacing a means of transport of their commute with a personal light electric vehicle. Slightly more than half of the respondents (53.9%) could not. Another 5.9% already used an e-scooter on their commute. The remaining 40.2% of interviewees could potentially imagine using an e-scooter. Figure 5 demonstrates the share of potential users of PLEVs within the different means of transport. A share of 42.1% of people walking more than 500 m during their commute would cover this distance with a PLEV. In the case of motorized individual transport, 28.4% would substitute their car with a PLEV and 20.0% would do so with their motorbike/motor scooter. In public transport, the share was almost as high: 27.8% of bus users and 18.2% of underground/rapid railway users were interested in PLEVs. As PLEVs are generally used for short distances, only 5.6% of train users would replace their current means of transport with e-scooters. The respondents also viewed PLEVs as a substitute for bikes: one-quarter of cyclists were interested in switching modes. Therefore, an ecological assessment is difficult because respondents indicated both motorized traffic and trips by bike and foot could be replaced by PLEVs, contradicting the hopes and expectations for this new means of transport.



The maximum time of use of PLEVs also differed notably depending on the experience of the respondents with e-scooters. The data shows that people who use a e-scooter regularly tend to cover longer distances compared to respondents without this experience. In terms of numbers, 33.3% of interviewees with experience would use a PLEV for longer than 45 min; in contrast, only 5.2% of the group with no experience stated that they would drive a PLEV for more than 45 min. This reveals a high acceptance for longer trips among e-scooters users and it is reasonable to assume that, with increasing use of PLEVs, their time of use will increase. Other data supports the assumption that PLEV-users show a more positive attitude towards this means of transport than others. For instance, these users would rather take their PLEV on public transport and focus on the advantages of PLEVs, such as the driving and technical characteristics (range, safety, comfort, transportability, price), and generally worry less about their disadvantages, which are discussed by the public. In conclusion, the results indicate PLEVs are a credible means of transport and therefore should be considered in future mobility systems.



More results were achieved from the end-user survey. For reasons of scope, they are not reflected within this paper. For more information, please contact the authors.




3.3. Results of the Commuting Scenarios


To estimate the impact of ambient conditions on the use of PLEVs, a literature research regarding mobility scenarios was conducted. The chosen scenarios in this paper were based on studies [23,24,25,26,27,28,29,30]. They were summarized in three scenarios, which include various key factors regarding PLEV (Table 3). In the end-user survey, the participants were interviewed regarding their potential future use of PLEVs within the period from now until 2030 based on these scenarios.



Scenario 1 “Business as usual” describes a future with few changes compared to today. The increase in motorized individual transport continues, including further congestions and traffic jams. This is part of the reason that pollution thresholds are exceeded more often and severely in this scenario. PLEVs have not been established and use of public transport is banned. The respondents were given statements about which they could indicate their approval on a scale from 0% to 100%. The interviewees agreed that e-scooters could relieve traffic (68%). The same value was obtained when asking participants if they felt confident using a PLEV on public streets. The questions regarding an increase in accidents and about e-scooters as an alternative to bikes showed slightly less agreement (56% and 58%). The affirmation of the statement “more PLEVs lead to more accidents” was also found to depend on infrastructure, with the interviewees being unsure whether bike paths were adequate for PLEVs; 48% indicated a neutral evaluation, and this result underlines the importance of infrastructure. In addition, use of PLEVs on public transport seemed to be a relevant criterion for potential users. A share of 59% of respondents anticipated a ban of PLEVs on public transport, thus leading to a decrease in usage. However, 37% did not share this opinion. In summary, participants were open to the idea of using PLEVs, although the available infrastructure and potential accidents were also seen as critical aspects.



For scenarios 2 and 3, the respondents were asked to evaluate if the respective key factors would lead to a change in the use of PLEVs. The used scale of the potential use of PLEVs ranged from −100% (greatly reduced utilization) to 0% (no change in utilization) and 100% (greatly increased utilization). The future setting of scenario 2, “Individual, but regulated”, reflects a situation in which problems have been recognized but only met with a small number of individual measures. In this scenario, motorized individual transport is more expensive than today, and PLEVs are financially subsidized. Bike infrastructure has been improved for use of new means of transport (e.g., PLEVs) where possible. Scenario 2 demonstrates that all key factors lead to an increase in the use of e-scooters. In particular, state subsidies result in more people using these modes (64%), whereas an improvement of bike infrastructure convinces fewer respondents (24%) to change their behavior. Some interviewees noted that improved bike paths benefit the attractiveness of cycling, eliminating the necessity of PLEVs. Furthermore, a rise in costs for car usage was indicated as a reason for respondents (38%) to recognize the potential of PLEVs. However, in this case, more than half of the participants (58%) indicated they would continue to use their car or favor different means of transport. In conclusion, scenario 2 still leads to a considerable increase in the use of PLEVs.



Scenario 3 follows a “Holistic approach” to mobility. Therefore, private car traffic is banned from inner cities completely and replaced by car-sharing systems. Public transport is free and expanded greatly. The free space in cities is used to improve bike infrastructure, which can also be used by PLEVs. Due to an increase in vehicle availability, the sharing of PLEVs is established as a real alternative for short paths and the first and last mile. According to 59% of respondents, a ban of car traffic in inner cities would lead to an increased use of PLEVs. This high value originates from frequent car users being forced to switch to another means of transport. The controversially debated idea of free public transport was reflected in a decline (−13%) in PLEV use for the respondents. By removing transportation costs, the attractiveness of public transport increases, thus eliminating a reason for using PLEVs. However, a fifth of respondents (21%) perceive that more attractive public transport would result in greater interest for the intermodal use of PLEVs and, thus, an increased use of these means of transport. The expansion of public transport does not have an influence on the use of PLEVs (−1%). Similar to the effect explained above, users who replace PLEVs with public transport offset those using public transport intermodally with PLEVs, neither increasing nor decreasing the usage intensity. Opinions regarding the impact of an optimized sharing system of PLEVs were also found to be opposing. About one-half (46%) of respondents indicated there was no impact because they were generally not interested in sharing services, whereas the other half (50%) indicated that the attractiveness of these means of transport was increased. The current establishment of sharing service providers, which are expanding in Germany [31], can continue to increase if offers are presented in an engaging manner (e.g., availability, cost, vehicles). In scenario 3, the use of PLEVs is more widespread than today, but is falling short compared to scenario 2 because changes in public transport (expansion and free use) negatively impact the use of PLEVs. In this context it must be taken into account that the design of the scenarios only includes key factors which are directly related to PLEVs. An indirect impact of other key factors found in the consulted studies (e.g., more home offices, less social value of owning a car, etc.) was not analyzed. Therefore, the conducted survey offers a first glance into the future use of personal light electric vehicles.




3.4. Economic and Ecological Potential


To estimate the potential of e-scooters based on practical commuting paths, five starting points (places of residence) were defined. The Fraunhofer Institute for Industrial Engineering IAO in Stuttgart-Vaihingen serves as the target point (place of work) for each commute. The whole range of possible commuting paths should be represented, hence, both short and long distances within and between cities were considered, according to the results of the survey. A typical commuting path (Table 4) demonstrates the analysis of the trip from Stuttgart Downtown-West to the Fraunhofer Institute IAO. Thus, in this case, the intermodal use of public transport and e-scooters resulted in an 8% increase in time compared to that from using a car, and a saving of 60% compared to the sole use of public transport. The results of the other studied routes are presented in Appendix A. Based on the calculated and aggregated paths discussed above, the cases of reasonable use of an e-scooter were evaluated, considering the criteria of cost, time, and ecology. E-scooters were considered both individually and in combination with public transport. Furthermore, a short discussion suggests which users benefit from the switch from conventional means of transport to e-scooters.



Cost of transport: Regarding the cost of transport, the single use of e-scooters is reasonable in comparison with each means of transport, except bike and walking. The most savings (70% per km) were found for distances currently covered by car. E-scooters combined with public transport can also offer considerable savings. Compared to only using public transport, the combination of e-scooters with a train, subway, or bus is more expensive because the first and last mile are covered by e-scooters instead of being walked.



Time: A differential view is required to evaluate the time needed. Individually, an e-scooter is faster than walking, as fast as a bike or e-bike, and slower than a car. In combination with public transport, the time needed to cover distances in inner cities is comparable to the travel time with a car. However, on paths from the suburbs into the city, the car is faster than the intermodal use of e-scooters and public transport. E-scooters offer the most important potential in connection to rapid public transport (e.g., rapid railways). Replacing bus rides from and to the rapid railway promises the most time savings, especially when minimizing transfer and waiting times.



CO2 equivalent: E-scooters have higher emissions of CO2-equivalents than walking or cycling. In contrast, the emissions of public transport and cars are even higher, proving e-scooters are the better alternative. The intermodal use of public transport and e-scooters scores well compared to the use of cars. However, it cannot be assumed that intermodal use has the potential to reduce emissions compared to the unimodal use of public transport because the particular paths and chosen means of transport vary strongly regarding their ecological impacts.





4. Conclusions


Whether e-scooters can improve mobility in a holistic manner could not be definitively clarified because of the complex nature of mobility systems. Other studies have reached the same conclusion [32]. However, this study indicates how PLEVs might impact commuting in urban areas. Firstly, people using public transport can use e-scooters to cover the first and last mile, in addition to paths taken by foot, which results in significant timesaving. Harmann et al. reached the same conclusion and highlighted the gain in comfort for some users when covering the first and last mile with a PLEV more quickly [33]. The findings of the literature search show that the relevance of the first and last mile will increase in coming years due to more intermodal routes. This subject will therefore become more important. Secondly, persons who commute by cycling tend to benefit less from e-scooters. By comparison, only the use of public transport is easier and the physical effort is removed. The study of Harmann et al. confirms this and underlines that the free transport of these vehicles in public transport is a major advantage [33]. Whether the removal of the physical effort results in a benefit largely depends on the individual. Thirdly, for unimodal car users, PLEVs can potentially reduce costs and CO2-equivalents of commuting paths. However, this relates to an increase in travel time, depending in part on the characteristics of the commuting path. However, it is questionable if e-scooters have the potential to replace car traffic. In accordance with the current findings, the research of Sanders shows that people are more likely to substitute PLEVs for walking trips than car trips [34]. The above results suggest that e-scooters offer individual benefits for specific groups of users. An ecological perspective also indicates the potential to reduce CO2-equivalents emissions for some PLEV users, but only if they are used in the right way.



Whether the assumptions about the respondents’ mobility behavior made in the survey correspond to their real usage remains unclear. However, if the given information leads to the expressed change of action, this change in actual mobility behavior will affect the assumed typical commutes used in this study. For instance, a comparison with other international studies shows that the surveyed data about the length of a typical e-scooter trip differs from that shown by our data. Average one-way trips with e-scooters range from 721 m [35] to 1.2 km [36] and less than 2 km [37]. Our respondents stated they would use the e-scooter for trips up to 20 km. When the average trips in Germany have the same order of magnitude as the presented studies, the potential use cases will change. Once this data is available, the need for new calculation of the commuting paths must be estimated.



The comparison between users and non-users of PLEVs indicates that this type of vehicle can be beneficial for everyday use. In general, users tend to be less critical of e-scooters and focus on their advantages. Furthermore, the way the respondents use PLEVs differs significantly in terms of distance, time, and intermodality, which indicates that e-scooters are versatile. As the number of respondents belonging to this group is quite small, these findings should be seen as indications and not as representative.



Limitations of the results mostly relate to the investigated sample. As e-scooters were not approved in Germany for public use at the time of the survey, they were not widely used. Thus, the type of use and users might change when e-scooters become legal. Therefore, a trade fair was visited, in order to interview enough active users of this means of transport. As people attending trade fairs tend to be more technology enthusiastic, an online survey was also conducted to compile different views on e-scooters. Nonetheless, because the group of 14–20 years old was not sufficiently represented in the sample, age-specific evaluations were therefore not possible. This group often has no driving license or access to a car, so this new form of motorized transport could be highly beneficial for them. A survey focusing on younger persons should therefore be conducted. This also applies to the use of PLEVs in rural areas. This was not the focus of this study but should be researched in further investigations.



As commuting paths are highly individual, general statements cannot be made regarding savings of cost, time, and CO2-equivalent emissions. Further research should evaluate the benefits of e-scooters based on use-cases in a field study. In addition, other soft factors, such as comfort, weather protection, luggage transport, and personal preferences, should be included because they play an important role in the decision to use an e-scooter [33]. A long-term research goal should be the development of a mobility tool that enables end-users to compare different means of transport for their own commute to identify their best combination.







Author Contributions


S.W. contributed the major content of this paper. F.E. collaborated in the conceptualization of the research and writing of the manuscript. M.K. participated in the writing and revising of the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Publicly available datasets were analyzed in this study. This data can be found here: https://mobilitaet-in-tabellen.dlr.de/mit/.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.





Appendix A. Investigated Exemplary Commutes
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Table A1. Exemplary commuting path (Stuttgart-Möhringen Fraunhofer IAO).






Table A1. Exemplary commuting path (Stuttgart-Möhringen Fraunhofer IAO).





	
Mean of Transport

	
Car

	
Public Transport (PT)

	
PT + E-Scooter

	
Savings Compared to




	
Car

	
PT






	
Time [min]

	
32.0 min

	
93.0 min

	
48.0 min

	
−50%

	
+48%




	
Costs [EUR]

	
5.90

	
2.00

	
1.80

	
+69%

	
+8%
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Table A2. Exemplary commuting path (Stuttgart-Zuffenhausen Fraunhofer IAO).






Table A2. Exemplary commuting path (Stuttgart-Zuffenhausen Fraunhofer IAO).





	
Mean of Transport

	
Car

	
Public Transport (PT)

	
PT + E-Scooter

	
Savings Compared to




	
Car

	
PT






	
Time [min]

	
69.0 min

	
104.4 min

	
82.2 min

	
−19%

	
26%




	
Costs [EUR]

	
16.7

	
2.0

	
2.3

	
86%

	
−20%




	
GWP [kgCO2]

	
7.9 kg

	
1.6 kg

	
1.7 kg

	
79%

	
−2%
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Table A3. Exemplary commuting path (Weil im Schönbuch Fraunhofer IAO).






Table A3. Exemplary commuting path (Weil im Schönbuch Fraunhofer IAO).





	
Mean of Transport

	
Car

	
Public Transport (PT)

	
PT + E-Scooter

	
Savings Compared to




	
Car

	
PT






	
Time [min]

	
64.0 min

	
187.1 min

	
131.6 min

	
−106%

	
30%




	
Costs [EUR]

	
23.7

	
4.7

	
7.3

	
69%

	
−57%




	
GWP [kgCO2]

	
11.3 kg

	
4.2 kg

	
1.7 kg

	
85%

	
59%
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Table A4. Exemplary commuting path (Jettingen Fraunhofer IAO).






Table A4. Exemplary commuting path (Jettingen Fraunhofer IAO).





	
Mean of Transport

	
Car

	
Public Transport (PT)

	
PT + E-Scooter

	
Savings Compared to




	
Car

	
PT






	
Time [min]

	
95.0 min

	
139.6 min

	
138.0 min

	
−45%

	
1%




	
Costs [EUR]

	
38.0

	
5.5

	
8.4

	
78%

	
−52%




	
GWP [kgCO2]

	
18.0 kg

	
5.0 kg

	
3.7 kg

	
80%

	
27%
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Figure 1. Methodology for the potential analysis of e-scooter for commuting paths. 






Figure 1. Methodology for the potential analysis of e-scooter for commuting paths.



[image: Wevj 12 00056 g001]







[image: Wevj 12 00056 g002 550] 





Figure 2. Comparative methodology. 






Figure 2. Comparative methodology.
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Figure 3. Access to means of transport (n = 152, multiple choice). 
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Figure 4. (a) Usage of e-scooters for commuting (n = 9); (b) distances of commuting paths with e-scooters (n = 9). 
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Figure 5. Means of transport replaced by e-scooters (n = 152, multiple choice). 






Figure 5. Means of transport replaced by e-scooters (n = 152, multiple choice).



[image: Wevj 12 00056 g005]







[image: Table] 





Table 1. Usage of means of transport and combinations (n = 155,000 households, 300,000 people) [5].
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	Means of Transport (and Combinations)
	Percentage





	only MIT (driver)
	40%



	public transport
	15%



	bike
	13%



	foot
	12%



	only MIT (passenger)
	9%



	bike in combination with public transport
	1%



	MIT (driver) combination with public transport
	1%



	not specified
	9%
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Table 2. Properties of means of transport.






Table 2. Properties of means of transport.





	
Mean of Transport

	
Car

	
Train

	
Tram

	
Bus

	
E-Bike

	
Bike

	
Foot

	
E-Scooter






	
Average Speed in km/h

	
24.1 1

	
regional timetable 2

	
18.5 1

	
15.3 1

	
4.0 1

	
15.0 3




	
Costs in c/km

	
50.5 4

	
regional pricing 2

	
17.7 5

	
6.6 5

	
0.0 6

	
15.0 7




	
GWP in g/pkm

	
240.0 7

	
60.0 7

	
60.0 7

	
110.0 7

	
25.0 7

	
5.0 7

	
0.0 8

	
12.5 8








1 [14] 2 [15] 3 [16] 4 [17] 5 own calculation based on actual bike prices; 6 [18] 7 [19] 8 self-assessment due to lack of data.
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Table 3. Identified mobility scenarios for the end-user survey; based on [23,24,25,26,27,28,29,30].






Table 3. Identified mobility scenarios for the end-user survey; based on [23,24,25,26,27,28,29,30].










	Scenario 2030
	Description
	Key Factors





	Scenario 1:

“Business as usual”
	No fundamental change in mobility infrastructure and fiscal and legal requirements
	
	
increase in MIT



	
decrease in average speed



	
pollutant limits are exceeded



	
prohibition to take PLEV in public transport








	Scenario 2:

“Individual, but regulated”
	Regulatory intervention through higher costs of individual mobility, but no holistic strategy
	
	
driving becomes more expensive (e.g., tolls, parking fees)



	
better cycling infrastructure



	
premiums for PLEV (e.g., free charging)








	Scenario 3:

“Holistic approach”
	Optimization of mobility in the city to meet the needs of all road users; privileges of individual persons are subordinated to the overall goal.
	
	
no private cars in inner cities



	
public transport is free of charge



	
public transport is being greatly expanded



	
sharing concepts operate ideally



	
better bicycle infrastructure
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Table 4. Results for a typical commuting path.






Table 4. Results for a typical commuting path.





	
Mean of Transport

	
Car

	
Public Transport (PT)

	
PT + E-Scooter

	
Savings Compared to




	
Car

	
PT






	
Time (min)

	
32 min

	
85 min

	
34.4 min

	
−8%

	
+60%




	
Costs (EUR)

	
8.50

	
2.00

	
2.60

	
+69%

	
−35%




	
GWP (kgCO2)

	
4.0 kg

	
0.6 kg

	
0.7 kg

	
+84%

	
−10%
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