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Abstract

:

Shared mobility options, such as car sharing, are often claimed to be more sustainable, although evidence at an individual or city level may contradict these claims. This study aims to improve understanding of the effects of car sharing on transport-related emissions at an individual and city level. This is done by quantifying the greenhouse gas (GHG) emissions of the travel habits of individuals before and after engaging with car sharing. The analysis uses a well-to-wheel (WTW) approach, including both business-to-consumer (B2C) and peer-to-peer (P2P) car-sharing fleets. Changes in GHG emissions after engaging in car sharing vary among individuals. Transport-related GHG emissions caused by car-free individuals tend to increase after they engage in car sharing, while emissions caused by previous car owners tend to fall. At the city level, GHG emissions savings can be achieved by using more efficient cars in sharing systems and by implementing greener mobility policies. Changes in travel habits might help to reduce GHG emissions, providing individuals migrate to low-carbon transport modes. The findings can be used to support the development and implementation of transport policies that deter car ownership and support shared mobility solutions that are integrated in city transport systems.
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1. Introduction


The transport sector is a significant contributor to climate change, due to its large emissions of greenhouse gases (GHG). In 2017, the sector generated 1.1 Gt of CO2-eq, corresponding to about 25% of the total emissions in the EU. Seventy-two percent of emissions came from road transport, of which 44% was from passenger cars, 19% from heavy goods vehicles and buses, and 9% from light commercial vehicles [1]. This sector is also responsible for other negative effects, such as air pollution, noise, and traffic congestion [2,3]. Increasing urbanisation, affluence, and car ownership are exacerbating these effects [4,5].



The modalities of shared mobility are often seen as promising options for sustainable transport. Examples include bike, car, or ridesharing. Shared mobility gives access to a vehicle or space in a vehicle for a short period of time (hours or days). The user of the vehicle pays a fee for the time or distance travelled, meaning they are not burdened with the costs of ownership [6]. Car sharing has been reported to reduce car ownership and individuals’ annual vehicle kilometres, and promote shifts to other forms of transport, such as walking, cycling, and public transport [7,8,9,10]. All these changes can potentially reduce transport emissions.



Studies with different scopes have quantified the environmental effects of shared mobility. For example, Amatuni et al. [11] used lifecycle assessment (LCA) to evaluate changes in GHG emissions attributed to individuals before and after becoming involved with car sharing, and Chen et al. [12] evaluated the effects of sharing a bike during its lifetime. Available studies measure the effects of shared mobility at an individual or organisational level, but they fail to provide a city-wide perspective [13]. There is therefore a need for sustainability assessments that capture the effects of shared mobility on the urban transport system, to enable development and implementation of effective transport policies.



The objective of this study was to assess potential changes in GHG emissions at an individual and city level, by considering changes in the travel habits of individuals who engage in car sharing. We also evaluate changes in emissions resulting from the implementation of environmental policies and adaptation of technology. The study is based on Amsterdam, and quantifies the total annual well-to-wheel (WTW) emissions of the city inhabitants, taking into account all available mobility options. WTW emissions correspond to the emissions caused during the use phase of any transport mode, including the emissions caused by fuel production and during the actual transport. We developed different scenarios to simulate changes in travel habits, implementation of environmental policies, and adaptation of technology.



This study contributes to the understanding of environmental consequences of car sharing at an individual and city level. We show that changes in individuals’ transport emissions due to car sharing vary. When developing urban transport policies, comprehending and considering these differences is needed to ensure positive sustainability outcomes at the city level. We also contribute to the understanding of differences in emissions from different car-sharing schemes. The novelty in our study is the combined assessment of effects of car sharing, environmental policies, and technological adaptation.




2. Background


In recent years, many different modalities of shared mobility have emerged, including ride-hailing (e.g., Uber), car sharing (e.g., Zipcar), personal vehicle sharing (e.g., Getaround), sharing of bikes and e-scooters, car-pooling, and ride-splitting [8]. These have attracted attention on account of both potential sustainability gains [8,14] and losses [15]. This section contextualises different modalities of shared mobility, and reviews studies that explore changes in travel habits, vehicle ownership, and sustainability effects induced by car sharing in Europe.



2.1. Shared Mobility


Shared mobility includes a variety of modalities. Machado et al. [8] presented an overview of shared mobility in which they distinguished between car sharing, personal vehicle sharing, ridesharing, on-demand ride service, and bike sharing. Car sharing or business-to-consumer (B2C) car sharing is when several people have access to the same vehicle; these vehicles are owned by companies that rent per hour or per day [6]. In the case of personal vehicle sharing or peer-to-peer (P2P) car sharing, private individuals rent their vehicles to others and receive financial compensation in return. The transaction and matchmaking takes place via an IT platform [8]. Ridesharing refers to individuals sharing the same vehicle to travel because it is convenient due to their departure time and destination. These vehicles might be privately owned [16]. On-demand ride service is a similar service to taxis, where the driver owns the vehicle and picks up individuals, offering a flexible door-to-door service [17]. Bike sharing is when several people have access to the same bike, and e-scooter sharing is offered through a similar service to bike sharing.



B2C car-sharing fleets employ vehicles that are more efficient than the average national fleet. B2C car-sharing fleets are reported to be 10–20% more fuel efficient than the average national fleet [14]. However, to our knowledge, no study has described P2P car-sharing fleets, and few studies have compared fuel efficiencies and the environmental effects of P2P and B2C fleets in car-sharing schemes.2.2. Effects of Car Sharing at Individual Level



Car sharing usually induces changes in individuals’ car ownership, total travel distances, and mobility modes [7,18,19]. These changes may imply a reduction in the GHG emissions, less road congestion, or reduced need for parking spaces [18,19].



Shaheen and Cohen [20] reported reductions in vehicle kilometres travelled (VKT) in Europe of between 20 and 45% due to car sharing. Wu et al. [21] found that new users of car sharing in London increased their VKM, while users who had been engaged for a longer period decreased their travel distances. According to Nijland and van Meerkerk [22], car-sharing users in the Netherlands reduced their annual distance travelled by 1750 km after engaging with car sharing. These avoided kilometres were previously travelled using private vehicles. They also estimated that 15% of the distance travelled in shared vehicles was travelled because users had access to shared vehicles. Changes in annual distance travelled after engaging in car-sharing vary among individuals. These varied effects in the annual distance travelled after engaging in car sharing are not generally acknowledged in the literature.



Car sharing also reduces car ownership. According to Gleave [23], new members of car-sharing schemes reduced their car ownership by between 34% and 47% in Scotland. In France, the reduction was estimated at 23% [24] and in Germany 7–15% [25]. Car sharing also postpones the purchases of new vehicles. For instance, in Scotland, 56% of the car-sharing users indicated they were less likely to buy a car [23].




2.2. Sustainability Consequences of Car Sharing


These changes in vehicle ownership and travel habits may have environmental implications. Some studies have quantified changes in transport-related emissions due to car sharing. In the Netherlands, individuals who joined car-sharing schemes avoided the emission of 236 to 392 kg CO2-eq per year, due to reductions in kilometres driven and changes in their modal share [22]. A study by Amatuni et al. [11] estimated lower potential emissions savings in the same country, between 150 and 219 kg CO2-eq. The difference in estimates is due to the scope of each study. Nijland and van Meerkerk [22] estimated the impacts only from the use phase, while Amatuni et al. [11] also included impacts of other life phases of vehicles. Both studies quantified changes for average individuals, so they did not capture the effects of car sharing concerning individuals with different travel habits, nor did they analyse the effects of car sharing at the city level.



Other studies have aimed to capture the environmental effects of car-sharing organisations. Migliore et al. [26] modelled the effects of car sharing in Palermo using the COPERT methodology, including vehicle characteristic and traffic variables, to compare private cars and car-sharing fleets. The latter showed potential saving in CO2 emissions, 38%, if the shared fleet is used. In Lisbon, Vasconcelos et al. [27] modelled the impacts of car sharing involving different technologies: electric, diesel, and petrol. They also evaluated the emissions caused by relocation of the fleet. Relocation refers to when vehicles are moved around the city to locations where they are more likely to be hired. This means that, during the relocation process, the vehicle does not make any profit or transport passengers. Their findings showed that the fleet with the greatest environmental gains was the electric fleet, but only when it was not relocated. Another study performed in the same city found potential savings from car sharing of 35% to 65% in CO2 emissions due to car sharing [28]. Findings from the studies in Lisbon differ due to methodological considerations when calculating impacts. These studies capture the potential savings generated by the operation of shared-mobility organisations over a given period of time. However, these findings do not represent the sustainability effects of shared mobility in the transport system at the city level, partly because they do not capture changes in user behaviour, such as modal share or annual distance travelled.



Overall, studies have assessed the sustainability outcomes of car sharing from an individual or organisational perspective. Consequently, they do not capture the potential impacts of car sharing at the city level. Most of these quantifications neglect the effects of car-sharing fleets with different characteristics, and they do not acknowledge that the consequences of car-sharing on the travel habits can vary among individuals.



Our study adds to the literature an assessment of the effects of car sharing at an individual and city level, capturing how the impact of car sharing varies according to individuals with different travel habits. We also explore the effects of two car-sharing fleets, B2C and P2P, and examine the implementation of environmental policies and adaption of technological development.





3. Data and Methods


We quantified possible changes in GHG emissions from passenger transport due to the availability of car sharing, and assessed the effects at the city level using Amsterdam as a case study. First, we estimated average travel habits, distinguishing between car-dependent and car-free individuals, based on the annual mobility survey by Statistics Netherlands. We then modelled changes in travel habits induced by the availability of car sharing, and estimated WTW of the available transport modes. Finally, we calculated the individual emissions of different travel habits in different mobility scenarios, and scaled up to city level (Figure 1).



3.1. Data


We estimated individuals’ travel habits by using the mobility dataset ODiN2018, reflecting travel habits of the Dutch population in 2018, including transport modes and distances travelled [29]. We used the findings of Nijland and van Meerkerk [22] to estimate changes in individuals’ travel habits after engaging with car sharing (explained in more detail in Section 3.2.2). Their study, based on a survey of users of car-sharing schemes in the Netherlands, aimed to capture travel habits after engaging in car sharing.



Estimates of WTW emission were based on public data of a B2C car-sharing organisation, GreenWheels [30], and proprietary data of a P2P car-sharing organisation. We modelled the baseline of the average national private vehicle fleet (vehicles that are not shared) using data on vehicle characteristics from public data sources in the Netherlands [31,32]. Other relevant data was obtained from Statistics Netherlands, such as vehicle ownership rates and demographics [33].



The scenarios were built in SimaPro using a Midpoint Hierarchical method, given that this method includes environmental effects that are science based. We used ecoinvent V3 to account for emission factors from well-to-tank (WTT). We accounted for emissions from tank-to-wheel (TTW) using available manuals of vehicle manufacturers; when this was not available, we used information reported by vehicle owners publicly available online (Supplementary Annex 2)) (WTT and TTW explained in Section 3.2.3.).




3.2. Methods


3.2.1. Travel Habits of Individuals


Individuals have different travel habits, implying different travel distances, modes, or frequencies. These depend on various life circumstances (e.g., car ownership status, commuting distances, income, having young children, or elderly people living at home) and external variables (e.g., weather, availability of parking, and public transport infrastructures) [34,35,36]. After consulting the literature, we decided to distinguish between individuals with car-dependent and car-free travel habits, identified using the ODiN2018 database, which distinguishes between households with or without their own car. Car ownership has been determined as a factor influencing modal splits of individuals [37]. By differentiating between car owners and non-owners, we estimated changes in modal shares after engaging with car sharing. In addition, we assumed that car-dependent individuals who start using car sharing dispense with their cars.



We used ODiN2018 to estimate the annual kilometres travelled and the modal shares of individuals with car-dependent and car-free travel habits. Amsterdam inhabitants reported the average distance travelled per trip and the number of trips in a particular transport mode. The sample size was 18,507( i ). The daily distance travelled (  D D  T i   ) per individual is expressed as:


    D D  T i  = #   t r i p s   p e r   d a  y i    ×   D T  T i    ,  



(1)




   where    D T  T i    is the distance travelled per trip. The individuals were grouped according to their travel habits, represented by the subscript  j . The average daily distance travelled (      D D T  ¯   j   ) was calculated for individuals with car-dependent and car-free travel habits:


        D D T  ¯   j  =    ∑ 1 i  D D  T j    #   o f   i n d i v i d u a l s    j      .  



(2)







The annual distance (  Y D  T j   ) was then calculated:


  Y D  T j  =       D D T  ¯   j    ×   365   d a y s     y r     .  



(3)







Next, we allocated this distance to different transport modes represented by  h . We assumed that the   %   o f   d a i l y   t r i p s   can be used to represent the annual kilometres per modal share, described as:


     %    o f   d a i l y   t r i p  s  j , h   =    ∑ 1  i = n   #   t r i p s   p e r   d a y     i , j , h      ∑ 1  i = n   t o t a l   t r i p s   p e r   d a  y  i , j     ,  



(4)






  D T p T  M  j , h     = Y D  T j    ×    %    o f   d a i l y   t r i p  s  j , h     ,  



(5)




  where   D T p T  M  j , h     represents the distance travelled in different travel modes by individuals with specific travel habits. Distances travelled as driver or as passenger in private or shared vehicles are also accounted for (explained in Section 3.2.3).




3.2.2. Changes in Travel Habits Due to Car Sharing


We used the results from Nijland and van Meerkerk [22] to estimate changes in travel habits brought about by car sharing. Specifically, we based our assumptions on their results regarding changes of annual kilometres travelled because of car-sharing and the variation in modal split (detailed assumptions are presented in Supplementary Annex 1). We accounted for changes in travel habits, people who migrate from car-dependent to car-sharing habits, and those who migrate from car-free to car-sharing travel habits. For each of these,   Y D  T j    and   D T p T  M  j , h     were calculated (Table 1 and Table 2).




3.2.3. Well-to-Wheel Emissions of the Transport Modes


Factors of several transport modes were considered to account for WTW emissions (see Supplementary Annex 2). The WTW emissions include both WTT and TTW emissions. WTT emissions include emissions caused during the primary fuel production, including extraction and production, as well as the transport needed to make the fuel available for filling the vehicles. TTW emissions are caused during the burning of the fuel due to the motion of the vehicle. Emissions per passenger-kilometre for most transport modes were calculated as follows:


   E h  = W T  T h    +   T T  W h    ,  



(6)




where  E  stands for GHG emissions per passenger-kilometre travelled,   W T T   emissions, and   T T W   emissions (all per passenger-kilometre). Passenger emissions from private or shared fleets were calculated using Equation (7). A passenger represents an increase of the operating mass of a vehicle, so we added 6% to the fuel consumption [38]:


  E  P h  = W T  T h    ×   0.06 ,  



(7)




where   E  P h    is emissions per kilometres travelled as passenger and   W T  T h    is additional emissions due to additional fuel consumed. These emissions were only calculated for private and shared vehicles.




3.2.4. Emissions of Individuals with Different Travel Habits


Emissions at an individual level (  I T  E j   ) can be expressed as:


  I T  E j  =   ∑   ∀ h    E h    ×   D T p T  M  j , h   +   ∑   h = 1 , 2   E  P h    ×   D T p T  M  j , h     .  



(8)







This equation captures the GHG emissions effects of individuals with different travel habits, distinguishing between emissions by the modal share.




3.2.5. Building the Scenarios


The baseline was built on the basis of the average values obtained from the previous estimations, so the results represent actual impacts of passenger transport in the city. Assumptions in the scenarios took into account the city’s transport policies, technology adaptation, and changes in travel behaviour. The first set of assumptions is based on the Clean Air Action Plan of Amsterdam, which aims to work towards attaining the city’s sustainability goals by creating zero-emission areas and building charging infrastructures for electric vehicles. Our interpretation of how this action plan may change the characteristics of the fleet is modelled in Scenario 1—Clean Air Policy.



In the scenarios, the city inhabitants were divided into individuals with different travel habits (Figure 1—Step 1.1). The travelling population (  T P  ) can be represented as:


  T P =   ∑  j  I T  H j  ,  








  where   I T  H j    stands for number of individuals with specific travel habits.



We determined the numbers of individuals with car-dependent and car-free travel habits by estimating the number of vehicle owners in the city on the basis of the total population of Amsterdam and vehicle ownership rate per relevant age on a national level (details in Supplementary Annex 3). This was done for the baseline and all scenarios. For scenarios 2 and 3, we simulated that a proportion of the travelling population migrate from car-dependent and car-free to car-sharing travel habits (Table 3).



The WTW emissions of the transport modes and the individual travel habits were used as inputs to calculate emissions in each scenario. In all scenarios, three parameters were estimated:



Total distance travelled (TDT) by the city inhabitants:


  T D T =     ∑   j = 1 , 2    ∑  ∀ h   I T  H j    ×   D T p T  M  j , h   .  



(9)







Proportions of each transport mode (  %   T  M  j , h    ) in the total distance travelled:


   %    T  M  j , h   =   I T  H j    ×   D T p T  M  j , h     T D T     .  



(10)







Total emissions in the city     T E C    :


  T E C =     ∑   j = 1 , 2     ∑   ∀ h   I T  H j  x   D T p T  M  j , h     ×    E h  +     ∑   j = 1 , 2     ∑   h = 1 , 2   I T  H j  x   D T p T  M  j , h     ×   E  P h    .  



(11)










4. Results


In this section, we present results of potential changes in GHG transport emissions brought about by individuals engaging with car sharing, and the GHG emissions from each of the scenarios at the city level. We modelled changes in travel habits among car-dependent and car-free individuals after engaging with car sharing, as well as adaption of technology and implementation of transport policies.



4.1. GHG Emissions from Individuals Changing Travel Habits


The potential annual GHG emissions relating to personal mobility in Amsterdam were calculated at an individual level with different travel habits, Equations (5) and (8). Figure 2 shows that the effects of car sharing depend on individuals’ transport emissions. Annual reductions in emissions are 68.68% and 69.92% when people migrate from car-dependent to P2P or B2C car sharing, respectively (Figure 2a). When individuals with car-free travel habits engaged with car sharing, their annual emissions increase by 11.63% and 12.51% (B2C and P2P, respectively) (Figure 2b). Regardless of travel habits, the implementation of the Clean Air Action Plan reduces emissions by 18.40% and 4.88% for individuals with car-free and car-dependent travel habits, respectively.



The savings in emissions from individuals who migrate from car-dependent to car-sharing are clearly higher than the increase in emissions from individuals who migrate from car-free to car-sharing travel habits. Forty individuals would have to migrate from car-free to car sharing to offset the emissions saved from individuals migrating from car-dependent to car sharing (Table 4).




4.2. Emissions at City Level


We obtained a more comprehensive understanding of the effects of car sharing by quantifying its implications at the city level (Equations (10) and (11)). Emissions from passenger transport can vary due to changes in individuals’ travel habits, different policies, or technological adaptation. When these happen simultaneously, the potential reductions of GHG emissions are the highest (Figure 3), specifically 14.8%, 24.8%, and 24.9% in scenarios 1, 2, and 3, respectively, compared to the baseline.



Private vehicles accounted for most of the emissions in all scenarios, followed by bus, metro, and train (Figure 3). These transport modes account for most of the passenger-km travelled in all scenarios (Table 5). Although they emitted the most in all scenarios, they also presented the highest reductions in emissions in each scenario compared to the baseline (Figure 4). The annual emissions of private cars decreased in approximately by 20% in scenario 1 and by 38.6% in scenarios 2 and 3.




4.3. Emissions from Different Car Sharing Business Models


Scenarios 2 and 3 incorporate B2C and P2P car sharing respectively as part of the transport modes available for individuals. In both scenarios, car sharing accounted for the same amount of kilometres (Table 5). Emissions from the two modalities of car sharing differ by 5% (Figure 3), due to the characteristics of the vehicle fleets. Cars in B2C fleets are more fuel efficient (e.g., newer, smaller size) than in P2P, which is similar to the average national fleet (older, larger).





5. Discussion


5.1. Effects of Car Sharing on Emissions at Individual Level


Once individuals engage with car sharing, they tend to adjust their travel habits [7,9,22,39,40]. People might reduce their annual distance travelled by car, replacing journeys with more emission-efficient transport modes and thereby reducing total emissions [11,40]. Nonetheless, findings from our research indicate different consequences in transport emissions when individuals engage in car sharing. Individuals shifting from car-dependent to car-sharing travel habits reduce their emissions, while those shifting from car-free to car sharing increase them. Nijland and van Meerkerk [22] reported that car-share users travelled 960 km in shared vehicles that they would not have travelled if they did not have access to car sharing. These additional kilometres may affect transport emissions at the individual level. Consequently, to evaluate the effect of car sharing on emissions at an individual level, the travel habits need to be assessed before and after engaging with it.



Emissions savings from people who migrate from car-dependent to car sharing appear to be significant—a reduction of about 68% of the WTW, which can be attributed to disposing of owned vehicles and consequently a modal shift. Gleave [39] reported that 16% of the members of car-sharing clubs in the UK sold their first or second vehicle after joining a sharing scheme. Similar results were reported in Berlin and Munich, where 15% of the members of car-sharing schemes were willing to sell their car [25]. Variations in car ownership have been associated with subsequent changes in modal splits [37,41].



Chen and Kockelman [42] and Amatuni et al. [11] also reported a reduction in GHG emissions due to the use of car sharing and reduction in car ownership—about 50% and 3–18%, respectively. In our estimates, the reduction was about 68%. Our results are higher because they also account for savings from the implementation of the Clean Air Action Plan and the use of more emission-effective technologies, which assumes emission improvements in vehicle fleets, while Amatuni et al. [11] only simulated changes in individual travel behaviours.



When individuals with car-free travel habits engage with car sharing, their transport emissions increase, but it is also possible that these individuals will never buy a vehicle or will postpone buying one. This has been reported in several studies. Le Vine and Polak [43] estimated that 30% of the car-sharing users in London chose not to purchase a vehicle because of the availability of shared cars. This is in line with Gleave [39], who found that 34% of car-sharing club members avoided vehicle purchase. Emissions savings from decreased vehicle ownership are not only from the use phase, but also due to avoided emissions from production and end-of-life phase [11,44].




5.2. Effects of P2P and B2C Car-Sharing Fleets on Emissions


The findings in our study show a difference in WTW emissions between B2C and P2P car sharing, since B2C fleets are more fuel efficient and have a higher percentage of low- or zero-emission vehicles. So far, our results only cover the use phase and do not consider the impacts caused by vehicle production, maintenance, and end-of-life. In other studies, the use phase of vehicles has been identified as the most critical in terms of GHG emissions, so our results are still relevant [45].



A more comprehensive evaluation at the city level should include other life-cycle phases and assess how car-sharing organisations operate. One aspect is that most vehicles in B2C car sharing models are replaced more often than private vehicles. It may be argued that certain car-sharing business models may facilitate the supply of used cars into the second-hand market. The degree to which environmental impacts of such cars should be attributed to sharing is an interesting methodological question for systemic analysis.




5.3. Effects of Car Sharing at City Level


Changes in emissions at the city level are brought about by changes in individual travel habits and the adaptation of technology and transport policies [4]. Our findings suggest that travel behaviour combined with technology adaptations results in highest emission reductions. In our model, we simulate the effects of policies, such as the Clean Air Action Plan, which designates zero-emission areas [46]. The implementation of this policy will most likely lead to the adoption of technology such as electrical vehicles (EVs); in 2018, the municipality of Amsterdam started procuring buses to facilitate this transition [47].



Clear differences in the results for individuals underline the importance of modelling at the city level and the effects of car sharing on facilitating local sustainability targets. Especially important is to understand how the overall mobility system is affected and what the trade-offs are between individual gains and losses. Our results suggest that car sharing helps to decrease GHG emissions, providing there are fewer people disposing of owned cars or delaying a purchase than individuals with car-free travel habits who gained access to a car through car sharing.



Another relevant aspect is that mobility solutions offered in a city need to be flexible enough to adapt to individual needs. There are clear differences between the needs of urban vs. rural inhabitants, people with disabilities, etc. Urban mobility systems need to be flexible enough to cater to a wide spectrum of mobility needs. Sustainable transport systems should not only limit environmental impacts but also need to be socially and economically viable.




5.4. Sensitivity Analysis


Modelling the effects of individual factors on emissions in a city can shed light on highly sensitive variables in the model. So far, our scenarios have shown the impacts of simultaneous changes of travel habits and technological development variables on the transport emissions, so in this sensitivity analysis, we explored the variation of the transport emissions due to changes in one single variable (Table 6).



Our results show that variations in travel habit variables are sensitive. For example, a reduction of 10% in the annual distance travelled could decrease total emissions in the city by 26%, and changes in the modal share can result in a 20% reduction. Other variables affecting GHG emissions at the city level are also sensitive, such as the proportion of people who change their travel habits. If 10% of people migrate from car-depending to car-free travel habits, the reduction in emissions is approximately 20%.



Variables corresponding to technological development proved to be no less sensitive to variations compared to variables related to travel habits. The results of this sensitivity analysis can indicate which measures are more useful and have the greatest effect on total emissions of the city.




5.5. Limitations


Although still marginal, new transport modes like car sharing have wider socio-economic effects, such as the production of vehicles and fuels, as well as the development and maintenance of infrastructure. Our assessment is limited to WTW system boundaries, since the use phase of cars represents the bulk of the lifecycle impacts (especially GHG) of vehicles [45]. Our approach, capturing a snapshot of a mobility system in a city, is largely an attributional LCA [48]. Although consequential assessment methods have wider system boundaries and are more dynamic, they might not be feasible for capturing complex mobility systems [44]. We therefore consider an attributional approach to serve the purposes of this study.



Likewise, our study is limited to only direct effects, namely GHG emissions, related to use. Other environmental effects should also be considered, along with the indirect effects of shared mobility and changes in consumption brought about by additional income or savings generated through the use of shared mobility. Capturing these would enable further understanding on how different modalities of shared mobility (B2C and P2P) translate into sustainability outcomes of personal mobility.



Our analysis was based on a mix of empirical and secondary data, such as national statistics and case studies reported in peer-reviewed literature. The latter are often based on self-reported surveys that are prone to under- or over-estimations. In our approach, where possible, we attempted to verify various data sources, and deemed small variations acceptable for the nature of our study. However, our models are based on scenarios built of informed assumptions.



Finally, we excluded from our scenarios the possible changes in travel habits caused by COVID-19. This is because there is not enough data available about any such changes and there is no certainty about how permanent the changes will be.





6. Conclusions


We assessed changes in GHG emissions from transport at individual and city level, brought about by changes in transport habits of citizens through engagement in two modalities of car sharing, namely B2C and P2P. We modelled car-free and car-dependent individuals who changed their travel habits after engaging with car sharing. We used a WTW approach to assess GHG emissions, differentiating between transport modes such as B2C, P2P, public transport, and private vehicles. We also simulated the effects of some environmental policies enacted in Amsterdam as a case study.



This study identified that, at the individual level, the use of car sharing has various consequences for transport emissions. Previous car owners engaging with car sharing tend to travel less and use low-emission transport modes, which results in lower GHG emissions. Car-free individuals, on the other hand, may travel more and use more emission-intensive transport modalities than before, which leads to the opposite effect. Emissions savings when individuals migrate to less emission-intensive travel habits and reduce travel distances seem to be more significant than the emissions increase of those whose travel distances increase due to the availability of car sharing options. Depending on the characteristics of the shared fleets, the emissions will vary, with B2C fleets tending to have lower emissions per passenger-km than P2P.



The results at the city level suggest that a greater reduction in emissions can be achieved when green technology adoption (e.g., more fuel-efficient cars in sharing systems) is combined with behavioural changes (e.g., disposal of cars and more use of public transport), rather than implementing one of them. Such strategies can be enabled through appropriate environmental policies.



Our results suggest that B2C and P2P car sharing can have positive effects on transport emissions, providing they encourage changes in the travel habits of individuals, such as migration to lower-emission transport modes and reductions in vehicle ownership. The various effects of car sharing at the individual level must be considered when city governments are designing transport policies. Policies that focus on restricting parking in the city stimulate alternatives to vehicle ownership or delay purchase. Such policies would facilitate the use of public transport and shared mobility in a way that would reduce emissions in the city.



Further research is needed to analyse the environmental effects of shared mobility, including assessments of other pollutants, material intensities, additional lifecycle stages, and the use of space. One important aspect to consider is the indirect effects of sharing, such as the impacts from changes in disposable income and re-spending. Other areas to be explored are the attributes of different business models in shaping user behaviour and the characteristics of the shared assets.








Supplementary Materials


The following are available online at https://www.mdpi.com/2071-1050/13/4/2418/s1, Annex 1, Annex 2, Annex 3.





Author Contributions


Conceptualization, A.M.A.V.; methodology, A.M.A.V.; formal analysis, A.M.A.V.; writing—original draft preparation, A.M.A.V.; writing—review and editing, A.P., A.M.A.V.; visualization, A.M.A.V.; supervision, A.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (Grant Agreement No. 771872).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Two main data sources were used: ODiN2018 and data from a P2P car-sharing organization. ODiN2018: Restrictions apply to the availability of these data. Data was obtained from Statistics Netherlands (CBS) and are available at https://easy.dans.knaw.nl/ui/datasets/id/easy-dataset:156525 (accessed date 12 February 2021) with the permission of CBS. P2P shared mobility organization: The data presented in this study are available on request from the corresponding author. The data are not publicly available due to a confidentiality agreement that was signed between the researchers and the company.




Acknowledgments


We would like to thank the P2P shared mobility company that kindly agreed to share data with us and who were open for constant dialogue. Also, we would like to thank all the peers that gave us valuable feedback during this process.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



EEA. Greenhouse gas emissions from transport in Europe. Available online: https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of-greenhouse-gases-12 (accessed on 14 December 2020).

	



Chan, C.; Yao, X. Air pollution in mega cities in China. Atmos. Environ. 2008, 42, 1–42. [Google Scholar] [CrossRef]

	



Grimm, N.; Faeth, S.; Golubiewski, N.; Redman, C.; Wu, J.; Bai, X.; Briggs, J. Global change and the ecology of cities. Science 2008, 319, 756–760. [Google Scholar] [CrossRef] [PubMed]

	



Sims, R.; Schaeffer, F.; Creutzig, X.; Cruz-Núñez, M.; D’Agosto, D.; Dimitriu, M.J.; Figueroa Meza, L.; Fulton, S.; Kobayashi, O.; Lah, A.; et al. Transport. In Climate Change 2014: Mitigation of Climate Change; Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Chang; Edenhofer, E., Pichs-Madruga, O.R., Sokona, Y., Farahani, E., Kadner, S., Seyboth, K., Adler, A., Baum, I., Brunner, S., Eickemeier, P., et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014. [Google Scholar]

	



EEA. Size of the vehicle fleet in Europe. Available online: https://www.eea.europa.eu/data-and-maps/indicators/size-of-the-vehicle-fleet/size-of-the-vehicle-fleet-10 (accessed on 14 December 2020).

	



Shaheen, S.; Cohen, A.; Zohdy, I. Shared Mobility: Current Practices and Guiding Principles; FHWA-HOP-16-022 US; Deparment of Transportation: Washington, DC, WA, USA, April 2016; p. 120.

	



Shaheen, S.; Cohen, A.; Farrar, E. Carsharing’s Impact and Future. Adv. Transp. Policy Plan. 2019, 4, 87–120. [Google Scholar] [CrossRef]

	



Machado, C.; De Salles Hue, N.; Berssaneti, F.; Quintanilha, J. An Overview of Shared Mobility. Sustainability 2018, 10, 4342. [Google Scholar] [CrossRef]

	



Cervero, R.; Tsai, Y. City CarShare in San Francisco, California: Second-Year Travel Demand and Car Ownership Impacts. Transp. Res. Rec. 2004, 1887, 117–127. [Google Scholar] [CrossRef]

	



Namazu, M.; Dowlatabadi, H. Vehicle ownership reduction: A comparison of one-way and two-way carsharing systems. Transp. Policy 2018, 64, 38–50. [Google Scholar] [CrossRef]

	



Amatuni, L.; Ottelin, J.; Steubing, B.; Mogollon, J. Does car sharing reduce greenhouse gas emissions? Assessing the modal shift and lifetime shift rebound effects from a life cycle perspective. J. Clean. Prod. 2020, 266. [Google Scholar] [CrossRef]

	



Chen, J.; Zhou, D.; Zhao, Y.; Wu, B.; Wu, T. Life cycle carbon dioxide emissions of bike sharing in China: Production, operation, and recycling. Resour. Conserv. Recycl. 2020, 162. [Google Scholar] [CrossRef]

	



Laurenti, R.; Singh, J.; Cotrim, J.M.; Toni, M.; Sinha, R. Characterizing the sharing economy state of the research: A systematic map. Sustainability 2019, 11, 5729. [Google Scholar] [CrossRef]

	



MoMo. The State of European Car-Sharing; Final Report D 2.4 Work Package 2; European Comission: Brussels, Belgium, 2010; pp. 69–88. [Google Scholar]

	



Muzi, N. Uber Adds to Pollution and Traffic in European Cities too. Available online: https://www.transportenvironment.org/press/uber-adds-pollution-and-traffic-european-cities-too (accessed on 15 October 2020).

	



Chen, X.; Zahiri, M.; Zhang, S. Understanding ridesplitting behavior of on-demand ride services: An ensemble learning approach. Transp. Res. Part C Emerg. Technol. 2017, 76, 51–70. [Google Scholar] [CrossRef]

	



Atasoy, B.; Ikeda, T.; Ben-Akiva, M. Optimizing a Flexible Mobility on Demand System. Transp. Res. Rec. 2016, 2563, 76–85. [Google Scholar] [CrossRef]

	



Martin, M.; Lazarevic, D.; Gullström, C. Assessing the Environmental Potential of Collaborative Consumption: Peer-to-Peer Product Sharing in Hammarby Sjöstad, Sweden. Sustainability 2019, 11, 190. [Google Scholar] [CrossRef]

	



Martin, R. Carsharing Services will Surpass 12 Million Members Worldwide by 2020. Available online: https://www.navigantresearch.com/newsroom/carsharing-services-will-surpass-12-million-members-worldwide-by-2020 (accessed on 11 November 2020).

	



Shaheen, S.; Cohen, A. Growth in Worldwide Carsharing:An International Comparison. Transp. Res. Rec. 2007, 1992, 81–89. [Google Scholar] [CrossRef]

	



Wu, C.; Le Vine, S.; Clark, M.; Gifford, K.; Polak, J. Factors associated with round-trip carsharing frequency and driving-mileage impacts in London. Int. J. Sustain. Transp. 2020, 14, 177–186. [Google Scholar] [CrossRef]

	



Nijland, H.; van Meerkerk, J. Mobility and environmental impacts of car sharing in the Netherlands. Environ. Innov. Soc. Trans. 2017, 23, 84–91. [Google Scholar] [CrossRef]

	



Gleave, S. Annual Survey of Car Clubs 2017/18 Scotland; Internal report ref.: 23156401; Carplus Bikeplus: London, UK, 2018. [Google Scholar]

	



6-t. One-Way Carsharing: Which Alternative to Private Cars? 6-t bureau de recherche: Paris, France, 2014; p. 6. [Google Scholar]

	



Giesel, F.; Nobis, C. The Impact of Carsharing on Car Ownership in German Cities. Transp. Res. Procedia 2016, 19, 215–224. [Google Scholar] [CrossRef]

	



Migliore, M.; D’Orso, G.; Caminiti, D. The environmental benefits of carsharing: The case study of Palermo. Transp. Res. Procedia 2020, 48, 2127–2139. [Google Scholar] [CrossRef]

	



Vasconcelos, A.; Martinez, L.; Correia, G.; Guimarães, D.; Farias, T. Environmental and financial impacts of adopting alternative vehicle technologies and relocation strategies in station-based one-way carsharing: An application in the city of Lisbon, Portugal. Transp. Res. Part D Transp. Environ. 2017, 57, 350–362. [Google Scholar] [CrossRef]

	



Baptista, P.; Melo, S.; Rolim, C. Energy, Environmental and Mobility Impacts of Car-sharing Systems. Empirical Results from Lisbon, Portugal. Procedia Soc. Behav. Sci. 2014, 111, 28–37. [Google Scholar] [CrossRef]

	



CBS. Onderweg in Nederland (ODiN) Onderzoeksbeschrijving 2018. Available online: https://www.cbs.nl/nl-nl/onze-diensten/methoden/onderzoeksomschrijvingen/aanvullende-onderzoeksbeschrijvingen/onderweg-in-nederland--odin---onderzoeksbeschrijving-2018 (accessed on 30 May 2020).

	



GreenWheels. Principal Page to Access GreenWheels. Available online: https://www.greenwheels.nl/ (accessed on 4 June 2020).

	



RDW. Open Data RDW: Gekentekende_voertuigen_brandstof. Available online: https://opendata.rdw.nl/Voertuigen/Open-Data-RDW-Gekentekende_voertuigen_brandstof/8ys7-d773 (accessed on 30 May 2020).

	



RDW. Open Data RDW: Gekentekende_voertuigen. Available online: https://opendata.rdw.nl/Voertuigen/Open-Data-RDW-Gekentekende_voertuigen/m9d7-ebf2 (accessed on 30 May 2020).

	



CBS. Car Ownership. Available online: https://longreads.cbs.nl/european-scale-2019/car-ownership/ (accessed on 7 July 2020).

	



Clark, B.; Lyons, G.; Chatterjee, K. Understanding the process that gives rise to household car ownership level changes. J. Transp. Geogr. 2016, 55, 110–120. [Google Scholar] [CrossRef]

	



Kroesen, M. Modeling the behavioral determinants of travel behavior: An application of latent transition analysis. Transp. Res. Part A Policy Prac. 2014, 65, 56–67. [Google Scholar] [CrossRef]

	



Jain, T.; Johnson, M.; Rose, G. Exploring the process of travel behaviour change and mobility trajectories associated with car share adoption. Travel Behav. Soc. 2020, 18, 117–131. [Google Scholar] [CrossRef]

	



Yang, J.; Liu, A.; Qin, P.; Linn, J. The effect of vehicle ownership restrictions on travel behavior: Evidence from the Beijing license plate lottery. J. Environ. Econ. Manag. 2020, 99, 102269. [Google Scholar] [CrossRef]

	



Zacharof, N.; Fontaras, G. Review of in use factors affecting the fuel consumption and CO2 emissions of passenger cars; Publications Office of the European Union: Luxembourg, 2016. [Google Scholar] [CrossRef]

	



Gleave, S. Annual Survey of Car Clubs 2016/17; Internal ref. number: 22862602; Carplus Bikeplus: London, UK, 2017. [Google Scholar]

	



Martin, E.; Shaheen, S. Impacts of car2go on Vehicle Ownership, Modal Shift, Vehicle Miles Traveled, and Greenhouse Gas Emissions: An Analysis of Five North American Cities; Working Paper; Transportation Sustainability Research Center, UC Berkeley: Berkeley, CA, USA, 2016; pp. 11–22. [Google Scholar]

	



Christiansen, P.; Fearnley, N.; Hanssen, J. Household parking facilities: Relationship to travel behaviour and car ownership. Transp. Res. Procedia 2017. [Google Scholar] [CrossRef]

	



Chen, D.; Kockelman, K. Carsharing’s life-cycle impacts on energy use and greenhouse gas emissions. Transp. Res. Part D Transp. Environ. 2016, 47, 276–284. [Google Scholar] [CrossRef]

	



Le Vine, S.; Polak, J. The impact of free-floating carsharing on car ownership: Early-stage findings from London. Transp. Policy 2019, 75, 119–127. [Google Scholar] [CrossRef]

	



Chester, M. Life-cycle Environmental Inventory of Passenger Transportation in the United States. Ph.D. Thesis, University of California, Berkeley, CA, USA, 2008. [Google Scholar]

	



Hawkins, T.; Singh, B.; Majeau-Bettez, G.; Strømman, A.H. Comparative Environmental Life Cycle Assessment of Conventional and Electric Vehicles. J. Ind. Ecol. 2013, 17, 53–64. [Google Scholar] [CrossRef]

	



Gemeente Amsterdam. Clean Air Action Plan; Air Quality Team: Amsterdam, The Netherlands, 2019; p. 50. Available online: https://www.amsterdam.nl/en/policy/sustainability/clean-air/ (accessed on 8 August 2020).

	



I Amsterdam. Amsterdam Welcomes New Fleet of Electric Buses. Available online: https://www.iamsterdam.com/en/business/news-and-insights/news/2018/amsterdam-first-fleet-of-electric-buses (accessed on 2 September 2020).

	



Jones, C.; Gilbert, P.; Raugei, M.; Mander, S.; Leccisi, E. An approach to prospective consequential life cycle assessment and net energy analysis of distributed electricity generation. Energy Policy 2017, 100, 350–358. [Google Scholar] [CrossRef]








[image: Sustainability 13 02418 g001 550] 





Figure 1. Method employed in the quantification of the greenhouse gases (GHG) emissions of car sharing at an individual and city level. Blue boxes are modelling steps and green boxes are data inputs. 
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Figure 2. Annual GHG emissions of individuals with car-dependent (a) and car-free (b) travel habits (  I T  E j   ) (Equation (8) differentiating between modal share (  D p T  M  j , h    ) (Equation (5)). Emissions include four different scenarios: Baseline, Clean Air Action Plan, B2C car sharing, and P2P car sharing. P2P—Peer-2-peer. B2C- Business-to-consumer. Note the difference between the x-axis scales on the graphs. 
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Figure 3. Total transport emissions in each of the scenarios (  T E C  ) (Equation (11)). All scenarios include the implementation of the Clean Air Action Plan, while scenario 2 and scenario 3 include changes in travel behaviour due to B2C and P2P car sharing. B2B—Business-to-consumer and P2P—Peer-to-peer. 
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Figure 4. Percentage difference in total emissions between baseline and scenarios 1, 2, and 3 in some transport modes. 
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Table 1. Annual distance travel (kilometres) (  Y D  T j   ) and modal split (  D T p T  M  j , h    ) of individuals with car-dependent travel habits before and after engaging with car-sharing. (Private car includes both travelling as driver and passenger).
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	Before Car-Sharing
	After Car-Sharing





	Annual distance travelled (km)
	12,897.4
	10,435.4



	Private car
	53%
	31%



	Biking
	18%
	18%



	Walking
	15%
	15%



	Train
	4%
	2%



	Others
	10%
	9%



	Shared car
	0%
	25%
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Table 2. Annual distance travel (kilometres) (  Y D  T j   ) and its distribution by transport mode (  D T p T  M  j , h    ) before and after engaging in car-sharing by individuals with car-free travel habits (Private car includes travelling as passenger).
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	Before Car-Sharing
	After Car-Sharing





	Annual distance travelled (km)
	8484.8
	8824.3



	Private car
	21%
	20%



	Biking
	32%
	32%



	Walking
	17%
	17%



	Train
	10%
	7%



	Others
	20%
	20%



	Shared car
	0%
	4%
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Table 3. General description of the three scenarios.
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	Scenario
	General Description





	Sc 1—

Clean Air Action Plan
	The Clean Air Action Plan aims to create zero-emission zones. The main assumptions in the model were:

Public transport buses are electric;

Proportion of electric vehicles increases in private fleets;

In all fleets, there is a gradual increase in lightweight vehicles.



	Sc 2—

Car sharing B2C
	Some citizens migrate from car-dependent and car-free travel habits to car sharing. Distances by shared fleets are assumed to be travelled exclusively in a B2C fleet. The proportion of electric vehicles was increased in the shared fleet. Assumptions made in scenario 1 remain valid for this scenario.



	Sc 3—

Car sharing P2P
	Some inhabitants migrate from car-dependent and car-free travel habits to car sharing. Distances by shared fleets are assumed to be travelled exclusively in a P2P fleet. The proportion of electric vehicles was increased in the shared fleet. Assumptions made in scenario 1 remain valid for this scenario.
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Table 4. Impact of changes in travel habits on GHG emissions (Column 3). Number of individuals needed to migrate from car-free to car sharing to offset the emissions savings from car-dependent to car-sharing travel habits (Column 4).
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Scenarios

	
Change in Travel Habits

	
Changes in Emissions (kg CO2-eq.)

	
No. of Individuals with Car-Free Travel Habits Needed to Offset Emissions from Car-Dependent Travel Habits When Both Migrate to Car Sharing






	
2

	
From car-free to car sharing

	
−25.16

	
37




	
From car-dependent to car sharing

	
941.45




	
3

	
From car-free to car sharing

	
−23.39

	
39




	
From car-dependent to car sharing

	
924.80
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Table 5. Annual p-km (passenger-kilometres) travelled in Amsterdam (TDT). Percentage of the annual p-km travelled per transport mode in each of the scenarios (   %    T  M  j , h    ) (Equation (10)).
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	Baseline
	Scenario 1
	Scenario 2
	Scenario 3





	TOTAL (million p-km)
	4395.6
	4395.6
	4304.71
	4304.71



	Bus
	8.25%
	8.25%
	8.31%
	8.31%



	Metro
	7.69%
	7.69%
	7.76%
	7.76%



	Train
	12.84%
	12.84%
	12.71%
	12.71%



	Tram
	4.90%
	4.90%
	4.93%
	4.93%



	B2C car-share
	0.00%
	0.00%
	0.00%
	3.55%



	Motorcycle
	2.77%
	2.77%
	2.78%
	2.78%



	Private e-bike
	3.84%
	3.84%
	3.85%
	3.85%



	Private car
	59.38%
	59.38%
	55.78%
	55.78%



	P2P car-share
	0.00%
	0.00%
	3.55%
	0.00%



	Taxi
	0.33%
	0.33%
	0.33%
	0.33%
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Table 6. Variables changed in the sensitivity analysis, the magnitude of these changes, and the variations generated in the GHG emissions of passenger transport.
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	Variable Changed (One at a Time)
	Arbitrary Change of the Variables
	Variations of the GHG Emissions of Passenger Transport





	Annual distance travel by individuals with car-dependent and car-free travel habits
	10% decrease
	26% reduction



	Modal share travel of private car by individuals with car-dependent travel habits
	10% decrease
	20% reduction



	Number of individuals with car-dependent travel habits
	10% decrease
	21% reduction



	Fuel consumption by bus per passenger kilometre
	10% decrease
	1% reduction



	Fuel consumption due to increase in vehicle weight
	10% decrease
	0% reduction
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