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A Multi-faceted Characterization of Free-Floating Car
Sharing Service usage

Danilo Giordano®*, Luca Vassio®*, Luca Cagliero®*

¢ Politecnico di Torino, Torino, Italy

Abstract

During the last decade, car sharing systems appeared in many cities and gained
popularity. The research community has analyzed their current utilization
trends in different contexts, their growth perspectives, and their gradual shift
towards more sustainable technologies. Through the large and heterogeneous
amount of car sharing usage data that is now available, researchers have been
able to gain new insights into these services. In this paper, we provide an exten-
sive characterization of the Free-Floating Car Sharing (FFCS) service usage in
23 cities in Europe and North America over a 14-month period. From our data
about FFCS services, we detail fleet size, operating area, and characteristics of
the car bookings and rentals. We also identify temporal patterns that are pecu-
liar to specific cities and countries. We further highlight urban zones with high
attractiveness or with a high rental generation rate. Finally, we compare the
systems relying on internal combustion engine cars with those based on electric
vehicles in terms of various indicators, including the influence on car refueling.
The results show that car utilization patterns are rather variable across cities
with the highest per-car utilization rate in Madrid. The majority of the cities
show negative or stable usage trends due to either the reduced appeal of the ser-
vice or the presence of inefficiencies in the service provision. These data-driven

insights may help system managers assess the provided services’ profitability
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and sustainability from multiple perspectives.
Keywords: car sharing; electric cars; smart city; shared economy; data-driven

analysis; clustering.

1. Introduction

In the last decade, car sharing has become a popular mobility solution
in many cities. In the present paper, we focus on Free-Floating Car Sharing
(FFCS) systems where users book a car, use it, and return it anywhere within
a geo-fence area [36]. Unlike traditional car rental services, in a FFCS system
car reservation, pickup, and return are all self-service. Cars are typically rented
for short time periods and, at the end of the rental, they immediately become
available to other users.

Since their birth in the early 2000s, FFCS services have rapidly increased
in popularity. Currently, they are present in more than 40 cities [29]. Their
emerging popularity has attracted the interest of the urban computing research
field, which manages and analyzes mobility-related data acquired by a vari-
ety of sources such as sensors, Internet of Things devices, vehicles, buildings,
and humans [35]. The increasing availability of mobility-related FFCS data
has fostered research such as: (i) descriptions of the characteristics of FFCS
services, (ii) identification of service usage patterns, (iii) observations of the
spatial diffusion of the services, (iv) evaluations of the impact of different reloca-
tion strategies, and (v) explorations of the issues related to service profitability
and sustainability. An in-depth overview of the related literature is given in

Section

Current challenges. Both academy and industry have recently expressed
contrasting opinions on FFCS. On the one hand, they agree on the key role
of FFCS in sustaining smart mobility in urban environments [5, 12, 26]. In
particular, FFCS services that rely on electric fleets, such as those currently
offered in Madrid, Stuttgart, and Amsterdam, contribute to the ongoing transi-

tion towards low-carbon emission mobility [30]. On the other hand, the recent



financial losses posted by various service providers (e.g., [I7]) have posed seri-
ous questions about the capability of FFCS to penetrate the market, as well as
about their economic sustainability. In fact, the increasing operating costs due
to service maintenance and the low daily revenue have prompted providers to
shut down part of the services they offer [I7]. These contrasting issues could

foster further explorations of FFCS service usage and prospects of growth.

Contributions. This paper presents a multi-faceted analysis of FFCS service
usage data aimed at supporting policymakers in shaping service provision. It
analyzes real data acquired in 23 cities located in Europe and North America
over a 14-month time period from December 2016 to January 2018. The aim
is manifold. Firstly, we quantify the values of the key FFCS service properties
(e.g., fleet size, operating area, booking types, rental duration) and evaluate
their impact on service usage rate and profitability. The results show peculiar
trends: for example, car density significantly varies from one city to another
and the fleets in many USA cities are oversized according to their actual usage
rate. Secondly, we analyze car rentals’ evolution over time. In contrast with
the five-year-old study presented by [28], which reported a rising trend in the
adoption of car sharing solutions, the present paper shows a negative or stable
usage trend in the majority of the cities analyzed. Thirdly, we compare the
services that rely on internal combustion engine cars with those based on elec-
tric vehicles. In compliance with the recommendations provided by [33], our
empirical evidence indicates that efficiently managing charge events is crucial
for guaranteeing service sustainability and profitability.

To foster other data-driven analysis of FFCS service usage, the analyses’

outcomes are made available through interactive dashboards and plots [16].

Paper outline. The rest of the paper is organized as follows. Section
overviews the related literature. Section [3|describes the data collection, whereas
Section [4] presents a preliminary data characterization based on a selection of
key FFCS usage descriptors. Section[5|and[6]deepen the data analysis by explor-

ing the impact on the temporal and spatial dimensions, respectively. Section



compares the usage of FFCS services relying on electric and internal combustion
engines. Finally, Section [§| draws conclusions and presents our future research

agenda.

2. Related work

In recent years, the research community has paid increasing attention to
FFCS services. For example, in [28] the authors have investigated the spatio-
temporal factors that could influence car sharing demand. They analyzed car
bookings acquired from November 2011 to September 2013 in two representative
cities (i.e., Berlin and Munich) pointing out time intervals and areas with signif-
icantly higher booking rates. Our results extend their findings by characterizing
the FFCS service usage in a larger number of cities (23) and in a more recent
time period. A key difference is that the growing trends of FFCS observed from
2011 to 2013 have now stopped. Similarly, authors in [22] performed regression
analyses on FFCS data collected in 2015 to understand the factors influencing
the service growth rate. The results indicate that in specific cities, the services
have already reached saturation. This trend is confirmed by the more recent
evidence reported in our study.

Authors in [36] envisioned the future development of car sharing services
from the perspective of policymakers and related stakeholders. The authors
provided relevant insights into the future of car sharing markets in four countries
(i.e., Australia, Malaysia, Indonesia, and Thailand), revealing that energy and
vehicle prices have no statistically significant impact on service demand. Their
empirical evidence has been partially confirmed by comparing the electric and
internal combustion fleets in our work.

In [I4] 24] the authors analyzed the characteristics of car sharing users and
discovered different classes of users. The paths covered by FFCS vehicles have
also been studied to identify the urban traffic patterns ([2, 28],[32]) and to predict
the presence of available cars within a given urban area ([I3| 15, 27]). Car
movements appeared to be non-stationary and correlated with (i) the previous

car movements within nearby areas, (ii) the weather conditions in the recent



past, and (iii) the variations of the socio-demographic factors in the long run.
Notably, the origin and the destination of trips have shown to be independent
of the availability of public transports [2]. Unlike [I3] [I5] 27], this work is
not aimed at predicting future service demand or FFCS flows, but rather to
characterize and explain the current usage trends.

Further research works have presented case studies tailored to specific con-
texts. For example, in [4] the authors used spatial regression and conditional
logic to analyze FFCS demand in Switzerland. Differently from [2], the research
shows that in Switzerland, free-floating car sharing systems are mainly used
for trips for which only substantially inferior public transportation alternatives
are available. The work in [7] analyzed travel behaviour and vehicle ownership
among car sharing members versus non-members in the San Francisco Bay Area.
The aforesaid analysis has indicated that not only urban car sharing members
are likely to own fewer vehicles than the rest of the population, but if they do,
they usually own a vehicle with a smaller environmental footprint. Similarly
in Europe, the authors of [I9] showed how each FFCS car can replace up to
20 private cars. In our previous work [I], we analyzed the usage of three dif-
ferent car sharing services available in the city of Vancouver, showing how the
free-floating one was used more than the others and for shorter trips.

The relevant imbalance between vehicle demand and supply has prompted
the need to design vehicle relocation policies. Relocation plans typically rely on
optimization models to maximize the effectiveness of the operations, considering
the costs [20]. These models are commonly validated using simulation modules,
which measure the differences between optimal and current vehicle position-
ing [34]. Vehicle relocation strategies are designed with the aim at (i) balancing
vehicle fleets thus making car sharing systems manageable and profitable [21],
(ii) managing vehicle reservations [23], or (iii) addressing supply-and-demand
mismatches by offering incentives to move vehicle to under-supplied stations [3].
The goal of the present study is not to propose innovative vehicle relocation
strategies, but rather to perform a multi-faceted, data-driven analysis of FFCS

service usage.



3. Data collection

We collected data from Car2gﬂ which is one of the most popular FFCS
operators worldwide. This type of FFCS system works as follows: the system
knows the position of all cars (available or not) in the fleet. A user looks for,
and books, an available nearby car by using a smartphone application. The
system then makes the car unavailable for the other users. With the same
application, the user can autonomously unlock the vehicle and start the rental.
At the end of the rental, the user parks and returns the car by notifying it via
the smartphone application. The system then makes the car available at its
newly recorded position.

Car2go allows developers to interact with their services through a public
Application Programming Interface (API). This allows developers to retrieve
the current position of all available cars in a given city. From December 2016
until the end of January 2018, Car2go granted us unlimited access to this API
(which at the time was normally subject to usage restriction) in order to collect
data for research purposes onlyEI

In our previous work [6] we developed a system called Urban Mobility Anal-
ysis Platform (UMAP), that we used to collect data through the Car2go APL
Firstly, UMAP gets the operating area for each city served by Car2go, i.e., the
area where users can start and end trips. Secondly, UMAP queries the Car2go
APT every minute to get the currently available cars. Along with the list of cur-
rently available cars, for each car, the Car2go API returns: the number plate,
current position (i.e., the latitude and longitude coordinates), current energy
level (i.e., the percentage of residual fuel or battery), car internal status, etc.
Then, UMAP rebuilds the history of each car, identifying bookings and parkings.
A booking is the time period in which a car is not available. We identify the start

of a booking when the car disappears from the list of currently available cars.

LCurrently (October 2020) merged into the ShareNow service (https://www.share-now.
com/).

?The data was collected using specifically created credential provided by Car2go, i.e., the
Consumer Key (https://www.car2go.com/api/tou.htm).


https://www.share-now.com/
https://www.share-now.com/
https://www.car2go.com/api/tou.htm

Table 1: Booking attributes obtained for the analysis.

l Attribute Description

Plate The car unique identifier

Initial Position | The spatial coordinates where the booking begins
Final Position The spatial coordinates where the booking ends

Initial Time The timestamp when the booking begins

Final Time The timestamp when the booking ends

The percentage level with respect to the total capacity
of the battery/fuel tank level when the booking begins
The percentage level with respect to the total capacity
of the battery/fuel tank level when the booking ends
The trip distance computed as haversine distance [31]

Initial Energy

Final Energy

Distance between Initial and Final Coordinates
. The booking duration computed as the difference
Duration . o .
between the Final and the Initial Time
. The consumption computed as the difference between
Consumption

the Final and the Initial Energy

Then, we identify the end of the booking when the car reappears. Therefore,
a booking is an event characterized by the plate, the initial/final position, ini-
tial/final time, and initial /final energy level (see Table. Conversely, a parking
event is the time period in which a car is parked and available to users for a
rental.

While we got detailed information on where users started and ended their
bookings, we did not obtain any information about where and when they made
the reservation nor the exact destination they wanted to reach. As such, we
cannot estimate how much the user walked to reach the car, how long it took
to reach the desired destination, or the path cars followed from the origin to
the destination. Hence, given the lack of route information, we approximate
the booking Distance with the haversine distance [31], and we compute the
Consumption as the difference between the final and the initial energy level. It
is also important to note that the booking Duration, computed as the difference
between the final and the initial time, includes both the time the user used the

car (paying a fee) and the possible (free of charge) reservation timeﬂ Since

3Free of charge reservation time depended on the city policy.



these data do not contain any users’ personal information, in this paper there
is no risk to harm the users’ privacy.

Not all bookings correspond to an actual trip performed by a user. For
instance: (i) a user can book a car, and cancel the booking later on; (ii) the data
collection may suffer from outages, thus the crawler may miss some available
cars; (iii) cars may go under maintenance, disappearing and possibly returning
after a long time; (iv) cars may be relocated by the provider to high demand

areas of the city. As such, we define the following booking eventsﬂ

e Rental: a rental is a booking where the user performed a short duration
trip with the car staying within the operating area. This describes the
typical FFCS usage. Thus, we label a booking as a rental if the car has
travelled in the city a Distance > 100m, with 2min < Duration <
2 h, and with non-negative consumption (Consumption > 0) i.e., there
has been no refuel. We enforce a minimum duration of 2min to remove
possible acquisition errors, and a minimum distance equal to 100m to

account for possible GPS errors and distinguish one-way and round trip

rentals.

e Round Trip: all the times a booking lasts Duration < 2h, the car has
moved for a short distance (Distance < 100m) and had a non-zero con-

sumption (Consumption # 0) we label it as a round trip.

e Long: a user could also use the car for a longer period of time with specific
fares. As such, we identify all the bookings characterized by a duration
2h < Duration < 2days and a positive consumption (Consumption > 0)
as long bookings. Notice that some of these bookings may be maintenance

operations.

e (Cancellation: all the times a booking lasts Duration < 2 h, the car has not

moved (Distance < 10m) and it had no consumption (Consumption = 0)

4All other booking events are discarded for the analysis.



we label it as a cancellation.

e Refuel: in most of the FFCS rides there is no need to refuel the car at the
end of the trip. However, occasionally the users or the operator refuel the
car. Internal combustion engine cars are refilled at a gas station, while elec-
tric cars are charged at a charging station. So we label all those bookings
having a higher energy level at the end of the booking (Consumption < 0)
and where the car was parked elsewhere (Distance > 100m) as refuel
events. In the raw data, it is impossible to distinguish refuel events per-

formed by users from those performed by the operator.

We collected data and computed the previously defined events in all the 23
cities in which Car2go has operated, starting from December 2016 until the end

of January 2018 (see Table [2| for the list of cities).

8.1. Data Augmentation

To improve the accuracy of our data, we used the Google Direction AP]EI to
compute a spatial and a temporal scale factor. The spatial scale factor allows us
to take into account the impact of urban morphology and we use it to correct the
haversine distance to get a more accurate estimate of the actual rental distance.
The temporal scale factor allows us to evaluate how shorter (or longer) a rental
last, with respect to the same trip without traffic.

We compute the scale factors as follows. Having an origin o and a destination
d, we ask the Google Direction API the driving route from the origin to the
destination avoiding highways and tolls. As a result, we retrieve the driving
route describing the driving distance and the driving duration to perform the
trip by using a car. As in our request we do not specify any departure time,
the Google Direction API chooses the route and the duration based on the road
network and average time-independent traffic conditions. As such, we get an

estimate of the average time to reach the destination from the origin.

Shttps://developers.google.com/maps/documentation/directions/intro#
DirectionsRequests
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Since our data collection is composed of millions of rentals, and the Google
APT have usage limitationsﬂ we cannot retrieve the corresponding driving route
for each trip separately. We solve this issue with ingenuity. Firstly, we split each
city into squared zones with side of length 500 m. Secondly, for each rental 7,
we map the origin (initial) o(¢) and destination (final) d(#) coordinates with
the corresponding zone coordinates O(i) = zone(o(i)) and D(i) = zone(d(7)),
respectively. These coordinates describe the central point of each zone. Then,
we ask to the Google Direction API the corresponding driving route from O(3)
to D(i). Finally, for each rental, we compute the spatial scaling factor as the
ratio between the driving distance and the haversine distance, and the temporal
scaling factor as the ratio between the driving duration and the actual rental
duration.

In Table 2] we summarize for each city the median spatial and temporal
scale factors. We employ this spatial scale factor to scale up all haversine dis-
tances into the actual trip distances. From now on, we use this estimate as trip

distance.

4. Service usage characterization

We analyze service provision in 23 cities under multiple aspects. Further-
more, we evaluate to what extent the services offered by using electric cars (in
Amsterdam, Madrid, and Stuttgart) differ from those offered by using internal
combustion engine cars. Firstly, we evaluate the size of the operating area and
analyze the service supply in relation to the estimated fleet size. Secondly, we
break-down the booking events (i.e., rentals, cancellations, long bookings, refuel
events, and round trips) to evaluate their impact on service usage rate. Lastly,
we analyze the duration and distance of each rental to profile user habits at
different temporal granularity levels. We report in Table 2] data summarizing
each analysis. Moreover, to ease plots readability and to add further details, we

provide a website [I6] where researchers can interact with our results.

Shttps://cloud.google.com/maps-platform/terms

10
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Figure 1: Surface size of the operating area of each city. Cities are ordered by increasing fleet
size.
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Figure 2: Fleet size and fleet density for each city. Error bars report the minimum and
maximum observed fleet size in the weeks.

Operating area and fleet size. In Figure [1] we report, for each city, the
surface of the operating area of the car sharing operator. It varies significantly,
i.e., from less than 20 km? for the city of Columbus (USA) up to more than
120 km? in Berlin (Germany). Based on the aforesaid numbers, we evaluate
how the fleet size and density changes in the cities. For this, Figure [2| reports
the median number of vehicles seen per week, and the fleet density computed as
the former value divided by the surface of the city operating area. The aforesaid
number approximates the available fleet size of the operator.

In Figure 2] and in all the following ones, the cities are sorted by increasing

median fleet size (ranging from 187 in Columbus up to 1009 in Berlin). For
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the fleet size, in Figure [2| we also depict the variation between the minimum
fleet size and the maximum fleet size in different weeks with error bars. For
most of the cities, the weekly size variations are limited. The fleet size slightly
changes from week to week, since the operator could increase the fleet size,
or remove broken cars, or perform maintenance operations. Not shown in the
picture, we check whether the difference between the minimum and maximum
is due to an increase (decrease) of the fleet size over time. We want to check
if the operator added (removed) cars to the fleet for increasing (reducing) the
capacity. More specifically, we verify whether the minimum number of cars
is recorded at the beginning of our data collection while the maximum at the
end of it (or vice-versa). The results show that such temporal correlation does
not hold, and the underlying patterns are quite variable. Only in four cities
(Seattle, Madrid, Toronto, and Amsterdam), the number of cars seen in the first
weeks is clearly lower than those seen in the last weeks. Hence, the differences
between minimum and maximum weekly fleet are in most of the cases due to
car maintenance/replacement.

In most cases the fleet size increases with the size of the operating area.
However, some cities show peculiar situations. For example, focusing on Frank-
furt and New York City, we can see that the fleet seems to be undersized with
only about 6 cars per km?. Conversely, in Vancouver, Calgary, and Madrid, the
number of cars per km? is above average. In detail, for these three cities, we

observe more than 10 cars per km?, while the average is only 8.8.

Number and types of bookings. To start analyzing cars and fleet usage,
in Figure [3] we report the total number of booking events. We classify them
as rentals, cancellations, long booking, refuel events, and round trips according
to the categorization reported in Section [3] For the majority of the cities, we
observe that the larger the fleet, the more the number of bookings. Madrid
(electric fleet) shows many more bookings than cities with a similar fleet size
like Montreal and Toronto.

Figure [4] shows the percentage of each type of booking with respect to the

12
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Figure 4: Percentage of booking events per type (Rentals, Cancellations, Refuel, Long, and
Round Trips).

total number of bookings per city. The car sharing operator might lose money
if too many cancellations occur because cars are kept busy (free of charge can-
cellation period lasts up to 30 minutes, depending on the region). Columbus,
Austin, New York City, and Washington D.C. have the worst numbers: almost
50% of bookings are canceled. Amsterdam (electric fleet), Turin, Milan, and
Madrid (electric fleet) have the best ones, i.e., less than 30% of cancellations and
more than 67% of rentals. Likely linked with such a high cancellation rate, we
observed that, in 2018, Car2go decreased the free of charge period from 30 min-
utes down to 15/20 minutes in several cities. Finally, long bookings and round
trips are rare in all cities, with the maximum value of long booking reached in

Toronto (7%) and the maximum value of round trips in Amsterdam (6%). This
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Figure 6: Rental duration (in minutes).

result confirms that free-floating car sharing is used mainly for short one-way
rentals [21].

Regarding the refuel events, the percentages of refuel events are much higher
in cities with electric fleet with respect to cities with internal combustion engine
cars. As we will clarify in Section [7 this is due to the shorter autonomy of
electric cars. Moreover, in Madrid, the charging process is managed by the
operator in a single location (centralized infrastructure). Thus, the frequency
of charge is lower than the other cities with an electric fleet as the operator
charges cars only when strictly required. In Section [7] we will analyze in more

detail the difference between centralized and distributed charging strategies.

Rental distance and duration. To analyze users’ habits in the cities, Fig-
ure [5] and Figure [6] show the distribution of per rental distance and duration
separately for each city, respectively. We rely on violin plots to summarize the
distribution of the analyzed data. This kind of visualization shows the empirical

probability density of the distribution of the data. The larger the violin shape,
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the more likely to get data with that particular value. Unlike other numeric
data representations (e.g., box plots), violin plots combine the classical disper-
sion and skewness descriptors with a representation of the full data distribution.
To compare rental duration and covered distance across different cities, we deem
the aforesaid visual representation the most informative yet concise one. To ease
the readability, in each violin plot, we report the 25!, 50" (median), and 75"
percentiles of the distribution. Furthermore, we provide an interactive version
of each plot in [I6]. To keep the order consistent across plots, the cities are
ordered by median fleet size.

The majority of the rentals consists in short trips, with an average distance
lower than 7 km, and an average duration shorter than 30 minutes (see Table
for further details). Users in Turin and Madrid tend to use the service mainly
for very short trips, as the violin plots tend to be larger in the bottom part.
Conversely, Vancouver, Munich, and Berlin show rather variable usage patterns,
with a mix of both short and relatively long trips. The above-mentioned results
for Madrid are compatible with those reported in [2]. As expected, we observe
that cities with a large operating area also show some longer trips. In cities
where the operator allows the users to reach the airport, often the average and
the median rental duration and distance differ a lot: for instance, in Munich,
we register an average rental distance of 6 km, while the median is only 3.5 km.
Regarding electric vehicles, in Amsterdam, Madrid, and Stuttgart, we observe
the same usage patterns as in cities equipped with internal combustion engine
cars. In Table [2| we report the average and median values of each metric.

In Figure[7] we analyze to what extent the operating area size influences the
usage pattern. We compare the size of the operating area in the city with the
median rental distance and the median rental duration. We rely on the median
value rather than the mean as the former is more stable and less influenced
by outliers. To ease the readability, city names are shortened. Table [2] reports
the complete and the shortened name of each city. We can observe a weak
correlation of distance and duration with the city operating area size. A bigger

operating area increases the probability of having longer trips both in terms
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Figure 7: Influence of operating area size on usage.
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Figure 8: Correlation between rental duration and rental distance.

of distance and duration. However, there are cities like Amsterdam (AMS)
characterized by a relatively small operating area (38 km?) but having a high
median distance (4.8 km) and duration (26 min) of trips. On the contrary, cities
like Milan (MIL) have a large operating area (77 km?), but a limited median
distance (3.7 km) and duration (23 min) of the trips.

Finally, in Figure |8 we study the correlation between rental duration and
distance. Here the dependence seems stronger, with few cities far from a linear
relationship between duration and distance. For example, New York City (NYC)
has a very high median duration (30min) but a low median distance (3.6 km).

This highlights the impact of traffic congestion and longer reservation time.

Car daily usage, rental distance, and duration. In order to evaluate
daily service usage and profitability we analyze the number of rentals per car,
rental duration, and rental distance, aggregated per day. We monitored car
usage, identifying them through their number plates. Figures show the

corresponding distributions of daily data per car, separately for each city. The
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Figure 9: Daily rentals per car.
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Figure 10: Daily rental distance per car (in km).
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Figure 11: Daily rental duration per car (in hours).

wavy patterns in Figure[J]are due to the discrete nature of the number of rentals
per car per day: the more daily rentals (and minutes rented) per car, the higher
revenues the service had. Within most cities, the distribution of rental per
day varied a lot: sometimes cars were rented only once in a day, e.g., because a
rental ended in an unpopular zone where the car stayed parked for days before a
new rental began; sometimes rented dozens of times in one day, e.g., a car which
traveled only around popular zones. Notably, the city with the highest usage per
car was Madrid, a city equipped with an electric fleet. On average, in Madrid,

we registered 11 rentals per car per day, while, on average, only 5 rentals per car
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per day were observed in the other cities. The success of car sharing in Madrid is
due to several factors [10]. First, in 2017 the city council of Madrid presented a
plan of 544 million euros to improve air quality and counteract climate change,
dedicating an entire chapter to car sharing. Among the proposed measures,
electric cars park free of charge and have access to limited traffic areas. The
final goal of these measures is to “impose a new culture of mobility”. As such,
the measures taken by the Madrid city council are clearly beneficial for those
companies that invested in electric vehicles for their car sharing fleet. Secondly,
from the user’s point of view, many people have found car sharing a good
opportunity to ditch the fixed cost induced by owning a car. Moreover, around
15% of the population is unemployed in Spain, with respect to only 4% in the
USA. Furthermore, young workers suffer from involuntary part-time working
conditions, which tend to creating insecurity and increasing the trend of not
owning a private car. As such, these factors have made Madrid an environment
suitable for the development and growth of car sharing and shared mobility
services in general. Indeed, 5 different car sharing operators are now present
in Madrid, and many electric scooterﬂ and bike sharing [25] providers have
emerged. Figure [J] shows how the behaviour of electric fleets in other cities is
similar to that of internal combustion engine fleets. Data from Turin, Milan,
Hamburg, Vancouver, and Berlin show a similar probability for a car to be used
from 1 up to more than 10 times per day. In general, in some cities, especially
in the USA, cars made few trips per day. In particular, in Columbus, Austin,
and Denver, cars appeared to be underused, with, on average, only 3 rentals
per car per day. In Table[2] we report the average and the median number of
rentals per car per day.

Figure shows the daily rental distance per car; the impact of Munich
airport in distance is clear with many cars traveling an average distance higher
than 80km per day. In general, the bigger the city, the longer the distance
covered per day and the longer the rental duration, as shown in Figure[7a] Usage

"https://english.elpais.com/elpais/2019/04/09/inenglish/1554797032_434337 .html
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in Madrid again shows a clear deviation from the behaviour of the average city.
As observed before, this is driven by the high amount of rentals per car per
day, as observed before. Indeed, in Madrid, despite the fact that per rental
distance/duration is similar with respect to that of other cities (see Figure
and Figure @, each car performs many more trips than in other cities, hence
the increase in daily rental distance/duration.

The daily rental distance can also be used to estimate how long a car re-
fill/charge lasts. The gasoline Smart ForTwo car used in some fleets claims an
autonomy of 560 km, and 159 km for the electric Versiorﬂ Hence, an electric car
with a full charge lasts a median of fewer than 5 days in Madrid, while this
number increases to 10 and 12 days for Stuttgart and Amsterdam, respectively.
The longer autonomy of gasoline cars increases the need for a refill from a me-
dian from 18 days in Berlin to more than 3 months in Columbus. More about
this topic will be presented in Section

The total rental duration per car per day (Figure is the data that relates
most to since users pay the system per minute, not per rental nor distance.
The distribution of this metric describes the total amount of time each car was
rented every day. Here we observe major differences. On the one hand, Madrid
was the city with the highest duration per car per day. It has a median per car
of 5 hours per day, resulting in an estimated income per day of 57-93€ per carﬂ
This high figure reflects per car number of rentals per day in Figure [0} On the
other hand, there are cities with a daily usage of about only one hour per car.
For example, usage in Denver results in an estimated median income per day of
21-359% per car.

In our analysis, most of the cities in North America had lower utilization
rates than European ones. Car sharing has proved to be less successful in North

America than in Europe are manifold. Firstly, the car ownership rate is higher

8 Autonomy is determined based on the NEDC regulation 692/2008/CE. In some cities,
other gasoline cars are available in the fleets.

9Minimum and maximum price per minute are extracted from https://www.car2go.com/
ES/en/madrid/costs/ and https://www.car2go.com/US/en/denver/how/.
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Figure 12: Rental growth for each city, computed as derivative of the daily rentals trend-line
for the 14 months object of the study.

in North America than in Europe. For example, there are 838 vehicles per
1000 inhabitants in the USA, while only 561 per 1000 inhabitants in Germany.
Secondly, in North America, most of the urban areas are less dense. For example,
Milan has a population density of 7684 per square kilometer, while Austin
reaches only a density of 1369 per square kilometer. Hence, cities are more
spread out in North America, making car sharing systems ineffective. In fact, a
car is more likely to be within walking distance if more people are living close to
it. These evaluations and results justify the recent service shut down in different

cities in North America [I7].

5. Temporal usage analysis

To identify seasonal patterns and compare the services offered in different
cities (and countries), we analyze the car rentals over time. Specifically, we
study the service usage evolution over time, and we analyze the usage patterns
with different timescales: from a month granularity, to days of the week, up to

hours of the day.

Evolution over 14 months. We have collected data from December 2016 to
the end of January 2018. Given the series of the daily number of rentals per city
for this whole period, we approximate each series with its linear regression. This

trend-line is a first coarse summary of the usage variations over time. Figure
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Figure 13: Deviation for the number of rentals in each month. Percentage deviation is com-
puted from the average of each city, independently.

shows, for each city, the rental growth in the period computed as derivative of
the trend-line. It indicates whether service demand is in an uptrend (> 0), a
downtrend (< 0), or stationary (=~ 0) over the 14 months of analysis.

Approximately half of the services show decreasing demand. The most sig-
nificant drops are in Seattle (service now discontinued) and Madrid (recalling
that rental demand is still very high at the end of the period). Turin, Munich,
and Vancouver show the highest increasing trend in the number of rentals. Al-
though from 2011 to 2013, Berlin had shown a significant increase in the booking
frequency [28], from 2016 to 2018, the number of rentals seems to have reached
a stationary state.

To give more insights, we analyze the trend in each month. Figure[I3|shows,
for each month, the deviations (in percentage) from the average number of
rentals observed in each city. Median and average values of the number of
rentals, duration, and distance per city are reported in Table 2l The months of
March and May 2017 are not present due to the lack of data. The Figure shows
seasonal trends for most of the considered cities, with numbers varying approx-
imately -30% up to +30%. The number of rentals in Italian and Spanish cities
(i.e., Milan, Rome, Madrid, Turin, and Florence) decreases in the summertime,

especially in August, despite the high number of tourists in these cities. This
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Figure 14: Deviation of the average rental distance in each month. Percentage deviation is
computed from the average of each city, independently.
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Figure 15: Deviation from the average rental duration in each month. Percentage deviation
is computed from the average of each city, independently.

may be due to a change in mobility habits, e.g., less work commuting or shift
toward other transportation means like bikes.

Figures [I4 and [I5] show the deviations of the mean rental distance and the
mean rental duration per month and city with respect to the mean values of
each city computed over the whole 14 months period. Most of the considered
cities show non-stationary trends. On average, longer distances are covered in
the summertime. During these months (June, July, and August), even if the

rental distance increases, the rental duration decreases. This might be due to
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Figure 16: Deviation for the number of rentals per day of the week. Percentage deviation is
computed from the average of each city, independently.

different destinations during the warmest months of the year, the adoption of
other transportation means (e.g., bikes) for short trips, or less traffic leading to
faster trips. Considering the rental duration, most cities show a higher rental

duration from September to December 2017.

Usage analysis of the days of the week. After observing how the usage
has changed over time, now we analyze the usage on the different days of the
week. Discovering such patterns is particularly useful for planning maintenance
operations and manage charging, e.g., by identifying the weekdays and hours
having the lowest usage.

In Figure we analyze the deviation from the average of the number of
rentals per day of the week. For most of the cities, on Sundays, we observe the
least usage, followed by Mondays. Hence, charging and maintenance operations
should be preferably scheduled on Sundays or Mondays. A significant increase
in the relative number of rentals appears on Thursdays and Fridays. Car sharing
can be used for commuting to work and for leisure time, hence during Thursdays
and Fridays both of these activities might be present. Berlin and Munich show
the highest usage on Fridays, differently from the previous work [28], where it
was recorded on Saturdays. In New York City the car sharing is mostly used on

Saturdays and Sundays, with very low usage from Mondays to Thursdays. This
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is possibly due to the operating area limitation, not including the Manhattan
district. More details will be given in Figure [17] and

By aggregating service usage per day of the week, we observe small differ-
ences in average duration and distance. The corresponding plots are available
at our website [I6]. The relative differences in the former are within +10%,
while in the latter are within £15%. Mainly on Sundays trips last less but also
cover more distance. For Munich, we discover a peculiar pattern: on Mondays,
the covered distance is significantly higher than those covered on all the other
days. We discovered that this is due to the high number of connections on Mon-
days from the town to the international airport, which is located approximately
28 km north-east of Munich.

We also observe the booking cancellations, here omitted for the sake of
brevity. Most of the cancellations occur on the first days of the week and
Sundays, especially during the night, whereas the least number of cancellations

is recorded on Saturdays.

Usage analysis of the hours of the day. We further deepen our analysis by
studying the usage in different hours of the day and week. To this end, we apply
clustering techniques [31] to find similarities among the service usage patterns
in different cities. We focus on the hourly service demand within each day of
the week, as it synthetically describes the service usage rates across different
daily time slots. More specifically, for each city ¢ and on each day of the week
d, we define the hourly rental distribution as the percentages of recorded rentals
within each hour over the total number of rentals recorded on d. Since service
demand may significantly change on different days of the week, for each city, we
consider the distributions from Monday to Sunday and generate a single time
series of hourly rental usage over all days of the week. The series associated
with different cities are clustered using the well-known K-means [I8] clustering
algorithm. The aim is to group into the same cluster the cities that are similar to
each other in terms of service demand. The number of clusters (K) is estimated

via grid search by finding the value that maximizes the Silhouette score [31]. In
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Figure 17: Distributions of the hourly rentals per day of the week averaged over the cities
belonging to cluster 1 (Florence, Frankfurt, Amsterdam, Turin, Toronto, Madrid, Munich,
Stuttgart, New York City, Rome, Rhineland, Vienna, Milan, Hamburg, Berlin).
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Figure 18: Differences in hourly rentals per day of the week (averaged over the cities) between
the distributions in cluster 2 (Columbus, Austin, Denver, Montreal, Calgary, Washington DC,
Seattle, Vancouver) and cluster 1.

our experiments, the best results are achieved by setting K to 2.

Figures [I7] and [I8] graphically show the characteristics of the centroids of
the two generated clustersm To ease the visualization, in Figure we depict
the percentage of rentals for each hour for the centroid of cluster 1. Instead,
for cluster 2, we report in Figure the difference between the centroid in
cluster 2 and cluster 1. We represent the characteristics of the centroids, as

they are deemed as reliable descriptors of the most salient characteristics of

10We use in the paper the 24-hour clock notation as in ISO 8601-1.
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the cities within the cluster. Intuitively, centroids are obtained by computing
the pointwise average of all the cluster members. In the K-means algorithm,
they are initially selected randomly and then re-assigned automatically until the
algorithm converges to a local optimum.

Cities located in the same geographical area show homogeneous FFCS ser-
vice demand. Indeed, the first cluster (see Figure includes all the European
cities, whereas the second one (see Figure includes all the cities located in
North America and Canada, except for Toronto and New York City. Interest-
ingly, from a comparison between the clusters, it turns out that North American
cities have a much lower evening and night utilization (19:00-01:00), where we
register differences of up to 1.7%. For example, on Wednesdays around mid-
night, the distribution of rentals almost halves from 2.3% to 1.2%. Moreover,
in North American cities, we observe an earlier afternoon commuting time than
in European cities. The peak of the difference is around 15:00-17:00, where we
observe distributions up to 1.6% higher.

To further evaluate the ability of the clustering algorithm to automatically
assign cities of the same continent to the same cluster, we use the Rand In-
dex [31I]. It measures the ability of the clustering algorithm to well separate
points belonging to preassigned categories. In our case, we assign the continent
as label of each city record, and we empirically verify the hypothesis that service
usage patterns are strongly correlated with the geographical area in which the
city is located (Rand Index equal to 67%).

Additional results related to temporal analyses are given in [I6]. Specifically,
for each city, we have analyzed the service usage in terms of percentage of rentals,
average duration, and average distance for each hour of the week. Results show
that rental duration early in the morning tends to be higher, probably due to

the lack of alternative transportation means.

Impact of Traffic Congestion. We study the impact of traffic congestion
on the users’ rentals behaviour, using the temporal scalar factor described in

Section 3} For each city, we evaluate for each hour of the day the median
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Figure 19: Ratio between the hour median temporal scale factor and the median temporal
scale factor for each city.

temporal scalar factor considering all the rentals performed during weekdays.
We recall that it is computed as the ratio between the estimated driving duration
and the duration of the actual rental. A large temporal scalar factor is likely
due to the presence of congestion. Finally, for each city, we compute the ratio
between the hour median temporal scale factor and the median temporal scale
factor of the city (reported in Table . In this case, we use the city median
temporal scale factor as a reference of what is the usual rentals behaviour in
the city. As a result, we get a ratio greater/smaller than 1 when the rentals
tend to last longer/shorter than the usual city behaviour. Figure reports
this ratio for all the cities during the 24 hours. As expected, during night hours
this ratio tends to be smaller than 1 in all the cities, with the smallest value
in Toronto, where we get a ratio of 0.57. On the opposite, during commuting
times in all cities, we observe an increase in time up to 20% longer than the

usual city behaviour.

6. Spatial usage analysis

Complementary to the temporal analysis, here we explore the spatial char-

acteristics of the rentals.
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Figure 20: Spatial dispersion index of the rentals. A high dispersion index implies dis-
homogeneity in the usage of car sharing over the city.

Dispersion of rentals. We analyze how the rentals are distributed in space.
For each city, we split the operating area into square zones with side length
500m. Then, we compute the average number of rentals starting from each
zone in a day. Finally, we only consider active zones, filtering out zones where,
on average, there is less than one rental per week.

Our goal is to study if rentals start homogeneously or not in the different
zones of each city. In Table 2| we report the mean and the variance of the
distribution of the average number of rentals per day over the zones of the
cities. To evaluate the homogeneity of rental departure positions within a city,
we employ the dispersion index [T1] on this distribution. The dispersion index
is defined as the ratio between the variance and the mean of the distribution,
and it measures the dispersion of a probability distribution. To exemplify, we
take the two extreme situations: on the one hand, a completely homogeneous
situation results in a dispersion index equal to 0, meaning that the rentals start
equally in all the zones of the city. On the other hand, the dispersion index will
be maximum if all the rentals start from a single ZOHQB As we evaluate the
dispersion index only on active zones, it is not changing if there are large parts
of the cities where the car sharing is not present or never used.

In Figure 20| we report the dispersion index for each city. Cities are ordered

11The maximum value depends on the number of zones and rentals.
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Figure 21: Rentals departures in the operating area of two cities. Amsterdam has low disper-
sion index (left plot) and Vancouver has high dispersion (right plot).

by increasing fleet, as previously in the paper. We observe how the disper-
sion index is low in cities like Columbus, New York City, and Amsterdam. In
these cities, most of the rentals start homogeneously in all the zones. From the
operator point of view, relocation strategies will be harder to implement in a
homogeneous situation. On the opposite side, in cities like Milan, Vancouver,
and Calgary, we have a high dispersion index, hence rentals and parking events
occur much more likely in a few zones.

In Figure we show the rental departures in the operating area of two
cities. We selected a low dispersion index city (Amsterdam) and a high dis-
persion city (Vancouver). The number of rentals departing from each zone of
the city is normalized with respect to the maximum in the city, i.e., the zone
with the most rental departures. In Amsterdam many rental departures are
spread through the whole operating area of the city. Instead, a limited number
of zones of Vancouver have many rental departures. For the sake of brevity,
the distribution of the other cities are omitted, but they are available at our
website [16].

In Figure we evaluate the median distance among the top 10% zones in
terms of rental departures. This measure shows not only how non-homogeneous

the zones are, but also their mutual distance. Farther median distance implies
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Figure 22: Median distance among the top 10% of zones for number of rentals.

that popular zones are in different parts of the city. If the operator manages the
car relocation, it will need to cover more distance to move the cars among these
popular zones. These distances vary from less than 2 km for Turin to more than
4 km for Berlin. Notice that, even if the operating area of Berlin is more than
6 times larger than Columbus one (Figure , the median distance of popular
zones only increases from 2km to 4.3km. Vancouver and Amsterdam have
very similar median distance (2km vs. 2.5km) between their popular zones,
even if the operating area of Vancouver is two times the one in Amsterdam.
This happens because the dispersion index of Vancouver is much higher than

Amsterdam, and the popular zones are located close to each other (Figure .

Rental generation and attraction. To better understand the spatial usage
of FFCS, we analyze the situation in different moments of the day. For each
zone, we compute the net flow of rentals (number of arrivals minus number
of departures) in specific time slots of the day. We consider the following 5
time slots: 00:00-05:59, 06:00-09:59, 10:00-15:59, 16:00-19:59, and 20:00-23:59.
Then, we analyze how many zones in a time slot are generative and how many
are attractive. In generative zones there are more rentals starting from them,
while in attractive zones there are more rentals ending there. Interestingly, for
all the cities we observe a prevalence of generative zones compared to attractive
ones in the mornings, whereas in the late afternoons and evenings we find the

opposite trend. For the sake of brevity, the corresponding plot is available at
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Figure 23: Rental flow in Vancouver for two time slots. The heatmap shows attractive zones
in red while generative ones are in blue.

our website [16].

In Figure[23] we show an example of a daily pattern for the case of Vancouver.
Zones of 500x 500 m are shown. The two commuting time slots are shown, i.e.,
from 06:00 to 09:59, and from 16:00 to 19:59. The Figure shows the rental flow
(arrivals minus departures) for each zone with respect to the maximum flow (in
absolute value). Attractive zones are shown in red, while generative ones are
shown in blue. Two big attractive zones are visible in the morning, i.e., the
city center and the University of British Columbia. The same zones become
generative in the afternoon. Notice how there are many zones being weakly

attractive or generative, likely related with the high dispersion index.

7. Electric car charge analysis

We now analyze the differences in the refuel events, focusing on cities hav-
ing electric fleets. Electric cars are moved to a charging station and they are
connected to an electric pole. In the case of Madrid, the refuel is performed
only by the operator, with the aid of a centralized charging hub. Instead, in
Stuttgart and Amsterdam, cars are charged in a distributed charging infrastruc-
ture where both the users and the operator can perform the charging operation.

In an internal combustion engine car, the car tank is refilled by a user or by the
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Figure 24: Percentage of rentals and refuel events for each city.

operator. After a refuel event, the car is made available for further bookings.
From our data we cannot differentiate refuel events performed by users from
those performed by the operator.

In Figure [ we showed how many bookings were refuel events. In Figure [24]
we further detail this analysis by only including rentals and refuel events. On
the one hand, results show that for internal combustion engine cars the refuel
events are rare, ranging from 2% (in some Italian cities) up to 6% (in some North
American cities). On the other hand, this number increases to 10% in Madrid
and up to 18-19% in Amsterdam and Stuttgart. These numbers show how
electric cars, and in particular in the case of the distributed infrastructure, need
more refuel events than the internal combustion engine fleets. This is expected
given that the Smart ForTwo autonomy is 159 km for the electric version and
560 km for the gasoline one. In the case of distributed charging infrastructure,
the user might be willing to leave and plug the car in a reserved parking spot,
especially in congested zones where finding a parking spot for private cars is
difficult.

Since from now on we focus on electric cars, we use the term charge events
to refer to the refuel events. First of all, we compute the time gap between
two charge events as the time between the end of a charge event and the start
of a new one. In Figure 25| we report the Empirical Cumulative Distribution
Function (ECDF) of this time gap, while in Table [2| we report the mean and
the median for all the cities. The distributions of the time gap clearly show

the difference between the centralized and the distributed infrastructures. In

32



—— Amsterdam
—— Stuttgart
—— Madrid

Gap [h]

Figure 25: Distribution of time gap (in hours) between the end of a charge event and the start
of a new one.

—— Amsterdam
| — Stuttgart
—— Madrid

—— Amsterdam
—— Stuttgart
—— Madrid
=== Amsterdam
—=—=- Stuttgart
Madrid

ECDF
ECDF
1
1
'

0.0 +——/—m—r—"~+fF—F—+—"7+—""—""——— 0.0

Initial Battery Level [%]

Figure 26: Distribution of battery level at
the beginning of a charge event.
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Figure 27: Distribution of battery level at the
end of a charge event (solid line) and at the

beginning of a new rental after the charging
process (dashed line).

Madrid, the cars are charged regularly, with 60% of the charge events occurring
between 10 and 22 hours apart from each other. Instead, in the other two cities,
we also observe short gaps (20% of the times below 3 hours) and long gaps (40%
of the times above 24 hours). Notice how these gaps are much shorter than the
estimate based on the median car usage (in Section @ This fact suggests that
most of the cars are charged even if they still have a high battery level. This
is confirmed in Figure where we report the distribution of the battery level
at the beginning of a charge event. On the one hand, in Madrid, a car is rarely
charged when the battery level is high. Indeed, only 20% of the time, the car
is charged if the battery level is above 43%. On the other hand, in Amsterdam
and Stuttgart, we observe many charge events, although the high battery level.

Interestingly, many times the charge events start exactly when the battery level
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Figure 29: Distribution of the charging du-
ration (in hours) at the end of a charge
event (solid line) and at the beginning of a
new rental after the charging process (dashed
line).

Figure 28: Distribution of battery charge at
the end of a charge event (solid line) and at
the beginning of a new rental after the charg-
ing process (dashed line).

is 756% and 80% in Amsterdam and Stuttgart, respectively. Indeed, these are
the thresholds above which a charging car becomes available for further rentals
or, sometimes, its charge is even stopped.

The distribution of the battery level after charging is shown in Figure 27]
Here we depict two different estimations. The first one reports the battery level
when the car is made available (solid line) at the end of the charge event. This
represents a lower bound since a car may keep charging after it is made available.
The second one reports the battery level when a new rental starts (dashed line).
This level is more representative than the first one as it accounts for the full
charging period. In Madrid, the two lines overlap since the cars are charged in
the hub and they must be relocated before being available. We can distinguish
Amsterdam and Stuttgart thresholds after which a charging car is available for
rental. We further analyzed at which battery level the car becomes available
for rentals. The results, here not reported for brevity, show that the operator
employs different policies according to the hour of the day and the zone of the
city. Reverse engineering of the policies adopted by the operator is out of the
scope of this research.

Figure [28| depicts the distribution of battery charge during a charge event.
This is computed as the difference between the battery level at the end of the

charging process and its initial level. Again, we consider both the battery level
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at the end of the charge event (solid line) and the one when the car is rented
again (dashed line). We can see that for Madrid, the cars are charged most of
the time at least for 55% of their capacity. Instead, in the other two cities, the
distributions are very similar and most of the time the cars are only charged
for less than 25% of their capacity. We report the mean and median charge
percentages when the car is rented after a charge in Table[2] also for combustion
engine fleets.

Next, in Figure we report the charging duration. Again, we can compute
two different estimations. The first one is the time between the initial and final
time of the charge event (solid line), and the second one is the time between
the start of the charge event and the start of the following rental (dashed line).
Here the differences between the two metrics are higher. This is because we do
not have the exact information about when the car stopped charging after it is
made available.

Results show that for the distributed infrastructure (Amsterdam and Stuttgart),
most of the time the cars are released in less than 1 hour after their charging
processes start. This is likely due to a policy of the operator that makes the
cars available as soon as possible in certain zones and time slots. After this
short time, we observe a plateau that lasts till 2-3 hours of charge. This means
that if the car is not released in the first hour, then it stays in charge for longer
than 2-3 hours. Instead, in Madrid, all charge events last more than 1 hour,
and we do not observe any plateau. In Madrid the charging process is managed
by the operator, who does not have any advantage by relocating the car to the
charging hub for a short period of time.

We observe that for all the cities, 80% of the time, the car returns available
within 4 hours. Instead, the time before the next rental is more than 4 hours
50% of the time. The gap between the time the car is made available (solid) and
the time the car is rented again (dashed) is smaller in Madrid (green curves).
This means that the time lost for the whole charging procedure is reduced in
Madrid.

To conclude, in Figure [30] we report when charge events begin. The re-
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Figure 30: Daily pattern of the beginning of charge events.

sults highlight further differences between the centralized and the distributed
infrastructures. In Madrid, many charge events occur in the night (20:00-04:59).
Again, since the charging operation is managed, the operator optimizes it by
charging the cars in time periods when the demand is low (see Figures and
without compromising the possibility to satisfy demand and make revenues. On
the contrary, the two distributed infrastructures show comparable patterns with

many charge events also during pick hours.

8. Discussion and conclusions

The present study investigated the characteristics of FFCS services in 23
cities from December 2016 to January 2018. In terms of fleet size, it was found
that many services appeared to be oversized compared to their actual level of
usage. It also became clear that the growth trend observed in previous years [28]
had stopped. In the period studied, service demand was either stationary or
in a downtrend, which caused a service shutdown in many cities. As previous
studies have shown, strong incentives towards sustainable shared mobility put
in place by governments, municipalities, and policymakers can foster positive
changes [Bl 12 26]. A prominent example is the municipality of Madrid. Our
results demonstrate how the efforts made in Madrid to “impose a new culture
of mobility” quickly achieved positive results; among all the cities considered,
Madrid had the highest daily service usage rate, i.e., more than 10 rentals per
car and a daily travel distance of up to 100 km per car. These outcomes are

even more impressive considering that the Madrid fleet is composed solely of
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electric cars. Amsterdam and Stuttgart also have electric fleets which achieved
car utilization levels comparable to most of the cities equipped with combustion
engine fleets. Our results therefore confirm that the range anxiety affecting
electric vehicle users does not significantly limit actual service demand.

For all the cities, Thursdays and Fridays were found to be the days of the
week with the maximal number of rentals, showing that FFCS is used both for
commuting and leisure activities. Furthermore, daily usage was clearly different
for North American and European cities: North American cities had a higher
utilization early in the afternoon and much lower utilization in the evening
and at nighttime. Italian and Spanish cities showed seasonal patterns, e.g.,
a decrease in the number of rentals in the summertime. These data-driven
analyses can help operators to shape service provision according to the usage
patterns and to schedule refuel and maintenance operations.

Considering the spatial usage of FFCS, results show that in some cities like
New York City and Amsterdam rentals were homogeneously spread, whereas in
cities like Milan and Vancouver rentals were concentrated in only a few zones.
For instance, in many cities, we noted that a small number of zones were strongly
attractive in the morning, and further noted that these zones were likely to
become generative in the afternoon. In order to improve the utilization level of
the vehicles, operators should therefore consider the hourly rental distribution
to decide on relocation strategies.

Due to their reduced autonomy, electric cars need to be refueled more often
than internal engine cars: they also need longer refueling operations. In Madrid,
cars are charged by the operator through a centralized infrastructure, whereas in
Amsterdam and Stuttgart users can charge the cars for themselves in the parking
spots distributed around the cities. Our study shows that, in the latter case, cars
are often charged multiple times in a day, for just a fraction of their capacity.
Instead, in Madrid, the operator fully charges the cars, often at nighttime, when
utilization is lower. Both the solutions seem to succeed in providing a sufficiently
high car availability, but Madrid likely has higher management costs due to its

centralized nature.
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To summarize, results demonstrate the importance of data-driven analyses
to understand current system usage and possible future directions. We believe
that such a large-scale analysis over many cities in two continents paves the
way for scientists, car sharing operators, and policymakers that want to design
mobility solutions for future cities where electric vehicles will likely play a key
role. To support further data explorations, we encourage readers to play with
the interactive plots available at [16].

In our future works, we plan to integrate and analyze data acquired from
different shared mobility systems and to develop an economic analysis to support
the design of more efficient, integrated mobility services. We are also interested
in helping service providers and urban planners to design and optimize the
infrastructure needed to support electric mobility [8, [@]. Furthermore, we plan
to use data mining techniques such as clustering techniques to group cities based

on their characteristics and to forecast FFCS future usage.

Acknowledgements

The research leading to these results is supported by the SmartData@PoliTO
center for Big Data technologies. We would like to thank the English experts

of Politecnico di Torino for their precious help on the revision of the text.

References

[1] Alencar, V. A., Rooke, F., Cocca, M., Vassio, L., Almeida, J., and Vieira, A. B. (2019). Charac-
terizing client usage patterns and service demand for car-sharing systems. Information Systems,
101448.

[2] Ampudia-Renuncio, M., Guirao, B., Molina-Sanchez, R., and de Alvarez, C. E. (2020). Under-
standing the spatial distribution of free-floating carsharing in cities: Analysis of the new madrid
experience through a web-based platform. Cities, 98, 102593.

[3] Angelopoulos, A., Gavalas, D., Konstantopoulos, C., Kypriadis, D., and Pantziou, G. (2018).
Incentivized vehicle relocation in vehicle sharing systems. Transportation Research Part C:
Emerging Technologies, 97, 175 — 193.

[4] Becker, H., Ciari, F., and Axhausen, K. W. (2017). Modeling free-floating car-sharing use in
switzerland: A spatial regression and conditional logit approach. Transportation Research Part

C: Emerging Technologies, 81, 286 — 299.

[5] Bocken, N., Jonca, A., Sodergren, K., and Palm, J. (2020). Emergence of carsharing business
models and sustainability impacts in swedish cities. Sustainability, 12(4), 1594.

38



[6] Ciociola, A., Cocca, M., Giordano, D., Mellia, M., Morichetta, A., Putina, A., and Salutari, F.
(2017). UMAP: Urban mobility analysis platform to harvest car sharing data. In Proceedings of
the IEEE Smart City Innovations. IEEE.

[7] Clewlow, R. R. (2016). Carsharing and sustainable travel behavior: Results from the san
francisco bay area. Transport Policy, 51, 158 — 164.

[8] Cocca, M., Giordano, D., Mellia, M., and Vassio, L. (2019). Free floating electric car sharing:
A data driven approach for system design. IEEE Transactions on Intelligent Transportation
Systems, 20(12), 1-13.

[9] Cocca, M., Giordano, D., Mellia, M., and Vassio, L. (2019). Free floating electric car sharing
design: Data driven optimisation. Pervasive and Mobile Computing, 55, 59 — 75.

[10] Cohen, M. (2018). Madrid : A European carsharing success story.  https://www.
transportshaker-wavestone.com/madrid-a-european-carsharing-success-story/. Accessed: 2020-
10-20.

[11] Cox, D. R. (1966). The statistical analysis of series of events. Chapman and Hall.

[12] Curtis, S. K. and Lehner, M. (2019). Defining the sharing economy for sustainability. Sustain-
ability, 11(3), 567.

[13] Daraio, E., Cagliero, L., Chiusano, S., Garza, P., and Giordano, D. (2020). Predicting car
availability in free floating car sharing systems: Leveraging machine learning in challenging
contexts. FElectronics, 9(8), 1322.

[14] de Luca, S. and Pace, R. D. (2015). Modelling users’ behaviour in inter-urban carsharing
program: A stated preference approach. Transportation Research Part A: Policy and Practice,
71, 59 — 76.

[15] Formentin, S., Bianchessi, A. G., and Savaresi, S. M. (2015). On the prediction of future vehicle
locations in free-floating car sharing systems. In Proceedings of the 2015 IEEE Intelligent
Vehicles Symposium. IEEE.

[16] Giordano, D., , Vassio, L., and Cagliero, L. (2020). A  multi-faceted char-
acterization of free-floating carsharing service usage. https://smartdata.polito.it/
a-multifaceted-characterization-of-free-floating-carsharing-service-usage/| Accessed:
2020-10-20.

[17] Glon, R. (2019). Car2Go car-sharing  service  shutting down in
the U.S. after reality check. https://www.digitaltrends.com/cars/

car2go-drive-now-share-now-shutting-down-in-america-in-2020/. Accessed: 2020-10-20.

[18] Jin, X. and Han, J. (2010). K-means clustering. In Encyclopedia of Machine Learning, pages
563-564. Springer.

[19] Jochem, P., Frankenhauser, D., Ewald, L., Ensslen, A., and Fromm, H. (2020). Does free-
floating carsharing reduce private vehicle ownership? the case of share now in european cities.
Transportation Research Part A: Policy and Practice, 141, 373 — 395.

[20] Jorge, D., Correia, G. H. A., and Barnhart, C. (2014). Comparing optimal relocation opera-
tions with simulated relocation policies in one-way carsharing systems. IEEE Transactions on
Intelligent Transportation Systems, 15(4), 1667-1675.

[21] Jorge, D., Molnar, G., and de Almeida Correia, G. H. (2015). Trip pricing of one-way station-
based carsharing networks with zone and time of day price variations. Transportation Research

Part B: Methodological, 81, 461 — 482.

[22] Kortum, K., Schénduwe, R., Stolte, B., and Bock, B. (2016). Free-floating carsharing: City-
specific growth rates and success factors. Transportation Research Procedia, 19, 328-340.

39


https://www.transportshaker-wavestone.com/madrid-a-european-carsharing-success-story/
https://www.transportshaker-wavestone.com/madrid-a-european-carsharing-success-story/
https://smartdata.polito.it/a-multifaceted-characterization-of-free-floating-carsharing-service-usage/
https://smartdata.polito.it/a-multifaceted-characterization-of-free-floating-carsharing-service-usage/
https://www.digitaltrends.com/cars/car2go-drive-now-share-now-shutting-down-in-america-in-2020/
https://www.digitaltrends.com/cars/car2go-drive-now-share-now-shutting-down-in-america-in-2020/

[23] Molnar, G. and de Almeida Correia, G. H. (2019). Long-term vehicle reservations in one-way
free-floating carsharing systems: A variable quality of service model. Transportation Research
Part C: Emerging Technologies, 98, 298 — 322.

[24] Morency, C., Trepanier, M., Agard, B., Martin, B., and Quashie, J. (2007). Car sharing
system: what transaction datasets reveal on users’ behaviors. In Proceedings of the 2007 IEEE
Intelligent Transportation Systems Conference. IEEE.

[25] Munkécsy, A. and Monzén, A. (2018). Diffusion of bike sharing as an innovation vector in the
city: The case of bicimad (madrid). Journal of Urban Technology, 25(3), 1-26.

[26] Miinzel, K., Boon, W., Frenken, K., and Vaskelainen, T. (2018). Carsharing Business Models in
Germany: Characteristics, Success and Future Prospects. Information Systems and e-Business
Management, 16(2), 271-291.

[27] Phithakkitnukoon, S., Veloso, M., Bento, C., Biderman, A., and Ratti, C. (2010). Taxi-aware
map: Identifying and predicting vacant taxis in the city. In Proocedings of the International
Joint Conference on Ambient Intelligence. Springer.

[28] Schmédller, S., Weikl, S., Miiller, J., and Bogenberger, K. (2015). Empirical analysis of free-
floating carsharing usage: The munich and berlin case. Transportation Research Part C: Emerg-
ing Technologies, 56, 34-51.

[29] Shaheen, S. A. and Cohen, A. P. (2013). Carsharing and personal vehicle services: Worldwide
market developments and emerging trends. International Journal of Sustainable Transporta-
tion, T(1), 5-34.

[30] Sprei, F., Habibi, S., Englund, C., Pettersson, S., Voronov, A., and Wedlin, J. (2019). Free-
floating car-sharing electrification and mode displacement: Travel time and usage patterns from
12 cities in europe and the united states. Transportation Research Part D: Transport and
Environment, 71, 127 — 140.

[31] Tan, P.-N., Steinbach, M., Karpatne, A., and Kumar, V. (2018). Introduction to Data Mining
(2nd Edition). Pearson.

[32] Trentini, A. and Losacco, F. (2017). Analyzing carsharing “public” (scraped) data to study
urban traffic patterns. Procedia Environmental Sciences, 37, 594 — 603.

[33] Vasconcelos, A. S., Martinez, L. M., Correia, G. H., Guimaraes, D. C., and Farias, T. L. (2017).
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.
Transportation Research Part D: Transport and Environment, 57, 350 — 362.

[34] Weikl, S. and Bogenberger, K. (2013). Relocation strategies and algorithms for free-floating
car sharing systems. IEEE Intelligent Transportation Systems Magazine, 5(4), 100-111.

[35] Zheng, Y., Capra, L., Wolfson, O., and Yang, H. (2014). Urban computing: Concepts, method-
ologies, and applications. ACM Transactions on Intelligent Systems and Technology, 5(3),
38:1-38:55.

[36] Zhou, F., Zheng, Z., Whitehead, J., Perrons, R., Page, L., and Washington, S. (2017). Pro-

jected prevalence of car-sharing in four asian-pacific countries in 2030: What the experts think.
Transportation Research Part C: Emerging Technologies, 84, 158 — 177.

40



99 67 UY00-PY0 Y€T-PSO €8 ¥6 L 0L 9289 9199 L'V 8¢ LEBT TOCE 80°C [ 69 Ive 996 LT AqG86T 92T  600T YHI ueg
8¢ ¢¥ ULI-PY0 Y€0-P8O 6°LT €'TIT 9 L9 009¢ 60v¢ 6'¢ 8¥ L0'9¢ 0€'6¢ 6€°C €e'l A8y TG 996 Ave  AMelal 8L LL6  NVA IOATIODUBA
6L 9¢ Yc0-PcO Y60-PY0 0°0T 66 L 0L LTVS ¢€cS 8V 8¢ 14°8C 60°CE 81'C 9¢'1 vl 0V 198 91 M0LST c8 ¢18 dINVH Sanqurepy
99 69 U6T-PSO YST-PSO €€T O'TT L  GL G99G L0CS L€ TF 01:€C 01°9¢ @81 LV'T M8E 8T L8SG A8 AC9ST LL 9LL  TIN weliN
6L V¢ U6T-PEO U¥0-P60 1'% €€ ¥ €¥F 96€C LICC 8V T1'9 S¥:9C T¥6C 91T 0€'T qT€ LT L6E 8T 199 c6 0TL VUS or1ress
¢e  9¢ Uel-PcO YLI-PY0 €9 08 & 89 LO08E LI9E 9% 8¢ LG9 ST1:0€ ¥6'1 it VG Mce 8IS AET 4801 cL 889  HIA BUUSIA
LE& 8¢ UCI-PEO U¥I-P90 ¢'S 6% ¥ 67 C&8C Velec ¥’V V9 81:9C G5'6C 10°¢ eVl A0V Ave ALes A0T 31028 c8 879  THY pueRuIyy
¢8 89 USY0-PLO Yce-POT €'¢ ¥'9 & €9 GE8C 089C L'V 9'G¢ CI'SC 8I'8C 8L'T 64°1 Mg e 98¢ A9 Av08 g9 ¢8¢  INOY smoy
€9 €9 UCI-PLO YST-POT €€ €€ € 9°¢ 984T 6891 L€ ¥'¥ 6V:'9C 90°6C I1'e 16T At € 60V AL 65T 79 €99 DAM D uojurysem
T€ L€ YIO-PYO U80-P8O TFI 89 ¢ TG LTSC 99¢C C'€ 0V 99:¢C S0°9¢ €v'e o't ML 1e ey ATT ;502 Ly ces  IVD Aredrep
09 ¥&¢ Y9I-PSO Yec-PLO ¢'¢ 0'¢ € ¥'¢ 9911 9I¢l 9'€ 8F LE6C 99°€€ c0'c 9¢'1l fce 1€ A8IE 419 htatls LL 008  DAN A1) 10X moN
6¢ 0¢€ YLI-POO YSI-PIO 8¢ T'¢ ¥ T'V 891 VI9L €% €9 Gc-Lt ¥0'0€ ve'e 8G'T  MeIl el vee 169 A8y 6G 987 LNLS Jres1nIg
0L 67 Y90-P90 Y91-P60 8% <C¥ ¥ OF <891 6291 8V ¥'8 ¥I8C 94°1¢€ c6'1 6¢°1 MIc 8T ¥€8E g 687 19 8L%  DNIN yorunin
69 99 YLO-PLO Y9T-P60 9'€¢ G'€ € 8¢ 96T 98IT 8€ 9T 90°LT S0°T€ ¢0'c o't 6T ge A0T1¢ A9 Aqege 6V 67 LNOIN [ea1juoN
69 9¢ UPI-POO YTO-PIO S'¥T €02 TT €11 998% 099F 8'€ TF TIE€T LT'9C €8°T 9V'T  M9ST  AMTT 66V M8C  M86ET v ver  dAVIN PLPEIN
€9 9¢ Y90-PSO Ye0-P60 8¢ 0'¢ € €¢ 6601 ¥.6 ¢'€ 9F €0°9¢ 1€:0€ 96°1 9¢'1l A8T Y0¥ AMIST AL *106¢ 67 007 dOL OjuoIog,
¢8 1L Yc0-P60 4Yel-pel T°'L 6L 9 69 1I8I¢ I¥0C €€ 0¥ 6161 £V'1IC L1 JA7n8 kgt ML JeeT e AET9 Ly 96¢ NYL uLmgy,
9L €€ YS0-PSO Yv0-PIT ¢¢C ¥¢ ¢ 6'C ¢49 6C9 6'¢ 67T €E€1C ¥Pac 90°C Vel ¢t 0T A9t A9 ML8T 1€ g1€ SNV unsny
8¢ 1€ USI-POO Y9T-PI0 ©¢ 0% ¥ OF ¥S0T 80T 8% ¥'¢ 01:9C 61°6¢ a8'1 T¢°T vl 316 A97VT fge A60€ 8¢ ¥1i€ SNV weprejsuy
¢8 8¢ UCGT-PYO ULI-POT ¢'¢ S¢ € T'€ 879 909 ¥E€ TV CTIIC 9€:'9C ¥e'T ve1 et 316 ALET Rt AL8T 9€ ¢Ie  NHA LAt(g
09 ¢F YLI-P€O YeT-P90 €% 8¢ ¥ 9% CL6 86 9V 6°¢ C&Ll VI'IE 88'1T 0s'1 VL AvT AL8T e A48T ov cve  vdd HOPuRL]
6L 99 Uv0-pel Yel-PLT 8¢ 0¢ ¥ TI'V SIL €69 TV €9 LgCt 9€°SC LT LT e 319 MCTt ke 380¢ e 0cc 914 doualofrg
€9 69 Y6I-PLT Yg0-P¥¢ 1 €¢ ¢ LT SGI€ 10¢ €€ ¥V TEBVT LVCC 86°T Ge'1 BitS it 4198 hit4 4106 LT L8T TOD snqunioy
P3N SAY PPN 3ay  PIS _SaV PoIN SAY PN SAV PAIN SAY POIN SAYV  PeIN PN
(%] [moy-4ep] [ [ [ [w]  [os ww] [ A 0 {0 0 0 { Lwy O

EXhizlifg) den) suoy tod 1e) 1od A1) 1ed eouelsiq  uonein [eiodwsg, [eiyedg orgey Suor suorye] duig, P — 9zZIg  9zIg PweN £310
/1ongoyg a3reyD s[ejuey Areq [ejuey [ejuey 1030%,] 9[RS -[oouR) punoy A1) 19914 1I0YS '

310 s 10§ ATRTUTINS SOTISTIRIS g O[qRT,

41



	Introduction
	Related work
	Data collection
	Data Augmentation

	Service usage characterization
	Temporal usage analysis
	Spatial usage analysis
	Electric car charge analysis
	Discussion and conclusions

