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Abstract: Innovations in the mobility industry such as automated and connected cars could
significantly reduce congestion and emissions by allowing the traffic to flow more freely and
reducing the number of vehicles according to some researchers. However, the effectiveness of these
sustainable product and service innovations is often limited by unexpected changes in consumption:
some researchers thus hypothesize that the higher comfort and improved quality of time in driverless
cars could lead to an increase in demand for driving with autonomous vehicles. So far, there is a lack
of empirical evidence supporting either one or other of these hypotheses. To analyze the influence of
autonomous driving on mobility behavior and to uncover user preferences, which serve as indicators
for future travel mode choices, we conducted an online survey with a paired comparison of current
and future travel modes with 302 participants in Germany. The results do not confirm the hypothesis
that ownership will become an outdated model in the future. Instead they suggest that private cars,
whether conventional or fully automated, will remain the preferred travel mode. At the same time,
carsharing will benefit from full automation more than private cars. However, the findings indicate
that the growth of carsharing will mainly be at the expense of public transport, showing that more
emphasis should be placed in making public transport more attractive if sustainable mobility is to
be developed.
Keywords: autonomous driving; shared autonomous vehicles; travel mode choice; user preferences;
preference migration; rebound effects; indirect rebound effects; consumption shifting

1. Introduction
Mobility is an important prerequisite for social, cultural, and economic development and for
social participation. It is also becoming affordable for an ever-increasing number of people worldwide.
Motorized private transport has become the most important and most frequently used mode of
transport, and forecasts indicate that this will continue to be the case in the future (i.e., [1,2]). However,
the high growth in population and the urbanization trend have led to an increasing volume of traffic
worldwide, causing problems in both urban and rural areas. These developments, limited resources,
and environmental and climate protection issues challenge transport systems internationally in many
areas, calling for the development of sustainable mobility [3,4] to create smart and sustainable cities [5].
The growing interconnectedness of mobility is expected to make an important contribution here:
Smart vehicles and an intelligent infrastructure can continue to make transport not only more efficient,
safer, but also more environmentally friendly. To create a future competitive advantage, the sustainable
integration of ICT into the value chain is one of the central challenges for the automotive industry.
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A radical development away from traditional towards connected and autonomous driving (AD) can
already be observed. Various authors assume that the technological innovations in this area will
make an important contribution to sustainable mobility: Intelligent traffic management systems and
vehicle platooning (traveling close together at high speed), so the expectation, will lead to energy
saving, congestion avoidance, as well as traffic flow becoming more efficient and driving behavior
more ecological [6,7]. Another expectation is that AD can make the breakthrough for post-ownership
mobility [7], with on-demand services such as shared autonomous vehicles (SAV) becoming the
dominant travel mode [8,9].
However, the history of innovation has shown that it is insufficient to consider the effects of
technological efficiency improvements in isolation. Repeatedly, technological progress has fallen
short of expectation as user behavior is not considered in relevant research, and direct and indirect
rebound effects, such as consumption shifting towards less emission-friendly travel modes, are being
neglected [10–12]. In this regard, we see the danger that the current discourse on AD primarily
underlines the potential benefits of an isolated technological perspective and neglects possible negative
aspects due to acceptance problems and rebound effects. However, dealing with possible ecological
downsides requires a better understanding of the effects of new forms of mobility on mobility behavior
and of where supplementary measures may be needed to avoid these negative effects.
This paper contributes to the current discourse on AD from a more critical stance, taking user
behavior as the focus. We conducted an empirical study to include the user in research on choice of
travel mode that takes future forms of travel into consideration, as researchers have requested [13].
Using a paired comparison, we analyze user preferences in order to anticipate changes in mobility
behavior, not by using monomodal analysis, as has so far been the case [14], but by using multimodal
analysis that puts different travel modes into relation.
The rest of the paper is structured as follows: First we outline the prospective positive and
negative effects of SAV before we derive the changes that will take place through automation based on
the Travel Mode Choice theory. Then we briefly present our methodology and the results of our study.
The latter starts with a general analysis of the travel mode choice of the participants before going into
further detail by providing insights into the preference changes of the participants and group-specific
results. These results are then critically discussed in Section 6. Finally, we present limiting factors and
derive implications for future research and conclusions.
2. Environmental Impacts of Autonomous Driving
In the last few years, enormous effort has been put into enabling AD. SAE International defines
six levels of automation for road traffic: no automation (0), driver assistance (1), partial automation (2),
conditional automation (3), high automation (4) and the last stage of full automation (5) [15]. In our
study, we always refer to Level 5: full automation. Completely autonomous driving robots that have
no manual driving mode are expected to be available from 2030 onwards. Optimistic forecasts assume
that highly and fully automated vehicles will reach a market share of 11 to 42 percent in 2035 [16].
This rapid progress in the digitalization of the car raises the question of how to assess this
development from a sustainability perspective. However, it is important to note that the technology
itself is neither eco-friendly nor the opposite. This always depends on its impact on transportation
e.g., on traffic system performance or on travel behavior. We therefore outline the expected impacts as
discussed in the literature.
2.1. Positive Environmental Effects
2.1.1. Positive Impacts on Traffic System Performance
AV could operate more efficiently than traditional vehicles [7,17,18], and thus could reduce
resource consumption and the environmental impact [19]. AD would allow vehicle emissions to
be reduced by up to 94% [20]. Connected driving can reduce or avoid stop-and-go traffic and

Sustainability 2018, 10, 2404

3 of 22

congestion [7,17]. So-called platooning can be used to improve traffic safety, optimize traffic
flow, and reduce CO2 emissions since vehicles can exchange data and coordinate driving speed,
braking characteristics, and distances between vehicles [18,21]. Thus, energy consumption could be
reduced [18]. As accidents can be avoided by using autonomous and connected cars, vehicles require
lower safety mechanisms such as airbags and steel constructions than today and would therefore
weigh less [22,23]. This means that the engine performance can be reduced, which would in turn lead
to lower energy consumption and lower emissions and consequently to environmental pollution being
considerably reduced.
2.1.2. Positive Impacts on Travel Mode Choice
Many researchers expect a great shift away from private cars towards on-demand mobility
services [24,25] and expect positive effects, some of which are already being achieved with today’s
carsharing [26]. Full automation could considerably increase the market share of individual public
transport such as taxis and carsharing since the advantages of these business models can be realized to
a new extent through autonomous vehicles (AV). Fully autonomous carsharing fleets would enable
a high degree of spontaneity and flexibility because there would no longer be any set arrival and
departure times, thus allowing direct competition with private cars [7]. Some studies simulate different
scenarios with SAV fleets, calculating the number of vehicles needed to ensure efficient mobility with
short waiting times and high quality at low costs. They show that SAV could potentially reduce the
number of vehicles by between 31% to 95% [7,8,17,25,27,28].
2.2. Rebound Effects as Negative Environmental Effects
While the literature mainly discusses ecological, economic, and social advantages of AV,
some studies also attempt to assess negative consequences. A main concern are the various types of
rebound effects that can occur as a result of resource saving [29–31]. In the mobility sector, for example,
increases in car efficiency can lead to increased vehicle mileage, a more energy-intensive driving style
or even to the purchase of a larger or an additional car [32]. Direct rebound models assume that the
savings in resources (in terms of costs or time) which result from the increase in efficiency can lead to
an increase in demand for the same product [33]. As a result, the maximum possible resource saving
through increased efficiency is not achieved; the direct rebound effect reduces, negates, or even exceeds
the benefits of improved technological efficiency [34]. Related empirical studies have analyzed direct
rebound effects in energy consumption in the company context [35,36] or in various consumer fields
such as electricity [34], residential heating [37–39], residential cooling [40], or residential lighting [41,42].
For instance, studies investigating the rebound effect of fuel prices on vehicle miles traveled found
that direct rebound effects regularly occur, varying between 10–30% [43,44].
For those studies on direct rebound effects, goods are considered in isolation. However, several
studies show that technological innovations could also lead to indirect rebound effects [11]. They arise
when the time and money saved by the innovation lead to an increased consumption of other goods
and services (income and substitution effects). For example, the cost saving from more energy-efficient
lighting may be put towards an overseas holiday [45]. It is different in the case of consumption shifting:
when the innovation makes it attractive to satisfy a need through a substitutable product or service.
For example, HD television, although initially expensive, may lead to cost savings since cinema visits
could be replaced by private video nights.
If indirect rebound effects are included in the analysis, an even larger part of the efficiency saving
may be negated [46]. Hence, more advanced models try to consider both the choice of consumer
goods and the changes in consumer behavior. Choice of consumer goods is dependent not only on
the efficiency but also on the consumer’s preferences and life situation. When choosing their mode of
travel, users can choose between different modes to meet their mobility needs. Studies therefore need
to take into account indirect rebound effects that are caused by the changes in travel mode choice due
to the innovation of automating vehicles.
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So far, no econometric analyses have been carried out to measure rebound effects in the form of
behavioral changes in the context of travel mode choice and AD. However, researchers are attempting
to determine how mobility demand will change with the introduction of AV. Studies such as [8,16]
conclude that the widespread use of AV will increase the number of trips resulting in 3% to 27%
additional journeys [13]. There are various reasons for a possibly increased trip demand [47], the most
important of which are outlined below.
2.2.1. Negative Impacts of Increased Travel Demand
As SAV trip costs might be substantially lower than today’s taxi costs [25,27], user demand could
rise when trips that, at the moment, have marginal net benefits will become more attractive. As a result,
direct rebound effects can occur if the financial saving makes it possible or even attractive for users to
take more trips in the AV. In addition, when the time spent in an AV can be better or more efficiently
used, people may be willing to undertake more and longer trips [18]. Such time rebound effects can be
caused not only by better use of time but also by the more efficient flow of traffic. Studies have shown
that the users’ mobility time budgets, i.e., the amount of time they are willing to spend on travel,
has been stable over time. Hence, if a faster mobility option becomes available, users will accept longer
journeys as the overall journey time will not place extra demands on their mobility time budget [48].
2.2.2. Negative Impacts of Empty Runs
A whole new class of travel will occur with AV maneuvering of unoccupied vehicles [16,49] as
an unintended effect of changes in the user’s behavior. AV can pick up their users, park, and carry
out courier journeys autonomously. These empty runs are not a direct result of users’ demand and
are therefore attributable to indirect effects. The additional journeys will occur regardless of whether
the AV are private or shared. With an increase in demand for SAV, there will be 8% to 17% more
vehicle miles traveled for relocation of vehicles or arrival and departure reasons [8,25,47]. Even more
pessimistic scenarios discuss the possibility that cars will no longer be parked in large cities due to
a lack of or only expensive parking spaces but instead will drive around the block until they are next
requested or park in distant car parks outside the expensive city locations [50].
2.2.3. Negative Impacts of Unintended Shifts in Mode Choice
Most of the simulation models mentioned above are based on the untested assumption that SAV
are especially attractive for car owners, neglecting the fact that they could also unintendedly impact
the mobility behavior of other, currently non-car, users. Some studies discuss possible mobility shifts
away from eco-friendly mass transportation towards more comfortable SAV [16]. Krueger et al. [9],
for example, pinpoint that people might prefer inexpensive and convenient mobility on-demand
services over previous alternatives such as walking, cycling, or public transport (PT). They fear that PT
could become neglected. So far—to our knowledge—these hypotheses have only been argumentatively
derived and not empirically tested. We therefore used the travel mode choice theory to systematically
check whether these fears are justified and examine these hypotheses empirically, concentrating on
possible mode shifts as a special form of indirect rebound effects.
3. Theory and Research in Travel Mode Choice
3.1. Theory of Travel Mode Choice and Random Utility
Travel mode choice theories aim to predict which transportation mode will be used by
understanding why people prefer one mode over another [51]. In general, people have various
alternatives for managing mobility, and they choose one of the modes that meets their mobility needs,
maximizing personal benefits. However, users are not able to keep track of all information important
for a rational choice [52,53]. The user’s subjective perception therefore does not necessarily have to
correspond with objective reality. A mode’s benefits only influence mode choice if they are perceived
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and valued by the users. If, for example, people believe that it would be more expensive to go by bus
than by car, then, even if this belief is not based on facts, they will avoid the bus.
In decision making, the absolute level of utility of a product or a service is less relevant than
the differences in utility [54]: A travel mode is used not because of its utility in absolute terms but
because its utility is relatively seen better when compared to other alternatives. In the case of adopting
new alternative travel modes, these modes must therefore offer a relative advantage over the travel
modes previously used. Thus, travel mode choice theories are influenced by the random utility theory.
This theory assumes that the use of alternatives is a latent construct that exists (if at all) in the minds of
individuals. According to this theory, people do not compare various goods in general; they compare
the (partworth) utility that they provide [55]. In this context, transportation research has identified
several travel mode characteristics that affect individual travel mode choice [51]. The following factors
are usually mentioned as the most relevant [6,9,56]:
Travel time is the total time required to cover a distance from A to B. Depending on the travel
mode, travel time includes not only the actual time spent travelling but also various activities
such as finding a parking space, walking times from an origin to the access point, transfer times,
or waiting times at stops.
Travel costs include all costs for the use of a travel mode. For users, it is often only variable costs
or perceived costs that are relevant [57].
Comfort includes all the features that make a ride pleasant for the user. Thus, comfort consists of
several sub-attributes such as the quality of seats, probability of sitting, possibility to transport
goods, the passenger’s privacy, level of crowdedness, and quality of time due to efficient
time utilization.
Flexibility refers to the possibility to use the travel mode at your own discretion and adapt it to
your own needs.
Availability of the travel modes is given if it is accessible to a user and ready for operation when
the user wants or needs it.
Reliability refers to the extent to which a travel mode carries out a trip as intended or scheduled.
Safety describes the condition that gives the passenger the feeling of confidence that a travel mode
will take him or her safely to a destination.
In the discourse of AD, the criteria of driving ability, control, and driving fun are repeatedly
discussed [50,58,59]. AD opens the possibility of being mobile even when people are temporarily or
permanently unable to drive. Many users and researchers see this aspect as an advantage of AD [14].
In contrast, acceptance studies show that users fear loss of control and driving fun when thinking of
AD [58]. With a view to encouraging sustainable mobility, studies found environment-related attitudes
hardly affect mobility behavior and mode choice in everyday life [6,60].
Taking these factors into account, we evaluate autonomous travel modes and derive first
hypotheses on travel mode choice. As the direct inclusion of users has been overlooked in research
on partworth utilities of autonomous travel modes, we base our estimates regarding these on general
insights from literature.
3.2. Changes in Private Car Characteristics
Some studies try to anticipate what consequences the automation of vehicles will have and how
users will experience these consequences. Experts predict some attributes such as travel time, comfort,
and time utilization will be improved by automating cars. Travel time is expected to decrease as
connected cars can anticipate and avoid congestion and drive in platoons [6,13]. Driving comfort
and convenience are going to increase as travel time can be better used, e.g., for working, relaxing,
or socializing, and the car is going to chauffeur its owner and park itself [16,21,27]. Other characteristics
such as transportation of goods, personal independence, availability, and flexibility will not change
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significantly [61] as AV can be used to the same extent to transport goods and because users still have
access to their property at all times.
In a recently published study, we present first insights into how users assess the characteristics
of AV compared to conventional cars and PT [62]. This study reveals that autonomous cars provide
greater driving comfort and greater time saving than traditional cars. Autonomous travel modes
offer not only the personal space and comfort of a private car but also the advantages of PT, namely,
not having to drive oneself. The use of time while driving a traditional car is currently limited
to passive activities such as listening to the radio or making telephone calls. As the driving task is
eliminated, self-driving technology makes it possible to make better use of the time spent in the car [63].
This possibility counteracts one of the advantages of PT because the driver becomes a passenger [59].
In terms of driving pleasure and control, users see an advantage in the traditional car compared to the
autonomous car [64,65].
Surprisingly, users expect the reliability, availability, and flexibility of an autonomous car to be
less than that of a traditional car, presumably due to the novelty of the technology, the inexperience of
the users with the technology, and lack of confidence in this new technology. Users have repeatedly
expressed concerns that the technology could fail [66,67], which may be one reason for the conviction
that AV would have less reliability and availability.
In terms of costs, users also see disadvantages in private autonomous cars as they expect higher
purchase costs due to the self-driving technology as well as higher operating costs due to the additional
technology, which may cause new faults and require more maintenance [58,64].
Our previous study [62] confirms the assumptions that users today perceive autonomous cars as
having more disadvantages than advantages. For this reason, we conclude that
H1: Users will prefer the traditional car over the fully autonomous car.
3.3. Changes in Carsharing Characteristics
Carsharing will benefit from automation in various respects. Travel time will shorten compared to
today’s carsharing since the user will not have to walk or use PT to get to the pick-up point. The pure
riding time will therefore be similar to that of a (fully automated) private car, apart from the ordering
and waiting time. Additionally, automatic relocation of SAV and automatic pick-up will improve
availability and therefore also flexibility, leveraging personal independence [8,25]. Model simulations
assume that data-driven control, automatic relocation, and automatic retrieval will greatly increase the
availability, especially compared to today’s carsharing, so that the user will on average have to wait
less than one minute [25]. Still, if the vehicle has to reach the passenger’s location, from the moment
a user is ready to drive and places an order for autonomous carsharing, a waiting time can occur until
the journey actual starts. In addition, users do not yet fully anticipate this progress in SAV transport
planning so that perceived availability is still less than for a privately owned car since it cannot be
guaranteed that an SAV is always ready to depart [61].
Hauling goods will generally become easier as passengers will be picked up at their origin and
do not need to carry goods to the pick-up point. As in autonomous private cars, time usage, comfort,
and overall convenience will increase, too. Simulations show that SAV travel costs could be greatly
reduced compared to today’s costs of carsharing or taxis [24,25]. However, since most users are not
familiar with these simulations and many users are uncertain about the costs of carsharing anyway,
this predicted cost reduction is probably of no relevance to them.
Attitudes towards safety, reliability, loss of control, and driving pleasure that apply to the private
AV also apply to SAV [62]. However, we think that the loss of control and driving fun plays a lesser
role than with a private car, as carsharing users might be less emotionally connected to the car. As there
seem to be more advantages than disadvantages to carsharing due to automation, we conclude that
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H2: Users will prefer autonomous carsharing (SAV) over traditional carsharing.
In line with our state-of-the-art review, we conclude that new modes based on AD (such as
private AV or SAV) could in the future increase the alternatives in travel modes. The question therefore
arises as to which travel mode users prefer and how this choice will change mobility behavior overall.
Although there are many acceptance studies on AD, these studies generally consider the autonomous
car in isolation. To our knowledge, travel mode choice analyses have not so far included the new
modes, nor have these modes been evaluated in comparison with existing modes of transport.
4. Methodology
To investigate the impact of full automation on travel mode choice, an online survey was
conducted in Germany. We used total paired comparison to uncover user preferences as an indicator
of future travel mode choice [68,69]. Paired comparison is commonly used when subjective criteria
need to be recorded [70]. As outlined earlier, this is the case when choosing travel modes, as user’s
preference for a travel mode is shaped by subjectively perceived partworth utilities.
The survey consisted of three parts. First, we asked for general participant demographic
information and participants’ current mobility behavior. Second, the participants were shown a video
(https://www.youtube.com/watch?v=6WTNBZZGOIs) to familiarize them with AD in general and
with fully automated carsharing. The third part consisted of the complete paired comparison of the
travel modes: private car, automated private car, carsharing, automated carsharing, and PT. In this
paired comparison, respondents were confronted with pairs selected from an item set and asked to
select the more preferred item from each pair. With n = 5 items there were n = (n − (n − 1))/2 = 10 pairs.
A complete paired comparison of n objects shows how often each object was preferred over the
alternative objects. If these frequencies are ranked according to their size, the objects examined can be
ranked. The value 1 in a cell (i, j with i 6= j) indicates that the parameter setting in row j was preferred
over the parameter setting in column i. Accordingly, a value of 0 means that the object in row j is
not preferred over the object in column i. Since a pair combination A–B is not queried again as B–A,
the corresponding cells B–A are occupied with the logical negations for A–B. Since the parameter
settings are not compared with themselves, the diagonal remains undetermined.
A clear ranking of the objects can only be determined if the participants consistently assess
the objects. If a participant rates A ≤ B and B ≤ C, then A ≤ C must also apply for a consistent
rating. An inconsistent respondent assessment indicates that the respondent barely noticed any
differences and chose randomly or based on varying parameters. To check whether the participants
did assess the objects consistently, we calculated the presence of circular triads. Circular triads arise
if a participant’s assessments are inconsistent and no clear ranking of the objects can be determined.
We additionally scaled sum values by applying the Bradley-Terry-Luce (BTL) model as one of the
most commonly applied models for analyzing paired comparison data [41,42]. The resulting utility
scale values (USV) provide a ranking of the different modes that reveals relative distances between the
individual ranks [71].
We checked the questionnaire in pretests for comprehensibility and revised it accordingly.
Subsequently, the survey was advertised in various social networks and online platforms between
16 December 2016–16 January 2017 and 6 June 2017–7 June 2017. Two survey periods were chosen to
exclude seasonal and weather-dependent causes that influence travel mode choice. In total, the survey
was completed by 302 participants. The participants were 49% male and 51% female. The average age
of the respondents was 36.1 years; 57.9% of them lived in the city and 42.1% in rural areas. Of the 302
respondents, 97% held a driving license, 80.1% owned a car, and 34.4% held a long-term ticket for PT.
A link to the dataset can be found in the Supplementary Materials section.
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5. Results
5.1. Preferences of the Various Travel Modes
We start by exemplarily presenting the results from two participants. Table 1 shows examples
of the judgement matrices of participants 40 and 205. P40 prefers the automated car to the car:
(1) Car < Automated Car. Further, for P40 applies: (2) Car > Carsharing; (3) Car < Automated
Carsharing; (4) Car > PT; (5) Automated Car > Carsharing; (6) Automated Car > Automated Carsharing;
(7) Automated Car > PT; (8) Carsharing < Automated Carsharing; (9) Carsharing > PT; (10) Automated
Carsharing > PT. Thus, P40 judges consistently, no circular triads occur (circular triads = 0). This makes
it possible to derive a clear preference ranking: Automated Car > Automated Carsharing > Car >
Carsharing > PT. The consistency coefficient of P40 is 1, and the ranking is reflected in the column totals.
P205 is inconsistent in assessing travel modes. Since his ratings are Carsharing > Automated Car;
Automated Car > Automated Carsharing and Automated Carsharing > PT, his Carsharing/PT rating
should be Carsharing > PT. However, this is not the case; he rates PT > Carsharing. Here, the circular
triads are 2; the consistency coefficient is 0.6. P205 still has the peculiarity that, despite partially
inconsistent evaluation, there is a clear overall favorite: The car is preferred over any other travel mode.
Here, the inconsistencies do not affect the first-choice, but they do affect the subsequent travel modes.
Table 1. Sample decision matrices of participants 40 and 205.
P40
P40
C
AC
CS
ACS
PT
1

C1
1
0
1
0

AC
0

CS
1
1

P205
ACS
0
1
0

0
0
1
0
0
0
Consistency coefficient: 1.0

PT
1
1
1
1

Total
2
4
1
3
0

P205
C
AC
CS
ACS
PT

C1
0
0
0
0

AC
1

CS
1
0

ACS
1
1
1

1
0
0
0
1
0
Consistency coefficient: 1.0

PT
1
1
0
1

Total
4
2
2
1
1

C = Car; AC = Automated Car; CS = Carsharing; ACS = Automated Carsharing; PT = Public Transport.

To provide an aggregate choice matrix for our sample, the individual response matrices have been
totalized. Table 2 shows the frequency matrix of paired comparison representing the judgements of
all participants. The values specify the frequency with which each item was chosen across all paired
comparisons. For example, the value 180 or 59.6% in cell C/AC means that the traditional private
car is preferred over the automated private car by 180 respondents, 59.6% of the sample, respectively
(cell AC/C shows the equivalent of 122 and 40.4%). The values are printed in bold if the user preference
is greater than 50%. An asterisk indicates values that deviate significantly from 50%; the significance
of a value (p-value < 0.05) was calculated using a binomial proportion test [72]. To determine the rank,
the sum of the columns was formed [70].
Participants’ overall ratings are largely consistent, i.e., free of contradictions [70]. The mean
consistency coefficient of the paired comparative judgements is 0.947; most respondents therefore have
a conscious or unconscious individual preference order of the presented travel modes. Overall, results
show that the private car has the highest preference in the sample, the fully automated version ranks
second, followed by PT, while carsharing-based modes finish last with autonomous carsharing still
ranking higher than traditional carsharing. Using the BTL model to analyze the paired comparative
data, we obtained information about the USV, showing the relative distances between the individual
ranks [43]. Table 2 and Figure 1 show USV and the corresponding 95% confidence intervals for each
travel mode. The USV shows that the values for the perceived utility of both the car and the automated
car are dominant. It also shows that the perceived utilities of the public and shared modes are close
together. They form a group whose value is below that of the private modes. Still, the scale values
must be considered with caution. The low goodness of fit (χ2 = 19.47) indicates the BTL model is
a simplification concerning the utility structure of the average user, one that abstracts from the difference
between preferences of individual users and user segments.
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Table 2. Aggregated paired comparison matrix.
C1
num
C
AC
CS
ACS
PT

122
53
65
79

AC

%
40.4
17.5
21.5
26.2

*
*
*
*
1

CS

num
180

%
59.6

*2

103
78
109

34.1
25.8
36.1

*
*
*

ACS

num
249
199

%
82.5
65.9

*
*

178
180

58.9
59.6

*
*

num
237
224
124

%
78.5
74.2
41.1

142

47.0

PT
*
*
*

num
223
193
122
160

%
73.8
63.9
40.4
53.0

*
*
*

Total

Utility Scale Value

(±CI)

Rank

889
738
402
481
510

1.00
0.63
0.24
0.30
0.33

(±0.08)
(±0.06)
(±0.03)
(±0.03)
(±0.04)

1
2
5
4
3

C = Car; AC = Automated Car; CS = Carsharing; ACS = Automated Carsharing; PT = Public Transport; 2 *: p ≤ 0.05.
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indicators of actual travel mode choices, implications for travel today as well as in the future can be
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5.3.1. Place of Residence
The difference in preferred travel modes is greatest and significant for the place of residence
(urban vs. rural), both for today’s (p = 0.00) and for future travel mode choices (p = 0.00).
Today, the most sizeable differences are to be found in the preferences for the car and for PT.
With 82.3%, the car is much more preferred by residents of rural areas than by city residents (60.7%).
In contrast, PT is much more important for people living in urban areas: 30.7% prefer it, while it is the
first choice for only 9.7% of rural areas’ residents. The preference for carsharing is relatively low at
8.1% (urban) and 8.6% (rural).
With regard to the possible future travel mode choice, there are similar differences between
participants from urban and rural areas. The private car will continue to play a more important role for
rural residents than for city residents while the opposite will continue to be true for PT. (Automated)
carsharing will be more important for city residents (19.7%) than for rural residents (10.5%).
For the changes in travel mode choice brought about by the inclusion of automated travel modes,
the results show that the preference for (automated) carsharing and PT changes, especially among
participants from urban areas. It is noticeable that the preference for PT among urban participants
will decrease from 30.7% now to 20.3% in the future while carsharing, irrespective of whether it
is automated or not, will be preferred by 19.7% in the future instead of 8.6% now. Compared to
today, the figures for the private car (total C/AC) in the future will remain stable at 81.5% in rural
areas and 60.1% in urban areas. However, the conventional car will lose out with the automated
car being preferred by 23.4% (rural area) and 24.7% (urban area). For rural participants, the figures
for (automated) carsharing and PT remain comparatively stable at 10.5% (total CS/ACS) and at
8.1%, respectively.
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Table 3. Group-dependent analysis of first-choice preferences.
Future
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%
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%
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%
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204

70.3
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290

128

45.4
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24.1

13

4.6

31

11.0

42

14.9

282

Residence
rural
urban
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175

42.1
57.9
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85

82.3
60.7

10
12

8.1
8.6

12
43

9.7
30.7
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140

0.00

72
56

58.1
35.4

29
39

23.4
24.7

5
8

4
5.1

8
23

6.5
14.6

10
32

8.1
20.3

124
158

0.00

Car Owner
yes
no

242
60

80.1
19.9

190
14

80.6
25.5

15
10

6.4
18.2

30
31

12.8
56.4

235
55

0.00

117
11

51.1
20.8

61
7

26.6
13.2

8
5

3.5
9.4

20
11

8.7
20.8

23
19

10.0
35.9

229
53

0.00

Age
<25
25–50
>50

95
139
68

31.5
46.0
22.5

64
92
48

70.3
69.7
71.6

7
8
10

7.7
6.1
14.9

20
32
9

22.0
24.2
13.4

91
132
67

0.15

43
52
33

47.8
40.9
50.8

16
40
12

17.8
31.5
18.5

4
3
6

4.4
2.4
9.2

13
10
8

14.4
7.9
12.3

14
22
6

15.6
17.3
9.2

90
127
65

0.03

High School
no
yes

42
233

22.8
77.2

33
151

82.5
66.8

2
22

5.0
9.7

5
53

12.5
23.5

40
226

0.14

25
90

67.6
40.7

5
57

13.5
25.8

2
10

5.4
4.5

2
27

5.4
12.2

3
37

8.1
16.7

37
221

0.01

Gender
female
male

154
148

51.0
49

99
105

68.6
71.9

13
12

9.0
8.2

32
29

22.2
19.9

144
146

0.84

64
64

44.4
46.4

33
35

22.9
23.6

33
35

22.9
5.1

13
18

9.0
13.0

28
14

19.4
10.1

144
138

0.24

Income
<1300€
1300–2600€
>2600€

124
72
106

41.1
23.8
35.1

78
49
77

65.0
73.1
74.8

11
4
10

9.2
6.0
9.7

31
14
16

25.8
20.9
15.5

120
67
103

0.36

49
34
45

42.2
52.3
44.6

25
12
31

21.6
18.5
30.7

25
12
31

21.6
18.5
30.7

14
8
9

12.1
12.3
8.9

22
9
11

19.0
13.8
10.9

116
65
101

0.49

1

C = Car; AC = Automated Car; CS = Carsharing; ACS = Automated Carsharing; PT = Public Transport; 2 Number of consistent preference choice assessments for that category; 3 p-value
of χ2 .

Sustainability 2018, 10, 2404

14 of 22

5.3.2. Car Ownership
The largest significant differences in preference can be seen between car owners and non-car
owners. As is to be expected the car today is the preferred travel mode for car owners (80.6%),
while it is only the first choice for 25.5% of non-car owners. Most of the latter prefer PT (56.4%).
The distribution of preferences for carsharing shows it is more attractive for non-car owners (18.2%)
than for car owners (6.4%).
For future travel modes, 51.1% of car owners would prefer the conventional car, another 26.6%
the automated car, so that a total of 77.7% of car owners would prefer the private car over usage-based
travel modes. It is remarkable that the preferences of non-car owners for the future are almost evenly
distributed among the three travel mode types; private cars (total C/AC; 34.0%) are just behind PT
(35.9%), while carsharing (total CS/ACS) is narrowly less with 30.2%.
Consequently, the preferences of both car owners and non-car owners are affected by the advent
of automated travel modes. For car owners, the greatest change can be found in their preference for
carsharing: Overall, carsharing will gain slightly; its share will grow from presently only 6.4% to 12.2%
(total CS/ACS), with 8.7% being accounted for by automated carsharing. This difference means that
there are participants who will change preferences from private cars to carsharing in the future due
to automation. Non-car owners’ preference for the private car as a whole will increase from 25.5% to
34.0% (total C/AC). It is, therefore, likely that non-car owners will shift their preference in favor of the
private car as a result of automation. For these non-car owners, automated carsharing will also gain
significantly from 18.2% now to 30.2% in the future. Their previous majority preference for PT will be
substantially reduced from 56.4% to 35.9% by introducing automated travel modes.
5.3.3. Age
Only in the future travel mode preferences can significant differences between age groups be
found, especially in carsharing and PT. While the young and the middle age group currently only
prefer carsharing with a percentage of 7.7 and 6.1, respectively, the percentage is higher (14.9%) among
older participants. For PT, the opposite is true: 22.0% of the young and 24.2% of the middle-aged
participants prefer PT while only 13.4% of the older ones do so.
There are similar differences in preferences between participants of different age group for the
future travel modes. Here too, the middle-aged group stands out from younger and older users; private
cars are even more important to them. Carsharing is least important among all age groups. The older
generation is in particular striking in its future disinclination towards PT: at only 9%, they will be
significantly less attracted to PT than the middle-aged (17.3%) and younger generations (15.6%).
As a result, the private car will gain in importance among middle-aged participants when
choosing between travel modes (from 69.7% (total C) to 72.4% (total C/AC)) while the preference
for the private car will decrease among young and older participants. Carsharing will gain through
automation, especially among young people, and will increase in preference from 7.7% (total CS) to
18.8% (total CS/ACS). PT loses out in all age groups due to automation.
5.3.4. Education
There is a notable difference in the preferred travel modes when the participants are categorized
according to their educational backgrounds. The preference for private cars is substantially higher
among people without a high school degree than among people with a high school degree for both
current and future travel modes. The contrary is true for PT.
In the current travel modes, these differences of travel mode choice correlate only slightly with the
respondents’ educational background (p = 0.14). Participants without a high school diploma (15.3% of
our sample) have a stronger preference for cars (82.5%) than participants with a high school diploma
(66.8%). The more highly-educated participants prefer PT and carsharing. Similar preferences apply to
future travel modes. Here the two groups differ significantly from each other (p = 0.01).
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Automation hardly changes the preferences for private (automated and non-automated) cars in
the future. It is again carsharing that wins in the future travel mode choice, while PT loses attractivity
in both groups. These differences between the two groups are significant (p = 0.01)
5.3.5. Gender
Slightly more male and fewer female participants currently prefer the car and vice versa applies
for PT, for both present and future travel modes. The car is the most important travel mode for men
(71.9%) and women (68.6%). After that choice, both groups prefer PT over carsharing.
With future travel modes, the differences between genders are greater for carsharing and PT.
While 18.1% (total CS/ACS) of the males would prefer carsharing in the future and only 10.1% PT,
among females there are 13.2% who prefer carsharing and 19.4% PT.
While the distribution of private cars among men and women remains almost the same when
regarding changes in first-choice preferences, there are differences between carsharing and PT.
Men shift their preferences much more from PT to carsharing when automation becomes available
than do women. However, the gender differences are not significant here.
5.3.6. Income
With regard to income, there is a slight trend that participants today with rising income (65.0%;
73.1%; 74.8% for the three income brackets) increasingly prefer the private car among current
travel modes, while participants with lower incomes increasingly prefer PT (25.8%, 20.9%, 15.5%).
Similar distributions can be seen in future travel mode choices, indicating that carsharing is preferred
as a result of automation at the expense of the private car but even more so at the expense of PT.
However, the differences between the income groups are also not significant and may therefore only
be a random result.
6. Discussion
The (fully automated) private car still seems to be of great importance in the future
for the respondents even with alternatives increasing such as carsharing-based services.
However, the preference could change significantly with the introduction of automated driving.
To investigate changes in the preference structure, we now discuss the results of the paired comparisons
in more detail as presented in Table 2, where possible changes in partworth utilities as well as preference
migrations (Figure 2) and group-dependent results (Figure 3 and Table 3) are taken into account.
6.1. The Private Car is Still Preferred over Automated Alternative Modes
The participants expressed that the traditional private car for them still has a slightly higher total
utility than the autonomous private car, and 59.6% of the participants still prefer the traditional version.
As the privately owned car is the most popular travel mode today—both among our participants as
well as in Germany in general [48]—its role in the future could be over-estimated. As travel mode
choice is strongly influenced by socialization and habits, users familiar with using a private car are
likely also to choose the private car to be the most preferred travel mode in the future [73]. From today’s
viewpoint, the subjectively perceived advantages of the conventional car over the autonomous car are
predominant. While characteristics such as availability, driving time, flexibility, or transportation of
objects are not expected to change substantially, the differences in characteristics might be perceived
as greater between traditional and autonomous cars. According to some studies, users will see the
autonomous car as being better in terms of driving comfort and improved time use, as well as being
less restrictive (e.g., after drinking alcohol) [14]. In terms of driving enjoyment and control of the
vehicle, however, the traditional model that needs to be actively controlled can score better. Studies
such as [14] have shown that some respondents fear that automating the car will reduce the fun of
driving. There are also reservations about the safety of the as yet unknown AV [58] and some users are
concerned about privacy issues. They are particularly worried that their location and destination data
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will be disclosed [66]. These concerns could in sum lead traditional passenger cars to have a higher
value among users.
Our analysis of preference migration with regard to the participants’ first choice provides us
with a more detailed insight into how users change their preferences when the travel mode choice
is increased by automated travel modes. Most respondents expressed that they will adhere to their
behavior patterns: participants who prefer the private car among today’s travel modes will continue
to prefer owning a car—either a conventional, or a self-driving one. In this respect, the aspect of
ownership also plays a decisive role: either because users do not want to give up their car because
of circumstances such as inadequate local mobility supply or because they do not want to give
up advantages such as the high flexibility and guaranteed vehicle availability [62] as well as the
psychological and emotional comfort of not having to share a vehicle with other people. Interestingly,
a change in preference towards mobility as a service such as automated carsharing, as predicted by
carsharing supporters or optimists [7–9], can only be observed in a very small proportion of today’s
car enthusiasts in our sample.
In addition, and especially interesting regarding indirect rebound effects, automation will make
the private car attractive for some users who currently prefer PT, possibly resulting in mode shifts.
This preference migration can be explained by these users who appreciate that they do not have to
drive themselves but at the same time also appreciate the advantages of a private car, namely the
availability at all times, high flexibility, as well as comfort [62].
6.2. Carsharing Strongly Benefits from Automation
58.9% of the participants indicated that they are interested in using automated carsharing services
rather than conventional carsharing (when directly compared, see Table 2) because they see it as
a possible remedy for current shortcomings in carsharing such as the lack of availability and flexibility,
having to use more than one mode of transport, and because high costs are completely or partially
eliminated [9,16,21]. Fully automated carsharing will offer numerous advantages: comfort and a better
use of time will increase as the driving task no longer exists. In addition, the planning and coordination
effort will be reduced because the user does not have to search for and locate a suitable vehicle and
a station; the vehicle will come to the user on request [61].
The responses regarding fully autonomous modes for the private car and for carsharing show that
58.9% of the respondents prefer the fully automated version for carsharing, compared to only 40.4% for
private cars. This significant difference in user preferences (binomial proportion test; p < 0.05) indicates
that the acceptance of full automation depends on the increase in the total utility of the respective travel
mode. From the user’s point of view, full automation in the private car segment therefore results in
comparatively minor improvements while at the same time it greatly increases the benefits and thus the
attractiveness of carsharing. It is, therefore, interesting to see how the preferences for full automation
shift between private cars and carsharing. In the traditional scenario, there is a significant preference
of 82.5% for private cars. In the fully automated scenario, there is also a significant preference for the
private car, but it decreases significantly to 74.2% (p < 0.05). In other words, the relative total utilities of
private cars and carsharing will converge to some extent in the future. It can therefore be assumed that
the full automation of carsharing can help to increase its market potential and expand its share in the
modal split.
Furthermore, the analysis of preference migration indicates that some participants who currently
prefer PT will shift their preference to automated carsharing services. This change can be attributed to
these participants who are accustomed to using mobility as a service rather than having their own
vehicle for permanent availability. These participants may also be convinced by their personal attitude
that car ownership is generally not necessary, but at the same time they can imagine taking advantage
of the greater comfort of a vehicle in the future. Automated carsharing thus offers this user group the
optimal combination of flexible mobility, in which ownership does not commit them to regular costs
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and maintenance of a vehicle, while at the same time providing a high level of comfort in terms of
privacy, ease of use, driving time, and short waiting times.
6.3. Public Transport as Loser of Vehicle Automation
If users shift their preferences as described above due to the automation of vehicles in favor of
automated private cars and automated carsharing, fewer users will prefer PT. If the travel modes
private car and carsharing can strengthen their attractiveness and competitiveness through automation,
PT could lose their competitive advantage to the automated travel modes.
The paired comparisons of PT with both carsharing variants show that the preference for PT will
decrease significantly from 59.6% to 47.0% (p < 0.05). This decrease can be attributed to a relative
improvement in carsharing compared to PT, caused by the automation of carsharing. In this way,
the availability and ease of use of carsharing are improved. In addition, driving skills no longer play
a role in the use of autonomous carsharing. Using a travel mode without necessarily having to be fit
for driving is so far one of the unique selling points of PT.
Generally, this improvement also applies to private cars. Surprisingly, the responses related to the
fully automated private car, show an increase in preference for PT from 26.2% to 36.1%. Due to the
fully automated system, the private car will lose attractiveness compared to PT. One explanation for
this loss could be that due to a lack of confidence in technology, today’s drivers would prefer to use PT
instead of a fully automated car.
In the context of automated driving, initial steps have been taken in research and development
to bring PT and carsharing together to a certain extent [74]. In the future, for example, automated
minibuses that operate more flexibly but still transport more than one person are to be tested. Such
new PT concepts are promising if the results of this study are considered.
6.4. The Impact of Individual Characteristics on Travel Mode Choice
In urban areas, a significant increase in sharing models can be expected. While this development
certainly has advantages compared to private car use, our study suggests it will take place at the
expense of PT, which is popular in urban areas today. For city residents, automated carsharing is
an attractive alternative to PT, as it offers a similar travel time with greater flexibility and comfort and
without the problem of having to park the vehicle oneself.
Among car owners, we found only a slight decline in private cars as the most popular mode
of transport. Carsharing, on the other hand, is becoming more attractive for this group, especially
automated carsharing. This change shows that some car owners expect that automated carsharing
will continue to converge with private cars and that there will no longer be any major differences
between these modes. However, the differences among non-car owners are much more pronounced.
Automation makes the private car more attractive for non-car owners as they do not have to drive
the vehicles themselves. A similar effect can be observed in carsharing. Accordingly, PT will become
less attractive since its great advantage of free use of time while being driven is no longer a unique
selling point. Consequently, the positive mode shift effects as far as car owners are concerned are
overcompensated by the negative mode shift effects as regards non-car owners.
Our study shows no clear trends in preferences among users when categorized by age. AD and
SAV seem to offer different benefits to different age groups. While the younger generation may be
more familiar with the technology and therefore more open-minded, older users appreciate that they
can continue to be comfortably mobile even with cognitive or physical impairments. Surprisingly,
sharing-based models seem to become more attractive with age, both today and in the future. Possibly
the emotive bond to the car decreases with age, and carsharing offers older users added value compared
to PT, because it can accommodate the changing requirements and limitations of users later in life.
Regarding education, users with a high school degree are much more likely to prefer automated
travel modes. This trend can be traced back to the fact that people with a higher education are generally
more open-minded about (technical) innovations [75].
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The higher a person’s income is, the stronger the trend towards car ownership is, while the
preference for PT declines. These changes can certainly be explained by the cost of both travel modes.
Regarding the share of autonomous travel modes, there is no clear trend when comparing groups with
different incomes. The reason may be that respondents are not yet aware of the price of self-driving
technology and automated travel modes.
7. Imitations and Implications for Future Research
Looking at the results as a whole, it is important to note that the study is not representative and
that our results can therefore not be directly transferred to the population in general. In addition,
it should be noted that the survey was carried out in Germany and that the German transport system
and consumer habits certainly differ from those in other countries. These differences may also affect
the participants’ assessment of future mobility concepts.
While the figures on user preferences in this study do not exactly reflect the current modal split,
the ranking is the same, only the percentages differ. In particular, carsharing has a much smaller market
share. Routines and habits also discourage users from choosing an alternative means of transport [73].
Furthermore, we did not consider automated forms of PT in our paired comparison since a recent study
showed that, because there is generally no interaction between driver and passenger in PT, users do not
perceive a significant difference between automated and non-automated PT [59]. However, it certainly
makes sense to analyze how new automated forms of PT, such as automated minibuses for the last
mile, will affect users’ future preferences. Against the background that carsharing concepts and new
PT concepts may converge in the context of automation, it is of particular interest whether this future
development will make PT as attractive as carsharing appears to be in our study. Further research
should be carried out on this in the future.
8. Conclusions
The literature on AD often assumes a positive effect on the environment since AV can operate
more efficiently and could reduce traffic density, congestion frequency, and the overall number of
vehicles [20,25]. Even though researchers agree that sustainability politics will only be successful if the
various forms of rebound effects are taken into account [31], unintended rebound effects such as shifts
in travel patterns have rarely been considered in this context. Furthermore, most studies argue from
a theoretical perspective as empirical evidence is still lacking due to the fact that only few automated
forms of travel exist at present. Our study attempts to address this gap by focusing on user preferences.
This focus allows us to better understand factors considered when users opt for or against the use of
self-driving vehicles in the future, and thus to forecast how users will adapt their mobility behavior
with novel offers such as automated carsharing (SAV).
Our empirical analysis supports the hypotheses that, first, users will still prefer traditional cars
over fully autonomous ones, and second, they will prefer autonomous carsharing over traditional
carsharing. As automation becomes a strong benefit to carsharing, this will increase carsharing’s
utility in various ways. Our in-depth analysis of the preference changes further shows that users
anticipate these benefits in a way that makes desired effects, such as a shift away from the private car
towards mobility as a service, likely. However, it is only a small minority of users who are shifting their
preference away from private cars and towards automated carsharing. At the same time, undesired
preference changes become apparent, as twice as many users are moving away from PT, towards the
automated private car and automated carsharing, so that the effects of this undesirable preference
migration may considerably outweigh the positive. Thus, it is quite possible that carsharing will not
become more popular at the expense of private cars, as hoped for, but at the expense of PT. In summary,
indirect rebound effects in the form of mode shifts from more sustainable modes such as PT to SAV are
to be expected.
To address the outlined rebound effects, action must be taken at all levels: users, policymakers
and mobility service providers. As people are not always intrinsically motivated to behave in
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a sustainable manner [76]—as our study also shows—they need additional motivation. Gamification
could be used to trigger behavioral changes towards sustainable mobility options. By offering
people incentives regarding their health and well-being they could possibly be motivated to walk
or cycle more often instead of using an inexpensive and comfortable AV [77,78]. Since there is
evidence that not-environmental-related criteria such as comfort and reliability are decisive for travel
mode choice [79,80], it is important to strengthen those aspects in sustainable mobility services.
The government and public research and development must put more effort into their transportation
policy by making sustainable PT more attractive for people and providing incentives for private
companies to offer sustainable mobility. Our study provides insights into how automation can play
a role here, and that PT also has to change to compete against the possible further development of
carsharing and its effects on user behavior. In addition, research results such as those from our previous
study on the partial added values of the various travel modes [62] reveal which exact adjustments PT
needs to make in order to improve its competitive position or make its service more attractive than
automated carsharing. In particular, this would require improvements in travel time, waiting time,
and flexibility as well as in comfort and ease of transportation of goods. These requirements can be
met if PT relies on smaller units working on demand, so that it converges to a certain extent with
automated carsharing. This indicates a need for more research on hybrid models between autonomous
carsharing and PT—aspects which we intend to study in future work.
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