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Abstract

Pigovian transport pricing was implemented in a large-scale field experiment
in urban areas of Switzerland. The pricing varied across time, space and mode of
transport. One third of the participants were given a financial incentive to reduce
their external costs of transport, whereas others were provided information only or
served as a control group. The pricing treatment caused a significant reduction in
the external costs of transport. This reduction is a consequence of mode substitution
and a shift of departure times. The effect of providing information in the absence

of pricing was statistically significant only for subgroups of the sample.
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1 Introduction

Transport systems face multiple challenges. In many cities around the world, drivers lose
over 100 hours per year due to traffic congestion (INRIX] 2020). Public transport can
help reduce congestion (Anderson, 2014)) but also faces crowding problems. Increasing the
capacity of private and public transport faces physical limitations and can be very costly
as transport infrastructure competes with other land uses. Furthermore, greater road
capacity induces demand and thus results in little improvement in congestion (Duranton
and Turner, 2011). The transport sector is also among the largest contributors of local
air pollution (EEA, 2019) and greenhouse gas emissions (Creutzig et al., 2015), which
have remained roughly constant during the past 30 years as gains in efficiency have been
neutralized by an increase in distance traveled (IEA| 2020).

Congestion, climate damages and health effects constitute the most important external
costs of transport. Whereas the private costs of transport, such as the purchase of fuel or a
transport pass, have been shown to influence individual transport choices (Oum, Waters
and Yong, 1992; |Goodwin, Dargay and Hanly, [2004; |Vrtic et al., 2008), the external
costs are borne by society at large and are thus typically not reflected in the decision
about where, when and how to travel[l| This large-scale market failure is the normative
motivation for policy interventions in the transport domain. In this paper, we implement
a multi-modal Pigovian transport pricing scheme based on the full marginal social costs
of transport and estimate its effects on individual transport choices.

Our study uses the design of a randomized controlled trial (RCT). The sample consists
of people living in urban areas of the German- and French-speaking parts of Switzerland.
The pricing affects all modes and is implemented by providing the participants with a
budget, from which the external costs of their transport choices is subtracted. This
treatment causes a reduction in the external costs of transport by around 5.1%. If we
relate this to the (total) price increase implied by the Pigovian pricing scheme of 16.4%,
we arrive at an elasticity of -0.31. The reduction in the external costs is caused by a
combination of a shift in transport mode and departure times, but not a reduction in
the overall distance traveled. Women and French speakers respond less strongly to the
pricing. Moreover, the strength of the effect is driven by intrinsic values (as measured
using a standardized questionnaire), the extent to which people paid attention to the

experiment and/or had prior knowledge about the external costs of transport.

IThe third category of transportation costs are the infrastructure costs, which are fixed and can be
paid by user fees or general subsidies. For a recent discussion of the definition of the external costs of
transport, see (CE Delft| (2019).



To differentiate the pricing effect from a pure information effect, the experiment in-
cludes a second treatment in which the participants are provided with the same informa-
tion about the external costs of transport as the pricing group, but without having to pay
anything. The results suggest an effect of information per se, but this effect was smaller
than that of the pricing treatment and statistically significant at conventional levels only
for subgroups of the sample. The results further imply that adding pricing to information
is particularly important in reducing the external costs associated with congestion.

The external costs of transport have been, for the most part, addressed by “command-
and-control” policies such as speed limits (Van Benthem)| 2015), fuel standards (Portney
et al., 2003)), license-plate restrictions (Davis|, [2017) or high occupancy lanes (Bento et al.,
2014)). Theoretically speaking, however, price instruments reflecting the external costs of
transport are a more efficient means of regulation as they allow people to retain high-utility
trips while reducing those that they view as less important. The most prevalent examples
of price-based instruments in the transport sector are fuel taxes, road tolls and registration
fees. However, they are usually imposed to recover the cost of road construction and thus
typically do not reflect the full external costs of transport (Parry and Small, [2005; [Parry,
Walls and Harrington) 2007). Road congestion charges can act as an effective way to
internalize some of the external costs of driving (Small, |2008)), and several cities have
introduced fees for driving into the city center at certain times. However, these fees tend
to be fixed and can therefore not fully address the time-varying nature of congestion.

The theoretical foundations for road pricing were laid by [Pigou (1920) and Knight
(1924). |Vickrey| (1963) showed that with optimal congestion pricing, tolls must match
the severity of congestion, and vary by time of day, location, type of vehicle and current
conditions. The methods for road pricing can be categorized by their level of internalizing
the external costs. In first-best pricing, the marginal external cost is charged to the
user. In this case, both the charging mechanism and the amount charged need to be
optimal |Verhoef (2000). In second-best, the pricing mechanism is guided by the principle
of marginal external costs, but the implemented scheme is simplified (Small, Verhoef and
Lindseyl, 2007). For a review of studies that applied economic incentives in the transport
context, see Dixit et al. (2017)).

Previous empirical research includes computations of the aggregate effects of the con-
gestion charges that were introduced in Singapore (Agarwal and Kool 2016), London
(Leape, 2006)), Stockholm (Eliasson et al., 2009)) and Gothenburg (Borjesson and Kristof-
fersson, 2018). Field experiments in Denmark and Australia installed GPS receivers in
vehicles and drivers were then exposed to different peak and off-peak pricing schemes

(Nielsen, 2004; Martin and Thornton, 2017). Commuters in Singapore responded to re-



wards and social comparisons by shifting departure times when using public transit (Plun-
tke and Prabhakar, |2013)), and quasi-experimental evidence of the congestion charges in
Norway suggests that that they were effective in reducing congestion and air pollution
(Isaksen and Johansen, 2021). There are two other RCT’s involving financial incentives
that we are aware of. One is by Rosenfield, Attanucci and Zhao (2020), who carry out
an experiment involving 2,000 employees at the Massachussetts Institute of Technology.
They use three treatment arms, but none of them led to statistically significant effects.
The other is by Kreindler| (2018]), who examines the effect of a departure time charge and
a zonal price on drivers in Bangalore and derives highly significant treatment effects using
a smartphone app similar to ours.

Most existing studies focused on a single mode of transport and could therefore not
identify modal shifts. To detect the full impact of transport pricing, observation (and
ideally pricing) of all modes is necessary, including of non-motorized modes (Tirachini
and Hensher, 2012) An example of a previous multi-modal study is the “Spitsmijden”
experiment in the Netherlands, in which commuters responded to financial and in-kind
rewards by shifting departure times, switching to other modes of transport and by working
from home (Ben-Elia and Ettema, 2011). Their monetary rewards were comparable to
the average external cost in our experiment. Our study is similar in spirit but based on a
larger sample and, importantly, uses a control group to absorb time-varying factors that
may be correlated with the treatment. This makes MOBIS, to the best of our knowledge,
the first multi-modal RCT of a pricing intervention in the transport context.

Because of concerns of social acceptability, behavioral change could also be achieved
by means of non-financial interventions, which could be easier to implement than prices
or taxes. A number of studies have investigated the effect of non-financial interventions in
the transport sector Moser and Bamberg] (for a review, see 2008)), and some recent papers
have used tracking apps to test the effect of informational interventions but based on small
samples (Maerivoet et al., |2012; Carreras et al., 2012; Bothos et al.| 2014} |Jariyasunant
et al.; 2015). Among the few information-based RCTs carried out in the transport context
are |Cellina et al.| (2019)) and (Kristal and Whillans, [2020)), both of which did not find any
effects of non-financial incentives.

Our paper makes several contributions to the literature of transport economics. First,
we provide a methodology to compute the marginal external costs of transport as they
vary across time and space and apply it to a sample observed in real time. This al-
lows for the computation of a multi-modal Pigovian pricing scheme, which provides a
useful benchmark for simplified versions of transport pricing. Second, by implementing

this pricing scheme in a representative sample of the population living in large urban ag-



glomerations, we obtain credible information about the short-run behavioral response to
multi-modal transport pricing, including modal substitution. Third, because we apply an
information-only treatment within the same experiment, our experiment thus contributes
to our understanding of the relative importance of information-based and monetary in-
centives in the transport domain.

The next sections provide more background about the experimental setup and the
methodology used to compute the external costs of transport. Section 4 describes the

methodology, section 5 contains the results, and section 6 concludes.

2 The MOBIS experiment

2.1 Study design

The sample for the Mobility in Switzerland (MOBIS) project was recruited from indi-
viduals living in urban areas in the German- and French-speaking parts of Switzerland.
Participants had to fulfill a number of inclusion criteria such as being between 18 and 65
years old and using a car at least two days per week. They agreed to having their daily
travel tracked with a smartphone app (see below) over a period of 8 weeks. In return for
taking part in the study, all participants were offered CHF 100, which they received at
the end of the projectE] The participants in the pricing treatment had the opportunity to
earn additional money by not spending all of their budget.

Figure[l] provides an overview of the study design. We contacted over 90,000 people by
mail and invited them to participate in the study. The addresses were randomly selected
and provided by the Federal Office of Statistics, which maintains a comprehensive registry
of inhabitants, and also from a private Vendorﬂ The first step consisted in an initial online
survey, which was filled in by 21,800 respondents. It contained questions about travel
behavior and socio-demographics and served as a screening mechanism. Around 11,000
of the respondents from the initial survey qualified for the tracking study, and 5,466
registered for it. However, not everyone who registered actually started tracking, and
some participants dropped out at the beginning of the study. A total of 3,656 participants
successfully completed the RCT. The MOBIS sample differs from the general population

due to an age restriction and the focus on drivers but is otherwise quite representative.

2At the end of the RCT (December 2020), one Swiss Franc (CHF) corresponded to 0.91 Euro or
1.11 US Dollars.

3We were provided with 60,000 addresses from the Federal Office of Statistics at no charge. When
it became clear that this would not be sufficient to recruit the required number of participants, we
purchased another 31,000 addresses from a private marketing firm.



Figure 1: Design of the MOBIS experiment

Start Sampling Pool 91 300 Persons

September 2019 People living in urban agglomerations in Switzerland Invitation by letter

Part 1 Initial Survey N =21 800
Socio-demographics, transport behavior Invitation to

smartphone study

Part2 Phase 1  smartphone-based RCT (Random. Control Trial) N =3656
4 weeks Tracking of trips and modes
Part 2 Phase2  control group «Information» | «Pricing»
4 weeks as in Phase 1 + Information + Information
+ Pricing
(N=1 225) (N=1238) (N=1193)
Part 3 Final Survey N =3520

Opinions, values, life styles
Stated choice experiment

End

January 2020 Incentive: Paid after final survey

Table [1| shows the socio-demographic characteristics of our participants of the intro-
duction survey and the tracking study and compares them to the transport Microcensus,
which is a representative travel diary survey of the Swiss population undertaken by the
Federal Office of Statistics and the Swiss Federal Office of Spatial Development (2017)).
The respondents of the MOBIS introduction survey differ from the Microcensus popula-
tion in terms of the age distribution, as we limited the study to ages 18-65, and in terms
of the regional coverage (only urban agglomerations and excluding the Italian-speaking
region of Switzerland). The MOBIS participants have higher levels of education, employ-
ment and income, much of which was due to the age restriction[]]

The tracking sample differs from the introduction survey sample in terms of employ-
ment, household size, income, and access to a car, probably due to the eligibility require-
ment of regularly traveling by car. The distribution across the language regions reflects
their national representation. More details about the design and implementation of the

experiment can be found in Appendix B.

2.2 Tracking app

The participants in the tracking study agreed to download the tracking app “Catch-My-
Day” on their smartphones. Catch-My-Day is a location tracker for iOS and Android,

4When censoring for age, the employment rate in the Microcensus is very similar to that in MO-
BIS.



Table 1: Demographic information for the MOBIS sample

Variable Level MOBIS Intro Mobis Tracking Microcensus
Control Info Pricing

Age Under 18 13.2
(18, 25] 19.4 18.2 20.0 19.6 9.0
(25, 35] 18.7 18.1 18.5 16.7 14.2
(35, 45] 19.2 22.0 20.8 24.3 15.4
(45, 55] 20.8 22.5 23.6 22.2 16.7
(55, 65] 18.3 18.0 16.0 15.7 12.9
66 and older 3.6 1.1 1.1 1.5 18.5

Education Mandatory 9.1 8.0 5.2 6.8 19.3
Secondary 43.6 47.6 49.4 48.4 49.5
Higher 47.3 44.4 45.5 44.8 31.2

Employment Employed 66.4 2.7 71.3 70.0 48.2
Self-employed 7.4 6.1 5.4 7.4 7.2
Apprentice 1.8 1.9 1.6 1.7 2.6
Unemployed 4.3 3.3 4.0 4.5 2.5
Student 9.0 7.5 8.6 7.6 3.7
Retired 3.3 3.5 2.7 3.4 19.3
Other 7.7 5.0 6.4 5.4 16.5

Gender Female 50.6 50.0 50.0 50.5 50.7
Male 49.4 50.0 50.0 49.5 49.3

Household size 1 15.8 11.3 11.6 12.2 34.0
2 33.0 30.1 31.3 29.2 35.4
3 20.0 23.1 21.3 20.0 13.0
4 22.8 25.1 27.7 29.3 12.5
5 or more 8.3 10.3 8.1 9.3 5.1

Income 4 000 CHF or less 12.1 6.8 8.2 7.2 17.8
4 001 - 8 000 CHF 29.9 31.3 30.0 27.4 32.8
8 001 - 12 000 CHF 24.4 27.5 29.5 30.0 17.4
12 001 - 16 000 CHF 11.9 15.6 13.9 14.3 6.8
More than 16 000 CHF 7.9 9.8 9.4 10.5 4.5
Prefer not to say 13.8 9.1 9.0 10.6 20.7

Language German 63.1 66.8 65.0 66.6 68.4
French 28.5 25.5 26.7 26.1 25.3
Italian 6.3
English 8.5 7.8 8.2 7.3

Nationality Switzerland 98.2 98.1 98.0 98.1 75.9
Other 1.8 1.9 2.0 1.9 24.1

Access to car Yes 61.5 87.3 87.8 88.2 75.8
Sometimes 15.1 11.6 10.7 10.9 18.1
No 23.4 1.1 1.5 0.9 6.2

Full PT subscription Yes 36.8 21.8 24.9 25.3
No 63.2 78.2 75.1 4.7

Half fare PT subscription ~ Yes 47.9 49.2 49.0 48.3
No 52.1 50.8 51.0 51.7

No PT subscription Yes 26.0 33.9 32.6 33.9
No 74.0 66.1 67.4 66.1

Access to bicycle Yes 68.1 72.9 71.8 69.4
Sometimes 4.0 4.5 5.5 3.8
No 27.8 22.6 22.7 26.8

N 21.571 1.225 1.238 1.193 57.090

Notes: Descriptive statistics shown for the MOBIS introduction survey (N = 21,571), the MOBIS control group

(N = 1,225), the MOBIS information group (N = 1,238), the MOBIS pricing and information group (N = 1,193), and
the Swiss Microcensus 2015 (N = 57,090) samples.



which uses the location services of the respective operating system. The GPS tracks
are stored on the phone and uploaded to the Motiontag analytics platform, where trip
stages are identified and travel modes and activities are imputed. A trip between two
activities can consist of multiple stages, using the same or different modes of transport.
The splitting of a day into stages and activities is called segmentation. This is performed
by the Motiontag app using a machine-learning algorithm.

For each stage, the associated external costs of transport were computed based on
cost factors published by the Swiss Government (see section . Participants were able to

review and correct the mode assignment manually.

Figure 2: The Catch-my-Day interface
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Note: From left to right: 1) Calendar home page. 2) Daily view showing recorded trips. 3) Editing the
mode of a selected trip.

Figure 2| shows three interfaces of the app. Catch-my-Day provides a best guess of the
travel mode for each stage. The participants could confirm this detected mode or correct
it. This confirm-correct procedure was optional and participants were informed that this
was possible and would be appreciatedﬂ Around 29% of the stages were confirmed by

the participants. The database stores both their correction and the original algorithmic

5In recent years, state-of-the-art machine learning algorithms for mode and activity detection have
achieved accuracy rates of over 90%, depending on the approach (Wu, Yang and Jing, 2016, Nikolic |
[and Bierlaire} [2017). Hence, we made validation of the trip purpose and mode optional for participants,
in order to not increase the response burden excessively over the 8 weeks.

7



imputation. The possibility for mode correction increases the accuracy of the mode de-
tection, but it also introduces a scope for “gaming” the experiment. We return to this
issue in section

The following modes are detected the by Catch-my-Day app: Air plane, bicycle, bus,
car, ferry, train (local, regional and long-distance), tram and walk. In addition, users could
select the following modes as a correction: Boat, car sharing, gondola, motorbike /scooter,
Taxi/Uber. E-bikes and E-Scooters were not detectable or selectable.

The mode detection provided by the tracking app was a key component of the MOBIS
study. To the best of our knowledge, this is the first study to incentivise changes in
mobility behavior based on the output of a mode detection algorithm. As seen in the
tables containing the average detection accuracy by mode (Table and the mode
detection matrix (Table in the Appendix, the algorithm worked exceptionally well,

with an overall accuracy of over 90% for both operating systems.

2.3 Treatments

The recruitment took place on a rolling basis between August and November of 2019.
Once a participant registered the first track on the app, he or she automatically became
part of the RCT sample. The participants did not know at this stage that they were
part of an experiment. The RCT consisted of 4 weeks of observation for all participants,
followed by another 4 weeks of one of two treatmentsﬂ Assignment to the treatment
and control groups was fully randomized without any form of stratification. During the
observation period, participants were presented with a weekly summary of their travel
behavior by mode of transport, including duration, distance and number of trips.

On study day 29, the participants assigned to the “Information only” and “Pricing”
treatments received an e-mail that informed them about the external costs of transport,
how they are computed and monetized and what they could do to reduce them. The
e-mail contained a link to a table with per-km monetized costs by mode. The congestion
cost was framed as an example, as it varies by time and place.To complement this ex-ante
price information and to provide the participants with an idea about their individual level
of external costs (i.e., including congestion) that the participant individually caused, they

were also shown a personalized summary of the previous weekﬂ For the remainder of the

6The study concluded just before the onset of the COVID-19 pandemic at the beginning of 2020.
Some of the participants agreed to re-start tracking, as part of an effort to study travel patterns in
response to COVID-19 policies. Preliminary results of this ongoing study have been reported in [Molloy
et al.| (2020]).

To provide participants with ex-ante information about the congestion costs for particular trips



treatment period, the participants were presented with weekly summaries such that they
could observe changes in their external costs. The external costs were always presented
by mode of transport and by type of cost (health, climate and congestion).

The participants assigned to the “Pricing” treatment received the same information
about the external costs as the “Information” group, but in addition were given a budget
from which the external costs of transport were deducted. The participants were informed
on day 29 that as of now, their budget would be used to pay for the external costs caused
by their travel, and that any money left over in their account at the end of the study
was theirs to keep. This individualized budget was computed based on each participants’
external costs during the observation period, plus 20 % for a buffer to allow for the
possibility that some participants had to increase their external costs of transport for
idiosyncratic reasons.ﬂ This treatment thus simulated transport pricing based on the
monetized marginal external costs of transport.

The weekly reports were comprised of modular panels, as shown in Figure [3] The
introduction and distance by mode panels were presented to all participants in both study
phases. The external cost and chart explanation panels were shown to the information
and pricing groups in the treatment phase, and the remaining budget panel (middle
module on the left) only to the pricing group during the treatment phase. Due to the
rolling start of the experiment, participants received these reports on different days of the
week. Participants in the control group continued to received a weekly email with their
kilometers traveled per mode throughout the experiment. Once the RCT was concluded,
all participants were informed about having taken part in a research experimentﬂ

In principle, we could have used any pricing scheme and estimated the participants
response to it. We chose the Pigovian rate (i.e., the marginal external costs) for three rea-
sons. First, internalizing the external costs of transport can be motivated and explained
to people on normative grounds. The “information only” treatment could thus be inter-
preted as providing information about societal costs about which the participants were

likely not perfectly informed. In contrast, introducing a price unrelated to the external

was infeasible within the project budget as this would have required a lot of additional programming
and presumably also a different app. However, it is not clear to what extent the participants would
have actually relied on such detailed information. Furthermore, the internal part of congestion costs
are experienced personally, such that participants have an idea about the expected congestion in their
area. We believe that combining ex-ante averages with ex-post individualized numbers is a reasonable
compromise that sends a price signal without overly taxing participants’ attention.

8The average budget was CHF 144, but for some participants it exceeded CHF 700. Note that once
participants reached the treatment phase, they could no longer correct the modes during the observa-
tion phase in order to prevent a strategic increase of the mobility budget.

9This procedure was pre-approved by ETH’s Institutional Review Board.



Figure 3: Weekly reports by e-mail

Report | Week 5
26.10.2019 - 01.11.2019

/Wosis

Dear Mr John Doe

Thank you for participating in the MOBIS study. This week was the
5th week of the study.

Your participation this week: 7 active days and 0 inactive days

Your use of different travel modes and their external costs are
displayed below.

Remaining Budget on 01.11

CHF 74.46

This is an estimate based on your most recent available data. CHF
3.57 was deducted from your budget per inactive day and per day
abroad.

Your external costs for the last week

_ ohr Ghras

CHF 4.51 CHF 4.32 |

*Includes the public transport peak hour surcharge

Profit | Costs Total
CHF 25.52

R CHF 0.00

Q CHF 0.75

o) CHF 0.00
q

S I CHF -0.72

What do these charts show me?

Each of us, when we travel, generates costs. Some of these costs
are paid for by ourselves and are therefore called “internal”.
Examples include maintaining a car, purchasing fuel, paying for a
train ticket and the value of our own time spent traveling.

However, we also impose costs on others in the form of changes to
the environment, public health and congestion (a time loss to other
drivers). These costs are called “external” because they are not
borne by ourselves but by society as a whole.

Distance by transport mode

®& B @ o 3

239 km 0 km 23 km** 0 km 7 km

@ |Increase/decrease in travel distance since last week
**Includes all local public transport: Bus, Tram, Metro & S-Bahn

The figures above illustrate the external costs that you imposed on
others last week.

For further information about the study, please visit the MOBIS
study website.

Note: The participants in the control group received only the report on the left, but without the
middle module titled “Remaining Budget”. The participants in the information group additionally

received the message on the right. The participants in the pricing group received all modules.

costs would not contain useful information (other than the price signal itself) and thus
not lead to behavioral change via an altruistic motive. Second, using the Pigovian rate
and estimating people’s response to it serves as a policy benchmarkEl If larger (smaller)
responses are required, the policy maker can choose to exceed (stay below) this rate, but
we believe that knowing the level and people’s response to the first-best transport price
is useful information. Last but not least, the use of the Pigovian rate was a condition

imposed by one of the federal agencies that co-funded the project.

10Technically speaking, the Pigovian rate is the marginal social damage at the social optimum, such
that the pricing implemented in the experiment likely deviates from the true Pigovian tax. If such a
scheme were implemented in practice, however, one would need to monitor the external costs anyway
and update the scheme from time to time, such that the social optimum would be reached iteratively.
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3 The external costs of transport

The health, emissions, noise and congestion costs of the mobility behavior are computed
on the recorded daily trips using an automated data pipeline. Additionally, data collected
from the online introduction survey was incorporated into the data processing pipeline to

improve the imputation.

3.1 Costs associated with driving

For the calculation of external costs in private road transport, the recorded GPS tracks are
aligned to the road network using Graphhopper (Karich and Schroder, [2014) and processed
using modules developed on top of the MATSim framework to calculate the external costs
of congestion and emissions. The emissions factors are taken from the HBEFA database
(version 3.3), and applied using the MATSim emissions module (Hilsmann et al. 2011;
Kickhofer et al., 2013). For congestion, an average marginal cost approach incorporating
spillback effects and flow congestion was applied, based on the work of Kaddoura (2015)).
These modules returned quantities of the externalities in grams (for emissions) and seconds
of caused delay (for congestion) for road transport, which were then converted to monetary

costs using the values in Table

Table 2: Monetization of externalities

Emission ‘ Aspect ‘ Value ‘ Unit
Scenario year ‘ ‘ 2019 ‘

COq ‘ Climate Costs ‘ 136.08 ‘ CHF /ton
Mo Costs (eattbeare) | 110 | B80T Cote e
NOy | Regional | 7,109 | CHF /ton
VTTS | National | 2577 | CHF/h @

Source: [Federal Roads Office - ASTRA| (2017)), updated for 2019; a scaled nominal wage rate

Figure [4] illustrates the externalities pipeline for motorized private transport. The ob-
jects in bold are those developed as part of this project. Dotted lines indicate data inputs
from static sources, and solid lines are the flow of the GPS-based trip data through the
model. The lack of flows inside the MATSim framework is intentional, as those modules
are built on top of the MATSim event framework (Horni, Nagel and Axhausen, 2016)).
Molloy, Tchervenkov and Axhausen| (2021]) contains more details about the externalities

pipeline.
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Figure 4: MATSim-based externalities pipeline
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3.2 Costs of public and active transport

For modes other than driving, the per-km values presented in Table [3| were applied to the
recorded length of the trip. The health effects include accident costs (most of which are
external to the people involved due to coverage by the Swiss health care system), but also
the external portion of health benefits in the form of a reduced mortality and morbidity
as a consequence of physical activity (Gotschi, Garrard and Giles-Corti, 2016]). Whereas
walking is associated with net external benefits, the external accident costs outweigh the
external health benefits from cycling, such that bicycling is associated with small net
external costs in the experiment [7]

The marginal social cost of public transport (in terms of pollution and noise) de-
creases as the occupancy rate increases. On the other hand, crowding affects willingness
to pay and can be seen as a form of congestion in public transport, and delay in some
circumstances (Tirachini, Hensher and Rose, 2013)). Crowding effects are extremely het-
erogeneous, both spatially and temporally. Even in peak hour, crowding can be restricted
to particular transit lines during very short periods (Zurich Public Transport|, 2017). We
thus feel that it would be unreasonable to distribute the crowding effects in an aggre-

gate measure across peak hour travelers in a specific public transit region. Additionally,

' Most of the positive health effects are private in the form of lower morbidity and mortality and at
least partly internalized by cyclists (Gotschi and Hintermannl, 2014)).
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Table 3: Per-km monetary costs (in CHF) used in the MOBIS experiment

Mode  CO, PMiq NO, Accidents Noise Health
Train ~ 0.000066 0.0140 - 0.00066 0.0087 -
Bus 0.0144 0.0437 0.5440 0.0141 0.0257 -
Tram - - - 0.0126 0.0075 -
Bicycle - - - 0.257 - -0.1870
Walk - - - 0.075 - -0.1863

Notes: Federal Roads Office - ASTRA (2017) does not report CO4 values for Tram, but this
would be small. Negative costs indicate an external benefit. The external costs of driving vary over
time and space and were computed within MATSim (see Fig. .

for each public transport operator, data would have to be collected separately and col-
lated as it is not available on a national level. As a practical solution, a zonal peak-hour
surcharge pricing scheme was developed for the national public transport network, as a
form of second-best pricing. Throughout the experiment, participants had access to a
interactive map which showed them where and when the pricing scheme applied. The
peak-hour pricing surcharge of 0.10 CHF /km was applied to transit stages between any
two zones which experience peak hour demand. The peak hour windows and the affected
zone-pairs were determined using the MATSim scenario output for Switzerland (Bosch,
Miiller and Ciari, [2016). The peak windows were set as 7am to 9am and 5pm to 7pm, and
not adapted for regional variations in working patterns. Municipality pairs were priced
if the maximum hourly transit trip count during peak hour was greater than three times
the average hourly transit trip count during the daily off-peak (9am - 5pm) for that pair.
A municipality could also be paired with itself if the above criteria was met, and the
direction of the peak hour flow is not considered. If the trip was partially in both the
peak and off-peak periods, only the proportion of the travel duration that overlaps with
the peak period was charged.

4 Regression framework

Given that we randomize the treatment and thus no self-selection or endogeneity issues
need to be addressed, the econometrics involved in estimating the average treatment effect
(ATE) are straightforward. After aggregating the data to the person-day level, the ATE

can be estimated by

Yis = co + o - DiDL, + o - DiDL + pi + iy + s + € (1)
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The dependent variable is the outcome of interest for person i € (1, ..., N) on calendar
dayt € (1,...,T) and day of study s € (1, ...,56). This can be the total quantity of external
costs, the external costs along a particular dimension (health, climate and congestion),
distance traveled in total or by mode, the mode share, or additional outcomes as specified
in the results section.

The two difference-in-differences terms DiDY and DiD}

ment group and treatment period dummies and are equal to one if the pricing (P) and

are the products of treat-

information treatment (I), respectively, are active for person i on a particular day and
zero otherwise. The treatment starts on the 29th day of the experiment. Due to the
rolling recruitment, the beginning of the experiment varies by person. To control for
unobserved heterogeneity, we include fixed effects on the person (u;), calendar day (p)
and day-of-study (us) level. The calendar day-fixed effects capture common shocks that
affect travel (and thus the associated external costs) for everyone in Switzerland, e.g.,
due to a national holiday or a sports event. The day-of-sample fixed effects account for
the possibility that respondents may respond differently to the treatment over time. We
find a high variation on the first day (presumably due to technical issues and learning
by participants) and on day 29 (the first day of the treatment, and some people may
have been slow to check their e-mails). We remove these two days from the analysis.
The combination of day-of-study and calendar day FE implies that the treatment effect
is computed by comparing participants in the treatment and control groups that started
the experiment on the same day. Finally, the error term €;;, has an expected mean of zero
and a variance of o. We allow for a correlation of the error within participants.

Due to the random assignment, we do not need to control for any covariates as they
are expected to affect the treatment and control groups equally. This leads to a fully
nonparametric regression in which we compare simple means between treated and control
observations. However, because weather information is an important predictor for mobil-
ity, especially for leisure activities and for active transport modes, we enrich our tracking
data with temperature and precipitation data from MeteoSwiss provided on a 1 x 1 km
grid[ This could reduce the noise in the regression and thus increase the precision of
our estimates, but at the cost of introducing a parametric assumption.

The weather variables are assigned separately for each recorded trip based on the

nearest weather station. To allow for a nonlinear effect of temperature on travel choices,

12The data is provided by www.meteoswiss.admin.ch.
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we define the level of “Heat” and and “Cold” for an observed trip j on day ¢ as follows:

Heaty; = max {t5;"" — 25, 0} (2)
Cold;; = max {10 —tJ;"™, 0} (3)

The variables 7" and t;’;”'" refer to the daily maximum and minimum temperature,
respectively, recorded in degrees Celsius at the weather station closest to the departure
location for trip j. In addition, we included the daily precipitation (recorded between 6
am and 6 am on the following day). To compute the values per person and day (which is
our unit of analysis), we take the average of the heat, cold and precipitation values across
all trips taken by person ¢ on day t and add them as linear control variables to .

The ATE of pricing plus information is given by the coefficient estimate a’’; the ATE
for information only is given by a’; and the ATE of adding pricing to information is their

P _a!. This cannot be interpreted as the effect of pricing per se, as adding a

difference, o
price could make the information more salient or interact with it in some other manner.
We emphasize that af — o could also be computed by running a DiD analysis on the
pricing group while using the information group as the control. It is therefore a causal
ATE in its own right, rather than simply a difference between two coefficients.

To investigate potential differences of the treatment effect along major socio-economic
variables, we interact the DiD terms in eq. with categorical variables denoting, e.g.,
gender or income groups. For the regressions that use external costs as the dependent
variable, we estimate (/1] in levels. Estimation in levels (rather than in logs) is necessary as
the external benefit associated with walking renders a number of person-day observations
negative. We then compute the proportional response by dividing the coefficients (which
are in CHF) the external costs generated during the observation <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>