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Abstract

This paper provides novel evidence on the effects of public transportation pricing
on car use and CO2 emissions. I analyze a pricing reform in the Finnish capital
Helsinki that lowered public transit fares by 45 percent for individuals who ended up
living in a specific, newly introduced travel zone. Using a difference-in-differences
approach, I compare individuals who received the price reduction to those who
lived just outside the travel zone and experienced almost no change in prices. This
comparison is made possible by detailed individual-level data on vehicle mileage
and ownership, as well as residential locations. I estimate the cross-price elasticity
of driving to range between 0.06 and 0.27. However, I find no clear response in
car ownership, either at the extensive or intensive margin. Based on a back-of-the-
envelope calculation, the cost of reducing emissions with this reform landed in the
range of 1000–3000 euros per tonne of CO2.
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1 Introduction

Transportation is one of the largest contributors to global CO2 emissions, producing
about 20% of all emissions. Moreover, nearly a half of transportation-related emissions
come from passenger road transportation.1 Insofar as rising global incomes increase
the demand for cars and driving, we may even see the transportation sector increase
its emissions share in the future. Successful climate change prevention thus requires
implementing policies that are effective at promoting greener modes of transportation or
reducing total kilometers driven.

The textbook solution to correcting the climate externality is a tax on CO2, which is
equivalent to a fuel tax in the case of transportation. A carbon tax incentivizes reducing
fuel consumption at all relevant margins and is in many cases the most cost effective way
to achieve emissions reductions (Goulder and Parry 2008; Anderson and Sallee 2016).
However, current fuel tax levels might be below ideal levels if we compare them to es-
timates of the damages caused by CO2 emissions.2 Moreover, even if policy-makers
wanted fuel taxes to play a more prominent role in fighting climate change, dramatic tax
increases could provoke a backlash from voters. Fuel tax increases are often strongly op-
posed because of their perceived unfairness (Carattini, Carvalho, and Fankhauser 2018;
Maestre-Andrés, Drews, and Bergh 2019), as exemplified by the yellow vests movement in
France (Carattini, Kallbekken, and Orlov 2019). These complications raise the question
whether implementing complementary policies that create additional incentives to lower
fuel consumption could help in decarbonizing the transportation sector.

In this paper, I study how effective public transportation pricing is in reducing car use
and ultimately CO2 emissions from passenger road transportation. Public transportation
as a substitute for passenger vehicles has the potential to create sizeable reductions in car
use especially in urban areas. Compared to building new public transit infrastructure,
changing the fare system is a more readily available way to make public transportation
more attractive. Pricing decisions are therefore relevant in places where vast public transit
networks are already in place. To provide evidence of the effectiveness of public transit
pricing, I estimate the elasticity of vehicle kilometers traveled and car ownership with
respect to public transit fares in the Helsinki region in Finland. Specifically, I exploit
a travel zone reform that induced plausibly exogenous variation in public transit fares
based on individuals’ home locations. The reform created a natural experiment in which
individuals who happened to be included in a specific travel zone received an annual fare

1. Source: https://ourworldindata.org/co2-emissions-from-transport (Accessed October 27, 2023)
2. In 2018, the average taxes on gasoline and diesel in OECD countries corresponded to effective tax

rates of about €86 and €74 per tonne of CO2, respectively (OECD 2019). In contrast, estimates of
the social cost of carbon calculated by Pindyck (2019) based on survey responses from over 500 expert
economists and climate scientists range from about $80 to $300 per tonne of CO2. Bilal and Känzig
(2024) propose an even higher value of more than $1000 per tonne of CO2.
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reduction of €526, or 45 percent. In contrast, those whose homes were excluded from the
travel zone were not eligible for the large fare reduction. In addition to estimating the
elasticity of car use, I evaluate the climate impacts of this substantial reduction in public
transportation prices.

The fare reduction was a part of a larger travel zone reform implemented by the public
transit provider Helsinki Region Transport in April 2019. The reform replaced munici-
pality border-based pricing with a fare system built around travel zones that crucially do
not follow municipality borders. Prior to the reform, any two individuals traveling be-
tween the same municipalities always faced an identical fare. In the new system, however,
individuals face different ticket prices when traveling between the same municipalities if
their trips start or end within different travel zones. In particular, some individuals trav-
eling to the capital Helsinki from the neighboring municipality of Vantaa can purchase
tickets at substantially lower prices in the new system, while others experienced little
to no change in fares. Access to the lower fare depends on which side of the new travel
zone borders people’s homes happened to be located. Crucially, the new borders were
not revealed to the public until a few months before the reform. Furthermore, the choice
of where to draw them did not directly depend on any population characteristics.

I estimate the effect of the transit pass fare reduction on car use by employing a
difference-in-differences approach in which I compare individuals whose homes were barely
included in the travel zone with the lower prices to those were barely excluded. I zoom
within 600–2000 meters of the travel zone border and assume that car use among people
on both sides of the border would have followed parallel trends in the absence of the
reform. I measure car use with annual vehicle kilometers traveled (VKT) as well as
car ownership. This comparison is made possible by rich vehicle-level data on odometer
readings recorded during mandatory vehicle inspections along with individual-level data
on car ownership and individuals’ residential locations.

I find that being eligible for the 45 percent fare reduction resulted in a clear decrease
in annual VKT. I estimate that the elasticity of VKT with respect to the price is around
0.06–0.27 depending on the specification. These effects are fairly large, given that the
highest elasticity estimates are comparable in size to many estimates of the short-run
price elasticity of fuel demand (e.g. Bento et al. 2009; Gillingham 2014; Knittel and
Sandler 2018; Gillingham and Munk-Nielsen 2019). However, I find no change in car
ownership either at the extensive or intensive margin. I also show that the reductions in
VKT translate into a clear decrease in emissions. Providing an estimate of the cost of
emissions reductions is challenging without data on ticket purchases. Nonetheless, back-
of-the-envelope calculations suggest that the cost of emissions reductions could land in
the range of €1000–€3000 per tonne of CO2. This makes public transit pricing a relatively
expensive tool to achieve emissions reductions if the cost is compared to estimates of the
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social cost of carbon (Pindyck 2019) or the cost of other policies that create emissions
reductions (Gillingham and Stock 2018).

This paper contributes to the broader literature on the effects of public transportation
pricing on car use. This study is to the best of my knowledge the first to provide explicit
estimates of the elasticity of car use with respect to public transit prices using individual-
level data on VKT and car ownership. Some papers do provide elasticity estimates but
use different methods and focus on travel mode choices instead of VKT or car ownership
directly. A meta-analysis by Wardman et al. (2018) suggests that the cross elasticity of
choosing a car as a travel mode with respect to public transit fares is around 0.06–0.08.
However, almost no papers in the literature use data on actual VKT, for instance from
odometer readings, as this has been a relatively recent development in the literature.3

Furthermore, these studies usually use survey data to evaluate impacts on car use, e.g.
Cats, Susilo, and Reimal (2017) who analyze the effects of free public transit in Tallinn,
Estonia. The working paper by Andor et al. (2023) provides evidence on the effects of
pricing on VKT but also relies on survey data.

The analysis in this paper is also closely related to previous literature on the effects of
public transportation accessibility and availability on car use. A meta-analysis by Ewing
and Cervero (2010) suggests that if availability is measured by distance to transit stops,
the cross-elasticity is around 0.05. Wardman et al. (2018) also report mean elasticities of
car use with respect to public transit journey time between 0.04 and 0.14. Even though
changing the pricing of public transit could be regarded as a less drastic measure than
improving service and access, the existing elasticity estimates related to both policies
are quite similar. Estimating the causal effect of availability is, however, complicated by
endogeneity arising from residential sorting. An attempt to address this concern is offered
by Gillingham and Munk-Nielsen (2019) who use population information from a hundred
years earlier as an instrument for public transportation accessibility in Denmark. They
do not directly evaluate the elasticity of VKT with respect to accessibility but estimate
that VKT is more responsive to fuel price changes among commuters living far away from
urban centers and argue that this is explained by better availability of public transit.

This paper is also among the first to explicitly quantify the climate impacts and
evaluate the cost effectiveness of lower public transit fares via their effect on VKT and
car ownership. Andor et al. (2023) evaluate the climate impacts of a €9 ticket in Germany
and estimate that the policy had a cost of emissions reductions of around €2800 per tonne
of CO2. This cost estimate is similar in size to the highest cost estimates in my study.
However, the study by Andor et al. (2023) differs from mine in two important ways.

3. Odometer data on VKT has mainly been used to estimate the rebound effect of fuel efficiency
improvements or the elasticity of VKT with respect to fuel prices (e.g. Gillingham 2014; Gillingham,
Jenn, and Azevedo 2015; De Borger, Mulalic, and Rouwendal 2016a, 2016b; West et al. 2017; Knittel
and Sandler 2018)
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First, the data on VKT in Andor et al. (2023) comes from a survey instead of odometer
readings. Second, the €9 ticket policy evaluated in the paper, while substantial in size,
only lasted for three months. In contrast, I evaluate the effects of a permanent reduction
in public transit prices. A temporary price reduction might not create as large of a
behavioral response.

The results presented in this paper do have some limitations. First, since I cannot
observe whether the individuals I am analyzing actually wanted to purchase the transit
passes with the lower prices, my treatment effect estimates represent intention-to-treat
effects. Even though I do not observe how many drivers in my sample use public transit,
survey evidence provided by Helsinki Region Transport suggests that most of those that
do would normally purchase the types of tickets my analysis pertains to. Second, my
preferred estimates of the elasticity of VKT only pertain to cars that are 10 years or
older. Estimating annual VKT for cars under 10 years old is not as reliable due to these
cars having less frequent inspections and thus fewer odometer readings. Cars under 10
years old constitute about half of all cars in my sample. However, I provide evidence that
the effects are qualitatively similar if all cars regardless of age are included in the sample.

Finally, my treatment effect estimates only apply to a specific group of individuals
living close to the travel zone border and represent short to medium-run individual-level
estimates from a few years after the reform. Even if drivers around the border reduced
their car use, the effects on emissions on aggregate could be very different. On reason for
this is that the longer-run macro-level elasticities could be smaller and very close to zero
because of the “fundamental law of road congestion” discussed by Duranton and Turner
(2011). They argue that providing more public transportation ultimately has no effect
on driving because the road capacity freed up by drivers switching from cars to public
transit is met with a proportional increase in driving by other people, who now view the
less congested roads as more desirable.

The remainder of this paper is organized as follows. Section 2 provides details of the
Helsinki Region Transport pricing reform. Section 3 presents the administrative vehicle
and individual-level data used in the analysis. Section 4 discusses both the estimation
strategy and the identification strategy, after which descriptive statistics are presented in
Section 5. The results are presented in Section 6, and a discussion of the limitations of
the results is included in Section 7. Section 8 evaluates the climate impacts of the pricing
reform and assesses its cost effectiveness. Finally, Section 9 concludes the study.

2 Helsinki Region Transport Pricing Reform

Helsinki Region Transport (HSL) provides public transportation for the over 1.3 million
people living in the Finnish capital of Helsinki and eight surrounding municipalities.
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Passengers can purchase single tickets as well as transit passes for longer periods of time.
The tickets give passengers unlimited access to board and transfer between buses, trams,
the metro, local trains and a ferry for the duration of the ticket. Traveling to Helsinki
from the other municipalities in the region is very common, for example to work, to study
or for leisure purposes. In 2021, about 33 percent of people working in Helsinki lived in
the surrounding municipalities.4

1
2

Figure 1: Map of the Helsinki capital region overlaid with HSL travel zones A–C

The pricing of tickets was drastically changed in 2019. Prior to the pricing reform, the
prices of both single tickets and transit passes were determined by whether passengers
wanted to cross municipality borders during their trips. The cheapest cross-municipality
tickets cost nearly twice as much as single-municipality tickets. On April 27, 2019, HSL
replaced this municipality border-based pricing scheme with a fare system built around
four new travel zones, A, B, C and D. While the basic idea remained the same in that
ticket prices depend on whether passengers want to travel across different zones, the cru-
cial difference is that the new travel zones do not follow municipality borders. Figure
1 illustrates how the travel zones A, B and C instead resemble rings around downtown

4. Source: https://kaupunkitieto.hel.fi/fi/helsingissa-tyoskentelevat-ovat-yha-harvemmin-helsinkilai
sia-etenkin-seudun-ulkopuolelta (Accessed September 2, 2024)
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Helsinki, located inside travel zone A. Notably, the travel zones span multiple municipali-
ties and also divide Espoo and Vantaa, the two most populous municipalities neighboring
Helsinki, each into two different travel zones.

One of the primary purposes of the pricing reform stated by HSL was to eliminate the
steep price increases at municipality borders and make shorter inter-municipality trips
cheaper. The introduction of the travel zones created substantial ticket price reductions
for a large number of inter-municipal travelers. Before the reform, any passengers trav-
eling between the same municipalities always faced an identical fare. In the new system,
however, the same passengers face different ticket prices if their trips start or end within
different travel zones in the same municipalities. Frequent public transit users, such as
commuters, benefited the most from these price reductions, as transit passes saw the
largest price decreases of up to 45 percent.5 The changes in the prices of single tickets
were similar but smaller in magnitude.

New travel zones April 27, 2019

0

200

400

600

800

1000

1200

Eu
ro

2015 2016 2017 2018 2019 2020 2021 2022 2023

Worker 1 Worker 2

Price of a 365-day transit pass

Figure 2: Annual transit pass prices for the two workers in Figure 1 commuting between
Vantaa and Helsinki

As an example of the inter-municipality ticket price changes, consider workers 1 and
2 in Figure 1. Both workers commute between their homes in Vantaa and their jobs,
indicated by the briefcase, in downtown Helsinki around 15 kilometers away. The cheapest
transit pass enabling daily travel between Vantaa and Helsinki cost €1172 annually for

5. While inter-municipality travel became cheaper for many, ticket prices did, however, increase by
about 7.5 percent for individuals only traveling within a single municipality.
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both workers prior to the reform . After the reform, worker 1, who lives in zone B and
commutes to zone A, only needs a transit pass allowing travel in zones A and B. On the
other hand, worker 2 has to purchase a transit pass covering all three zones A, B and C to
get from zone C to A. As shown in Figure 2, the annual price for worker 1 was cut nearly
in half as it fell by €526, from €1172 to €646. Worker 2 only experienced an initial price
reduction of €13, from €1172 to €1159. HSL further reduced the prices of some tickets
on January 1, 2020 and on January 14, 2021. By the end of 2022, worker 1 ultimately
paid €636 for the transit pass whereas worker 2 received a slightly larger price reduction
and paid a price of €1011. The price for worker 2 still remained €375 higher than the
price for worker 1.

Prior to the reform, HSL anticipated that the use of public transportation would
increase especially in travel zone B, where ticket prices would be falling the most. In
addition, HSL predicted that trips to Helsinki on public transit would increase, while
fewer trips to Helsinki would be made by car. HSL studied the potential effects of the
reform on public transit usage by measuring changes in public transit ridership from
September through November 2018, before the reform, to September through November
2019, after the reform. Results from zones B and C in Espoo and Vantaa are presented
in Table 1. Based on the ridership measures by HSL, the usage of both trains and buses
increased substantially more in zone B relative to zone C in both municipalities. This
suggests that the large price decreases in zone B relative to zone C could have increased
public transit usage.

Table 1: Changes in public transit ridership from September through November 2018 to
September through November 2019 according to HSL

Change in train ridership Change in bus ridership
Vantaa Zone B +13% +12%
Vantaa Zone C +8% +1%

Espoo Zone B +15% +4%
Espoo Zone C +0% +1%

HSL also conducted a survey in which Helsinki region residents were asked whether
and how they had changed their car and public transit use after the reform. The results
indicate that self-reported public transit use increased in zone B relative to zone C while
self-reported car use decreased in zone B relative to zone C.6 Expecting to find effects on

6. Source: https://hslfi.azureedge.net/globalassets/hsl/tutkimukset/muut-tutkimukset/vyohykeuudi
stuksen vaikutukset liikkumiseen yhteenveto 05 2020.pdf (Accessed October 27, 2023)
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car use among people living in zone B is thus consistent with both the goals of the reform
and the suggestive evidence provided by HSL on increases in public transit ridership and
decreases in self-reported car use.

3 Data

3.1 Vehicle Data

To estimate how car use might have been affected by the pricing reform, I use detailed
vehicle-level data on all vehicles registered in Finland. The data are provided by Statis-
tics Finland and comes from the official vehicle registry maintained by Traficom, the
Finnish Transport and Communications Agency. The data consist of two parts. One
has odometer readings recorded during mandatory vehicle inspections, covering readings
from all inspections done to any vehicle since 2013. The other includes quarter-yearly
cross-sections of the entire stock of vehicles in Finland on the last day of March, June,
September and December each year starting from 2013. Each cross-section includes de-
tailed technical information on each individual vehicle, such as fuel type7, fuel economy,
and make and model, as well as information on the owner8 of the vehicle. All the vehicles
and vehicle owners have a unique pseudonymized identifier and can be followed in time
across the cross-sections and in the odometer readings data.

(a) Inspection intervals before May 2018

0 1 2 43 5 6 7 8 9 10 11 12
Car age in years

(b) Inspection intervals after May 2018

0 1 2 3 5 7 94 6 8 10 11 12
Car age in years

Figure 3: Mandatory inspection intervals by car age

The odometer readings make it possible to calculate vehicle kilometers traveled during
the time between any two inspections for any vehicle. Here I use data only on passenger
cars9, which are the most commonly used type of vehicle in Finnish households. All cars

7. Gasoline, diesel, electricity etc.
8. Each vehicle has up to two different owners: the legal owner and the registered owner. From the

legal perspective, the legal owner is the person who legally owns the vehicle, whereas the registered
owner is another person who is the primary user of the vehicle. The registered owner is e.g. responsible
for paying the annual vehicle tax. In line with the legal purpose, I assign the registered owner as the
primary user of a vehicle if one has been reported. Otherwise I treat the owner as the primary user.

9. According to Finnish law, passenger cars are motor vehicles that are primarily used for transporting
people and have at least four tires, a maximum speed exceeding 25 kilometers per hour and no more
than eight seats in addition to the driver’s seat.
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are mandated by law to be inspected at regular intervals, the lengths of which depend
on the age of the car, as shown in Figure 3. Prior to May 2018, cars had to be inspected
for the first time after being in use for three years. The next inspection had to be done
at five years old, after which inspections were required every year. Starting May 2018,
mandatory inspections are more infrequent during the first ten years of a car’s lifespan,
while yearly inspections are still required after that. The first inspection is not required
until after four years and subsequent inspections must be done every two years until the
vehicle has been in use for ten years.

Ideally, I would like to observe VKT for each driver during every 12-month period
before and after the pricing reform on April 27, 2019. However, this is not possible
because 1) not everyone has their car inspected on April 27 each year, 2) an individual
might drive multiple different cars during any period and 3) newer cars are inspected less
frequently than older cars. In the absence of this perfect data on VKT, I estimate VKT
at the individual level for every 12-month period before and after the pricing reform. To
produce a VKT estimate for a specific period, I use odometer readings from all cars that
an individual used during the period. Specifically, I assign VKT from each car to all of
its drivers and all periods based on how many days each driver owned the car and by
how much the inspection intervals overlap with the periods.10 The 12-month periods in
my sample extend from April 27, 2015 to April 27, 2023.

To detect changes in annual VKT in the most accurate way possible, my preferred
VKT estimates only include kilometers from cars that are at least 10 years old. This
guarantees that the cars were inspected approximately every 12 months. Including newer
cars in the sample introduces a lot of measurement error due to the odometer readings
being up to four years apart. In addition, estimating annual VKT for the newest cars is
not possible during the last years in the sample, i.e. during post-reform years, because
the cars have not yet been inspected. While ignoring newer cars might seem drastic, it
is worth pointing out that the average car registered in Finland is around 12 years old.
In my main sample, almost 50 percent of drivers have non-missing VKT observations for
cars 10 years or older. Nearly 40 percent of drivers do not own any cars under 10 years
old. The obvious problem with omitting newer cars is that VKT responses among older
cars might be very different to those among newer cars. To address this concern, I also
provide some results for a sample that consists of all cars regardless of age.

10. I first calculate for each inspection interval of a given car the average VKT per day. I then allocate
the inspection interval-specific VKT among all individuals who owned the car during the interval by
multiplying the daily average VKT by the number of ownership days. Finally, I assign the resulting
kilometers into the 12-month periods before and after the reform based on the number of overlapping
days between the inspection intervals and the periods. After repeating this for all cars, I sum up all the
kilometers to obtain individual-level annual VKT estimates.

10



3.2 CO2 Emissions

Combining the VKT estimates with car-level data on CO2 emissions intensity, in grams
per kilometer driven, I also estimate CO2 tonnes emitted by each individual for all 12-
month periods before and after the reform. However, the vehicle data unfortunately do
not contain information on CO2 emissions intensity for all cars. About 25 percent of all
cars in Finland around the time of the pricing reform had a missing CO2 value, with
nearly all of them being cars registered before the year 2000.

To produce CO2 emissions estimates for all drivers, I impute the missing CO2 values
based on the non-missing CO2 values. I regress CO2 emissions intensity on dummies
for fuel type, make and model, and for cars registered after the year 2007, after which
the European Union started regulating the fuel economy of new cars. I also add linear
controls for car weight, cylinder volume and the registration year of the car, as well as
various interactions between the variables. The model produces estimates that are highly
accurate for the sample of cars with non-missing values, as the correlation between the
OLS estimates and the real values is 0.94. This high accuracy in the estimating sample
makes it plausible that the out-of-sample predictions are reasonably reliable as well.

The CO2 data also have another source of unreliability outside of the problem related
to missing values. The data originate from car manufacturers, who have been shown
to dramatically understate the emissions and fuel consumption of cars (e.g. Tietge et
al. 2019; Reynaert and Sallee 2021). To get more realistic CO2 emissions estimates, I
inflate the car-level CO2 emissions intensity values in the data using estimates of the dif-
ference between real-world and official values produced by ICCT, the International Coun-
cil on Clean Transportation (Dornoff, Morales, and Tietge 2019). The ICCT estimates,
plotted in Figure 10 in the Appendix, represent the average gap between manufacturer-
reported and real-world emissions by vehicle model year11 based on measurements done
for vehicles in Germany.

3.3 Data on Individuals Living in Finland

Using the pseudonymized identifier for the owner of each car, I merge the vehicle data
with administrative individual-level population data provided by Statistics Finland. The
population data contain information on e.g. age, gender, annual income, employment,
residential location and household members for all individuals living in Finland on the
last day of each calendar year. Crucially, the residential locations are given at the level
of a 250 meters by 250 meters grid covering the entire country. By determining which

11. In the data, I only observe the year each car was first registered, but this should be very close to
the year the car was built.
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grid cells are located inside each HSL travel zone12, I assign each individual a home HSL
travel zone. I also calculate for each individual the distance to the border between travel
zones B and C based on the center point of the home grid cell.

4 Empirical Strategy

4.1 Basic Approach

I estimate the effect of public transportation fares on car use by employing a difference-in-
differences approach combined with a border discontinuity created by the pricing reform.
Specifically, I compare changes in VKT and car ownership between people who lived in
the same municipality but ended up on different sides of the B-C travel zone border. As
demonstrated in Figure 1, these people paid the same ticket prices before the pricing
reform but then faced different fare decreases after the zones were introduced on April
27, 2019. I assign to the treatment group individuals who lived in travel zone B close to
the B-C travel zone border. The comparison group, on the other hand, consists of people
who lived in travel zone C close to the border.

Determining which individuals were actually treated, however, is complicated by the
fact that I do not observe the types of tickets different people bought either before or
after the reform. When I assign individuals into the treatment and comparison group
strictly based on the travel zone border, the implicit assumption is that all individuals
in my sample would have always bought a ticket warranting travel between their home
and downtown Helsinki in travel zone A. Under this assumption, all individuals living in
zone B would have bought an AB transit pass and received an initial fare reduction of 45
percent. In contrast, individuals living in zone C would have had to buy an ABC transit
pass and seen almost no change in the price of the transit pass in April 2019.

Unfortunately, this uncertainty over which tickets the individuals in my sample were
buying might introduce some bias in my estimates. In particular, having individuals
assigned into the incorrect group would bias my estimates towards zero. As an example,
some individuals living in zone C could prefer to travel to Helsinki but only to regions in
zone B instead of zone A. This would have allowed them to purchase a BC transit pass
instead of an ABC transit pass. Because the BC pass has the same price as the AB pass,
these individuals assigned into the comparison group would have in reality also received
the treatment. Similarly, some individuals in zone B might have needed an ABC transit
pass after the reform, meaning that they saw no decreased in ticket prices and should
have been assigned to the comparison group instead. Individuals in the comparison group
in zone C could have also benefited from the reduced fares for example by first walking

12. Data on the exact travel zone boundaries is provided by HSL at https://public-transport-hslhrt.
opendata.arcgis.com/datasets/hsln-maksuvy%C3%B6hykkeet
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over the border and boarding public transit in zone B. To reduce the probability of having
these individuals in my sample, I drop all individuals who live in grid cells directly on
top of the travel zone border.

To alleviate these problems related to the uncertainty of ticket types, I zoom in as
close to the border as possible. I assume that the shorter the distance to the border
is, the more similar individuals on different sides of the border are in terms of their
ticket preferences. Despite focusing on individuals close to the border, some degree
of uncertainty is inevitable. For this reason, the treatment effect estimates should be
interpreted as intention-to-treat effects, i.e. only the effect of being eligible for the transit
pass fare reduction.

Even though I do not have data on ticket purchases, a survey conducted by HSL in
January 2020 sheds light on the types of tickets normally bought in different municipalities
and travel zones. In Vantaa, one of the two municipalities divided into zones B and C, 80
percent of public transit users in zone B primarily bought an AB ticket, while 60 percent
of public transit users living in zone C normally opted for an ABC transit pass.13. The
second most popular ticket type in both travel zones was the BC ticket, with a share of
15 percent in zone B and 31 percent in zone C. Individuals purchasing a BC ticket in
either zone could have benefited from the 45 percent fare reduction with prices falling
from €1172 to €646 per year. Alternatively, if they only needed to travel within Vantaa,
their annual transit pass fare would have increased slightly from €601 to €646 instead.
Even though the BC tickets make treatment assignment a bit complicated, most people
in my sample are likely to be assigned into the treatment or comparison group in the
correct way.

4.2 Analysis in the Municipality of Vantaa

The pricing reform divided people into zones B and C in two municipalities, namely
Espoo and Vantaa, but in this paper I only focus on Vantaa. The main reason for this
is that Espoo saw major changes in public transit routes when a new metro line was
opened 1.5 years before the pricing reform. The new metro line extended very close to
the border between zones B and C but did not reach zone C. For individuals living very
close to the metro line, public transit became a more attractive alternative. However,
the metro line caused many bus lines to be rerouted, which made public transit a slower
option for many people living a bit further away. Overall, disentangling the effects of the
metro line and the pricing reform would be challenging. The only major change in the
public transit network in Vantaa took place four years before the reform in 2015, when
a new train line was built. The line had no clear asymmetrical effects on public transit

13. Source: https://hslfi.azureedge.net/globalassets/hsl/tutkimukset/muut-tutkimukset/vyohykeuudi
stuksen vaikutukset liikkumiseen yhteenveto 05 2020.pdf (Accessed October 27, 2023)
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access between zones B and C.
Figure 4 shows the location of all inhabited 250 meters by 250 meters grid cells in

Vantaa and how they are connected by bus and train routes. The cells in red are all
within two kilometers of the border between travel zones B and C, indicated by the blue
line. The cells with the lightest red color are within 600 meters of the border. This
threshold of 600 meters is the closest I can zoom in to the border while still having a
sufficient number of individuals with non-missing VKT observations. It is evident from
the map that all inhabited grid cells have a bus line, in black, in their vicinity. Bus lines
crossing the southern border of Vantaa have their destination in zone A in Helsinki, and
most cells within two kilometers of the border are served by these routes. Some cells are
also close to one of the two Helsinki-bound train lines, in yellow on the map. The section
of the train line going from west to east and connecting the two Helsinki-bound lines is
the section that was built in 2015.

Figure 4: Inhabited grid cells and public transit routes in Vantaa

The border between travel zones B and C mainly follows a ring road, Ring III, around
Helsinki. Ring III intersects all highways coming from the north towards Helsinki and
enables fast travel across different neighborhoods in the Helsinki region. The road itself
does not follow any administrative boundaries and is surrounded by various types of areas,
ranging from suburbs to commercial zones and green areas, on both sides. Crossing the
ring road by car is possible in multiple locations, as seen in Figure 4 where the bus lines
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intersect the travel zone border. In addition to these roads, Ring III and the travel zone
border can also be crossed on foot or by bike using various pedestrian underpasses and
overpasses.

4.3 Event Study Model

I first estimate the effect of the transit pass fare reduction on VKT with the following
event study model:

V KTist = αs + λt +
∑

τ ̸=−1
βτDiτ + εist, (1)

where VKT ist is vehicle kilometers traveled by individual i living in zone s during a 12-
month period t before or after April 27, 2019, Diτ is a treatment indicator for individuals
living in zone B, and αs and λt are zone fixed effects and time fixed effects respectively.
Finally, βτ is the effect of being eligible to buy the cheaper transit pass on VKT in year
τ relative to treatment. Home travel zone s for individual i in period t is determined by
the residential location of individual i on December 31 during period t. When estimating
the model, I cluster the errors, εist, at the level of the 250 meters by 250 meters grid
cells.14

To interpret βτ as the causal effect of the transit pass fare reduction I assume that
VKT in the treatment and comparison groups, meaning zones B and C, would have
followed parallel trends in the absence of the pricing reform. This assumption is plausible
due to two factors. First, from the point of view of the individuals, the pricing reform
was largely exogenous. The travel zone borders and new prices were not made public
until a few months before the reform. Second, I restrict my sample of individuals only
to those living very close to the B-C travel zone border, which makes it more likely that
the individuals in the treatment and control groups are similar in terms of their car and
public transit use.

I also estimate the effect of the transit pass fare reduction on car ownership using a
model very similar to equation 1. I measure changes in car ownership in two ways. One
is a dummy for whether an individual i owned a car at any point during a 12-month
period t before or after April 27, 2019. This is the extensive margin of car ownership.
The other is a dummy for whether an car owner i owned multiple cars instead of only
one on December 31 during period t. This is a measure of the intensive margin of car
ownership. As in equation 1, to interpret βτ as the causal effect of the transit pass fare
reduction, I assume that car ownership in the treatment and comparison groups would
have followed parallel trends in the absence of the pricing reform.

14. The estimated standard errors are very similar when clustering at the individual or postal code
level. The more granular individual-level clustering produces slightly smaller standard errors, whereas
clustering at the larger postal code area-level somewhat increases standard errors. The results, however,
remain qualitatively the same.
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In addition to the uncertainty related to ticket types discussed in Section 4.1, assigning
individuals into treatment and comparison groups is complicated by moving patterns. For
this reason, I use two different ways of defining the treatment and comparison groups: 1) I
follow the the same grid cells around the border over time regardless of which individuals
live in the cells. In other words, individuals are assigned into the treatment group in
period t if they lived in zone B on December 31 during period t even if they did not live
there in any other year. 2) I only follow individuals who lived in zone B or zone C four
months before the pricing reform on December 31, 2018. I include these individuals in the
sample in all other periods t regardless of where they lived.15 The first approach provides
an overview of the trends in car use in zone B compared to zone C. However, it cannot
discern changes in car use at the individual level from changes in car use stemming from
compositional changes due to people moving. The second method, on the other hand,
only focuses on individual-level responses.

4.4 Difference-in-Differences Model

To estimate the average effect of the fare reduction in the post-reform years, I use the
following difference-in-differences model:

V KTist = γ + φZoneBs + ψPostt + δZoneBs × Postt + ηist, (2)

where ZoneB is an indicator which takes on a value of 1 for individuals living in zone
B and a value of 0 for individuals living in zone C, and Post is a dummy for 12-month
periods after April 27, 2019. Assuming parallel trends in vehicle kilometers traveled
between individuals living in zone B and zone C, δ gives the causal effect of the fare
reduction. Substituting VKT ist with the car ownership dummies enables me to estimate
similar models for car ownership. In line with the event study model, I cluster the errors,
ηist, at the level of the 250 meters by 250 meters grid cells.

In addition to estimating the average effect of the fare decrease, I also analyze effect
heterogeneity with respect to the individuals’ characteristics, such as income, employment
status, gender, the availability of public transit, and the number of cars owned.

4.5 Estimating Elasticities

The interpretation of the estimated treatment effects is complicated by the concurrent but
smaller fare decreases in the comparison group. A similar problem of concurrent changes
in the comparison group in a difference-in-differences setting is discussed in Harju et

15. Around 85 percent of these individuals lived in the same travel zone in Vantaa about 3.5 years before
the reform on December 31, 2015. The same also holds about 3.5 years after the reform on December
31, 2022. However, many lived further away from the border in other years than they did in 2018.
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al. (2022). Similarly to Harju et al. (2022), to obtain an unbiased estimate of the elasticity
of car use with respect to the price of public transit in the treatment group, I have to
make an assumption on the elasticity of car use in the comparison group.

The elasticity of VKT with respect to public transit fares in the treatment group, ϵT ,
is defined as

ϵT :=

TET

VKT T,0
∆PT

P0

(3)

Here the numerator is the percentage change in VKT caused by the price change in the
treatment group, denoted by T , where TET is the treatment effect and VKT T,0 is the
level of VKT before the reform. The denominator gives the percentage change in the
price of public transit in the treatment group, with ∆PT being the change in the price
and P0 the price before the reform.

With no price change in the comparison group, the treatment effect in the treatment
group could be directly estimated using the difference-in-differences approach in equation
2. When the parallel trends assumption holds, an estimate of TET would be given by
δ̂ from estimating equation 2. However, even if the parallel trends assumption holds, a
concurrent price change in the comparison group, denoted by C, introduces a bias into δ̂
such that

δ̂ = ∆VKT T − ∆VKT C

= (TET + ∆VKT trend) − (TEC + ∆VKT trend)

= TET − TEC

(4)

If ∆VKT T,trend and ∆VKT C,trend are the changes in VKT in the treatment and compar-
ison group, respectively, that would have taken place even in the absence of the pricing
reform, the parallel trends assumption then translates into ∆VKT trend := ∆VKT T,trend =
∆VKT C,trend . Thus, the difference-in-differences coefficient only captures the difference
between treatment effects in the treatment group and the comparison group.

Because the difference-in-differences estimate only captures the difference between
treatment effects in the two groups, I estimate the elasticity by comparing the difference
in treatment effects to the difference in price changes:

ϵ̂T :=

δ̂

VKT T,0
∆PT − ∆PC

P0

=

TET − TEC

VKT T,0
∆PT − ∆PC

P0

(5)

This estimator essentially captures how large the additional change in VKT was relative
to the additional change in the price in the treatment group relative to the comparison
group.
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The value of ϵ̂T depends on the unobserved true elasticities in both the treatment and
the comparison group. This can be seen by applying the elasticity definition in equation
3 to both groups to get TET = ϵT (∆PT/P0)VKT T,0 and TEC = ϵC(∆PC/P0)VKT C,0.
Plugging these expressions into equation 5 and rearranging, ϵ̂T can be written as a func-
tion of the true elasticities:

ϵ̂T = ϵT
∆PT

∆PT − ∆PC

− ϵC
∆PC

∆PT − ∆PC

VKT C,0

VKT T,0
(6)

The weight on the elasticity in the comparison group, ϵC , depends both on the relative
size of the price change in the comparison group and the pre-reform level of VKT in the
comparison group relative to the treatment group.

By rearranging equation 6 it can be seen that there has to be a unique relationship
between the elasticities in the treatment and comparison group for ϵ̂T to be equal to the
true elasticity ϵT . In particular,

ϵ̂T = ϵT ⇐⇒ ϵC = ϵT
VKT T,0

VKT C,0
(7)

If the pre-reform levels of VKT in the treatment and comparison group are similar,
equation 7 essentially boils down to the to the intuitive condition that the elasticities
have to be same in both groups to obtain an unbiased elasticity estimate in the treatment
group when using the estimator in equation 5.

5 Descriptive Statistics

One way to evaluate the plausibility of the parallel trends assumption is to analyze the
degree of similarity between drivers living on either side of the B-C travel zone border.
Table 2 provides descriptive statistics on drivers living within 600 meters of the border on
December 31, 2018. Overall, drivers appear relatively similar to each other in zones B and
C. They are comparable in terms of gender, age and household size. In addition, based
on the somewhat limited information on job location provided by Statistics Finland, a
nearly identical share of employed drivers work in zone A. Having to commute to zone
A should be a good predictor of buying a transit pass covering zones AB or ABC when
living in zones B or C.

Despite the similarities, the drivers in zone B and C do differ in two aspects. First,
disposable income is about nine percent higher among zone B drivers compared to zone C
drivers. This is most likely explained by the fact that almost 75 percent of drivers in zone
B are employed but only 66 percent are employed in zone C. Second, based on a travel
time matrix created by researchers at the University of Helsinki (Tenkanen and Toivonen
2020)16, travel time by public transit to downtown Helsinki is almost eight minutes, or

16. The data can be downloaded at https://github.com/AccessibilityRG/HelsinkiRegionTravelTim
eMatrix2018 (Accessed June 30, 2024)
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18 percent, longer in zone B relative to zone C. Considering that zone B is closer to
downtown Helsinki, the difference is perhaps a bit surprising. Upon closer inspection,
the difference is explained by a slightly larger share of people living close to a train line
in zone C. If higher income and slower public transit heavily affect car use, it is possible
that car use could have evolved somewhat differently among drivers in zone B compared
to drivers in zone C within 600 meters of the border.

Table 2: Descriptive statistics for drivers living within 600 meters of the border in 2018

Zone B Zone C Difference Standard error

Women (%) 32.4 35.1 2.6 (1.9)

Age 44.9 46.9 2.0∗∗ (0.7)

Household size 2.5 2.4 -0.0 (0.1)

Employed (%) 74.7 65.6 -9.1∗∗∗ (1.9)

Unemployed (%) 5.5 6.7 1.1 (1.0)

Working in zone A (%) 23.1 21.5 -1.6 (2.1)

Disposable income 30,751.0 28,127.9 -2623.1∗∗∗ (606.6)

Disposable household income 53,231.3 48,400.4 -4831.0∗∗∗ (1255.9)

Public transit to Helsinki (min) 51.1 43.3 -7.7∗∗∗ (0.3)

Car to Helsinki (min) 42.5 43.8 1.3∗∗∗ (0.1)

Number of drivers 866 2213

The table includes all drivers with non-missing VKT for cars 10 years or older
T-test for the difference between zones B and C. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Zooming out further from the border to a distance of 2000 meters, the differences
in income, employment and public transit journey times between zone B and zone C
drivers are reduced to around five percent, as seen in Table 3. Tables 5 and 6 in the
Appendix demonstrate how the differences diminish already at distances of 1000 and
1400 meters. Although increasing the distance to the border is conducive to leveling out
these differences between drivers on the two sides of the border, the main drawback is
a potentially increased disparity in the probability of purchasing a ticket covering travel
zone A. At a distance of 2000 meters, some drivers in zone B are four kilometers closer
to zone A compared to drivers in zone C. As the distance to downtown Helsinki from
the border of travel zones B and C is around 15 kilometers, a four kilometer distance
difference might already affect the probability of regularly traveling to downtown Helsinki.
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Table 3: Descriptive statistics for drivers living within 2000 meters of the border in 2018

Zone B Zone C Difference Standard error

Women (%) 34.0 34.6 0.6 (0.7)

Age 46.9 46.3 -0.6∗ (0.3)

Household size 2.5 2.4 -0.1∗∗∗ (0.0)

Employed (%) 69.4 67.9 -1.5∗ (0.7)

Unemployed (%) 5.4 6.2 0.9∗ (0.4)

Working in zone A (%) 24.6 22.6 -2.0∗ (0.9)

Disposable income 29,245.2 27,731.2 -1514.0∗∗∗ (225.0)

Disposable household income 51,281.0 47,459.9 -3821.0∗∗∗ (813.1)

Public transit to Helsinki (min) 47.4 44.9 -2.5∗∗∗ (0.1)

Car to Helsinki (min) 41.7 45.5 3.8∗∗∗ (0.0)

Number of drivers 8953 7914

The table includes all drivers with non-missing VKT for cars 10 years or older
T-test for the difference between zones B and C. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

Because of the observed differences in income, employment and public transit journey
times very close to the border, I estimate the difference-in-differences models for numerous
bandwidths around the border ranging from 600 to 2000 meters. I also estimate an
alternative specification in which the distance to the border is fixed at 600 meters in
the comparison group, while varying the distance from 600 to 2000 meters only in the
treatment group. The latter strategy might be beneficial due to drivers in zone C being
fairly similar to each other regardless of the distance to the border, as seen in Tables
2 and 3. Not extending the bandwidth around the border further away from zone A
might alleviate the concern that drivers in zone B and C differ in terms of willingness to
purchase a ticket to zone A.

6 Results

6.1 Effects on Vehicle Kilometers Traveled

Figure 5 presents results for VKT from estimating the event study model in equation 1.
The figure includes results for three different distances to the border: 600, 1000 and 1400
meters. The upper panel compares all individuals who lived around the border each year
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within the specified distance. The lower panel only includes individuals who lived around
the border in 2018, four months before the reform. For these individuals, the distance is
measured in 2018. In any other year, the individuals may have lived anywhere in Finland.
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Figure 5: VKT event study for cars 10 years or older

During the four years before the pricing reform, the trends in VKT were statistically
indistinguishable from each other between the treatment and comparison groups in all
six subplots of Figure 5. These nearly identical pre-trends bolster the credibility of the
parallel trends assumption. However, immediately after the year of the reform, average
VKT in the treatment group decreased relative to the comparison group. The size of the
effect decreases in absolute value with distance to the border. When zooming in within
600 meters of the border, driving decreased by between 700 and 1400 kilometers more
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per year in the treatment group. However, zooming out just 400 meters further to a
distance of 1000 meters, the effect size decreases to between 300 and 500 kilometers per
year. Moving from 1000 to 1400 meters makes the point estimates slightly smaller but
not as dramatically as moving from 600 to 1000 meters. While all of the individual point
estimates are not statistically significant, together they differ statistically significantly
from the pre-reform level.
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Figure 6: VKT difference-in-differences results for cars 10 years or older

The results are very similar across both samples, one including all individuals around
the border each year and the other consisting of individuals around the border in 2018.
This means that people moving from other regions to the border region after the reform
does not explain the observed decrease in VKT. In contrast, the effect mostly comes from
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individuals living around the border right before the reform reducing their driving after
the reform. Figure 11 in the Appendix presents the estimated changes in VKT in levels
and confirms that it was in fact a reduction in VKT in the treatment group that caused
the patterns visible in the event study plots. VKT fell sharply in the treatment group
immediately after the reform, while at the same time there was a smoother downward
trend in the comparison group.

Figure 6 presents estimates of the effect on VKT for the entire post-reform period
based on the difference-in-differences model in equation 2. The figure shows how the effect
size changes when increasing the bandwidth around the border in 100 meter increments
from 600 to 2000 meters. In the left panel of the figure, the distance to border is varied
in both the treatment and comparison group. The right panel provides results from the
alternative specification in which the distance is fixed at 600 meters in the comparison
group.

Like the event study plots above, the difference-in-differences results17 suggest that
the effect of the price reform on VKT decreases with distance to the border. VKT fell
on average by 900–1000 kilometers per year more in the treatment group relative to the
comparison group within 600 meters of the border. The effect size then diminishes and
stabilizes to about 200–250 kilometers per year after going further than 1000 meters from
the border. The pattern is very similar regardless of whether the sample consists of all
individuals around the border each year or only individuals around the border in 2018.
However, some of the point estimates in the latter sample are not statistically significant
at distances larger than 1200 meters. When the distance to border is fixed at 600 meters
in the comparison group, the size of the reduction in VKT does not diminish as steeply
and instead stays around 400–450 kilometers per year for distances greater than 1000
meters in the treatment group. Furthermore, the point estimates are all statistically
significant at least at the 5 percent level.

Table 4 presents estimates of the elasticity of VKT with respect to the price of public
transit for the sample of individuals around the border in 2018. The elasticities are
based on the difference-in-differences results and were calculated using equation 5. In
the elasticity calculations, the difference in price changes between zones B and C over
all the four post-reform periods is about €400, or 34 percent of the pre-reform price
level. When the distance to the border varies in both groups, the reductions in VKT
translate to elasticities ranging from about 0.27 within 600 meters of the border to 0.06
for the longest distances. Fixing the distance in the comparison group at 600 meters
increases the elasticity estimates at longer distances in the treatment group such that
they stabilize at around 0.12. These responses are relatively large in size, given that the
highest elasticity estimates fall into a similar range with many estimates of the short-

17. Detailed difference-in-differences regression results are found in Tables 7–10 in the Appendix.
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run price elasticity of fuel demand (e.g. Bento et al. 2009; Gillingham 2014; Knittel and
Sandler 2018; Gillingham and Munk-Nielsen 2019). Furthermore, because the estimates
represent intention-to-treat effects, the average treatment effect on the treated might be
even higher if some drivers in the sample were not affected by the fare reduction.

Table 4: VKT elasticity estimates for the sample of individuals around the border in 2018

Distance varies Distance fixed at 600 meters
Distance to the border in both groups in the comparison group
600 meters 0.269∗∗∗ 0.269∗∗∗

700 meters 0.212∗∗∗ 0.228∗∗∗

800 meters 0.156∗∗ 0.183∗∗

900 meters 0.153∗∗ 0.181∗∗

1000 meters 0.109∗ 0.151∗∗

1100 meters 0.104∗ 0.148∗∗

1200 meters 0.080 0.139∗∗

1300 meters 0.072 0.128∗∗

1400 meters 0.074∗ 0.124∗∗

1500 meters 0.065 0.120∗

1600 meters 0.049 0.115∗

1700 meters 0.058 0.127∗∗

1800 meters 0.060 0.130∗∗

1900 meters 0.064∗ 0.130∗∗

2000 meters 0.058 0.122∗∗

∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001

The steep gradient in the effect size with respect to distance to the border could
be explained in at least two ways. On the one hand, individuals living very close to
the border on either side might be the most comparable in terms of the probability
to purchase a transit pass covering zone A. This would mean that the large elasticity
estimates obtained by using individuals as close to the border as possible are the most
reliable. On the other hand, individuals near the border in zone B might for some reason
have had an abnormally large response to the price change. Based on the descriptive
statistics in Section 5, drivers in zone B differ from drivers in zone C close to the border
in terms of income, employment and public transit journey times to downtown Helsinki.
Furthermore, the difference-in-differences results in Tables 7–10 in the Appendix indicate
that pre-reform levels of VKT were around 12 percent higher in zone B relative to zone
C within 600 meters of the border, while the difference was only five percent or less at
longer distances.
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Because of these problems related to the choice of bandwidth around the border, one
of the most reliable comparisons might be that in which the distance in the treatment
group is extended closer to 2000 meters but the distance in the comparison group is fixed
at 600 meters. Having a wider bandwidth in the treatment group mitigates the problems
related to the drivers in the treatment group differing from those in the comparison group
with respect to observable characteristics. At the same, limiting the distance on the other
side of the border keeps the drivers in the comparison group geographically closer to those
in the treatment group, which could make it more likely that the two groups are more
similar in their ticket preferences.

Regardless of these complications, distance to the border is the main source of het-
erogeneity in the effects of the pricing reform on VKT. I find no clear differences in
VKT responses with respect to any background characteristics for the sample of indi-
viduals around the border in 2018. These characteristics include gender, age, income,
employment status, job location inside zone A, and public transit availability, measured
as minutes to downtown Helsinki by public transit both in absolute terms and relative to
the travel time by car. However, detecting heterogeneity is complicated by the fact that
standard errors grow very large when performing any subsample analysis on sample sizes
that are already small.

6.2 Effects on Car Ownership

In contrast to the negative effects on VKT, I find no clear effects on car ownership. This
holds true for both the extensive margin, meaning whether an individual owns a car at all,
and the intensive margin, meaning how many cars an individual owns. Figure 7 presents
event study results for the extensive margin of car ownership. The dependent variable
in the event study regression is a dummy for whether an individual owned a car at any
point during the 12-month period. As a result, the event study plots demonstrate how
the share of car owners changed in the treatment group relative to the comparison group.

When it comes to car ownership, a simple comparison between the treatment and
comparison groups appears to produce misleading results. Results from this comparison
are presented in the subplots in the upper panel of Figure 7. Based on the results, car
ownership actually increased in the treatment areas relative to the comparison areas both
before and after the reform. Inspecting the changes in car ownership rates in levels in
Figure 12 reveals that the relative increase in the treatment group stems from a decrease in
car ownership in the comparison group, while the car ownership rate remained constant in
the treatment group. This disparity in the trends suggests that the effects of the reform
cannot be reliably detected without separating individual-level responses from moving
patterns.
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Figure 7: Car ownership event study

Because of the diverging overall trends in car ownership, the preferred sample only
consists of individuals who lived around the border in 2018. Event study results with
this sample are presented in the lower panel of Figure 7. In these plots, there are no
statistically significant differences in the car ownership pre-trends at any distance to the
border. The results suggest that car ownership in the treatment group relative to the
comparison group might have decreased ever so slightly after the reform. However, the
point estimates are not statistically significant. The plots in levels in Figure 12 also point
to an increase in car ownership in the comparison group rather than a decrease in the
treatment group as an explanation for the results. Overall, the results do not clearly
point to car ownership decreasing among individuals who were eligible for the cheaper
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transit passes.
Results from the difference-in-differences regressions in Figure 8 further support the

conclusion that the pricing reform most likely had no effect on car ownership. The
point estimates are all very close to zero and statistically insignificant apart from a few
exceptions in the specifications using the sample of all individuals around the border.
Due to the fact that no effects are detected among individuals who lived around the
border in 2018, the small effects found in the sample including all individuals are likely
explained by moving patterns not related to the reform.
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Figure 8: Car ownership difference-in-differences results

In addition to the null effects at the extensive margin of car ownership, I find no effects
at the intensive margin either. Figure 13 in the Appendix presents results from event

27



study regressions in which the dependent variable is a dummy for car owners with multiple
cars at the end of each year. Regardless of whether the sample includes all individuals
each year or just the individuals from 2018, the trends in the share of car owners with
multiple cars exhibit no differences between the treatment and the comparison group.

A plausible explanation for why car ownership did not react to the price change is
that public transit in the Helsinki region is not a perfect substitute for all trips made
by car. Drivers seemed to respond by switching from a car to public transit only on a
smaller subset of their trips rather than giving up driving altogether. This is perfectly
reasonable given that people are likely to travel outside of the Helsinki region as well,
and many of these trips might require a car.

7 Robustness and Limitations

7.1 Parallel Trends Assumption

The validity of my results depends most crucially on the validity of the parallel trends
assumption. Observing no differences in the pre-trends does make the assumption more
credible, but it still faces a few main threats. First, there might have been self-selection
into treatment. One way this selection could have occurred is via residential sorting:
people who were already public transit users and had lower car use could have moved
to zone B right before the pricing reform to take advantage of the large price decrease.
Although I control for moving patterns by including a specification in which I only focus
on individuals living around the border on December 31, 2018, these individuals might
still be a self-selected group. However, while the reform had been planned since the year
2012, the new prices and travel zone boundaries were not made public until a few months
prior to the reform. Specifically, the prices and zone boundaries were first publicized on
October 30 and December 11 in 2018, respectively, but the final details of the reform,
including the date of its implementation, were announced only six weeks before the reform
on March 13, 2019. Thus, pre-reform residential sorting is probably not a major concern,
as individuals had at most a month or two to react to the upcoming changes. Moreover,
around 85 percent of the individuals living in zone B in 2018 were already living there in
2015.

Second, another problem would arise if the travel zone boundaries were drawn based
on regional factors correlated with the residents’ driving behavior. Specifically, if the
people who ended up in travel zone B were already more likely to reduce their car use
than those who ended up in zone C, my estimates would overstate the actual size of the
effects. Even though the travel zone border follows a main road, Ring III, the road itself
does not follow any administrative borders. Nevertheless, the road might still divide the
municipality of Vantaa according to some unobserved factors correlated with car use. I
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address this problem by comparing individuals close to the border at various distances, so
that the individuals should in principle be very similar in terms of their travel preferences
and infrastructure. The descriptive statistics in Section 5 confirm that individuals around
the border are very similar with respect to observable characteristics within 2000 meters
of the border. While the estimated effects on VKT change with distance to the border,
as is evident in Figure 6, they remain statistically significantly different from zero for all
distances up until 2000 meters.

Third, the COVID-19 pandemic could have affected the treatment and comparison
groups differently, which would complicate the analysis in two ways. On the one hand,
different effects in these two groups in the absence of the reform would constitute a
violation of the parallel trends assumption. For instance, there could have been an
asymmetric reduction in commuting to zone A from zones B and C starting 2020 in
response to COVID-19 even without the pricing reform if the likelihood of commuting
depends heavily on the distance to the workplace. However, because I zoom into areas
very close to the travel zone border, the individuals living on either side of the border
should have a fairly similar commuting distance. On the other hand, one could argue that
the negative effects on VKT could just reflect a larger response in zone B to COVID-19
instead of to the pricing reform. Luckily, the estimated effect for year 0 in the event
study plots in Figure 5 represents the year just before COVID-19 hit Finland. Because
the estimated size of the effect in year 0 is very similar to those in years 1–3, it seems
likely that the effects are not driven by responses to the pandemic.

7.2 Price Change in the Comparison Group

As explained in Section 4.5, the elasticity estimates obtained from the difference-in-
differences model potentially suffer from a bias stemming from the concurrent price change
in the comparison group. Equation 7 demonstrates how the elasticity estimates are
unbiased only if the parallel trends assumption holds and the elasticity in the comparison
group is the same as in the treatment group scaled by the pre-reform levels of VKT.
Based on the difference-in-differences results in Tables 7–10 in the Appendix, the pre-
reform levels of VKT are no more than 12 percent higher in the treatment group. This
means that the elasticity in the comparison group would have to be essentially at the
same level as in the treatment group.

If the assumption of nearly equal elasticities in the treatment and comparison group
does not hold, equation 6 can be used to assess the degree to which the estimated elasticity
diverges from the true elasticity in the treatment group. This can be done by rearranging
the equation and writing the true elasticity in the treatment group, ϵT , as a function
of of the estimated elasticity in the treatment group, ϵ̂T , and the true elasticity in the
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comparison group, ϵC :

ϵT = ϵ̂T
∆PT − ∆PC

∆PT

+ ϵC
∆PC

∆PT

VKT C,0

VKT T,0
(8)

Plugging in the estimated elasticity in the treatment group along with the price changes
and pre-reform levels of VKT, equation 8 gives a value for the true elasticity in the
treatment group that is consistent with the estimated elasticity in the treatment group
for any given elasticity in the comparison group.

In the sample with individuals living around the border in 2018, the elasticity es-
timates range from 0.269 within 600 meters of the border to 0.058 within 2000 meters
of the border. If the true, unobserved elasticity in the comparison group is somewhere
between 0 and 0.5, the true elasticity in the treatment group would fall between 0.204
and 0.312 at the 600-meter bandwidth and between 0.044 and 0.162 at the 2000-meter
bandwidth. Thus, the results remain qualitatively the same even with very low and high
elasticities in the comparison group.

7.3 External Validity

The analyses conducted in this paper are limited in their external validity for two main
reasons. The first reason is that I only analyze changes in VKT for cars 10 years or older.
While these cars represent approximately half of all cars, the results for the remaining half
might be different. For instance, people with newer cars might not be as responsive to
the price of public transit. Figure 15 in the Appendix presents VKT event study results
for cars under 10 years old. The annual VKT estimates for these newer cars are based
on vehicle inspections with multiple years between them. Not only does this introduce
clear measurement error, it also means that many cars do not appear in the data during
the last years of the sample because they have not had their first inspection. Discerning
between real driving responses and the noise caused by the data generation process in
Figure 15 is very challenging. Nevertheless, the results do lend support to the idea that
VKT decreased relatively more in the treatment group despite the noisy pre-trends.

However, if the newer cars are included in the same sample together with the older
cars, the results are similar to the main results with the sample of only older cars. Event
study results using all cars regardless of age are presented in Figure 16 in the Appendix.
Here, the pre-trends, while not perfect, are statistically indistinguishable from zero. Fur-
thermore, VKT in the treatment group relative to the comparison group starts declining
right after the pricing reform. Even though the effect does not set in immediately, it
grows in time and reaches the same magnitude as in the main analysis in Figure 5 two
or three years after the reform. This is to be expected due to the longer time it takes
to observe changes in VKT among newer cars because of their less frequent odometer
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readings. Overall, the results suggest that the decrease in VKT is not limited to older
cars.

The second reason for potentially low external validity is that the effects I estimate
are very local in nature because I zoom very close to border between travel zones B and
C. Drivers in other parts of the travel zones might not have responded in the same way.
Addressing these concerns would require a more detailed analysis of the effects of the
pricing reform in other municipalities and around other travel zone borders. Travel zones
B and C in Vantaa do, however, provide the clearest setting to analyze the effects of the
reform.

8 Climate Impacts of the Reform

The estimated reductions in VKT reported in Section 6.1 can be translated into reductions
in CO2 tonnes emitted by using information on CO2 emissions intensity at the car level
provided in the data. Figure 9 shows that CO2 emissions fell by between 0.05 and 0.2
tonnes more in zone B relative to zone C. Because car ownership did not respond to the
price decrease, these reductions in CO2 emissions resulting from decreased VKT represent
the full effect on emissions around the B-C travel zone border in Vantaa.

Because HSL is a public entity that is financed with taxpayer money, comparing the
achieved emissions reductions with ticket revenue losses is a reasonable way to calculate
the cost effectiveness of the reform from a climate standpoint. However, assessing cost
effectiveness is difficult without data on ticket purchases by the people in my sample. A
proper calculation would require information both on how existing ticket buyers changed
their ticket purchases and how many non-ticket buyers started spending money on tickets
and how much. Nonetheless, a simple back-of-the-envelope calculation can be made to
obtain a plausible range for the cost of emissions reductions.

Over the entire four-year post-reform period in my analysis, the price of the annual
transit pass permitting travel to travel zone A fell by €400 more in zone B compared to
zone C. This is the revenue loss related to an individual who already had a travel pass
before the reform. According to a travel survey conducted by HSL in 2018, 35 percent of
people in the capital region had a transit pass, and 39 percent of people in Vantaa used
public transit at least a few times a week.18 If 40 percent of the drivers in my sample
already had a transit pass and the pricing reform created no new public transit users,
the cost of the reform would be €160 per driver in zone B relative to zone C. With an
estimated reduction in CO2 emissions of 0.05–0.2 tonnes, this would translate into a cost
of €800–€3200 per tonne of CO2. However, if some people who never purchased a transit

18. Source: https://hslfi.azureedge.net/globalassets/hsl/tutkimukset/liikkumistutkimus/liikkumistu
tkimukset-helsingin-seudulla-2018-paaraportti.pdf (Accessed June 30, 2024)
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pass started regularly buying one after the reform, the cost of emissions reductions would
be lower. If the share of drivers with an annual transit pass increased from 40 percent
to, say, 50 percent, 10 percent of drivers would now pay HSL €646 more per person, the
average price of the annual AB transit pass after the reform. This would result in a cost
of around €500–€1900 per tonne of CO2.
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Figure 9: CO2 difference-in-differences results for cars 10 years or older

One way to evaluate the size of these cost estimates is to compare them to the damages
caused by increased CO2 emissions. A cost closer to €1000–€3000 per tonne of CO2 is
undoubtedly very high compared to most existing estimates of the social cost of carbon.
Pindyck (2019), for instance, report values ranging from $80 to $300. However, higher
estimates do also exist, such as the value of $1056 provided by Bilal and Känzig (2024).
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Another way to assess how cost effective public transit pricing is in reducing emissions is
to compare it to other measures that create emissions reductions. Even though not all
cost estimates are directly comparable due to differences in how they were obtained, the
review by Gillingham and Stock (2018) suggests that a cost in the thousands of euros per
tonne of CO2 makes public transit pricing a considerably more expensive climate policy
than most other alternatives.

9 Conclusion

In this paper, I analyze how effectively car use and ultimately CO2 emissions from trans-
portation can be reduced by lowering the price of public transit. I use detailed individual-
level data on vehicle kilometers traveled, car ownership and residential locations, together
with a natural experiment arising from a travel zone reform, to estimate the effects of
a 45 percent transit pass fare reduction in the Helsinki region in Finland. I estimate
the cross-price elasticity of vehicle kilometers traveled to range between 0.06 and 0.27.
However, I find no clear response in car ownership either at the extensive or intensive
margin.

Assessing the cost of emissions reductions is challenging due to a lack of data on
public transit ticket purchases. Nevertheless, back-of-the-envelope estimates of the cost
land close to €1000–€3000 per tonne of CO2. This makes public transit pricing a relatively
expensive climate policy tool when comparing the cost to estimates of the social cost of
carbon or the cost of other measures. However, if other climate policies, such as fuel
taxation, are not stringent enough to meet the ambitious climate targets set by countries
around the world, the results in this paper suggest that public transit pricing might be a
viable tool to cut emissions especially in urban areas.
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Appendix A: Figures
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38



.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

600 meters from border

.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

1000 meters from border

.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

1400 meters from border

All individuals

Car owner share

Treatment group Comparison group

.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

600 meters from border

.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

1000 meters from border

.3

.35

.4

.45

.5

.55

.6

-4 -3 -2 -1 0 1 2 3
Years from reform

1400 meters from border

All individuals from 2018

Treatment group Comparison group

Figure 12: Car ownership rate in levels
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Figure 14: Multiple car ownership rate in levels
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Figure 15: VKT event study for cars under 10 years old
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Figure 16: VKT event study for all cars regardless of age
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Appendix B: Tables

Table 5: Descriptive statistics for drivers living within 1000 meters of the border in 2018

Zone B Zone C Difference Standard error

Women (%) 32.7 34.9 2.2 (1.2)

Age 45.2 46.3 1.1∗∗ (0.4)

Household size 2.6 2.4 -0.2∗∗∗ (0.0)

Employed (%) 74.1 67.7 -6.4∗∗∗ (1.2)

Unemployed (%) 5.5 6.4 0.9 (0.6)

Working in zone A (%) 23.1 21.8 -1.3 (1.4)

Disposable income 30,405.6 28,082.4 -2323.2∗∗∗ (373.4)

Disposable household income 55,252.4 47,751.2 -7501.2∗∗∗ (1914.2)

Public transit to Helsinki (min) 50.2 44.4 -5.8∗∗∗ (0.2)

Car to Helsinki (min) 42.3 44.5 2.2∗∗∗ (0.1)

Number of drivers 2407 4332

The table includes all drivers with non-missing VKT for cars 10 years or older
T-test for the difference between zones B and C. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 6: Descriptive statistics for drivers living within 1400 meters of the border in 2018

Zone B Zone C Difference Standard error

Women (%) 33.8 34.3 0.5 (0.9)

Age 46.4 46.4 -0.0 (0.3)

Household size 2.5 2.4 -0.2∗∗∗ (0.0)

Employed (%) 70.9 67.4 -3.5∗∗∗ (0.9)

Unemployed (%) 5.6 6.6 1.0∗ (0.5)

Working in zone A (%) 23.4 21.8 -1.6 (1.0)

Disposable income 29,519.6 27,802.4 -1717.3∗∗∗ (275.5)

Disposable household income 52,564.2 47,448.3 -5115.8∗∗∗ (1171.1)

Public transit to Helsinki (min) 48.3 44.4 -3.9∗∗∗ (0.1)

Car to Helsinki (min) 42.2 44.9 2.7∗∗∗ (0.0)

Number of drivers 5172 5860

The table includes all drivers with non-missing VKT for cars 10 years or older
T-test for the difference between zones B and C. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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