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1. Introduction

Air pollution is a well-known cause of welfare losses, mainly through its impacts on health

and human capital (e.g. Graff Zivin and Neidell, 2013; Simeonova et al., 2019; Sarmiento,

2021). Pollution levels are especially high in urban areas, with tailpipe emissions from

motorized vehicles being one of the primary sources (Davis, 2008; Gallego et al., 2013).

Governments have responded to the mitigation challenge through various policy measures

aimed at reducing traffic-related emissions. One increasingly popular approach are low

emission zones (LEZs), which restrict vehicles from entering specific geographical areas

based on their emission intensity.

While the benefits of LEZs regarding traffic-related pollution are well-understood (e.g.

Wolff, 2014; Gehrsitz, 2017; Pestel and Wozny, 2021), the current literature has yet to

broaden its scope to a more general assessment of spatial spillovers and overall air quality

effects. Examining the zones’ impact on overall air quality is necessary, as air quality goes

beyond traffic-related pollution by incorporating highly relevant secondary pollutants like

ozone (O3) currently under-researched in the LEZ literature. 1 Moreover, looking at

spatial spillovers is relevant because behavioral adaptations of drivers and chemical inter-

actions in the lower atmosphere can lead to unintended changes in air pollution outside

the zones’ borders, raising questions of environmental justice and policy effectiveness.

Furthermore, although current studies provide convincing evidence that LEZs improve

health outcomes (Margaryan, 2021; Pestel and Wozny, 2021), the literature is yet to

provide a fuller picture of their overall well-being effects. Again, a broader scope is war-

ranted, as driving restriction policies do not only imply benefits in the form of improved
1Primary (point source) pollutants are emitted directly from a source, whereas secondary (non-point

source) pollutants form when other pollutants react in the atmosphere. Examples of primary pollu-
tants are carbon monoxide (CO) and sulfur dioxide (SO2). Examples of secondary pollutants are O3

and coarse particulate matter (PM10). It is also worth noting that nitrogen dioxide (NO2) can both
work as a primary and secondary pollutant.
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health outcomes but also costs by restricting individual mobility, forcing changes in trans-

portation modes, or imposing costly retrofits on private vehicles. Evaluating the impact

of LEZs on self-reported life satisfaction allows us to understand whether the cost or the

benefit side plays a more prominent role in determining the policy’s impact on individuals’

well-being. We estimate the impact of LEZs on affected individuals’ health and subjective

well-being outcomes with data from the German Socio-Economic Panel (SOEP).

Like previous studies, we identify the causal effect of LEZs by exploiting the spatio-

temporal variation arising from the staggered implementation of the policy across different

cities using difference-in-differences (DD) designs. The identification assumption is that

conditional on observables, the implementation of LEZs is orthogonal to unobserved deter-

minants of air pollution, health, and subjective well-being. Furthermore, recent advances

in the DD literature show that two-way fixed effects difference-in-differences (TWFE-DD)

estimates are potentially biased under staggered policy adoption and dynamic treatment

effects (De Chaisemartin and d’Haultfoeuille, 2020; Goodman-Bacon, 2021). We confirm

the existence of this bias in the case of LEZs by decomposing the TWFE-DD estimate with

the methodology outlined by Goodman-Bacon (2021). Specifically, TWFE-DD point esti-

mates are biased towards zero because of the comparison of later vs. earlier treated units.

To avoid this source of bias, we use the Callaway and Sant’Anna difference-in-differences

(CS-DD) methodology (Callaway and Sant’Anna, 2021), which allows us to estimate un-

biased group and time-specific average treatment effects on the treated (ATTs).

Our results confirm previous studies on the effectiveness of LEZs at decreasing the

concentrations of PM10 and NO2 (Wolff, 2014; Pestel and Wozny, 2021; Gehrsitz, 2017).

Furthermore, we also find robust evidence of an increase in O3, providing, to the best

of our knowledge, the first evidence of LEZs’ unintended effects arising from the inverse
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relationship between NO2 and O3 in nitrous-rich regions like urban centers (Monks et al.,

2015) (cf. Section A.1). This O3 increase is quite relevant given the intrinsic relationship

between ozone exposure and exacerbated morbidity. For instance, the 2019 Global Bur-

den of Disease Study estimates 365,000 ozone-related deaths per year around the world

(Murray et al., 2020). Nevertheless, even with the rise in O3, we provide evidence of

overall air quality improvements as captured by the zones’ effect on the air quality index

(AQI). Concerning spatial spillovers, we show increments in the concentration of O3 and

CO outside the zones’ borders and no effects regarding PM10 and NO2.

Examining the effect on individual-level outcomes, we find a significant decrease in

individuals’ self-reported levels of life satisfaction. Decreases are especially pronounced

for owners of diesel cars – the engine class facing the most stringent restrictions – and

for working-age individuals. On average, the life satisfaction of individuals living inside

a LEZ decreases by 0.19 points after policy adoption. This effect is substantive as it

amounts to about 20% of the life satisfaction effect of becoming unemployed found in the

literature (Kassenboehmer and Haisken-DeNew, 2009). We further show that the drop

in life satisfaction is immediate, lasts for several years after policy implementation but

is ultimately transient. Additionally, we provide evidence of improvements in objective

health outcomes. Focusing on the subset of individuals with available health data, we

estimate a significant decrease in hypertension cases, while confirming the negative impact

on well-being for this smaller sample. Therefore, our results suggest that the implicit cost

of restricting mobility outweigh the well-being benefits of improved health outcomes, at

least on average. Looking at heterogeneous effects by age groups reveals that the decrease

in hypertension cases accrues mostly to people aged 60 or older, while the life satisfaction

decrease is less pronounced within this age group.
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Concerning policy spillovers to outside areas, we find similar-sized reductions in life

satisfaction for individuals dwelling near a LEZ, which is not surprising given that persons

living outside the zone’s borders likely need to enter the neighboring zone at some point in

time for leisure or work-related activities. However, health outcomes for these individuals

show no significant changes after policy implementation, implying that people in the

vicinity of LEZs bear the costs of restricted mobility but do not benefit from improvements

in air quality.

From a policy perspective, our findings suggest that policymakers should consider re-

fining the design of LEZs to minimize the impact of harmful spatial spillovers and the

unintended effects on secondary air pollutants. Possible strategies could be to increase

LEZs’ coverage area, anticipate the impact on ozone for regions with high ozone levels,

or contemplate restricting traffic only in the winter months when traffic-related pollution

is more elevated. Our well-being results imply that policymakers should look at both

the costs and benefits of driving restriction policies, as only focusing on the benefits can

present a distorted picture of their actual effects. Particularly for LEZs, policymakers

could potentially reduce their adverse well-being effects through information campaigns

about the policy’s health benefits, nudging, transfer mechanisms like tax credits to pur-

chase cleaner vehicles, or public transport waivers.

Related literature

Previous studies on the effects of LEZs provide compelling evidence of a statistically sig-

nificant reduction in the concentration of traffic-related contaminants within the zones’

borders. For instance, Wolff (2014) is an important earlier contribution estimating a sig-

nificant PM10 decrease with TWFE-DD; a result later confirmed by Malina and Scheffler

(2015) with fixed-effects panel regressions. Gehrsitz (2017) and Pestel and Wozny (2021)
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update Wolff (2014)’ estimates regarding PM10 and provide additional evidence of a neg-

ative effect for NO2. Finally, Ellison et al. (2013) and Zhai and Wolff (2021) uncover

similar PM10 effects for the London LEZ.

Regarding spillovers, although Wolff (2014) finds beneficial PM10 spillovers for the case

of the Berlin LEZ, he obtains no significant estimate when looking at average effects across

Germany. Gehrsitz (2017) analyzes PM10 spillovers using a larger data set covering more

LEZs over a longer time period and finds only suggestive evidence of beneficial effects,

with point estimates at outside stations being negative but insignificant.

Concerning the effects of the policy on objective health outcomes, Margaryan (2021)

uses detailed register data on outpatient and inpatient health care to show that LEZs

have clear health benefits, Pestel and Wozny (2021) provides evidence of an adverse effect

on extreme health outcomes like hospitalizations due to cardiovascular and respiratory

conditions, and Rohlf et al. (2020) provide evidence of reductions in pharmaceutical ex-

penses. Notably, Gehrsitz (2017) deviates from the overall positive policy implications by

concluding that LEZs’ pollution reductions are too small to affect infant health.

A related but distinct stream of the literature analyzes the effectiveness of the second

dominant type of driving restriction, alternate-day travel policies. Our results suggest

that LEZs are more effective than alternate-day restrictions at reducing traffic-related air

contaminants, as the evidence on the effectiveness of alternate-day travel policies is mixed.

Davis (2008, 2017) analyzes the effect of driving restrictions in Mexico City and concludes

that the program was ineffective and even counterproductive with respect to pollution.

Gallego et al. (2013) echoes this for similar transport reforms in Santiago de Chile. The

evidence on similar instruments in China, however, suggests greater effectiveness. Zhong

et al. (2017) show that alternate-day travel policy in Beijing reduces air pollution. Chen
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et al. (2013) show that Beijing temporarily improved air quality with alternate-day travel

restrictions on the eve of the 2008 Olympic games. In the same vein Viard and Fu (2015)

show that the same restriction policy in Beijing is effective at reducing air pollution despite

limited compliance (Wang et al., 2014). To our knowledge, there is currently no evidence

on the well-being effects of any type of driving restriction policy in the literature.

2. Background on LEZs

Policymakers in the European Union try to minimize air pollution’s health risks by setting

limit values to pollutant concentrations.2 The limit values are legally binding. In the

case of non-attainment, the member states must propose and implement action plans

to reduce the risk or duration of future limit violations; if the member states fail to

implement sufficient measures to reduce pollution, repeated non-attainment results in

financial penalties. Table 1 portrays current exposure limits in the European Union.

Table 1: EU air quality regulations

Permitted exceedance days
Pollutant Concentration Avg. period Legal nature per year

CO 10 mg/m3 Max. daily 8 h mean Limit value as of 1.1.2005 NA
NO2 200 µg/m3 1 hour Limit value as of 1.1.2010 18
NO2 40 µg/m3 1 year Limit value as of 1.1.2010 NA
O3 120 µg/m3 Max. daily 8 h mean Target value as of 1.1.2010 25 days averaged over 3 years
PM10 50µg/m3 24 hours Limit value as of 1.1.2005 35
PM10 40µg/m3 1 year Limit value as of 1.1.2005 NA

Notes: Source: EU (2008).

Germany implemented the 22nd Ordinance of the Federal Immission Control Act (Bundes-

Immissionsschutzgesetz - BImSchG) to comply with EU legislation. This law made EU

2Directive 1999/30/EC (EU, 1999) defines permissible concentrations for NO2, SO2 and PM10, Directive
2000/69/EC (EU, 2000) set limits for carbon monoxide (CO), and Directive 2002/3/EC (EU, 2002)
focuses on O3. These legislations were revised in 2008 and unified into the single Directive 2008/50/EC
(EU, 2008) that defines current limit values and detailed measurement procedures for all criteria
pollutants.
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limit values legally binding as of January 2005. In the following years, many cities could

not adhere to the limit values for NO2 and PM10. Between 2005 and 2007, 89 urban cen-

ters violated the daily PM10 limit of 50 µg/m3 on more than 35 days in at least one year.

Among these, 52 were large cities with more than 100,000 inhabitants, which amounts to

65 percent of all large cities in Germany. 54 cities exceeded the annual NO2 limit of 40

µg/m3 for at least one year. Consequently, German federal states and local administra-

tions had to draw up clean air action plans (CAAPs) for improving air quality. These

action plans targeted traffic exhaust-related pollutants and consisted of bundles of policy

measures, commonly involving the introduction of a low emission zone (LEZ).

The Ordinance on the marking of vehicles (35th BImSchV) provides the legal basis for

introducing low emission zones by giving state and local governments the right to restrict

access to specific city areas for cars not complying with predefined emission standards.

Germany enforces LEZs through colored stickers on car’s windshields: Only automobiles

with a specifically colored sticker can enter the LEZ. Red stickers represent the highest

emitting vehicles, and green stickers the least emitting ones; Table 2 lists details on

the stringency of emission standards and stickers. The policy is enforced by police and

municipal authorities and infringement results in fines for the vehicle driver.3

3In 2008, the fine for entering a LEZ without the appropriate sticker amounted to 40 Euro plus one
penalty point at the driving license office. In 2014, the fines were doubled whereas the penalty point
was abolished.
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Table 2: Relevant emission standards for LEZ sticker categories

No Sticker Red Yellow Green

Diesel Euro 1 or older Euro 2 / Euro 1 with
particle filter

Euro 3 / Euro 2 with
particle filter

Euro 4 or better /
Euro 3 with particle
filter

Gasoline Without catalytic
converter

– – Euro 1 with cat-
alytic converter or
better

Notes: Relevant emission standards for LEZ sticker categories defined in the Ordinance on the marking of vehicles (35th
BImSchV). The Euro standards represent the EU emission regulations for new light duty vehicles based on Directive
70/220/EEC and its amendments.

3. Data

We collect granular pollution measures from the German Environment Agency (UBA)

covering 659 monitoring stations scattered throughout Germany. The data contains daily

averages of CO, NO2, O3, and PM10 between 2005 and 2018. Furthermore, we also

obtain hourly pollution readings to calculate the AQI according to the formula of the

U.S. Environmental Protection Agency (EPA) (U.S. Environmental Protection Agency,

2018). The AQI maps the concentration of all criteria pollutants into an index between

zero and five hundred units, the higher the index, the worse the air quality conditions.

Figure 1 shows the spatial distribution of LEZs, air pollution measuring stations, and

weather stations in Germany. Information on the location and implementation dates

of LEZs comes from UBA’s website. We further collect data on the implementation

of Clean Air Action Plans (CAAP), which are bundes of local air pollution mitigation

policies introduced by city governments that can come with or without LEZs. In 2018,

there were 58 active LEZs that concentrate in the country’s most populated urban areas

around Berlin, Munich, Stuttgart, Frankfurt, Cologne, and the Ruhrgebiet region. In

contrast, monitoring and weather stations are more scattered throughout the country.

Figure 2 compares the evolution of CO, NO2, O3, and PM10 levels between treated and
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(a) Low Emission Zones (b) Air pollution stations (c) Weather measuring stations

Figure 1: Spatial distribution of low emission zones, pollution, and weather stations

Notes: The left-hand panel depicts all low emission zone (LEZ) introduced between 2008 and 2018, the center panel
shows all pollution monitors active during the study period between 2005 and 2018, and the right-hand side panel plots all
weather monitors between 2005 and 2018.

control stations inside and outside active LEZs, accounting for the staggered introduction

of LEZs. Note that Figure A.1 shows the same common trends for all specifications of the

control group used in our empirical design, while Table A.1 lists overall average pollutant

concentrations for treatment and control stations. This figure is different from standard

common trends plots because of the staggered introduction of LEZs. In it, we average the

values of all possible event-time combinations across treatment and control groups. For

instance, the value at t = −1 for the treated group is the average value one year before

implementing LEZs across all treatment groups, i.e., all groups of stations where LEZs

were implemented in the same year. Furthermore, we avoid compositional changes in the

treatment group by restricting the time window to three years around treatment, this is

necessary because not restricting the time-window change the sample of treated stations,

i.e., stations treated in 2016 would drop from the sample at t = −4.4 We observe similar

4Specifically, the exposure value τ periods to the treatment date is: ˆPolTreated
τ | ˆPolControl

τ =

1
Nτ

6∑
τ=−15

1
Nc

∑
c
Polτ c ∀ τ = (Y − G) . Y indicates the year of the observation and G the treat-

ment group, i.e., the year of LEZ implementation. Nτ is the number of times τ takes an specific
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trends between treated and control units before the introduction of LEZs.

Figure 2: Pre- and post-treatment averages for treated and control stations

Notes: Inter-temporal comparison of average pollution between treated and control units. The vertical axis contains the
average of each criteria pollutant and the horizontal axis the time to treatment, i.e., number of years to the introduction
of a LEZ. Each data point corresponds to the average value of all possible event-time combinations across treated and
control units. We restrict the horizontal axis to two periods before and after treatment because these are the only ones
without compositional changes..

To assess the effect of LEZs on individual-level outcomes, we use data from the German

Socio-Economic Panel Study (SOEP) between 2005 and 2018. The SOEP is a representa-

tive longitudinal survey that collects information on persons and households in Germany

since 1984. The data contains our primary outcome variable; self-rated individual life

satisfaction measured on an 11-point Likert scale,5 as well as a wide range of health and

socio-demographic characteristics. Importantly, we observe the geographic location of

households at the street-block level and the exact interview date of individuals, allow-

ing us to determine whether they live within LEZs and whether the SOEP interviewed

them before or after the zone became active. For individuals residing outside of LEZs, we

observe the distance to the closest LEZ and the corresponding implementation date.

The SOEP incorporated several enlargements and refreshment samples in recent years,

such that individuals can already live in an active LEZ at the time of their first interview.

value, e.g., for τ = −1, there are six different combinations of Y and G; (2009-2010, 2010-2011, ....
2016-2017). Finally, N c refers to the number of stations.

5SOEP individuals rate how satisfied they are with their lives overall on a scale from 0 (“completely
dissatisfied”) to 10 (“completely satisfied”).
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Hence, we exclude the always treated because their pre-treatment outcomes are unob-

served and do not contribute to identification in our empirical setting. By dropping these

cases, we avoid unnecessary compositional changes in our treatment group that hinder

the causal interpretation of point estimates. For similar reasons, we also drop individuals

surveyed for one single year and individuals outside of LEZs who were interviewed by

SOEP after the closest LEZ came into effect. Additionally, we also exclude individuals

that changed their place of residence during our study period to avoid confounding effects

from residential sorting.6

Table 3 lists descriptive statistics on all treated and control individuals in the selected

sample described above, while descriptives on two alternative control groups used in

the empirical analysis are shown in Table A.2. Individuals residing inside LEZs are,

on average, more educated, have a higher income, and fewer children. Moreover, fewer

households inside the zones own a motor vehicle. Regarding health variables, we observe

on average one additional doctor visit per year among treated subjects, while hypertension

and cancer shares are very similar in both groups.

Panel A in Figure 3 depicts the number of individuals by treatment group. We define

treatment groups as the first year after treatment, i.e., the year of the first SOEP interview

after LEZ implementation. The fact that new persons are treated every year between 2008

and 2016 illustrates the variation in treatment timing induced by the staggered adoption

of LEZs. Early LEZs affect around 42% of all treated persons, with large cities like Berlin

and Munich introducing LEZs between 2008 and 2009.7 Panel B depicts the annual

averages of life satisfaction in the treatment and the control group centered around LEZ

6Results are robust to the inclusion of movers and are listed in Table A.5. Around 30 percent of SOEP
individuals change their place of residence during the study period.

7We exclude LEZs introduced in 2017 and 2018 because they were all implemented in relatively small
towns, where we observe fewer than 20 treated individuals per treatment group. The small number
of units in these treatment cohorts hinders reliable estimation of group-time ATTs.
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Table 3: Descriptive statistics on SOEP individuals

Inside LEZ Outside LEZ

Total Before After Total

Life satisfaction [0-10] 7.11 7.08 7.14 7.10
(1.73) (1.73) (1.73) (1.76)

Age [years] 54.47 52.86 55.65 54.11
(16.64) (16.04) (16.98) (17.04)

Is female [%] 0.53 0.53 0.53 0.52
(0.50) (0.50) (0.50) (0.50)

Is employed [%] 0.56 0.54 0.57 0.56
(0.50) (0.50) (0.50) (0.50)

Income [Thsd Euro] 44.99 43.90 45.79 42.20
(35.11) (34.61) (35.45) (33.81)

Education [years] 12.89 12.69 13.04 12.26
(3.06) (3.02) (3.08) (2.63)

Number children 0.44 0.51 0.39 0.48
(0.90) (0.93) (0.87) (0.92)

Owns motor vehicle [%] 0.81 0.83 0.80 0.90
(0.39) (0.38) (0.40) (0.30)

Number motor vehicles 1.26 1.28 1.26 1.58
(0.95) (0.91) (0.97) (1.06)

Owns diesel car [%] 0.32 0.33 0.31 0.33
(0.47) (0.47) (0.46) (0.47)

Number doctor visits 11.09 11.30 10.94 10.08
(15.19) (15.60) (14.88) (15.08)

Has hypertension [%] 0.31 0.32 0.31 0.32
(0.46) (0.47) (0.46) (0.47)

Has cancer [%] 0.06 0.06 0.06 0.06
(0.24) (0.23) (0.25) (0.24)

Number individuals 1436 1436 1436 19578
Number observations 12634 5348 7286 141411

Notes: This table shows the average characteristics of treated and control SOEP individuals observed between 2005 and
2018. Treated persons reside within the LEZs area and control individuals outside. For the treated sample, we present
overall, pre-treatment, and post-treatment averages. For control persons, we present overall averages.

implementation dates, based on the same methodology as for the pollution outcomes.

Figure A.2 shows the same graph for all control samples used in the empirical analysis. In

the first three years prior to LEZ adoption, average life satisfaction develops in parallel for

the treated and control sample. In the year of LEZ implementation, the average well-being

of treated individuals drops visibly. Furthermore, section 7.3 provides further evidence

that the common trends assumption between treatment and control groups cannot be

rejected.
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Figure 3: Number of individuals per treatment group and average well-being of treated and control
individuals

Notes: Panel A shows the number of persons per treatment group between 2008 and 2016. We define treatment groups
as the first year we observe individuals after treatment. Panel B shows annual averages of life satisfaction between treated
and control units. The vertical axis contains the average of life satisfaction, and the horizontal axis the time to treatment
(τ). Each data point corresponds to the average value of all possible event-time combinations across treatment and control
groups three years around policy adoption.

4. Research design

4.1. Empirical methodology

Identifying the effect of LEZ is not trivial as their implementation across Germany is not

random (see Section 2). If we do not consider this systematic difference between treated

and control stations, it can lead to biased estimates of the true treatment effect. Like

previous studies analyzing the impacts of LEZs, we address the identification challenge

by leveraging the spatiotemporal variation in the zones’ implementation date using DD

designs.

Additionally, our research design explicitly takes into account that when implementing

DDs with more than two periods and variation in treatment timing, the weights used

to compute ATTs with standard TWFE-DD can lead to biased estimates (De Chaise-

martin and d’Haultfoeuille, 2020). For instance, Goodman-Bacon (2021) shows that the

coefficient of the TWFE-DD design is the weighted average for all possible two-group

two-period combinations of three different comparison groups: earlier vs. later treated,
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later vs. earlier treated, and treated vs. untreated. Figure 4 portrays our sample’s PM10

estimates across the three comparison groups. The dotted line is the weighted TWFE-DD

estimate across all comparison groups, and the solid horizontal lines are average coeffi-

cients for each comparison group.

Figure 4: Goodman-Bacon decomposition for the effect of LEZs on the concentration of coarse
particulate matter (PM10)

Notes: Goodman-Bacon (2021) decomposition. Solid horizontal lines represent TWFE-DD estimates on the impact of
LEZs on annual PM10 levels. Treated stations are inside the zone and control stations between 25 and 75 km from the
zone’s border. Each estimation sample consists of a balanced panel of stations measuring the respective pollutant between
2005 and 2018.

Because already-treated stations (”Earlier Treated” in Figure 4) experienced substan-

tial decreases in pollutant levels after implementation, their results bias the TWFE-DD

towards zero, resulting in an underestimation of the LEZs’ true impact. In our setting,

the bias is so severe that for most Later vs. Earlier Treated comparisons, the sign of the

coefficient reverses relative to other comparisons.8

To obtain unbiased estimates under staggered policy adoption and time-varying treat-

ment effects, we use the CS-DD estimator that allows us to estimate and flexibly aggre-

gate group-time ATTs across multiple groups and time periods (Callaway and Sant’Anna,

8On average, the 2x2 DD estimates for the Later vs. Earlier Treated comparisons amount to 0.49
micrograms per cubic meter (µg/m3) for PM10. These comparisons get a weight of 12 percent,
indicating that this timing group is relatively influential for the overall TWFE-DD parameter.
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2021). Other advantages of CS-DD are that it lets us compute unbiased event-time esti-

mates suitable to examine time-varying treatment effects and formally assess the common

trends assumption while considering the effects of selective treatment timing. Equation 1

shows the CS-DD empirical model:

yitg = βgeLEZitg + λi + γt + εit , (1)

where yitg is the yearly average pollution level for unit i, treated in year g, measured

at time t. The treatment group g corresponds to all units treated in t = g, e.g., all

units initially treated in 2008 are part of the 2008 treatment group. βge are the point

estimates of interest and represent the ATT for stations in group g at time since treatment

e = t − g. LEZitg is a dummy variable equal to one if, in period t, unit i in group g is

treated. Finally, λi and γt are unit and year fixed effects.

To estimate dynamic treatment effects in the vein of TWFE-DDs event study designs,

we aggregate βge according to equation 2. In it, βe is the average treatment e periods

after treatment and P [G = g|G + e ≤ T ] the probability of being first treated in period

g, conditional on being observed e periods after treatment. Note that because the length

of treatment can vary across stations, treatment groups’ composition can change with e.

We provide estimates robust to this potential pitfall by balancing the groups with respect

to e, i.e., we only aggregate βge for a subset of stations treated for at least n periods.

βe =
∑
g∈G

ωe
gtβge ∀ ωe

gt = 1[g + e ≤ T ]× P [G = g|G+ e ≤ T ] , (2)

Finally, equation 3 aggregates individual group and event-time ATTs into an average

ATT across all treatment group and time periods, where β is the weighted sum of βge

with strictly positive weights and larger weights for larger group sizes.

β =
1

κ

∑
g∈G

T∑
e=1

ωgtβge ∀ ωgt = 1[t ≥ g]× P [G = g|G ≤ T ] , (3)
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4.2. Specifying the control group

Figure 5 illustrates the construction of our baseline control samples. First, the raw sam-

ple encompasses all stations outside LEZs. Second, we restrict the raw sample with a

25 km exclusion area between the treatment and control group to avoid spatial spillovers

threatening the validity of SUTVA; treated stations are inside the zone (green), excluded

stations are all stations between 0 and 25 km from the zone’s border (red), and the con-

trol group consists of all stations further away from the 25 km buffer (blue). Third, in

the doughnut design, we increase the comparability of treatment and control units by

restricting the outer edge of the control group to 50 km from the start of our buffer area.9

(a) Raw (b) Buffer (c) Doughnut

Figure 5: Raw, Buffer, and Doughnut specifications of the CS-DD design (Berlin low emission zone)

Notes: These figures illustrate the raw, buffer, and doughnut specifications of the CS-DD using Berlin’s LEZ.

Moreover, we also provide estimates for a fourth specification by restricting the control

group to stations in cities with a CAAP but no LEZ. This final sample allows us to

increase the similarity of treated and controls regarding pre-treatment pollution levels.

We choose the doughnut design as our preferred specification because it balances the

threat of spillovers with a closer geographical match between the treatment and control

groups. However, all specifications are consistent with the common trend assumption and

deliver similar ATT estimates.10

9Very similar results hold at other distances, i.e., 100, 150, 200 km. They are available upon request.
10Our choice of control group is in line with an alternative data-driven approach, in which regression
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5. Effects on air pollution

5.1. Average treatment effect on the treated

Table 4 shows the ATT for the raw, buffer, doughnut, and CAAP specifications.11 Con-

cerning CO, coefficients are negative and on the verge of being statistically significant

across specifications. For NO2, all estimates are negative and statistically significant at

the one percent level. They range from 2.85 to 4.09 µg/m3 in the CAAP and doughnut

specifications, confirming the findings of previous studies like Pestel and Wozny (2021)

and Gehrsitz (2017) who estimate respective reductions of 1.6 and 0.5 µg/m3. The dif-

ference in magnitude between our estimates and Pestel and Wozny (2021) or Gehrsitz

(2017) likely comes from the inherent Goodman-Bacon (2021) bias depicted in Figure 4.

Next, there is evidence of O3 increases across specifications. In the doughnut design,

we estimate that LEZs increase the concentration of O3 by 1.18 µg/m3. Also in line with

previous TWFE-DD estimates, all specifications point to a significant PM10 reduction

ranging between 1.51 and 1.97 µg/m3. For instance, Pestel and Wozny (2021) and Gehrsitz

(2017) estimate a reduction of 1.4 and 0.7 µg/m3, while Wolff (2014)’s log-linear TWFE-

DD model uncovers a 9.1% reduction, equivalent to a decrease of about 2.1 µg/m3.12

discontinuity (RD) models with time as the running variable are used to estimate the local average
treatment effect (LATE) of LEZs at pollution monitors outside the restriction area within a narrow
time window around their implementation date. We refer the interested reader to the working paper
version (Sarmiento et al., 2021) for further information.

11For the curious reader, in section A.3.1 we provide results by type of measuring station, i.e., UBA
divides stations into traffic and background. Traffic stations are often next to major roads at street
level. Background stations are often on top of buildings in background areas.

12We obtain a reduction by 2.1 µg/m3 by taking 9.1% of the 2007 average PM10 level of 23.1 reported
by Wolff (2014) in Table 1.
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Table 4: Effect of the introduction of LEZ on air pollution

(a) Raw

CO NO2 O3 PM10

−0.03 −3.78∗∗∗ 0.96+ −1.77∗∗∗

(0.02) (0.72) (0.58) (0.50)

N.Obs 1759 5799 3914 5051
N.Stations 255 556 365 508
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(b) Buffer

CO NO2 O3 PM10

−0.03 −3.81∗∗∗ 1.27∗∗ −1.90∗∗∗

(0.02) (0.77) (0.59) (0.53)

N.Obs 1394 4504 2943 3849
N.Stations 197 425 271 383
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(c) Doughnut

CO NO2 O3 PM10

−0.03 −4.09∗∗∗ 1.18∗ −1.97∗∗∗

(0.02) (0.87) (0.65) (0.51)

N.Obs 906 2832 1704 2502
N.Stations 134 266 157 248
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(d) CAAP

CO NO2 O3 PM10

−0.02 −2.85∗∗∗ 1.21 −1.51∗∗∗

(0.02) (0.83) (0.80) (0.53)

N.Obs 1016 2588 1087 2163
N.Stations 131 244 106 220
N.Groups 8 8 8 8
N.Periods 14 14 14 14

Notes: CS-DD estimates for the impact of LEZs on annual air pollution concentrations across four different specifications
of the control sample. The raw control group contains all stations outside LEZs. The buffer design restricts the raw
sample to stations beyond 25 km from LEZs’ borders. The doughnut sample further trims the control group by restricting
its outer edge to 75 km. Finally, the CAAP control group contain only stations in cities with CAAP but no LEZ. The
CS-DD model controls for station and year fixed effects. Standard errors are clustered at the municipality level.
Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05; +p < 0.10. Ozone (O3), nitrogen dioxide (NO2), and
coarse particulate matter (PM10) reported in micrograms per cubic meter (µg/m3) and carbon monoxide (CO) in
milligrams per cubic meter (mg/m3).

5.2. Dynamic treatment effects

Figure 6 plots event-time ATTs for the preferred doughnut specification, which are similar

for the raw, buffer, and CAAP samples (see Figures A.3, A.4, and A.5). Each estimate

corresponds to the ATT at each time period before and after treatment. The grey shaded

areas represent 95% confidence intervals.

Concerning, CO, although all post-treatment coefficients are negative, we find no signifi-

cant effects after the implementation. For NO2, on the other hand, we observe statistically

significant reductions from the second period onward, with pollutant levels decreasing by

10.3 µg/m3 during the last time interval. Point estimates for O3 are positive in every

post-treatment period but with wide confidence bands. Finally, the event-time ATTs for

PM10 are negative and statistically different from zero from the second period onward.13

13Note that compositional changes may affect the results of the CS-DD estimates. For robustness, we
restrict the sample underlying the event-time ATTs to contain only stations with five post-treatment
periods. Figure A.6 shows the results for the balanced version of the doughnut specification and
confirms that compositional changes do not drive point estimates.
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Figure 6: Event-time ATTs

Notes: Event-time CS-DD estimates for the impact of LEZs on annual air pollutant concentrations. Event time measured
in years before/after policy implementation. Treated stations are inside the zone and control stations between 25 and
75 km from the zone’s border. The CS-DD model controls for station and year fixed effects. Grey ribbons represent 95%
confidence intervals. We cluster standard errors at the municipality level. Ozone (O3), nitrogen dioxide (NO2), and coarse
particulate matter (PM10) reported in micrograms per cubic meter (µg/m3) and carbon monoxide (CO) in milligrams per
cubic meter (mg/m3).

Reassuringly, we cannot reject the common trends assumption for any pollutant as there

are no significant pre-treatment effects.

5.3. Heterogeneous seasonal effects

Working with annual averages can mask seasonal heterogeneity in the effectiveness of

LEZs. For instance, O3 is more predominant during the spring and summer months be-

cause of its interaction with solar radiation, while NO2 and PM10 are higher during the

winter months because of residential heating and the lower efficiency of internal combus-

tion engines at low temperatures. Table 5 shows the seasonal results using the doughnut

specification.14

Results reveal substantial seasonal heterogeneity in the effectiveness of LEZs. We esti-

mate significant reductions in the concentration of CO, NO2, and PM10 during the winter

months of -0.05, -3.61 , and -1.83 µg/m3. The significant winter estimate for CO arises

because the lower efficiency of internal combustion engines at cold temperatures increases

14Figure A.8 further contains point estimates for the other control group specifications.
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Table 5: Seasonal effects of the introduction of LEZs on air pollution

(a) Carbon monoxide (CO)

Winter Spring Summer Fall
−0.05∗ −0.04∗∗ −0.02 −0.03
(0.03) (0.02) (0.02) (0.03)

N.Obs 906 874 868 871
N.Stations 134 133 131 131
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(b) Nitrogen dioxide (NO2)

Winter Spring Summer Fall
−3.61∗∗∗ −4.54∗∗∗ −3.96∗∗∗ −4.91∗∗∗

(0.74) (1.15) (0.85) (0.93)

N.Obs 2832 2797 2789 2792
N.Stations 266 266 266 266
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(c) Ozone (O3)

Winter Spring Summer Fall
0.66 1.79∗ 1.99∗∗ 0.76∗

(0.54) (0.93) (0.87) (0.45)

N.Obs 1703 1682 1672 1677
N.Stations 156 155 154 155
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(d) Coarse particulate matter (PM10)

Winter Spring Summer Fall
−1.83∗∗∗ −1.92∗∗∗ −2.02∗∗∗ −2.65∗∗∗

(0.68) (0.69) (0.63) (0.74)

N.Obs 2502 2456 2450 2459
N.Stations 248 247 247 248
N.Groups 8 8 8 8
N.Periods 14 14 14 14

Notes: CS-DD estimates for the impact of LEZs on seasonal air pollution concentrations across four different seasons.
Treated stations are inside the zone and control stations between 25 and 75 km from the zone’s border. We calculate the
average exposure in each season by averaging daily pollution values. The CS-DD model controls for station and year fixed
effects. Standard errors clustered at the municipality level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01;
∗p < 0.05; +p < 0.10. Ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in micrograms
per cubic meter (µg/m3) and carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

the effectiveness of driving restriction (Suarez-Bertoa and Astorga, 2018). The result is

in line with the literature analyzing the effectiveness of seasonally differentiated traffic re-

strictions (Rivera, 2021). In the spring, estimates for CO, NO2, and PM10 remain broadly

unchanged. At the same time, the coefficient for ozone increases in magnitude and be-

comes statistically significant, suggesting that LEZs increase spring concentrations of O3

by 1.79 µg/m3. During summer and autumn, our results for all contaminants except for

CO are statistically significant.

5.4. Spillovers

We now estimate the spillover effects of LEZs by considering their impact on stations

between zero and 25 km from the zones’ borders in table 6.15 As with the results for inside

stations we provide estimates for four different control samples; the raw sample contains

all stations further away than 25 km; the buffer draws a 25 km buffer zone between treated

15Results are qualitatively similar for rings of other thickness, i.e., (0-1), (0-5), and (0-10) km. They are
available upon request
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and control stations; the doughnut further excludes from the buffer sample all stations

further away than 100 km from LEZs; and the CAAP only considers stations between 0

and 25 km from CAAP cities and excludes all control stations within 25 km from LEZs.

Table 6: Spillovers across different control samples

(a) Carbon monoxide (CO)

Raw Buffer Doughnut CAAP

0.03∗ 0.04∗ 0.03+ 0.03
(0.02) (0.02) (0.02) (0.02)

N.Obs 1205 1014 831 774
N.Stations 175 136 110 114
N.Groups 8 7 7 7
N.Periods 14 14 14 14

(b) Nitrogen dioxide (NO2)

Raw Buffer Doughnut CAAP
0.05 −0.13 −0.19 −0.51
(0.60) (0.60) (0.65) (0.66)

N.Obs 4192 3367 2647 2782
N.Stations 395 308 235 252
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(c) Ozone (O3)

Raw Buffer Doughnut CAAP

1.33∗ 1.05+ 1.15∗ 1.09+

(0.61) (0.54) (0.60) (0.49)

N.Obs 3187 2503 1948 2091
N.Stations 293 227 174 181
N.Groups 8 8 8 8
N.Periods 14 14 14 14

(d) Coarse particulate matter (PM10)

Raw Buffer Doughnut CAAP
−0.05 0.06 0.29 −0.10
(0.36) (0.40) (0.41) (0.42)

N.Obs 3672 2957 2374 2398
N.Stations 364 282 220 233
N.Groups 8 8 8 8
N.Periods 14 14 14 14

Notes: CS-DD estimates for the impact of LEZs on annual air pollution concentrations for stations between zero and
25 km from the zone borders. We provide estimates of four different specifications of the control group. The raw control
sample contains all stations further away than 25 km. The buffer excludes all stations within a 25 km buffer zone. The
doughnut further excludes from the buffer sample all stations further away than 100 km from LEZs. And the CAAP only
considers stations between 0 and 25 km from CAAP cities. The CS-DD model controls for station and year fixed effects.
Standard errors clustered at the municipality level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05;
+p < 0.10. Ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in micrograms per cubic
meter (µg/m3) and carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

In line with existing literature we do not find evidence of spillovers for NO2 or PM10

(Wolff, 2014; Pestel and Wozny, 2021). However, for O3, we obtain suggestive evidence

of harmful spillovers as indicated by statistically significant increases for the raw, buffer,

and CAAP specifications. For the doughnut sample, point estimates are only borderline

significant because of a smaller amount of control stations. For CO, the preferred spec-

ification hints at harmful pollution spillovers likely due to a re-direction of traffic flows

around LEZs.

Figure 7 depicts the results of estimating season-specific spillover effects. Point esti-

mates reveal that O3 spillovers concentrate in the summer months with increases as high

as 2.37 µg/m3. Moreover, likely due to the higher pollution intensity of internal com-

bustion engines at cold temperatures, we uncover significant spillovers for CO during the
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winter months.

Figure 7: Seasonal spillovers (CS-DD)

Notes: CS-DD estimates of the impact of LEZs on seasonal air pollution concentrations for stations between zero and
25 km from the zones’ borders. We provide estimates of four different specifications of the control group. The raw sample
contains all stations further away than 25 km, the buffer excludes all stations within a 25 km buffer zone, the doughnut
further excludes from the buffer sample all stations further away than 100 km from LEZs, and the CAAP only considers
stations between 0 and 25 km from CAAP cities. The CS-DD model controls for station and year fixed effects. Standard
errors clustered at the municipality level; 95% confidence intervals depicted. Ozone (O3), nitrogen dioxide (NO2), and
coarse particulate matter (PM10) reported in micrograms per cubic meter (µg/m3) and carbon monoxide (CO) in
milligrams per cubic meter (mg/m3).

6. Effects on overall air quality

Finally, we investigate the overall air quality effects of LEZs using the composite air

quality index (AQI). Table 7 shows the ATTs of LEZs on the annual averages of the AQI,

for pollution monitors inside and nearby a LEZ.

The results show that LEZs improve overall air quality inside their borders, as the value

of the AQI decreases by 5.17 units after the implementation in the doughnut specifica-

tion. This amounts to a reduction of 11.4 percent relative to pre-treatment AQI levels.16

Concerning air quality effects outside the zones’ borders, results are overall statistically in-

significant, indicating that the O3 and CO increases do not translate to overall air quality

16Table A.3 shows the AQI results for all four different control groups. Point estimates are stable in
terms of magnitude and significant across specifications.
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Table 7: Effectiveness and spillovers of LEZ introduction on the air quality index (AQI)

Outside LEZ
Inside LEZ Raw Buffer Doughnut CAAP
−5.17∗∗∗ 0.44 −0.17 −0.05 −0.16
(1.62) (1.46) (1.37) (1.43) (1.41)

N.Obs 2970 4602 3714 2875 3023
N.Stations 277 424 329 248 267
N.Groups 8 8 8 8 8
N.Periods 14 14 14 14 14

Notes: CS-DD estimates for the impact of LEZs on annual average AQI values for stations inside and outside LEZs. For
inside stations, treated units are inside the zone and controls between 25 and 75 km from the zones’ borders. For outside
stations, treated units are between 0 and 25 km from the zones’ borders and we provide results for four different
specifications of the control group. The raw sample contains all stations further away than 25 km, the buffer excludes all
stations within a 25 km buffer zone, the doughnut further excludes from the buffer sample all stations further away than
100 km from LEZs, and the CAAP only considers stations between zero and twenty-five kilometers from CAAP counties.
The CS-DD model controls for station and year fixed effects. Standard errors clustered at the municipality level.
Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05; +p < 0.10.

reductions as measured by the AQI.

Figure 8 depicts seasonal effects for pollution monitors inside and outside LEZs. Re-

gardless of the season, LEZs consistently reduce the value of the AQI, suggesting that

they are indeed effective at improving air quality within the zones’ borders despite the

unintended increases in the concentration of O3. Furthermore, the analysis of season-

specific spillover suggests that LEZs cause statistically significant increase in summertime

AQI values, by about ten percent, in line with the policy-induced increase in O3 levels

during summer months. These results suggest that persons living outside LEZs bear the

costs of the driving restriction without experiencing the benefits of improved air quality

and even suffering a deterioration in air quality during summertime.
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Figure 8: Seasonal LEZ effects on air quality index (AQI)

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (β) of the impact of low emission zones on
seasonal average air quality for stations inside and outside LEZs. For inside stations, treated stations are all those stations
inside the zone. For outside stations, treated stations are all those stations within the pre-specified distance. Control
stations are all stations further away than 25 km from the zone’s border and up until 75 km. The CS-DD model controls
for station and year fixed effects. Standard errors clustered at the municipality level; 95% confidence intervals depicted.

7. Well-being and health effects

7.1. Well-being effects

To analyze LEZs’ impact on individual well-being and health outcomes, we estimate ATTs

for three different control samples. First, we include all SOEP individuals that do not

move and are not always treated, as descriped in Section 3. Second, we exclude control

persons residing within 25 km from an LEZ to account for potential spatial spillovers.

Third, we further restrict the control group to individuals living in CAAP cities to increase

the similarity between treatment and control units. As the sample with the 25 km buffer

accounts for spillovers, is moderately sized, and exhibits parallel pre-trends, we focus

on this sample in the remaining of the study. Appendix A.6 lists the results for the

most restrictive CAAP control group. Table 8 shows the estimated effects of LEZ on life

satisfaction for all three samples.
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Table 8: Effect of LEZ introduction on life satisfaction

(1) (2) (3)

ATT −0.162∗∗ −0.190∗∗∗ −0.114+

(0.057) (0.054) (0.065)

N.Obs 154062 94248 25901
N.Individuals 20963 12588 3343
N.Groups 9 9 9
N.Periods 14 14 14

Notes: CS-DD estimates of the impact of LEZs on the life satisfaction. The first column lists results obtained on the full
sample, the second restricts the control group to individuals living further away than 25km from LEZs, and the third
further restricts the control group to persons living in cities with a CAAP but no LEZ. Standard errors clustered at the
household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

All point estimates are negative and statistically significant, indicating that LEZs de-

crease life satisfaction. This negative effect is remarkable as it occurs despite the policy’s

overall effectiveness at improving air quality. In the preferred buffer specification, LEZs

decrease life satisfaction by 0.19 points, or 2.7% of average pre-treatment values. The

magnitude of the effect is quite substantial. For example, also using SOEP data, Kassen-

boehmer and Haisken-DeNew (2009) find that becoming unemployed decreases life satis-

faction by up to 0.9 points, suggesting that the impact of LEZ amounts to about 20% of

the unemployment effect. Further restricting the control group to persons living in cities

with CAAP quarters the sample size, attenuates point estimates, and increases standard

errors. Nevertheless, we still observe a statistically significant 0.11 point decrease in life

satisfaction.

Although life satisfaction is an ordinal variable, table 8 treats it as continuous. To alle-

viate concerns regarding the scale of our outcome measure, and to elicit the effect of LEZs

across the distribution of life satisfaction, we estimate the impact on different threshold

values on the scale by transforming our dependent variable into a binary indicator equal

to one if life satisfaction is larger or equal to two, four, six, and eight. A.4 lists the results

of this exercise, indicating that people who score higher on the well-being scale experience

larger decreases in well-being following LEZ adoption, whereas people at the lower end of
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the well-being distribution are less affected.

Figure 9 plots event-time ATTs for the preferred specification, while Figure A.10 depicts

dynamic event-time ATTs for all samples. Results show a significant decrease in life

satisfaction in the first year after the LEZ is activated. The negative impact on life

satisfaction is slightly weaker in the second year, but it persists in subsequent years

before reverting to insignificance some five years after the treatment.17

Figure 9: Dynamic LEZ effects on life satisfaction

Notes: Dynamic CS-DD point estimates and 95% confidence bands on the impact of LEZs on life satisfaction. The
sample of control individuals is restricted to residences further than 25km away from the nearest LEZ. Standard errors
clustered at the household level.

To highlight potential mechanisms through which LEZs affect life satisfaction, we an-

alyze heterogeneous effects for various sub-samples. In panel (a) of Table 9 we split the

sample based on motor vehicle ownership and estimate separate ATTs for persons with

and without cars. Note that the SOEP only surveyed mobility-related information in 2015.

Consequently, we base the sample split on cross-sectional differences. As expected, motor

vehicle owners’ life satisfaction declines significantly due to LEZs. The point estimate for

the sample of individuals not owning a motor vehicle is around the same magnitude as in

the full sample, but imprecisely estimated. Additionally, panel (b) splits the subsample

of motor vehicle owners into households with and without diesel cars. In both samples,

17Results also hold when controlling for compositional changes of the treatment group at different event
times; e ∈ (1, ..., 5). They are available upon request.
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individuals’ life satisfaction decreases, but the effect on diesel car owners is almost twice

as large as in the other group. This is in line with LEZs’ stricter standards for diesel

engines than for gasoline engines (see Table 2).

Table 9: Heterogeneous LEZ effects on life satisfaction by motor vehicle ownership

(a) By motor vehicle (MV) ownership

With MV Without MV

ATT −0.186∗∗ −0.162
(0.058) (0.169)

N.Obs 55704 7235
N.Individuals 5227 709
N.Groups 9 9
N.Periods 14 14

(b) By diesel car ownership

Diesel Other Fuels

ATT −0.276∗∗ −0.151∗

(0.099) (0.071)

N.Obs 17917 37626
N.Individuals 1739 3473
N.Groups 9 9
N.Periods 14 14

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction.
The control group consists of individuals living further away than 25km from the nearest LEZ. Subsamples are split based
on motor and diesel vehicle ownership. Standard errors clustered at the household level. Significance levels denoted by
∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

Table 10 panel (a) further shows that the negative effect on life satisfaction persists at

similar magnitudes across all income quartiles.18 Still, the impact is lowest in the first

income quartile, which is plausible given that more than a third of households in this

income quartile do not own a motor vehicle; this sample consists of low-paid workers,

retirees, and welfare recipients who typically cannot afford a car. The largest impact

occurs in the second quartile, where the share of vehicle owners is much higher at over

90%. Effects on the third and fourth quartiles are lower than in the second, potentially

because these individuals can more easily adapt to the driving restrictions. Nevertheless,

LEZs still have a statistically significant negative effect on their life satisfaction.

Panel (b) of the same table also lists results across age subgroups. We focus on a cutoff

of 65 years. People older than 65 are retirees or near retirement - they are less likely

to own a car and, on average, own fewer cars than working-age individuals. In contrast,

people younger than 65 have very different mobility requirements, e.g., due to the need

to commute to work or due to children in the household. These differences appear in the

18Quartiles are based on annual net household income (after taxes) averaged over the whole sample
period; the cutoffs are [0; 27,000], (27,000; 34,300], (34,300; 48,700] and > 48,700 Euros.
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Table 10: Heterogeneous LEZ effects on life satisfaction by income and age

(a) By income quartiles

Q1 Q2 Q3 Q4

ATT −0.186 −0.265∗ −0.204+ −0.197∗∗

(0.142) (0.119) (0.122) (0.077)

N.Obs 21858 22910 24433 25033
N.Individuals 3145 3145 3146 3144
N.Groups 9 9 9 9
N.Periods 14 14 14 14

(b) By age groups

≥ 65 years old < 65 years old

ATT −0.097 −0.240∗∗∗

(0.112) (0.063)

N.Obs 28856 65392
N.Individuals 4163 9953
N.Groups 9 9
N.Periods 14 14

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction.
The control group consists of individuals living further away than 25km from the nearest LEZ. Subsamples are split based
on income quartiles and age groups. Standard errors clustered at the household level. Significance levels denoted by
∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

point estimates, with strong effects on life satisfaction for individuals younger than 65

and no significant effect for people aged 65 or older.

Changes in house and rent prices could drive the estimated well-being effects if these

changes are induced by LEZ adoption. Therefore, Table 11 splits the sample into home

owners and renters. Life satisfaction of individuals who own their dwelling decreases

significantly, indicating that the well-being effects are not driven by increases in rents.

The effect on renters is more pronounced, but not statistically different from the effect

on owners. Nevertheless, the larger effect on renters could be potentially attributed to

increasing rent prices: We estimate the impact of LEZ adoption on monthly rent payments

in our data and find positive, but imprecisely estimated coefficients.19

Table 11: Heterogeneous LEZ effects on life satisfaction of renters and owners

Owner Renter

ATT −0.192∗∗ −0.269∗∗∗

(0.072) (0.081)

N.Obs 62448 31724
N.Individuals 8357 5381
N.Groups 9 9
N.Periods 14 14

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction.
The control group consists of individuals living further away than 25km from the nearest LEZ. Subsamples are split based
on home ownership status. Standard errors clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001;
∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

19Results are available upon request.

29



7.2. Health effects

We complement our results by analyzing the impact of LEZs on objective health measures

and utilization of the health care system as proxied by the number of doctor visits.20 Since

2009, the SOEP bi-annually surveys several illness categories and the number of doctor

visits within the last twelve months prior to the interview. We restrict our sample to

individuals and time periods where information on specific illnesses is available. Since

health outcomes are only available since 2009, we drop individuals initially treated in

2008 and 2009 because we do not observe their pre-treatment outcomes. Since the recent

empirical literature shows that LEZs decrease cardiovascular diseases (Margaryan, 2021;

Pestel and Wozny, 2021), we focus on hypertension as a risk factor for cardiovascular con-

ditions. Moreover, as a falsification test, we analyze the effect of LEZs on the occurrence

of cancer. Cancer often develops over long time periods and it is unlikely that the effect

of LEZs on pollution would trigger changes in the cancer rate during our sample period.

Table 12: LEZ effect on health care utilization and health outcomes

LS Doctor visits Hypertension Cancer

ATT −0.163+ −1.292 −0.046∗ 0.010
(0.087) (0.938) (0.022) (0.013)

N.Obs 28814 28718 28814 28814
N.Individuals 9218 9208 9218 9218
N.Groups 4 4 4 4
N.Periods 5 5 5 5

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction
and objective health outcomes. The control group consists of individuals living further away than 25km from the nearest
LEZ. Standard errors clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05,
+p < 0.1.

Table 12 reports point estimates of the effect of LEZs on life satisfaction, doctor visits,

hypertension, and cancer. The negative effect on life satisfaction persists in this smaller

sample with a magnitude comparable to our baseline results. Moreover, there is suggestive

evidence that LEZs decrease the number of doctor visits, although we cannot establish
20We also looked at subjective health satisfaction that is measured using the same ordinal scale as for

subjective life satisfaction. However, results are largely insignificant, presumably because the objective
health benefits are, on average, too subtle to manifest in overall improvements of subjective health.
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statistical significance at conventional levels. Concerning objective health outcomes, we

estimate a significant decrease in the likelihood of hypertension. The probability of devel-

oping hypertension drops by 4.6 percent after implementation. The effect on hypertension

is immediate, manifesting itself in the first year after LEZ implementation, and point esti-

mates are rather stable in later years (Figure A.12). Using the pre-treatment hypertension

rate of 31 percentage points among LEZ individuals (cp. Table 3) to calculate the poten-

tial reduction in hypertension cases yields an estimate of 1.4 percentage points. Given that

more than 6.6 million people lived inside a LEZ in 2018, a simple back-of-the-envelope

calculation suggests that these driving restrictions avoided at least 93,000 hypertension

cases in Germany. The point estimate of the LEZ effect on the probability of developing

cancer is, as expected, statistically insignificant.

Lastly, we validate our results by analyzing heterogeneous health effects for different age

groups in Table 13. The decrease in the number of doctor visits is especially pronounced

for middle-aged adults and older individuals, with almost two avoided doctor visits per

year for individuals in these age groups. Next, the decrease in the probability of developing

hypertension is visible across all age groups, with the effect becoming stronger for older

individuals. People aged 60 to 80 years benefit the most from LEZs, as their probability for

hypertension decreases by 8.2%, which is in line with recent empirical results that health

benefits of LEZs accrue mostly to the older population (Margaryan, 2021). Finally, the

probability of developing cancer is not significantly affected by LEZ implementation in

any age group.
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Table 13: LEZ effect on health outcomes by age groups

Number of
Doctor Visits Hypertension Cancer

(20-40] (40-60] (60-80] (20-40] (40-60] (60-80] (20-40] (40-60] (60-80]

ATT −0.08 −1.83+ −1.79 −0.02 −0.03 −0.08∗ −0.005 0.003 0.023
(1.27) (1.10) (2.10) (0.04) (0.03) (0.04) (0.004) (0.015) (0.030)

N.Obs 5157 12736 10954 4113 11463 10954 4113 11463 10954
N.Individuals 2519 4520 3618 2054 4256 3613 2054 4256 3613
N.Groups 4 4 4 4 4 4 4 4 4
N.Periods 5 5 5 5 5 5 5 5 5

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on objective health
outcomes across different age groups. The control group consists of individuals living further away than 25km from the
nearest LEZ. Standard errors clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01;
∗p < 0.05, +p < 0.1.

7.3. Spillovers in life satisfaction and health outcomes

Our results in Section 5 show that LEZs generate O3 spillovers in adjacent areas, which can

even cause diminished overall air quality during the summer months. This implies that

individuals living in the affected areas not only have to bear restricted mobility but also

potential costs arising from increased air pollution. To investigate whether individuals

living near LEZs experience life satisfaction and health effects, we estimate LEZs’ ATTs

for individuals within 25 km distance to a zone.21 Table 14 lists the results for the same

outcomes as Table 12.22

Table 14: LEZ spillovers in well-being and health

LS Doctor visits Hypertension Cancer

ATT −0.192∗∗ 0.379 −0.001 −0.003
(0.042) (0.383) (0.010) (0.005)

N.Obs 41079 40935 41079 41079
N.Individuals 12989 12973 12989 12989
N.Groups 4 4 4 4
N.Periods 5 5 5 5

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on the life satisfaction
and health outcomes of individuals living between zero and twenty five kilometers from LEZs. The control group consists
of individuals living further away than 25km away from the nearest LEZ. Standard errors clustered at the household level.
Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

21Using a smaller distance for the treated group, e.g. individuals within 1km, 5km, 10km etc., yields
point estimates that are very similar in magnitude to the 25km specification.

22Table 14 uses the the bi-annual SOEP sample starting in 2009. Table A.6 lists results for the full
SOEP sample (2005-2018), and suggests a life satisfaction effect of similar magnitude as in the reduced
sample.
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The negative well-being effect is also present outside the zones’ limits, with decreases

comparable to those of LEZ residents. This reduction in subjective well-being for out-

side dwellers is not surprising, given that people living within 25 km from a LEZ will

likely travel into the corresponding city center at some point in time. In addition, these

individuals are affected by harmful pollution spillovers. In contrast to our findings for

residents of LEZs, health outcomes of neighboring individuals are not impacted by LEZ

implementation, implying that the adverse pollution spillovers are not sufficient to trigger

negative health effects, as measured by healthcare utilization, hypertension, and cancer

rates. Our results therefore suggest that people residing in the vicinity of LEZs bear the

costs of restricted mobility without the health benefits of improved air quality.

Overall, our results suggest that LEZs decrease subjective well-being of individuals

living inside their borders. This negative life satisfaction effect is immediate but transitory

as it disappears several years after policy implementation. We show that adverse life

satisfaction effects are heterogeneous and especially pronounced among diesel car owners

and younger individuals, who are more likely to be affected by the policy. In addition, we

provide evidence that LEZs decrease the likelihood of developing hypertension, mostly in

the older population, though these health benefits do not seem sufficient to counteract

the drop in life satisfaction due to LEZ implementation. Concerning people living nearby

LEZs, we find comparable decreases in life satisfaction without any significant impacts on

health outcomes.

8. Conclusion

This paper contributes to the growing literature on the effects of low emission zones by

providing a comprehensive analysis of their effectiveness concerning overall air quality
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and subjective well-being. Moreover, we advance our understanding of LEZs by paying

particular attention to spatial spillovers and seasonal heterogeneity. Looking at overall

air quality instead of specific traffic-related contaminants allows us to broaden our scope

to other determinants of air quality besides traffic-related pollutants. Notably, we also

analyze the impact of the zones on self-reported life satisfaction and objective health

outcomes of individuals in Germany. To the best of our knowledge, this is the first study

looking at the life satisfaction effects of driving restriction policies. To identify the causal

effects of the zones, we use recent advances in difference-in-differences (DD) designs that

are robust to the potential bias of staggered implementation and time-varying treatment

effects.

Results show that LEZs improve overall air quality, despite causing an unintended

increase in ground-level ozone. Confirming the previous literature, the air quality im-

provement is driven by a decrease in traffic-related pollutants. Our analysis of seasonal

heterogeneity shows that LEZs are especially effective at reducing traffic contaminants

during the winter when the zones’ marginal effects are more prominent due to a higher

pollution intensity of vehicles. In contrast, they increase ozone levels most during the

summer months when greater solar radiation supports the creation of ozone. We also find

that LEZs cause spatial spillovers, increasing both ozone and carbon monoxide outside

the zone limits. Again, these effects are stronger during summer and winter months,

respectively.

Our analysis of well-being outcomes shows that LEZs cause a significant decrease in

well-being for individuals residing inside the zones. Effects are more pronounced for

owners of diesel cars, which are more restricted than gasoline vehicles, and for working-

age individuals below the age of 65. We further confirm previous studies looking at the
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health effects of the zones by showing that they improve self-reported health outcomes

of individuals in our sample. These results suggest that the average well-being costs

of restricting mobility potentially outweigh the well-being benefits of improved health

outcomes. Concerning policy spillovers to outside areas, we find similar-sized reductions

in life satisfaction for individuals dwelling outside but near an LEZ, while health outcomes

of persons living outside the restriction area are not affected by LEZs adoption. These

results imply that people in the vicinity of LEZs bear the costs of restricted mobility

without benefiting from improvements in air quality.

Our findings suggest that policymakers should consider refining the design of LEZs to

minimize the impact of harmful spatial spillovers and unintended effects on secondary

air pollutants. Possible strategies could be to increase LEZs’ coverage area, or focus on

restricting traffic mainly during the winter months when traffic-related pollution is more

elevated and the marginal effectiveness of LEZs on air pollution is highest. Policymakers

should also view the drop in subjective well-being as a cost to the policy and think

about ways how to mitigate it, for example, by more effectively communicating the health

benefits of LEZs or strengthening transfer mechanisms to support the purchase of cleaner

vehicles and the use of public transportation.

An important avenue for future research concerns the mechanisms behind the reduction

in self-reported life satisfaction. For instance, this decrease could be driven by financial

burdens arising from car replacement or the adverse psychological effects of restricting

mobility stemming from various factors like attitudes towards environmental policies or

general trust in the government. Case studies at the city level that include rich data on

mobility behavior and expenses, vehicle ownership, and political attitudes could be one

way to deepen our understanding of the negative well-being effect.
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A. Online Appendix

A.1. Why ground-level ozone is special

Ground-level ozone differs from the other criteria pollutants in that it is a secondary pol-

lutant, i.e., it requires precursors as it is created through the interaction of solar radiation

with nitrous oxides (NOx) and volatile organic compounds (VOC), whose concentration

in the air is much increased beyond natural levels by the combustion of fossil fuels. Road

traffic is one of the major causes of this increase.

The relationship between the concentrations of ozone and its precursors is complex, as

there are two sides to the interaction. On the one hand, the interaction of solar radiation

with NOx and VOC forms ozone. On the other, it also degrades it. The balance between

the two sides leads to patterns in ozone concentrations that deviate from those of other

criteria pollutants: In areas with high levels of precursor pollution, such as urban centers

with dense vehicle traffic, ozone concentrations are lower than in suburban areas. The

reason is that at high concentrations of precursor pollutants, ozone degrades faster than

it is formed, whereas the formation process dominates at lower levels of precursors, e.g.,

in rural areas. This phenomenon is sometimes referred to as the ”ozone paradox” (Monks

et al., 2015).

A.2. Data
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Figure A.1: Pre- and post-treatment averages in treatment and control groups

Notes: Inter-temporal comparison of the AQI between treated and control units. The vertical axis contains the average
of each criteria pollutant and the horizontal axis the time to treatment, i.e., number of years to the introduction of a LEZ.
Each data point corresponds to the average value of all possible event-time combinations across treatment and control
groups.

Table A.1: Descriptive statistics on pollution levels

Inside LEZ Outside LEZ

Total Before After Raw Buffer Doughnut CAAP

CO 0.44 0.50 0.39 0.38 0.38 0.36 0.43
(0.16) (0.18) (0.13) (0.14) (0.14) (0.13) (0.14)

NO2 42.41 43.57 41.77 23.12 21.97 20.57 30.82
(17.34) (18.01) (16.94) (12.48) (12.54) (10.95) (12.77)

O3 40.84 40.51 41.06 49.16 50.32 48.69 44.91
(5.87) (5.13) (6.32) (10.38) (9.98) (8.51) (8.61)

PM10 24.51 26.65 23.27 20.31 20.00 19.86 22.76
(5.72) (6.09) (5.11) (5.27) (5.24) (5.24) (4.89)

AQI 46.49 46.38 46.54 39.98 39.90 40.34 41.44
(13.22) (12.59) (13.57) (11.65) (11.77) (11.06) (12.71)

Notes: This table lists annual average pollution levels at monitors inside and outside LEZs, with standard deviations in
parentheses. For monitors inside LEZs, overall averages from 2005 to 2018 and pre- and post-treatment averages are
listed. For monitors outside LEZs, the first column lists overall averages from 2005 to 2018 using all monitors outside of
LEZs, the second column excludes monitors within 25km distance to the nearest LEZ, the third column restricts the
control group to monitors within 25 km to 75 km distance to a LEZ, and the fourth column includes only monitors
located in cities with a CAAP but without LEZ. Ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter
(PM10) reported in micrograms per cubic meter (µg/m3) and carbon monoxide (CO) in milligrams per cubic meter
(mg/m3). The AQI is defined on a scale from 0 to 500.

A.3. Difference-in-differences design robustness checks

A.3.1. Analysis by the type of station

Although we find no evidence opposing the common trends assumption, it is still possible

that treated pollution monitors are not comparable to control stations due to their local

environments being inherently different. To address this concern, we separate the sample
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Table A.2: Descriptive statistics on SOEP individuals - all control groups

Inside LEZ Outside LEZ

Total Before After Raw Buffer CAAP

Life satisfaction [0-10] 7.11 7.08 7.14 7.10 7.08 7.18
(1.73) (1.73) (1.73) (1.76) (1.75) (1.73)

Age [years] 54.47 52.86 55.65 54.11 54.09 55.36
(16.64) (16.04) (16.98) (17.04) (17.06) (17.61)

Is female [%] 0.53 0.53 0.53 0.52 0.52 0.53
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Is employed [%] 0.56 0.54 0.57 0.56 0.56 0.51
(0.50) (0.50) (0.50) (0.50) (0.50) (0.50)

Income [Thsd Euro] 44.99 43.90 45.79 42.20 39.23 41.45
(35.11) (34.61) (35.45) (33.81) (29.96) (34.57)

Education [years] 12.89 12.69 13.04 12.26 12.09 12.72
(3.06) (3.02) (3.08) (2.63) (2.49) (2.90)

Number children 0.44 0.51 0.39 0.48 0.48 0.40
(0.90) (0.93) (0.87) (0.92) (0.90) (0.81)

Owns motor vehicle [%] 0.81 0.83 0.80 0.90 0.90 0.82
(0.39) (0.38) (0.40) (0.30) (0.30) (0.38)

Number motor vehicles 1.26 1.28 1.26 1.58 1.57 1.23
(0.95) (0.91) (0.97) (1.06) (1.06) (0.92)

Owns diesel car [%] 0.32 0.33 0.31 0.33 0.32 0.27
(0.47) (0.47) (0.46) (0.47) (0.47) (0.44)

Number doctor visits 11.09 11.30 10.94 10.08 9.87 11.44
(15.19) (15.60) (14.88) (15.08) (14.61) (17.12)

Has hypertension [%] 0.31 0.32 0.31 0.32 0.34 0.34
(0.46) (0.47) (0.46) (0.47) (0.47) (0.47)

Has cancer [%] 0.06 0.06 0.06 0.06 0.06 0.09
(0.24) (0.23) (0.25) (0.24) (0.23) (0.28)

Number individuals 1436 1436 1436 19578 11130 1866
Number observations 12634 5348 7286 141411 81514 13167

Notes: This table shows the average characteristics of treated and control SOEP individuals. Treated persons reside
within the LEZs area and control individuals outside. For the treated sample, we present overall, pre-treatment, and
post-treatment averages. For control persons, the first column uses all individuals outside of LEZs, the second excludes
persons living within 25 km to the nearest zone, and the third column includes only individuals living in cities with a
CAAP but without LEZ.

Figure A.2: Average well-being of treated and control individuals

Notes: This figure shows annual averages of life satisfaction between treated and control units. The vertical axis contains
the average of each criteria pollutant, and the horizontal axis the time to treatment (τ). Each data point corresponds to
the average value of all possible event-time combinations across treatment and control groups three years around policy
adoption.
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Figure A.3: Event-time ATTs for the full control sample (raw specification)

Notes: Event-time Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (βe) of the impact of LEZs on
annual air pollutant concentrations for the raw design. Event time measured in years before/after LEZ introduction.
Treated stations are all those stations inside a zone, and control stations all stations outside of a zone. The CS-DD model
controls for station and year fixed effects. Grey ribbons represent 95% confidence intervals. Standard errors clustered at
the municipality level. Effects on ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in
micrograms per cubic meter (µg/m3). For carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

Figure A.4: Event-time ATTs for the buffer control sample

Notes: Event-time Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (βe) of the impact of LEZs on
annual air pollutant concentrations for the buffer design. Event time measured in years before/after LEZ introduction.
Treated stations are all those stations inside a zone, and control stations all stations outside of a zone. The CS-DD model
controls for station and year fixed effects. Grey ribbons represent 95% confidence intervals. Standard errors clustered at
the municipality level. Effects on ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in
micrograms per cubic meter (µg/m3). For carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

of stations into traffic and background stations.23 Traffic stations are often placed next

to major roads or traffic junctions, while background stations are located in residential

areas further away from direct pollution sources.

Figure A.7 shows the ATT at traffic and background stations for the raw, doughnut

23UBA provides the classification. We do not look at industry stations separately since LEZs only cover
seven industry stations (one percent of all stations in the raw sample).
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Figure A.5: Event-time ATTs for the buffer CAAP control sample

Notes: Event-time Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (βe) of the impact of LEZs on
annual air pollutant concentrations for the CAAP design. Event time measured in years before/after LEZ introduction.
Treated stations are all those stations inside a zone, and control stations all stations outside of a zone. The CS-DD model
controls for station and year fixed effects. Grey ribbons represent 95% confidence intervals. Standard errors clustered at
the municipality level. Effects on ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in
micrograms per cubic meter (µg/m3). For carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

Figure A.6: Event-time ATTs for the balanced doughnut specification

Notes: Event-time Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (βe) of the impact of LEZs on
yearly air pollution levels for the doughnut design in a balanced panel for treated units at least for e > 3. Event time
measured in years before/after LEZ introduction. Treated stations are all those stations inside the zone, and control
stations all stations further away than 25 km from the zone’s border and up until 75 km. The CS-DD model controls for
station and year fixed effects. Grey ribbons represent 95% confidence intervals. Standard errors clustered at the
municipality level. Effects on ozone (O3), nitrogen dioxide (NO2), and coarse particulate matter (PM10) reported in
micrograms per cubic meter (µg/m3). For carbon monoxide (CO) in milligrams per cubic meter (mg/m3).

and CAAP control groups. Across all control group specifications, traffic stations show

significant reductions in CO, NO2, and PM10 after LEZ implementation. This significant

reduction across all traffic contaminants arises because traffic stations’ inherent environ-

ment allows them to catch changes in transit emissions more easily than background

stations. At background stations, on the other hand, we only uncover a decrease in NO2

after policy adoption. Notably, background stations are the ones capturing the O3 in-
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Figure A.7: Heterogeneous effects by type of measuring station

Notes: CS-DD estimates for the impact of LEZs on traffic and background stations for different samples of control
stations. The raw sample uses all stations outside LEZs. The doughnut specification only includes stations between 25
and 75 km from the zones border. And the CAAP design only considers stations in cities with CAAPs but no LEZs.
”Traffic” implies that we only look at traffic stations. ”Background” that we only look at background stations. The
CS-DD model controls for station and year fixed effects. Standard errors clustered at the municipal level; 95% confidence
intervals displayed.

crease because of a larger share of measuring values and the spread-out nature of O3

.

Table A.3: Effect of LEZ introduction on the air quality index (AQI) across control groups

Raw Buffer Dght CAAP
−4.58∗∗∗ −4.57∗∗∗ −5.17∗∗∗ −4.43∗∗∗

(1.48) (1.47) (1.45) (1.66)

N.Obs 6301 4887 2970 2719
N.Stations 589 451 277 251
N.Groups 8 8 8 8
N.Periods 14 14 14 14

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (β) of the impact of LEZs on the yearly
average of the AQI for six different specifications and air pollutants. Control units in the raw specification are stations
outside the LEZs. In the buffer design, we restrict control units to stations beyond 25 km from the LEZs. The doughnut
design further trims the control group by restricting its outer edge to 75 km. Next, the control groups in the CAAP
specification contain only stations in cities with Clean Air Action Plans (CAAP) but without LEZ. The CS-DD model
controls for station and year fixed effects. Standard errors are clustered at the municipality level. Significance levels
denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05

A.4. Difference-in-differences design heterogeneity by LEZ stages

Next, we look at the effects of stringency levels on our point estimates. Throughout the

study, we have assigned treatment with a dichotomous variable indicating the presence of a

LEZ, assuming that all LEZs are equally strict. However, LEZs can have three stringency
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Figure A.8: Seasonal ATTs across different control samples

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates (β) of the impact of LEZs on seasonal air
pollution concentrations for four different specifications of the control group.In the buffer design, we restrict control units
to stations beyond 25 km from the LEZs. The doughnut design further trims the control group by restricting its outer
edge to 75 km. Next, the control groups in the CAAP specification contain only stations in cities with Clean Air Action
Plans (CAAP) but without LEZ. The CS-DD model controls for station and year fixed effects. Standard errors are
clustered at the municipality level; 95% confidence intervals depicted. Effects on ozone (O3), nitrogen dioxide (NO2), and
coarse particulate matter (PM10) reported in micrograms per cubic meter (µg/m3), and for carbon monoxide (CO) in
milligrams per cubic meter (mg/m3).

levels. In the first stage, only gasoline vehicles with catalytic converters and diesel cars

with Euro 2 (or Euro 1 with particle filter) can enter the LEZs. Stage 2 restricts diesel

cars to Euro 3 (or Euro 2 with particle filter). And finally, stage three restrains diesel

cars to Euro 4 (or Euro 3 with particle filter) and gasoline automobiles to Euro 1. The
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date on which each LEZ went through each stage is heterogeneous. Furthermore, some

zones skipped stages by jumping straight to stage two, three, or missing two on their way

to three.

To explore the effect of each stage, we run the CS-DD for five different samples of

the Doughnut design. The ”First Stage” sample restricts the treatment group to LEZs

shifting from no LEZ to the first stage. Moreover, we further limit the sample to the years

before implementing any other step to reduce confounding effects. The ”Second Stage”

sample measures the impact of moving from the first to the second stage; the control

group corresponds to not yet treated stations still in the first stage and the treatment

group to already treated stations before implementing the third stage. The ”Third Stage”

sample is analogous to the ”Second Stage” and estimates the effect from jumping from the

second to the third stage. Finally, the direct third and second samples assess the impact

of jumping directly from no LEZ to the second or third stage by using the control group

of never-treated stations vs. the treated group of zones skipping the first stage. Figure

A.9 shows the point estimates of all of these comparisons.

Figure A.9: Heterogeneous treatment effects by policy stringency

Results show that the AQI has significant decreases in the First, Second, and Third

stages as well as when the LEZ jumps straight to the third stage. There are significant

46



reductions for CO for the Direct Second and Third Stage. For NO2, we uncover statis-

tically significant decreases for all samples except the shift from the first to the second

stage. Concerning O3, coefficients are positive and statistically different from zero in the

Direct Second and Third Stage samples, borderline significant for the First and Second

Stages, and not statistically different from zero in the Direct Third sample. Finally, point

estimates for PM10 are all negative and statistically significant for the First Stage, Third

Stage, and Direct Second samples.
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A.5. Effect of LEZs on well-being and health outcomes, additional

results and robustness checks

Table A.4: Effect of LEZ introduction on different threshold values of life satisfaction

LS ≥ 2 LS ≥ 4 LS ≥ 6 LS ≥ 8

ATT 0.003 −0.012∗ −0.034∗∗ −0.060∗∗∗

(0.003) (0.006) (0.012) (0.016)

N.Obs 94248 94248 94248 94248
N.Individuals 12588 12588 12588 12588
N.Groups 9 9 9 9
N.Periods 14 14 14 14
N.Switch

Notes: CS-DD estimates of the impact of LEZs on threshold values of life satisfaction. Thresholds values are based on
the ordinary scale from 0 to 10 and correspond to binary variables: LS ≥ 2 is equal to one if individuals rate their
well-being to be at least 2 or higher, and zero otherwise, etc. ATTs are identified based on individuals switching between
both categories of the binary well-being measure. The treatment group consists of all individuals inside a LEZ, the control
group includes individuals living further away than 25km from LEZs. Standard errors clustered at the household level.
Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

Table A.5: Effect of LEZ introduction on life satisfaction (including moving households)

(1) (2) (3)

ATT −0.112∗∗ −0.150∗∗∗ −0.122∗

(0.042) (0.042) (0.051)

N.Obs 238711 144922 45379
N.Individuals 30953 19146 6190
N.Groups 9 9 9
N.Periods 14 14 14

Notes: CS-DD estimates of the impact of LEZs on life satisfaction. The first column lists results obtained on the full
sample including moving households, the second restricts the control group to individuals living further away than 25km
from LEZs, and the third further restricts the control group to persons living in cities with a CAAP but no LEZ. Standard
errors clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

Figure A.10: Dynamic effects of LEZs on life satisfaction across samples

(a) Full sample (b) Buffer (c) CAAP

Notes: Dynamic CS-DD estimates (βe) of the impact of LEZs on life satisfaction of individuals living inside the LEZs.
We use three different control groups: First, all SOEP individuals outside LEZs, second, individuals further than 25km
away from the nearest LEZ, and third, individuals in cities with a CAAP but without LEZ. Standard errors clustered at
the household level; 95% confidence bands displayed.
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Figure A.12: Dynamic LEZ effects on hypertension

Notes: Dynamic CS-DD estimates (βe) of the impact of LEZs on the probability to develop hypertension of individuals
living inside the LEZs. Dynamic effects refer to years before/after LEZ introduction.The sample of control individuals is
restricted to residences further than 25km away from the nearest LEZ. Standard errors clustered at the household level.

Table A.6: Spatial spillovers in life satisfaction across different control groups

(1) (2) (3)

ATT −0.197∗∗∗ −0.195∗∗∗ −0.122∗∗

(0.031) (0.036) (0.047)

N.Obs 141377 95966 60491
N.Individuals 19554 11717 6892
N.Groups 11 11 11
N.Periods 14 14 14

Notes: Group-time difference-in-differences (gtDD) estimates of the impact of LEZs on life satisfaction of individuals
living within 25km distance to any LEZ. Point estimates represent the simple aggregation across all groups and time
periods (β). The control group in the first column consists of all individuals residing further than 25km away from the
nearest LEZ, the second column restricts the control group to individuals in residences between 25 and 75 km from the
nearest LEZ, and the third column restricts the control group to individuals living in cities with a CAAP. Standard errors
clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1.

A.6. Effect of LEZs on well-being and health outcomes, additional

results using alternative control group
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Table A.7: Heterogeneous LEZ effects on life satisfaction

(a) By MV ownership

ATT −0.092 −0.153
(0.070) (0.185)

N.Obs 14547 3309
N.Individuals 1339 341
N.Groups 9 9
N.Periods 14 14

(b) (b) By diesel car ownership

Diesel Other fuels

ATT −0.301∗∗ −0.140+

(0.103) (0.077)

N.Obs 11832 24740
N.Individuals 1152 2290
N.Groups 9 9
N.Periods 14 14

(c) By income quartiles

Q1 Q2 Q3 Q4

ATT −0.158 −0.190 −0.147 −0.134
(0.165) (0.125) (0.141) (0.088)

N.Obs 6286 6004 5428 8181
N.Individuals 899 810 676 956
N.Groups 9 9 9 9
N.Periods 14 14 14 14

(d) By age groups

≥ 65y < 65y

ATT 0.001 −0.158∗

(0.121) (0.078)
N.Obs 8381 17520
N.Individuals 1113 2669
N.Groups 9 9
N.Periods 14 14

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction
using subsets of individuals living inside the LEZs. The control sample of is restricted to individuals living in cities with
CAAP but without LEZ. Subsamples are split based on motor vehicle ownership, diesel vehicle ownership, income quartiles
and age groups. Point estimates represent the simple aggregation across all groups and time periods (β). Standard errors
clustered at the household level. Significance levels denoted by ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1

Table A.8: LEZ effect on health outcomes

LS Doctor visits Hypertension Cancer

ATT −0.132 −1.411 −0.046+ 0.006
(0.102) (0.960) (0.024) (0.015)

N.Obs 7540 7540 7540 7540
N.Individuals 2121 2120 2121 2121
N.Groups 4 4 4 4
N.Periods 5 5 5 5

Notes: Callaway and Sant’Anna difference-in-differences (CS-DD) estimates of the impact of LEZs on life satisfaction
and objective health outcomes of individuals living inside the LEZs. The control sample is restricted to individuals living
in cities with CAAP but without LEZ. Standard errors clustered at the household level. Significance levels denoted by
∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05, +p < 0.1
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