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Urban air pollution is a growing public health and environmental issue. This study investigates the effectiveness
of diesel traffic bans in reducing nitrogen dioxide emissions in four German cities: Berlin, Darmstadt, Hamburg,
and Stuttgart, from 2012 to 2022. Each city has implemented similar policies to comply with the European
Union’s emission standards. Using the synthetic control method, we evaluate the effects of policies restricting
diesel traffic on selected streets, street segments, and urban areas. Our results indicate that the implementation of
diesel traffic bans led to significant reductions in nitrogen dioxide emissions per capita in Darmstadt and
Stuttgart. However, the policy appeared to have a limited effect in Berlin and Hamburg. The study suggests that
policy effectiveness is influenced by factors such as city size, pre-existing traffic patterns and the extent of diesel
restrictions. In addition, our findings highlight the importance of tailoring policies to local conditions and un-
derscore the value of using rigorous research methods when assessing the effectiveness of environmental policies.

1. Introduction

Since the Industrial Revolution, humanity has released billions of
tons of additional greenhouse gases (GHG) into the atmosphere, making
the planet warmer [1]. GHG emissions cause the temperature on the
surface of the Earth to rise [2,3]. The increase in gases in the atmosphere
means that it will lead to environmental and health problems. The goal
of climate change mitigation policies is to reduce emissions and limit
global warming to a level that avoids the most dangerous and cata-
strophic impacts [4]. Emissions from a variety of sources, including
transport, industry, and energy production, contribute to the deterio-
ration of air quality and the associated adverse health effects [5]. Hence,
air pollution is a significant threat to public health and environment.'

Transport is one of the largest contributors to GHG emissions, ac-
counting for 19.5% (149 million tons of COy) by 2021 [71.> The trans-
port sector is also a major contributor to NO, emissions, especially in
urban areas with high traffic volumes. NOy is a non-greenhouse gas
(non-GHG®) and is one of the most harmful pollutants in the world
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because it can cause health problems for humans. In particular, NO, can
cause a variety of cardiovascular problems, such as higher blood pres-
sure, changes in heart rate variability, decreased micro-vascular func-
tion, and autonomic nervous system dysfunction [10-13]. In addition,
the symptoms of those who already suffer from lung or heart disease
may be exacerbated by exposure to NO2. In many developed countries,
the transportation sector is the biggest contributor to NO, emissions
[13]. Diesel engines are a significant source of NOq, especially in urban
areas where they are widely used for transport [11], and diesel cars emit
more NO; than petrol cars [14]. Trains, ships, and aircrafts are other
sources of NO, emissions in the transport sector. Minimizing emissions
in the transport sector can be achieved by reducing the energy demand
of vehicles or by using alternative energy sources such as gas and elec-
tricity [15]. However, significant changes in emissions in the transport
sector will require considerably stricter policies than the existing ones
[16]. Reducing air pollution from diesel engines is not only important
for public health but also for climate change mitigation. Diesel engines
are a significant contributor to GHG emissions as well, which are

E-mail addresses: narek.mirzoyan@kit.edu (N. Mirzoyan), ingrid.ott@kit.edu (I. Ott), jose.coiro@student.kit.edu (J.R. Castro).
1 Air pollution is determined as the presence of pollutants in the air in large quantities for long periods [6].
2 The global passenger demand was estimated to more than double between 2015 and 2050, from 50 000 to 120 000 billion passenger kilometers, which means

that the number of cars worldwide would increase [8].

3 Non-GHG emissions include pollutants like sulfur dioxide (SO,), nitrogen oxides (NOx), volatile organic compounds (VOCs), and particulate matter (PM) [9].
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responsible for global warming and its associated impacts, such as rising
sea levels, more frequent extreme weather events, and loss of biodi-
versity [13,17]. NO2 can harm the environment by altering soil chem-
istry and negatively impacting biodiversity in sensitive environments
[18]. Therefore, policies that reduce diesel engine emissions may also
have the potential to contribute to the fight against climate change. Due
to these two impacts of diesel (health and environment), much effort has
been put into developing different types of policies to reduce and pre-
vent harmful effects of air pollution. There are a number of ways to
tackle vehicle emissions, such as investing in public transport,
increasing taxes on diesel or petrol, encouraging the uptake of electric
vehicles through tax breaks and subsidies, and restricting access to
low-emission vehicles in urban areas [15,19-21].

Following the Paris Agreement, Germany committed to drastically
reduce its emissions (§3 Nationale Klimaschutzziele - Bundes-
Klimaschutzgesetz) and is now one of the most promising countries to
achieve complete carbon neutrality by 2050. It has a target of reducing
CO- emissions to 98 million tons by 2030, therefore the policy measures
are key to the achievement of this target [22]. A crucial strategy involves
substantial emission reductions in the domestic transport sector. Diesel
cars in Germany comprise 30.5% of vehicles [23] accounting for 45.4%
of domestic passenger car mileage in 2020 [24]. Despite the existing
literature, comprehensive and comparative analyses of the effectiveness
of diesel vehicle bans and environmental zones in different cities around
the world, including Germany, are still lacking. In this paper, we address
this gap by providing a comparative case study of the effectiveness of
diesel vehicle bans in four German cities: Berlin, Darmstadt, Hamburg,
and Stuttgart. We chose these four cities for two main reasons. First, they
are the cities with the strictest diesel ban policies compared to other
German cities as of July 2022.% Second, they are also among the cities
with the highest NO, emissions in Germany.

We want to understand how these policies affect NO, emissions in
these urban areas. To assess the impact of the diesel vehicle bans, we use
the Synthetic Control Method (SCM). SCM is the most important inno-
vation in the policy evaluation literature in the last 15 years [25]. Using
SCM, researchers want to estimate the evolution of aggregate outcomes
for a unit affected by a particular event happening and compare it to the
same aggregates estimated for some control group that is not affected
[26-29]. To estimate the impact of the diesel traffic ban on NO, emis-
sions in Stuttgart, Berlin, Hamburg and Darmstadt, we selected coun-
terfactual German cities. These counterfactual (donor) cities are selected
based on four criteria: they must be German cities, they must not have
been subject to a similar intervention, data must be available, and they
must have an average monthly emission of around 20 ug/m*® NO; or
more. This approach allows us to assess whether these bans have made a
significant contribution to reducing NO, emissions, thereby providing a
clearer understanding of the effectiveness of the policy in reducing air
pollution.

We find that in Stuttgart, regulations banning diesel vehicles in
entire neighborhoods or significant parts of the city helped to reduce
NO; emissions. In Darmstadt restricting access to sections of road that
limited access to the city center led to a reduction in NO, emissions. In
contrast, in Berlin and Hamburg, where restrictions were limited to
specific streets, no significant emission reductions were observed. This is
because diesel vehicles still had access to most parts of the city. These
results suggest that the effectiveness of diesel vehicle bans in reducing
air pollution depends on whether a whole area is restricted or only

4 Over time, some cities have lifted their diesel bans. In Berlin, for example,
the diesel ban introduced in 2019 was lifted on all roads by the Berlin Senate in
September 2022. After five years, Hamburg also lifted its diesel ban policy
(around September/October 2023). Meanwhile, Munich implemented its diesel
ban policy on February 1, 2023. This ban applies to diesel vehicles that meet the
Euro 4/1V emission standard or worse. An extension of this ban to include Euro
5/V vehicles, originally planned for October 2023, has been postponed.
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specific streets. That is, the success of this type of policy largely depends
on the extent of the restricted area; city-wide restrictions are more
effective than those imposed on individual streets. Our results are
confirmed by placebo and robustness tests.

The remainder of this paper is organized as follows: Section 2 dis-
cusses the effects of pollution on human health and climate, and also
discusses the existing literature, referring to various studies on the
effectiveness of Low Emission Zones (LEZs). Section 3 provides some
background information on the nature and purpose of the LEZs. Section
4 describes our methodology and data. Section 5 presents the results.
Section 6 examines the significance of the results. Section 7 reports the
robustness tests. Section 8 discusses the results and policy implications,
while Section 9 draws some conclusions.

2. Related literature

Diesel vehicles, a primary source of NO, emissions, contribute
significantly to high NO, concentrations in urban areas [30]. In order to
reduce pollution and GHG emissions from the transportation sector, the
German government has implemented different policies specifically
targeting urban transport. For example, one effective policy that has
been implemented and has had a positive impact is the German eco-tax
motor fuel [31]. The policy was introduced in 1999 and it led to a
notable decrease in emissions by 11.5% by 2005, without reducing total
road transport. Despite initial delays, the eco-tax led to a significant
reduction in transport-related carbon emissions, amounting to a reduc-
tion of 0.2-0.35 tons of CO; per person per year, highlighting the policy’s
role in encouraging technological advances for environmental benefits.

There is a growing literature on environmental zones that examines
the effectiveness of these policies in reducing NO emissions as well as
other GHG and non-GHG emissions. Several studies are optimistic and
show that banning diesel vehicles can significantly reduce emissions in
certain areas. For example, a study carried out an analysis on the
effectiveness of the LEZ in Lisbon implemented in phases between 2011
and 2015 and showed an improvement in air quality in Lisbon due to
LEZ [32]. Particularly PM;( concentrations decreased by 22% in Zone 1
and 25% in Zone 2, while NO; concentrations decreased by 13% in Zone
1 and 22% in Zone 2. The measures of [33] predict significant savings in
Dublin in terms of reduction of PM;¢ and NO, emissions, which were
found to be 47% and 52% respectively in the year 2030 compared to the
year 2015 levels. In their turn, [34] found that vehicle bans significantly
promote battery electric vehicles for mini-sized vehicles and hydrogen
fuel cell vehicles for light and heavy-duty vehicles. In addition, [35]
analyzed the effect of the LEZs on air quality in Amsterdam and they
found that since the implementation of the LEZs, the traffic contribution
concentrations compared to the roadside site concentrations have
decreased by 4.9% for NO, 5.9% for NO,, 5.8% for PM, [36]. Finds
that LEZs in German cities led to modest reductions in PMyy pollu-
tion—around 4% on average and up to 8% in highly polluted areas but
did not produce measurable improvements in infant health outcomes.
The study highlights that LEZs are more effective in cities with higher
baseline pollution, suggesting that the impact of such policies depends
on implementation scale and local conditions [37]. Claim that that LEZs
are an effective policy instrument to reduce levels of air pollution in
Germany. In particular, LEZs reduced PM;( and NO; levels by about 5%
and led to modest but significant declines in hospitalizations for circu-
latory and respiratory diseases, particularly in hospitals located within
LEZ boundaries. The paper accentuates that even moderate air quality
improvements can yield meaningful health benefits. In summary, there
are studies that show, using the example of different cities, that the
concentrations of different types of emissions (PM, NO5) have decreased
due to the implementation of LEZs [38,39]. However, the magnitude of
the reduction varies from city to city [40]. As a result of emission con-
trols, air quality in cities in Europe has generally improved.

At the same time, some studies have suggested that the impact of
these bans in terms of emission reductions has not shown any significant
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changes in emissions [41,42]. This may be due to several factors,
including low compliance rates, limited enforcement, displacement ef-
fects, and management practices that are often static, meaning that the
restrictions remain the same regardless of the level of air pollution in the
area. For example, [42] examined the effectiveness of LEZs in reducing
air pollution on eight major streets in five Dutch cities and found that
LEZ policies did not have a significant impact on traffic-related air
pollutants. According to [38], car bans could contribute to both climate
change and air quality goals. However, most car bans announced so far
lack enforcement mechanisms and are therefore not bans at all.

From a methodological perspective, some studies primarily rely on
Difference-in-Differences (DiD) frameworks (e.g., [36]), Regression
Discontinuity Design (RDD) (e.g., [43]), or simple before-and-after
comparisons (e.g., [42]). Some studies, such as [44], also incorporate
Monte Carlo simulations to assess uncertainty in emissions trends.
Despite this progress, two important gaps remain. First, few studies use
SCM to compare multiple cities within the same national context to
understand variation in policy effectiveness. Second, there is limited
research that quantifies how implementation scope (i.e., full-city vs.
single-street bans) influences outcomes using robust causal inference
tools. This paper addresses these gaps by applying SCM to four major
German cities (Berlin, Hamburg, Darmstadt, and Stuttgart) that imple-
mented diesel traffic bans between 2018 and 2020. By comparing syn-
thetic and actual NO, outcomes, this study contributes to the growing
literature on urban air quality interventions and policy heterogeneity.

3. Low emission zones and diesel traffic bans

Climate change mitigation policies play a crucial role in addressing
the global climate crisis, with the aim of limiting warming and pro-
tecting the environment for future generations. Alongside its national
initiatives, Germany aligns with European regulatory policies on vehicle
emissions. In 1970, a standardized European regulation for car emis-
sions came into force with limit values for carbon monoxide and hy-
drocarbons (Richtlinie 70/220/EWG 1970). Exhaust legislation for
passenger cars and light commercial vehicles began in 1992 with the
introduction of the Euro 1 emission standard when the European
guideline came into force (Richtlinie (91/441/EWG) 1991). After Euro
1, several standards were introduced. For example, the Euro 6 standards
significantly reduced emission limits for a number of pollutants emitted
from vehicle exhaust, including PM, NO,, and other pollutants [45].

Besides, Germany have introduced LEZs in many cities. LEZs are
geographical areas where certain types of vehicles are prohibited from
entering. The aim of these zones is to reduce air pollution (NO5 and PM;
emissions), especially from diesel vehicles, and improve air quality.
Restrictions can take several forms, including the banning of certain
types of vehicles, the imposing of charges on high-polluting vehicles, or
the setting of emission standards that vehicles must meet in order to
enter the zone [46]. LEZs control vehicle access based on emission levels
with the aim of improving air quality, reducing GHG emissions, and
promoting alternative modes of transportation in urban areas [36,47].
As of July 11, 2022, Germany had 56 LEZs and four diesel traffic re-
striction zones [48]. Only vehicles that meet certain emission standards
are allowed to enter these zones. To facilitate this, vehicles are catego-
rized into different groups, identified by color-coded stickers [49]. These
classes range from the least environmentally-friendly (Euro 1 to Euro 4
for passenger cars and Euro I to Euro IV for heavy-duty diesel engines) to
the most compliant (Euro 5 and Euro 6 standards). Vehicles can enter an
environmental zone by displaying the appropriate sticker, with the level
of stringency of the LEZ set by the local authority. Vehicles without a
sticker, or with a sticker from a less compliant group, are restricted from
entering designated environmental zones.

In response to high NO, pollution, some cities have implemented a
stricter restriction: diesel traffic bans, also called the “NO,-free Emission
Zones,” where vehicles with Euro 5 or lower emission standards are
prohibited. Cities like Darmstadt, Hamburg, Berlin, and Stuttgart have
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implemented this policy (details in Appendix A). We use the SCM to
evaluate the effectiveness of these policies in Germany’s major NO2-
polluting cities.

4. Method

As mentioned above, we use the SCM, which is designed to estimate
the causal effect of an intervention, in this case, the diesel ban policy by
comparing the observed outcomes with the synthetic control. The dif-
ferences between the outcomes of the treated unit (Berlin, Darmstadt,
Hamburg, Stuttgart) and the synthetic control group is the causal impact
of the diesel ban. SCM is a way of evaluating the impact of an inter-
vention or treatment by comparing the treated unit with a weighted
combination of untreated units that are similar to it before the inter-
vention. The idea is to create a “synthetic” version of the treated unit
using the weighted average of similar, unaffected units, which serve as a
counterfactual or baseline for what would have happened in the absence
of the intervention. By comparing the actual outcomes of the treated
unit to the synthetic control, we can estimate the effect of the inter-
vention. This method is particularly useful for evaluating policies and
understanding the impact of large-scale events. The SCM, based on
German cities without the intervention, creates a “synthetic” control
group (or donor pool) that reflects the characteristics of the treated unit
(e.g., Stuttgart, Berlin, Hamburg, Darmstadt) before the intervention (e.
g., the ban on Euro 5 diesel vehicles). The SCM relies on several key
assumptions. First, there must be no anticipation or pre- treatment ef-
fects, meaning that the intervention has no impact on the outcome
variable prior to its implementation. Second, the treated unit’s pre-
intervention trajectory must be well approximated by a weighted com-
bination of control units from the donor pool. Third, the treated unit
must lie within the convex hull of the donor pool in terms of its pre-
intervention characteristics, which requires that the donor unit
weights are non-negative and sum to one. Fourth, there should be no
spillover effects, meaning that the intervention should not influence the
outcomes of donor units, thereby avoiding contamination of the control
group. Finally, the Stable Unit Treatment Value Assumption (SUTVA)
must hold what [29] refers to as the “no interference” condition
implying that the potential outcomes for each unit depend solely on its
own treatment status and not on the treatment assignment of other units.

We have J + 1 units (e.g., German cities in our case) indexed by j,
where j = 1 is the case of interest or the “treated unit” (Hamburg,
Darmstadt, Stuttgart and Berlin) and unitsj = 2 to j = J + 1 are potential
comparisons or the “donor pool”. Our sample is a balanced panel, where
all units are observed at the same time periods. We have a positive
number of pre-intervention periods, Ty, as well as a positive number of
post-intervention periods, T, with T = Ty + T;. In short, we observe the
NO,, per capita emissions of J + 1 cities for T, and only the first cities,
Berlin, Darmstadt, Hamburg, and Stuttgart, implemented the diesel
traffic ban, while, the remaining J cities serve as the control group.

Suppose that Ty is the year that the diesel traffic ban was imple-
mented, Yﬁ’ is the outcome for uniti at time t if unit i is not exposed to the
intervention. That is, in our case Y¥ is the NO, per capita emissions that
could be observed for the city i at the time t in the absence of the diesel
traffic ban. Y%, is the outcome for unit i at time t if unit i is exposed to the
intervention. That is, Y%, is the NO, per capita emissions that could be
observed for city i at time t if city i is exposed to the implementation of
the traffic ban in periods Ty to T. Hence, we suppose that a;; = Y}, — Y&
is the effect of the intervention for unit i at time t. For example, a;; =
Y!, — YN represents the impact of the diesel traffic ban policy on NO; per
capita emissions in Berlin, Hamburg, Stuttgart and Darmstadt. We also
assume that the intervention has no effect on the outcome before the
implementation period. In particular, because the NO, per capita
emissions in all cities are not influenced by the diesel traffic ban before
To (when t < Ty), then we have that Y, = Y, when To <t < T.

Welet a; = Y} — Y¥ be the effect of the intervention for uniti at time
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t, and we let D; be an indicator that takes value one if unit i is exposed to
the intervention at time t and value zero otherwise. The observed
outcome for unit i at time t is Y, = YY + aD;,. We have D as a dummy
variable: D; = 1ifi=1 and t > Ty, otherwise D;; = 0. When t < T, Dy
= 0, the observed outcome for unit i at time t is Y}, = V2.

We aim to estimate (1:To1,...,a1:T1). For t > Ty,

i = Yit - Yllvt =Y - Yllvt» (@)

Because Y!, is the observed real NO, per capita emissions of Berlin,
Darmstadt, Hamburg, and Stuttgart after the adoption of the traffic ban
policy, to estimate ay,, we just need to estimate Y. Assume that Y} is
given by a factor model:

YN =6, + 0.Z; + Aept; + € 2

where §; is an unknown common factor, Z; are observed covariates
which are not affected by the diesel traffic ban, 1, are unobserved
common factors, 0, are unknown parameters, e; are error terms, and y;
are unknown factor loadings.

Suppose that a weight vector W is used to estimate YY, where W =

(wa,ws3,...,ws1), wj > 0, and wa,ws,...,wy1 = 1. Given a set of weights,
the synthetic control estimators of Y and a;, are, respectively:

B IR AR!

73w @
=

and

N AN

ay =Yy, — Y. @

We followed these requirements, and the most basic requirement for
inclusion in the donor pool is not to be affected by the same or similar
policy intervention. Another requirement is to be a German city. That is,
due to the factor that German cities share the same culture and the same
institutional system, the donor pool consists only of German cities.
Another criterion to be in our donor pool is to emit at least about 20 g/
m? NO,. Many German cities have implemented LEZs policies (as of July
2022, there were about 56 LEZs in Germany). This means that we should
not include the German cities that have already implemented LEZs in
our donor pool. In the end, we have 13 German cities in the donor pool
(based on the selection criteria mentioned above): Braunschweig,
Dresden, GieBen, Gottingen, Kassel, Kiel, Koblenz, Leverkusen, Lud-
wigshafen, Niirnberg, Potsdam, Rostock, Saarbriicken.” The weights
assigned to each control unit in the construction of the synthetic control
unit are determined by the degree of similarity between the variables of
the control units and those of the treated unit. We then compare the
evolution of monthly NOy per capita emissions in Stuttgart, Berlin,
Hamburg, and Darmstadt with that in the counterfactual control group
(the synthetic control group which did not receive the treatment) after
the diesel traffic ban was introduced. If actual emissions in the treated
German cities fall below relative to the synthetic counterfactual, we
conclude that the diesel traffic ban was effective. The counterfactual
monthly NO, per capita is constructed as a weighted average of the
monthly NO, per capita emissions of the other German cities, the so-
called donor cities.

5. Data

As the outcome variable, we use the monthly NO, emissions at the

5 In total, there were only 13 cities that met the requirements to be a donor
city during the study period. A similarly low number of donor units can also be
found in other studies, e.g. [50].
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city level.® First, we obtained the daily NO, emissions at the city level
which we collected from the German Federal Environmental Agency
(Umweltbundesamt, UBA). Then we converted it into the monthly NO5
emissions. Finally, the monthly NO; value was then divided by the
population of the city, resulting in the monthly NO, emissions per
capita. The values of NO, emissions and covariates fall between January
1, 2012 and July 23, 2022 making a total of 3857 entries per city.” It is
also important to note that the population numbers for Berlin and
Hamburg were not based on the total population of these cities, but only
on the number of people living near the stations recording emissions. In
the case of Berlin, the population used was the population of the districts
of Mitte, Charlottenburg, Tempelhof and Friedrichshain-Kreuzberg;
these are the districts where the stations are located [51]. In the case
of Hamburg the population number included the residents of the dis-
tricts of Mitte, Altona and Eimsbiittel, where the monitoring stations
were located [52]. For Darmstadt the number of daily commuters was
added to the city’s existing population; Darmstadt has approximately
100,000 commuters [53]. For Stuttgart, we considered the whole pop-
ulation of the city because the entire area was affected by the policy.

Covariates are the variables that the SCM uses to create a weighted
combination of control units that can look like the results of the treated
unit before the intervention. These variables are used to figure out what
factors might affect the outcome of interest in both the treated and the
control units. Although the use of a set of covariates is optional,
providing a set of covariates that predict the post-intervention outcome
in the absence of the intervention can improve causal inference [29,
54].% Our choice of covariates is based on the literature on air pollution
and transport. The inclusion of the share of diesel cars is motivated by
studies showing diesel vehicles as dominant sources of NO3 emissions in
urban settings [36,42]. The percentage of commuters captures inter-city
mobility, which contributes significantly to urban emissions [42]. The
employment rate reflects transit demand and daily mobility patterns
associated with work-related travel [36,44]. Finally, GDP per capita
proxies for economic activity, which correlates with car ownership and
traffic intensity, both of which are strongly associated with urban
pollution levels [36,42]. The goal is to select covariates that are highly
related to the outcome of interest and capture the differences between
the treatment and control units, which are then used to construct a
synthetic control unit with pre-intervention outcomes that are roughly
comparable to those of the treated unit.

Fig. 1 illustrates the bar chart of the average monthly mean NO»
emissions for the chosen German cities between 2012 and 2022,
showing a wide range of variation in monthly NO, emissions (the same
figure but in per capita terms can be found in Appendix C). The city with
the highest mean NO, emissions is Stuttgart, which stands out signifi-
cantly from the other cities. Other cities such as Berlin, Darmstadt, and
Hamburg, highlighted in red, also exhibit relatively high NO, emissions.
In contrast, cities like Koblenz, Giefen, and Ludwigshafen show mod-
erate levels of NO, emissions. At the lower end of the spectrum, Kassel
and Dresden have the lowest mean NO, emissions.

Table 1

We now focus on the NO, emissions of Germany’s major cities in
2021-2022. Fig. 2 shows the trends of NO emissions in 17 German cities
(4 treated and 13 untreated) between 2012 and 2022°. As can be seen,

6 For the use of the outcome variables, the selected station must be the same
as the street that received the treatment.

7 See the sources of the data in Appendix B.

8 We ran the SCM analysis both with and without the key predictors and
found no major changes in the results.

° The summary statistics for each city separately can be found in Appendix D
in Table D1, the values of the variables for the treated cities and donor cities in
the pre- and post- intervention periods can be found in Appendix D in Table D2
and the map of the NO, emissions of the selected cities in 2012 and 2022 are
presented in Appendix E.
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Fig. 1. The monthly mean values of the NO, emissions of selected German cities in the period 2012-2022.

Table 1

Overview of variables used in the analysis in the period 2012-2022.
Variable Mean Median SD Min Max
NO, (pg/m3) 37.49 34.60 19.37 1.86 174.25
Employment Rate (Percentage) 67.65 67.18 12.46 10.72 95.57
GDP per capita (in 1000 Euro) 52.98 47.15 16.86 29.09 91.71
Diesel Cars (Percentage) 25.05 29.30 11.63 1.00 39.73
Commuters (Percentage) 48.78 49.71 13.90 21.03 69.59

Notes: The employment rate, which measures the number of people employed
in a month, is related to the number of people who need to use transit to get to
their jobs. GDP per capita is a way to measure the wealth of a city, assuming that
cities with high GDP see more cars and, as of 2022, produce more local NO, as a
result. Diesel cars is the share of diesel vehicles out of all passenger cars. The
percentage of diesel vehicles in a city is important because diesel vehicles are
major emitters of NO,. Finally, the percentage of commuters, which captures
differences in the distance between cities for direct commuting to work, in-
dicates higher amounts spent on transportation into a city and therefore higher
emissions.

NO, emissions have decreased or remained constant in all cities since
2012. The magnitude of the decrease varies from city to city, some cities
experiencing more significant decreases than others. Most of the cities in
the donor pool (untreated units) had almost the same NO, emissions.
The largest emitter remains Stuttgart, followed by Berlin, Darmstadt,
and Hamburg following behind. Darmstadt and Stuttgart show a sig-
nificant decrease around the year 2020. In 2012, majority of the cities in
this study were above the European Commission’s maximum level of 40
pg/m® NO, levels which is the red line in the figure [55].19 Already in
2022 almost all cities are below the red line.

There are some very strong polluting cities for the full period (Fig. 1);
however, overall we see a continuous decline for all cities across time
(Fig. 2). The strongest polluters introduced a ban. But has that been
pivotal for the decline? To study this, we apply SCM. The variation in

10 T be consistent with the European Commission’s maximum level, absolute
values are used in Section 4. In Sections 6, 6.1 and 6.2, we use per capita
emissions due to methodological peculiarities. That is, using per capita mea-
sures, we ensure that the baseline characteristics of the treated and control units
are more comparable, leading to more reliable and valid causal inferences.

NO, emissions across the cities has significant implications for public
health and environmental policies. High NO, levels in cities like Stutt-
gart, Berlin, and Hamburg pose substantial health risks to residents,
including respiratory issues and reduced lung function. Therefore,
stringent environmental regulations and policies are essential in these
cities, such as promoting public transportation, implementing LEZs, and
encouraging the use of electric vehicles. Overall, the two figures high-
light the disparities in NOy emissions among different German cities,
emphasizing the importance of targeted interventions and policies to
mitigate NO; pollution, particularly in urban centers with higher emis-
sions. The data underscores the need for comprehensive urban planning
and environmental strategies to improve air quality and protect public
health.

6. City-specific implementations of the diesel ban and their
effectiveness

Berlin: Implemented on July 1, 2019, Berlin’s diesel ban policy
targeted eight street sections in the city center. However, it did not
completely restrict access to the city center, allowing alternative routes.
The results show (Fig. 3a) that NO, emission levels in synthetic Berlin
did not change after the diesel ban policy (vertical dashed line), and the
trend remained consistent with that of the actual Berlin, sometimes even
reaching higher emission levels. The average difference in NO, emis-
sions between synthetic and actual Berlin after the intervention (that is,
our average effect of the intervention) is -2.36 ug/m>. The difference
before and after the intervention is not large. Both real and synthetic
Berlin show similar NO; emission trends after policy implementation,
with no significant reduction. Synthetic Berlin (based on Dresden,
Gottingen and Saarbriicken) mirrors this trend, indicating the policy’s
limited impact on emissions (see Table 2 for the donor city weights used
to construct each synthetic control, highlighting the composition of
counterfactual trends). We can say that the diesel traffic ban had no
significant effect on Berlin’s NO5 emissions, despite its implementation.

Hamburg: Implemented on May 31, 2018, the policy targeted two
streets with alternative routes provided by the government. This may
indicate that the policy was not intended to restrict access to the city
center. The SCM analysis shows no significant emission reductions after
the policy, with real and synthetic Hamburg (based on Dresden and
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Fig. 2. Temporal trends of monthly NO, emissions in 17 cities in Germany (2012-2022).
The horizontal red line is the maximum level of 40 ug/m® of NO, set by the European Commission.

Potsdam) showing similar trends (Fig. 3c). The average difference in
NO, emissions between synthetic and actual Hamburg after the inter-
vention is -2.11 ug/m®. In this case too, the difference before and after
the intervention is not large. The results suggest that the policy did not
have a significant impact on NO, emissions in Hamburg. Interestingly,
Dresden receives a high weight in the synthetic control constructions for
both Berlin and Hamburg due to the close similarity in their average NO»
emissions per capita during the pre-intervention period (which is critical
for weight determination in ScM).!! This alignment in pre-treatment
trends is essential for accurately approximating the counterfactual tra-
jectory in SCM.

Darmstadt: The diesel ban, implemented in June 1, 2019, impacted
two streets in the city center. As a result, access to the city center became
extremely difficult, with few alternative routes available to drivers.
Darmstadt’s smaller size and limited alternative routes made this policy
more impactful than in Berlin. The SCM analysis shows a notable gap
between the real and synthetic NO, emissions of Darmstadt, after the
policy implementation (Fig. 3b). Besides, the average difference in NO,
emissions between synthetic and actual Darmstadt after the intervention
is -46.81 pg/m3'’. Hence, the difference before and after the

1 This is particularly evident when looking at Fig. C1 in Appendix C.
12 gynthetic Darmstadt is based on Koblenz, Ludwigshafen, and Niirnberg.

intervention is large.

Stuttgart: The policy of banning diesel traffic was introduced in
Stuttgart on January 1, 2019. The policy was one of the strictest among
the cities studied. Unlike the policies implemented in Berlin, Darmstadt,
and Hamburg, Stuttgart’s ban covered the entire city center and sub-
sequently also additional areas. As a result, the percentage of diesel
vehicles that were prevented from entering the city center increased
from 23.08% in 2019 to 37.10% in 2020 [56]. Our analysis reveals a
significant divergence between real and synthetic Stuttgart (based on
Braunschweig, Ludwigshafen and Niirnberg) in terms of NO, emissions,
indicating the policy’s effectiveness (Fig. 3d). The average difference in
NO, emissions between synthetic and actual Stuttgart after the inter-
vention is about -30.06 pg/m>. The difference before and after the
intervention is large. The observed reduction in NO, emissions in
Stuttgart indicates that the policy implementation was effective in
positively impacting the city’s air quality.'®

In summary, the main findings indicate that policies banning diesel

13 In Figs. 3a to 3d to improve pre-treatment fit, we can relax the requirement
that weights must sum to one, keeping only the non-negativity condition.
However, this might lead to overfitting or underfitting. To avoid these issues,
we follow the default rule that weights must add up to one. But we relax the
requirements as a robustness test.
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Fig. 3. Synthetic Control estimation of diesel traffic ban by the example of four cities. The vertical dashed line in each subfigure indicates the diesel ban policy
implementation date. The yellow dashed line represents the synthetic city, and the blue line is the actual city.

Table 2
Weights of the donor cities for constructing synthetic cities.

Synthetic Berlin Synthetic Hamburg

Synthetic Darmstadt Synthetic Stuttgart

Weight City Weight City Weight City Weight City

0.000 Braunschweig 0.000 Braunschweig 0.000 Braunschweig 0.267 Braunschweig
0.949 Dresden 0.863 Dresden 0.000 Dresden 0.000 Dresden

0.000 GieBen 0.000 GieBen 0.000 Gieflen 0.000 Gieen

0.035 Gottingen 0.000 Gottingen 0.000 Gottingen 0.000 Gottingen
0.000 Kassel 0.000 Kassel 0.000 Kassel 0.000 Kassel

0.000 Kiel 0.000 Kiel 0.000 Kiel 0.000 Kiel

0.000 Koblenz 0.000 Koblenz 0.240 Koblenz 0.000 Koblenz

0.000 Leverkusen 0.000 Leverkusen 0.000 Leverkusen 0.000 Leverkusen
0.000 Ludwigshafen 0.000 Ludwigshafen 0.388 Ludwigshafen 0.235 Ludwigshafen
0.000 Niirnberg 0.000 Niirnberg 0.372 Niirnberg 0.498 Niirnberg
0.000 Potsdam 0.137 Potsdam 0.000 Potsdam 0.000 Potsdam

0.000 Rostock 0.000 Rostock 0.000 Rostock 0.000 Rostock

0.016 Saarbriicken 0.000 Saarbriicken 0.000 Saarbriicken 0.000 Saarbriicken

vehicles in entire districts or large areas of the city contributed to a
reduction in NO; emissions, as observed in Stuttgart. Conversely, ban-
ning access to parts of streets did not lead to significant improvements in
NO; emissions if diesel vehicles were still able to pass through the city,
as was the case in Berlin and Hamburg. However, restricting access to
parts of streets that limited access to the city center resulted in a
decrease in NO, emissions, as seen in the case of Darmstadt. The smaller
size of the city and the limited availability of alternative routes made it
almost impossible for diesel vehicles to pass through the city center,
making the policy intervention more similar to Stuttgart than to Berlin
or Hamburg. The key point is that the effectiveness of the policy is due to

its nature as an area restriction policy. It is important to note that the
results in Darmstadt and Stuttgart show a clear relationship that restricts
access to the city center. The implementation areas in both cities were
relatively large compared to their overall size and population, which
may have made it easier to enforce the policy and for residents to adapt
to the changes. This suggests that the success of the policy may be due to
a combination of its specific features and the characteristics of the cities
in which it was implemented.
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6.1. Placebo tests

Placebo studies in the SCM involve testing the validity of the SCM
results by comparing the outcomes of the treated unit with the outcomes
of the synthetic control unit constructed using a placebo donor pool. In
other words, the placebo study involves applying the SCM to a data set
where the intervention did not occur, but where the synthetic control
unit should still match the treated unit on pre-intervention outcomes
[27]. We conducted placebo studies to see if the difference in NO,
emissions was really caused by the diesel traffic ban policy and not by
chance, i.e., if the empirical estimates were statistically significant.

In these placebo studies, the city that received a policy intervention
was added to the control group with the remaining 13 German cities.
One city in the control group was then assumed to have implemented the
same policy (diesel ban) instead of one of the treated units (Berlin,
Darmstadt, Hamburg, or Stuttgart). The SCM was then used to construct
a synthetic version of the selected control unit and estimate the impact
of the intervention. Then all cities remaining in the control group were
iteratively tested for the difference between synthetic and real NO,
emissions. The results of all control units in the placebo studies were
then compared with the results of the treated unit from the empirical
analysis. If the differences in NO5 emissions of treated control units are
much larger than those of placebo control units, then the difference in
NO, emissions between real and synthetic treated units is due to the
implementation of the diesel traffic ban, i.e. the results of the empirical
analysis are credible [27]. Note that placebo tests are a critical step in
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SCM analysis, because they help to rule out potential biases and con-
founders that could affect the estimated treatment effect. They explain
that placebo tests are particularly useful when the SCM analysis is
applied to a single treated unit, as it allows researchers to test the
robustness of the results and to assess the likelihood of spurious results
due to chance or other factors.

Fig. 4a-d show the monthly estimates of the impact of the diesel ban
policy. Fig. 4a and Fig. 4c focus on Berlin and Hamburg, respectively.
They compare the per capita NO, emissions between Berlin/Hamburg
and a synthetic counterpart, revealing no significant change in these
cities” emissions in post-intervention period of time. Fig. 4b and Fig. 4d
focus on Darmstadt and Stuttgart, respectively. They highlight the sig-
nificant decrease in per capita NO, emissions relative to their synthetic
versions post-intervention. These figures suggest a substantial and
increasing effect of the diesel ban policy over time, showing its impact
on reducing emissions in both cities.

Another way to measure how well the synthetic control unit can
predict the outcomes of the treated unit after the intervention the rooted
mean squared prediction error (RMSPE) can be calculated. The RMSPE
measures the magnitude of the gap in the outcome variable of interest
between each city and its synthetic counterpart [28]. A large
post-intervention RMSPE is not indicative of a large effect of the inter-
vention if the synthetic control does not closely reproduce the
pre-intervention outcome of interest [28]. That is, a large
post-intervention RMSPE does not indicate a large effect of the inter-
vention if the pre-intervention RMSPE is also large. For each city, we

08.2013 04.2015 122016 08.2018 04.2020 122021
Time

— Darmstadt Control units

(b) Darmstadt

08.2013 04.2015 122016 08.2018 04.2020 122021
Time

— Stuttgart — Control units

(d) Stuttgart

Fig. 4. Per capita NO, emissions gaps in four cities and placebo gaps in all control states. The figures show the gaps in NO, emissions for each city compared to the
placebo gaps in the control states. The gray lines in all figures show the difference in per capita NO, emissions between each state in the donor pool and its respective
synthetic version. The superimposed black line indicates the gap estimated for Berlin, Darmstadt, Hamburg, and Stuttgart. The vertical dashed line is the intervention

date for each city.
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divide the post-ban RMSPE by the pre-ban RMSPE.

Berlin and Hamburg: Fig. 5a and Fig. 5c report the ratios between
the post-diesel traffic ban RMSPE and the pre-diesel traffic ban RMSPE
for Berlin/Hamburg and all the cities in the donor pool. The ratio for
Berlin is about in the middle of the cities, showing almost no signifi-
cance. If one were to pick a city at random from the sample, the chances
of obtaining a ratio as high as this one would be 6,/14 = 0.42 or 42% (not
significant). These results support the earlier findings, i.e. the imple-
mentation of the diesel traffic ban in Berlin was ineffective. The ratio for
Hamburg also shows no significance. If one were to pick a city at random
from the sample, the chances of obtaining a ratio as high as this one
would be 11/14 ~ 0.78 or 78% chance. This supports the conclusion that
the diesel ban had no significant effect on Hamburg’s NO- levels too.

Darmstadt and Stuttgart: Fig. 5b and Fig. 5d show the distribution
of post/pre-diesel ban RMSPE ratios in Darmstadt/Stuttgart and the
other 13 control cities. The ratio for both cities stands out clearly from
the rest. If one were to randomly select a city from the sample, the
probability of obtaining a ratio as high as that for Darmstadt and
Stuttgart would be 1/14 ~ 0.0714 or 7%, suggesting a low probability of
observing such a large post-/pre-RMSPE ratio by chance. While this does
not meet the conventional 5% threshold for statistical significance, it
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still provides indicative evidence of a meaningful treatment effect. This
result suggests a deviation in per capita NO, emission trends in these
cities and supports the conclusion that the observed reductions are
attributed to the diesel ban policy. To sum up, the estimated difference
in NO; emissions between Darmstadt and Stuttgart, and the control
cities from 2012 until 2022 was notably large whereas in Berlin and
Hamburg this was not the case. Since the placebo studies included 14
cities, the probability of the estimation result was calculated as 1/14 ~
0.0714.

6.2. Robustness tests

6.2.1. Augmented Synthetic Control Method, Generalized Synthetic Control
Method and Synthetic Difference-in-Differences

As a robustness test, we implement the Augmented Synthetic Control
Method (ASCM) introduced by [57], which augments the standard SCM
by incorporating an outcome model to improve pre-treatment fit and
accommodate extrapolation beyond the convex hull of the donor pool.
ASCM helps reduce bias in cases where SCM may fail to closely match
pre-intervention trends. The post-intervention average treatment effects
(ATE) estimated by ASCM closely mirror our baseline SCM conclusions.

Darmstadt 1 |
Potsdam A
Gattingen 1 A
Mlrnberg A

Kiel{ 4k
Leverkusen &
Dresden A
Gieten{ 4
Koblenz A A
Saarbriicken A
Ludwigshafen 1 A
Kassel 1 A
Braunschweig 1 F'y
Rostock-‘

1 2
Post/Pre MSPE ratio

(b) Darmstadt

Stuttgart 1 |
Potsdam A
Gattingen 1 A
MNlrnberg
Kiel 1
Dresden
Saarbriicken T
Leverkusen
Gieflten
Koblenz A
Rostock T
Ludwigshafen
Braunschweig
Kassel 7

1 2 3 4
Post/Pre MSPE ratio

(d) Stuttgart

Fig. 5. Ratio of post/pre-diesel traffic ban Root Mean Squared Prediction Error (RMSPE) for Berlin, Darmstadt, Hamburg, and Stuttgart, alongside their respective
control cities. A higher ratio suggests greater deviation between the observed and synthetic trends after the diesel traffic ban, implying a stronger policy effect.
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For Berlin, ASCM produces a positive ATE of 4.26 pg/m>, and for
Hamburg, an estimate of —0.03 pg/m°, both reinforcing the original
conclusion that the diesel bans were largely ineffective in these cities. In
contrast, the ASCM results for Darmstadt (-31.66 ug/m®) and Stuttgart
(-22.82 pg/m®) continue to show substantial reductions, confirming the
effectiveness of diesel ban policy. These patterns are clearly visible in
the ASCM plots (Fig. F1 and F2), where the gap between actual and
synthetic emissions widens after the intervention in Darmstadt and
Stuttgart, while Berlin and Hamburg display either convergence or
negligible divergence post-treatment. Overall, the ASCM figures visually
support the numerical ATE estimates and further validate the robustness
of our main findings.

As an additional robustness check, we apply the Generalized Syn-
thetic Control Method (GSCM) developed by [58], which extends
traditional SCM by modeling both observed covariates and unobserved
common factors through an interactive fixed effects framework. GSCM
offers several advantages, including the ability to accommodate multi-
ple treated units with staggered interventions and to explicitly model
unit and time heterogeneity. Our GSCM results further support the
conclusions drawn from the baseline SCM and ASCM analyses. Specif-
ically, the post-treatment ATE estimates from GSCM indicate a strong
negative treatment effect for Stuttgart (-19.24 pg/m>) and Darmstadt
(-8.79 pg/m®), aligning with the observed visual gap in the
post-treatment period and confirming the effectiveness of diesel ban
restriction in these cities. In contrast, Berlin (0.42 ug/m>) and Hamburg
(-1.02 pg/mg) again show minimal to no sustained effects, consistent
with their more limited diesel ban policy. These patterns are reinforced
by the GSCM counterfactual plots (Fig. F3), where clear divergence
between treated and estimated values appears only in Darmstadt and
Stuttgart following the policy intervention, while Berlin and Hamburg
show parallel trends. The time-series evolution of the treatment effects
visualized in the plots, combined with the numeric ATEs, reinforces the
robustness of our core findings.

As a further robustness check, we employ the Synthetic Difference-
in-Differences (SDiD) method developed by [59], which combines the
strengths of traditional Difference-in-Differences (DiD) and SCM-s. SDiD
addresses some of the limitations of standard SCM such as sensitivity to
extrapolation outside the convex hull while also mitigating biases from
potential violations of parallel trends assumptions inherent in DiD. The
post-treatment ATE estimates from SDiD are largely consistent with our
baseline findings. For Darmstadt (—29.80 ug/m®) and Stuttgart (-11.79
pg/m>), SDID indicates reductions in NO, levels, reaffirming the effec-
tiveness of diesel bans. In contrast, Berlin (12.54 pg/ms) and Hamburg
(3.99 ug/m?) display positive or weak treatment effects, suggesting little
or even counterproductive impact. These patterns are visually rein-
forced in the SDiD outcome plots (Fig. F4), where a clear post-treatment
divergence is observed for Darmstadt and Stuttgart, while treated and
synthetic lines in Berlin and Hamburg remain closely aligned or reverse
direction. Together, the numeric and visual evidence from SDiD support
the core conclusion that policy scope and geographic coverage play a
crucial role in determining the effectiveness of diesel-related traffic re-
strictions in improving urban air quality. Inspired by the bootstrap
approach in [60], we further assess the statistical robustness of our SDiD
estimates through placebo-based inference. The resulting bootstrap
distributions (Fig. F5) show that the treatment effects for Darmstadt and
Stuttgart lie at or beyond the tails of the 95% confidence intervals,
indicating statistically significant effects. In contrast, the estimates for
Berlin and Hamburg fall well within the placebo distribution bounds,
underscoring the lack of robust policy impact in those cities.

To sum up, the robustness checks using ASCM, GSCM, and SDiD
reaffirms the baseline SCM findings. Across methods, Berlin and
Hamburg exhibit negligible or even slightly positive post-treatment
ATEs, indicating that their limited street-level bans were ineffective.
In contrast, Darmstadt and Stuttgart show substantial and statistically
significant NO, reductions under all three approaches, confirming that
larger-scale or central area restrictions yield stronger impacts. These

10
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results, supported both numerically and visually, underscore that policy
effectiveness depends heavily on the scope and geographic coverage of
the diesel bans, with area-wide interventions producing far greater im-
provements in air quality than narrowly targeted street segments.

6.2.2. Leave-one-out estimation

We also conduct a robustness check to test the sensitivity of our main
results to changes in the city weights. Here we iteratively re-estimate the
baseline model to construct a synthetic Berlin, Hamburg, Darmstadt and
Stuttgart omitting in each iteration one of the cities that received a
positive weight. By excluding cities that received a positive weight, we
sometimes sacrifice goodness of fit, but this sensitivity check allows us to
assess the extent to which our results are driven by a particular control
city. As an example of a robustness test, Fig. 6a-d show the results of a
leave-one-out reanalysis of the diesel traffic ban, where each of the cities
contributing to the synthetic control is removed from the sample one at a
time. Fig. 6a-d show the results, reproducing Fig. 3a-d (solid and dashed
black lines) while also incorporating the leave-one-out estimates (gray
lines). This figure shows that the results of the previous analyses are
quite robust to the exclusion of a particular city from our sample of
comparison cities. Thus, we also conducted robustness checks to assess
the sensitivity of our results to the changes in the study design. The main
conclusion of our estimates of the diesel traffic ban on NO; per capita is
robust to the exclusion of any particular city.

7. Discussion and policy implications

Our main findings suggest that the policy of banning diesel vehicles
in whole districts or large areas of the city has contributed to the
reduction of NO; emissions, as observed in Stuttgart. Thus, the stricter
the policy, the more effective are the expected results. Conversely,
banning access to parts of streets did not lead to significant improve-
ments in NO, emissions if diesel vehicles were still able to pass through
the city, as was the case in Berlin and Hamburg. However, restricting
road sections that limit access to the city center has led to a reduction in
NO; emissions, as was the case in Darmstadt. The smaller size of the city
and the limited availability of alternative routes made it almost
impossible for diesel cars to pass through the city center, making the
policy intervention more similar to Stuttgart than to Berlin or Hamburg.
Our results are consistent with those of [32,35,39], who found that area
restricting policies are effective. At the same time, the results for Berlin
and Hamburg show that our results are consistent with [42]’s results,
who found that the reduction in air pollution did not differ significantly
across the streets of Dutch cities (there, the LEZ policy was only effective
on one street due to the drastic reduction in traffic flows).

It is important to emphasize that the effectiveness of the policy lies in
its nature as an area-restricting policy. The results in Darmstadt and
Stuttgart show that the policies in these two cities have a clear similarity,
i.e., both restrict access to the city center. By the example of Darmstadt,
we have seen that it is also possible to restrict only a few streets to
achieve the effect of an area-restricting policy, which means that urban
planning conditions are important. Of course, this may be due to the size
of the cities and the restricted areas for diesel vehicles. The imple-
mentation areas in both cities were relatively large compared to their
overall size and population, which may have made it easier to enforce
the policy and for residents to adapt to the changes. This suggests that
the success of the policy may be due to a combination of its specific
features and the characteristics of the cities in which it was imple-
mented. These findings highlight the importance of considering the
specific circumstances of each city when implementing policies to
reduce NO, emissions and improve air quality.

Table 3 shows the area of the banned streets in Berlin, Darmstadt,
Hamburg and Stuttgart. City Area with Implementation is the length of
the street in each city multiplied with the width of the city where the
policy was implemented. Entire City Area is the total area of the each
city. This gives an idea of what percentage of streets are actually affected
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Fig. 6. Leave-one-out estimates of the effect of the diesel traffic ban policy for four cities. The solid and dashed black lines are actual and synthetic cities, the gray

lines are the leave-one-out estimates.

Table 3
Comparison of diesel ban policy implementation areas across selected cities
(source of the values: [61,62]).

City City Area with Implemen-tation Entire City Area Ratio (%)
Berlin 3,648 ha 89,180 ha 0.004%
Darmstadt 1,164 ha 12,220 ha 9.521%
Hamburg 2,616 ha 75,520 ha 0.003%
Stuttgart 7,779 ha 20,740 ha 37.507%

by the policy. Comparing Berlin and Hamburg, we see that they have
almost the same percentage, and Darmstadt has a higher percentage of
the affected area. The case of Stuttgart is more interesting. The ratio
shows that the area of the city affected by the diesel ban policy is about
38% of the entire city.

However, in larger cities such as Berlin and Hamburg, where the
areas where the policy was implemented were smaller and more
dispersed, it may have been more difficult to enforce the policy and for
residents to adapt, and made it easier for residents to escape the policy.
In addition, there may have been more vehicles on the road in these
cities, making it harder to see a significant reduction in NO5 emissions if

11

some drivers are free to use the parallel road without repercussion. After
the ban went into effect in Hamburg, the government set up alternative
routes so that drivers could get around the city center and other parts of
the city without using the banned roads. Our analysis therefore high-
lights the importance of the scope of the policy and the specific areas in
which it is enforced. Policies need to be carefully designed to cover areas
large enough to make it difficult to circumvent the restrictions, thereby
increasing their effectiveness. In addition, the characteristics of the city,
such as its size and the availability of alternative routes, can have a
significant impact on the effectiveness of diesel vehicle bans. In cities
where alternative routes are limited or non-existent, such as Darmstadt,
restrictions can lead to more significant reductions in NO, emissions.
This implies that urban planning and policy should take into account the
unique geographical and infrastructural aspects of each city. That is,
policymakers should tailor diesel ban policies to the specific character-
istics of each city to maximize their impact.

The effectiveness of diesel bans depends on the scope and design of
the intervention. Cities like Stuttgart and Darmstadt, which imple-
mented area-wide or central district-wide restrictions, experienced
substantial declines in NO, emissions. In contrast, Berlin and Hamburg,
which restricted only select street segments with available bypass
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routes, saw negligible impact. This internal consistency across multiple
cities reinforces the conclusion that spatial comprehensiveness is a key
determinant of policy efficacy. The takeaway is clear: the design logic of
the policy is as critical as its adoption. Our findings indicate that cities
implementing diesel traffic bans should not only focus on regulatory
enforcement but also on the strategic design of the restriction zones.
First, the coverage area plays a pivotal role—bans targeting central or
high-traffic urban areas are significantly more effective than isolated
street-level interventions. To minimize evasion and maximize environ-
mental impact, such zones should avoid offering nearby bypass routes or
should be accompanied by complementary secondary restrictions. While
area restriction policies can be effective, other measures should also be
implemented, such as promoting public transportation, improving
pedestrian and bicycle infrastructure, and encouraging the use of elec-
tric vehicles. This would help ensure that diesel restrictions do not
simply shift pollution to other areas or increase congestion elsewhere.
Finally, cities should consider long-term strategies that address air
pollution, mobility, and sustainability in an integrated manner to ensure
that policies are both effective in the short term and sustainable in the
long term.

8. Conclusions

In summary, we use the SCM to analyze the effects of policies ban-
ning the use of diesel vehicles in certain areas of four German cities:
Berlin, Darmstadt, Hamburg, and Stuttgart. The policy was implemented
in response to the high levels of NO, emissions in these cities, which
posed a significant health risk to residents, degraded the environment,
and did not comply with the levels imposed by the European Union. The
difference between the observed NO; emissions in the areas affected by
the policy and the predicted NO, emissions is based on a synthetic
control constructed from a weighted combination of control areas that
did not implement the policy.

The main findings show that, as in Stuttgart, regulations banning
diesel vehicles in entire neighborhoods or significant parts of the city
helped to reduce NO; emissions. As was the situation in Berlin and
Hamburg, restricting access to some streets did not result in significant
reductions in NO, emissions when diesel vehicles were still allowed to
travel throughout the city. However, as in Darmstadt, restricting access
to sections of road that limited access to the city center led to a reduction
in NOy emissions. The policy intervention was more appropriate for
Darmstadt than for Berlin or Hamburg because the smaller size of the
city and the lack of alternative routes made it nearly impossible for
diesel cars to pass through the city center. Robustness checks using
ASCM, GSCM, and SDiD further validate the findings. For example, all
three methods confirmed significant post-treatment declines for Stutt-
gart and Darmstadt, while Berlin and Hamburg remained largely unaf-
fected. Leave-one-out tests and RMSPE ratios align with these outcomes,
adding credibility through triangulation.

It is important to remember that the effectiveness of the policy stems
from the fact that it is an area restriction policy. The results in Darmstadt
and Stuttgart show a clear link that hinders access to the city center,
which is important to note. Of course, the size of the cities and the
restricted locations for diesel vehicles may be responsible for this. Both
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A. Details on diesel traffic bans in Darmstadt, Hamburg, Berlin, and Stuttgart
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cities had relatively large implementation zones in terms of size and
population, which may have made it easier to implement the policy and
help residents adjust to the changes. This suggests that the success of the
policy may be due to a combination of its specific features and the
characteristics of the cities in which it was implemented. This proposes
that the success of the policy could be attributed to a combination of its
specific features and the characteristics of the cities in which it was
implemented.

While our analysis provides valuable insights into the four German
cities, it will be difficult to generalize these findings to other cities
(especially outside of Germany) because different cities may have
different levels of public transportation infrastructure, cultural attitudes
toward car use, and urban layouts, all of which could affect the effec-
tiveness of diesel bans. The environmental benefits of the policy are
clear, but such a policy may impose an economic burden on low-income
individuals who rely on older diesel vehicles. There may also be chal-
lenges related to compliance and enforcement of diesel vehicle bans.
Finally, SCM is a robust approach for causal inference in policy evalu-
ations, but one of the major drawbacks of the method is the choice of
appropriate control units.
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Some cities have implemented a stronger restriction: diesel traffic bans, also called the “NO,-free Emission Zone.” All vehicles with Euro 5 or lower
emission standards are not allowed to pass through these restricted zones from any city.

Berlin: The city of Berlin was one of the first cities to introduce an environmental zone on January 1, 2018. The Berlin Senate has introduced
further restrictions for August 1, 2019: only diesel cars and motor vehicles with a standard emission norm of Euro 6/VI are allowed to drive through
eight important streets in the city center. The diesel bans introduced in 2019 were lifted on all roads in September 2022 by the Berlin Senate.



N. Mirzoyan et al. Sustainable Futures 10 (2025) 101143

Fig. Al

A, Diesel-Fahrverbote in der Innenstadt )6 @,\&9
N ' Auf diesen acht Straenabschnitten wird es Durchfahrverbote I@

== fir Diesel-Fahrzeuge geben

Griine Umrandung = Umweltzone - e~

Stromstrafe

@ 2Zwischen Bugen-
hagenstr. u. Turmstr.

Gotzkowskystr. und
Beusselstr.

oL P

«Friedrichstrafe
Zwischen
Unter den Linden
und Dorotheenstr, gy

Charitéstr. @ X Kariane

N und Kapelle-Ufer Ptz X Al

Strape des 17. Jutt s

marckstr. ", w
e - " | Kdpenicker Str.
N 3 N%W;:: und Holzmarktstr.
Kantstrage. 5 g 6‘%
2wischen 7 \

Lelpziger Platz
|und Charlottenstrafie

aus Grinden der Luftreinhaltung
wird auf diesen Strafenabschnitten eingefiihrt

Albrechtstrae Invalidenstrafe =
Robert-Lick-Str. bis Alexanderufer bis Scharhorststr. §
Neue Filandastr.

: (1) Joachimsthaler Str. 5

(2) Badstr. i bis 3

bis Kurfi E

(3) Breite Str./Schénholzer Str. (73) Kaiser-Friedrich-Strage @)~ £
Grabbeallee bis Mihlenstr. Kantstr. bis Otto-Suhr-Aliee =

(@) Danaiger st KlosterstraBe ® Silbersteinstrate gy
Schonhauser A. Brunsbiittler Damm Silbersteinstrake __._»‘ Zwischen
bis Schiiemannstr, bis Pichelsdorfer Str. und Emser Strage Hermannstraie

@ Dominicusstr. Leonorenstrafie und KarkMancStraBe
Ebersstr. Bernkastlerstr. bis =
bis Hauptstr. Pichelsdorfer Str. \

@ DorotheenstraBe Luxemburger StraBe @ MilllerstraBe Residenzstrafie Schénholzer StraBe  (30) TorstraBe
Wilheimstr. bis Gentler Str. bis Mullerstr. Seestr. bis Amende Strae bis Wollankst. bis Parkstr. Prenzlauer Allee bis
Friedrich-EbertPl. Antonstr. Lindauer Allee @ SE Chausseestr.

nenal

(7) Etsenstrage (16) Mariendorfer Damm P % Thiemannstr bis Reuterst, @) Turmstrage
Am Treptower Park Westphalweg bis et arstiafie Stromstr. bis Beusselsty
e TKun i g - s g‘ . Roedernallee bis Rheinstr. bis Spandauer Damm = '

s KarlKunger-Str. isenacher Str. Wilhelmsruher Damm Autobahnbriicke Klausener Piatz bis @MIdenbmchsthe

Fig. Al. Implementation of diesel traffic ban in Berlin: affected streets [63].

The exact areas were:

e In Leipziger StraBe between Leipziger Platz and CharlottenstraBe for a total length of approx. 850 m.
o In BriickenstraRe between Kopenicker Strafle and HolzmarktstraBe for a total length of approx. 500m.
o In ReinhardtstraBe between CharitéstraBe and Kapelle-Ufer for a total length of approx. 230 m.

e In Alt-Moabit between GotzkowskystraBe and Beusselstrale for a total length of approx. 160 m.

e In Friedrichstrafe between Unter den Linden and DorotheenstraBe for a total length of approx. 160 m.
o In StromstraBe between Bugenhagenstrae and TurmstraBe for a total length of approx. 200 m.

e In HermannstraBe between Silbersteinstrae and Emser Strafie for a total length of approx. 240 m.

e In Silbersteinstrafe between HermannstraBe and Karl-Marx-StraBe for a total length of approx. 700 m.

Darmstadt: In June 2019, the Hessian Ministry of the Environment decided to restrict access for vehicles with European standard emissions of
Euro 5/V and lower to two sections of two different streets in the city (See Fig. A2). Diesel vehicles of Euro standards 1 to 5 and gasoline vehicles of
Euro standards O to 2 are affected. In addition, buses and trucks of Euro standards I to V are not allowed to operate on the affected section of
HeinrichstraBe.
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Fig. A2. Implementation of diesel traffic ban in Darmstadt: affected streets [64].
The exact areas are:

o In HeinrichstraBe between Heidelberger StraBe and KarlstraBe for a total length of approx. 640 m.
o In HiigelstraBe between the eastern tunnel exit and KarlstraBe for a total length of approx. 330 m.

Hamburg: On June 30, 2017, the Senate of the Free and Hanseatic City of Hamburg approved the second revision of the Clean Air Plan. The
amendment was made because Hamburg continued to exceed its annual average limit value for NO, which is intended to protect public health. In
order to comply with the European Union’s average NO limit, the Senate had to ban older diesel vehicles from two particularly polluting stretches of
road. As a result of the calculations and considerations, the Senate made it illegal for Euro VI diesel cars and trucks to drive on two sections of road as of
May 31, 2018. The diesel restrictions for Max-Brauer-Allee apply to cars and diesel-powered vehicles with diesel engines up to and including Euro 5/V.
Also for StresemannstraBe, diesel-powered vehicles with a total permissible weight exceeding 3.5 tons. The city provides alternative routes for vehicles
with higher pollution standards, which can be seen in the figure (different colors than red).

Figs. A3 and A4
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Fig. A3. Implementation of diesel traffic ban in Hamburg: Affected streets [65].
The exact areas are:

e In Max-Brauer-Allee between Julius-Leber-Strasse and Holstenstrasse for a total length of approx. 580 m.
e In Stresemannstrasse between Kaltenkircher Platz and Neuer Pferdemarkt for a total length of approx. 1,600 m.

Stuttgart: Due to court rulings, the state of Baden-Wiirttemberg had to ban certain diesel vehicles from the streets of Stuttgart in order to meet the
city’s NO; limits. Since January 1, 2019, a LEZ for vehicles with diesel engines of emission class Euro 4/1V and lower (the blue and orange areas on the
map) has been in place in the entire city of Stuttgart.

As of July 1, 2020, the Stuttgart Valley and the districts of Bad Cannstatt, Feuerbach and Zuffenhausen is subjected to a zonal traffic ban (a more
restricted LEZ) for diesel vehicles of emission class Euro 5/V and lower (the orange area on the map) - the so-called “small environmental zone”.

However, there are some exceptions. In general, business deliveries, people with certain disabilities, medical emergencies, and two- and three-wheeled
vehicles are exempt.
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Fig. A4. The image shows area of Stuttgart where the policy is in place [66].

B. Data sources of variables

Table B1

Table B1
Variables and data sources.

Variable Source Website

NO, Emissions (ug/m®) German Environment Federal Office (UBA) https://www.umweltbundesamt.de/en
Employment Rate (Percentage) German Federal Employment Agency (BA/AA) https://statistik.arbeitsagentur.de

GDP per capita (1000 Euro) National Accounts of the Ger- man Federal States (VGRdL), via Destatis https://www.statistikportal.de/de/vgrdl
Diesel Cars (Percentage) German Federal Motor Transport Authority (KBA) https://www.kba.de

Commuters (Percentage) German Federal Employment Agency (BA/AA) https://statistik.arbeitsagentur.de

All links verified as of June 30, 2025.
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C. Monthly mean NOg per capita values for the selected German cities
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Fig. C1. The monthly mean values of the NO, per capita emissions of selected German cities in the period 2012-2022.

Fig. C1

D. Summary statistics for each city.

Table D1
Summary statistics for all cities in the period 2012-2022.

City Variable Mean Median SD Min Max
Berlin NO; (ug/m®) 46.65 44.69 18.67 5.80 128.05
Employment Rate (Percentage) 54.22 54.38 1.91 51.70 56.52
GDP per capita (Euro) 38.21 39.11 3.85 32.52 42.91
Diesel Cars (Percentage) 23.57 23.63 1.69 20.33 25.86
Commuters (Percentage) 21.69 21.76 0.36 21.03 22.06
Braunschweig NOy (ug/m>) 34.42 32.94 12.86 6.94 93.62
Employment Rate (Percentage) 65.94 66.93 1.83 10.72 67.76
GDP per capita (Euro) 72.21 73.88 6.42 63.04 82.60
Diesel Cars (Percentage) 1.00 1.00 0.00 1.00 1.00
Commuters (Percentage) 49.45 49.71 0.54 48.50 50.07
Darmstadt NO; (ug/m®) 48.02 45.13 22.35 5.50 158.00
Employment Rate (Percentage) 85.80 86.15 0.94 83.84 86.70
GDP per capita (Euro) 74.96 78.52 6.61 66.14 82.00
Diesel Cars (Percentage) 33.05 33.08 1.92 28.43 35.34
Commuters (Percentage) 69.08 68.95 0.24 68.83 69.59
Dresden NOy (ug/m>) 17.73 15.85 8.60 2.79 71.61
Employment Rate (Percentage) 60.16 59.88 0.92 58.84 61.31
GDP per capita (Euro) 38.34 39.07 3.53 32.17 42.47
Diesel Cars (Percentage) 26.83 27.63 1.90 22.76 28.50
Commuters (Percentage) 36.11 36.15 0.35 35.62 36.71
Giefen NO; (ug/m®) 41.11 40.89 11.49 8.92 84.01
Employment Rate (Percentage) 52.09 52.40 0.53 51.05 52.64
GDP per capita (Euro) 34.65 35.36 2.02 31.45 37.20
Diesel Cars (Percentage) 31.99 32.41 1.67 28.32 33.92
Commuters (Percentage) 34.04 34.25 0.76 32.85 34.97
Gottingen NO3 (ug/m>) 35.50 35.15 11.64 6.35 81.70
Employment Rate (Percentage) 53.54 53.51 0.74 52.50 54.59
GDP per capita (Euro) 33.86 34.43 2.20 30.18 36.56
Diesel Cars (Percentage) 29.90 31.07 1.79 26.12 31.28
Commuters (Percentage) 29.40 28.68 1.04 28.34 31.14
Hamburg NO, (ug/m®) 46.07 43.60 17.55 6.49 118.86
Employment Rate (Percentage) 68.83 68.61 0.79 67.81 70.05
GDP per capita (Euro) 62.95 63.69 4.58 55.90 70.59
Diesel Cars (Percentage) 32.26 32.05 1.77 29.18 34.53
Commuters (Percentage) 36.63 36.38 0.56 36.00 37.58
Kassel NOy (ug/m>) 20.78 19.17 9.57 3.19 62.97
Employment Rate (Percentage) 75.93 75.76 0.69 74.71 77.02

(continued on next page)
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Table D1 (continued)
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City Variable Mean Median SD Min Max
GDP per capita (Euro) 48.94 50.73 291 43.84 53.03
Diesel Cars (Percentage) 30.85 31.04 1.66 27.38 32.69
Commuters (Percentage) 58.14 57.87 0.72 57.30 59.37
Kiel NOy (ug/m>) 37.04 36.02 13.76 211 96.29
Employment Rate (Percentage) 69.26 68.97 1.30 67.12 71.31
GDP per capita (Euro) 45.33 45.92 3.00 40.25 49.18
Diesel Cars (Percentage) 31.39 31.92 1.73 27.61 33.16
Commuters (Percentage) 49.21 49.00 0.34 48.84 49.82
Koblenz NO, (ug/m®) 40.40 39.84 14.78 3.76 97.08
Employment Rate (Percentage) 94.04 94.72 1.23 92.00 95.57
GDP per capita (Euro) 66.56 67.75 3.31 60.85 71.24
Diesel Cars (Percentage) 33.56 34.06 1.79 29.63 35.49
Commuters (Percentage) 66.74 66.74 0.16 66.55 67.05
Leverkusen NO> (ug/m>) 25.11 24.15 9.99 1.87 75.83
Employment Rate (Percentage) 50.09 50.16 0.68 49.05 50.99
GDP per capita (Euro) 45.96 45.93 3.52 40.69 51.85
Diesel Cars (Percentage) 27.58 27.67 1.46 24.94 29.56
Commuters (Percentage) 56.08 56.34 0.86 54.90 57.05
Ludwigshafen NO5(ug/m®) 41.60 40.42 14.75 6.61 103.90
Employment Rate (Percentage) 74.39 74.19 1.09 73.02 75.89
GDP per capita (Euro) 78.38 77.43 3.66 74.09 84.05
Diesel Cars (Percentage) 28.31 28.68 1.61 24.93 30.16
Commuters (Percentage) 68.83 68.88 0.19 68.53 69.14
Niirnberg NOy (ug/m>) 26.48 25.29 10.50 4.01 79.63
Employment Rate (Percentage) 76.20 76.81 1.00 74.53 77.74
GDP per capita (Euro) 57.30 59.77 4.14 50.55 63.25
Diesel Cars (Percentage) 34.00 33.82 2.40 30.16 39.74
Commuters (Percentage) 52.26 52.25 0.37 51.76 52.85
Potsdam NO; (ug/m®) 35.95 34.18 14.91 4.12 103.81
Employment Rate (Percentage) 65.49 64.80 1.57 64.31 69.61
GDP per capita (Euro) 41.02 41.34 2.89 36.75 44.57
Diesel Cars (Percentage) 1.00 1.00 0.00 1.00 1.00
Commuters (Percentage) 57.99 57.89 0.60 57.15 59.06
Rostock NO, (ug/m>) 35.19 34.08 14.15 4.66 97.53
Employment Rate (Percentage) 56.20 56.14 1.47 53.72 57.88
GDP per capita (Euro) 35.02 36.08 3.02 29.10 39.74
Diesel Cars (Percentage) 25.99 27.38 2.23 21.24 27.94
Commuters (Percentage) 37.41 37.34 0.21 37.15 37.78
Saarbriicken NO, (ug/m®) 36.26 35.28 14.26 4.81 91.22
Employment Rate (Percentage) 64.09 64.00 0.40 63.53 64.90
GDP per capita (Euro) 43.02 43.31 1.35 40.29 45.04
Diesel Cars (Percentage) 1.00 1.00 0.00 1.00 1.00
Commuters (Percentage) 45.93 46.10 0.52 45.26 46.60
Stuttgart NO3 (ug/m>) 69.03 67.41 29.99 7.24 174.25
Employment Rate (Percentage) 83.90 83.60 1.20 81.95 86.49
GDP per capita (Euro) 83.96 84.12 4.40 77.80 91.71
Diesel Cars (Percentage) 33.70 33.85 3.43 24.01 37.28
Commuters (Percentage) 60.42 60.41 0.16 60.18 60.63
Tables D1 and D2
Table D2
Pre- and post-intervention summary statistics for NOs levels (in pg/m>).
City Period Mean Median SD Min Max
Berlin Pre-intervention 46.67 47.02 19.59 15.01 100.88
Berlin Post-intervention 46.65 44.66 18.65 5.80 128.05
Hamburg Pre-intervention 56.38 53.48 18.14 25.00 100.71
Hamburg Post-intervention 45.86 43.39 17.48 6.49 118.86
Darmstadt Pre-intervention 64.36 64.00 20.32 20.81 113.64
Darmstadt Post-intervention 47.64 44.59 22.25 5.50 158.00
Stuttgart Pre-intervention 88.23 85.89 32.71 21.57 162.01
Stuttgart Post-intervention 68.61 66.88 29.80 7.24 174.25
Donor Pool All Months 32.89 31.47 14.65 1.87 103.90
Donor Pool (Berlin cutoff) Pre-intervention 40.73 40.00 15.66 3.93 96.88
Donor Pool (Berlin cutoff) Post-intervention 32.71 31.27 14.57 1.87 103.90
Donor Pool (Hamburg cutoff) Pre-intervention 39.71 39.14 15.46 3.93 96.88
Donor Pool (Hamburg cutoff) Post-intervention 32.75 31.32 14.60 1.87 103.90
Donor Pool (Darmstadt cutoff) Pre-intervention 40.79 40.07 15.66 3.93 96.88
Donor Pool (Darmstadt cutoff) Post-intervention 32.71 31.27 14.57 1.87 103.90
Donor Pool (Stuttgart cutoff) Pre-intervention 40.41 39.64 15.68 3.93 96.88
Donor Pool (Stuttgart cutoff) Post-intervention 32.72 31.29 14.58 1.87 103.90
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E. Nitrogen dioxide emission developments in 2012 and 2022

Fig. E1 shows the NO, emissions of each city considered in this study, with the treated units identified in the maps. It shows the changes in NO,
emissions in 17 (four treated and 13 untreated cities combined) German cities between 2012 and 2022. The left map in Fig. 24 (2012) shows that
Stuttgart is the worst polluter; the remaining cities showed similar trends, with Dresden emitting the least NO,. Comparing the two maps, the majority
of the cities experienced a decrease in NO, emissions. The right map in Fig. 24 shows that some of the cities, including Berlin and Hamburg, have

experienced a decrease in NO, emissions in recent years. The most notable example is Darmstadt, which was one of the top five polluters in 2012 and it
fades into the background alongside its neighbors by 2022.
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Fig. E1. Monthly NO, emissions in absolute values in 17 German cities in 2012 (left map) and 2022 (right map).

F. Augmented synthetic control methods results
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Fig. F1. Estimated treatment effects and confidence intervals from the Augmented Synthetic Control Method for four German cities. Solid lines represent the
estimated ATT (Average Treatment Effect on the Treated), and grey lines indicate confidence intervals across time.
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Fig. F2. Augmented Synthetic Control Method results for four German cities. The vertical dashed line indicates the diesel ban policy implementation date. The solid

blue line shows actual NO, levels, while the dashed yellow line represents the estimated counterfactual from the synthetic control.
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Fig. F3. Generalized Synthetic Control Method results for four German cities. The vertical gray line marks the implementation date of the diesel ban policy. The solid
black line shows observed NO, concentrations, while the dashed blue line displays the estimated counterfactual levels in the absence of the intervention.
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Fig. F4. SDiD results for four German cities. The solid blue lines represent the observed NO, concentrations in the treated cities, while the solid red lines show the
counterfactual outcomes estimated from the SDiD model. The post-treatment period, typically shown within a dashed vertical rectangle, marks the time after the
implementation of the diesel ban. The average treatment effect is illustrated by a curved arrow or bracket indicating the vertical difference between the treated and
synthetic lines over this period. Darmstadt and Stuttgart display negative treatment effects, while Berlin and Hamburg exhibit negligible or even positive gaps,

indicating limited policy impact.
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Fig. F5. Bootstrap distributions of 2,000 placebo SDiD treatment effect estimates for each city. The solid vertical line represents the actual SDiD estimate for the
treated city, while the dashed vertical lines indicate the 95% confidence interval derived from the empirical distribution of placebo estimates.

Data availability

Data will be made available on request.

References

[1]
(2]

[3

—

[4

=

[5

o)

[6

=

[71
[8]

[9

—_

[10]

[11]

Joseph J. Romm, Climate change: What everyone needs to know, Oxford University
Press, 2022.

Qiushi Deng, Rafael Alvarado, Elisa Toledo, Leidy Caraguay, Greenhouse gas
emissions, non-renewable energy con- sumption, and output in South America: The
role of the productive structure, Environ. Sci. Pollut. Res. 27 (13) (2020)
14477-14491.

Richard Tuckett, Chapter 2 - Greenhouse gases and the emerging climate
emergency, editor, in: Trevor M. Letcher (Ed.), Climate Change, Third Edition,
Elsevier, 2021, pp. 19-45.

Intergovernmental Panel on Climate Change (IPCC), Technical report, Intergov-
ernmental Panel on Climate Change (IPCC), 2023.

Daniele Sofia, Filomena Gioiella, Nicoletta Lotrecchiano, Aristide Giuliano,
Mitigation strategies for reducing air pollu- tion, Environ. Sci. Pollut. Res. 27 (16)
(2020) 19226-19235.

Toannis Manisalidis, Elisavet Stavropoulou, Agathangelos Stavropoulos,

Eugenia Bezirtzoglou, Environmental and health impacts of air pollution: a review,
Front. Public Health 8 (2020) 1-13.

Sibylle. Wilke, Technical report, Umweltbundesamt, 2017.

International Transport Forum, Technical report, International Transport Forum,
2017.

World Health Organization, Technical report, World Health Organization, Geneva,
2006.

World Health Organization, Technical report. Technical Report WHO/EURO:
2013-4101-43860-61757, 2013. World Health Organization.

Scott Weichenthal, Marianne Hatzopoulou, Mark S. Goldberg, Exposure to traffic-
related air pollution during physical activity and acute changes in blood pressure,
autonomic and micro-vascular function in women: a cross-over study, Part Fibre
Toxicol. 11 (1) (2022) 1-16.

24

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]
[22]
[23]
[24]
[25]
[26]

[27]

Peijue Huangfu, Richard Atkinson, Long-term exposure to NO2 and O3 and all-
cause and respiratory mortality: a systematic review and meta-analysis, Environ.
Int. 144 (2020) 105-998.

Susan C Anenberg, Joshua Miller, Ray Minjares, Li Du, Daven K Henze,

Forrest Lacey, Christopher S. Malley, Lisa Em- berson, Vicente Franco,

Zbigniew Klimont, Impacts and mitigation of excess diesel-related NOx emissions
in 11 major vehicle markets, Nature 545 (7655) (2017) 467-471.

Vicente Franco, Francisco P Sanchez, John German, Peter Mock, Real-world
exhaust emissions from modern diesel cars, Communications 49 (30) (2014) 5-53.
Felix Creutzig, Patrick Jochem, Oreane Y. Edelenbosch, Linus Mattauch, Detlef P.
van Vuuren, David McCollum, Jan Minx, Transport: A roadblock to climate change
mitigation? Am. Assoc. Advanc. Sci. 350 (6263) (2015) 911-912.

David Banister, The sustainable mobility paradigm, Transp. Policy. (Oxf) 15 (2)
(2008) 73-80.

Ahmad Jonidi Jafari, Esmail Charkhloo, Hasan Pasalari, Urban air pollution
control policies and strategies: a systematic review, J. Environ. Health Sci. Eng. 19
(2) (2021) 1911-1940.

Government of the UK, Technical report, Government of the UK, 2023.

Michael Schulthoff, Martin Kaltschmitt, Christoph Balzer, Karsten Wilbrand,
Michael Pomrehn, European road transport policy assessment: a case study for
Germany, Environ. Sci. Eur. 34 (1) (2022) 92.

Janos Lucian Breuer, Remzi Can Samsun, Detlef Stolten, Ralf Peters, How to reduce
the greenhouse gas emissions and air pollution caused by light and heavy duty
vehicles with battery-electric, fuel cell-electric and catenary trucks, Environ. Int.
152 (2021) 106-474.

Maria Borjesson, Anne Bastian, Jonas Eliasson, The economics of low emission
zones, Transp. Res. Part A 153 (2021) 99-114.

Bundesumweltministeriums, Technical report, Bundesumweltministeriums, 2022.
Kraftfahrt-Bundesamt, Technical report, Kraftfahrt-Bundesamt, 2022.
Kraftfahrt-Bundesamt, Technical report, Kraftfahrt-Bundesamt, 2022.

Susan Athey, Guido W. Imbens, The state of applied econometrics: causlity and
policy evaluatoin, J. Econ. Perspect. 31 (2) (2017) 3-32.

Alberto Abadie, Javier Gardeazabal, The economic costs of conflict: a case study of
the Basque country, Am. Econ. Rev. 93 (1) (2003) 113-132.

Alberto Abadie, Alexis Diamond, Jens Hainmueller, Synthetic Control Methods for
comparative case studies: Estimating the effect of California’s tobacco control
program, J. Am. Stat. Assoc. 105 (490) (2010) 493-505.


http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0001
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0001
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0002
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0003
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0003
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0003
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0004
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0004
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0005
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0005
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0005
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0006
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0006
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0006
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0007
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0008
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0008
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0009
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0009
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0010
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0010
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0011
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0012
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0012
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0012
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0013
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0014
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0014
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0015
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0015
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0015
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0016
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0016
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0017
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0018
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0019
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0020
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0020
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0020
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0020
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0021
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0021
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0022
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0023
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0024
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0025
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0025
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0026
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0026
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0027
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0027
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0027

N. Mirzoyan et al.

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Alberto Abadie, Alexis Diamond, Jens Hainmueller, Comparative politics and the
synthetic control method, Am. J. Pol. Sci. 59 (2) (2015) 495-510.

Alberto Abadie, Using synthetic controls: feasibility, data requirements, and
methodological aspects, J. Econ. Lit. 59 (2) (2021) 391-425.

Ralf Kurtenbach, Jorg Kleffmann, Anita Niedojadlo, Peter Wiesen, Primary NO2
emissions and their impact on air quality in traffic environments in Germany,
Environ. Sci. Eur. 24 (1) (2012) 1-8.

Petrik Runst, David Hohle, The German eco tax and its impact on CO2 emissions,
Energy Policy 160 (2022) 112-655.

Francisca M Santos, Alvaro Gémez-Losada, José C.M. Pires, Impact of the
implementation of Lisbon Low Emission Zone on air quality, J. Hazard. Mater. 365
(2019) 632-641.

Shreya Dey, Brian Caulfield, Bidisha Ghosh, Potential health and economic benefits
of banning diesel traffic in Dublin, Ireland, J. Transp. Health 10 (2018) 156-166.
Akihiro Watabe, Jonathan Leaver, Ehsan Shafiei, Hiroyuki Ishida, Life cycle
emissions assessment of transition to low- carbon vehicles in Japan: Combined
effects of banning fossil-fueled vehicles and enhancing green hydrogen and
electricity, Clean. Technol. Environ. Policy. 22 (9) (2020) 1775-1793.

Pavlos Panteliadis, Maciej Strak, Gerard Hoek, P. Ernie Weijers, Saskia C. van der
Zee, Marieke Dijkema, Implementation of a Low Emission Zone and evaluation of
effects on air quality by long-term monitoring, Atmos. Environ. 86 (2014)
113-119.

Markus Gehrsitz, The effect of Low Emission Zones on air pollution and infant
health, J. Environ. Econ. Manage 83 (2017) 121-144.

Nico Pestel, Florian Wozny, Health effects of low emission zones: evidence from
German hospitals, J. Environ. Econ. Manage. 109 (2021) 102512.

Patrick Plotz, Jonn Axsen, Simon A Funke, Till Gnann, Designing car bans for
sustainable transportation, Nat. Sustain. 2 (7) (2019) 534-536.

Francisco Ferreira, Pedro Gomes, Hugo Tente, Ana Christina Carvalho,

Paulo Pereira, J. Monjardino, Air quality im- provements following
implementation of Lisbon’s Low Emission Zone, Atmos. Environ. 122 (2015)
373-381.

Peter Morfeld, David A. Groneberg, Michael F. Spallek, Effectiveness of Low
Emission Zones: Large scale analysis of changes in environmental NO2, NO and
NOx concentrations in 17 German cities, PLoS. One 9 (8) (2014) 102-999.

Terje Tretvik, Marianne Elvsaas Nordtgmme, Kristin Ystmark Bjerkan, An-
Magritt Kummeneje, Can low emission zones be managed more dynamically and
effectively? Res. Transp. Bus. Manage. 12 (2014) 3-10.

Hanna Boogaard, A.H. Nicole Janssen, H. Paul Fischer, P.A. Gerard Kos, P. Ernie
Weijers, R. Flemming Cassee, Saskia C. van der Zee, Jeroen J de Hartog,

Kees Meliefste, Meng Wang, Impact of Low Emission Zones and local traffic policies
on ambient air pollution concentrations, Sci. Total Environ. 435 (2012) 132-140.
Maximilian Auffhammer, Ryan Kellogg, Clearing the air? the effects of gasoline
content regulation on air quality, Am. Econ. Rev. 101 (6) (2011) 2687-2722.

25

[44]

[45]

[46]

[47]

[48]
[49]
[50]

[51]
[52]

[53]
[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]
[62]
[63]
[64]

[65]

[66]

Sustainable Futures 10 (2025) 101143

Sean D Beevers, Emily Westmoreland, Mark C de Jong, Martin L Williams, David
C Carslaw, Trends in nox and no2 emissions from road traffic in great britain,
Atmos. Environ. 54 (2012) 107-116.

Bernhard Thull, Chalid Tawfik, Gaylord H6B, Emissionsmessungen nicht
regelmaRig tiberwachter Schadstoffe im Abgas von Groffeuerungsanlagen und
Gasturbinen, Umweltbundesamt, Dessau-Rosslau, 2022.

Michael Howlett, Governance modes, policy regimes and operational plans: a
multi-level nested model of policy instrument choice and policy design, Policy Sci.
42 (1) (2009) 73-89.

Giulia Cesaroni, Hanna Boogaard, Sander Jonkers, Daniela Porta, Chiara Badaloni,
Giorgio Cattani, Francesco Forastiere, Gerard Hoek, Health benefits of traffic-
related air pollution reduction in different socioeconomic groups: the effect of Low
Emission Zoning in Rome, Occup. Environ. Med. 69 (2) (2012) 133-139.
Umweltbundesamt, Technical report, Umweltbundesamt, 2022.
Umweltbundesamt, Technical report, Umweltbundesamt, 2012.

Paolo Pinotti, The economic costs of organised crime: Evidence from southern
Italy, Econ. J. 125 (586) (2015) F203-F232.

Statistik Berlin Brandenburg, Technical report, Statistik Berlin Brandenburg, 2022.
Statistical Office for Hamburg and Schleswig-Holstein, Technical report, Statistical
Office for Hamburg and Schleswig-Holstein, 2022.

Book Simon, Technical report, WirtschaftsWoche, 2021.

Irene Botosaru, Bruno Ferman, On the role of covariates in the Synthetic Control
Method, Econom. J. 22 (2) (2019) 117-130.

European Environment Agency, Technical report, European Environment Agency,
2020.

Kraftfahrt-Bundesamt, Technical report, Kraftfahrt-Bundesamt, 2022.

Eli Ben-Michael, Avi Feller, Jesse Rothstein, The augmented synthetic control
method, J. Am. Stat. Assoc. 116 (536) (2021) 1789-1803.

Yiqing Xu, Generalized synthetic control method: Causal inference with interactive
fixed effects models, Political Anal. 25 (1) (2017) 57-76.

Dmitry Arkhangelsky, Susan Athey, David A Hirshberg, Guido W Imbens,

Stefan Wager, Synthetic difference-in- differences, Am. Econ. Rev. 111 (12) (2021)
4088-4118.

Hannes Wallimann, Kevin Blattler, Widar von Arx, Do price reductions attract
customers in urban public transport? a synthetic control approach, Transp. Res.
Part A 173 (2023) 103700.

Statista, Technical report, Statista, 2015.

Landeshauptstadt Stuttgart, Technical report, Landeshauptstadt Stuttgart, 2020.
DerTagesspiegel, Technical report, Der Tagesspiegel, 2019.

Technical report, Darmstadt Environmental OfficeDarmstadt Environmental
Office, 2023.

Hamburg Energy and Environmental Office, Technical report, Hamburg Energy
and Environmental Office, 2018.

Landeshauptstadt Stuttgart, Technical report, Landeshauptstadt Stuttgart, 2020.


http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0028
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0028
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0029
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0029
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0030
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0030
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0030
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0031
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0031
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0032
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0033
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0033
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0034
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0034
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0034
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0034
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0035
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0035
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0035
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0035
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0036
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0036
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0037
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0037
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0038
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0038
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0039
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0040
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0040
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0040
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0041
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0041
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0041
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0042
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0043
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0043
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0044
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0044
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0044
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0045
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0045
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0045
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0046
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0046
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0046
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0047
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0047
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0047
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0047
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0048
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0049
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0050
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0050
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0051
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0052
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0052
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0053
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0054
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0054
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0055
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0055
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0056
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0057
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0057
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0058
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0058
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0059
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0059
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0059
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0060
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0060
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0060
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0061
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0062
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0063
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0064
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0064
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0065
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0065
http://refhub.elsevier.com/S2666-1888(25)00707-5/sbref0066

	Diesel bans and urban air quality: A causal study of NO2 emissions in Germany using synthetic control
	1 Introduction
	2 Related literature
	3 Low emission zones and diesel traffic bans
	4 Method
	5 Data
	6 City-specific implementations of the diesel ban and their effectiveness
	6.1 Placebo tests
	6.2 Robustness tests
	6.2.1 Augmented Synthetic Control Method, Generalized Synthetic Control Method and Synthetic Difference-in-Differences
	6.2.2 Leave-one-out estimation


	7 Discussion and policy implications
	8 Conclusions
	Declaration of generative AI and AI-assisted technologies in the writing process
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix
	A Details on diesel traffic bans in Darmstadt, Hamburg, Berlin, and Stuttgart
	B Data sources of variables
	C Monthly mean NO2 per capita values for the selected German cities
	D Summary statistics for each city.
	E Nitrogen dioxide emission developments in 2012 and 2022
	F Augmented synthetic control methods results

	Data availability
	References


