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Abstract 

Causing 300 premature deaths each year, the air quality is a major problem in Gothenburg. In 

2013, the Gothenburg congestion tax was implemented with the goal to reduce congestion 

and improve the air quality in the city, as well as to finance investments in infrastructure. The 

aim with our study is to investigate if, and to what extent, the congestion tax has reduced air 

pollutants, with focus on nitrogen oxides (NOX) and particulate matter (PM10) concentrations. 

We analyse this by using a difference-in-difference approach where our control group is 

Malmö, a Swedish city without congestion tax. Since it is evident that meteorological 

conditions largely affect emission levels we control for wind speed and precipitation in our 

regressions. We find evidence that the implementation of the congestion tax was associated 

with reduced NOX as well as PM10 levels in Gothenburg with up to 17-19 %. Hence, we draw 

the conclusion that the implementation of the congestion tax had a general positive effect on 

the air quality in Gothenburg.  
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1. Introduction  
Today, nine out of ten people living in cities breathe polluted air (United Nations, 2018). 

Each year air pollution causes around 400 000 premature deaths and is one of the single 

largest environmental health risks in Europe (EEA, 2018). To be able to tackle the climate 

change and protect the environment, United Nations have 17 Sustainable Development Goals 

which aim to be achieved by 2030. One of these goals is to “Make cities inclusive, safe, 

resilient and sustainable”. Included in this goal is the aim to reduce per capita environmental 

impact of cities, where improvements of air quality are of high priority (United Nations, 

2018). Swedish cities are not exempted from air pollution problems. Only in Gothenburg, air 

pollution causes 300 premature deaths each year (Miljömedicinskt Centrum, 2018).  

 

The Swedish government (Government Bill 2009/10:189) stated that introducing a 

congestion tax in Gothenburg would lead to a reduction in air pollution in terms of particles, 

hydrocarbons and nitrogen oxides. On account of this, we are interested in investigating if a 

congestion tax can be an efficient way to target the goal of reduced emissions in the city. The 

aim with our study is hence to investigate the environmental effects of the introduction of the 

congestion tax in Gothenburg, in terms of air quality. We do this by using a difference-in-

difference approach based on hourly data from 2010-2017, where we analyse if the tax 

implementation resulted in reduced levels of nitrogen oxides (NOX) and particulate matter 

(PM10)1 in Gothenburg. We hypothesize the air quality to improve as a consequence of the 

Gothenburg congestion tax. According to the Swedish government (Government Bill 

2009/10:189) the reason why a congestion tax would lead to better air quality is that people 

are assumed to change from using cars, to use public transport or bicycle. In addition, Santos 

(2005) discusses the importance of a good public transport system and concludes that the 

effectiveness of a congestion tax increases if there is a good substitute to car driving 

 

One of the main goals with the Gothenburg congestion tax was to improve the air quality. 

Hysing et al. (2015) question whether the environmental values have been promoted or 

disregarded. The congestion tax was criticised for being suboptimal from an environmental 

point of view since it also included investments in new roads. He argues that the lack of 

clarity regarding the West Sweden Agreement (that includes the congestion tax) was the main 

reason for its success since it enabled different stakeholders to make their own interpretations 

                                                        
1 PM10 are coarse particles with a diameter between 2.5 and 10 micrometers. 
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about the deal. Environmental stakeholders referred to reduced traffic and proponents of 

more roads could point to the infrastructure investments. Because of this ambiguity regarding 

the environmental benefits of the Gothenburg congestion tax we find it interesting to 

investigate whether the tax led to better air quality in the city or not.  
 

The European Commission (2018a) states that one of the main reasons for poor air quality 

within Europe is pollutants from transport. Because of this, the European Union has set 

restrictions of particulate matter, nitrogen oxides, unburnt hydrocarbons and carbon 

monoxide emissions. The concentration limits of NO2 and PM10 are set to 40 µg/m3 for both 

pollutants (European Commission, 2018b). This means that the average of hourly pollutant 

concentrations should not exceed this limit at an annual level. The emissions have 

environmental effects, where NOX is one of the worst pollutants, leading to e.g. ozone layer 

depletion, acid rain, and worsen water quality and vegetation. In addition, two of the 

pollutants leading to most severe harms to human health in Europe are PM and NO2. 

Together with NOX emissions these cause respirational diseases and lung cancer. This in turn, 

can result in heart diseases and stroke, leading to premature deaths (EEA, 2018; Boningari & 

Smirniotis, 2016).  

 

The transport sector is responsible for most of the NO2 emissions and also a significant 

contributor to PM emissions. Also, according to Göteborg Stad (2018a), road traffic is the 

main contributor to Gothenburg’s air pollution. Continuous measuring of air quality shows 

that the main problems in Gothenburg are NO2 and PM10. The levels of NO2 exceed the 

yearly, daily and hourly limits set by the European Union and is hence the most severe 

pollutant in Gothenburg. Also, the levels of PM10 exceed the limits at some streets during 

some years but not to the same extent as NO2 (Miljöförvaltningen, 2014).2 Based on this, to 

capture the environmental effects of the congestion tax in Gothenburg, we have decided to 

investigate the effect of the congestion tax on emissions of PM10 and NOX. The reason why 

we use NOX instead of NO2 is because trends in the level of ozone affect the relation between 

NO and NO2 (Johansson et al., 2006). When only analysing NO2, the emission levels will be 

greatly impacted by the level of ozone. Hence, to reduce the risk that ozone levels will bias 

our results we use NOX levels, that is a composition of NO and NO2.  

                                                        
2 It is worth to point out that the levels of pollutants in Gothenburg are still a severe problem to the environment 
and human health. Now, Gothenburg has tightened the limits of PM10 to not exceed 30 µg/m3 at an annual level 
by year 2020. For NO2 the levels should not exceed 20 µg/m3 outside schools and residential areas. For this goal 
to be reached, road traffic has to be further reduced (Miljöförvaltningen, 2018).   
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Our results confirm a considerable and robust reduction in NOX and PM10 levels associated 

with the implementation of the Gothenburg congestion tax in 2013. The effect is estimated to 

reduce NOX emissions with up to 17 % and PM10 emissions with up to 19 %. These results 

are of great importance since the environmental effects from the Gothenburg congestion tax 

have not been examined to a large extent before. Previous studies use traffic data combined 

with emission models and hence they do not manage to connect the direct measures of 

emission levels to the congestion tax. Due to meteorological impacts, previous studies have 

not been able to find a causal relationship between the Gothenburg congestion tax and 

measured emission levels. To our knowledge we are the first to investigate the Gothenburg 

congestion tax by controlling for meteorological conditions. Our results contribute with an 

interesting and important environmental policy finding since the air quality was significantly 

improved as a consequence of the congestion tax implementation.  
 

To investigate if the effect grows or fades as time passes, we perform an event study where 

we create several policy variables around the time of implementation. The results from this 

study suggest that the effect seems to be direct and fading over time. Further, since the 

congestion tax is only implemented in a specific zone and for specific hours of the day, we 

test for intertemporal and spatial substitution effects. More specifically, we investigate if the 

emissions seem to change also in adjacent areas or for uncharged hours. Our results show a 

decrease in emission levels in the adjacent area Mölndal, suggesting that there is a spill-over 

effect and hence an underestimation of our results. We find no evidence for any substitution 

effect into uncharged hours. Rather, we find evidence that the effect is largest during charged 

hours, which suggests that the improved air quality results from the congestion tax and is not 

only a general improvement. We also investigate how robust the results are by varying the 

time frame and the empirical specification.  

 

The rest of this paper is structured as follows; section two provides background information 

about the Gothenburg congestion tax. It also gives an overview of previous studies about the 

effect of a congestion charge on air quality as well as the impact of meteorological conditions 

on emission levels. Section three outlines theories about road pricing and environmental 

externalities. This section also includes our hypotheses. In Section 4 the data and 

methodology is presented. The empirical results are presented in section 5 and discussed in 

section 6. Section 7 concludes the study. 
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2. Background and Previous literature 

2.1 Gothenburg congestion tax  

On the 1st of January 2013, the congestion tax in Gothenburg was imposed. This tax is a part 

of the West Sweden Agreement, consisting of investments in public transport as well as 

infrastructure projects like building new roads and bridges. The stated purpose of the 

congestion tax was to reduce congestion, improve the air quality and to finance the 

construction of a railway tunnel system, the Western Link (Government Bill 2009/10:189). 

The program also included investments in public transport (e.g. new bus lanes as well as new 

commuter trains and platforms) to meet the increasing demand for public transport as a result 

of the increased cost of driving (GR, 2009). 
 

All cars that enter or leave the charged zone on weekdays are charged between 06.00 and 

18.30. The charge depends on the time of entering or leaving the charging zone, with higher 

price during highly congested hours as shown in figure 1, where we also see a price increase 

in 2015. During evenings/nights, on weekends and holidays it is free to travel into and out of 

the zone. The maximum amount charged per car and day is limited to 60 SEK. The cars are 

charged through an automatic number plate recognition system and people can choose to pay 

by automatic payment service, electronic billing or by invoice (Trafikverket, 2018). The 

charged area of Gothenburg is pictured in figure 1 where we can see the payment stations.  

 

Figure 1. Map and pricing scheme of the charging zone in Gothenburg 

 

Source: Trafikverket (2018)  
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2.2 Literature review  

The environmental effect of the Gothenburg congestion tax has only been analysed in few 

studies. One of these is written by Börjesson and Kristofferson (2015), who perform an 

evaluation study of the Gothenburg congestion tax. By measuring traffic levels before (2012) 

and after (2013) tax implementation they show that the traffic volume is reduced due to the 

tax. Their results show a 12 % decrease in traffic volume during charged hours. As a 

consequence of this, they conclude that air pollution from traffic is reduced in the city centre 

of Gothenburg. Trafikverket (2014) shows that the measured levels of traffic volume in 

Gothenburg were lower after implementation of the congestion tax compared to the year prior 

to the policy implementation. Their modelled estimates indicate that the reduced traffic 

volume resulted in a reduction in exhaust as well as particle emissions. However, as a 

consequence of changing weather conditions, they do not find a clear relationship between 

the implementation of the congestion tax and measured levels of air pollutants. 

 

Since meteorological aspects have been shown to have a large impact on emission levels3, it 

is important to take these into account when analysing the relationship between the tax and 

air pollution. Trafikverket (2014) do not take this into account and hence they cannot identify 

to what extent the emission reduction depends on the reduction in traffic volume. Since 

Börjesson and Kristofferson (2015) use modelled, and not observed, values of air pollutants 

their result cannot with certainty be taken as the true effect. Therefore, none of these studies 

manage to directly connect the congestion tax to the observed levels of air pollutants.  

 

Several empirical studies, performed in other cities than Gothenburg, find evidence that a 

congestion tax is associated with a reduction of air pollutants (Johansson et al., 2009; Gibson 

& Carnovale, 2015; Beevers & Carslaw, 2005; Daniel & Bekka, 2000). Johansson et al. 

(2009) investigate the effect from implementation of the Stockholm congestion tax on traffic 

flow and NOX and PM10 levels. They analyse this by comparing the measured and modelled 

mean levels of road traffic, as well as comparing the mean of NOX and PM10 levels before 

and after the policy implementation. They keep meteorological conditions as well as other 

emissions than from road traffic the same. The implementation of the Stockholm congestion 

tax substantially reduced traffic emissions of NOX and PM10 in central Stockholm by 8.5 % 

and 13 % respectively. The reason for the reduction in traffic emissions was mainly explained 

                                                        
3 See section 2.3 
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by the decrease in traffic flows by 15 %. Further calculations show that a permanent system 

would imply up to 12 % and 7 % reductions of NOX and PM10 respectively. Since there is a 

downward trend in traffic emissions due to cleaner cars and fuels they are not able to 

quantitatively ascertain how much of the reduction that is due to the congestion tax.  
 

Gibson and Carnovale (2015) perform a natural experiment and use regression models to 

evaluate driver responses to road pricing in Milan. They use the unanticipated court 

injunction that the road pricing was suspended for eight weeks. Since they can investigate the 

difference between when there is a charge and when the road pricing is suspended, this 

makes it possible for them to analyse the effect of road pricing on the traffic and air pollution. 

In their analysis they control for meteorological conditions. They find that Milan’s road 

pricing reduced air pollution substantially by 6 to 17 %, measured by CO, PM10 and PM2.5. 

They also find evidence of intertemporal substitution to uncharged hours as well as spatial 

substitution to uncharged roads. Beevers and Carslaw (2005) investigate the impact of the 

London congestion charge on emission levels. They state that due to unusual weather 

conditions in the year of implementation it is difficult to assess the ambient measurements 

alone. Therefore, they combine a traffic emission model and data on road traffic to analyse to 

what extent the traffic related emission levels are determined by the congestion charge. They 

find that the London congestion charge significantly reduced NOX and PM10 levels by 

approximately 12 %, to a large extent dependent on higher vehicle speed.  

 

Since there are only few studies performed on Gothenburg, our study contributes with 

important information for policymakers about the effect on air quality after implementing a 

congestion tax. Even though several studies have been performed in different cities there is a 

need for more evidence from more cities. Compared to earlier studies we use hourly data on 

emission levels and hence we have a substantial number of observations. This allows us to 

capture a higher degree of variation than previous researchers who compare mean levels 

before and after tax implementation. Also, since we perform a difference-in-difference 

analysis, we can compared to previous studies, get closer to capture the causal effect from the 

congestion tax per se and not from other factors changing at the same time. Our model 

specification allows us to control for the downward trend in emissions, e.g. the share of green 

vehicles and cleaner fuels. By accounting for different meteorological conditions in our 

analysis we aim to reduce the problems to quantify how much of the change in level of NOX 

and PM10 emissions that depends on the congestion tax.   
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2.3 Meteorological conditions  

Congestion charges are often implemented as a way to reduce congestion in cities. A 

successful charge hence means reduced overall traffic and also, if the charge fluctuates 

throughout the day, smoothed traffic flows. This in turn results in reduced emissions from 

traffic. However, except from traffic flows and degree of emissions, the air quality also 

depends on the assimilative capacity of the environment, which is the environments own 

capacity to clean the air. This capacity depends on meteorological conditions, such as wind 

speed and rain, and hence it varies over time with diurnal as well as seasonal variations 

(Coria et al., 2015; Jones et al. 2010, Mayer, 1999). Based on these dynamics, Coria et al. 

(2015) investigate how the assimilative variations, proxied by wind speed, affect air quality 

in Stockholm and thereby how the congestion tax should be set to optimally reduce the level 

of air pollution. Their results indicate that a differentiated charge is optimal, charging the 

highest prices in hours with lowest assimilative capacity like in mornings and springtime.   

Mayer (1999) concludes that motor traffic is a very important part of emissions and hence air 

quality. However, he also shows that air quality is dependent on many different factors, one 

of which is meteorological conditions such as wind speed, temperature, humidity and 

atmospheric stability. He finds that the NO concentrations are higher in mornings than in 

evenings, which can partly be explained by higher atmosphere stability in mornings.  In 

addition, Jones et al. (2010) find evidence that there is a relationship between wind speed and 

concentration of NOX in the air. Increased wind speed is associated with reduced 

concentration of pollutants.  
  
Rost et al. (2009) and Holst et al. (2008) analyse PM10 concentrations in Germany, and find 

that level of PM10 concentrations are negatively affected by precipitation. They conclude that 

precipitation is the main meteorological aspect influencing levels of PM10. Rost et al. (2009) 

also find that the presence and not the amount of precipitation have a significant effect on 

PM10 levels. In their analysis they find no strong relationship between wind speed and PM10 

levels, which they believe can be explained by surrounding buildings. In contrast to this, 

Holst et al. (2008) find a negative and significant relationship between near surface wind 

speed and PM10 concentrations.  
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3. Theory and Hypothesis 

3.1 Theory  

The main focus of early theories regarding urban road pricing was congestion. It is not until 

recently the environmental effects have raised more attention. Nowadays, road pricing often 

takes both environmental effects as well as congestion into account. One researcher taking 

environmental externalities into account is Verhoef (2000) who states that the marginal 

external cost pricing is straightforward. When there is high demand, resulting in congestion, 

prices should be high to reduce the excessive road use during peak hours. In the same way 

prices should be higher where the environmental externalities from traffic are large. 
 

The last decades, road pricing has been considered to be an efficient way to reduce 

congestion and to collect revenues. Pigou (1920) introduced the idea of implementing a 

congestion charge to correct for externalities of driving. Pigou’s idea of imposing a tax that 

equates the marginal social cost and the marginal private cost, leading to an efficient 

distribution of vehicles on the roads, has been further developed by many researchers. 

Vickrey (1963) and Walters (1961) adds to Pigou’s theory that the price of driving should be 

higher in peak hours than in peak-off hours. Walters (1961) connects the tax to the elasticity 

of demand. If car drivers have a high elasticity they will respond a lot to increased road 

pricing. Further, Walters (1961) also discusses that increased price of driving will lead to an 

increase in its closest substitute, namely public transport. In addition, Vickrey (1963) 

suggests that a suitable pricing system is a more efficient and publicly accepted policy to 

reduce congestion in the city than direct bans of driving are. On the other hand, he also states 

that charging certain areas in a city might move the traffic flows to another area. However, 

this will still reduce congestion and it also increases the possibilities to introduce a better 

system of public transport.  
 

Road traffic is associated with a variety of external costs like congestion, environmental 

effects, accidents and noise annoyance. These are divided into two types, namely “intra-

sectoral externalities” and “inter-sectoral externalities”. The first concerns externalities that 

road users pose upon each other, like congestion, where the latter are posed upon society at 

large. The environmental externalities are part of the inter-sectoral externalities. From a 

welfare point of view both intra-sectoral and inter-sectoral externalities are Pareto-relevant 

(Verhoef, 2000). 
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Figure 2 shows the benchmark model of road transport externality regulation. This figure 

shows that due to the intra-sectoral and the environmental externalities, the market 

equilibrium N0 exceeds the Pareto optimal level of traffic mobility, N*. The demand curve is 

equal to the marginal social and private benefits (D=MSB=MPB). By only taking the intra-

sectoral externalities into account, MSC represents the marginal social cost curve. TMSC 

represents the total marginal social costs when also accounting for the inter-sectoral 

externalities e.g. environmental costs (MEC).  

 
From figure 2 we see that when not accounting for the social or environmental externalities 

we end up at the market equilibrium N0, where the demand curve intersects with the MPC 

curve. This is a higher level of traffic mobility compared to the Pareto efficient equilibrium at 

N*, the interaction between the total marginal social cost curve and the demand curve. At this 

point the social benefits are maximized and the deadweight loss (the shaded area) is avoided. 

To ensure this socially optimal level of mobility, the road price has to be set to r*, that equals 

the level of the marginal external cost. This means that a road price at r* will result in that 

drivers between N0 and N* will not use the road anymore since the sum of the marginal 

private cost (MPC) plus the road price charge r* will exceed their benefits of road use 

(MPB). This means that the Pareto-efficient price will lead to a reduction in road mobility. 

This first-best benchmark policy is difficult to implement in reality because of a variety of 

barriers like political, social, institutional, psychological and technical. Another problem with 

this model is that it relies on strong assumptions like perfect information, homogenous road 

users and stable demand over time. Since these assumptions often do not hold in reality, we 

have to rely on second-best pricing when implementing policies (Verhoef, 2000).  

Figure 2. Graphical representation of the benchmark model of traffic externality regulation  

Source: Verhoef (2000) 



13 
 

3.2 Hypothesis  

As we can see in figure 1, the Gothenburg congestion tax follows the peak and off-peak 

pricing Vickrey (1963) and Walters (1961) mention as the rational way of pricing. During 

hours when congestion is worst, prices are the highest. This would according to them lead to 

a smoothing of the traffic as well as a switch to public transport. Based on this we believe 

that the implementation of the congestion tax in Gothenburg will lead to improved air quality, 

through the channel of reduced traffic levels. Also, the fact that motorists do not bear the 

social marginal cost of driving in absence of a tax, results in that people drive too much. As 

Verhoef (2000) suggests, when motorists have to pay for this social marginal cost of driving, 

the demand will be reduced and hence they will drive less and the externalities will decrease.  

 

Based on these theories and that previous literature finds evidence that congestion taxes lead 

to improved air quality (Gibson & Carnovale, 2015; Daniel & Bekka, 2000; Beevers & 

Carslaw, 2005; Johansson et al., 2009), we hypothesize that NOX and PM10 levels will be 

reduced as a consequence of the Gothenburg congestion tax.  

 

4. Data and Methodology  

4.1 Data 

To investigate the effect of the Gothenburg congestion tax on air quality we use data from 

SMHI4 and Miljöförvaltningen, which report the hourly concentrations of pollutants. Data on 

air pollution is collected both for the charged zone of Gothenburg as well as for the control 

city, Malmö5. In Gothenburg there are three permanent stations measuring levels of NO, NO2 

and PM10. Malmö also has three permanent stations, which all measure NO and NO2 and two 

of them also measure PM10 (Göteborg Stad, 2018b; Malmö Stad, 2018). The data is collected 

for the period 2010-2017, which includes three years prior and five years after the 

implementation of the Gothenburg congestion tax in January 2013. Since the monitoring 

stations in Gothenburg and Malmö are in similar environments and the correlation between 

the emissions at the different stations in each city are high (between 0.6 and 0.9) we create 

city averages of NOX respectively PM10.  

                                                        
4 The Swedish Meteorological and Hydrological Institute  
5 The reason why Malmö is chosen as the control city is because it is the largest Swedish city after Gothenburg, 
and that Malmö still not has introduced a congestion tax. In addition, Malmö also has equally many measuring 
stations as Gothenburg, placed in similar environments. Gothenburg and Malmö are also shown to follow 
parallel trends (see section 4.2). 
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4.2 Parallel trends  

Graph 1 and 2 show monthly averages of NOX respectively PM10 emission levels in 

Gothenburg and Malmö, from 2010 to 2017. As the figures clearly show, there is seasonality 

in both the absolute NOX and PM10 levels. This seasonality is well-known and has been 

shown in several studies and is mainly explained by the weather varying over the year (Holst 

et al., 2008; Mayer, 1999; Rost et al., 2009). These graphs show that the patterns of 

seasonality follow closely for Gothenburg and Malmö. In addition, there is a slight downward 

trend for both cities.  

 

To adjust for the fact that Gothenburg has higher levels of NOX in absolute terms and that the 

emissions are more volatile compared to Malmö, we create an index showing the relative 

levels of NOX. This index is created by setting the initial emission level in 2010 to value 10. 

This is done also for PM10. The indexed data is shown in graph 3 and 4. In order to further 

investigate if the cities follow parallel trends we create seasonally adjusted data, also 

presented in graph 3 and 4, for NOX and PM10 respectively. This is done using moving 

averages with six months pre and six months post the observation, using the monthly 

averages. This smooths the curve, reducing the patterns of seasonality, and it becomes clearer 

that the cities follow the same trends regarding air quality, both for NOX and PM10.  

Graph 1. Absolute level of NOX (µg/m3) Graph 2. Absolute level of PM10 (µg/m3) 
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In order to allow for more variation we create similar graphs with moving averages but for 

hourly instead of monthly data, presented in graph 5 and 6 for NOX and PM10 respectively. 

As we can see in graph 5, there is no clear immediate effect from the implementation of the 

Gothenburg congestion tax. However, one can see that the NOX levels in Gothenburg gets 

closer to the NOX levels in Malmö in the period after implementation compared to before. In 

this graph we see a sharp decline in Gothenburg in the beginning of 2011 (2 years before 

implementation). To make sure that this decline does not affect our results we are going to 

analyse this further in section 5.5.    

 
 

In graph 6 we see the moving averages for PM10 levels. Here, it is clearer that something 

happens just before the implementation of the Gothenburg congestion tax. Before 

implementation PM10 levels in Gothenburg and Malmö follow each other closely. Around 

Graph 3. Indexed and seasonally 
adjusted data of NOX (µg/m3) 

Graph 4. Indexed and seasonally adjusted 
data of PM10 (µg/m3) 

Graph 5. Moving averages of hourly data (NOX),  
using data of six months before/after the observation  

Graph 6. Moving averages of hourly data (PM10 ), 
using data of six months before/after the observation 
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two months before implementation the levels in Malmö increase and stay above the level of 

Gothenburg until around three years after implementation, where they start to follow each 

other closely again. Since the graph is based on moving averages, events that occur up to six 

months after each observation is captured, and it is therefore not surprising that the effect 

seems to arise before implementation. Further, the graphical illustration suggests that the 

Gothenburg congestion tax had an effect on the air quality, although fading over time. 
 

The above graphs indicate that the Gothenburg congestion tax had a positive effect on the air 

quality in Gothenburg. However, since we do not control for meteorological aspects in these 

graphs, it is difficult to state how large the effect is. To be able to draw any conclusions about 

the environmental impact, further analyses of the relationship between the congestion tax and 

emissions are needed. We investigate this by using a difference-in-difference approach, 

controlling for meteorological conditions, seasonality and the negative time trend. The 

method is explained in more detail in section 4.5.  

 
4.3 Descriptive statistics   

The emission data collected from SMHI and Miljöförvaltningen contains some negative 

values of NOX and PM10, and also some outliers of high values. To avoid that these 

observations drive or bias our results we exclude these extreme values from our dataset.  We 

delete 160 observations due to negative values. The upper NOX level is set to 700 and the 

upper PM10 level to 200, resulting in an exclusion of 153 additional observations6. This gives 

us a final dataset consisting of approximately 140 000 observations. We show some 

descriptive statistics of our final dataset in table 1, including number of observations, mean, 

standard deviation and max and min values.  

 

 
                                                        
6 Coefficient plots of NOX respectively PM10 are presented in graph A1 and A2 in appendix. These graphs show 
some clear outliers that are excluded from the data set used for the analyses.  
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In table 2, we show the mean levels and standard deviations for Malmö and Gothenburg 

separately. In this table we also divide the period into before and after policy implementation. 

As we can see in this table, the mean values for NOX are higher in Gothenburg than Malmö 

while the levels of PM10 are similar for the two cities. In the period before implementation 

Gothenburg has a mean NOX level of 80.66 µg/m3 while Malmö has a mean of 49.55 µg/m3. 

In the period after implementation, the mean NOX levels have decreased to 65.04 and 41.25 

for Gothenburg and Malmö respectively. This shows a greater relative decline in mean level 

of NOX in Gothenburg than Malmö, 19.37 % compared to 16.75 %. Similar patterns can be 

seen for PM10, where Gothenburg stars at a mean of 19.89 µg/m3 before implementation and 

decreases to a mean of 17.57 µg/m3 after implementation, corresponding to a 11,66 % 

decline. The same values in Malmö are 19.79 µg/m3 before implementation and 18.47 µg/m3 

after implementation, giving a 6.67 % decline. The standard deviations for both NOX and 

PM10 are larger in Gothenburg suggesting that the levels fluctuate more in Gothenburg.  

 

That Gothenburg has a higher initial level of NOX emissions than Malmö and that they have 

similar levels of PM10 emissions can also be seen in graph 1 and 2 presented in the previous 

section.  As stated before, it is difficult to distinguish how large effect the congestion tax has 

on the emission levels in Gothenburg by only looking at the graphs. It is however clear that 

both cities experience a downward trend in emission levels, which also this comparison of 

mean values shows. Since Malmö also shows a clear decline in emission levels, the 

percentage changes regarding emission levels in Gothenburg cannot be assumed to be 

directly connected to the congestion tax. Therefore, to be able to quantify how much of the 

effect that is connected to the congestion tax, further analysis is needed. This analysis follows 

the model presented in the methodology section below.  
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Graph 7 and 8 show the hourly averages of NOX respectively PM10 emissions in Gothenburg 

before and after the policy implementation separately. In these graphs we see that the hourly 

averages are lower after the policy implementation. However, since we have a downward 

trend in emission levels, we cannot draw any conclusion that this effect follows from the 

policy implementation without further analysis. Because of the downward trend we need a 

good and suitable counterfactual to be able to find a causal effect of the Gothenburg 

congestion tax on NOX and PM10 levels. We also see in Graph 7 that NOX seems to be 

directly connected to the traffic volume, with peaks in the most trafficked hours in the 

morning and afternoon.  

 

 
 

For PM10 on the other hand, the pattern is not directly connected to the traffic volume. The 

reason why PM10 levels adjust more slowly is that they to a larger extent are affected by other 

sources, such as road dust and industries, but mainly since the particles are floating in the air 

for a longer time than gas emissions. This results in a slower reduction of particle emissions, 

and that PM10 does not follow the traffic flow as clear as NOX emissions do. The PM10 levels 

instead increase with the morning traffic, stay at a high level during the day and slowly 

decline after the afternoon traffic peak. The lower peak in the afternoon for NOX might 

follow from the diurnal wind pattern. Higher wind speed, i.e. higher assimilative capacity, in 

the afternoon results in a dispersion of NOX emissions (Coria et al., 2015; 

Miljöförvaltningen, 2013). We can also see in graph 8 that the largest reduction in PM10 

levels seems to be during the charged hours of the day. For NOX it rather seems to be a 

general reduction for all hours of the day. We analyse this further in section 5.3, where we 

investigate if there is any intertemporal substitution effect from charged to uncharged hours.   

Graph 7. Hourly averages of NOX (µg/m3) in 
Gothenburg  

Graph 8. Hourly averages of PM10 (µg/m3) in 
Gothenburg   
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4.5 Methodology 

To estimate the effect of the implementation of the congestion tax, we use a difference-in-

difference approach. By doing this we estimate the effect of introducing a congestion tax in 

Gothenburg and compare this with Malmö where there is no congestion tax implemented. 

The proposed econometric model will be the following: 

𝐴𝑖𝑟𝑖𝑡 = 𝜙 + 𝛿𝐺𝑜𝑡𝑡  + 𝛼𝐴𝑓𝑡𝑒𝑟𝑖  + 𝛽(𝐺𝑜𝑡𝑡  ∗ 𝐴𝑓𝑡𝑒𝑟𝑖) + 𝛾𝑋𝑖𝑡 + 𝜌𝑇𝑖 + 𝜋(𝑇𝑖 ∗ 𝐺𝑜𝑡𝑡)  + 𝜀𝑖𝑡     (1) 

In this specification i is the subscript for city and t is the subscript for the time period. Air is 

the measure of air quality; NOX and PM10
7. Gothenburg is a dummy variable equal to one if 

the observation is within the charged area in Gothenburg, and zero if it is in Malmö. After is a 

dummy variable equal to one if the air quality is measured after the congestion tax policy was 

implemented, and zero before. X is a vector of control variables and T is a linear time trend 

that we include to control for the negative trend in emissions. The interaction between the 

linear time trend and Gothenburg allows for separate time trends in the cities. Since empirical 

evaluations show that meteorology affects the assimilative capacity of the environment, it is 

evident that the level of air pollution depends on more factors than only traffic flow. On 

account of this, we control for different meteorological conditions affecting the pollution 

concentrations. The meteorological conditions that have the largest impact on NOX and PM10 

concentrations, and hence those we control for, are wind speed and precipitation. Wind speed 

is measured in m/s and precipitation is included as a dummy variable equal to one if it is 

raining 8 . When using a difference-in-difference model we automatically control for 

individual fixed effects that are constant in each city over time, like area, population9, 

shipping and industry. As shown in section 4.2, Gothenburg and Malmö follow parallel 

trends before the tax implementation in Gothenburg. This implies that Malmö serves as a 

counterfactual to Gothenburg, meaning that in absence of the congestion tax they would 

follow the same trend even in the period after implementation. Because of this our difference-

in-difference approach allows us to control for time fixed effects, i.e. things that vary over 

time but not across cities, like the share of green vehicles, fuel prices and Swedish laws and 

                                                        
7 NOX and PM10 levels are measured in µg/m3 air 
8 This follows from the conclusion, by Rost et al. (2009), that it is the presence and not the amount of rain that 
affects PM10 concentrations.  
9 Population data from SCB shows that the population growth in both Gothenburg and Malmö is approximately 
6 % in the period after policy implementation. Since we only have yearly population data we cannot include it 
as a control variable in our regressions. However, since the population growth is approximately the same for 
both cities it should not bias our estimates.  
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regulations. Hence, we can distinguish how much of the reduction in emissions that is due to 

the congestion tax. The effects from our model specification will be interpreted as follows:  

 
𝜙 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
𝜙 + 𝛼 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
𝜙 + 𝛿 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
𝜙 + 𝛿 + 𝛼 + 𝛽 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
 
Hence, the parameter 𝛽  shows the difference-in-difference estimate of the effect of the 

Gothenburg congestion tax on air quality, and is thus the key parameter of interest. The 

difference-in-difference estimate is calculated from the following equations (2 and 3). As 

mentioned before, and as we can see in these equations, the individual fixed effects i.e. things 

that are constant for each city over time, will cancel out and are hence controlled for in our 

regressions. 

�̂�𝐷𝐼𝐷 = (�̅�𝐺𝑜𝑡ℎ𝑒𝑛𝑏𝑢𝑟𝑔,𝑎𝑓𝑡𝑒𝑟 − �̅�𝐺𝑜𝑡ℎ𝑒𝑛𝑏𝑢𝑟𝑔,𝑏𝑒𝑓𝑜𝑟𝑒) − (�̅�𝑀𝑎𝑙𝑚ö,𝑎𝑓𝑡𝑒𝑟 − �̅�𝑀𝑎𝑙𝑚ö,𝑏𝑒𝑓𝑜𝑟𝑒)        (2) 

�̂�𝐷𝐼𝐷 = [(𝜙 + 𝛿 + 𝛼 + 𝛽) − (𝜙 + 𝛿)] − [(𝜙 + 𝛼) − (𝜙)]            (3) 

One limitation with the difference-in-difference approach is that it relies on the strong 

assumption about parallel trends, and hence it is important to find a good counterfactual. 

However, if the parallel trend assumption is fulfilled, this approach is a good way to study 

policy interventions that are not implemented everywhere. As shown in graph 3 and 4 this 

seems to be the case in our study. One advantage of the difference-in-difference specification 

is that there is no need to control for all confounding variables, since the approach allows us 

to control for unobserved but fixed omitted variables. On the other hand, the difference-in-

difference approach do not control for shocks that occur in the period after implementation 

for one city but not the other. This would cause endogeneity problems if not controlling for 

these shocks. However, since our treatment and control cities are located in the same country 

and hence to a large extent are affected by the same laws, regulations and unforeseen factors, 

this should not be a crucial problem in our case. 

 

Two additional model specifications are performed to test the robustness of our results. We 

do this by using a logarithmic specification, and by including another specification of 

monthly dummies, ranging from 1 to 9610 instead of January to December. Due to the decline 

                                                        
10 1 represents January in 2010 and 96 represents December in 2017. These are included as 96 dummy variables.  
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in 2011 that we saw in graph 5, we perform an additional analysis where we exclude the 

period after this decline. We also check the robustness by only including one respectively two 

years before and after the implementation of the Gothenburg congestion tax. This is further 

discussed in section 5.5. Additionally, based on the hourly observations we calculate daily 

averages for NOX and PM10
11. Based on these averages we run regressions where we change 

the dependent variable to be a dummy variable equal to one if the air quality standard 

concentration limits of NOX and PM10 are exceeded. As mentioned in section 1, the European 

Union has set these limits to 40 µg/m3 for both pollutants (European Commission, 2018b). 

This model specification allows us to analyse whether the Gothenburg congestion tax was 

successful in lowering the number of days the pollution threshold limits are exceeded.  

 

To investigate the duration of the effect, we perform an event study where the examined 

period is divided into shorter time periods. We include 6 months before the implementation 

to investigate if people started to adjust in advance and divide the year of implementation into 

two half-year periods to see if the effect comes directly or if it is delayed. For the rest of the 

time we have yearly periods apart from that we combine the years that are more than three 

years after implementation. We do this to see when the effect arises, if it grows or fades over 

time, for how long it lasts and if the price increase in 2015 results in an additional effect. The 

model used to perform the event study is the following:  

 

𝐴𝑖𝑟𝑖𝑡 = 𝜙 + 𝛿𝐺𝑜𝑡𝑡  + 𝛼𝐴𝑓𝑡𝑒𝑟𝑖  + ∑ 𝛽−𝜏

5

𝜏=1

(𝐺𝑜𝑡𝑡−𝜏  ∗ 𝐴𝑓𝑡𝑒𝑟𝑖) + ∑ 𝛽+𝜏

1

𝜏=0

(𝐺𝑜𝑡𝑡+𝜏  ∗ 𝐴𝑓𝑡𝑒𝑟𝑖) + 𝛾𝑋𝑖𝑡 + 𝜌𝑇𝑖𝑡  + 𝜀𝑖𝑡     (4) 

 

where the sums represent the five lagged periods and the two lead periods, respectively. In 

this model, 𝛽 − 𝜏 shows the post-treatment effects and 𝛽 + 𝜏 shows the pre-treatment effects. 

As stated above, this is of interest when analysing how the effect changes over time.  

 

Finally, since there is a possibility that the Gothenburg congestion tax results in substitution 

effects, we perform additional analyses to examine this. To investigate if there is any spatial 

substitution we replace Gothenburg with the adjacent city Mölndal 12  in the regression 

analysis. The intertemporal substitution effect is studied by dividing the day into uncharged 

and charged hours.  
                                                        
11 The daily averages are calculated by adding all 24 hourly observations per day and divide by 24. This is done 
for all variables in our data set.  
12 Mölndal is used since it is the only adjacent area with measured emission levels for the whole time period.  
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5. Empirical results  

5.1 Empirical results on levels of emissions 

In the first column of table 3 and 4 we show simple difference-in-difference estimates of the 

effect from the Gothenburg congestion tax on levels of NOX and PM10 emissions 

respectively. As we can see, the difference-in-difference estimate is negative and highly 

significant for both NOX and PM10. We develop this simple regression model to use the 

specification in equation (1), where both monthly dummies13 and a linear time trend are 

included to control for the seasonality and the downward trend in emissions, respectively. 

Possible trend differences between Gothenburg and Malmö are captured by the interaction 

term between the trend variable and Gothenburg. Further, to control for meteorological 

conditions, wind speed and precipitation14 are included in both the NOX regressions and PM10 

regressions. The results from these regressions are presented in column 2 in table 3 and 4 for 

NOX and PM10 respectively.  

 

The coefficient for the variable Gothenburg in column 2 in table 3 shows that on average, 

Gothenburg has approximately 26 µg/m3 higher NOX level than Malmö. The key coefficient 

in this regression is the one for the interaction between Gothenburg and after, showing the 

treatment effect of the congestion tax. The highly significant negative coefficient indicates 

that the congestion tax led to a reduction in NOX levels by 5.28 µg/m3 in Gothenburg 

compared to not having a congestion tax.  

 

The negative coefficient on the trend variable in column 2 in table 3 shows that the levels of 

NOX pollutants are decreasing over time for Malmö. As the interaction between the time 

trend and Gothenburg is positive and smaller in magnitude than the time trend itself, it shows 

that the trend is negative in Gothenburg as well, but not as large as in Malmö. The coefficient 

for after is positive, indicating that the level of pollutants increases in Malmö in the time after 

treatment. However, this is in absence of the negative time trend. As we can see in the simple 

regression in column 1 in table 3, the variable after is negative since we do not control for the 

negative time trend.  

                                                        
13 One dummy is created for each month of the year, January to December, resulting in twelve monthly 
dummies. To avoid the dummy variable trap, December is excluded. 
14 Wind speed and precipitation are included since they are the meteorological conditions shown to have the 
largest effect on NOX and PM10. However, since Mayer (1999) shows that also humidity and temperature have 
an effect on air quality, we have performed the regressions including these weather conditions as well. When 
doing this we get similar results both regarding magnitude and significance level.  
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Previous studies have shown that increased wind speed is associated with reduced 

concentrations of NOX. This result can also be seen in column 2-4 in table 3, showing that 

wind speed has a great negative impact on levels of NOX emissions. From column 2 we see 

that increased wind speed with 1 m/s is associated with approximately 10 µg/m3 lower levels 

of NOX, significant at the 1 % level. As we can see from column 2-4 in table 3 also 

precipitation has a negative and highly significant effect on NOX levels. Presence of rain is 

associated with a reduction in NOX levels by approximately 6 µg/m3, compared to when not 

raining. This result is shown in column 2 and is significant at the 1 % level.  

 

In order to examine if it is possible to interpret the results in causal terms, and to test if the 

results are robust, we also run regressions using other specifications and approaches. In 

column 3 in table 3 we use the same model specification as in regression 2, but use the 

logarithmic values of NOX emissions. Also in this regression output we can see that the 

treatment effect is highly significant, suggesting that the implementation of the Gothenburg 
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congestion tax was associated with a reduction in NOX levels by approximately 17 %, 

compared to the case of no congestion tax. In the last column of table 3, we use a Linear 

Probability Model (LPM) specification, where the dependent variable is a dummy variable 

equal to one if the NOX level exceeds 40 µg/m3. The results show that the implementation of 

the Gothenburg congestion tax was associated with a highly significant decrease, of 13.8 

percentage points, in the probability of exceeding the recommended emission limits, 

compared to no tax implementation.  

 

 
When repeating the regressions from table 3 for PM10 we find similar results, presented in 

table 4. From table 4, column 2, we see that for PM10 the level is somewhat lower in 

Gothenburg compared to Malmö, on average 0.50 µg/m3 lower. The implementation of the 

congestion tax is associated with a reduction in PM10 levels by 3.40 µg/m3 significant at the 1 

% level. The logarithmic specification in column 3 suggests that PM10 levels decrease by 

approximately 19 % as a consequence of the congestion tax. In column 4 the LPM is 

presented, where the dependent dummy variable is equal to one if the PM10 level exceeds 40 
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µg/m3. The results show that the probability to exceed the recommended average level of 

PM10 decreases with 3.6 percentage points, significant at the 10 % level.  

 

It is evident from previous studies that presence of precipitation has a great negative impact 

on PM10 concentration. We find similar evidence, since precipitation has a substantial and 

highly significant negative effect on PM10 levels15, as seen in column 2-3 in table 4. Wind 

speed seems to have a small positive significant effect on the concentration of PM10. This is 

in line with the result presented by Rost el al. (2009), which shows no strong relationship 

between wind speed and PM10 levels.  

 

5.2 Event Study 

In order to investigate how the effect from the congestion tax developed over time and if the 

price increase in 2015 had an effect on emissions, we perform an event study. We do this by 

dividing the time into different treatment periods according to the description in section 4.5. 

The results from the event study of NOX are presented in table 5, column 1, showing a highly 

significant decrease of 5.71 µg/m3 in level of NOX pollutants in the first six months post the 

tax implementation. Except from this the result shows positive and significant or insignificant 

effects in the post periods, suggesting a short-term policy effect. The period of six months pre 

implementation shows no significant effect, suggesting that there is no evidence that people 

adjust to the congestion tax before it came into effect.  

 

However, when including several treatment variables it might be the case that these variables 

are strongly correlated with the interaction between Gothenburg and the time trend. 

Therefore, we want to examine if the results from the event study change when excluding this 

interaction term. This result is presented in table 5, column 2. As we can see, the results 

change but the largest effect is still in the 6 months post the implementation in 2013 with a 

reduction in NOX levels by 10.56 µg/m3. In this regression we can also see a great negative 

significant effect on NOX emissions of 9.84 µg/m3 after the price increase in 2015 (3 years 

post). Another finding from this regression is that there is a highly significant decrease of 

4.41 µg/m3 for the six months pre implementation, suggesting that people changed their 

behaviour even before implementation. The coefficient plot in graph 9 represents the event 
                                                        
15 Since Rost et al. (2009) conclude that it is the presence, and not the amount, of precipitation that affects PM10 
levels, we use a dummy variable indicating if it is raining or not. However, we also performed an analysis using 
level of precipitation instead. Since the key coefficient does not change when using levels of precipitations, we 
decide to continue to use the dummy variable in the following regressions.  
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study from column 1, and suggests that the effect becomes positive already one year post 

implementation. Graph 10 represents the coefficients from column 2, and shows a negative 

effect for all years. Even though the results from these two regressions differ, we can see 

from the coefficient plots that there is a direct effect that diminishes over time. 
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The same analysis is performed for PM10, presented in column 3 and 4 in table 5. It is evident 

that also for PM10 levels, there is a substantial and highly significant treatment effect in the 

period directly after implementation. However, we are not able to see the exact same patterns 

for PM10 as for NOX. It does not seem to be a substantial decrease in 2015 for PM10, rather a 

decrease of similar magnitude in 2014 (2 years post) as in the first six months of 2013, as we 

can see in column 3 and 4. In the case of PM10 there is no evidence of an adjustment effect in 

the 6 months pre implementation since there is no negative and significant effect. The 

coefficient plots for the event studies of PM10 are presented in graph 11 and 12. The two 

graphs follow the same pattern but in graph 11 the effect is negative until 3 years post 

implementation, while in graph 12 the effect remains negative even after 3 years post 

implementation.  

 

 
 

Graph 9. Coefficient plot for event study 1, NOX Graph 10. Coefficient plot for event study 2, NOX 

 

Graph 11. Coefficient plot for event study 1, PM10 

 
Graph 12. Coefficient plot for event study 2,PM10 
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Since the results are mixed in the event study it is difficult to draw any general conclusion 

regarding the persistence and development of the effect over time. What we can tell is that 

there is a substantial decrease in the first period after implementation in the case for both 

NOX and PM10, regardless of which specification (with or without the interaction between the 

trend and Gothenburg) that is used.  

 

5.3 Intertemporal substitution    

To analyse if there seems to be any intertemporal substitution effect within Gothenburg, i.e. if 

trips seems to be postponed to uncharged hours, we perform an additional analysis only 

including uncharged hours. This allows us to investigate if there is a displacement rather than 

a reduction in emissions. The regression model follows equation 1, and the result from this 

analysis is presented in table 6, column 1. The difference-in-difference estimate is negative 

but small (-1.95 µg/m3) and only significant at the 10% level for uncharged hours. Since the 

emissions do not significantly increase for uncharged hours the result does not suggest that 

there is intertemporal substitution towards uncharged hours. However, it might be the case 

that people drive less in general, resulting in a reduction also for uncharged hours, but since 

some people might change to drive during uncharged hours the effect might be cancelled out. 

In column 2, we only include charged hours to investigate how large the effect was during 

charged time. From this result, we see that the effect on level of NOX emissions in 

Gothenburg after policy implementation is larger than in the original model that includes both 

charged and uncharged hours, a decline of 8.50 instead of 5.28 µg/m3.  

 

The results from this analysis for PM10, presented in column 3 and 4 in table 6, are similar to 

the results for NOX with a larger effect among charged hours, 4.22 compared to 3.40 µg/m3 in 

the original model including all hours of the day. However, there is a negative and highly 

significant effect also for uncharged hours, though smaller than in the original model. These 

results suggest that the main reduction in emissions takes place during charged hours, but 

also that people drive less in general. Further, since the main negative effect is shown to be 

connected to charged hours, it suggests that the congestion tax is effective in reducing traffic 

volumes and hence also successful in reducing NOX and PM10 emissions.   
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5.4 Spatial substitution to adjacent areas   

Our results yet presented indicate that the Gothenburg congestion tax is associated with a 

decline in NOX emissions within the charging zone. This effect may be followed by a spatial 

substitution toward uncharged roads leading to increased emissions in adjacent areas. This 

would lead to an overestimation of the effect on emissions from the congestion tax. Such 

substitution effects might arise if people drive close to the zone and then switch to public 

transport. There is also a possibility that the policy results in a spill-over effect rather than a 

substitution effect, i.e. a reduction of emissions also in adjacent areas. To investigate if there 

is any substitution or spill-over effects to adjacent uncharged areas, we perform a study for 

Mölndal, which is a city located next to Gothenburg. PM10 is not measured in Mölndal, 

neither is NO. Due to the latter we cannot calculate NOX levels, and the analysis is therefore 

performed using NO2 instead of NOX. However, since the correlation between NOX and NO2 

is high (0.89 in Gothenburg and Malmö), this should serve as a good comparison to the study 

performed in Gothenburg with NOX levels. The decline in NO2 of 3.04 µg/m3 in Mölndal in 

the period after implementation, showed in column 5 in table 6, is significant at the 1 % level 

and suggests that there is a spill-over effect. One possible explanation to this is that people 

reduce their travels by private vehicles through Mölndal into Gothenburg, using public 

transport instead. This result indicates that the policy effect is underestimated, but since we 

have to perform this analysis using NO2 instead of NOX we cannot conclude to what extent. 
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5.5 Sensitivity analysis  

To investigate if our results are robust to different model specifications we have analysed the 

environmental effect of the Gothenburg congestion tax using a panel data approach. We have 

replicated table 3 and 4 using this approach, and the results are presented in table A3 and A4 

in appendix. The magnitude and significance level are the same for all variables in these 

regressions as in the original ones, except from the LPM specification for PM10, where the 

coefficients are significant at a lower level than in the original model in table 4.  

 

To allow for a more flexible time trend than the linear one, we also run regressions where we 

include one dummy for each of the 96 months in the sample, instead of the ordinary January-

December dummies as we use in table 3 and 4, column 2, for NOX and PM10 respectively. To 

allow for city specific time trends, the linear time trend and its interaction with Gothenburg 

are included. The results from this specification are presented in column 1 and 3 in table A5 

in appendix, for NOX and PM10 respectively. To avoid the risk of over controlling and hence 

the risk that the interaction between the linear time trend and Gothenburg absorb a part of the 

treatment effect, we also run the regressions excluding the city specific linear time trends. 

These results are presented in table A5, column 2 and 4. The specification with city specific 

time trends included shows results very similar to the original regression outputs in table 3 

and 4, column 2. The difference-in-difference coefficients from the specifications without the 

linear time trend is still highly significant, though smaller in magnitude than the regression 

output in table 3 and 4, column 2. Note that the variable after is excluded in these 

specifications due to perfect collinearity with the last 60 months.  

 

Since the results are very similar regarding magnitude and significance in the panel data 

regressions as in the original ones, and since the results stay highly significant regardless of 

how we specify the seasonal variation, it suggests that our results are robust with respect to 

different model specifications. 

 

To further check the robustness of our results and to investigate whether the substantial 

reduction in NOX levels in the beginning of 2011 (see graph 5) seems to bias our results, we 

include different time periods in our original regression. First, we check whether the decline 

in 2011 affects our results by excluding the period until after this reduction, meaning that we 

only include the period after August 2011. This regression output is presented in table 7, 

column 1, where we can see that there still is a highly significant negative treatment effect of 
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4.80 µg/m3. Since the effect is only slightly smaller than in the original regression including 

the whole time period, this does not seem to bias our results. For PM10 the results are similar, 

showed in column 4, with a highly significant coefficient of 3.11 µg/m3, only slightly smaller 

than in the original model. We move on to only include two years before and two years after 

implementation, presented in column 2 for NOX and 5 for PM10. Finally, we only include one 

year before and one year after for both NOX and PM10 presented in column 3 and 6 

respectively. The results from these regressions also indicate that the results are robust since 

there still is a substantial and highly significant negative treatment effect.  

 

 

 

6. Discussion   
Our empirical results show that the Gothenburg congestion tax has a considerable and robust 

effect on the level of air pollutants within the city. These results go in line with the 

underlying theory and the results of previous studies.  

 

As discussed in section 4.2, it was a substantial decline in NOX emissions in the beginning of 2011. In order to 
check that this decline does not bias our result we only include the period from September 2011 (month 20), 
when the levels had stabilized again. These results are presented in column 1 for NOX and column 4 for PM10 
levels. Two additional analyses with shorter time periods are also performed to check the robustness of the 
results (see column 2 and 3 for NOX and 5 and 6 for PM10.  
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Our results strengthen the results by Börjesson and Kristofferson (2015) and Trafikverket 

(2014), that the emission levels were significantly reduced as a consequence of the 

Gothenburg congestion tax. In contrast to their studies we establish the relationship between 

the congestion tax and the measured levels of emissions. Further, Beevers and Carslaw 

(2005) conclude that unusual weather conditions in London around the year of 

implementation complicates the evaluation of emission measurements alone. Since the 

weather conditions can be changing from year to year also in Gothenburg, we think it is of 

great importance to control for meteorological conditions when studying the effect of a 

congestion tax. Therefore, compared to previous studies about the Gothenburg congestion 

tax, our study contributes with a more comprehensive investigation of the effect. Our study is 

hence unique since we investigate the relationship between the congestion tax and emission 

levels by taking the negative trend in emissions and meteorological aspects into account. 

Hence, we get closer to establish the causal effect of the tax implementation on observed 

emission levels.  

 

Compared to earlier studies we also investigate if the Gothenburg congestion tax successfully 

reduced the number of days the pollution concentrations exceed the concentrations limits set 

by the European Union. This analysis shows reduced number of days for both NOX and 

PM10, which are of importance for policy makers since it shows that a tax can be a good way 

to keep the concentrations within the air quality standards. However, the reduction in the 

number of days that the concentration limit of PM10 are exceeded is quite low compared to 

NOX and is only significant at the 10% level. One possible explanation to this result is that 

the levels of PM10 often were within the limits already before implementation while NOX 

levels were exceeded for yearly as well as daily and hourly levels at several times. Since the 

air quality in Gothenburg is still a severe problem, reduced road traffic as well as further 

environmental policies are needed to meet the new air quality standard, with lower emission 

limits, in Gothenburg by 2020.  

 

Johansson et al. (2009) who performed an analysis of the Stockholm congestion tax found 

that the percentage change in emission levels was lower than the traffic flow reduction. In 

contrast to this result we find a higher percentage reduction in emission levels than the 10-12 

% reduction in traffic flow found by Börjesson and Kristofferson (2015) and Trafikverket 

(2014). A possible explanation to why the results differ is the use of different approaches, 

where we compared to them use measured instead of modelled levels of emissions. This 
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suggests that the true effect of the Gothenburg congestion tax is larger than the modelled 

estimation found in earlier studies. Further, Johansson et al. (2009) mention that due to the 

downward trend in emissions they have problems to quantify how much of the reduction that 

arose from the congestion tax. We overcome this problem since we control for factors that 

vary over time in the cities, like the share of green vehicles, fuel prices, and Swedish laws 

and regulations.  

 

Our results that the Gothenburg congestion tax has a substantial and highly significant 

negative effect on NOX as well as PM10 levels are also in line with the results from several 

studies in other cities that have implemented congestion charges. For example, Beevers and 

Carslaw (2005) found that the London congestion charge reduced NOX and PM10 levels by 

12 % and Gibson and Carnovale (2015) found reductions of PM10 and PM2.5 as a result of the 

Milan congestion charge. Therefore, our study adds to the literature showing that 

implementation of a congestion tax reduces air pollutants.  

 

Verhoef (2000), Vickrey (1963) and Walters (1961) state that prices should be set high when 

the demand for driving is high and when environmental externalities are large. As we can see 

in figure 1, the Gothenburg congestion tax follows this differentiated road pricing with higher 

prices during peak-hours. Since our results show that the reduction in emission levels is 

largest during charged hours, this strengthens the idea that differentiated road pricing leads to 

lower environmental externalities. Further, since we find evidence that the Gothenburg 

congestion tax was successful in reducing emission levels, we conclude that the tax is set at a 

level that reduces the social cost of driving as discussed by Verhoef (2000). Since the inter-

sectoral or environmental cost is reduced, it means that also the dead-weight loss is reduced 

and hence that the tax led to a more efficient allocation of traffic from a social point of view. 

This suggests that the Gothenburg congestion tax has been successful in reaching the 

environmental objectives with the policy.  

 

The theory by Walters (1961) suggests that how responsive car drivers are to a congestion tax 

depends on the elasticity of demand. We find considerable and highly significant reductions 

in NOX and PM10 emissions in all our regressions, with a decrease of up to 19 %. This 

suggests that drivers do adjust to the implementation of the tax. However, the results from the 

event studies show no robust or obvious reduction in emission levels due to the price increase 

in 2015. This makes it difficult to draw any conclusion about how price sensitive drivers are 
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and hence if the price-increase has any effect on the emission levels. Since our main focus is 

the environmental effects of the implementation of the tax, we have only considered the 

emission levels per se and not the reduction in traffic volume. To be able to quantify the 

elasticity of demand and the effect on emissions of a price increase, further analysis is 

needed.   

 

In contrast to Vickrey’s (1963) theory and the findings by Gibson and Carnovale (2015), 

about traffic moving to uncharged areas as a result of a congestion charge, our results show 

that the emission levels rather decreased in the adjacent area Mölndal. However, this result is 

not unexpected in Gothenburg where the taxed area is very difficult to skirt, as seen in figure 

1 showing a map of the charged zone. One reason for this result might be that people 

traveling from outside the charged zone change from going by car to public transport also in 

the area outside the zone when they travel to Gothenburg. This result suggests that there is a 

spill-over effect rather than a substitution effect to Mölndal and hence that our results are 

underestimated. Since the theory shows the risk of a substitution effect towards adjacent 

areas, our results suggest that a possible solution to this problem could be to cover the whole 

city and make it difficult to avoid the charging zone. Policy makers interested in reducing 

emissions by introducing a congestion tax should therefore consider the geography of the city 

and how the tax is best implemented to avoid substitution into other areas.  

 

One limitation with our study is that we do not consider public transport in our analysis. 

Since the congestion tax was a part of the West Sweden Agreement it might be difficult to 

distinguish to what extent the improved air quality depends on the congestion tax and not on 

the investments in other infrastructure projects, such as public transport. However, previous 

studies (e.g. Santos (2005) and Vickrey (1963)) show that in order for a congestion tax to be 

successful, investments in public transport are necessary. If there is no good substitute for 

driving, people will continue to take the car. This argument is also strengthened by Walters 

(1961) who states that increased prices of driving will lead to a shift to its closest substitute, 

namely public transport. We do not consider the exclusion of public transport in our analysis 

as a severe problem since a congestion tax, according to above reasoning, should include 

investments in public transport. Because of this we still believe in our conclusion that the 

congestion tax had a positive effect on the air quality in Gothenburg. Our reasoning is that 

investments in public transport are one of the reasons why the Gothenburg congestion tax led 

to such a large reduction in emissions. In absence of these investments, we believe that the 
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effect would have been smaller. Our suggestion for policy makers in other cities is hence to 

combine the congestion tax with investments in public transport. 

 

7. Conclusion  
Our difference-in-difference analysis has established the relationship between the 

Gothenburg congestion tax and air quality. We find evidence that the congestion tax has 

reduced NOX as well as PM10 emissions with up to 17 % and 19 % respectively. Additionally, 

we show that the probability of exceeding the, of European Union, concentration limits are 

reduced for both pollutants. For NOX the probability is reduced by approximately 14 

percentage points and for PM10 by approximately 4 percentage points. Hence we draw the 

conclusion that the policy intervention successfully improved the air quality in Gothenburg. 

However, since new research by Miljömedicinskt Centrum (2018) show that the air quality is 

still a major problem in Gothenburg, new or improved environmental policy interventions are 

needed.  

 

Further, we also find evidence for a spill-over effect toward adjacent areas, i.e. that emission 

levels were reduced also in nearby areas. This finding suggests that our results of the effect 

from the congestion tax is underestimated since the effect arises not only in the charging zone 

but also in adjacent areas. According to our results it seems like the effect diminishes over 

time. However, the results from our event studies, where we investigate when the effect 

arises and for how long it lasts, are not very robust and should hence be considered with 

caution. To be able to establish the persistence of the effect from the congestion tax, further 

research is needed.  

 

Previous studies have had problems quantifying to what extent the reductions in emission 

levels depend on the implementation of a congestion tax, due to the downward trend (arising 

from e.g. share of green vehicles) and meteorological conditions. By using a difference-in-

difference approach and by controlling for meteorological conditions we overcome this 

problem. Hence, this is a good method to use for studies of the effect from implementation of 

a congestion tax on air quality. However, one limitation with this approach is that it might not 

be applicable to all settings. The main reason for this is that the difference-in-difference 

approach requires a good counterfactual and hence relies on the parallel trend assumption. 
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Therefore, it might be difficult to perform a similar analysis for other cities implementing a 

congestion tax.  

 

As stated by Miljömedicinskt centrum (2018), the polluted air in Gothenburg causes around 

300 premature deaths each year. EEA (2018) and Boningari & Smirniotis (2016) also makes 

clear that bad air quality can have severe consequences on people’s health. Based on this, we 

also suggest future researchers to analyse if the reduction in air pollutants, followed from the 

Gothenburg congestion tax, resulted in improved human health.  

 

Since we find a robust substantial and significant effect on both NOX and PM10 levels, we 

draw the conclusion that the implementation of the Gothenburg congestion tax had a general 

positive effect on the air quality in the city. To sum up, our results suggest that the congestion 

tax was successful in achieving the governmental objective of reducing the level of emissions 

from road traffic. 
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Graph A2. Observation plot of PM10 over 
time 

Graph A1. Observation plot of NOX over 
time 
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