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Abstract 

Air pollution within the EU is a major concern due to the detrimental effects it has on 

human and environmental health. To combat this EU legislation has set allowable threshold 

limits for common injurious pollutants such as Particulate Matter (PMX), Tropospheric 

Ozone (O3), Nitrogen Oxide (NOX) and Nitrogen Dioxide (NO2). Although trends throughout 

the EU show a decline in these contaminants, large percentages of the urban population are 

still exposed to higher than allowable levels. Within Barcelona, PM10 and NOX have been 

highlighted as the most at risk of exceeding these limits. By assessing Barcelona’s current 

policy to combat transport produced PM10 and NOX it was shown that predominantly ‘soft’ 

measures were planned or already in place. These include methods such as Improvement of 

pedestrian and bike pathways, improving public transport network and tax subsidies and 

reduced parking prices for environmentally friendly vehicles. By complimenting these soft 

measures with restrictive measures it is suggested that the effectivity of reducing PM and 

NOX could be increased. Case studies of restrictive Low Emission Zones and Congestion 

Charge Schemes throughout European cities were compiled and analysed for their 

applicability to Barcelona. The resultant comparisons show that a Low Emission Zone could 

be put in place to tackle exhaust PM10 emissions but NOX and overall traffic volume would 

not be affected by this. A Congestion Charge Scheme could reduce both PM10 and NOX.  In 

addition an overall reduction in traffic volume would also contribute to decreasing non-

exhaust PM10 from tyre, break and road wear.  
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1. Introduction  

Air Quality is growing as a major concern throughout Europe. Studies have shown (WHO, 

2013; WHO, 2014; OECD, 2012) that high levels of air pollution can lead to respiratory and 

cardiovascular disease and ultimately reduces the average life span of Europeans by 8.6 

months. EU legislation has been introduced to lower air pollution levels over Europe and 

therefore remediate the risk to human health and the environment. These regulations 

impose strict maximum allowable limits for damaging air pollutants such as Particulate 

Matter (PM), Nitrogen Oxide (NOX), Nitrogen Dioxide (NO2) and Tropospheric Ozone (O3) 

(EEA, 2014). This has led to decreasing trends of the aforementioned pollutants over the EU. 

However the European Commission (2013) states that a significant proportion of the urban 

population are still exposed to levels above the allowable limit. Therefore more must be 

done to address this issue and reduce pollutants to mitigate the risk to health. 

 

The Government of Catalonia (2015) has highlighted PM10 and NOX as the two pollutants at 

most risk in Barcelona of surpassing EU thresholds. Although trends show that levels of both 

are declining, action must be taken to reduce these in a timelier manner to meet EU limits 

and World Health Organisation targets. The current policy set out to target air pollutants is 

the Strategic Plan for Improving Air Quality in Barcelona 2015-2018. The methods 

prescribed within this to target air pollution from the transport sector are varied, however 

are predominantly incentivising measures. These include education and awareness of air 

pollution to the public, encouraging cycling and walking by improving current pathways, 

improving public transport networks and creating monetary incentives (tax subsidies, 

reduction in parking fares) for environmentally friendly vehicles. Goodwin et al (2008) state 

that although these measures promote some reductions in air pollution, their effectiveness 

is limited. They suggest that by simultaneously introducing restrictive measures which limit 

time, space, vehicle type or charge monetary fees the reduction in pollutants seen will be 

greater. 

 

This research will therefore review restrictive measures which could be adopted by 

Barcelona city.   Measures implemented in similar European cities will be selected with at 

least three city case studies will be compared for each measure. These comparisons will 

provide comment on the effectiveness of each measure. This is an important issue as finding 

restrictive mobility methods which have been successfully implemented in other cities could 

provide valuable insight into strategies which Barcelona could consider applying. This may 

therefore aid in the Barcelona strategy to reduce PM10 and NOX and consequently lower the 

risk to Barcelona residents. 
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1.1 Aim and Objectives 

Aim 

The aim of this research is to compare the effectiveness of traffic mobility restrictions and 

comment on the applicability of each measure to the Barcelona metropolitan area.  

The main objectives of this research are given below: 

Objectives 

 Investigate why declining air quality is a major cause of concern in many European 

cities and state the effects it has on human health and the environment.  

 Determine the type of air pollutants which are created by the transport sector and 

establish how they are produced.    

 Explore how the EU is addressing air quality through legislation. 

 Analyse trends in EU air quality and ascertain the level at which the transport 

industry contributes to these.  

 Understand the levels of air pollution in Barcelona in respect to overall EU allowable 

limits and define to what extent transport is responsible.  

 Reflect on the air quality measures already in place in Barcelona and out lined in the 

Barcelona Air Action Quality Plan 2015-2018 with regards to their possible 

effectiveness. 

 Select and evaluate varied case studies of mobility measures to combat traffic 

emissions and comment of their success in reducing air pollution. 

 Determine and inform the possible applicability of each measure to Barcelona 

 

1.2 Background 

When deciding on a topic of choice for this Master’s thesis my motivation was aimed at 

selecting a subject which I am interested in and therefore driven to pursue. As I have 

recently secured a graduate position within a transport management and design team I saw 

this as a great opportunity to increase my knowledge in this sector. After making contact 

with possible advisors, it was proposed that I could base my thesis upon a topic which was 

currently under consideration within Barcelona City Council –reducing air pollution by 

implementing traffic mobility measures. This was specifically appealing as not only is it an 

interesting topic but one which will hopefully provide findings which are transferable to the 

situation in Barcelona.   
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The major need for research in this field derives from the negative effects air pollution has 

on human and environmental health. Although levels of air pollutants are decreasing, a 

large number of the EU population are still exposed to harmful air contaminants causing 

long term health problems and premature death (European Commission 2013). In additional 

Barcelona does not meet EU allowable Limits for NOX or World Health Organisation target 

limits for PM10 or NOX (City of Barcelona, 2015). Coupled with the fact that EU limits are 

likely to decrease in the future (PM2.5 limit set to decrease in 2020) (Gemmer et al, 2013) 

Barcelona must act now to reduce levels to EU targets and beyond. The World Health 

Organisation (2014) state that there is no limit beyond which humans are not affected by air 

pollution but by researching and developing methods to decrease these, negative health 

effects can be ameliorated..  

   

1.3 Overview of Thesis 

The research presented begins with Chapter 2, which presents an in depth literature review 

to establish why air pollution is a key concern throughout Europe. To do so the effects on 

human and environmental health are determined. Pollutants emitted from the transport 

sector will be established and the EU strategy for reducing these presented. Levels of these 

air pollutants occurring within Europe will be discussed. The most threatening pollutants to 

Barcelona will be determined and the measures either planned or in place to combat these 

will be analysed. Chapter 3 leads on from this analysis by compiling measures which 

Barcelona has not adopted. For each selected measure, case studies of European cities 

which have adopted the method will be presented; focusing on the effectiveness in reducing 

key pollutants. Comparison of the case studies will provide insight into the best strategies 

for the most effective outcomes. Applicability to Barcelona will be discussed for each 

measure and recommendations will be made as to how Barcelona could adopt each 

successfully. Chapter 4 concludes the thesis with the key findings and recommendations. 

Limitations which centre on the lack of available data are presented here along with 

recommendations for future research. 
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2. Literature Review     

2.1 Introduction 

The literature review provided in this study aims to critically discuss international research 

on air quality and air pollution with emphasis on the levels contributed from the transport 

industry. This will be followed by a review of those aspects focussed particularly in 

Barcelona. A search of relevant literature was conducted in peer reviewed journals and 

government reports to find relevant and appropriate material. Literature was limited to 

within the EU as the future analysis of this project is focussed in Barcelona which has air 

quality limits imposed by EU legislation. Works included in the review are published 

predominantly, but not exclusively since 2004 when this legislation was imposed. These had 

significant effect on European air quality and therefore data from before this period may be 

out dated. When searching current pollutant levels the most up to date sources were 

selected to ensure the greatest accuracy to the current situation, which is to be addressed.  

A major focus of the many works reviewed was on the impacts injurious air quality has on 

human health and the environment and therefore the review demonstrates why air 

pollution must be addressed. It goes on to show how the hazard of air pollution is being 

tackled by both the European Union and The World Health Organisation. Trends in air 

quality within the EU show how the legislative steps taken to address the issue have 

impacted overall levels of air pollutants. Focusing in on Barcelona where this thesis centres, 

trends are identified with respect to EU and WHO legislation. Finally the methods already 

utilised in Barcelona to improve air quality from traffic emissions are considered. This is 

important not only as part of the research process but because it highlights air quality 

measures which Barcelona have not adopted or utilised and can therefore be considered in 

the following analysis.  

 

2.2 Effects of Air Pollution 

Outdoor air pollution is a major environmental issue which can have serious negative effects 

on the health of local populations. The World Health Organisation (2014) estimates that 

ambient outdoor air pollution causes 3.7 million annual premature deaths worldwide. In the 

European Union (EU 28), the European Commission (2013) found this figure to be 430,000 

premature deaths per annum; 10 times the death toll of road traffic accidents. High 

episodes of air pollution can lead to aggravated cardiovascular and respiratory illness from 

added stress to heart and lungs with long term exposure causing permanent health affects 

including loss of lung capacity, decreased lung function, development of asthma, bronchitis, 
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emphysema and possibly cancer (Kampa, 2008). In addition to the higher risk of these 

diseases the World Health Organisation (2013) state that air pollution shortens EU citizen’s 

life spans by an average of 8.6 months.  This translates into an estimated economic cost of 

between 330 and 940 billion Euros in 2010 from productivity losses and economic damages 

(DEFRA, 2010).  In 2012, The Organisation for Economic Co-operation and Development 

(OECD) suggest that by 2050 urban air pollution will be the principle environmental cause 

for premature deaths globally, overtaking contaminated water and lack of sanitation.  

In addition to the negative effect on the human health, air pollution also has detrimental 

consequences for the environment. The effect on quality of ground water and soil causes 

vegetation loss, reduction in biodiversity and agricultural decline costing around 3 billion 

euros per year in the EU (European Commission, 2013). Further-more Gemmer et Xiao 

(2013) suggest that air pollution worsens the negative effects of global warming such as    

eutrophication (excess chemical nutrients) and acidification in soil, lakes and rivers. This in 

turn causes the loss of flora and fauna leading to a decrease in biodiversity of habitats and 

an increase in the risk of desertification (EEA, 2014).  

 

2.3 Air Pollution Contaminants  

The World Health Organisation (2014) state that air pollution is made up of many 

contaminants. The most damaging in terms of affecting human health and which are 

produced in the transport sector are Particulate Matter (PM) and ground level Ozone (O3) 

produced from Nitrogen Oxides (NOX). Nitrogen Dioxide (NO2) is also remarkably 

detrimental. 

Particulate matter (PM) is composed from sulphates, nitrates, ammonia, sodium chloride, 

black carbon, mineral dust and water and affects the highest number of people out of the 4 

main pollutants. It is categorised by particle diameter (PMX) with a diameter of 10 microns 

or less (≤ PM10) being the most hazardous to human health. PM10, PM4 and PM2.5 are 

commonly used values when assessing levels of PM. The injurious effects on health worsen 

as the diameter of PM decreases; however there is no threshold below which human health 

is unaffected. The World Health Organisation (2014) estimates by reducing particulate 

matter pollutants (PM10) to a maximum of 20 micrograms per cubic meter (μg/m3) air 

pollution related deaths could decrease by up to 15%. PM is produced in the transport 

sector when fuel combusts in vehicle engines but also encompasses non exhaust particles 

from road, brake and tyre wears. Levels of PM emitted from vehicles are higher at lower 

speeds (<40km/hr) and during ‘stop and start’ driving conditions due to incomplete 

combustion processes. Diesel vehicles have been shown to emit more particulate matter in 

comparison to gasoline (UNECE, 2013).  
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Tropospheric Ozone (O3) is a secondary pollutant in that it is not directly emitted into the 

air. It is produced during chemical reactions with sunlight and precursor gases such as 

Nitrogen Oxides (NOX) and Non-Methane Volatile Organic Compounds (NMVOC) which are 

both produced in vehicle emissions. Ground level Ozone creates photochemical smog which 

can travel long distances and is of particularly high concern in Europe (WHO, 2014). 

Nitrogen Oxide (NOX) consists of Nitrogen Monoxide (NO) and Nitrogen Dioxide (NO2). 

These are produced during high temperature combustion processes which take place for 

example in motor engines. Levels of NOX increase at higher driving speeds (>100km/hr) as a 

result of greater combustion temperatures (Laboratory of Applied Thermodynamics, 2006). 

Typically NO makes up the majority of NOX emissions and 5-10% is emitted as NO2. However 

an exception occurs in diesel car engines where up to 70% of the NOX is produced as NO2. 

NO2 is particularly dangerous as a short term concentration exceeding 200μg/m3 is 

considered a toxic gas.  

 

2.4 How is the EU addressing air pollution? 

To tackle the issue of air pollution and the above pollutants the EU has had legislation in 

place for several decades and generally, decline in overall emissions has led to noticeable 

improvements in air quality (EEA, 2014).   

The most influential policy on EU air quality is the 2008 Ambient Air Quality Directive which 

sets binding targets for both air quality standards and emission mitigation controls (Gemmer 

et Xiao, 2013). The legislation developed from the 2004 directive when it was merged with 

other EU strategies concerning air quality at the time, such as the 2005 Thematic Strategy 

on Air Pollution, to create a single unified set of directives. A time extension was also 

created for EU member states to comply with allowable pollutant limits. Originally set at 

2010, member states now have until 2015 to meet the required limits subject to an 

adequate air quality action plan being submitted. Holman et al (2015) suggests that most EU 

member states have sought extensions for at least 1 of the limited pollutants. 

Allowable limits for the main contaminants produced in the transport sector are shown in 

Table 1, overleaf, along with the number of allowable exceedances per annum. As can be 

seen the limits are strict. Only 18 and 35 exceedances of NO2 and PM10 limits are allowed 

per year. These limits are forecast to become more stringent in the future for example the 

PM2.5 threshold will decrease from 25 to 20μg/m3 in 2020 (Gemmer et al, 2013). If minimum 

limits are not met continuous air monitoring can be made mandatory and large fines may be 

issued or threatened by the European Commission. For example Britain faced fines of up to 

£300million in 2014 for taking no action against exceeding levels of NO2 (Johnston, 2014); 

although this was withdrawn after adequate plans to tackle NO2 were created.  
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Gemmer et al (2013) state that in addition to meeting allowable threshold values, air 

assessments are required. Reports must be submitted which include information on current 

contaminant levels and population exposure. Reference methods and guidelines are 

provided for these. All air monitoring data is entered into Airbase, a public air quality 

database system provided by the European Environmental Agency.  

In addition to EU legislation, the World Health Organisation established global guideline 

limits for key air pollutants which pose significant risk to health in 2005 (WHO, 2014). The 

limits set by WHO are also included in Table 1, below.  Comparison with EU limits show that 

WHO guidelines are more stringent for PM10, PM2.5 and O3. 

Table 1 – Allowable limits for air pollutants produced in the transport sector (Adapted from 
European Commission, 2015) 

 

In regards to legislation linking air pollution and transport, standards are set out for road 

vehicle emissions in the Euro Regulations (EEA, 2014). These lay down common emission 

limits for all vehicles manufactured and sold within the EU. Emission standards were 

introduced in 1970 and were not updated until 1992 when the first Euro 1 standards were 

implemented (The Road Safety Authority, ND). The AA (2014) state the current standards -

Euro 6- were implemented from September 2014 and have reduced the allowable emission 

of some pollutants by 96% since the initial Euro 1 limits.  

The allowable limits differ for the type of vehicle and are classed into categories of 

passenger cars, light duty vehicles (LDV) or heavy goods vehicles (HGV). Arabic numbers 

dictate passenger vehicle standards and roman numerals are used for commercial vehicles. 

Standards are also split for diesel and gasoline. For example, Diesel Net (2016) state in the 

most recent Euro 6 standards, passenger cars must have a maximum NOX emission in grams 

per kilometre of 0.06. For diesel cars the allowable level is higher, 0.08 grams per kilometre.  

It is interesting to note that even though we have discussed that diesel cars produce more 

PM and NOX than gasoline vehicles (See page 5-6), the limit to be considered in the same 

Euro class is more lenient for the former.  

Allowable Pollutant  Values 

Pollutant Averaging Period 

Concentration (μg/m3 ) 

Allowable 
exceedances 

EU Air Quality 
2008 Limit 

World Health 
Organisation 

2005 Limit 

PM10 
Daily Mean 50 50 35 days/ year 

Annual Mean 40 20 - 

PM25 Annual Mean 25 10 0 

Ozone (O3) Daily Mean 120 100 25 days/ 3 year 

Nitrogen Dioxide 
(NO2) 

Hourly Mean 200 200 18 hours/ year 

Annual Mean 40 40 - 
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2.5 Trends in EU Air Quality and Transport Contributions 

The report published in 2014 by the European Environmental Agency is based on 

concentration measurements and records of anthropogenic emissions taken between 2003 

and 2012. Figure 1, below, demonstrates the general declining trend in air pollutants 

throughout 28 European countries. By annotating the figure with the implementation of the 

2004 and 2008 EU air quality directives it can be seen that the 2008 directive had an impact 

in reducing emissions such as NOX, Pm2.5, NMVOC, SO (Sulphur Dioxide) and CO (Carbon 

Monoxide) which show a varied percentage drop immediately after this implementation. 

 

 

 

 

 

 

 

 

 

 

The main pollutants produced in the transport industry (Discussed above, Page 5-6) are 

considered individually and the percentage contributions from traffic to overall levels are 

provided below. Emissions of overall PM fell in the EU by 16% for PM2.5 and by 14% for 

PM10. Figure 2, overleaf, indicates that the transport sector is the 2nd largest contributor to 

PM2.5 emissions after commercial/household fuel combustion. This contributes 78% of the 

transport PM10; that is to say that, worryingly, only 22% of PM10 has a particle diameter of 

over 2.5 microns. PM10 contributions from transport are the third highest, falling below 

industry. Not included in the data is the contribution to overall PM from non-exhaust 

emissions (i.e. tyre, road and brake wear). These are estimated to equal around 50% of the 

value of exhaust emissions. It has been suggested that by the end of the decade 90% of 

transport PM will be from non-exhaust sources as exhaust emissions are improved through 

increasing Euro standards and technology.  

` 

 

Figure 1  - Percentage reduction in air pollutants from 2003 to 2012 (Adapted from 
EEA, 2014) 
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The study by the EEA (2014) does not include figures for Ozone trends however it does 

suggest in Figure 3, below, that Non Methane Volatile Organic Compounds and Nitrogen 

Oxide -which contribute to ground level Ozone -have declined. Overall levels of Nitrogen 

Oxide have fallen by 30% during the ten year study period. The transport sector contributed 

46% to these levels, more than any other industry. However it is also the sector which 

reduced its NOx by the most, a 34% reduction. NO2 emissions have also declined by 18%. 

The difference in the reductions is attributed to the increasing popularity of diesel vehicles 

(Which produce higher percentage of NO2 than gasoline motors). Non Methane Volatile 

Organic Compound emissions were reduced overall by 28% and again during this time the 

transport sector reduced it contributions significantly, by 68%.  

 

 

 

 

 

 

 

 

 

 

Figure 2 - Trends of PM2.5 and PM10 (EEA, 2014) 

Figure 3 - Trends of NOx and NMVOC (EEA, 2014) 
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The above analysis (Page 8-9) shows that overall levels of PM, NOX, O3 and NMVOC have 

declined between 2003 and 2012. However, the European Environmental Agency (2014) 

state that an alarming number of people are exposed to values above the allowable 

thresholds (3 year period from 2010-2012). Table 2, below presents the percentage of the 

European urban population exposed to pollutant concentration levels above allowable (EU) 

and suggested (WHO) limits. The most alarming figures show that between 95 and 98 

percent of the urban population live above the World Health Organisations suggested 

threshold for ground level Ozone and 91 to 93 percent above the limit for PM2.5.  

Table 2 – Percentage of urban population exposed to greater than allowable pollutant levels (EEA, 
2014) 

 

Figure 4 (EEA, 2015) below, demonstrates how exceedances of the EU limits have varied 

from 2003 to 2012. This highlights how variable pollution levels can be. Over periods of time 

the population exposed to pollutant levels higher than safe limits can rise steeply from less 

than 15% to over 50% (2002-2003). Kampa (2008) states that pollutant levels are easily 

influenced by many variable factors such as meteorological conditions like air pressure and 

wind speed to the type of emissions and nature of its sources.   

 

 

 

 

 

 

 

 

Percentage of urban EU population exposed to air pollutants above allowable threshold 

Pollutant EU limit 
Exposure 

Estimate above 
EU limit 

WHO limit 
Exposure 

Estimate above 
WHO limit 

PM10 Daily Mean 21-30 % Annual Mean 64-83% 

PM2.5 Annual Mean 10-14% Annual Mean 91-93% 

Ozone (O3) Daily Mean 14-17% Daily Mean 95-98% 

Nitrogen Dioxide (NO2) Annual Mean 8-13% Annual Mean 8-13% 

0-25% 25-50% 50-75% >75% 
 

Figure 4 - Percentage of urban EU population exposed to higher than allowable pollutant 
levels (EEA, 2015) 
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 Although a general trend of reduction in pollutants has been shown in the analysis above 

(See Page 8-9) and the stringent EU and WHO limits are in place, air pollution is still a major 

concern that must be addressed due to the number of people exposed to higher than 

allowable levels and the varied rate at which this can suddenly change.  

 

2.6 Air Quality in Barcelona 

The Government of Catalonia (2015) suggest Barcelona is susceptible to air pollution in 

similar ways to other large European cities. The city of Barcelona has a high population and 

vehicle density which concentrate contaminants to small areas. In addition the inner city 

urban layout of narrow streets and tall buildings creates difficulty for pollutants to be 

dispersed by natural ventilation.  The city is also affected by the proximity of the airport and 

port as well as industrial activities such as steel production, cement production, electricity 

generation and steel and glass manufacturing.  

Barcelona monitors and assesses air quality at several locations to give indications of trends 

in air contaminants and warnings of episodes where contaminants exceed allowable 

thresholds. These findings also feed into Airbase, the EU database for air quality (as 

discussed Page 7). The Plan to Improve Air Quality in Barcelona (City of Barcelona, 2015) 

states stations are assessed by the XVPCA (Network for Monitoring and Forecasting Air 

Pollution) and are run in part by the Barcelona City Public Health Agency. Figure 5 displays 

the location of monitoring stations in central Barcelona. The stations highlighted in red 

monitor urban traffic, the stations in green show background stations. In this way the air 

pollution emitted by traffic can be identified by subtracting background levels from urban 

roadside levels.  

 

 

 

 

 

 

 

 

Figure 5 - Location of Barcelona air quality monitoring stations (City of 
Barcelona, 2015) 
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The City of Barcelona (2015) state that PM10 was previously the most worrying air pollutant 

for Barcelona but has now been surpassed by NOX. These pollutants are highlighted in the 

Barcelona City Strategic Plan for Improving Air Quality 2015-2018 as they are the only 

contaminants that have been recorded exceeding EU limits in recent years. 

Figure 6, below, shows the mean annual concentration recorded for PM10 at ten XVPCA 

Barcelona measuring stations. It can be seen that there has been no incidents of PM 

exceeding the EU limit value (red dashed line) since 2010. Daily mean thresholds were 

exceeded at 3 stations in 2011 and 2 stations in 2012 but no stations in 2013, a marked 

improvement. Overall since the EU limits were tightened in 2004, PM10 in Barcelona has 

reduced 7.3% which translates to a reduction of 2.6µg/m3 per year. However when the 

WHO suggested limit (See Page 7) is annotated onto the figure (Orange dashed line) it 

demonstrates that these more stringent limits would not be met at any station in 2013.   

 

 

 

 

 

 

 

The NO2 measurements recorded in 2013 for the various XVPCA stations in Barcelona 

indicate that the annual mean European threshold was exceeded at two stations: Eixample 

and Gràcia - Sant Gervasi. Figure 7, below, shows that this is a reduction from 2012 when 

there were four stations which encountered exceedances. NO2 has reduced by an average 

of 2.39% per year since 2004 with an average reduction of 1 µg/m3 per year. The World 

Health Organisation annual limit for NO2 is the same as the set EU limit.  

Figure 6 - Annual mean PM10 concentrations (Annotated from City of Barcelona, 2015) 

Figure 7 - Annual Mean NO2 Concentrations (City of Barcelona, 2015) 
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The traffic sector contributed on average 37% of all PM10 emissions in Barcelona in 2013 a 

reduction of 27% since 2008. NOX contributions from transport have also reduced by 25% 

since this time but still represent 33% of all NOX emissions. Worryingly NO2 emissions from 

the transport sector make up 59.9% of overall NO2 emissions. Figure 8, below, compares 

traffic volume in the Barcelona metropolitan area to levels of NO2. This displays that the 

areas of high traffic volume shown in red specifically associate with areas of high NO2, 

shown in brown.   

 

 

 

 

 

 

 

 

 

 

As shown above, Bracelona complies with EU legislation by monitroing levels of air pollution 

and producing reports of the findings. From 2010 it has also complied with the EU limits set 

for allowable PM10 levels however has not met limits set for NO2. Neither PM nor NOX meet 

the more stringent limits set by the World Health Orgnaisation. Although general trends 

show that levels of both these pollutants are decreasing more action needs be taken to 

enusre complinace with the discussed limits promptly, to minimise effects on human and 

environmental health.  

 

2.7 Barcelona Air Quality Measures 

Barcelona currently adopts the Strategic Plan for Improving Air Quality 2015 to 2018 (City of 

Barcelona, 2015) which documents the measures to be and being taking to combat high 

levels of PM and NOX. This provides current and future plans and gives estimates on their 

likely effectiveness. The plan takes into account actions set out in the Barcelona Urban 

Mobility Plan 2013-2018 and the Barcelona Self- Sufficiency Strategy for 2015-2024. 

Appendix 1 provides a summary of transport related measures specified in the report. 

2009 

Figure 8-Traffic volume and NO2 levels in Barcelona (City of Barcelona, 2015 & 
Research Gate, 2016) 
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High Intensity Scenario
Low Intensity 

Scenario

5.40% 1.40%

Workplace travel plans 1.20% 0.70%

Car sharing 2% 0.10%

Teleworking 2.20% 0.60%

1.90% 0.40%

1.90% 0.30%

0.70% 0.10%

0,5% 0.10%

0.30% 0.08%

0.20% 0.04%

0.06% 0.06%

0.02% 0.01%

11% 2.50%

Car Clubs

Total

Measures targeting journey to 

work, of which:

Teleconferencing

Personalised travel plan

Local collection points

School travel plans

Travel Awareness

Public transport information and 

marketing

Home Shopping

The measures prescribed in the plan are principally focussed on long term reductions and 

give little reference to methods which will be undertaken in reaction to episodes of high 

pollution when EU allowable limits are exceeded. The long term measures provided 

predominantly consist of incentives to promote the reduction of personal vehicle use. For 

example - education and awareness on air pollution and diesel vehicles, informing the public 

when environmental episodes are occurring, implementing and improving bike pathways 

and pedestrian areas and improving and co-ordinating pubic transport to create better/ 

more frequent services. There are also monetary/time incentives for environmentally 

friendly travel options - cheaper parking for ‘green’ vehicles, priority traffic lights/road lanes 

for green vehicles/public transport, an increase in the number of electrical charging stations 

and tax subsidies for businesses whose fleet meets an environmental seal of approval. One 

important step outlined is that each municipality should define ‘Protected Atmosphere 

Urban Areas’ (ZUAP) and establish individual criteria to reduce air pollution, congestion and 

affected population.  

As stated the measures predominantly consist of ‘soft’ approaches which aim to change 

public perception and attract people to more environmentally friendly modes of transport. 

However research into behaviour in passenger transport (Goodwin, 2008) suggests the 

effectiveness of soft policies may not be high. Table 3, below, shows the percentage of 

traffic reduction expected from common soft approaches, this ranges from 0.01% to 2.2%.  

 

 

 

 

 

 

 

 

 

Table 3-Possible Traffic Reduction from Policy Changes (Goodwin, 2008) 
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Fundamentally human habits are hard to change (Goodwin, 2008). When asked if individuals 

would limit their car use for the sake of the environment, 75% of study participants said 

they would take some form of activity to reduce non- essential journeys. However, only 5% 

of users had done so in the previous year. When asked if commuters would limit car use if 

pavements/ walking routes/ bike lanes were provided/ well maintained 29% responded yes. 

When asked if car use would reduce if monetary charges were implemented 50% responded 

yes.  This suggests that restrictive measures may be more effective in changing passenger’s 

transport behaviour. However when asked if car use would reduce if charges were applied 

AND better public transport was provided, 63% of people responded yes. Therefore the 

highest levels of effectiveness will be a coherent overall package of both types of measures.  

As Goodwin quotes “Measures to reduce traffic by carrots rather than sticks can be 

undermined unless some form of restriction prevents other induced traffic from taking up the 

road space released by the evidence ( 2008, pg17)”. As discussed, Barcelona currently has 

many ‘carrot’ measures in place such as encouraging public transport use, improving bike 

and pedestrian pathways and monetary incentives for environmentally friendly vehicles.  

Therefore the upcoming focus of this thesis will be on restrictive measures which could be 

applied in conjunction with these to reduce air emissions further.    

 

2.8 Summary 

The accomplished review shows that EU trends in air pollutants have declined steadily since 

the implementation of EU allowable thresholds. This trend is mimicked in Barcelona where 

the two pollutants most at risk of exceeding the limits –NOX and PM10- have reduced by 

7.3% and 2.4% respectively. However only PM has met allowable limits set by EU legislation. 

In addition stricter limits set by the World Health Organisation are not being achieved and 

therefore action must be taken to meet these and by doing so reduce the risk to human and 

environmental health. The methods of lowering emissions from traffic undertaken in 

Barcelona are predominantly ‘soft’, focusing on creating incentives for drivers to change 

mode choice to public transport. Studies have shown (Goodwin, 2008) that reductions of 

pollutant levels using these methods are limited and to increase effectiveness these must be 

applied in conjunction with restrictive measures.  This finding is important not only as part 

of the research process but as an indication of the type of measures which should be 

analysed in the upcoming case studies.  
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3. Method 

3.1 Introduction  

This chapter describes the method used to conduct the following case studies and the 

approaches taken to ensure its methodological rigor and trustworthiness. Case study 

research aims to bring understanding to complex issues and as Burns (2000) suggests can 

add strength to what is already known through previous work. Although critics of this 

method argue that a study of a small number of cases can offer no grounds for establishing 

reliability or generality of findings, Burns (2000) argues that researchers continue to use this 

approach in carefully planned studies of real-life situations, issues and problems. Therefore 

these case studies aim to develop an understanding of measures put in place to reduce air 

pollution and the individual factors of each measure which contribute to its effectiveness. 

The case studies are focussed on discovery rather than confirmation.  

As discussed (Page 13) the majority of measures currently planned for or in place within 

Barcelona are centred on incentivising the public to use alternative transport modes from 

private passenger cars. Since it has been established (Page 14) that the most effective 

strategy to reduce emissions will include both these and restrictive measures, the aim of 

this research is to analyse restrictive measures which could be applied in conjunction with 

the ‘soft’ methods already in place. The purpose of which is to reduce PM10 and NOX; 

identified as the two main pollutants which need to be addressed in Barcelona (Page 12).  

This study will follow the advices of Yin (2014) and his proposed six step approach for 

conducting a case study: 

 

1. Determine the research question 

2. Select the cases and determine data gathering and analysis techniques 

3. Prepare to collect the data 

4. Collect data 

5. Evaluate and analyse data 

6. Prepare the report. 

 

3.2 Research Method 

Step 1. Determine the research question 

 

On discussion with my supervisor questions were formed about how transport contributes 

to air pollution and how mobility measures could tackle this and therefore the purpose of 
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the research was established. A literature review was then conducted to determine what 

research had previously been done (Chapter 2), and to assist in creating the method of 

analysis. 

 

Step 2. Select the cases and determine data gathering and analysis techniques 

 

Case studies were found in predominantly peer reviewed journals through SCOPUS, Science 

Direct and Google Scholar. Although many transport emission reduction strategies are in 

place all over the world, case studies were restricted to within Europe. It was hoped that by 

doing this, comparison to Barcelona would be more relevant. Barcelona shares more 

common similarities to cities such as Paris, Madrid and Munich than for example New Delhi, 

Bogota or Singapore. The case studies chosen were restricted to within the last 15 years. By 

using measures implemented since 2001, they provide a more relevant comparison with 

current situations in regards to traffic volumes, traffic patterns, vehicle types, technology 

and even public attitudes.  

It was decided that case studies should have methodologies which measure air pollution 

levels rather than use estimation models. Holman et al (2008) states that predicted models 

require a large amount of detailed local data for various terms such as fleet makeup, 

average speed, and distance travelled and therefore the scope for error is higher than for 

measured studies which directly measure 1 or 2 parameters.  After case studies were 

chosen if modelled studies were available for the same measure/city they were included for 

the purpose of further discussion.  

 

Through this process of selection I found it useful to continually refer to my study aim and 

objectives to concentrate on selecting studies that satisfied the purpose of my research. In 

this way the sampling strategy adopted was ‘purposeful’, as described by Sandelowski & 

Barroso (2006). The cases selected served the purpose of the research namely; they 

provided specific data which allowed the researcher to discover, gain insight and 

understanding of how different measures and the factors within each contributed to PM10 

and NOX reductions. 

 

Step 3 & 4. Prepare to collect the data/collect data 

 

Advanced preparation allowed me to prepare for the systematic organisation of the data I 

was going to collect and prevent me from losing sight of the original research purpose. Data 

collection took place by creating an excel matrix for each measure, of common factors 

which were proposed to influence the effectivity. By doing so before analysing the case 

studies it was clear when enough data was collected for thorough comparison. By using an 

excel sheet it was straightforward to add in extra factors if they became apparent during the 

study.  



Claire Cornes  Department of Civil and Environmental Engineering 

 
18 

 

Sandelowski & Barroso (2006) do caution however that in purposeful sampling the 

researcher needs to be clear in their mind what the inclusion and exclusion criteria are for 

their study. The main criteria for inclusion in this research as described above were a 

restrictive mobility measure put in place with the purpose of reducing PM10 and/or NOX. It 

must have been applied in a European city within the last 15 years and the results of which, 

measured rather than modelled.  

 

Step 5. Evaluate and analyse data 

 

The previously prepared excel matrices were filled to produce a taxonomy of factors which 

contribute to the effectiveness of each measure. By creating common factors and terms, 

analysis was simplified as common tendencies were easily identified and explored. This lay 

out also simplified the creation of graphs of pollutant reduction against each factor. These 

were used to identify if any factor had a bigger influence on the pollutant reductions 

observed.  

 

Step 6. Prepare the report 

 

This report was written with the aim of transferring what is a very complex issue into one 

that can be more easily understood. It is hoped that the data is presented in such a way that 

the reader can question and examine the study and reach an understanding independent of 

the researcher’s conclusions.  

 

Guba and Lincoln (1989) identified a number of criteria required to establish the quality of 

research, which I have elected to use and demonstrate rigor. 

 

The criteria are:  

 

1. Auditability   

Guba and Lincoln (1989) describe auditability as a component of truth in qualitative and 

quantitative research and maintain that it is demonstrated through clear documentation of 

the research steps and the decisions made to interested parties.  

 

2. Credibility and confirmability  

 

Credibility and confirmability are also considered as major components of trustworthiness. 

Bryman (2012) suggest that to establish credibility the researcher must ensure that the data 

is represented as clearly as possible. 
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4. Findings 

4.1 Introduction 

Searches of restrictive measures utilised throughout Europe with the aim of reducing levels 
of PM10 and NOX produced results of variable utility in respect of my study. From 
Environmental Zones set up in Sweden in 1996 to the proposed ban for all diesel vehicles in 
Paris by 2020, the measures found were varied and widespread. To meet the 
methodological requirements of my thesis, quantitative studies had to be found within the 
last 15 years which gave measured numerical results on ambient air quality of PM10 and 
NOX; the two pollutants identified as the posing the greatest risk in Barcelona. My review of 
relevant literature revealed that there were few studies which included appropriate 
measurements of and on the effect on air quality. 

Several methods such as using licence plate numbers to restrict entry into an area are more 
commonly used outside of Europe and therefore no European case studies were discovered. 
Out of the measures which produced case studies found in Europe, some such as banning 
diesel vehicles at certain times of day or in certain areas only produced estimated models of 
reductions which were not suitable in terms of the specified methodology (As discussed 
page 17). Measures such as restricting speed limits to 80km/hr on urban highways produced 
European measured case studies, however only 2 studies were found and therefore the lack 
of sufficient data detracted from the usefulness and value of compiling comparison. Finally 
some measures such as parking price increases and forbidding empty taxi circulation 
produced no studies at all. The possible reasons and restrictions the lack of usable studies 
posed on this thesis are discussed in the limitations section, to follow (Page 43).  

Consequently the focus of this section will be on two predominant measures which have 
been more thoroughly analysed, Low Emission Zones and Congestion Charge Schemes. In 
this respect a more complete comparison of case studies in different cities could be 
completed and any discussion of their findings to Barcelona more relevant 
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4.2 Low Emission Zone 

 

4.2.1 Introduction 

In this section case studies are presented of cities which have implemented Low Emission 

Zones. These are areas where access is restricted to motor vehicles which do not meet 

minimum emission EURO standards (As described page 7). Holman et al found that in 2015 

approximately 200 LEZ’s had been established within 12 European countries, the largest 

created in London. Sadler Consultants LTD (2015) have suggested that since 1996 when the 

first Low emission zone was implemented in Stockholm they have become regarded as an 

important measure to improve urban air quality. By banning vehicles below Euro emission 

standards the main impact is to incentivise the retrofit or purchase of a newer cleaner 

means of transportation. Therefore after implementation overall composition of the urban 

fleet changes to less polluting vehicles and theoretically improves the overall air quality of 

the area by reducing contaminants.  

The Zones that have been chosen to be discussed have both similarities and differences. All 

were put in place as a permanent measure with the expectation of reducing PM10 emissions 

and the hope of having a positive effect on NOX. Operating hours, the type of vehicles 

restricted, control measures, size and percentage of the overall city are diverse. A number 

of studies have been undertaken to analyse the resultant effect on air quality, chiefly 

Particulate Matter and Nitrogen Oxides and conclusions on the effectiveness have been 

mixed.   

 

4.2.2 London  

The London Low Emission Zone is the first of its kind in the UK and commenced operation in 

2008. The zone covers all of greater London, an area of 1580 km2. It operates on a 

permanent basis and was brought about to tackle Particulate Matter with anticipation that 

it would also lower Nitrogen Oxide levels (TFL 2016). TFL (2008) found that 25% of PM10 and 

57% of NOX emissions originated from HGV’s and therefore these became the main focus of 

the initial restrictions. The zone was implemented in a staged approach becoming 

progressively stricter in terms of both minimum EURO standard and the type of vehicles 

affected as shown in Table 5, overleaf. It is estimated that between 725,000 and 860,000 

HGV’s were affected (Ellison et al, 2013) in the initial stage. 

The area is controlled by surveillance cameras which link to the vehicle registration 

database and heavy fines are of £500 to £1000 are issued for non-conformity. A discount is 
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applied of 50% if the fine is paid within 14 days.  TFL (2016) stated that exemptions are few 

(historic vehicles, ministry of defence vehicles, construction and farm machinery) although 

vehicles which do not meet the required emissions standard can pay to access the zone 

(£100-200 per day). Compliance was monitored by Transport for London during each stage 

and has averaged at a rate of 94.9% (Holman et al, 2015).  As shown in Table 4, below, 

transport for London plan to continue progressive restrictions into 2020.  

Table 4- Stages of emissions criteria for London LEZ (Homan et al, 2015) 

Phase Introduction Date Restricted Vehicle 
Minimum Emission 

Standard* 

1 4 Feb 2008 HGV > 12 Tonne Euro III 

2 4 July 2008 HGV >3.5 Tonne Euro III 

3 3 Jan 2012 

LGV>1.2 Tonne 
4X4 

Ambulances 
Caravans 
Minibus 

Euro III 

4 3 Jan 2012 Bus > 5 Tonnes Euro III 

5 Dec 2015 TFL BUSSES Euro IV 

6 Planned 2020 All vehicles  Euro 6/ VI 

*Or fitted with a diesel particulate filter and corresponding reduced pollution certificate  

Predicted Results 

Pre-implementation studies conducted by the Transport Research Laboratory (2000) 

predicted that the most effective LEZ would exclude all pre Euro 3/III vehicles. However the 

cost and restrictiveness to the general public was deemed disproportionate to the benefit 

and therefore the above vehicle restrictions were applied.  NO2 background levels are 

heavily influenced by traffic emissions and therefore a large zone covering the whole of 

greater London was suggested to be more effective than a smaller zone in terms of reducing 

NO2. Traffic contributes only a third of PM background levels and therefore the size of the 

zone would have less influence over these.   

Ellison et al (2013) state that numerous estimation models were conducted before the 

implementation of the LEZ.  The most recent modelling before the implementation (Kelly et 

Kelly, 2009) estimated that PM10 would reduce by 2% and NOX by 4% in the first year. 

Holman et al (2015) state that modelling was also carried out by Watkiss et al (2003). This 

showed that PM10 could reduce by 19% and NOX by 2.7% within three years.    

Measured Results 

Ellison et al (2013) shows that a clear result from the London low emission zone is a change 

in the standards of vehicles used in the area. Within the first year of introduction the 

number of pre Euro III HGV’s dropped from 47.4% to 31.9 % (15.5%) and the rate of vehicle 
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replacement was increased by 20% compared to the natural replacement rate.  TFL (2008) 

stated that 90% of HGV’s and buses entering the LEZ complied with the minimum euro 

standards. 18% and 45% higher than the UK average for these vehicles. In subsequent years 

the replacement rate returned to the national average. In the months leading up to the 

stage 2 inclusion of LGV’s in 2012 the study shows a further reduction of Pre Euro 3/III 

vehicles by 4%.  This shows that the LEZ is effective in improving fleet turnover but that 

emissions standards must be periodically tightened as only non-complaint vehicles are 

replaced at a faster than natural replacement rate.   

Ellison et al (2013) compared measured data from London’s Air Quality Network before and 

after the LEZ was introduced to quantify any change in PM10 and NOX concentrations. By 

subtracting background from roadside levels the specific contribution from traffic could be 

found and therefore any changes could be attributed to the zone. Since the introduction of 

the LEZ emissions of PM10 have been relatively stable despite an increase in the volume of 

freight vehicles within the zone. Outside the LEZ PM10 has increased by an average of 1.9% 

per annum. Therefore the LEZ has had some positive effect in limiting PM10 emissions. 

Further scrutiny of the data demonstrates level changes before and after the introduction of 

the LEZ in 10µg/m3 frequencies (Figure 9, below). It can be seen from this figure that the 

frequency of readings above 30µg/m3 has reduced.  An average mean reduction in PM10 of 

13% was shown inside the LEZ which compares favourably to a reduction outside of 7%. 

Suggesting the LEZ was responsible for a 6% reduction in PM10. The study found no 

discernible difference due to the LEZ in NOX concentrations, a decrease of between 0.5 and 

1.5% per year was seen both inside and outside of the zone.  

 

 

 

 

 

 

 

 

Holman et al (2015) challenges Ellison et al (2013) against the finding that PM10 reduced due 

to the LEZ. Holman et al used a similar methodology comparing measured PM10 and NOX 

concentrations before and after the zone introduction. However filtered out non local traffic 

Figure 9 - Comparison of PM10 measurements inside and outside the LEZ (Ellison et all, 2013) 
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volume and weekends –when HGV use is lower.  The results stated that no clear difference 

was seen in traffic contribution to ambient PM10 and NOX. Both reports agreed that initial 

studies undertaken by Transport for London to model the effectiveness of the LEZ were 

overoptimistic and showed larger reductions than have been observed in the measured 

studies.  

Jones at al. (2012) noted a reduction in PM10 in the run up to Phase 1 implementation when 

fleet changes were beginning to occur. However it was surmised that this was more likely 

due to the implementation of zero sulphur diesels in 2007 and only a small proportion of 

the reduction could be attributed to preparation for the LEZ. 

 

4.2.3 Amsterdam  

Vehicle emissions in Amsterdam were the most dominant source of local air pollution 

(Municipality of Amsterdam, ND) and therefore a LEZ was introduced in 2008 to fulfil the 

2006 Amsterdam Air Quality Action Plan. The Netherlands employ a national framework for 

Low Emissions Zones meaning that all zones encompass the same standards and 

implementation procedures.  The zone operates over 43km2 -equal to 20% of the city area- 

at all times.  

In October 2008 the LEZ came into effect for heavy goods vehicles of Class Euro 0, I and II. A 

three month initiation period commenced where no penalties where given however in 2009 

the LEZ came into full affect using traffic control cameras to penalise any non-compliant 

vehicles with a 230 Euro fine (Urban Access, ND). In 2010 the standards where increased to 

include all Euro III vehicles without diesel particulate filters. Exemptions are very limited 

only applying to fire engines, street cleaners and armoured vehicles. In 2010 compliance 

with the regulations in Amsterdam was at 97% (Increased from 66% in the 2008 trial period) 

and is estimated to now be nearer 100 %. From 2017, LGV’s will be added to the restricted 

list and by 2018 taxis and tourist busses will also be included (Sadler Ltd, 2015).  

Predicted Results 

A government report (Van den Brink et al, 2010; Dijkema, 2014) modelled the effectiveness 

of the Amsterdam LEZ on streets which have a heavy intensity of HGV’s. It estimated that no 

reduction would be seen in NO2 however a 2-7% reduction in PM10 could occur.   

Measured Results 

Panteliadis et al (2014) conducted a measured study to analyse the effectiveness of the 

Amsterdam LEZ using one urban background location and one roadside location. The 

roadside station is located on one of the city’s main streets which are frequently used by 

HGV’s.  The data collected in 2010, 2 years after the implementation of the LEZ was 
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compared against 2008 pre-zone values obtained from Amsterdam’s Air Quality Monitoring 

Network. It was noted that the implementation of the LEZ prompted 49% of HGV’s to be 

renewed.  

Overall the study presented that the contribution from traffic to overall emissions from 

PM10, NOX, NO2 and Soot decreased and that statistically significant reductions in 

concentrations were found at the roadside station after the introduction of the LEZ.  PM10 

decreased 5.8% equal to 1.67µg/m3  in the 2 years following the LEZ implementation. The 

study also found in 2 years NOX decreased by 6.4% (6.4µg/m3) and NO2 reduced by 4.9% 

(2.65µg/m3). In addition for two soot proxies, Elemental Carbon (EC) and Absorbance a 

reduction of 12.9% and 7.7% were found respectively. 

As the Amsterdam LEZ was implemented in 2 stages initially banning Euro I/ II HGV’s then 

Euro III, the study aimed to evaluate both stages individually to determine if the stricter 

standards resulted in higher reduction in contaminants. Figure 10 (below) taken from the 

study, shows that greater mean reductions were observed in the second stage compared to 

the first for all pollutants considered.  

 

 

 

 

 

 

 

 

 

 

 

 

Boogaard et all (2012) completed a similar measured study to Panteliadis et al (2014) 

comparing measurements of air pollutants two years after the Amsterdam LEZ 

implementation at two streets within the city. Overall the study found that pollutant 

concentrations for PM10, PM2.5, Soot (Absorbance Proxy) NO2 and NOX were generally lower 

in 2010 than 2008. However this was true for roadside, urban and a suburban location. The 

Figure 10 - Percentage of LEZ effectiveness for Full Period, 1st Stage and 2nd 
Stage (Penteliadis, 2014) 



Claire Cornes  Department of Civil and Environmental Engineering 

 
25 

study suggests that no measureable difference in pollutant concentrations could be fully 

attributed to the implementation of the LEZ’s.  

 

4.2.4 Lisbon  

Lisbon introduced a low Emission Zone in 2011 after exceeding the EU allowable limits for 

either PM10 or NOX every year since 2001. This was introduced after the formation of the Air 

Quality Action Plan for Lisbon in 2006 and is the only zone in Portugal. The zone 

implemented in a staged process bans all vehicle types but is not operational at all times. 

Silva et al (2014) explain the initial low emission zone (zone 1) was very small occupying just 

0.6km2 of the city centre, equal to only 1% of the overall city size. The phase began in July 

2011 by banning all vehicles not meeting pre-Euro standards from entering the area on 

weekdays between 8am and 8pm. Although the zone banned all vehicle types numerous 

exceptions were allowed including all commercial and resident cars with parking permit for 

the area, emergency and public transport vehicles including taxis. Sadler ltd (2016) state 

that these lenient exemptions result in only 10% of circulating traffic being affected by the 

zone restrictions.  

The second phase was implemented in April 2012. The minimum standard for the initial 

Zone 1 was increased to Euro 2/Euro II and a second zone was created, encompassing 33% 

of the city. The Zone 2 minimum emission standard became all Euro1/ Euro I vehicles. The 

operating times for both zones were increased to 7am- 9pm, Monday to Saturday. At this 

time the exemption for public transport (not including taxis) was withdrawn but resident’s 

vehicles with parking permits remained exempt in Zone 1 and Zone 2. Simultaneously 

changes were also made to the circulation plan in Zone 1 to reduce traffic volume and limit 

parking spaces. The third phase implemented in 2015 increased Zone 1 restrictions to Euro 

3/III and Zone 2 to Euro 2/II. Enforcement which previously has been by random police stops 

is now completed by licence plate reading cameras. CleanAir (ND) suggests that this staged 

introduction allows drivers to become accustomed to the restrictions and therefore 

increases acceptability.  

Measured Results 

A study on the effects of the Lisbon LEZ (Ferreira et all, 2015) found that a change in fleet 

occurred due to the implementation of the zone. The number of Euro 4 and 5 vehicles in the 

zone increased. However no effect on number of vehicles or type of vehicle entering the 

zone was witnessed. LDV’s and passenger cars made up 80% of vehicles operating in the 

area in 2011 which of similar weighting to the 79% found in 2013. Therefore the zone had 

implemented a change in the Euro standards of vehicles entering.  
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In regards to air emissions the study found that between Jan 2011 and Dec 2013 the annual 

average concentration of PM10 in Zone 1 reduced 8% more inside the zone when compared 

to background station outside. The level difference of NO2 inside and outside the zone was 

unsubstantial. The decrease in PM10 cannot be fully attributed to the Low Emission Zone as 

the traffic circulation plan put in place during Stage 2 reduced overall traffic volume. 

However, when analysing and comparing PM10 levels pre and post introduction of the LEZ 

weekday data (Figure 11, below) shows a significant decrease in daily and hourly averages. 

Similar values are seen during weekends when the LEZ is not in effect therefore it can be 

suggested that the LEZ is responsible in part for the reductions in PM10.  

 

 

 

 

 

 

 

 

 

4.2.5 Munich  

The Munich Low Emission Zone was implemented in October 2008 as part of a national 

framework (Sadler LTD, 2015). This utilises a colour coded badge system to classify vehicles 

in regards to their Euro emission standards. Red badges are vehicles of Emission standard 

Euro 2, Yellow Euro 3 and Green Euro 4. Gasoline vehicles with catalytic convertors are 

classed as Green and therefore the system mainly affects diesel vehicles. Table 5, overleaf, 

shows the stages of implementation and corresponding colour codes.  The Low Emission 

Zone covers an area of 44km2, 14% of the city size, and affects 700,000 vehicles (Fensterer 

et al (2014). Initially residents were exempt from the scheme however after 2010 this was 

removed. The zone is enforced by Police patrol with a fine of 80 euros. Vehicles which meet 

the required emissions standards but do not display a valid badge are also fined. 

 

Figure 11 - Variation in PM10 Lisbon Zone 1, pre and post Stage 2 implementation (Ferreira 
et al (2015) 
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Table 5 - Colour Code of German LEZ 

 

Predicted Results 

An impact study undertaken by the city administration of Munich LRP (2010) (Cited in Cyrys 

et al, 2013) estimated that in Stage 3 of the Low Emission Zone where diesel vehicles pre 

Euro 4 are prohibited, PM10 could reduce by 2 to 10%. It notes that larger reductions will be 

seen along roads with heavy road traffic and suggests the Munich ring road as one such 

location.  The German Federal Environmental Agency UBA (2013; Cited in Cyrys et al 2013) 

mimics the above reduction. It states from several modelled studies, Stage 1 

implementation should reduce PM10 by 2% and by Stage 3 a 10% decrease should be seen.  

Measured Results 

A study by Fensterer et al (2014) analysed the effectiveness of the Zone on PM10 reductions 

during stage 1 of the implementation (Oct 2008-Oct 2010). 2 monitoring sites within the 

Zone were compared to a background urban site before and after the LEZ came into effect. 

Firstly, the fleet turnover was shown to increase in average minimum Euro emission 

standard. The number of vehicles without a badge (<Euro 2) decreased by 7% and the 

number of vehicles with green badges (>Euro 4) increased by 11.2%. In regards to PM10 

emissions, an additional 8.5% decrease was seen inside the LEZ when compared to the 

background stations. This is expressed in Figure 12, below which shows PM10 values with 

(Red) and without (Blue) the LEZ. The dashed line shows the difference between these.  

 

 

 

 

 

 

 

Stage Date 
Allowable Colour 

Badge 
Minimum Euro 

Emission (Diesel) 
Minimum Euro 

Emission (Gasoline) 

1 Oct-08 Red, Yellow, Green Euro 2/II 
Euro 1/I with 

catalytic converter 

2 Oct-10 Yellow, Green Euro 3/III 
Euro 1/I with 

catalytic converter 

3 Oct-12 Green Euro 4/IV 
Euro 1/I with 

catalytic converter 

Figure 12 - PM10 values with and without LEZ (Fensterer et al, 2014) 
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Fensterer et al (2014) also states that previous measured studies have been conducted on 

the Munich LEZ, although are predominantly in German. One such study by Cyrus et al 

(2009) saw a reduction in PM10 in monitoring stations of between 5-12%. However when 

the same data was evaluated by Morfeld et al (2013) using a regression analyses approach 

significant effects were not found. This highlights the difficulty in analysing the effectiveness 

of Low Emission Zones and shows that even with identical data, different methodologies can 

present significantly different results.  

 

4.2.6 Discussion and Comparison of Low Emission Zones 

To compare the Low Emission Zones for similarities and possible trends matrices were 

created. The first (Appendix 2) compares qualitative tendencies such as area, operating 

hours, implementation and minimum Euro standards. The second (Appendix 3) compares 

study results on effectiveness of reducing PM10 and NOX.  

It is clear that the primary pollutant reduction found -if any- in the majority of studies is 

PM10.  Out of 9 study methods, 5 (minimum 1 in each city) showed a reduction of between 

5.8 to 12% within the first 2 years of implementation. 1 study in London showed that PM10 

levels had been kept constant despite an increase of traffic in the area and an increase in 

the pollutant outside the area. 3 studies, London, Amsterdam and Munich suggested no 

effect on PM10 had been seen. The differences found in studies of the same city could be 

due to the use of different data sets, methodology of the study, study length and 

background concentrations which all contribute to the difficulty of comparison. It can be 

noted that Studies in Lisbon and Munich (reductions found) which restricted all vehicle 

types show marginally higher PM reductions (8% 8.5%) when compared to London and 

Amsterdam studies which only restricted HGV’s (1.9%, 6%, 5.8%). Therefore it could be 

suggested that the more vehicles restricted the greater the effectiveness in reducing PM.   

Although the LEZ’s also aimed to reduce levels of NOX, this was not seen. Only 1 study in 

Amsterdam showed any decrease; 6.4% over 2 years. Boogard et al (2012) suggest that this 

is because NOX reductions between the most recent EURO standards and originals are much 

smaller than anticipated. Therefore increasing minimum emission standards has little effect 

on NOX. It must be noted that all studies found were conducted over the first 

implementation stage of the measure, therefore the long term effects have not been 

established.   

It can be seen that initial modelled studies were undertaken for each city before the LEZ was 

implemented. Boogard et al (2012) and Ferreira et al (2015) both express that initial case 

studies for London were overly optimistic. One estimate (Watkis et al, 2003) shows PM10 

reduction of 19%, far greater than the observed 2-6%. However when examining 

Amsterdam and Munich, initial modelled studies were fairly accurate. Amsterdam estimated 
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a PM10 reduction of 2- 7% and observed 5.8%. Munich estimated 2-10% and observed 8.5%. 

Therefore modelling could give valuable initial estimates of possible reductions if realistic 

inputs are applied. 

All four cities showed an overall fleet turnover of the vehicles restricted to vehicles of higher 

Euro Standard. For example, Lisbon showed an increase in the number of EURO 4 AND 5 

vehicles and London indicated a 15.5% decrease in the number of pre Euro III HGV’s. In 

addition the number of vehicles and trips taken did not significantly change. This suggests 

that the zones stimulated an increase in vehicle turnover to cleaner vehicles but no effect 

on traffic volume was created. This is significant because without a decrease in traffic 

volume, only exhaust PM is tackled. Non exhaust PM from tyre, break and road wear (As 

discussed Page 5) would not be affected.  

All of the zones were implemented in staged approach either increasing the size or more 

popularly increasing the minimum Euro standards or type of vehicle restricted. Ellison et al 

(2013) showed that in London the replacement rate of vehicles after stage 2 was 20% 

greater than the natural replacement rate however this eventually returned to the national 

average. Pentiliadis et al (2014) showed that in Amsterdam the mean reductions of PM10 

increased after stage 2 implementation when minimum EURO standards were tightened. 

This suggests that to maintain effectiveness in higher rates of vehicle turnover and 

reductions in PM restrictions have to be periodically tightened.  

The data also suggests that the level of compliance of the zones is related to the amount of 

control in place. Initially Amsterdam had a 3 month trial period where adherence was not 

mandatory. Here the compliance rate was 66%. However, Stage 1 (After trial) in Amsterdam 

and London utilise strict camera enforcement with heavy fines as a control measure. These 

promote much higher compliance rates of between 100% and 97%. Therefore it can be 

surmised that stricter control creates stricter compliance.  

London and Lisbon were both the first zones in their respective counties and therefore were 

able to plan a design which tackled local air pollution trends setting limits and restrictions of 

their own choice. Amsterdam and Munich were put in place as part of a national framework 

and therefore utilised the standards set out for the entire country. National frameworks 

ease the difficulty of driving through multiple LEZ’s by unifying cities with one set of 

standards. Generally this has been found to simplify the operations and costs for national 

transportation networks (Holman et al, 2014). However local control could be a possible 

method to allow cities to react to episodes of high pollutants by creating tighter restrictions 

when warning thresholds are encountered. However, full analysis of logistics would need to 

be carried out to analyse issues such as communicating emergency periods with the public.  

Out of the case studies reviewed only Munich distinguishes between diesel and gasoline. As 

shown Euro standards are similar for diesel and gasoline vehicles despite diesel’s higher 

level of emissions (Page 7, Page 5-6).  By using Euro standards as entry requirements high 
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emitting diesel vehicles can be circulating during the same restriction standards (LEZ Phases) 

as less polluting gasoline. Munich progresses from this organisation by creating a colour 

code system which creates standards that discriminate against diesel by colouring them red 

or yellow and incentivising gasoline (with particulate filters) as green.   

Finally, London and Amsterdam LEZ’s have plans to increase the minimum EURO standards 

and vehicles restricted within the zones. Lisbon has recently increased restrictions in 2015 

and Munich is part of a national framework of 75 LEZ’S. This shows that despite the 

variability in studies assessing the effectiveness of reducing PM, plans for future evolution 

imply that the cities studied find them effective and have chosen to utilise this method 

further.   

 

4.2.7 Applicability to Barcelona 

Having ascertained that the majority of studies show some reduction in PM10 the 

applicability of applying a Low Emission Zone in Barcelona was considered. By plotting 

graphs of the average reduction against factors such as the area of the zone, the percentage 

of the city the zone encompassed, the compliance rate and the number of vehicles affected 

it was hoped that it would become apparent if any of these factors have a larger influence 

over the effectivity in reducing PM10. The final graphs are given below from Figure 13A to 

13D. In addition if any trends became apparent in the graphs, data regarding Barcelona (A 

proposed area or number of vehicles which travel within an area) could be input to give an 

initial estimation of possible PM10 reduction.  

By analysing the graphs it is clear that no trends are evident. It is probable that PM10 

reductions are a result of a combination all of these factors as well as others such as vehicle 

occupancy and meteorological conditions. This is not entirely surprising and suggests that 

the required analysis is much more complex than presented here. The limitations of the 

study have also had an effect on this analysis and are presented in the conclusion (Chapter 

5) to follow.  
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Although a quantitative analysis could not be presented here, the research which has been 

undertaken has highlighted many issues which should be considered if Barcelona were to 

implement a Low Emission Zone.  

- Barcelona could implement a Low emission Zone to tackle PM10. This would 

contribute to and work well within the Strategic Plan for Improving Air Quality in 

Barcelona 2015-2018 as this highlights the need for Protected Atmosphere Urban 

Areas (See page 14). 

- If a zone was to be created initial modelled analysis should be utilised as an 

informative tool to provide potential estimates of the zone. However care must be 

taken to ensure accuracy and limit over optimisation. 

- Zones which restrict all vehicle types may be more effective than zones which only 

restrict HGV’s. However it is suggested that staged implementation increases 

adaptability and acceptability to the scheme and is therefore a preferential practise.  

- If staged implementation is utilised, progressive tightening of restrictions (Vehicles 

affected /Minimum Euro standard) must be undertaken over time to increase 

effectivity of both fleet turnover and reduction in PM10.   

- Any zone implemented should be fully controlled via cameras and large fines. This 

will ensure high levels of compliance and theoretically improve effectiveness. 

- A colour coded label scheme should be utilised to portray entry requirements rather 

than Euro standards. By doing so, diesel vehicles can face more severe restrictions as 

the most polluting engine type and effectiveness of the zone may be increased. 

- Initial feasibility studies should investigate if episodes of high pollution could be met 

with greater restrictions as a temporary emergency measure.  
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4.3 Congestion Charge 

 

4.3.1 Introduction 

Case studies are presented below of European cities which have utilised monetary charges 

in heavily polluted central areas as a method to improve overall air quality. Traditionally 

road pricing has been put in place to reduce congestion during peak times and create 

revenue to provide extra finance for transport networks (Federal Highway Administration, 

2010). Elliasson et al (2014) proffer the view that recently they have also been introduced 

for the purpose of improving air quality and suggest that reduced congestion, steady traffic 

speed and reduction in overall traffic volume will contribute to decrease overall emissions.  

Historically heavy opposition is encountered when road charges are advocated and this is 

still a consideration. Furthermore Edinburgh, Manchester and Copenhagen have all recently 

failed to introduce congestion pricing after plans were proposed. However the number of 

schemes is increasing. London, Milan, Stockholm, Durham, Gothenburg, Valletta (Malta), 

Riga (Latvia) and Znojmo (Chech Republic) have all introduced forms of congestion charging 

since 2001. Interestingly, in two of the studies below (Milan and Stockholm) public 

referendums voted for the continued use of congestion charging.  

The studies strongly suggest that congestion charges do reduce PM10 and NOX in areas 

where a charge is implemented. However results are mixed on whether levels outside the 

area are negatively affected due to vehicles avoiding the charged area. In addition, the 

volume of traffic is reduced in each case study area and a predominant mode switch to 

public transport is observed.  

 

4.3.2 London  

The London congestion charge was introduced in February 2003, where-in to enter the 

congestion zone between 7 am and 6:30pm a fee of £5 had to be paid by any 4 wheeled 

vehicles. The charge area encompasses some of London’s most congested streets and is 

approximately 22km2 (Atkinson et al, 2009). In 2005 the charge was increased to £8 and in 

2007 the zone was almost doubled in size to 40km2 with a west side extension (ICCT, 2010). 

Electric vehicles and low emission alternative fuel vehicles are exempt from the charge. 

(Sadler Consultants Ltd, 2015). In unison with the charge implementation the London bus 

operation was improved to provide new busses with particulate filters, increase service 

frequency and expand the bus lane network.   
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Measured Results 

Beevers et Carslaw (2005) conducted a study using extensive traffic data to create traffic 

emissions inventory and therefore quantify emissions inside and outside the congestion 

zone. The findings show that passenger car use inside the zone decreased by 29% with a 1% 

increase observed on the main alternative route. Bus use has increased by 20% inside the 

zone and also increased by 25% outside the zone. Conversely taxi use increased within the 

charge area by 13% and decreased on the ring road by 2%. Generally a 15% reduction in 

vehicle volume was seen within the charge area and a consequent 4km per hour increase in 

average speed was recorded. The impact of the traffic reduction and increased average 

speed was quantified for PM10 and NOX and is presented in Table 6, below. 

Table 6 -Percentage reduction of PM10 and NOX (Beevers et Carslaw, 2005) 

 

 

 

 

From the table above it can be seen PM10 within the charge area is reduced more by the 

increased average speed than by the reduction in volume of traffic and together a total 

reduction of 11.9% is shown. Outside of the zone the higher speeds reduced PM10 levels but 

greater volume increased them. The benefit of increased speed outweighed the extra traffic 

and an overall PM10 reduction of 1.4% was seen.    

Inside the Zone, NOX is reduced more by the increased average speed than by the reduction 

in vehicle traffic and together a total reduction of 12% is shown.  Outside of the zone the 

increase in speed reduces NOX levels however the increase in traffic volume counteracts this 

and therefore the NOX level outside the zone increase by 1.5%. It is noted that the impact of 

the increased number of busses is limited in London due to the inclusion of particle traps 

within the bus fleet.   

Atkinson et al (2009) used roadside and background urban stations to measure changes in 

PM10, NOX, NO2 and O3, two years before and two years after the CCS. The report also 

compared weekday data and weekend data when the scheme is not in operation as a 

further control. The study reported that the congestion scheme produced small temporal 

reductions in PM10, NOX and O3 when compared to outer areas of London. However the 

Percentage change  
due to : 

  

PM10 

  

NOX 

Inside Zone Outside Zone Inside Zone Outside Zone 

Increased Speed -8.50% -4.80% -7.90% -4.10% 

Reduced Traffic -3.40% - -4.10% - 

Increased Traffic -  +3.40%   - +5.60%  

Total -11.9% -1.40% -12% +1.50% 
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implementation of new bus operation may have contributed to this and therefore the small 

reductions cannot be fully attributed to the scheme.  

 

4.3.3 Milan  

The Milan pollution charge was implemented in January 2008 after EU limits (As discussed 

page 7) for PM10 were exceeded every year from 2002 to 2007. A daily mean concentration 

of 1.3µg/m3 higher than the allowable 50µg/m3 was observed (Rotaris et al, 2009). The 

charge was therefore named the Milan Ecopass scheme (MES) with the main aim of 

improving the air quality within the zone and a secondary focus on alleviating congestion.  

The scheme encompassed an 8km2 area from 7:30am to 7:30pm and was the first such 

scheme in Italy. The charge was based on the EURO emission standard of the vehicle 

entering and varied from 2 to 10 Euros (Sadler Ltd, 2015). Vehicles with standards Euro 3 or 

above where not charged. Exemptions included motorcycles, public transport, army and 

police vehicles and discounted rates were available for the first 50 trips per year and 

residents of the area. Access gates into the area were controlled by traffic surveillance 

cameras. In January 2012 after a referendum vote to retain road charges, the Ecopass was 

superseded by Milan Area C. This is a more conventional congestion charge. Every vehicle to 

pass into the zone pays a daily fee of 5 euros regardless of the EURO standard of the vehicle. 

Diesel vehicles with a minimum emission standard below EURO 3 are prohibited. 

Throughout the pricing schemes Milan has introduced extra bus lanes, newer bus fleet and 

underground network extensions have occurred.  

 

Measured Results 

A government report (AMMA, 2008) generated 11 months after the Ecopass introduction 

showed promising results of the effectiveness on reducing air contaminants. The previous 5 

years before implementation saw the EU limit for PM10 exceeded on average 125 days per 

year. In the initial year of the Ecopass this fell to 83 days of exceedances.  Overall PM10 

decreased by 18% and NOX reduced by 15%. However this report states overall decrease 

and it cannot be certain that the full reductions are fully attributed to the scheme.  

 A report by ICLEI (2013) (Cited by Croci, 2012) shows outcomes of the Ecopass system. The 

report states that traffic volume and mode choice were significantly altered. The Ecopass 

created a reduction in overall traffic of 16.2% between 2007 and 2012. Private car use 

reduced by 18.6% and commercial vehicle use reduced 16.5%. The amount of public 

transport use increased by 12.5% and average speed public of transport in the area 

increased 11.8%. The number of high emitting cars (charged in the scheme) reduced by 48% 

however the number of Low emitting cars (not charged in the scheme) increased by 467%.  



Claire Cornes  Department of Civil and Environmental Engineering 

 
35 

The report concluded that the number of EURO 4/5 vehicle purchases was well above the 

national Italian average.  

In regards to air quality it was estimated that within the first year of the Ecopass system 

PM10 reduced by 15% compared to the period prior to implementation. Between 2008 and 

2010 the average PM10 concentration dropped under the EU limit. However in 2011 

concentrations began to rise and again surpassed the allowable limits. This rise in PM10 is 

thought to be due to the incentive to purchase lower emission vehicles which are then used 

within the zone in abundance because they do not incur the charge. Percoco (2013) used a 

regression discontinuity analysis to analyse the change in air pollutants for the Eco pass and 

mirrors the findings of the ICLEI report (2013). Immediately after the introduction of the eco 

pass a significant reduction was seen in PM10 values however these returned to baseline 

levels in a short time period of several days.  

Cerrutii (2015) conducted a study on the effect of both the Ecopass and Area C on NOX levels 

using data from pollutant monitoring stations from 2006 to 2014. When evaluating the 

entries into the Ecopass system it is concluded that the number of entrances into the area 

initially reduced before starting to increase again after 1 year due to new environmentally 

friendly vehicle purchase. The study found that in the first year after Ecopass 

implementation, NOX levels reduced by 8.6% in the first quarter however this rose over 

time. In regards to Area C a further reduction in NOx of between 5-8% was found in the first 

year after replacing the Ecopass and sustained the reduction over the full period.   

A final study on the effectiveness of Area C (Gibson et Carnovale, 2015) utilised a sudden 

suspension in the congestion charge to compare emissions with and without the measure in 

place. A lawsuit undertaken by parking utilities within Milan caused the immediate 

suspension of the charge in July 2012 however this ultimately failed with the charge being 

reinstated in September 2012.  The first observation of the study shows that following the 

suspension of the charge average traffic volume into the area increased by 14.5% and 

charged vehicle entry increased by 19%. It was also found that 23% fewer vehicles entered 

the area in the hour before and after the charge is implemented and traffic in area within 

1Km of the area decreased by 18%. This suggests that when the charge is in place drivers 

alter trips to unpriced times and/ or uncharged routes. When estimating the effect on PM10 

using this traffic data it was suggested that an increase of 17% would be seen when the 

charge is not in place.  

 

4.3.4 Stockholm 

The Stockholm Congestion Charge was introduced in September 2006 as a trial due to initial 

negative public opinion on road pricing. After 7 months a referendum was held where a 

majority of the public (53%) voted for the charge to be implemented permanently 



Claire Cornes  Department of Civil and Environmental Engineering 

 
36 

(Borjesson, 2012). The reintroduction of the charge commenced in August 2007 and 

covered an area of 35Km2. 18 gates surround the area in a cordon and a fee is charged every 

time a gate is passed. The charge runs between 6:30am and 6:30pm and the fee is 

dependent on the time of entry/exit. The highest charge of 2.20 Euros is issued between 

7:30-8:30am and 4:00 to 5:30pm and a maximum daily charge of 6 Euros can be issued. Each 

gate records licence plate numbers and a monthly bill is distributed to all vehicles which 

have travelled in the area. Exceptions were limited to alternative fuelled cars to stimulate 

market introduction of these however this was revoked in 2012 (Eliasson, 2014). A 

coordinated extension of bus lanes and public transport was implemented in unison with 

the charge.   

Measured Results 

Elliasson (2014) comments on the effects of the congestion charge. Figure 14, below, shows 

traffic volume in the charge area from 2000 to 2013. Immediately after the 2006 trial 

introduction traffic volume entering the area dropped significantly and stabilised at a 

decrease of 22% after 3 weeks. When the trial was abolished traffic volumes rose, however 

still remained 7.5% lower than the 2005 levels. This may suggest that the 7 month trial was 

enough for some car users to develop new travel habits out with personal car use.  

Following the reintroduction in 2007 traffic levels fell once more to quantities seen during 

the trial period.  Since then they have remained constant despite an increase in car fleet, 

economic growth and inflation. The report proposes that this demonstrates that the charge 

effects on traffic volume have grown over time otherwise traffic volume in the area would 

have increased with these factors. Traffic volume outside of the area also fell by 4% 

suggesting a mode change to alternative transport or travel time rather than alternative 

route. Estimations of change in air quality suggest that air born pollutants including PM10 

reduced between 10 and 14% and a reduction of 8.5% was seen in NOX. The study suggests 

that extended bus traffic of older busses stinted the reduction of NOX.  

 

 

 

 

 

 

 

 

Figure 14 – Change in Traffic Volume (Adapted from Elliason, 2014) 
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Johansson et al (2009) used change in traffic volume and emission measurements before 

and after the 2006 trial to show if any influence had occurred on pollution concentrations. 

The observations on traffic volume showed overall traffic reduced by 15%. The reduction 

during peak evening period was greater than peak morning, suggesting that evening trips 

are more flexible. Passenger car, LGV and HGV trips reduced by 16.5%, 15% and 7.8% 

respectively. The extended bus service (predominantly diesel fuelled) created an extra 

8000km travelled per day. Out with the zone traffic volume was seen to increase by 4%. The 

study uses measured street concentrations of PM10 and NOX to estimate an average annual 

reduction. PM10 was seen to decrease between 4-7% and NOX, 2-12%. Figure 15, below 

shows the difference in annual mean concentrations of PM10 and NOX for the Stockholm 

trial compared to a situation with no trial. The quantity of green shows that concentrations 

are decreased compared to a no measure situation. A small amount of yellow is seen on the 

city bypass where the concentrations have risen slightly. The study suggests that the 

reductions seen are more likely due decreased traffic volume than decreased congestion.  

 

 

4.3.5 Discussion and Comparison of Congestion Charge Schemes 

As discussed in the methodology (Page 16) a comparison matrix was constructed to evaluate 

the congestion charges above and to analyse any trends in emission reductions (Appendix 

4,5). Six out of seven measured studies discussed showed positive reductions in PM10 levels 

ranging from 5.5 to 18% within the charged area. Six out of seven studies also showed 

Figure 15 - Change in PM10 and NOX compared to no measure scenario (Johansson et al, 2009) 
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reduction in NOX ranging from 5 to 15% lower than original levels. 1 study observed minor 

reductions in both PM and NOX however could not fully attribute these to the congestion 

charge.  These results indicate that there is a high probability that implementing congestion 

charges will lower levels of PM10 and NOX. 

A major observation seen in London, Milan and Stockholm studies is the reduction in overall 

traffic volume of between 14.5 and 22% from initial volumes. Therefore it can be suggested 

with some certainty that introducing congestion charges will successfully decrease the 

amount of traffic in an area. It is more difficult to argue if the reductions in emissions are 

due to overall less traffic, less congestion (start/stop driving) or the increase in average 

speed; although Beevers et Carslaw (2014) suggest that the increase in speed is more 

beneficial than the reduction in traffic volume and Johansson et al (2009) suggested that 

reduction in traffic volume was more effective than reduction in congestion. An additional 

benefit to this reduction is that non exhaust PM (As discussed 5) will also be targeted as less 

traffic will lead to reduced tyre, break and road wears. 

The studies considered and compared suggest the effects of traffic volume out with the 

charged area are inconclusive.  Beevers et Carslaw (2014) and Johansson et al (2009) saw an 

increase of 1% and 4% in London and Milan respectively. However Elliasson (2014) saw a 4% 

decrease of traffic during the study of Milan. The difference in methodologies of the Milan 

studies has produced different results. Other studies did not include the effect on the 

surrounding road networks in their evaluations. More research into the effect on traffic out 

with the charged area and subsequent effect on air quality is required to fully consider this 

aspect of implementing charges.   

The case studies reviewed show that when private passenger car trips are reduced an 

increase in public transport use occurs. Reductions in private car use in London and Milan of 

29% and 19% lead to an increase in public transport use of 20% and 13%. This suggests that 

a proportion of car trips in each area have shifted to public transport. It must be noted that 

public transport systems were upgraded in conjunction with all the charging schemes. 

Interestingly in the case of the Milan Area C suspension when the charge was revoked for 

several months and the intermittent time between the Stockholm trail and permanent 

implementation car use did not fully rebound to initial levels and therefore the congestion 

charges were attributed to changing over all passenger mode choice.  

Studies on the Milan Ecopass which charges based on vehicle emission standards conclude 

that although a reduction in pollutants was seen these rebounded to initial levels after time. 

The Ecopass did increase fleet turnover rate (Similarly to an LEZ) but as this occurred the 

number of vehicles charged in the zone decreased and pollutant levels rose again when the 

number of unrestricted vehicles within the zone increased. The London, Stockholm and 

Milan Area C do not show increase in contaminant levels over time. Both the single daily fee 

method (London and Milan) and variable time fee method (Stockholm) show reductions in 

PM10 and NOX. It could therefore be suggested that a charge on heavy emission vehicles 



Claire Cornes  Department of Civil and Environmental Engineering 

 
39 

could be an effective response measure to episodes of high pollution and that a traditional 

congestion fee would be more effective as a long term measure.  

Finally, one would presume that major public reaction to charging entry to enter busy city 

centres would be negative and it may initially have been. However referendums in both 

Stockholm and Milan chose to maintain congestion charges after initial trials. This suggests 

that a greater proportion of people feel the additional benefits of congestion charge 

schemes and believe it is a valuable system to have in place.  

 

4.3.6 Applicability to Barcelona  

Having determined that 6 out of 7 studies showed a reduction in PM10 and NOX the 

applicability of applying a congestion charge scheme in Barcelona was considered. By 

plotting graphs of the average PM10 and NOX reduction against factors such as the charged 

area and reduction in traffic volume observed.  Similarly to the Low Emission Zone analysis it 

was hoped that it would become apparent if any of these factors have a larger influence 

over the effectivity in reducing PM10 or NOx. The graphs are presented below from Figure 

16A to 16D. If any trends were to become apparent in the graphs, data regarding a possible 

charge scheme in Barcelona could be input to give an initial estimation of probable 

reductions.  

Similarly to the graphs presented in the Low Emission Zone analysis, no trends can be 

observed. This highlights the difficulty in analysing pollutant reductions and shows that they 

depend on a wide variety of factors. The case studies show that 3 main factors which may 

contribute to effectivity are; an overall reduction in traffic, an increase in average speed and 

a reduction in congestion. Unfortunately the studies did not give sufficient data on changes 

in speed or congestion to be effectively plotted.  This is noted in the following limitations 

section. 

 

 

 

 

 

 

 

 
Figure 16A - PM10 Reduction Vs Charged Area Figure 16B - PM10 Reduction Vs Traffic 
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Although a quantitative analysis could not be presented here, the research which has been 

undertaken has highlighted many issues which should be considered if Barcelona were to 

implement a Congestion Charge Scheme. 

- Barcelona could implement a congestion charge scheme to reduce both PM10 and 

NOX. By introducing a charge, traffic volume would decrease within an area. This 

reduction in traffic volume implies that non exhaust PM from road, break and tyre 

wear would also be addressed.   

- A congestion charge generates a reduction in private passenger car trips which in turn leads 

to an increase in the use of public transport. As this is identified in the Barcelona Strategic 

Plan for Improving Air Quality 2015 -2018 (Page 13), a congestion zone would contribute to 

this strategy. 

- In order to prepare for this increase in public transport use, careful analysis of network 

capacity should be undertaken and improvements undertaken if required.  

- Consideration should be given to the type of public transport operating as Diesel busses in 

Stockholm were noted to be detrimental to overall reductions.  

- During initial planning and feasibility stage, effects on traffic out with the charges area 

should be explored to ensure that any increases in traffic and therefore increases in 

emissions do not outweigh the benefits within the scheme.  

- Initial feasibility studies could explore charging heavily polluting vehicles a higher fee in 

response to episodes of high pollution. This charge method (Ecopass) was shown to 

immediately lower emissions however no long term reductions were seen therefore could 

be assessed as an emergency measure.  
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5. Conclusion 

 

5.1 Key Findings and Recommendations 

The key findings of this research show that EU air pollution is of major concern due to the 

detrimental effects it has on human and environmental health. Greater odds of developing 

diseases such as asthma and certain cancers, reduced average lifespan of 8.6 months and 

contribution to global warming all contribute to this concern (Objective 1). The transport 

sector contributes to air pollution during the combustion process in vehicle engines. This 

creates pollutants such as PMX, O3, NMVOC, NOX and NO2. It has been shown that diesel 

engines produce more of these pollutants than gasoline and are therefore more detrimental 

to air quality (Objective 2). EU legislation has created allowable limits for these pollutants 

and compliance from EU member states is mandatory.  In addition cities must contribute air 

quality monitoring reports to Airbase, a public database of air pollutant levels and 

population exposure. References and guidelines are available to ensure reports are of 

similar standards. The World Health Organisation has target limits set which are more 

stringent than the EU values (Objective 3). The EU legislation has led to a decreasing trend 

of the above pollutants throughout Europe. However the transport industry is still the 

largest contributor to NOX, the second largest contributor to PM2.5 and the third largest 

contributor to PM10 (Objective 4).   

In respect to Barcelona, PM10 and NOX have been decreasing steadily since 2004 EU limits 

were imposed (7.3% and 2.39% respectively) however have still been highlighted as the 

most at risk pollutants of exceeding the EU limits. Traffic contributes 37% of overall PM10 

and 33% of overall NOX (Objective 5). The Barcelona Strategic Plan for Improving Air Quality 

2015 -2018 aims to continue the reductions in PM10 and NOX by utilising measures such as 

education on air pollution, improvements of bike and pedestrian walkways and increasing 

public transport. However it has been suggested that these methods are limited in their 

effectiveness (Objective 6). Therefore restrictive measures put in place in conjunction with 

the measures above are proposed to increase reductions of these pollutants. 

A lack of available data restricted the analysed measures to Low Emission Zones and 

Congestion Charge Schemes. The conclusions and recommendations for each measure are 

produced below (Objective 7/8).  
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The majority of case studies analysed suggested that Low Emission Zones do contribute to 

the reduction of PM10 and therefore can be recommended as a possible measure which 

Barcelona can utilise to combat this. Reductions in PM10 of 2 to 8.5% could be observed, 

however NOX will not be affected. Congestion and number of vehicles entering the zone are 

not reduced and therefore non exhaust PM10 is also not addressed.  The implementation of 

a Low Emission Zone in Barcelona would contribute to the Strategic Plan for Air Quality as 

this suggests that protected urban zones should be established. If a zone is implemented 

careful consideration should be allocated to initial modelling prediction to ensure accurate 

reductions are projected. By restricting all vehicle types the zones should be more effective 

than only restricting HGV’s but staged implementation will increase public acceptance. 

Furthermore, consideration should be given to stricter restrictions for diesel vehicles as they 

produce higher levels of emissions. Strict control and therefore compliance will also 

contribute to greater effectiveness. By creating the first Low Emission Zone in Spain 

Barcelona would not be held to a national framework and could therefore propose 

restrictions and limits which are specifically suited to Barcelona, including the possibility of 

increasing restrictions as an emergency measures in response to episodes of high pollution.  

Congestion Charge Schemes were found to be more effective in reducing PM10 with case 

studies showing reductions of between 5.5 and 18%. Charges were also shown to reduce 

NOX by 5 to 15%. The reduction of congestion and overall traffic volume means that non 

exhaust PM would also be addressed as there would be less road, break and tyre wear. 

Therefore it is recommended that a charge within Barcelona would be an effective tool in 

combatting PM10 and NOX.  In addition a charge would contribute to the Strategic Plan for 

Air Quality as this calls for an increase in public transport use and case studies analysed 

observed an increase in public transport use of between 13 to 20% due to the charge 

implementation. If a congestion charge was to be implemented in Barcelona careful 

consideration should be given to the ability of public transport network to cope with this 

extra demand.  In addition the Euro standard of the bus network should be high to avoid 

any benefits being reduced due to extra bus emissions. Analysis should also be undertaken 

on the effects of traffic out with the zone as again extra emission here would decrease the 

benefit of reducing emission within the charged area. Finally increasing the charge on the 

highest emitting vehicles in response to episodes of high emissions may be a way to 

immediately drop pollution levels and reduce the risk to the Barcelona population during 

these periods.     

The above analysis would suggest that a congestion charge scheme would be more effective 

in Barcelona however the majority of case studies analysed showed that measures to 

reduce air pollution were not implemented alone and that the most effective strategy 

would include a combination of several restrictive measures. By applying these in 

conjunction with the soft measures already in place, Barcelona could produce an effective 

strategy to increase the level of air quality within the city.   
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5.2 Limitations of Study 

The limitations of this study fall into two main categories; a lack of available data and the 

difficulty in providing competent comparisons.  

 

1. Initially this research aimed to compare several restrictive measures put in place to 

address PM10 and NOX, however as described on page 16 the ability to do so was 

severely restricted by the lack of available studies which fit within the parameters of 

the method of this research. The main contribution to this is a general lack of studies 

conducted after mobility measures are put in place with pre implementation 

estimated studies being the norm. Out of the studies analysed the majority were 

conducted within the first 2-3 years after implementation and therefore the long 

term effectiveness of the measures is still unclear. It must also be noted that 

European case studies were specified and so studies may have been conducted in a 

variety of languages.  Therefore as these were not available in English they were not 

considered. 

 

2. The second limitation of this study refers to the analysis and comparison of 

numerical PM10 and NOX reductions. The case studied analysed all utilised different 

methodologies including differences in data sets, data collection techniques, study 

periods and method of analysis. This makes comparison difficult and any trends 

which become apparent while analysing the reductions against other factors would 

have a high level of uncertainty and error. In addition many of the measures 

analysed were put in place simultaneously with other mobility management 

techniques. It is therefore extremely difficult to fully attribute the reductions 

observed to a single measure. Finally the inexperience of the researcher in using case 

studies as a comparative tool would contribute to this limitation. However seeking 

instruction on case study method and appraisal (As discussed Page 16) would have 

mitigated this somewhat.  

  

5.3 Future Research 

The limited post implementation studies carried out on the effectiveness of Low Emission 

Zones and Congestion Charges on air quality is unfortunate. Especially as this was the 

predominant aim of introducing these measures. With over 200 Low Emission Zones in 

operation and many Congestion Charges more studies quantifying the reductions in air 

pollutants should be carried out. This will allow analysis on the effectiveness of each to 

improve and will highlight best practises when implementing these in the future. 
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The two measures studied have been implemented to aid in attaining the EU allowable 

limits for air contaminants. In such, all cities have a common goal. By creating an EU 

database of studies on low Emission Zones and Congestion Charges all EU cities can have 

access to important data which they could utilise to improve current zones and charges 

and/or set up new successful zones/ charges. This would also ease the ability to find 

relevant studies in a common language.  

One major hurdle in the comparison of low emission zones or congestion charges was the 

wide variety of studies undertaken. Methodologies range in study period, number of air 

quality measurement locations, analysis approach and limitations. While it is important to 

gather a wide range of information, by specifying common factors to ascertain (Pollutant 

reduction per year/ per 2 years etc.) comparison of similar measures would be made easier 

and relationships between the effectiveness of the measure and other factors may be 

found. 

Overall the research required on mobility measures to improve air quality is vast. Many 

measures were found with no or very limited post implementation studies and therefore 

without further analysis of these there is no way to suggest if they are effective in reducing 

pollutants. 

   

5.4 Concluding Statement  

Having undertaken this research I am now more convinced that air pollution is a major 

human and environmental concern which must be addressed. The findings suggest that EU 

legislation put in place to tackle air quality has been successful with trends in many 

pollutants decreasing however more must be done to further mitigate the risk of air 

pollutants and to reach more stringent targets set by the World Health Organisation. I am 

now more aware of the role restrictive measures must play in meeting these limits. Using a 

case study approach has allowed me to provide an insight into the complexity of factors 

which influence the effectiveness of these measures and highlight the difficulty of confident 

analysis. I hope that my study helps anyone who may read it to develop their own horizon 

about this very important phenomenon. 
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Appendix 1 Measures to Improve Air Quality in Barcelona (City of Barcelona, 2015) 

 Policy Area Measure Title  Description 

  

Measures Relating to 
Urban Services: Barcelona 

City Council 

HU1 Road cleaning with groundwater Washing streets to stop PM resuspension 

HU2 City Council Sustainability Municipal fleets to become environmentally friendly 

HU3 Air quality modelling tool Give warnings and show trends of air pollutants 

HU4 Environmentally Improving Cleaning Contracts 17% of fleet are electric vehicles 35%  natural gas  

HU5 Green and Biodiversity Plan Strategic tool for implementing above policies 

  

Measures Relating to 
Communication and 

Environmental Education 
:Barcelona City Council 

C1 Campaign to control fumes from diesel vehicles Police stops of diesel vehicles with opacity measurements 

C2 Barcelona's Air Quality Website Information on air quality with 24 &48 hour forecast 

C3 Travelling Air Quality Exhibition Public awareness campaign 

C4 Environmental Education Public Activities and Programmes 

        

Measures for Local 
Entities 

EL01 Reorganising streets and squares: More pedestrian zones, reduce parking for private vehicles 

EL02 Improving Public Transport with DTES and ATM Higher frequency service coordinating transport services 

EL03 Encouraging non-motorised modes of transport Promote bicycle use & parking, walking routes and their safety 

EL04 Seal of environmental quality for fleet 
Incentive for businesses to improve vehicles through subsidies and tax 

exemptions 

EL05 Local authority to acquire green vehicles  Rental or purchase vehicles with high emissions standards  

EL06 Promotion of car sharing and multi-use cars Prioritise car shares on roads 

EL07 Promotion of non-motorised vehicles Electrical Mopeds, Bikes, Cars act 

EL08 Maintenance and improvement of the road network  Street washing, restoring surfaces etc. 

EL09 Municipal Transport trends Periodic traffic density studies 

EL10 Priority loading zones for green vehicles Prioritise resources for clean vehicles 

EL11 Regulating good distribution timetable Avoid deliveries at peak hours and episodes of high pollution  

EL13 Establish Public road hierarchy   
Study to look at increasing pedestrian walkways and creating road 'superblocks' 

in Example 

EL14 Protected atmosphere urban areas Each Municipality should develop protection areas and relevant restrictions  

EL15 Traffic light prioritising for public transport 
Minimise number of vehicle start and stop ND prioritise public transport to 

reduce congestion  

EL16 Increase number of taxi ranks Reduce empty taxi circulation 

EL17 Promote change in fuel for taxi fleet Incentives for replacing diesel/petrol taxis to electric or natural gas 

EL18 Increase charging points for electric vehicles Promotes Electric Vehicle use 

EL25 Information through local media Warn of episodes of environmental pollution 

EL26 Environmental Messages on VIS Screens Warn of episodes of environmental pollution 

EL29 Local Promotion of efficient driving Partnership with driving schools 

EL30 Promoting School Routes Establish pedestrian and cyclist school paths  

EL34 Protocol for environmental episodes  Initiatives must be taken to reduce emissions during episodes of high pollution 

EL36 Municipal pricing for parking Higher price for parking of more polluting vehicles 
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City
National 

Framework (Y/N)

Area of City

km2

Area of Zone

km2
% of City

Operating 

Hours
Phase Date

Vehicles 

Affected (Type)

Minimum 

Emission 

Standard

Future Plans

Vehicles 

Affected 

(Number)

Vehicles 

Exempt
Control

Compliance 

Rate

1 Jan-08 HGV Euro III
725- 860,000 

HGV

2 Jan-12
LGV, Bus, Vans 

etc.
Euro III No Data

3 Dec-15 TFL Busses Euro III No Data

Trail Oct-08 Euro II All None 66%

1 Jan-09 Euro II

2 Jan-10 Euro III

0.6 1%

Zone 1

Mon-Fri

8am-8pm

Phase 1
July 2011

April 2012

Pre Euro

Pre Euro 2/II

26 33%

Zone 2

Mon -Sat

7am-9pm

Phase 2 Apr-12 Pre Euro

Phase 1 Oct-08 All Vehicles Euro 2/II Residents

Phase 2 Oct-10 All Vehicles Euro 3/III

Phase 3 Oct-12 All Vehicles Euro 4/IV

No Data

85

2015 -Control 

increased to 

Cameras + 

Fine

700,000

Manual 

Police 

enforcement 

with 80 Euro 

Fine plus 

point s on 

license

No Data

Trip provides 

essential 

goods or 

services, 

apply for 

exemptions

M
u

n
ic

h

Y 310.4 44 14% Permanent

No Data

20% Permanent HGV No Data
2017 -LGV's

2018 -Taxis Cameras + 

Fine
Few

All Vehicles

A
m

st
er

d
am

Y 215

97-100%

Li
sb

o
n

N

350,000-

400,000

Total 

Vehicles

10% affected 

=35,000

Random 

Police Check

Many -All 

residents 

Taxis Buses

Lo
n

d
o

n

1,5801,580N

43

Permanent 95%

Few

Pay to enter 

if non 

compliant 

Cameras + 

Fine
100% 2020 -Euro 6

Appendix 2 Comparison Matrix Low Emission Zone       
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Study PM10 N0X Study Period
Vehicles 

Restricted
Measurement PM10 NOx NO2

Watkis et al 

(2003) In 3 

years

19% 2.70%

Ellison et al 

(2013)

Method 1

Sustained

(1.9% 

increase 

outside LEZ)

No 

change 

due to 

LEZ

Kelly et 

Kelly (2009) 

In 1st Year

2% 4%

Ellison et al 

(2013)

Method 2

6% *

No 

change 

due to 

LEZ

Holman et 

al (2015) n/a n/a n/a
No change 

due to LEZ

No 

change 

due to 

LEZ

Pentiliadis 

et al (2014)

2008-2010

Stage 1

Amsterdam Air 

Quality Network 

2 Stations

5.8% *

1.67 μg/m3 

6.4%*

6.4 

μg/m3 

4.9%*

2.65 

μg/m3 

LRP (2010) 2 No Data
Fensterer 

et al (2014)

2008-2010

Stage 1

All Vehicles

Euro 2/II

Bavarian 

Environmental 

Agency Network

2 Stations

8.5%

GFEA 10 No Data
Cyrys et al 

(2009)
5-12%

Morfeld et 

al (2013)

No change 

due to LEZ

No Data

M
u

n
ic

h

HGV

Euro III

HGV

Euro III

All Vehicles

Euro 2/II

No Data No Data

Measured Studies

Taken from 

London Air 

Quality Network

2008-2010

Stage 1

Modelled Studies

No 

change 

due to 

LEZ

Li
sb

o
n Ferreira et 

al(2015)

2011 - 2013

Stage 1 and 2

Lisbon Air 

Quality 

Monitoring 

3 Stations

8%

No 

change 

due to 

LEZ

Van Den 

Brink et al  

(2010)

In 1st Year

2-7% No Reduction

Ferreira et al 

(2015)
No Study Found

2008-2010

Stage 1

Amsterdam Air 

Quality Network 

3 Stations

No change 

due to LEZ

No 

change 

due to 

LEZ

Lo
n

d
o

n
A

m
st

er
d

am

Boogaard et 

al (2012)

 

Appendix 3  Effectiveness Matrix Low Emission Zone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Claire Cornes  Department of Civil and Environmental Engineering 

 
iv 

City Date Stage Operating Charge/ Day
Vehicles 

Charged

Vehicle 

Exemptions

Area of 

City

 km2

Area of 

Charge

km2

% of city Control
Upgrade of other 

services

Feb-03 1 £5 22 1.30%

2007 2
£8

(From 2005)
40 2.50%

Sep-06 Trial

Aug-07
Permane

nt

Motorcycles, 

Alternative 

Fuel Vehicles

1580

Jan-12 Area C

Lo
n

d
o

n Monday- 

Friday

7:00-18:30

4+ wheel 

vehicles

0.50%
Charged 

Entry Gates

Traffic 

Cameras at 

Entry Points 

and 130 

Euro Fine

Upgrade of bus 

fleet, services 

and additional 

lines. 

M
ila

n

Jan-08 Eco Pass

Monday to 

Friday 

7:30-19:30

2-10 Euro 

depending 

on EURO 

standard

Pre Euro 3

Motorbikes, 

Public 

Transport, 

Discount for 

Residents

181.8 8 5%

Traffic 

Cameras at 

Entry Points 

and 70 Euro 

Fine Bus fleet 

renewal, 

Upgrade of 

Underground 

Network

Bus lane 

extension

5 Euro

All 

Vehicles,

Diesel 

Pre-Euro 3 

Banned

Traffic 

Cameras at 

Entry Points 

and 80 Euro 

Fine

St
o

ck
h

o
lm Monday to 

Friday

6:30 -18:30

Varies 

dependent 

on time of 

entry 

All
Alternative 

Fuel Vehicles
381.63 35

Appendix 4  Comparison Matrix Congestion Charge 
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City Study 
Study 

Period

Change 

in Traffic 

Volume

Change 

in Traffic 

Volume 

outwit 

charge

Change 

in Private 

Car Use

Change in 

Public 

Transport

Change in 

Alternative 

vehicles

Increase in 

average 

speed

Reduction in 

congestion

Reduction 

of PM10

Reduction 

of NOX

Beevers et 

Carslaw 

(2014)

2002-2003 -15% 1% -29% 20%
4km/hr 

Increase
11.90% 12%

Atkinson et 

al (2009)
2001-2005 -18% 30% No Change No Change

AMMA (2008) Ecopass -10.50% 4% 18% 15%

ICLEI

 (2013) 
Ecopass 16% -19% 13%

478% increase in 

purchase of Euro 3 

or above

11.8%

(Public 

transport)

15%

Cerrutti 

(2015)
Ecopass 8.50%

Cerrutti 

(2015)
Area C 6.50%

Gibson et 

Carnovale 

(2015)

Area C -14.50% 17%

Elliasson 

(2014)
Trial -22% -4% 12.00% 8.50%

Johansson 

(2009)
Trial -15% 4% -16.50% 5.50% 5%

Lo
n

d
o

n
St

o
ck

h
o

lm
M

ila
n

Appendix 5 Effectiveness Matrix Congestion Charge 

 

 


