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Executive summary 

In 2005 the Dutch government issued an Air Quality Decree. In reaction to this the Ministry of 
Housing, Spatial Planning and the Environment and the Ministry of Transport, Public Works and 
Water Management established the Dutch Air Quality Innovation Programme (Innovatie Programma 
Luchtkwaliteit - IPL), with the aim of developing innovative strategies to help achieve compliance 
with air quality standards. IPL will identify measures that may be used to reduce emissions and 
improve air quality, thus improving health and the environment. The main focus of IPL is on 
motorways passing through densely populated areas which currently qualify as pollution 'hot spots'. 
The measures that are identified in IPL as demonstrating significant benefits will be applied in these 
hot spots with the aim of reducing concentrations of nitrogen dioxide (NO2) and airborne particulate 
matter (PM). 

This Report, which was commissioned under IPL, reviews the approaches used to reduce airborne 
PM. A significant proportion of airborne PM has often been attributed to the resuspension of material 
previously deposited on road surfaces or in the vicinity of roads. There is therefore a specific 
emphasis on methods which are designed to reduce resuspension - in particular road sweeping, wet 
cleaning and dust suppression techniques. However, mitigation methods which are appropriate to 
particle formation and release - such as the control of particles arising from combustion or tyre wear 
- are also briefly considered. 

The various techniques identified in the literature have been qualitatively assessed as far as 
possible against IPL’s general criteria, such as likely effects, timescales for implementation, and 
cost-effectiveness, and recommendations have been made for further investigative work. The 
existing work, which has focussed mainly on PM10 mass, could be extended to chemical 
characterisation and source apportionment. 

The evidence indicates that road sweeping removes large particles but, even with modern vacuum-
assisted sweepers, is not a particularly effecting means of reducing PM10 concentrations. Further 
development of sweepers is required to improve the collection efficiency for PM10. Road sweeping 
may have a beneficial effect on air quality over the long term if it can remove particles that may 
evolve into PM10 with weathering and trafficking. Work is therefore needed to determine the 
evolution of the size distribution of the material on the road surface, and to establish the mechanism 
of fragmentation, as this could have important implications for the effectiveness of sweeping. 

The effect of wet cleaning of the road surface on PM10 is dependent on the technique used. Effects 
tend to be localised, and background concentrations are not affected. The regular washing of 
vehicle wheels, wheel arches, chassis, bodywork and brakes could also have an impact on the 
amount of material deposited on the road, and hence resuspension. It is also fairly undemanding 
technically, although changes to the infrastructure would be required to allow for the routine washing 
of private vehicles. 

The application of dust suppressants may be effective, but there are various concerns, not least the 
potential health, safety and environmental impacts of the compounds used. Further investigation is 
required to evaluate the potential for using dust suppressants. Such work would need to consider 
the effectiveness of different suppressants, as well as potential effects on health, safety and the 
local ecosystem. 

The Report recommends that further work is conducted to assess the effects of all techniques 
(sweeping, road washing, vehicle washing and dust suppression) on ambient PM concentrations.  
Consideration should be given to establishing a testing scheme that would identify the most effective 
road sweeping systems. This could be used as the basis for certification. Whilst these systems could 
be measured under laboratory conditions, it is recommended that real-world environments are used 
within this testing regime.  
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1 Introduction 

1.1 Background 

In August 2005 the Dutch government issued an Air Quality Decree, and instigated a National 
Cooperative Programme on Air Quality. In reaction to this the Ministry of Housing, Spatial Planning 
and the Environment (VROM)1 and the Ministry of Transport, Public Works and Water Management 
(V&W)2 commenced the investigation and piloting of various initiatives aimed at improving air quality 
in the Netherlands. As part of this response, the Dutch Air Quality Innovation Programme (Innovatie 
Programma Luchtkwaliteit - IPL) was established by VROM and V&W with the aim of developing 
innovative strategies to help achieve compliance with European Union (EU) air quality standards 
(Cornelissen, 2007). The IPL program is managed by the Centre for Transport and Navigation 
(DVS) of Rijkswaterstaat. IPL will identify measures that may be used to reduce emissions and 
improve air quality, thus improving health and the environment. The main focus for IPL is on 
motorways passing through densely populated areas which currently qualify as pollution 'hot spots'. 
The measures that are identified through IPL as demonstrating significant benefits will be applied in 
these hot spots with the aim of reducing concentrations of nitrogen dioxide (NO2) airborne 
particulate matter (PM). More details on the activities of IPL are given in Appendix A. 

In order to assist IPL, DVS commissioned TRL Limited to conduct a review of the approaches used 
to reduce airborne PM, and the results are presented in this Report. A significant proportion of 
airborne PM has often been attributed to the suspension or resuspension3 of material which has 
previously been deposited on road surfaces or in the vicinity of roads. There is therefore a specific 
emphasis in the Report on methods which are designed to reduce resuspension - in particular road 
sweeping, wet cleaning and dust suppression techniques. However, mitigation methods which are 
appropriate to particle formation and release - such as the control of particles arising from 
combustion or tyre wear - are also briefly considered. 

1.2 Air pollution legislation 

European Council Directive 96/62/EC on ambient air quality assessment and management 
(commonly referred to as the Air Quality Framework Directive) introduced a system for ambient air 
quality management in the Member States. The Directive does not itself contain any air quality 
standards - these are published in a series of pollutant-specific ‘Daughter Directives’. The Daughter 
Directives cover the pollutants sulphur dioxide (SO2), NO2, oxides of nitrogen (NOX)4, particulate 
matter (PM10)

5, lead, benzene, carbon monoxide (CO), ozone, arsenic, cadmium, mercury, nickel 
and polycyclic aromatic hydrocarbons (PAHs). Member States which do not achieve the targets set 
by the Directives must show they are taking action to rectify the situation.  

In 2005 the European Commission adopted the Thematic Strategy on Air Pollution6 and introduced 
to the European Parliament a proposal for a new Air Quality Directive. The Directive on Ambient Air 
Quality and Cleaner Air for Europe7 proposes the following: 

· Merging the existing legislation into a single Directive (except for the fourth Daughter Directive 
relating to arsenic, cadmium, mercury, nickel and PAHs). 

                                                           
1 Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer. 
2 Ministerie van Verkeer en Waterstaat. 
3 For simplicity, the term ‘resuspension’ is used hereafter to refer to both suspension and resuspension. 
4 NOX is the conventional term for the sum of nitric oxide (NO) and NO2. In vehicle exhaust emissions NOx is mainly NO, 
with the proportion of NO2 ranging from less than 5% to over 40% (the latter relating to the use of specific exhaust after-
treatment systems). 
5 PM10 is particulate matter with an aerodynamic diameter of less than 10 � m. 
6 COM(2005)446 
7 COM(2005)447 
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· New air quality objectives and monitoring requirements for PM2.5
8, including a scheme for 

reducing the exposure of the population to PM2.5 over the next decade. 
· The possibility of discounting natural sources of pollution (which cannot be controlled) when 

assessing compliance against limit values. 
· Absolute time extensions of up to five years for compliance with the dates of entry into force of 

existing limit values. However, these derogations may only be sought where it has been 
demonstrated that all practical measures are already being implemented to bring 
concentrations within the required limits. 

 

The EU Directives on air quality have been transposed into Dutch national law in the form of the Air 
Quality Decree. The legislation has been applied more stringently in the Netherlands than many 
other EU Member States. The EU standards are viewed as absolute limits, whereas in some 
countries they are considered more as targets. All development plans are assessed for their impact 
on air quality and a number of plans have been rejected or put on hold due to their detrimental affect 
on air quality. 

1.3 Air quality in the Netherlands 

Air quality in the Netherlands, which is subject to the aforementioned legislation, has greatly 
improved over the past fifteen years, with emissions of pollutants decreasing significantly. However, 
the levels of particulate matter and NO2 remain unacceptably high, especially in the south of the 
country, in and around the largest towns and cities, and near major industrial areas. It has been 
estimated that the average life expectancy in the Netherlands is reduced by around 12.7 months – 
the second highest figure in Europe - because of high concentrations of particulate matter 
(European Commission, 2005).  

Although the EU annual mean standard for PM10 of 40 � g/m3 is usually met in the Netherlands, 
throughout the country the 24-hour mean limit of 50 � g/m3 is exceeded more than the 35 days 
allowed. The Netherlands also needs to reduce national PM2.5 emissions by 20% by 2015 to meet 
the standards proposed in the Directive on Ambient Air Quality and Cleaner Air for Europe (Velders 
et al., 2007).  

Road transport is a major source of many air pollutants. However, as a result of the European type 
approval regulations for road vehicles and engines, vehicle emissions in the Netherlands have 
decreased in recent years. Between 1990 and 2007, emissions of NMVOCs9 decreased by 72%, 
emissions of PM decreased by 47%, emissions of NOx decreased by 45%, and emissions of SO2 
decreased by 92%. These reductions occurred despite a growth in traffic of 33%. Despite this 
improvement, road transport remains a significant source of CO, NOX, PM10 and some VOC species. 
As emissions from other sectors - such as industry - are decreasing, the proportion of pollutants 
originating from road transport is increasing, making it more imperative to find methods of tackling 
this source of pollutants (Netherlands Environment Assessment Agency, 2007)  

Some information exists in relation to the source apportionment of airborne particulate matter. For 
example, research has identified long-range transport as a potentially important source of particulate 
matter in Europe (Borge et al., 2007). This is therefore a source that cannot be influenced by 
national or local policies. Emissions inventories do not include resuspension. According to a report 
by the Municipality of Nijmegen et al. (2007), resuspension is responsible for about 4 µg/m3 (10%) of 
roadside PM10 in Nijmegen - this is a the maximum reduction that could be achieved in theory with 
local measures which are designed to reduce resuspension.  

                                                           
8 PM2.5 is particulate matter with an aerodynamic diameter of less than 2.5 � m. 
9 Non-methane volatile organic compounds. 
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1.4 Report aims and objectives 

In this Report the various techniques identified in the literature have been qualitatively assessed as 
far as possible against IPL’s general criteria, such as likely effects, timescales for implementation, 
and cost-effectiveness, and recommendations have been made on further investigative work. 

1.5 Report structure 

Section 2 of the Report contains a discussion of the characteristics and sources of airborne 
particulate matter, and provides a general overview of abatement measures which relate to road 
transport. Abatement measures for transport-derived particulate matter can deal with particle 
formation, particle release, particle dispersion, and particle resuspension. Measures can also either 
relate to specific sources (e.g. the control of vehicle exhaust emissions), or airborne particles in 
general (e.g. physical barriers). 

Abatement methods which are designed to reduce the formation, release and dispersion of primary 
particles - such as those arising from combustion or mechanical abrasion - are summarised in 
Section 3. Both specific particle sources and airborne particles in general are considered. However, 
the main focus of the report is on the reduction of resuspension, specifically through the cleaning of 
the road surface (by sweeping, vacuuming or wet cleaning), through the washing of vehicles, and 
through the use of dust suppressants. The use of road cleaning techniques to reduce concentrations 
of airborne particulate matter is addressed in Section 4, and vehicle washing is covered in Section 5. 
The use of dust suppressants is reviewed in Section 6. An assessment of the techniques identified 
in Sections 2 to 6 - according to the aforementioned criteria - is presented in Section 7, and the 
conclusions and recommendations from the work are given in Section 8.  

The Report draws heavily from, and updates where appropriate, a previous TRL review of 
abatement measures for non-exhaust particulate matter (Boulter et al., 2007). 
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2 Airborne particulate matter 

In order to reduce atmospheric concentrations of particulate matter, an understanding of its 
characteristics, emission sources and formation mechanisms is required. For example, dust 
suppression chemicals are designed to reduce particle resuspension. In order to determine the 
potential effectiveness of a specific suppressant it is necessary to know the contribution of 
resuspension to local concentrations of airborne particulate matter, and the effectiveness of the 
suppressant at reducing resuspension.  

Brief descriptions of the characteristics and sources of airborne particulate matter are given in this 
Section of the Report. An introduction to abatement techniques is also provided. 

2.1 Characteristics and sources 

Airborne particulate matter is a complex mixture of organic and inorganic substances, in solid or 
liquid form, which undergoes modification or transformation in the atmosphere. It is derived from a 
wide variety of sources, both natural and anthropogenic, and displays a range of physical and 
chemical properties. Particles are termed either ‘primary’, where they are emitted directly into the 
atmosphere, or ‘secondary’ where they are formed by reactions between gas-phase components 
such as sulphur oxides, nitrogen oxides, ammonia, and organic compounds. Consequently, various 
terms and metrics are used to describe airborne PM, and some of those in common use are 
explained in Table 1. 

Particles in the atmosphere range in size from less than 10 nm to around 100 µm. There are three 
recognised modes relating to the typical shape of the size distribution and corresponding sources: 
the nucleation mode, the accumulation mode, and the coarse particle mode. The contributions of 
different sources to mass concentrations in these different modes vary with many factors, including 
location, season, time of day, and both local and regional weather conditions. 

The nucleation mode consists of particles emitted directly from combustion sources, such as road 
vehicle exhaust, waste incineration, and industrial and domestic burning. Nucleation mode particles 
typically have a diameter of less than around 0.05 µm. Even though such particles may be present 
in large numbers, each particle is so small that this mode usually forms only a small proportion of 
the total aerosol mass. Nucleation mode particles reside in the atmosphere for a few hours, and are 
transformed by coalescence and condensation into larger accumulation mode particles.  

Accumulation mode particles range between around 0.05 µm and 1 µm in diameter, have 
atmospheric residence times of tens of days, and usually form a significant fraction of the total 
aerosol mass. They are also efficient light scatterers, and often dominate optical effects such as 
visibility. As well as being formed via the coagulation of nucleation mode particles, accumulation 
mode particles originate from primary emission sources and gas-to-particle transformations in the 
atmosphere.  

Particles larger than around 1 µm form the coarse particle mode, and typically include wind-blown 
crustal matter and material released during abrasion processes. It is clear that the alternative 
definition of coarse particles based on measurement metrics (i.e. PM10 minus PM2.5) is not altogether 
consistent with this definition. Coarse particles have shorter residence times than accumulation 
mode particles, although they can contribute substantially to total aerosol mass. 

The particulate matter generated by road transport activity can be categorised according to its 
mechanism of formation. It is often assumed that diesel exhaust is the main source of particulate 
matter from road vehicles, and exhaust emissions have been well characterised in the laboratory 
under well-defined test conditions. However, there are a number of non-exhaust processes, 
involving mechanical abrasion and corrosion, which can also result in particulate matter being 
released directly to the atmosphere. The main abrasion processes leading to the direct emission of 
particulate matter are tyre wear, brake wear and road surface wear. In addition to direct non-exhaust 
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emissions, material previously deposited on the road surface can be resuspended in the 
atmosphere as a result of tyre shear, vehicle-generated turbulence, and the action of the wind. In 
the case of road transport, it is commonly assumed that most primary fine particles (PM2.5) are 
emitted from the exhaust, whereas many of the coarse particles (PM2.5-10) are considered to 
originate from non-exhaust sources. This over-simplifies the situation somewhat; whilst there is a 
general agreement that exhaust emissions can be classified as PM2.5, there is evidence to suggest 
that non-exhaust particles contribute to both the fine and coarse modes (Boulter et al., 2007). 

 

Table 1:  Explanations of terms used to describe airborne particulate matter. 

Term Definition 

Primary particles Particles emitted directly to the atmosphere. 

Secondary 
particles 

Particles formed within the atmosphere from gas-phase precursors. 

TSP Total suspended particulate. 

PM10 Mass concentration of particles passing through a size-selective inlet 
designed to exclude particles greater than 10mm aerodynamic diameter. 

PM2.5 Mass concentration of particles passing through a size-selective inlet 
designed to exclude particles greater than 2.5mm aerodynamic diameter. 
These are sometimes referred to as ‘fine’ particles. 

PM2.5-10  or  
PMCOARSE 

Mass concentration of ‘coarse’ particles, determined as the difference 
between PM10 and PM2.5. 

PM1 Mass concentration of particles passing through a size-selective inlet 
designed to exclude particles greater than 1mm aerodynamic diameter. 

PM0.1 Mass concentration of particles of diameter smaller than 0.1 µm. These 
are sometimes referred to as ‘ultrafine’ particles. 

Nucleation mode Particles emitted directly from combustion sources, having a diameter of 
less than around 0.05 mm and an atmospheric residence time of a few 
hours. They are transformed by coalescence and condensation into larger 
accumulation mode particles.  

Accumulation 
mode 

Particles formed via the coagulation of nucleation mode particles, primary 
emission sources, and gas-to-particle transformations. Particles range 
between around 0.05 µm and 1 µm in diameter, and have an atmospheric 
residence time of tens of days. 

Coarse particle 
mode 

Particles larger than around 1 µm, including wind-blown crustal matter and 
material released during abrasion processes.  Coarse particles have 
shorter residence times than accumulation mode particles. This is not 
consistent with the definition for PMCOARSE given above. 

Dustfall Particles larger than 100 µm, which tend to fall out of the atmosphere 
within minutes. 

 

Figure 1 summarises the sources of particulate matter in the vicinity of roads, and some of the 
factors affecting source strength. Clearly, the use of studded tyres is not appropriate in the case of 
the Netherlands. 
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Figure 1:  Material flows of road dust particles, with the main factors affecting the 
source strengths (Kupiainen, 2007). 

 

At a location near to a road the proportion of airborne particulate matter which arises from each 
source is dependant upon factors such as the road’s location, the type of road (e.g. urban or rural), 
the road surface type, the time of year, and the characteristics of the traffic of the traffic. For 
example, exhaust emissions are generally responsible for a larger proportion of airborne particulate 
matter in urban areas than in rural areas. Winter maintenance activities can be a source of 
particulate matter. In the Netherlands the highest concentrations of particulate matter are measured 
in winter, when wind speeds are low and when the air originates from the continent. 

2.2 Abatement 

Knowledge of the effectiveness of abatement strategies is needed to develop practical strategies for 
reducing ambient pollutant concentrations. Compliance with air quality standards for PM10 requires 
control of both fine and coarse particles. As the two modes tend to have different sources and 
formation mechanisms, different tyres of control are required (Boulter et al., 2007). The compounds 
which are precursors to secondary particles also need to be controlled. 

Primary fine particles from combustion sources are subject to regulation. For example, all new light-
duty vehicle (LDV10) models and heavy-duty engine models sold in Europe must be type approved 
with respect to exhaust emissions in accordance with European Union Directives. The measurement 

                                                           
10 In this report, the term ‘light-duty vehicle’ refers to all vehicles with a gross weight of less than 3.5 tonnes, and includes 
both cars and light goods vehicles. All vehicles having a gross weight of more than 3.5 tonnes are termed heavy-duty 
vehicles (HDVs). 



 

 

7

of total exhaust particulate mass has been defined in regulation for diesel engines and vehicles 
since 1988. Regulations also govern the formulation and quality of road fuels. Commencing with the 
introduction of Euro V standards, limits will also be placed on the allowable number of particles 
emitted in the exhaust of specific vehicle classes11. 

The technologies which are being used to enable vehicle manufacturers to comply with the exhaust 
emission legislation include improved engines (modifications to the engine map) and exhaust after-
treatment systems - such as three-way catalysts, oxidation catalysts, exhaust gas recirculation, 
selective catalytic reduction, de-NOX traps, diesel particulate filters and regenerative traps. These 
technologies have different methods of operation, and their introduction into the vehicle fleet can 
have positive or negative12 results, depending on the specific pollutant. The Netherlands has been a 
leader in the promotion of alternative road transport fuels, particularly liquefied petroleum gas (LPG). 
The use of LPG during the 1990s had significant emission benefits over conventional fuels, and was 
thus subject to fiscal incentives. These emission benefits have now been reduced due to the gradual 
improvement in the emissions associated with conventional fuel technologies. 

The control of coarse particles is less straightforward (Harrison et al., 2001), as such particles arise 
from natural and anthropogenic disruption and attrition processes which are difficult to characterise 
(e.g. non-exhaust emissions, resuspension, dust from industrial processes, quarrying). There are 
currently no legal requirements for the control of road vehicle non-exhaust PM in the EU, although 
certain regulations which are designed for other purposes could influence non-exhaust PM 
emissions indirectly. Such regulations include restrictions on the use of studded tyres in certain 
countries to reduce damage to the road surface, and road/tyre noise standards. 

Potential abatement options for non-exhaust PM include a mixture of technical and policy 
approaches, and can relate to both vehicles and the infrastructure. Some types of abatement 
measure address a single source, whereas others address more than one source. In terms of 
controlling resuspension from paved roads, measures can either be designed to prevent material 
from being deposited onto the surface in the first place (preventive controls) or to remove any 
material that has already been deposited (mitigative controls) (Fitz and Bufalino, 2002). 
Improvements in vehicle technology are essentially preventative in nature, in that they reduce the 
primary generation or release of abrasion products, whereas policies (e.g. road sweeping 
programmes) tend to be mitigative in nature. Another potential type of measure involves ‘adaptation’ 
to reduce exposure to existing levels of pollution. Measures of this type might include improved 
sealing of vehicle passenger compartments and buildings, or re-routing main roads away from areas 
of population. 

Given the range of possible measures, it is difficult to provide a definitive classification, and some 
measures are likely to have dual benefits. For example, a system designed to reduce brake wear 
particle emissions could affect both the quantity of particles released directly into the air and the 
amount of material deposited on the road surface for subsequent resuspension.  

Clearly, the most effective measures are likely to be those which target with high efficiency those 
sources making the largest contribution to PM.  

 

                                                           
11 See emission limit summary in - http://www.dieselnet.com/standards/eu/ld.php 
12 For example, recent evidence has indicated that various exhaust after-treatment systems are associated with an 
increase in the emission of primary NO2, as a proportion of total NOX. 
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3 Reducing particle formation, release and dispersi on 

This Section of the Report describes abatement measures which relate to particle formation, release 
and dispersion. As the main emphasis in the project is on the control of resuspension, such 
measures are described only in outline. However, one needs to bear in mind that all sources of 
particulate matter in the vicinity of roads can contribute to road dust, and therefore are, to some 
degree, relevant to the Report. 

3.1 Measures relating to exhaust PM 

Particles which are formed during the combustion process can be reduced via the wider introduction 
of specific fuel and engine technologies. For example, PM emissions from vehicle exhaust are 
dependent on fuel type. For older-technology diesel vehicles, a switch to fuels such as liquefied 
petroleum gas (LPG) or compressed natural gas (CNG) can reduce PM emissions by over 90%. It 
can also reduce NOX by 80%. The use of water-diesel emulsion13 reduces PM10 emissions by 25% 
on diesel vehicles without particulate traps (Sadler, 2003). Large reductions in exhaust emissions 
have been demonstrated with advanced engine and after-treatment technologies in combination 
with low-sulphur fuels. However, within a given Euro class the effects of fuel sulphur content on NOx 
and PM emissions are generally either not significant or rather small. Reductions in fuel sulphur 
content from 50 ppm to 10 ppm seem unlikely to bring substantial emissions benefits for current 
Euro III and IV vehicle technologies (Boulter and Latham, 2008).  

Particulate filters are often fitted to diesel vehicles to reduce the amount of particulates released into 
the atmosphere. Normally these are a honeycomb structure made of ceramic material such as 
cordierite or silicon carbide (more details on ceramic diesel particulate filters can be found in Adler 
(2005)). The exhaust gases flow through the structure and the particulates are deposited on the 
walls of the filter. Diesel particulate filters (DPFs) can remove more than 90% of PM from the 
exhaust. Regeneration (the removal of the deposits) occurs when the vehicle is driven at higher 
speeds  (e.g. 50 mph for around 20 minutes), so the hot exhaust can burn off the deposits. The use 
of DPFs is becoming more common and the Euro V standards (due to come in to force in 2008) 
limiting particulate emissions of new LDVs are likely to make their installation standard in the near 
future. 

Overall PM emissions from vehicle exhaust can also be controlled by altering the characteristics of 
the traffic – principally its volume (flow), composition and operation (speed). Traffic management 
measures such as speed limits, low-emission zones, charging schemes, etc. can help to reduce 
emissions. For example, the London Congestion Zone has been shown to reduce PM10 emissions 
by 12% (Beevers and Carslaw, 2005). 

3.2 Measures relating to tyre wear PM 

Tyre wear is thought to contribute only 1 to 5% of airborne particulates (Kupiainen, 2007). The rate 
of tyre wear depends on tyre characteristics such as the material and tread (variable with 
manufacturer), characteristics of the pavement surface, vehicle characteristics (e.g. load) and driver 
behaviour. The type of tyre which generates the most particulates is studded tyres. These are not 
used in the Netherlands, but winter tyres sometimes are. These produce more particulates than 
summer tyres, although far less than studded tyres. 

                                                           
13 Typically around 14% water is suspended in the diesel as very fine water droplets. Additives are used to prevent 
separation.  The addition of water aids fuel combustion, which allows the combustion temperature to be lowered and thus 
slows the formation of NOX and decreases the number of particulates formed from cracking reactions. 
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Using harder wearing vehicle tyres has the potential to reduce PM10 emissions. Harder wearing tyres 
are often developed by the addition of fillers, such as carbon black to the tyre rubber. Other 
additions to tyre rubber include,  carbon-silica dual-phase filler (CSDP) and ‘nanostructure’ carbon 
black. TARRC had developed a new type of tyre material by adding sulphur to the first stage mix. 
Reportedly achieving a 20% reduction in tyre wear (Cook, 2004). Tyre wear can also potentially be 
reduced by improved vehicle suspension, anti-lock braking systems, traction control systems,  
speed/acceleration limiters and regenerative braking systems.  

3.3 Measures relating to brake wear PM 

Vehicle braking systems normally consist of flat brake pads pressing against a rotating metal disc. In 
the past HGVs used brake drums, where curved pads pressed against the inner surface of a rotating 
cylinder however brake pads are now standard in HGVs as well as passenger cars. The braking 
action of the pad pressing on the disc causes wear in both the pad and disc generating some 
particulate matter. Emissions from brakes are highest in road sections such as crossings and 
slopes, where strong braking is needed. 

The composition of brake pads influences the wear rate and the type of particulate matter produced. 
Garg et al. (2000) found that on average, 35% of the brake pad mass loss was emitted as airborne 
particulates, and that 86% and 63% of the airborne PM was PM10 and PM2.5 respectively.  

The development of more durable brake pads and discs have the potential to reduce PM10 
emissions. Brake pads linings are normally made of tough, but soft material. Although using harder 
material for the brake pad linings decreases the amount of dust created, it increases the noise when 
braking and causes excessive wear of the discs. Therefore at present there is a limit to the benefits 
of using harder brake linings. There has been some development by the manufacturers of ceramic 
linings, who claim their product produces less dust, but this has yet to be fully investigated. 

The amount of brake dust emitted can be reduced by a number of methods. One method is the 
partial enclosure of the brake mechanisms. This has to be designed to maintain ventilation to 
prevent over-heating and not to add to the weight of the vehicle. One such design is the ‘sealed 
integrated braking system’ by Safe Effect Technologies, which was designed to protect the brakes in 
severe environments. The brakes are contained in a protective oil medium, this lubrication reduces 
brake wear and also collects brake particulates generated. The oil medium is changed during 
servicing. Increasing the coverage of the wheel arch by extending the car body to cover half or more 
of the wheel may also be beneficial. This may reduce the emission of particulates from both brakes 
and tyres. However there may be safety and maintenance access issues. This could also be fuel 
efficiency, increasing it due to drag reduction or decreasing it due to the additional weight.  

A method of collecting brake dust using electrostatic, magnetic or electromagnetic dust collection 
has also been patented. This method involves positioning a dust collector plate in close proximity to 
the brake rubbing interface to collect the brake dust. 

3.4 Measures relating to road surface wear PM 

Road surface wear and decomposition is a potential contributor to atmospheric particles. Road wear 
rates depend on several factors, including tyre and vehicle characteristics, pavement surface 
properties, road geometry and driver behaviour such as speed and braking patterns.  Loose material 
on the road surface (e.g. traction sand) may also enhance the abrasive wear of the pavement and of 
the material itself (e.g. Lindgren, 1996). Road wear also increases during wet weather.  

According to Kennedy et al. (2002), there are no industry publications, standards or rules of thumb 
relating to actual material loss rates from road surfaces. Where there is reference to road surface 
wear, this usually concerns rutting, deformation, roughness and cracking rather than material loss by 
attrition. The loss of material is not actually recognised as a phenomenon. In most work looking at 
tyre/road surface interactions, any material loss is dominated by the wear material from the tyre 
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treads. Only in the Scandinavian countries has any work been done on material loss from the road, 
usually in the special case of using studded tyres. 

The majority of road surface in the Netherlands is made of asphalt; that is composed of 95% 
aggregates and 5% bitumen binder and filler. Only 4% of Dutch roads are concrete (composed of 
cement (10-15% by volume) and aggregates), most concrete roads are found in the province of 
Noord-Brabant and are used for heavily trafficked roads. Around 65% of motorways in Netherlands 
are porous asphalt. 

The type of aggregate used determines the constituents and quantity of particulates produced when 
the road is trafficked. Harder aggregates will wear less easily. Research by Gustafsson (2007) has 
shown that soft asphalt produces a PM10 concentration three times higher than a hard pavement 
(stone mastic asphalt, quartzite), and that porous asphalt generates less PM10 than dense asphalt.  

Anti-skid aggregate has a lower resistance to fragmentation compared with conventional surfacing 
resulting in the generation of more PM10. The particle size distribution of the anti-skid aggregates 
has a large impact on the amount of PM10 emissions and the texture of the anti-skid aggregates also 
has an impact (Kupiainen, 2007). Asphalt mixes with higher aggregate loads produce more 
particulates.  

3.5 Measures for controlling airborne particles in general 

3.5.1 Noise barriers 

Examining the modification of noise barriers to reduce ambient particulates is part of the Dutch IPL 
programme of work. A desk top study for IPL (Hofschreuder et al., 2005) has shown that a noise 
barrier covered in vegetation such as vines or ivy would improve local air quality, trapping 
particulates. The reduction obtained is related to the surface area, therefore using porous surfaces 
and increasing the height is more effective. 

3.5.2 Road covering 

One method of containing particles is to erect a lightweight covering, such as Plexiglass over busy 
roads to create an artificial tunnel. The air inside the tunnel can then be filtered to remove 
particulates and other pollutants. There are several patents referring to this, for example Wieser-
Linhart (2003) patented a system of building a tunnel  over a road consisting of a roof and walls held 
together by release mountings and an exhaust extractor attached to a cleaning unit. The roof also 
has acoustic dampers to absorb traffic noise. These types of canopy systems are being deployed in 
Switzerland, largely to prevent the transmission of roads traffic noise along valley sides. Their 
effectiveness at reducing road surface deposition and roadside PM concentrations remains unclear. 
There are other patents relating to methods of cleaning air in tunnels. This method may have 
potential at locations where the alternative would be to reroute the road. The filters and biological 
cleaning agents would need regular replacing.  

Rijkswaterstaat has been investigating this approach as part of the IPL. Several designs have been 
put forward that meet the requirements for a safe and durable canopy. Costs of around 6 to 60 
million euro per km (2 x 3 lanes) have been calculated. Air filtration devices, such as those used in 
tunnels or car parks are also been investigated for their application in the artificial tunnels. IPL has 
commissioned a feasibility study on this and are considering glass fibre mats as an option for 
trapping particulates. 
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3.5.3 Vegetative traps 

Roadside vegetation may be a possible method of trapping PM10 and reducing re-suspension. The 
choice of height, plant density, tree and shrub types, and the distance between the rows may be 
important. However there appears to have been little research into this. 

Tiwary et al. (2005) developed a size-segregated model of particle collection efficiency for three 
types of hedgerow species with different degrees of aerodynamic porosity. The model examined 
particles in the range 0.5 to 20 � m and simulated the velocity and turbulence of the approach air 
flow. The efficiency of particle capture was found to depend on the degree of the lift of the air flow 
above the hedge and the density of the foliage. 

3.5.4 Filtration 

Filtration can be used to remove airborne particulates by passing it through a porous medium.  This 
can be a fabric filter or bio-filtration, e.g. through soil or compost.  Filters can be used to clean the air 
inside tunnels, however particle filtration efficiencies can be low (Boulter et al., 2006). 

3.5.5 Electrostatic precipitation 

Suspended particles can be removed from the air using electrostatic precipitation. Electrostatic 
precipitators (ESPs) attract airborne particles to a collection site by ionising the particles using high-
voltage wires. The negatively charge particles are then attracted to positively charged collection site. 
ESPs are very effective at removing fine particles, however need to be regularly cleaned to maintain 
this efficiency. Around forty tunnels in Japan have been fitted with ESPs to increase visibility, and in 
some cases to improve air quality. They have also been fitted into tunnels in Norway and Italy. 
There is no data published on the effectiveness at these installations, but manufacturers claim ESPs 
remove more than 80% of PM10. 

3.5.6 Active asphalt 

 A similar concept is exploited with the product ‘Active Asphalt’, a material developed jointly by Shell 
and the Norwegian company Applied Plasma Physics. Active Asphalt is a highway surfacing 
material that prevents the build up of static charges due the friction between vehicle tyres and the 
road surface. On a conventional asphalt surface this friction produces a positive electrostatic charge 
by a process know as triboelectrification.  The positively charged road surface repels the particulates 
which are also normally positively charged, thus keeping them suspended in the air. Using the 
“conductive” Active Asphalt prevents this build-up of charge, enabling the particles to fall onto the 
road surface under gravity. The particulate matter can then be removed by rainfall or mechanical 
cleaning.  According to Shell, particulate matter in the air will be reduced by up to 10% by this 
surfacing. According to Hansford (2001) a trial of 300 m of the Active Asphalt surfacing was carried 
out in Trondheim, Norway, but no details of the trial appear to have been reported in the scientific 
literature. Further research is required to establish if the surface does in fact reduced re-suspension 
or the lack of change generates a greater silt load which in turn produces greater re-suspension 
when subject to the action of traffic. 
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4 Road surface cleaning 

4.1 Techniques 

The cleaning of the road surface is a commonly used method for removing road dust. Purpose-built 
vehicles are usually employed, but the methods by which such vehicles operate vary substantially. 
The cleaning process can involve mechanical sweeping, vacuuming or spraying (with water), or a 
combination of these. In addition, some road cleaning vehicles operate only at the edge of the road, 
whereas others clean the whole carriageway. The characteristics of different types of system are 
described below (Schilling, 2005; FHWA, 2008).  

Mechanical broom sweepers. The conventional mechanical broom sweeper typically uses a 
rotating broom to lift material from the road surface or gutter area. The removed particles are 
placed in the path of a cylindrical rotating broom that carries the material onto a conveyor belt 
and into a storage hopper. A water spray is generally used to control dust. 

Vacuum-assisted sweepers. The vacuum sweeper also uses a gutter broom to loosen dirt and 
debris from the road surface.  However, the material is then placed in the path of a vacuum 
intake that transports it to the hopper (e.g. Kuhns et al., 2003). The transported dirt is usually 
saturated with water. The overall efficiency of vacuum-assisted cleaners is generally higher 
than that of mechanical cleaners, especially for particles larger than around 3 mm (FHWA, 
2008). 

Tandem sweeping. Tandem sweepers employ two successive cleaning passes: a mechanical 
(broom and conveyor belt) sweeper, followed immediately by a vacuum-assisted sweeper. 

Vacuum-assisted dry sweepers. These combine the important elements of tandem sweeping into 
a single unit. The technology has been applied to industrial sites, where complete removal 
without leakage of particulate matter is important. The mechanical sweeping component in 
these sweepers is completely dry. A specialized rotating brush is used to scratch and loosen 
dirt and dust from impervious surfaces, allowing the vacuum system to recover practically all 
particulate matter. A continuous filtration system prevents very fine particulate matter from 
leaving the hopper (FHWA, 2008). Vacuum-assisted dry sweepers are more expensive to 
purchase and noisier than mechanical sweepers, although they require less maintenance than 
water based sweepers. They are slower than a mechanical sweeper, and cannot be used in 
rain or on wet roads. 

Regenerative air sweepers. In regenerative sweepers the cleaning air is filtered and re-used. Air 
is blown onto the pavement and immediately vacuumed back to entrain and capture 
accumulated sediments. Air is regenerated for blowing through a dust-separation system. If 
the accumulated loading is not too great, regenerative air sweepers are generally considered 
effective for removing fine sediment (FHWA, 2008). 

New cleaning methods - known as street scrubbers or cleaners - which are based on the captive 
hydrology technique, have been developed by a company called Ringway14. These are designed to 
clean rubber deposits from airport runways, and could have applications on roads. They clean the 
pavement surface using high-pressure water jets within a captive tray. The used water and solid 
waste are sucked by vacuum into a hopper for filtration and disposal, leaving the road surface clean 
and dry. This technique has also been used to return the macro texture of porous asphalt highways 
and remove road markings. According to Ringway, the technique is 40% cheaper than traditional 
surfacing methods, as it revitalises roads that would otherwise need new materials, and it reduces 
disruption. In West Surrey 20,000 m2 of county B-roads were treated using this system. 

A simpler approach is the spraying of water onto the road surface in an attempt to reduce 
resuspension on dry days (an example is shown in Figure 1). Indeed the use of a water flushing 
approach is routinely deployed in many European countries, specifically to swill the roadside edge. 
                                                           
14 http://www.ringway.co.uk/page.php?show=10&item=26&highlight=news&terms=Water+revitalizes&bool=OR&content=news 
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Figure 1:  Spraying with a water tank (Municipality of Nijmegen et al., 2007). 
 

4.2 Effectiveness of dust removal 

The effectiveness of a street sweeping programme depends upon several factors, including the type 
and operation of the equipment used, the sweeping frequency and number of passes, and the 
climate (FHWA, 2008). Sweeping appears most effective in areas with distinct wet and dry seasons. 

In the past, the primary objective of mechanical street sweeping was to remove debris from the road 
for reasons of aesthetics and safety, and to prevent the blockage of drains. Most street sweepers 
were not designed for fine particle removal. However, some new street sweepers are specifically 
designed to reduce PM10 concentrations. In California, Rule 1186 of the South Coast Air Quality 
Management District requires local governments to procure street sweepers which are certified as 
being PM10 efficient (greater than 80% reduction in PM10 material). Regenerative and vacuum-
assisted dry sweepers are used to meet the requirements.  

The Federal Highway Administration lists various types of street sweeper, and their efficiency at 
removing road dust in general, and specifically PM10 (FHWA, 2008). Vacuum-assisted and 
regenerative air sweepers are generally more efficient than mechanical sweepers at removing finer 
sediments, which often bind a higher proportion of heavy metals (Table 2). Tests have shown that 
vacuum-assisted and regenerative sweepers are more efficient than conventional mechanical broom 
sweepers, removing 93% of total solids compared with 55%.   

According to FHWA (2008), vacuum-assisted dry sweepers are also extremely effective at removing 
PM10 compared with conventional sweepers (Table 3), and are designed to help meet National 
Ambient Air Quality standards. It states that vacuum-assisted dry sweeping can remove 99.6% of 
PM10. On the other hand, the data in Table 3 suggest that older, mechanical sweepers can, in fact, 
create more airborne particulate matter. 

Bris et al. (1999) tested the efficiency of particle removal of the water jet street cleaning procedure 
used by Paris city workers. Surface loads were compared before and after the cleaning procedure. 
The cleaning efficiency for solids was highly variable (20–65%), and somewhat higher for larger 
solid particles. The removal efficiency for the total street deposit was around 25%. The authors also 
concluded that the removal and collection efficiency for particles smaller than 50 � m was probably 
small. Gromaire et al. (2000) found that the pollutant load removed from the street surface by 
cleaning water on a daily basis was similar to that removed during one rainfall event, and that street 
cleaning can preferentially wash away the suspendable solids and organic matter on road. 
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Table 2:  Efficiencies of mechanical (broom) and vacuum-assisted 
sweepers (NVPDC, 1992). 

Constituent 
Mechanical sweeper 

efficiency (%) 
Vacuum-assisted 

sweeper efficiency (%) 

Total solids 55 93 

Total phosphorus 40 74 

Total nitrogen 42 77 

Lead 35 76 

Zinc 47 85 

  

 

Table 3:  PM10 removal efficiencies for various sweepers (FHWA, 2008). 

Sweeper type Removal efficiency (%) 

Mechanical - Model 1 -6.7 to 8.8 

Regenerative air 31.4 

Vacuum-assisted wet 40.0 to 82.0 

Vacuum-assisted dry 99.6 

 

4.3 Impact on airborne particulate matter 

Sweeping and vacuuming have regularly been applied, especially in the United States, as means of 
decreasing the silt loading of paved roads (thus reducing PM re-entrainment), and there is a 
significant body of literature relating to these control options. Chang et al. (2005) also noted that 
street sweeping is also one of main control methods for ambient PM available to local governments 
in Taiwan.  

A number of studies have been undertaken in an attempt to quantify road dust emission reductions 
as a result of sweeping. In spite of the claimed removal efficiencies, the literature indicates that the 
general effectiveness of road sweeping as means of controlling airborne PM10 is questionable, and 
there are some indications that it can increase the concentrations of finer particles. The results are 
rather mixed, probably because ambient particle concentrations are influenced by several factors 
which add large uncertainties to what appears to be a small effect (Kuhns et al., 2003). Time of year, 
wind speed, mechanical disturbance by sweeping vehicles, the amount of sprayed water, and silt 
loading of the tested road are considered to be some of the main factors affecting sweeping 
performance (USEPA, 1995). Experiments by Kuhns et al. (2001) also demonstrated that 
distribution of suspendable material on roadways is highly variable. Vaze and Chiew (2002) found 
that particle size distribution of street dust after street sweeping is finer compared to that before 
sweeping. Street sweeping may have an adverse impact on pollutant wash-off because the street 
sweeper releases the finer material but only removes some of it. 

Early studies in the 1980s showed promising results. Ellis and Revitt (1982) found street sweeping 
to be particularly efficient at removing solid particles larger than 250 � m, and Duncan et al. (1985) 
designed an ‘improved’ sweeper to remove finer solids. It was found that a broom sweeper removed 
20% of the solid particles on the road surface, a vacuum sweeper removed 70%, and the improved 
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sweeper removed 80%. It was estimated that a thorough sweeping programme could reduce the 
emissions from paved roads by approximately a third. Similarly, Cowherd et al. (1988) found that the 
emission reduction for PM10 on paved roads was in the range of 33–37% following a street sweeping 
programme.  

More recently, Fitz and Bumiller (2000) noted that most sweepers achieved greater than 97% 
collection efficiency on their first pass, and concluded that emissions during the operation of street 
sweepers to remove fine particles from a paved road are not significant compared with the benefit in 
reduced emissions provided by a cleaned road. The Nevada Division of Environmental Protection 
(2004) has produced Table 4 below summarising the effectiveness of different control measures at 
reducing PM10 levels on roads. According to their review of the literature, vacuum sweeping reduces 
PM10 by 26%. 

 

Table 4:  Control efficiencies for control measures for paved roads. 

Control measure Source component 
PM10 control  

efficiency 

Local streets 7% Street sweeping program with non-
efficient vacuum units (14-day 

frequency) Arterial/collector streets 11% 

Local streets 16% Street sweeping program with PM10 
efficient vacuum units (14-day 

frequency) Arterial/collector streets 26% 

Local streets 4% Streets to be swept by non-efficient 
vacuum units (once per month 

frequency) Arterial/collector streets 4% 

Local streets 9% Streets to be swept by PM10 

efficient vacuum units (once per 
month frequency) Arterial/collector streets 9% 

Wind- or water-borne deposition to 
be cleaned up within 24 hours after 

discovery 
All streets 100%* 

 

*Assumes total cleanup of spill on roadway before traffic resumes 

 
However, several recent studies have shown a tendency towards only limited effects on PM10. When 
Chow et al. (1990) determined the source contributions to PM10 concentrations during street 
sweeping periods and non-street sweeping periods in Reno, Nevada, no significant differences in 
the resuspended contributions to PM10 were detected. Work in California indicated that the use of 
vacuum street sweepers had no significant effect on PM10 levels (Fitz, 1998; Fitz and Bufalino, 
1998), and Kantamaneni et al. (1996) only observed a significant decrease in PM10 emission by 
sweeping when the relative humidity was lower than 30%.  

The Regional Environmental Agency for Lombardy undertook a field test in Milan during the winter 
of 2002 aimed at determining whether any reduction in PM10 concentrations could be obtained by 
the washing and mechanical brushing of roads (cited in CAFÉ, 2004). An area of 1 km2 in the city 
centre was washed several times every night for ten days. The variation in PM10, both in 
concentration and composition, at two different heights (2 m and 25 m) was investigated and 
compared with a reference site outside the test area. No substantial reductions in PM10 
concentrations were observed. Between the 2 m and 25 m sites there was a vertical concentration 
gradient of about -10%, and this was not influenced by the road washing. 
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In Taiwan, Chang et al. (2005) undertook extensive measurements to evaluate the effectiveness of 
modern street-sweeping equipment (a modified regenerative vacuum sweeper and an efficient 
washer) for controlling ambient TSP. Various wind speeds, traffic volumes and silt loading levels 
were investigated. The results showed that street sweeping followed by washing offered a reduction 
in TSP of up to 35%. However, the direct impact of sweeping on ambient PM emissions was short-
lived, lasting no more than 3-4 hours.  

The effectiveness of measures to control the resuspension of paved road dust has also recently 
been investigated in the United States using a vehicle-based method for measuring road dust 
emissions called TRAKER15. Using TRAKER in Idaho, Kuhns et al. (2003) and Etyemezian et al. 
(2003) compared the PM10 emissions from paved roads that had been swept or vacuum cleaned 
with roads with no treatment. Although large particles were removed, neither the sweeping nor the 
vacuum cleaning had any significant effect on the emitted PM10 levels compared with the unswept 
control section. Indeed, the results indicated that PM10 emissions immediately after sweeping 
increased by up to 40% (Kuhns et al., 2003). Trials in Helsinki and Oslo also did not show 
reductions in PM10 concentrations after sweeping (Gustafsson, 2004). 

Norman and Johansson (2006) evaluated the PM10 levels associated with intense sweeping of the 
road surface in Stockholm. A street in the city was cleaned nightly using mechanical sweepers, and 
the PM10 levels were compared with those on another street having the same orientation and similar 
meteorological factors, such as wind direction, wind speed and road surface dryness. No statistically 
significant reduction (<10%) in PM10 concentrations was observed alongside the swept street during 
the periods with intense sweeping. Indeed, in most cases the results showed an increase in the 
PM10 during days with sweeping. PM10 levels were also found to be higher than during the same 
period of the previous year, when the street was swept at a normal frequency. Another recent study 
during winter conditions in Nevada by Gertler et al. (2006) also found a significant increase in the 
PM10 emissions (from 660 to 735 mg km-1) after the sweeping and washing of the roads. For PM2.5 
there was a more dramatic increase after sweeping (from 133 to 211 mg km–1). In Seoul, South 
Korea, Kee-Young and Yu-Mee (2006) estimated that typical street cleaning - consisting of vacuum 
sweeping an average of 1.5 times a day, and washing once a day - removed only 0.56% of PM10 on 
the road surface. They recommended that a speed of 10 km h-1 was used for vacuum sweepers and 
washers and that a minimum of 120m3 of water per square kilometre was used for effective washing. 

The study in Taiwan by Chang et al. (2005) showed reductions in TSP concentrations of up to 35% 
when both street sweeping and high pressure washing were used, but no reductions in PM10 were 
observed. Following a review of the literature, Gao and Chen (2006) concluded than washing also 
has minimal impact on PM10 concentrations. Tests of the effects of washing with a high-pressure 
water system were also performed in Stockholm by Norman and Johansson (2006). The verge next 
to the carriageway was washed during the night when the weather forecast predicted dry road 
conditions for the next day. On most days slightly lower PM10 concentrations were observed due to 
the washing. The reduction was often greater than 10%, but on two days there were increases in 
PM10 levels of more than 10%. The average reduction for the study period (21 days) was 6%. For 10 
out of the 21 days the daily average PM10 level exceeded 50 � g/m3, compared with 12 days for the 
untreated stretch. The reduced PM10 levels on the washed stretch could, however, have been due to 
the wetting of the road surface, which reduced suspension of dust, rather than actually removing 
PM10 particles.  

Between May and August of 2006, a trial was undertaken in Nijmegen to determine the effects on 
PM10 of the wet sweeping and spraying of road surfaces (Municipality of Nijmegen et al., 2007). The 
trial was conducted within the framework of IPL. Different types of road surface (closed asphaltic 
concrete and pervious coated macadam) and cleaning regime were examined. Pervious coated 
macadam was chosen since it has an open structure, whereby rainwater and waste materials pass 
through the road pavement via small channels and pores towards the hard shoulder. Along the 
highway the hard shoulder is cleaned once or twice per year using a pervious coated macadam 
cleaner (high-pressure spray and vacuum) which cannot be driven on the carriageway.  

                                                           
15 TRAKER = testing re-entrained aerosols kinetic emissions from roads. 
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Three test sections of road were included:  
 

· Test section 0: Reference section (no treatment).  
· Test section 1:  Pervious coated macadam.  
· Test section 2:  Closed asphaltic concrete. 

 

During a two-week period of June 2006 the roads were sprayed four times a day with a water tank 
behind a tractor unit (see Figure 1). In the following period spraying was conducted twice per day. In 
July 2006 the pervious coated macadam cleaner was used instead of the tank. Initially, only the hard 
shoulder was cleaned in conformity with the operational restrictions. One week later the whole road 
pavement was cleaned. The closed asphaltic concrete test section was cleaned regularly over this 
period with the previous coated macadam cleaner. 

The following results emerged from the trial: 
 

· The effect of rainfall on airborne PM was greater than for wet cleaning. This is due to the fact 
that precipitation not only reduces fine dust emission from the road, but also from all fine dust 
sources in the vicinity. 

· The PM10 emissions from the pervious coated macadam were consistently lower than those 
from the closed asphaltic concrete. 

· The PM10 emissions from the pervious coated macadam were positively affected by cleaning 
with the pervious coated macadam cleaner. 

· The PM10 emission from the closed asphaltic concrete were not positively affected by cleaning 
with the pervious coated macadam cleaner. 

· The PM10 emissions from the pervious coated macadam were not positively affected by 
spraying with water. 

· The PM10 emissions from the closed asphaltic concrete were positively affected by spraying 
with water. 

From the experiment, it was concluded that the effects of the road cleaning could not be gleaned 
directly from the measurement data due to external influences. Calculations undertaken using a 
fugitive dust model indicated that: 

· The use of (new) pervious coated macadam can result in a maximum reduction in PM10 
concentrations of a maximum 8 µg/m3 10 metres from the road compared with impervious 
asphalt (closed asphaltic concrete). 

· The wet cleaning of closed asphaltic concrete under the same conditions resulted in a 
maximum reduction in PM10 of 4 µg/m3 10 metres from the road. 

 

It was concluded (tentatively) that the use of pervious coated macadam on roads has a positive 
effect on the emission from these roads. Wet cleaning also seems to have an effect, in the course of 
which spraying has a positive effect on closed asphaltic concrete and pervious coated macadam 
cleaning has a positive effect on pervious coated macadam. Both the laying of pervious coated 
macadam and wet spraying of closed asphaltic concrete thus seem to be potentially very effective 
measures to reducing fine dust concentrations alongside busy roads. More extensive research is 
needed to gain more certainty about the effect of both pervious coated macadam and wet cleaning 
and the relevance of this research for other situations. This investigation gives an initial indication 
that there are effects. 

John et al. (2007) examined the effectiveness of street cleaning at reducing ambient PM10 
concentrations in Düsseldorf, Germany. Street cleaning by high pressure watering was carried out 
between August 2004 and September 2005 on a four-lane road with around 40,000 vehicles per 
day. PM10 concentrations were measured simultaneously, and data of other traffic and urban 
monitoring sites in Düsseldorf were used for comparison and to correct for changes in 
meteorological conditions and traffic flows. Analysis of the data showed that PM10 concentrations on 
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street cleaning days were between 0.6 � g/m³ and 5.8 � g/m³ lower than those on non-cleaning days. 
On average, the reduction of the daily mean PM10 concentration was 1.8 � g/m³ per cleaning day, 
taking into account all days with and without precipitation. When only days without precipitation were 
considered, the average reduction was 2.9 � g/m³. A reduction of 1.8 � g/m³ per cleaning day equated 
to a reduction of the yearly average of 0.3 � g/m³ for cleaning once per week, and 0.5 � g/m³ for 
cleaning twice per week. About 6 % of the exceedences of the PM10 daily limit value could have 
been avoided assuming an average reduction of 1.8 � g/m³ (9% for a reduction of 2.9 � g/m³ on dry 
days). It was noted that additional street cleaning could be carried out when limit value exceedences 
are predicted. However, the reductions were only achieved for a limited area, and this has to be 
taken into account when evaluating different abatement strategies. 
 

Fitz and Bufalino (2002) suggested that explanations for such limited effectiveness may include the 
silt loading being rapidly replaced after sweeping to an equilibrium level which is dependent on 
factors such as vehicle speed and traffic density and, in the case of the Reno study, the equipment 
not being sufficiently sensitive to detect a change.  

If street sweeping or washing can remove particles that could evolve into TSP or PM10, then 
sweeping may have a beneficial effect on air quality over a long term. Norman and Johansson 
(2006) considered that although the sweeping did not cause any significant decrease in the PM10 
levels during the following days, it might still have an effect in the long term, as the removal of large 
particles might prevent some of the formation of smaller PM10 particles later due to a reduction of the 
‘sandpaper effect’ (the abrasion of the road surface by traction sand or grit - see Kupiainen et al., 
2003). 

The impacts of road cleaning on concentrations of airborne particulate matter are summarised in 
Table 5. In general, it appears that road cleaning – whether by sweeping or washing – does not 
have a significant impact on airborne particulate matter. Where a beneficial effect has been 
demonstrated, this has tended to be rather short-lived or has been observed in areas of the United 
States with dry and dusty conditions and low relative humidity. In the Netherlands the levels of 
humidity and precipitation are considerably higher, and  therefore it is unlikely that such potential 
benefits will be realised. However, the trials in Nijmegen have indicated that the washing of roads 
does have some potential benefits, but the effects need to be better quantified and there is some 
doubt concerning the applicability of washing techniques to the motorway situation.  
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Table 5: Summary of changes in airborne particulate matter following road cleaning. 

Reduction in airborne PM following road cleaning 
Study Location Road cleaning method 

TSP PM10 PM2.5 

Cowherd et al. (1988) Colorado (US) Sweeper - 33-37% - 

Chow et al. (1990) Reno (US) Sweeper - N/S - 

Kantamani et al. (1996) Spokane (US) Sweeper - 30%a - 

Fitz (1998) California (US) Vacuum sweeper - N/S - 

Kuhns et al. (2003) Idaho (US) Sweeper and vacuum - N/Sb - 

CAFE (2004) Milan Washer and mechanical brusher - N/S - 

Gustafsson (2004) Helsinki, Oslo Sweeper - N/S - 

Chang et al. (2005) Taiwan Regenerative vacuum sweeper & washer Up to 35% N/S - 

Norman and Johansson (2006) Stockholm Mechanical sweeper - N/S (<10%)c - 

Norman and Johansson (2006) Stockholm High-pressure washer - 6% - 

Gertler et al.  (2006) Nevada (US) Sweeper and washer - Increase Increase 

Kee-Young and Yu-mee (2006) Seoul Vacuum sweeper - <1% - 

Municipality of Nijmegen et al. (2007) Nijmegen Washer - Up to 4 � g/m3 - 

John et al. (2007) Düsseldorf High-pressure washer - 1.8 � g/m3 d - 

  

-  = not reported 
N/S  =  not significant 
 
a  Only when relative humidity was less than 30%. 
b Increase of up to 40% after sweeping. 
c Some increases in PM10 were reported. 
d Average reduction per cleaning day. 
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5 Vehicle washing 

There is a tendency for vehicles to accumulate mud and dust when in service (e.g. at industrial, 
agricultural and other sites), and especially under the wheel arches. The mud and dust, together 
with corrosion products, can fall onto the road surface during dry conditions, or when affected by 
spray from the wheel, and subsequently contribute to resuspension.   

The regular washing of vehicle wheels, wheel arches, chassis, bodywork and brakes could have an 
impact on the amount of material deposited on the road. It is also fairly undemanding technically, 
and forms part of the best practice for vehicles operating at construction sites. However, for other 
heavy-duty vehicles and private vehicles this source of road dust is extremely difficult to control, and 
changes to the infrastructure would probably be required (Boulter et al., 2007). There is the 
possibility of installing dry wheel washes16 in areas such as cities with slow moving traffic, but trials 
would be required to assess their effectiveness at reducing PM10 concentrations. Inexpensive, 
vehicle-mounted systems for use at construction sites have also been described in the literature 
(e.g. Gambatese and James, 2001). 

An important issue is the origin of the material which collects under vehicles and inside wheel 
arches. As most drivers keep their cars on the road rather than in, say, muddy fields, the material 
inside the wheel arch must come predominantly from the road surface itself, and probably during 
wet weather. In this sense, the wheel arch could potentially be viewed as a short-term sink as long 
as cleaning takes place. The timing of the cleaning may well be important – if most of the material  
accumulates during wet weather, then it would be preferable for cleaning to take place once the wet-
weather period has ended (Boulter et al., 2007). 

No information was found in the literature which related specifically to the effects of vehicle washing 
on airborne particulate matter. 

 

 

 

                                                           
16 Dry wash systems use an angled grid which flexes the tyre treads open and closed as the vehicle drives over them, 
loosening mud and debris. 
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6 Dust suppressants 

6.1 Types of suppressant 

Dust suppressants (or binders) appear to be an obvious choice for the reduction of resuspension 
due to road vehicles. Suppressants are chemicals applied to surfaces to maintain the moisture 
levels in, for example, exposed soils, or actually chemically bind the surface material to reduce 
fugitive dust emissions. Many different forms of chemical dust suppressants are available, but the 
main ones in use can be generally classified as follows: 

Water: Water is probably the oldest, and undoubtedly the cheapest, of all dust suppressants. 
Moisture leads to the agglomeration of fine particles so that they cannot be re-suspended by 
traffic. The moisture can be added either through spraying or through the application of 
hygroscopic and deliquescent salts (see below). Water’s dust-suppression capacity is short-
lived because of evaporation. Heavy applications of water can create soft mud or penetrate 
the road to the sub-base, causing major road failure. Regular, light watering has therefore 
been found to be better than less frequent, heavy watering at reducing dust (Bolander and 
Yamada, 1999).  

Salts: Chloride compounds such as calcium chloride (CaCl2), magnesium chloride (MgCl2) attract 
and absorb moisture from the atmosphere and retain it for extended length of time, which 
significantly reduces the evaporation of moisture from the road surface. Thus, they are more 
effective dust suppressants than water alone. However, solutions of such salts can cause 
vehicle corrosion and slippery roads, and can be washed out during wet weather conditions. 
Calcium magnesium acetate (CMA) has been used at some locations. 

Organic non-petroleum dust suppressants: These include lignosulfonates and resins. 
Lignosulfonates result from the manufacture of paper when lignin is extracted from wood. 
Lignin is a natural polymer and can bind soil particles together. Lignin occurs in solution with 
sodium, calcium, ammonium, or magnesium bisulphate. Resins made from combining 
lignosulfonates and additives can neutralize adverse effects. Lignosulfonates are water soluble 
and can move out of, or deeper into, a roadway surface with rainfall. These products corrode 
aluminium unless calcium carbonate is present. Lignosulfonates have a useful duration of six 
months and work best with fine dusts having a high plasticity in dry environments such as clay 
particles (FCM, 2005). 

Electrochemical stabilisers: These  include sulphonated petroleum, ionic stabilizers, and 
bentonite. These products neutralize soils that attract water and allow bonds to form between 
particles. Electrochemical stabilizers need to be worked into the road surface, requiring 
equipment that may not be available in remote rural communities.  

Synthetic polymer products, including polyvinyl acrylics and acetates. They bind soil particles and 
form a semi-rigid film on the road. These products are either liquids or powders that are mixed 
with water. Products are applied in liquid form and require drying. Temperatures during the 
curing should not approach freezing. Traffic should be diverted from treated areas until drying 
which can take 12 to 24 hours. Clearly, if applied to the Dutch motorway network this would 
lead to the severe disruption of traffic.  

 
6.2 Effectiveness 

Very little quantitative information currently exists on the environmental impacts from the use of dust 
suppressants (other than water). The use of  suppressants appears to be mainly restricted to soils 
and unpaved roads (e.g. Succarieh, 1992; Sanders et al., 1997). 



 

 

22 

Few tests on paved roads have been reported in the literature. In Helsinki calcium chloride is used 
as an acute measure, and in Oslo and Trondheim magnesium chloride is used in combination with 
road surface cleaning. In Stockholm successful results have been obtained using Calcium 
magnesium acetate (CMA) - a 25% solution of CMA was found by Norman and Johansson (2006) to 
reduced average daily PM10 concentrations by around 35%. The impact normally lasted around 10 
days, and was strongest when the salt was first spread. Magnesium chloride has also been tested in 
Stockholm by Road Technology Sweden with good results17. Aldrin et al. (2007) found the 
application of magnesium chloride reduced the concentration of PM10 by 56% (PM2.5-10 by 70% and 
PM2.5 17%). 

Within IPL, trials are being undertaken to assess the impacts of using calcium chloride as a dust 
suppressant (Cornelissen, 2007). 

One concern is that some dust suppressants pose environmental hazards which are worse than the 
dust itself, and the effects of others are unknown. Other concerns are cost, and the possibility that 
suppressants create an impervious surface, resulting in increased run-off and hydrological impacts 
during periods of rainfall. Before dust suppressants can be used on UK roads there is a need for 
further research into both their effectiveness on paved roads and their health impacts. 

The water quality effects of the use of dust suppressants are still not entirely known, however the 
chloride compounds and the lignin additives commonly used contain contaminants such as 
chlorides, heavy metals and organic compounds that are regulated by the US Environmental 
Protection Agency. 

                                                           
17 http://www.roadtechnology.se/eng/index.asp?MainID=54&SubID=6 
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7 Evaluation of techniques 

The various measures discussed in the Report were tentatively rated according to a series of 
factors. This follows on from the assessment provided by Boulter et al. (2007). With the exception of 
road sweeping/washing and the use of de-icing compounds, little of the published literature refers 
specifically to the effectiveness of the options. Consequently, based on current information and 
understanding, this assessment is largely subjective. 

The criteria included were as follows: 

· The size of the reduction in particle mass emissions (and particle precursors) that the 
technique achieves, and how long the impact lasts. 

· Any other environmental impacts (e.g. noise, greenhouse gas emissions). 
· The safety of road users. 
· Timescale for implementation (< 3 years or 3-6 years). 
· Feasibility, including any practical issues or limitations for piloting the technique. For example, 

a certain technique may not be practically applied to motorways. 
· Cost effectiveness, including whole-life cost. 
· Political appeal. 
· Public acceptability. 
· Impact on travel times. 
· Consequences in relation to road maintenance. 

As this review has shown, the studies relating to the effectiveness of road sweeping and washing 
have yielded rather variable results. Nevertheless, these are measures which are already available 
and can be implemented immediately, although it appears that further development and certification 
of sweepers is required to improve the collection efficiency for PM10. It is worth noting, however, that 
road sweepers generally have low operational speeds. Whilst sweepers are used on motorway hard 
shoulders, their use on the carriageway is likely to result in significant disruption to the traffic. 

The regular washing of vehicle wheels, wheel arches, chassis, bodywork and brakes could also 
have an impact on the amount of material deposited on the road, and hence resuspension. It is also 
fairly undemanding technically, although changes to the infrastructure would be required to allow for 
the routine washing of heavy-duty vehicles. For example, washing bays could be constructed at 
larger fuel retail outlets (e.g. motorway service stations) and could be made mandatory for 
construction sites and distribution centres above a certain size. However, this type of measure 
appears to be beyond the scope of IPL as it cannot be applied to a specific section of a motorway or 
at a ‘hot spot’). 

The use of dust suppressants could be beneficial in terms of reducing the road silt loading. 
However, further experimental work is required to assess the effectiveness of such measures, and 
possible environmental impacts. 

The cost implications of measures are difficult to estimate, as they are largely dependent upon the 
scale of application and location-specific factors. Another issue is that the costs of the various 
options will be borne by different organisations and bodies. The costs of sweeping and washing 
roads would generally be borne by local authorities. Vehicle washing and the use of dust 
suppressants may be the responsibility of both local authorities and commercial organisations. 
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Table 6:  Assessment of potential abatement options. 
 

Abatement measure 
Criterion 

Sweeping the road 
surface 

Spraying water on 
road surface Washing vehicles Dust suppressants 

     
Effect on PM mass emissions* -/+ -/+ - -- 

Duration of impact Hours Hours Days Hours-days 

Other environmental impacts Limited. Unlikely to be 
different from the 
effects of rainfall. 

Limited. Run-off needs 
to be controlled. 

Not known 

Road safety Potential 
improvements in 

friction 

The removal of loose 
debris will improve 
friction, but wetted 
surfaces would be 
associated with a 
reduced rolling 

resistances 

Potential knock-on to 
improved vehicle 

maintenance 

Could reduce skid 
resistance. 

Timescale for implementation < 3 years < 3 years < 3 years < 3 years 

Feasibility of application to motorways Unlikely to be feasible 
using existing vehicles 
because of  disruption 
to traffic due to slow 

speeds 

Unlikely to be 
feasible using 

existing vehicles 
because of  

disruption to traffic 
due to slow speeds 

N/A Medium. Some 
disruption to traffic is 

likely. 

Cost effectiveness, including whole-life 
costs 

Medium Medium Low-medium. Would 
require new 

infrastructure.  

Medium-high. 

Political appeal Good public visibility Important to link with 
water conservation 

strategies 

Good public visibility, 
with costs charged to 

vehicle operator 

Good public visibility, but 
reassurance required to 

demonstrate benign 
health & environmental 

effects 

Public acceptability Low if traffic is 
disrupted and speeds 
are reduced. May also 

lead to increased 
soiling of vehicles. 

Low if traffic is 
disrupted and speeds 

are reduced. May 
also lead to 

increased soiling of 
vehicles. 

Depends on the scale of 
application. Probably 

high were only 
commercial vehicles are 
targeted. Probably low if 

private vehicles are 
included. 

Low-medium. There may 
be some disruption to 
traffic and increased 

vehicle corrosion, and 
concerns about the 

environmental impacts of 
suppressants. 

Impact on travel times Potentially high. Potentially high. Medium Low 

Consequences in relation to road 
maintenance 

Not known. Extensive 
sweeping may result in 

the need for more 
frequent resurfacing. 

Not known, although 
there are claims that 

some techniques 
revitalise the road 

surface, avoiding the 
need for resurfacing. 

None Not known. The 
corrosive properties of 

some suppressants may 
have implications for 
street furniture, crash 

barriers, etc. 

 

 

*Key 
 
+ slight increase in emissions possible 
++ substantial increase in emissions possible 
- slight reduction in emissions possible 
-- substantial reduction in emissions possible 
n/s effect probably not significant 
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8 Conclusions and recommendations 

The following conclusions have been drawn from this work: 

· The evidence currently indicates that road sweeping removes large particles but, even with 
modern vacuum-assisted sweepers, is not a particularly effecting means of reducing PM10 

concentrations. Further development of sweepers is required to improve the collection 
efficiency for PM10. In addition, road sweeping vehicles tend to operate at low speeds, and 
vehicles would have to be built or modified for highway operation. It is also likely that the 
sweeping of motorways would lead to the disruption of traffic. 

· Road sweeping may have a beneficial effect on air quality over the long term if it can remove 
particles that may evolve into PM10 with weathering and trafficking. However, there is little 
evidence to support this. 

· The extent to which wet cleaning has an effect on combating PM10 is dependent on the 
technique used and environmental factors which determine dispersion. Effects tend to be 
localised, and background concentrations are not affected. The trials in Nijmegen indicated the 
there are some potential benefits of wet cleaning but, as with sweeping, the application of the 
technique to motorways requires more thought. Particular attention would need to be paid to 
the safety implications. 

· The regular washing of vehicle wheels, wheel arches, chassis, bodywork and brakes could 
also have an impact on the amount of material deposited on the road, and hence 
resuspension. It is also fairly undemanding technically, although changes to the infrastructure 
would be required to allow for the routine washing of private vehicles and this appears to be 
outside the scope of IPL (See above). 

· The application of dust suppressants may be effective, but there are various concerns, not 
least the potential health, safety and environmental impacts of the compounds used. 

The recommendations from the work are as follows: 

· Further work is required to assess the effects of all techniques (sweeping, road washing, 
vehicle washing and dust suppression) on ambient PM concentrations and size distributions. 
Initial indications are that sweeping and wet cleansing have limited effects and thus emphasis 
would be justified towards dust suppressants. 

· Further work is required to determine the evolution of the size distribution of the material on 
the road surface, and to establish the mechanism of fragmentation, as this could have 
important implications for the effectiveness of sweeping programmes.  

· Consideration should be given to establishing a testing scheme that would identify the most 
effective road sweeping systems. This could be used as the basis for a certification scheme. 
Whilst these systems could be measured under laboratory conditions, it is recommended that 
real-world environments are used within this testing regime. Experience has indicated that 
road tunnel environments could be successfully used for this purpose. Various combinations of 
cleaning measure should be examined. 

· Further work is required to evaluate the potential for using dust suppressants at locations 
where PM concentrations are high. Such work would need to consider the effectiveness of 
different suppressants, as well as potential effects on health, safety and the local ecosystem. 

· The existing work, which has focussed mainly on PM10 mass, could be extended to chemical 
characterisation and source apportionment. 



 

 

26 

9 References 

Alder J (2005). Ceramic diesel particulate filters. Int. J. Appl. Ceram. Technol. Vol 2, (6), pp. 429–
439. http://www.blackwell-synergy.com/doi/pdf/10.1111/j.1744-7402.2005.02044.x 

Aldrin M, Haff I and Rosland P (2007) . The effect of salting with magnesium chloride on the 
concentration of particulate matter in a road tunnel. Norwegian Public Road Administration, 
Atmospheric Environment. In press.  

Beevers S and Carslaw D  (2005). The impact of congestion charging on vehicle emissions in 
London. Atmospheric Environment. Vol. 39, pp. 1-5.  

Bolander P and Yamada A (1999) . Dust palliative selection and application guide. U.S. Department 
of Agriculture Forest Service. 
http://www.dot.state.ak.us/stwddes/research/assets/pdf/dust_sag.pdf. 

Borge R, Lumbreras J, Vardoulakis S, Kassomenos P a nd Rodríguez E (2007). Analysis of 
long-range transport influences on urban PM10 using two-stage atmospheric trajectory clusters. 
Atmospheric Environment. Vol. 41, (21), pp. 4434-4450. 

Boulter P G, McCrae I S and Carder D (2006). Impact of revised Health and Safety Executive 
(HSE) NOX standards on road tunnels Report 1: Current practices for limiting exposure to NO and 
NO2 in road tunnels. TRL report UPR/IE/031/06. TRL Ltd, Wokingham. 

Boulter P G, Wayman M, McCrae I S and Harrison R M (2007). A review of abatement measures 
for non-exhaust particulate matter from road vehicles. TRL report PPR230. TRL Limited, 
Wokingham. 

Boulter P G and Latham S (2008) . A review of the effects of fuel properties on road vehicle 
emissions. Unpublished Report UPR/IE/184/06. TRL Limited, Wokingham. 

Bris F J, Garnaud S, Apperry N, Gonzalez A, Mouchel  J M, Chebbo G and Thevenot D R 
(1999). A street deposit sampling method for metal and hydrocarbon contamination assessment. 
Science of the Total Environment. Vol. 121, pp. 229–237 

CAFE Working Group on Particulate Matter (2004) . Second position paper on particulate matter. 
December 20th, 2004. http://europa.eu.int/comm/environment/air/ 

Chang Y-M, Chou C-M, Su K-T, Tseng C-H (2005) . Effectiveness of street sweeping and washing 
for controlling ambient TSP. Atmospheric Environment. Vol. 39, pp. 1891–1902.  

Chow J C, Watson J G, Egami R T, Frazier C A, Lu Z,  Goodrich A and Bird A (1990).  
Evaluation of regenerative-air vacuum street sweeping on geological contributions to PM10. Journal 
of the Air and Waste Management Association. Vol. 40, (8), pp. 1134–1142. 

Cook S (2004). Low rolling resistance and good wet grip without silica. Tire Technology 
International. pp.16-20. 

Cornelissen T (2007).  IPL Scientific Strategy Document - draft. Road and Hydraulic Engineering 
Division of Rijkswaterstaat, Delft, The Netherlands.  

Cowherd C, Muleski G E and Kinsey J S (1988) . Control of open fugitive dust sources. EPA-
450/3-88-008. US Environmental Protection Agency, Research Triangle Park, NC. 

Duncan M, Jain R, Yung S C and Patterson R. (1985) . Performance evaluation of an improved 
street sweeper. US Environmental Protection Agency (US EPA-600/7-85- 008). Government 
Printing Office, Research Triangle Park, NC. 



 

 

27 

Ellis J B and Revitt D M (1982) . Incidence of heavy metals in street surface sediments: Solubility 
and grain size studies. Water, Air, and Soil Pollution. Vol. 17, pp. 87–100. 

Etyemezian V, Kuhns H, Green M, Hendrickson K, McGo wn M, Barton K and Pithford M 
(2003). Vehicle-based road dust emission measurement-Part II: Effect of precipitation, wintertime 
road sanding, and street sweepers on inferred PM10 emission potentials from paved and unpaved 
roads. Atmospheric Environment. Vol. 37, pp. 4573–4582. 

European Commission (2005). Baseline Scenarios for the Clean Air for Europe (CAFE) 
Programme: Final report. http://ec.europa.eu/environment/air/cafe/general/pdf/cafe_lot1.pdf 

FHWA (2008). Chapter 3.8 of Stormwater Best Management Practices in an Ultra-Urban Setting: 
Selection and Monitoring Federal Highway Administration. 
http://www.fhwa.dot.gov/environment/ultraurb/3fs16.htm 

Fitz D R (1998). Evaluation of street sweeping as a PM10 control method. South Coast Air Quality 
Management District, Contract no. US EPA-AB2766/96018. 

Fitz D and Bufalino C (1998) . Measurement of PM10 emission factors from paved roads using on-
board particle sensors. US Environmental Project Agency Conference. 
http://www.epa.gov/ttn/chief/conference/ei11/dust/fitz.pdf 

Fitz D R and Bumiller K (2000) . Determination of PM10 emission from street sweepers. Journal of 
the Air and Waste Management Association. Vol. 50, pp. 181–187. 

Fitz D R and Bufalino C (2002) . Measurement of PM10 emission factors from paved roads using on-
board particle sensors. U.S. Environmental Protection Agency 11th Annual Emission Inventory 
Conference: Emission Inventories-Partnering for the Future. 

Gambatese J A and James D E (2001). Dust suppression using truck mounted water spray 
system. Journal of Construction Engineering and Management. January/February 2001, pp. 53-59. 

Gao D and Chen J (2006). Experimental research on waterjet street surface cleaning. Proceedings 
of the Institution of Civil Engineers, Municipal Engineer, 159 June 2006 Issue ME2, Pages 71–75,  
http://www.atypon-link.com/TELF/doi/pdf/10.1680/muen.2006.159.2.71?cookieSet=1 

Garg B D, Cadle S H, Mulawa P A, Groblicki P J, Lar oo C, and Parr G A (2000).  Brake wear 
particulate matter emissions. Environmental Science and Technology. Vol. 34, (21), pp. 4463-4469. 

Gromaire M C, Garnaud S, Ahyerre M and Chebbo G (20 00). The quality of street cleaning 
waters: comparison with dry and wet weather flows in a Parisian combined sewer system. Urban 
Water. Vol. 2, pp. 39–46. 

Gustafsson M (2004). Nordic Road and Transport Research, No.1. Road and street sweeping as a 
measure against high particle concentrations caused by road dust http://www.vti.se/nordic/1-
04mapp/annosv.html 

Gustafsson M (2007). VTI particle research, FEHRL Conference presentation. 

Gertler A, Kuhns H, Abu-Allaban M, Damm C, Gillies J, Etyemezian V, Clayton R and Proffitt D 
(2006). A case study of the impact of winter road sand/salt and street sweeping on road dust re-
entrainment. Atmospheric Environment. Vol. 40, (31), pp. 5976-5985. 

Green J and Barlow T (2004). Traffic management for air quality: realistic driving cycles for traffic 
management schemes, TRL Report 596, TRL Limited, Crowthorne. 

FCM (2005). Dust Control for Unpaved Roads. Federation of Canadian Municipalities.  

Hansford M (2001) . “Green" asphalt promises to cut exhaust pollution. New Civil Engineer. 21 June 
2001, p 7. 



 

 

28 

Harrison R M, Yin J, Mark D, Stedman J, Appleby R S , Booker J and Moorcroft S (2001).  
Studies of the coarse particle (2.5 – 10µm) component in UK urban atmospheres. Atmospheric 
Environment. Vol. 35, pp. 3667 – 3679. 

Hofschreuder P, Tonneijck F and Hofschreuder E (200 5). Optimalisatie van geluidsschermen 
voor verbetering van de luchtkwaliteit. Wageningen University & Research Centre, August 2005. 

John A C, Hugo A, Kaminski H, Brandt A, Kappert W, Falkenberg E and Kuhlbusch T A J 
(2007). Effectiveness of street cleaning for reducing ambient PM10 concentrations. European 
Aerosol Conference 2007, Salzburg, Abstract T19A047. 

Kantamaneni R, Adams G, Bamesberger L, Allwine E, W estberg H, Lamb B and Claiborn C 
(1996). The measurement of roadway PM10 emission rates using atmospheric tracer ratio 
techniques. Atmospheric Environment. Vol. 24, pp. 4209-4223. 

Kee-Young Y and Yu-Mee N (2006). The effectiveness of street cleaning and its implementation 
methods in Seoul, Seoul Development Institute Research Report 23. 
 http://www.sdi.re.kr/nfile/zcom_eng_bbs/a2006-R-23.pdf 

Kennedy K, Gadd J and Moncrieff I (2002).  Emission factors for contaminants released by motor 
vehicles in New Zealand. Prepared for the New Zealand Ministry of Transport and Infrastructure 
Auckland. 

Kuhns H, Etyemezian V, Landwehr D, MacDougall C, Pi tchford M and Green M (2001).  Testing 
re-entrained aerosol kinetic emissions from roads (TRAKER): a new approach to infer silt loadings 
on roadways. Atmospheric Environment. Vol. 35, pp. 2815-2825. 

Kuhns H, Etyemezian V, Green M, Hendrickson K, McGo wn M, Bartond K and Pitchford M 
(2003). Vehicle-based road dust emission measurement—Part II: Effect of precipitation, wintertime 
road sanding, and street sweepers on inferred PM10 emission potentials from paved and unpaved 
roads. Atmospheric Environment. Vol. 37, pp. 4573–4582. 

Kupiainen K, Tervahattu H and Raisanen M (2003) . Experimental studies about the impact of 
traction sand on urban road dust composition. Science of the Total Environment. Vol. 308, (1-3), pp. 
175-84. 

Kupiainen K (2007) . Road dust from pavement wear and traction sanding, Monograph No. 26, 
Boreal Environment Research, Finnish Environment Institute. 
https://oa.doria.fi/bitstream/handle/10024/4018/roaddust.pdf?sequence=1 

Latham S, Boulter P and Barlow T (2005) . The effects of traffic management schemes on 
emissions from heavy-duty vehicles. TRL Report PPR038. TRL Limited, Crowthorne. 

Lindgren A (1996). Asphalt wear and pollution transport. Science of the Total Environment. Vol. 
189/190, pp 281-196. 

Municipality of Nijmegen, Ministry of Transport & P ublic Works and VRINS Luchtonderzoek 
(2007). Air Quality Innovation Programme (IPL) Wet Cleaning Pilot of Energieweg Nijmegen - Final 
report (English translation). 

Nevada Division of Environmental Protection (2004).  Chapter 5 of the Western Regional Air 
Partnership’s (WRAP) Dust Emissions Joint Forum Fugitive Dust Handbook. 
http://ndep.nv.gov/baqp/wrap/chapter-5.pdf 

Netherlands Environment Assessment Agency (MNP) (20 07). The Netherlands Informative 
Inventory Report 2007. 
http://www.mnp.nl/bibliotheek/rapporten/500080007.pdf 



 

 

29 

Norman M and Johansson C (2006). Studies of some measures to reduce road dust emissions 
from paved roads in Scandinavia. Atmospheric Environment. Vol. 40, (32), pp. 6154-6164. 

NVPDC (1992). Northern Virginia BMP Handbook: A Guide to Planning and Designing Best 
Management Practices in Northern Virginia. Prepared by Northern Virginia Planning District 
Commission (NVPDC) and Engineers and Surveyors Institute. Cited in FHWA (2008). 

Sadler L (2003). The air quality impact of water-diesel emulsion fuel (WDE) and selective catalytic 
reduction (SCR) technologies. GLA, Mayor of London’s Office. 
 http://www.london.gov.uk/gla/publications/environment/scr_wde.pdf 

Sanders T G, Addo J Q, Ariniello A and Heiden W F ( 1997). Relative effectiveness of road dust 
suppressants. Journal of Transportation Engineering. Vol. 123, (5), pp. 393-397. 

Schilling J G (2005) . Street Sweeping – Report No. 1, State of the Practice. Prepared for Ramsey- 
Washington Metro Watershed District, North St. Paul, Minnesota. 
http://www.rwmwd.org/vertical/Sites/%7BAB493DE7-F6CB-4A58-AFE0-
56D80D38CD24%7D/uploads/%7B9EE2CF53-44F6-4614-BE01-F80EE0C151E1%7D.PDF 

Succarieh M (1992). Control of dust emissions from unpaved roads. Quick Response Program 
Report No. INE/TRC/QRP-92.05. 
http://www.dot.state.ak.us/stwddes/research/assets/pdf/fhwa_ak_rd_92_05.pdf 

Tiwary A, Morvan H P and Colls J J (2005) . Modelling the size-dependent collection efficiency of 
hedgerows for ambient aerosols. Aerosol Science. Vol. 37, pp. 990-1015. 

USEPA (1995). Emission factor documentation for AP-42. Appendix C.1: procedures for sampling 
surface/ bulk dust loading. United States Environmental Protection Agency. 

Velders G, Matthijsen J, Aben J and de Vries W (200 7). Large-scale PM2.5 concentration maps for 
the Netherlands. A preliminary analysis, Netherlands Environment Agency Report 500088003/2007. 
http://www.mnp.nl/bibliotheek/rapporten/500088003.pdf 

Vaze J and Chiew S (2002) . Experimental study of pollutant accumulation on an urban road 
surface. Urban Water. Vol. 4, pp. 379–389. 
 
Wieser-Linhart E J (2003).  Construction built along a road for noise and fumes reduction, Germany 
patent. 
 
 



 

 

30 

Appendix A. Dutch Air Quality Innovation Programme 
(IPL) 

 

Following a preliminary research phase, commencing in the spring of 2005, the IPL team and its 
collaborators have instigated investigations into a range measures including: 

· The catalytic breakdown of NOX along motorways. Evaluating the use of a photocatalytic 
layer of titanium dioxide (TiO2) on noise barriers, for example, to reduce NOX concentrations 
along busy motorways. 

· The effect on air quality of optimized noise barriers. Investigating the feasibility of adapting 
(existing) or designing noise barriers in such a way that they contribute to the reduction in 
downwind pollution concentrations through the restriction or diversion of airflows. 

· The effect on air quality of lightweight coverings over motorways. Examining the 
(economically) feasible to enclose sections of busy motorways, purify the air within the 
resulting ‘tunnel’ and thus contribute to cleaner air in the immediate surroundings of the road. 

· The effect on air quality of vegetation along motorways. Investigating the extent that 
vegetation can contribute to improved air quality on and along motorways.  

· The effect on air quality when motorways surfaces are cleansed. Studying the extent wet-
spraying or wet-brushing roads can prevent or reduce the resuspension of particulate 
matter18, and its contribution to roadside air quality. 

· The effect of dynamic traffic management based on air quality forecasts. Assessment of the 
feasibility of implementing temporary traffic measures during periods when poor air quality is 
forecast. Identifying which measurements and forecasts and which measures this would 
involve, e.g. speed limits, compliance with certain Euros classes, closing lanes, etc. 

These projects are supported by on-going desk-top research, explorations into emerging 
technologies via a review of patents, investigations into international best-practice, and through 
participation in meetings and conferences with specific experts, local governments, the business 
sector, and the wider stakeholder community.  

In 2008, IPL is aiming to compile a catalogue, based upon the results of these various initiatives, 
which will summarise measures with the ability to improve roadside air quality. The most effective of 
these measures will be incorporated into a National Programme of Measures by the Dutch 
government. Greater detail on this project is available on the IPL website. 

                                                           
18 The re-suspended faction is taken as the size fraction between PM10 and PM2.5. This is also referred to as the coarse 
fraction. 


