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Non-exhaust particulate emissions

1 Background

Non-exhaust particulate emissions come from a number of sources. The most significant
are:

e Tyre wear, from the interaction of the tyres and road surface

e Brake wear, from the use of the vehicle’s brakes

e Abrasion, from the wearing of the road surface

e Corrosion, from the oxidation on the vehicle and also the street furniture.

e Resuspension, due to the particulates lying on the road being disturbed by the
wake of the vehicle

These are dealt with in the following sections.

Addition vehicle sources may also be present (e.g. clutch wear), but these are very small
in comparison to the above sources.

Particulate matter (PM) refers to very small particles of solid or semi-solid material.
Particles with a diameter larger than 50 microns (um) tend to fall and settle on the
ground. Those smaller than 50 microns are suspended in the air. The particles can be
categorised into the following groups:

e TSP: Total Suspended Particulate. Particles between 0.1 and 50 microns in
diameter.

e PMyq: Particulate matter with diameters of 10 microns or less
e PM,s: Particulate matter with diameters of 2.5 microns or less

Both PM;jg and PM, s can be breathed into the lungs causing health effects. PM; s will
penetrate deeper into the alveoli of the lungs than PMyy. Particulate matter can reduce
lung function and cause lung disease such as emphysema, bronchiectasis, pulmonary
fibrosis, and cystic lungs. Long term effects can also lead to lung cancer.

1.1 Tyre wear

Tyre wear is caused by the frictional energy between the tread and road surface. Most
tyre rubber is lost during acceleration, braking and cornering. With the exception of
resuspension, tyre wear is probably the largest non-exhaust source of TSP and PM,
emissions from road transport (Likewille et al., 2001).

Tyre wear itself is a complex physio-chemical process which is driven by the frictional
energy developed at the interface between the tread and the road pavement (Veith,
1995). The wear factor (defined here as the total amount of material lost per kilometre),
and hence a tyre's lifetime, varies enormously depending on its type and how it is used.
The factors affecting tyre wear include:

Tyre characteristics Road surface characteristics

e Size (radius/width/depth) e Material: bitumen/concrete

e Tread depth o Texture pattern

e Construction e Texture wavelength -

e Tyre pressure and temperature micro/macro/mega

e Contact patch area e Porosity

e Chemical composition e Condition, including rutting and
e Accumulated mileage camber
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e Set-up (e.g. tracking, toe-in and camber) e Road surface wetness
e Silt loading of road surface
e Surface dressing

Vehicle characteristics Vehicle operation

Vehicle weight and distribution of load
Location of driving wheels

Engine power Radial acceleration
Power/unassisted steering Frequency and extent of braking
Electronic braking systems and cornering

Suspension type and condition

Speed
Linear acceleration

1.1.1 Tyre wear factors

In 2000, more than 54 million passenger car tyres were used in the UK, equating to a
total weight of almost 430,000 tonnes (Used Tyre Working Group, 2001). A new tyre on
an average European car weighs around 8 kg, and loses roughly 1-1.5 kg in weight
during its service lifetime, which is typically around 3 years or 50,000 to 60,000 km.
Thus, between around 10% and 20% of the rubber which goes into a tyre will disappear
before the tyre is ready to scrap (Environment Agency, 1998). Similarly, Ahlbom and
Duus (1994) arrived at an average rubber loss figure for Swedish roads of 17%. Based
on the upper estimate for rubber loss of 20%, around 85,000 tonnes of tyre material
were lost to the UK environment from passenger cars alone during 2000, mainly as a
result of in-service wear.

A combination of the tyre usage and material loss statistics given above reveals that an
‘average’ tyre wear factor would be of the order of 100 mg per vehicle-kilometre (vkm)
for a passenger car (assuming four wheels per vehicle). Figure 1 shows that a wide
range of wear factors have been reported for light-duty vehicle tyres. It incorporates
information provided by Councell et al. (2004), as well as other values from the
literature. These values have either been derived experimentally, or have been
estimated from average statistics as above. Figure 1 indicates that for ‘normal’ driving
conditions a wear factor close to 100 mg/vkm would probably be appropriate.

Much of the variability in these wear factors can probably be explained by differences in
the factors listed. For example, in the studies conducted during the early 1970s cross-ply
tyres would have been used. Now, almost all modern cars are fitted with radial-ply tyres,
which have greater rigidity for cornering, have better grip in the wet, and are much less
susceptible to wear than the older cross-ply type. Driving behaviour and driving
conditions are well-recognised determinants of tyre wear. An aggressive driving style will
tend to result in more rapid and uneven tyre wear than a more restrained driving style.
The reported driving conditions in the studies cited in Figure 1 ranged from ‘gentle’ to
‘severe’. Most tyre rubber is lost during acceleration, braking, and cornering, and the
amount of rubber lost will therefore tend to be greatest near busy junctions and on
bends. Using a tyre-testing machine, Stalnaker et al. (1996) simulated the effects of
'city' and 'motorway’' driving conditions on the wear of tyres. The city conditions included
large numbers of turns. It was found that the city driving accounted for 63% of the tyre
wear, even though it represented only 5% of the distance driven. Luhana et al. (2004)
weighed car tyres at two-month intervals, and asked drivers to note the details of each
trip undertaken. There was found to be a weak negative correlation between tyre wear
and average trip speed, with wear being around 50% higher at an average speed of 40
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km/h (dominated by urban driving) than at average speed of 90 km/h (dominated by
motorway driving).

Tyre wear factors ought to be substantially higher for heavy duty vehicles (HDVs) than
for light duty vehicles (LDVs). Legret and Pagotto (1999) assumed that the wear factor
for heavy-duty vehicle tyres (at 136 mg/vkm) was double that for light-duty vehicle
tyres. However, this appears to be an underestimate. Baumann and Ismeier (1997) give
wear factors for ‘HDVs, ‘articulated lorries” and buses of 189 mg/vkm, 234 mg/vkm, and
192 mg/vkm respectively. Gebbe et al. (1997) reports a tyre wear factor for HDVs of
539 mg/vkm. HDV wear factors closer to 800 mg/km have been reported by Garben et
al. (1997) and EMPA (2000), and SENCO (1999) give a wear factor for HGVs of 1403
mg/vkm. The wear factor per vkm will be dependent on the vehicle configuration, such
as the number of axles and the load, and so a wide range of values is to be expected.
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Figure 1: Wear factors for light-duty vehicle tyres (adapted from Councell et al.,
2004)
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1.2 Brake wear

There are two main friction brake system configurations in current use: disc brakes, in
which flat brake pads are forced against a rotating metal disc (usually cast iron or
reinforced aluminium), and drum brakes, in which curved brake shoes are forced against
the inner surface of a rotating cylinder. Brake pads and brake shoes are composed of
friction lining material bound to a metal backing plate. During forced deceleration,
vehicle brakes are subject to large frictional heat generation, with the associated wear of
linings and rotors. This mechanically-induced wear generates micron-size particles which
are subsequently released to the environment.

Cars are usually equipped with front disc brakes and either rear disc or drum brakes, and
many modern vehicles are equipped with anti-lock braking systems (ABS). Commercial
vehicles tend to be fitted with drum brakes, although disc brakes are being introduced
by some manufacturers. Disc brakes have a much better gradual braking efficiency than
drum brakes, even though they have a smaller friction lining. The front brakes have to
provide around 70% of the braking power (Garg et al., 2000), and it is therefore no
surprise that front brake linings have to be replaced more frequently than rear ones.

For many years brake linings were composed of asbestos fibres, but asbestos is no
longer incorporated in new brake linings due to health concerns. There are now several
basic types of brake lining material available:

Non-asbestos organic (NAO)
e Low-metallic

e Semi-metallic

e Metallic

As with tyre wear, the composition of the friction material influences the brake wear
factor. The first three types of brake lining tend to be used for conventional applications.
NAO linings are relatively soft and create less noise, but they generally wear faster and
create more dust than the other types. Low-metallic linings are made from an organic
formula mixed with small amounts (10 to 30 %) of metal to help with heat transfer and
provide better braking. With the added metal, there is more brake dust and they may be
slightly noisier. Semi-metallic linings have a metal content of around 30 to 65%. These
pads are more durable and have excellent heat transfer, but also wear down rotors
faster, have intrusive noise characteristics, and may not perform as well under low-
temperature conditions. For high performance requirements, or extreme braking
conditions (sports cars, ambulances, police cars), metallic linings are used.

Driving behaviour, in particular the frequency and severity of braking events, is also an
important determinant of brake wear. Because brake wear only occurs during forced
decelerations, the highest concentrations of brake wear particles should be observed
near busy junctions, traffic lights, pedestrian crossings, and corners. However, as
Kennedy et al. (2002) point out, particles may also be released from the brake
mechanism or wheel housing sometime after the primary emission event.

1.2.1 Brake wear factors

The NAEI data for 2012 indicate that brake wear was responsible for 4.4 kt of PM,
emissions in the UK, although the value reported in the UK inventory is subject to

uncertainty. A Swedish study found that around 934 tonnes of brake linings were used in
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the country during 1993 (Malmo Environmental Health Administration, 1998).
Westerlund (2001) calculated that, in Stockholm, cars, goods vehicles and buses
released around 45 tonnes, 7.6 tonnes, and 3.3 tonnes respectively of brake lining
material to the environment each year.

It has been estimated that front disc brakes last for around 35,000 miles (56,000 km)
miles under normal usage, whilst rear brakes can be expected to last around 70,000
miles (112,000 km) (Garg et al., 2000). During a brake's lifetime, normally around 80%
of the friction material will have worn away, and on this basis total wear amounts to 11-
18 mg/vkm for cars, and for a large pick-up truck it would be 29 mg/vkm (Garg et al.,
2000). Based on component size, density, and lifetime, Legret and Pagotto (1999)
calculated brake lining wear factors of 20 mg/vkm for cars, 29 mg/vkm for light goods
vehicles, and 47 mg/vkm for HGVs. In Stockholm, Westerlund (2001) estimated the
amount of material lost from cars, HGVs and buses to be 17 mg/vkm, 84 mg/vkm and
110 mg/vkm respectively. For cars, Luhana et al. (2004) determined an average brake
lining wear factor of 8.8 mg/vkm, and observed a negative linear dependence of the
wear factor on average trip speed. In addition, Luhana et al. (2004) noted that a small
number of severe braking events appeared to have a large impact on the amount of
material lost. When such events were excluded from the analysis, the typical wear factor
was around 10 mg/vkm at 40 km/h, and around 2 mg/vkm at 90 km/h. For HGV tractor
units in New Zealand, Kennedy et al. (2002) calculated a rate of loss of brake lining
material of around 54 mg/km.

Although gaseous emissions do occur as a result of the mechanical abrasion of brake
linings, they do not appear to be significant. During the tests conducted by Garg et al.
(2000), increases in the concentrations of CO, CO, and hydrocarbons above the
background levels in the test chamber could not be detected.

1.3 Road surface wear

There is little information from the UK concerning the effects of road surface wear on PM
emissions and ambient concentrations. However, in Nordic countries the situation is
rather different on account of the specific problems associated with the use of studded
tyres. For example, in Sweden more than 100,000 tonnes of asphalt pavement are worn
down every year due to the use of studded tyres and road salt (Gustafsson, 2001). In
Norway during the mid-1990s, the use of studded tyres was estimated to be responsible
for the wear of around 250,000 tonnes of asphalt per year (NILU, 1996). Calculations of
annual mean concentrations of PMyq in the centre of the largest cities in Norway showed
that 20% to 30% of the airborne dust was due to studded tyre wear. A significant
portion of the tyre and road surface wear literature therefore relates to the use of
studded tyres. However, as studded tyres are illegal in the UK and several other
European countries, this literature has not been reviewed comprehensively here.

1.4 Road surface wear factors

Asphalt wear has been estimated by Muschack (1990) to be 3.8 mg/vkm. CBS (1998),
cited in Lukewille et al. (2001), reported wear factors for LDVs and HDVs of 7.9 and 38
mg/vkm respectively, although these values also included tyre and brake wear. For New
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Zealand, Kennedy et al. (2002) calculated a wear factor of 0.44 g/vkm for a road surface
containing 50% bitumen. In a situation where the bitumen comprises only 10% of the
worn surface, this figure would be reduced to 0.09 g/vkm.

However, in areas where there is extensive use of studded tyres during the winter, the
wear of the road surface, and the resulting PM concentrations due to resuspension, are
considerably higher. Indeed, the wear when non-studded tyres are used in insignificant
compared with studded tyres are used (S6rme and Lagerkvist, 2002). In Sweden, an
average of 24 g/vkm of asphalt is worn off during winter (Lindgren, 1996), although it
was estimated by Carlsson et al. (1995) that the introduction of softer studs and more
durable asphalt would have reduced this to 11 g/vkm by 2000. The average wear factor
of roads in Stockholm has been estimated to be 4-6 g/vkm (Jacobsson and Hornwall,
1999). Winter maintenance procedures in cold climates, such as traction sanding (the
dispersion of sand aggregate on the road surface) and the use of studded tyres, have
been associated with high airborne particle concentrations through a formation process
known as the ‘sandpaper effect’” (Kupiainen et al., 2003). The wear of the road surface
increases with moisture level, and is 2 to 6 times larger for a wet road than for a dry one
(Folkeson, 1992). It also increases after salting of the road, since the surface remains
wet for longer periods. Vehicle speed, tyre pressure and air temperature also affect road
wear. As the temperature decreases the tyres become less elastic, with the result that
the road surface wear rates increase (NTNU, 1997).

1.5 Corrosion

The corrosion of vehicle components, crash barriers, and street furniture can contribute
to the dust deposited on the road surface, and hence forms part of resuspended
material. Corrosion may also be a direct source of airborne particles, but there is little
information relating to its significance.

Fry et al. (2005) determined the sources of heavy metal contamination in road dust at
two locations in the south of England. The first stage of the work was carried out at the
TRL research track, and the second stage on the A243 north of Junction 9 of the M25
motorway. The two roads were similar in their density of road furniture and their
surroundings. However, the traffic flow on the test track was estimated to be less than
50 vehicles per day, whereas on the A243 it was around 30,000 vehicles per day.
Samples were taken from all potential sources of contamination, including lamp posts,
sign posts, drain covers and grills, barriers, and white lining. Surface dust samples were
swept from areas adjacent to the base of lamp posts and from similar surfaces (both
asphalt and concrete), as far away from the metallic sources as possible. Major elements
in the dust were quantitatively determined by inductively coupled plasma techniques.
Typical chemical ‘fingerprints’ for the source materials were also determined from the
literature. These were used to assess the potential contributions of contaminants from
road surface and street furniture. It was concluded that soil was not a major component
of the road dust, and that traffic had a smaller influence than commonly perceived. It
therefore appeared that the road surface and the street furniture were significant factors
in the contamination of road dust. There were four key sources of heavy metals
contamination: asphalt, galvanised metals, iron, and steel but source apportionment was
difficult due to the preferential dissolution of some elements during weathering and
corrosion. Further work is required to study these weathering effects to ascertain the
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relative solubility of the heavy metals before a model can be developed to predict the
relative inputs from the sources identified.

Legret and Pagotto (1999) conducted a study of the corrosion of safety barriers in
galvanised steel, by means of an experimental set-up consisting of a 150m-long barrier
equipped with a gutter. Rain water was collected and the heavy metal content was
determined over a one year period. The amount of zinc removed was approximately 950
g/km/year. The corresponding fluxes for cadmium, copper and lead were 0.16, 0.23, and
2.1 g/km/year respectively.

Compositional analysis of used car body parts and fresh primer paint by Brewer (1997)
revealed that a number of heavy metals are found in a range of concentrations in
different vehicle components. Unsurprisingly, in all bodywork and chassis components
(except paint) Fe was found in the highest concentrations. Exhaust components also
contain high concentrations of Pb, Zn, and Cu. The lead probably originated from the use
of leaded fuel. Car paint was found to contain high levels of barium, aluminium, iron,
chromium, zinc, and lead.

1.6 Resuspension of road dust

Several studies in the United States have indicated that the resuspension of paved road
dust contributes significantly to atmospheric PM;, and PM, s concentrations (Chow et al.,
1995; Schauer et al., 1996; Kleeman and Cass, 1999). Kleeman and Cass (1999) found
that the entrainment of road dust from paved and unpaved roads was responsible for
34% of all PMyg and 20% of all PM, s emissions in Los Angeles. The fact that the same
study showed that exhaust emissions from road vehicles were responsible for 5% of all
PM;, and 14% of all PM, s illustrates the potential importance of resuspension processes.
It was also found that particles emitted from paved road dust sources, and crustal
material other than paved road dust, dominated the 24-hr size distribution for particles
larger than 1pm. Similarly, Gaffney et al. (1995) and Zimmer et al. (1992) estimated
that the contribution of emissions from paved roads to total PM;q might be as high as
30% in California and 40% to 70% in the Denver Metropolitan area respectively. An
inventory of fine particulate organic carbon emissions to the Los Angeles area
atmosphere compiled by Hildemann et al. (1991) indicated that paved road dust was the
second largest source of fine aerosol organic carbon particles to the urban atmosphere.
Brake linings and tyre wear were found to be the eleventh and thirteenth largest sources
respectively.

A study in France showed that resuspension may be three to seven times higher than
exhaust emissions from road transport (Jaecker-Voirol and Pelt, 2000). At a range of
sites in Germany, PM;, emissions due to resuspension have also been found to be up to
several times larger in magnitude than those from vehicle exhaust, but with a large
range of variation between locations (Pregger and Friedrich, 2002; Diring and
Lohmeyer, 2003). Investigations in Berlin by Rauterberg-Wulff (1998) showed that more
than 50% of traffic-derived PM was in the course mode, with this mode consisting of
22% carbonaceous material (elemental and organic carbon), and 78% minerals. This
indicated that most of the coarse mode particles are due to resuspension of road dust
and tyre and brake wear. Even the fine PM mode contained a considerable proportion of
mineral matter.
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Resuspension is a major concern in Nordic countries, especially in relation to the use of
studded tyres and road sanding. Johansson et al. (2002) derived emission factors for
non-exhaust emissions for PM, s and PM;, which were respectively equal to, and 9 times
larger than, the exhaust emission factors. The resuspension of road dust is the most
important local source in urban areas of Sweden, contributing 17 to 22 ug/m? to annual
mean concentrations at kerbside sites (Areskoug et al., 2004). At sites where traffic is
the major source, the coarse particles mass is about 6 times larger than the fine particle
mass, although PM,s can contain a considerable fraction of resuspended particles
(Areskoug et al., 2004).

In the UK, Harrison et al., (2001) concluded that vehicle-induced resuspension has a
source strength approximately equal to that of exhaust emissions. However, UK emission
inventories and models cannot adequately include the resuspension of road dust as a
particle source due to the absence of appropriate emission factors.
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2 Vehicle performance

There is currently only a very limited amount of data available regarding non-exhaust
particulate emissions. Although new cars have to have their exhaust emissions measured
as part of the type approval process, there are no such requirements, or any limits to
meet, regarding non-exhaust particulate emissions.

For the UK, the current ‘official’ non-exhaust emission factors are contained within
Defra’s Emissions Factor Toolkit (EFT). Different emission rates are included for different
vehicle types - cars, HGVs, buses etc. The emissions are given for three road types -
urban, rural and motorway. The total emissions are presented graphically in Figure 2 for
the different vehicle types.
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Figure 2: EFT total non-exhaust emission rates for different vehicle types under
different driving conditions

These totals are made up of three components:
e Brake wear
o Type wear
e Road abrasion

The emission rates for these components are shown in Figure 3 for each of the vehicle
types and road types.
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Figure 3: EFT non-exhaust emission rates for different vehicle types under
different driving conditions

The data above shows the emissions as PM;,. For brake wear, 40% of this is made up of
PM, s; for tyre wear 70% is PM, s and for road abrasion 54% is PM, s.
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2.1 Real world impact of specific designs

2.1.1 Brakes

The most common type of brake design today - especially for front brakes - is the disc
brake. Generally, the disc is exposed to the air for cooling, though there might be a
splash shield behind it to protect it from water. As the brakes are used, the brake pads
and the disc surface wear, generating particulates. Some of this collects on the brake
structure (disc and calliper) and some of it on surrounding suspension components and
the wheel, but most of it is released into the atmosphere.

Drum brakes enclose the friction area inside the drum. Although these are not air tight
and some of the particulates could escape, a lot of the resulting particulate emissions
collect inside the drum and are cleaned out during routine servicing (although the
technician might use an airline to clean out the brakes). Therefore, drum brakes are
likely to produce lower emissions than disc brakes in normal use.

As mentioned earlier, a variety of disc brake material are available. These will have
varying wear rates and also cause different wear rates of the disc/drum. Typically, the
faster the pads wear, the greater the amount of particulate matter will be generated.

Regenerative brakes produce virtually no emissions — these are covered in section 2.6.

2.1.2 Tyres

A wide range of chemical compounds can be found in the tyres of road vehicles. Tyre
formulations vary according to required performance standards, such as wet grip, wear
rate and drive-by noise, and passenger car tyres differ in composition from those used
on heavy-duty vehicles. Different types of tyre formulation result in considerable
variation in wear rates. For commercial reasons, it is unusual for tyre manufacturers to
release exact details of tyre composition. Some general information has been made
available, and this has been augmented by a number of scientific studies (e.qg.
Hildemann et al., 1991; Rogge et al., 1993; Kumata et al., 1996 and 2000). The bulk
(40 to 60%) of tyre tread is composed of a variety of rubbers, including natural rubber
co-polymers, butadiene rubber, SBR, nitride rubber, neoprene rubber, isoprene rubber,
and polysulphide rubber. The rubber blend is usually governed by the required tyre
characteristics, and for passenger cars Fauser (1999) quoted the following general
composition by weight: natural rubber (40%), SBR (30%), butadiene rubber (20%), and
butyl and halogenated butyl rubber (10%).
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Typically, wear rate is an indicator of the particulate emissions from tyres - the faster
the tyres wear out, the higher the particulate emissions. High performance vehicles (e.g.
high speed sport cars and motorcycles) may be fitted with tyres providing higher levels
of grip, but which wear out quickly (a rear tyre of a sports bike might only last two or
three thousand miles). However, on very soft tyres, the tyre wear may form ‘marbles’
which lie on the ground when discarded rather than particulates.

In addition to normal wear, the wheel alignment will also affect tyre wear and particulate
emissions. The front wheels are set up with a small set amount of toe-in or toe-out in
order to remove any slack from the suspension & steering system (to avoid vague
steering), while minimising tyre wear. If the alignment is disturbed - for example, by
hitting the kerb - then excessive wear could occur to the edges of the tyre, producing
additional particulate emissions.

2.1.3 Road surface

The road surface wear will vary depending on the composition of the road surface, its
condition, the vehicles traveling upon it, their speed & acceleration and also on
metrological conditions.

Asphalt wear has been estimated by Muschack (1990) to be 3.8 mg/vkm. CBS (1998),
cited in Liukewille et al. (2001), reported wear factors for LDVs and HDVs of 7.9 and 38
mg/vkm respectively, although these values also included tyre and brake wear. For New
Zealand, Kennedy et al. (2002) calculate a wear factor of 0.44 g/vkm for a road surface
containing 50% bitumen. In a situation where the bitumen comprises only 10% of the
worn surface, this figure would be reduced to 0.09 g/vkm.

However, in areas where there is extensive use of studded tyres during the winter, the
wear of the road surface, and the resulting PM concentrations due to resuspension, are
considerably higher. Indeed, the wear when non-studded tyres are used in insignificant
compared with studded tyres are used (S6rme and Lagerkvist, 2002). In Sweden, an
average of 24 g/vkm of asphalt is worn off during winter (Lindgren, 1996), although it
was estimated by Carlsson et al. (1995) that the introduction of softer studs and more
durable asphalt would have reduced this to 11 g/vkm by 2000. The average wear factor
of roads in Stockholm has been estimated to be 4-6 g/vkm (Jacobsson and Hornwall,
1999). Winter maintenance procedures in cold climates, such as traction sanding (the
dispersion of sand aggregate on the road surface) and the use of studded tyres, have
been associated with high airborne particle concentrations through a formation process
known as the ‘sandpaper effect’ (Kupiainen et al., 2003). The wear of the road surface
increases with moisture level, and is 2 to 6 times larger for a wet road than for a dry one
(Folkeson, 1992). It also increases after salting of the road, since the surface remains
wet for longer periods. Vehicle speed, tyre pressure and air temperature also affect road
wear. As the temperature decreases the tyres become less elastic, with the result that
the road surface wear rates increase (NTNU, 1997).

2.2 Real world impact of driving speeds, style and duty cycle

Tyre wear is dependent on the forces acting on the surface of the tyres - the higher the
forces, the higher the wear rates. Some wear, and resulting particulate emissions, will
12 CPR1976
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occur during cruise conditions, due to the interaction of the tyres with the road surface.
Higher wear will occur during periods of acceleration and deceleration and also due to
cornering, especially at high speed.

To illustrate the effect of average journey speed, the tyre emission data from the EFT for
the three road types (urban (48 km/h), rural (77 km/h for LDVs, 69 km/h for HDVS and
85 km/h for two-wheelers) and motorway (112 km/h for LDVs and two-wheelers, 86
km/h for HDVs)) has been plotted against the typical road speed for the different vehicle
types. Apart from one odd value for buses and coaches, there is generally a reduction in
tyre emissions with increasing average speed. This is because on motorways, vehicles
tend to cruise at an almost constant speed, so that there are fewer accelerations and
decelerations occurring. In contrast, a urban trip may consist on a number of stops, with
numerous accelerations and decelerations increasing tyre wear.
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Figure 4: EFT tyre emissions for urban, rural and motorway

The actual accelerations and decelerations used will also affect the tyre wear. The

harsher the driving style, the greater the particulate emissions.

CPR1976
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There is very little information available on the effects of cornering. However, anything
that is likely to wear out the tyres (e.g. taking roundabouts at high speed) is likely to
increase the particulate emissions.

Brake wear will normally only occur under periods of deceleration. Like tyre wear
described above, more decelerations occur during urban driving than on motorways. The
particulate emissions are therefore higher under urban driving. This is illustrated in
Figure 5 using the EFT data.
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Figure 5: EFT brake emissions for urban, rural and motorway

Again, the amount of brake wear and emissions will be dependent on the driving style. A
careful driver who looks ahead and anticipates would be able to minimise brake use,
whereas a more aggressive or less observant driver would place much more reliance on
the brakes.

For road wear, there is very little information about driving cycle. The EFT currently uses
a set emission rate for the three road types, indicating no variance with driving speed.
However, further research is needed in this area.

2.3 Real world impact of vehicle size

Generally, the larger the vehicle, the larger the non-exhaust emissions. Larger vehicles
place higher mass forces on the road force, increasing both road and tyre wear.
Acceleration and deceleration require larger forces (force equals mass times
acceleration), resulting in greater tyre and brake wear.
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In Figure 2 previously presented, the lowest emissions come from the smallest vehicle
type - two wheelers — whereas the highest emissions come from the largest, heaviest
vehicles i.e. artic HGVs.

Larger sized vehicles will also create more wake (i.e. the circulating flow immediately
behind the vehicle) which will increase resuspension.

Increasing the mass of a vehicle will also increase the tyre & brake wear, thereby
increasing particulate emissions - for example, an empty van will have lower non-
exhaust emissions than a fully laden van.

2.4 Real world impact of road surface or road condition

The type and condition of the road surface will affect the wear of the tyres, affecting the
amount of particles released into the atmosphere. Research into tyre wear has not yet
been detailed enough to quantify tyre emission rates according to the road surface.
Additional research is needed into this area.

High friction causes the greatest wear of both the tyre and the road surface. However,
high friction road surfaces provide greater safety — on a low friction surface there is
more risk of wheel spin and sliding. In critical areas (e.g. approaches to roundabout) it is
common to use “shell grip” to improve traction between tyres and the road surface.
These surfaces may lead to higher levels of particulate matter from the tyres. However,
safety is of much greater concern than PM emissions, and there surfaces are generally
limited to short sections.

Road surfaces that have been worn smooth and polished are likely to have lower levels
of friction. Again, this is an area of concern regarding safety, and is checked using a
pavement friction tester (e.g. SCRIM - Sideway-force Coefficient Routine Investigation
Machine). Smooth/polished road surfaces will reduce the amount of particulate emissions
from the tyres, but such surfaces are likely to be identified for corrective action — either
a new road surface or a surface dressing - to improve safety at that location.

Damaged road surfaces (pot-holes, cracks etc.) will also increase the amount of
particulate emissions - likely to be both from abrasion of the road surface (the area
adjacent to the damage to likely to wear away quickly if it is not repaired) and also from
the tyre (the uneven surface will increase tyre wear). Uneven surfaces are also likely to
shake loose particulates that have collected on the vehicle — either from the vehicle itself
(brakes, tyres etc.) and also that have collected on the vehicle from resuspension.

2.5 Performance variation for different Euro standards

As previously mentioned, there is no requirement for non-exhaust emissions within the
type approval procedures. The regulated emissions within the procedure are restricted to
exhaust emissions:

e CO (carbon monoxide)

e HC (hydrocarbons)

e NO, (oxides of nitrogen)

e PM (particulate matter) (diesel and direct injection petrol only)

and currently being introduced:
16 CPR1976
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e PN (particulate number) (diesel and direct injection petrol only)

In additional, the evaporative emissions (HC) are also regulated.

Therefore, the current emission regulations have no effect on the non-exhaust emissions
It is possible that other safety regulations have led to an increase in vehicle weight
causing a small increase in non-exhaust emissions, though advances in technology
(better suspension, better brakes, ABS (anti-skid brake system), TC (traction control),
ESC (electronic stability control), etc.) could counter this.

To compare with the regulated emissions, the exhaust PM emissions have been plotted
against the Euro standard for the number of vehicles types and compared with the total
(tyre, brake and abrasion) non-exhaust PM emissions.

Figure 6 shows the PM emissions for petrol cars. Petrol cars naturally produce very low
emissions of particulates from the exhaust. Therefore, for petrol car the non-exhaust
emissions have always been more significant.

The data for diesel cars is shown in Figure 7. Diesel cars naturally produce high levels of
particulate matter during combustion. As can be seen from the graph, pre-Euro 1
vehicles produced very high levels, an order of magnitude higher than the non-exhaust
emissions. However, the introduction of new emission standards has gradually reduced
the exhaust emissions - down to similar emissions to non-exhaust emissions at Euro 4.
The latest emissions standards (Euro 5 and Euro 6) effectively require the fitment of a
diesel particulate filter (DPF) to the exhaust which will remove over 90% of the
particulates. For these vehicles, the non-exhaust particulates will be the dominant
source.

Figure 8 shows the data for a diesel rigid HGV. Like the diesel car, these originally had
high particulate emissions from the exhaust, which has reduced with the introduction on
new emissions standards. The latest vehicles have very low particulate emissions from
the exhaust. Again for these vehicles, the non-exhaust particulates will be the dominant
source.

17 CPR1976



Non-exhaust particulate emissions

0.03

0.025

0.02

0.015

Emissions (g/km)

M Urban
W Rural

= Motorway

Figure 6: Exhaust emission compared with non-exhaust emissions - petrol cars

0.3

0.25

Emissions (g/km)

0\' 0’\’ O'b ob‘ 06) o]
S

m Urban
W Rural

= Motorway

Figure 7: Exhaust emission compared with non-exhaust emissions — diesel cars

0.6

0.5

0.4

0.2

0.2

Emissions (g/km)

0.1

0 -
L '\°\ \0\\ o\\\ o$ ‘o\\ 8
S S

-

¥

X
o
&
o

&

m Urban
M Rural

= Motorway

Figure 8: Exhaust emission compared with non-exhaust emissions - rigid HGVs

18

CPR1976



Ll

Non-exhaust particulate emissions

2.6 Performance variation for alternative technology vehicles

With regard to tyre wear and road surface abrasion, the key factors are the forces acting
between the tyres and the road surface (i.e. the acceleration and deceleration forces). As
the majority of low carbon vehicles have similar performance capabilities as typical
conventional vehicles, then similar tyre and road wear is likely to occur. However, some
low carbon vehicles are a lot heavier than their conventional equipment, due to the mass
of batteries they have to carry. This could lead to a small increase in tyre and abrasion
PM emissions.

The majority of low carbon vehicles now have regenerative brakes - when the vehicle
decelerates, energy is recovered and used to charge the battery. The vehicles still
normally have friction brakes as well for hard braking. The basic systems use
regenerative braking when the vehicles slows down naturally (like engine braking), and
uses friction brakes when the brakes are applied. The more advanced systems use
regenerative braking as much as possible, blending in friction brakes only when severe
braking is required. Therefore, under normal operating conditions with a driver who
doesn’t drive aggressively, the braking emissions could reduce to close to zero. As the
braking component makes up 40-50% of the total non-exhaust emissions in an urban
area, then this is a significant reduction.

This is illustrated in Figure 9 and Figure 10. Figure 9 shows the front wheel of a
conventional vehicle — a Ford Fiesta — which is covered in brake dust. Figure 10 shows
the front wheel of a Vauxhall Ampera. The Ampera is a range extender electric vehicle,
with regenerative braking. There is also a conventional disc brake for severe braking
(the top of the brake calliper is just visible to the top-right of the wheel). Even after
22,000 miles, the wheel and brakes still look brand new, indicating very little brake wear
has occurred.
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Figure 9: One year old Ford Fiesta with a brake dust covered front wheel

Figure 10: On a one year old Vauxhall Ampera, 22,000 miles, the front wheel
and brakes still look new
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3 Abatement and mitigation options
To avoid any confusion, the following definitions have been used:

Abatement - refers to the reduction of the amount of non-exhaust PM emissions
released to the atmosphere.

Mitigation - refers to reducing the particulate matter (or their harmful effects) after they
have been released to the atmosphere.

3.1 Abatement

Abatement is targeted at making changes to the vehicle to reduce its non-exhaust
emissions. There is currently no legislation in place related to this, so a few possible
options are suggested below. These would need further investigation to quantify their
effects.

3.1.1 Vehicle weight reduction

Reduction in vehicle weight would lead to lower forces acting on the tyres and brakes
resulting on lower non-exhaust emissions. However, it should be noted that passenger
car weights have increased over the last two to three decades, and that there is pressure
to increase the total weight of HGVs from the current 40-44 tonnes to over 60 tonnes
(though this could lead to a reduction in the number of HGVs on the road).

Downsizing to a smaller vehicle would reduce both exhaust and non-exhaust emissions.
This would also reduce fuel consumption and CO, emissions and could be driven by
economic forces (e.g. high fuel prices).

Smaller/lighter vehicles would also produce less resuspension of particulate matter.

3.1.2 Vehicle brake design

As described earlier, switching to regenerative brakes could have a huge effect on brake
emissions — reducing it to almost zero under normal driving conditions. Currently, this
technology is limited to low carbon vehicles - hybrid, range-extender and full electric
vehicles — where the power generated is used to charge the traction batteries.

Currently, conventional vehicles just have friction brakes plus any retardation provided
by the engine. It could be possible to add regenerative brakes to a conventional vehicle
and use the power generated to charge the standard car battery. This would also have
the advantage of reducing the alternator load on the engine, reducing fuel consumption.
However, the modifications needed may be prohibitive in terms of the cost involved - it
may be more cost effective to go straight to a hybrid version.

An alternative abatement method for disc brakes would be to enclose the disc in a cover
where the particulates collect, rather than being released into the atmosphere. These
could then be cleaned out during routine servicing, ideally using a capture technique
(e.g. a vacuum cleaner type device) rather than blowing them everywhere with an
airline. The problem here is that the disc and calliper needs cooling during braking, so
suitable ducts would need to be included while preventing the release of particles. These
could easily get blocked up during use, requiring more frequent maintenance. In
addition, on vehicles where the brakes are visible (i.e. cars with alloy wheels) this might
not be aesthetically acceptable.
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3.1.3 Vehicle tyres

Tyres generally wear out due to the friction

between the tyre and the road surface. Minimise ) -
this and the non-exhaust emissions would iﬁ aad
reduce. However, this would also mean that a {@ \{é';

loss of friction is more likely to occur causing a ‘ T

greater number of wheel spins and skids. As A e A
safety is a much greater concern, then this is ﬂ """ G B G
not an area to be tampered with. However, 4(> """" g
these days tyres come with a tyre label as [ [ CHSSS! | [ BPRp—
illustrated in Figure 11. This label includes a || F-
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together with its wet weather performance and

noise rating. :
It is possible the fuel (energy) efficiency of the {@" ))"
tyre also effects the tyre’s particulate emissions

- the higher the efficiency the lower the m1222/2009-m
emissions. However, this is not something that
is measured routinely and is an area for further
research. Figure 11: European tyre label

What will affect the emissions is the wear rate of the tyre - tyres that wear out quicker
will produce higher tyre particulate emissions than a more durable tyre.

3.1.4 Improved inspection and maintenance

The current annual check includes a check on braking performance, tyre condition and
obvious faults in the suspension components. However, additional checks could be added
to include:

e The efficiency of the suspension shock absorbers
e Wheel alignment

This could reduce non-exhaust emissions due to worn shock absorbers or due to
misaligned wheels as well as improving vehicle safety. This could also save the owner
money by avoiding having to replace tyres prematurely due to uneven wear and also as
fuel savings.

3.2 Mitigation

Mitigation acts upon the emissions once they have been released. The particulate
emissions could come from a number of sources:

e Transport — exhaust emissions

e Transport - non-exhaust emissions
e Transport — resuspension

e Industry

e Power generation

e Domestic heating

e Construction

e Agriculture
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e Sea salt
e FEtc.

Mitigation acts upon all of the particulate matter, not just the non-exhaust sources.

3.2.1 Dust suppressants

Dust suppressants appear to be an obvious choice for the mitigation of resuspension due
to road vehicles. Dust 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, including:

e Chloride salts, such as calcium chloride e Foams
and magnesium chloride e Gels
e Petroleum asphalt and resin emulsions e Adhesives (e.g. lignin
¢ Organic emulsions (e.g. soybean oil by- sulphonate - tree sap)
products) e Microbiological binders
e Polymers (e.g. polyvinyl acetate-acrylic e Fibres and textiles
polymer, starch-based polymers) e Wind screens
e Surfactants e Water spray systems
e Bitumen e Dry fog system

However, few tests on roads appear to have been reported in the literature. Much of the
literature which does exist appears to relate to unpaved roads (e.g. Sanders et al.,
1997). One concern is that some of these products 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. See also section 4.1.4

3.2.2 Particle capture by vegetation

Particle capture by vegetation is usually associated with the reduction of human
exposure to airborne particulate matter, but in the context of this Report it is also useful
to view this process in terms of reducing the amount of material which is available for
resuspension.

There has long been interest in the use of trees and shrubs to create shelter belts from
wind, and also as a means of cleansing the atmosphere of airborne pollutants, especially
particulate matter. As long ago as 1977, Smith was able to identify a wide range of
studies in which some aspect of the collection of airborne particles by urban vegetation
had been the subject of research. Much of that research had involved extremely coarse
particles and was probably of very limited relevance to inhalable particles (PMyo). At that
time there remained much uncertainty around the issue of efficiency of trees as air
filters, as Smith (1977) finished his review by posing research questions which needed to
be answered before it would be possible to support or reject the hypothesis that trees
are effective air filters. There has been rather little interest since that time except, for
example, in relation to very coarse particles such as might be created in agricultural
spraying (Raupach et al., 2001).
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More recently, however, Tiwary et al. (2006) returned to this issue and developed a size-
segregated model of particle collection efficiency for three hedgerow species of different
aerodynamic porosities. The model was subsequently tested for particles within the
range 0.5-20 um. Collection efficiency was described in terms of the coupled effects of
the deviation of the approach flow and the filtration through the foliage elements.
Computational fluid dynamic methods were used to simulate velocity and turbulence
fields which were subsequently used to predict particle deposition. Probably the most
useful results of the paper are the experimental measurements of particle collection
efficiency, which were made using Grimm optical particle counters. The results of such
experiments appear in Table 1, which includes a comparison of the theoretically
estimated collection efficiencies and those measured experimentally in the case of a
hawthorn hedge. The hawthorn was far more efficient than either the holly or yew
hedge, but in the relevant range of sizes (2.75-6.25 ym diameter) had an experimentally
measured collection efficiency for particles of only 0.75-5.8%. The holly and yew were
significantly less efficient. Although the yew hedge is denser it tends to lift the
approaching airflow more strongly and increase turbulence in its wake, thereby
encouraging recirculation of fine particles on the downwind side. Consequently, the
overall efficiency of hedges appears to be very modest in the context of the collection of
particles in the appropriate size range.

Table 1: Collection efficiencies (%) of the three hedges after accounting for the
flow and filtration effects (from Tiwary et al., 2006).

Particle Hawthorn Holly Yew
diameter (um) CE CEeyp CE (%) CE (%)

0.875 1.8 1.2 1.3 0.8

1.5 1.1 0.8 1.1 0.7

2.75 0.9 0.75 0.6 0.5
4.25 2.6 3.5 0.5 0.4
6.25 7.0 5.8 1.7 0.5
8.75 15.0 12.7 4.6 0.8
12.5 19.8 17.6 11.7 1.9

15 29.4 27.3 17.7 3.0

CE = calculated value CEexp = measured value

Additionally, there are many associated problems. These include the following:

¢ In the context of urban streets, there are relatively few situations where it would
be practicable to build a vegetative barrier between the traffic and pedestrians.

e The most efficient of the vegetative barriers was hawthorn which is deciduous and
therefore loses its leaves in the winter which would significantly reduce the
efficiency of particle collection.

Vegetation grown very close to the roadside would collect a great deal of very coarse
particulate matter by mechanisms including water splashes and spray and thereby
become extremely soiled. For recent work in London on green walls see:
http://www.tfl.gov.uk/cdn/static/cms/documents/role-gi-pmpollution.pdf
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3.2.3 Road sweeping and vacuuming

Sweeping and vacuuming have regularly been tested, 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.

Several types of street sweeper are available, including mechanical brooms, vacuum
cleaners, or a combination of the two. The mechanical broom sweeper typically uses a
broom to lift material from the street surface onto a conveyer belt. The material is then
delivered to a collection hopper. The vacuum sweeper uses a gutter broom to loosen dirt
and debris from the road surface and direct it to a vacuum nozzle that sucks it into a
hopper (e.g. Kuhns et al., 2003). In the past, the primary objective of a street sweeper
was to remove debris from the roadways for reasons of aesthetics and safety, and most
street sweepers were not designed for fine particle removal. However, some new street
sweepers are specifically designed to reduce PM;q 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 PM,q efficient. Regenerative air
sweepers - in which the cleaning air is filtered and re-used - and vacuum-assisted dry
sweepers are used to meet the requirements. However, the literature indicates that the
general effectiveness of road sweeping as means of controlling airborne PMyq is
questionable.

A number of studies have been undertaken in an attempt to quantify road dust emission
reductions as a result of sweeping, and these are summarised below. 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). 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 uym, 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 sweeper removed 80%. It was
estimated that a thorough sweeping programme could reduce the emissions from paved
roads by approximately one-third. Similarly, Cowherd (1988) found that the emission
reduction for PM;y 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.
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However, when Chow et al. (1990) determined the source contributions to PMj,
concentrations during street sweeping periods and non-street sweeping periods in Reno,
Nevada, no significant differences in the resuspended contributions to PM;, were
detected. Fitz and Bufalino (2002) suggested that explanations for this 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 the Reno study not
being sufficiently sensitive to detect a change. Other recent studies have also shown a
tendency towards only limited effects. Work in California by Fitz (1998) concluded that
street sweeping had no significant effect on the PM,q levels, and Kantamaneni et al.
(1996) only observed a significant decrease in PM;y emission by sweeping when the
relative humidity was lower than 30%. In Taiwan, Chang et al. (2005) undertook
extensive measurements to evaluate the effectiveness of modern street-sweeping
equipment (modified regenerative vacuum sweeper and efficient washer) for controlling
ambient TSP. Various wind speeds, traffic volumes and silt loading levels were
investigated. The results indicated that street sweeping followed by washing offers a
measurable reduction in TSP emission potentials. However, the direct impact of
sweeping on ambient PM emissions is 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 the TRAKER vehicle. Using TRAKER,
Kuhns et al. (2003) and Etyemezian et al. (2003) compared the PM;, emissions from
paved roads that had been swept or vacuum cleaned with roads with no treatment.
Neither the sweeping nor the vacuum cleaning had any significant effect on the emitted
PMio levels. Indeed, the results indicated that PM;, emissions immediately after
sweeping increased by up to 40% (Kuhns et al., 2003). Norman and Johansson (2006)
evaluated the PMy levels associated with intense sweeping of the road surface in
Stockholm. A street in the city was cleaned nightly using mechanical sweepers, and the
PMio 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 in PMyy could be observed alongside the
swept street during the periods with intense sweeping. Indeed, in most cases the results
showed an increase in the PMyq during days with sweeping. PM;, 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 PM;, emissions (from 660
to 735 mg/km) after the sweeping and washing of the roads. For PM, s there was a more
dramatic increase after sweeping (from 133 to 211 mg/km).

If street sweeping can remove particles that could evolve into TSP or PM,q, 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 PM;, levels during the following days, it might still have an effect in the
long term, as the removal of large gravel might prevent some of the formation of smaller
PMio 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).
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3.2.4 Washing the road surface

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 ym 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.

The Regional Environmental Agency for Lombardy undertook a field test in Milan during
the winter of 2002 aimed at determining whether any reduction in PM;, concentrations
could be obtained by the washing and mechanical brushing of roads (cited in CAFE,
2004). An area of 1 km? in the city centre was washed several times every night for ten
days. The variation in PM;y,, 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 PM;, 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.

The study in Taiwan by Chang et al. (2005) showed reductions in TSP concentrations of
up to 34% when both street sweeping and high pressure washing were used, but no
reductions in PM;, were observed. 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 PMyg
concentrations were observed due to the washing. The reduction was often greater than
10%, but on two days there were increases in PM, 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 PM;, level exceeded 50 pug/m?>, compared with 12 days for the untreated
stretch. The reduced PMy, 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 PM,q particles.

3.2.5 Active Asphalt

‘Active Asphalt’ is a material developed jointly by Shell and the Norwegian company
Applied Plasma Physics. A Shell product information sheet describes Active Asphalt in the
following terms. When two surfaces are in frictional contact, an electrical charge can be
induced via a process known as triboelectrification. The intensity and polarity of the
charge depends upon the types of material, the characteristics of the surfaces and the
conditions (e.g. temperature, pressure, relative speed). Asphalt road surfaces normally
carry a positive electrostatic charge due to friction between the road surface and the
rubber of vehicle tyres. Any positively charged particles will therefore remain suspended
in the air above the road surface, rather than settling on the road surface under gravity.
Active Asphalt is described as a ‘conductive’ wearing course which works by preventing
the build up of static charges, thus attracting the PM to the road surface. Accumulated
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dust is then removed from the Active Asphalt surface by rain or mechanical road
cleaning. According to Shell, PM in the air, including rubber dust and soot in vehicle
exhaust, will be reduced by up to 10%. The asphalt was trialled in Trondheim, Norway
on a 300 m stretch of highway (Hansford, 2001). At this stage it is unclear whether such
a road surface would decrease or increase resuspension. If particles are more tightly
bound to the surface then it is possible that resuspension could become less effective.
On the other hand the silt loading of the road could increase. Again, further research is
required to determine the overall effects of such surfaces on resuspension.
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4 Current work and future direction

The majority of the current work is involved in quantifying the emissions on non-exhaust
particulate matter. This can take the form of collecting the particles from the roadside,
then trying to determine the source based on the chemical composition for by developing
vehicle which can measure the emission as the vehicle is driven along. The problem with
the former is that it is difficult to determine the sources of all the particulate matter. For
the latter, the problem here is that resuspended particles will be mixed with primary
emissions due to the wake of the vehicle.

With regards to mitigation, the use of CMA has been investigated as a road treatment to
reduce resuspension of the particles in a number of countries.

4.1 A coupled road dust and surface moisture model

A coupled road dust and surface moisture model (NORTRIP - NOn-exhaust Road Traffic
Induced Particle emissions) has been developed under a co-operative project between
the Nordic countries of Norway, Sweden, Finland and Denmark. The model provides a
generalised process based formulation of the non-exhaust emissions, with emphasis on
the contribution of road wear, suspension, surface dust loading and the effect of road
surface moisture (retention of wear particles and suspended emissions). The model is
intended for use as a tool for air quality managers to help study the impact of mitigation
measures and policies. This is particularly important in Nordic and Alpine countries where
winter time road traction maintenance occurs, e.g. salting and sanding, and where
studded tyres are used

The model developed consists of two main parts. These are:

1. Road dust sub-model: This predicts the road dust, sand and salt loading through
a mass balance approach and determines the emissions through suspension of
these loadings as well as through direct wear of road, tyre and brake sources.

2. Road surface moisture sub-model: This determines road surface moisture
essential for the prediction of suspension and the retention of dust and salt from
the road surface. A surface mass balance approach is also applied, coupled to an
energy balance model to predict evaporation/condensation.

Source: Denby et al, 2013a and 2013b

4.1.1 Non-exhaust PM measurement in Germany

A trailer based mobile measurement system has been developed in Germany to measure
the non-exhaust emissions of a light-duty vehicle. Measurements on unpaved and dust
loaded agricultural paved roads as well as more than 800 km of real world driving were
conducted with estimated PM;, emission factors varying over several orders of
magnitude (10-42,000 mg/km). Emission factors were found to increase with increasing
vehicle velocity. The lowest emission factors were measured on motorways. The
coefficient of variation for the measurements varied from 10% to 30%.

Source: Mathissen et al, 2012
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4.1.2 Sources and properties of non-exhaust particulate matter from road
traffic

A review of the sources of non-exhaust particles derived from laboratory studies. In a
final section, some of the key publications dealing with measurements in road tunnels
and the roadside environment were reviewed. It was concluded that with the exception
of brake dust particles which may be identified from their copper (Cu) and antimony (Sb)
content, unequivocal identification of particles from other sources is likely to prove
extremely difficult, either because of the lack of suitable tracer elements or compounds,
or because of the interactions between sources prior to the emission process. Even in the
case of brake dust, problems will arise in distinguishing directly emitted particles from
those arising from resuspension of deposited brake dust from the road surface, or that
derived from entrainment of polluted roadside soils, either directly or as a component of
road surface dust.

Source: Thorpe & Harrison, 2008

4.1.3 Non-exhaust emissions of PM and the efficiency of emission reduction
by road sweeping and washing in the Netherlands

From previous research in the Netherlands, it was concluded that the coarse fraction
(PM, 5—PM,,) attributed 60% and 50% respectively, to the urban-regional and street-
urban increments of PM;o. In the Netherlands the coarse fraction of PM at a street
location was rather constant during the year. Non-exhaust emissions by road traffic were
identified as the main source for coarse PM in urban areas. Non-exhaust emissions
mainly originated from re-suspension of accumulated deposited PM and road wear
related particles, while primary tyre and brake wear hardly contributed to the mass of
non-exhaust emissions. However, tyre and brake wear could clearly be identified in the
total mass due to the presence of the heavy metals: zinc, a tracer for tyre wear and
copper, a tracer for brake wear.

The efficiency of road sweeping and washing to reduce non-exhaust emissions in a
street-canyon in Amsterdam was investigated. The increments of the coarse fraction at a
kerbside location and a housing facade location versus the urban background were
measured at days with and without sweeping and washing. It was concluded that this
measure did not significantly reduce non-exhaust emissions.

Source: Keuken et al, 2010

4.1.4 Application of Calcium Magnesium Acetate (CMA)

During late 2010, CMA (Calcium Magnesium Acetate) applied along Victoria Embankment
between Waterloo Bridge and Byward Street in London. CMA leaves the road tacky,
causing the particles to stick to it instead of being resuspended. The analysis of CMA
effects focused on a period of low intensity treatment between the 12th of January 2011
and 31st of January 2011 and also a more intensive period of treatment between the 1st
of February 2011 and the 10th of March 2011.

In the low intensity period calculations suggest that an improvement in 24-hour PMyq
kerbside concentrations was achieved. The calculated improvement during this period
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was around 10%. In the more intensive treatment period an overall reduction in 24-hour
PMio kerbside concentrations was also identified. The level of improvement during this
period was calculated to be approximately 14%.

Source: Deakin & Ren, 2011

Also, see:
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