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From 2005 to 2009 there was a 40% decrease in the number of days on which the European daily limit
value of PM10 was exceeded at trafﬁc locations in European cities. Yet, in many of these cities, air quality
is still not in compliance with the European Air Quality Directive and additional trafﬁc measures are
planned. Our study shows that elemental carbon (EC) is a more appropriate indicator than PM2.5 and
PM10 for evaluating the impact of trafﬁc measures on air quality and health. The modelled improvement
in EC concentration was translated in life years gained as a result of a trafﬁc measure. This was investigated for a speed management zone on a motorway in the city of Rotterdam. Eighty-ﬁve per cent of
those living within 400 m of the motorway gained 0e1 months of life expectancy and another 15%
gained 1e3 months, depending on their distance from the motorway. In addition, EC was used to
evaluate a low emission zone in Amsterdam, speciﬁcally for those living along inner-urban roads with
intense trafﬁc levels. The zone only restricts heavy duty vehicles with Euro emission class 0 to 2, Euro 3
older than eight years or more recent Euro 3 without diesel particulate ﬁlter. The results indicate
a population-weighted, average gain of 0.2 months in life expectancy as compared with a maximum
potential gain of 2.9 months. It is concluded that on motorways speed management is an effective
measure, while a low emission zone as implemented in our case study, is less effective to reduce health
effects of road trafﬁc emissions. For inner-urban roads reduction of trafﬁc volume seems the most
effective trafﬁc measure for improving air quality and health.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Exposure to elevated levels of particulate matter (PM) has been
associated with health effects and loss of life expectancy (e.g. Pope
III and Dockery, 2006). Many countries have responded by introducing air quality policies intended to achieve compliance with the
mass-based air quality standards. An increasing number of studies
show that trafﬁc emissions are particularly associated with shortterm and long-term health effects (Künzli et al., 2000; Hoek et al.,
2002; WHO, 2005; Bayer-Oglesby et al., 2006; Brunekreef et al.,
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2009). This is especially of concern in urban areas, where large
numbers of people live in the immediate vicinity of substantial road
trafﬁc emissions. Trafﬁc-related primary PM emissions involve
exhaust emissions of elemental carbon (EC) and organic
compounds (OC), and non-exhaust emissions of re-suspended road
dust and heavy metals from wear and braking processes (Harrison
et al., 2004; Weijers et al., 2011; Keuken et al., 2012). Some studies
suggest that certain speciﬁc components and size fractions of these
PM emissions (rather than the mass of the PM alone) play
a signiﬁcant part in generating speciﬁc health effects such as
cardiovascular, respiratory and neurological diseases (Atkinson
et al., 2010; Cahill et al., 2011; Weuve et al., 2012). In addition,
the relative risk of elemental carbon (per mass unit) has been
estimated to be around ten times higher than that of PM2.5. This
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represents a 6% increase in mortality per mg m 3 EC against 0.7% per
mg m 3 PM2.5 (Janssen et al., 2011). Aside from the health issues
involved, EC may also be a more sensitive indicator than PM mass
for evaluating the impact of trafﬁc measures on air quality (Cyrys
et al., 2003; Schauer, 2003; Jones and Harrison, 2005; Invernizzi
et al., 2011; Keuken et al., 2011; Lefebvre et al., 2011). The main
reason is the relatively low urban background of EC concentrations
(Putaud et al., 2010), as compared with the mass of EC from road
trafﬁc exhaust emissions (Ntziachristos and Samaras, 2009). As
a result, the ratios of trafﬁc-related EC emissions and EC concentrations in urban areas are much larger than those of PM2.5 and
PM10. In our study, we investigated EC as an indicator for evaluating
the impact of trafﬁc measures on air quality and health.
2. Outline of the research
In Section 3.1, we analysed increases in the number of days on
which the daily limit value in the EU Air Quality Directive for PM10
was exceeded at trafﬁc locations, compared to the urban background. PM2.5, PM10 and EC were investigated as indicators for
trafﬁc-related PM emissions in Section 3.2. EC emission factors for
road trafﬁc in the Netherlands in 2010 are presented in Section 3.3.
Based on these emission factors, the spatial distribution of annual
EC concentrations in 2010 for the Dutch city of Rotterdam is
modelled in Section 3.4. Section 3.5 describes a study into the effect
of trafﬁc volume, composition and congestion on EC concentrations
along an inner-urban road and near a motorway. In Sections 3.6 and
3.7, EC is used in two case studies to evaluate its impact on air
quality and health. The former section deals with speed management on a motorway in the Dutch city of Rotterdam, while Section
3.7 concerns a low emission zone in the city of Amsterdam. Finally,
the results are discussed in Section 4.
3. Methodology and results
3.1. Increase in daily PM10 concentrations on urban streets in
European cities in 2005e2009
The European Air Quality Directive 2008/EC/50 (EC, 2008)
includes the requirement that the daily average PM10 concentration
of 50 mg m 3 should not be exceeded on more than 35 days each

year. In cities which have a relatively high urban background
concentration of PM10, it is particularly difﬁcult to comply with this
requirement in the vicinity of intense trafﬁc (EEA, 2011). In many
cities, measures have been implemented to reduce PM emissions
by road trafﬁc (http://sootfreecities.eu/). This primarily involves
measures to reduce:
i. trafﬁc volume (e.g. stimulating public transport)
ii. trafﬁc emissions (e.g. low emission zones; speed
management)
iii. the population’s exposure (e.g. road tunnels in urban areas)
We analysed the effectiveness of these measures by comparing
exceedances of the daily PM10 limit values at trafﬁc locations and
urban background in various European cities in 2005 and 2009. The
results are presented in Fig. 1.
The linear regression coefﬁcient of 0.6 in Fig. 1 indicates that, for
most cities, the increment in number of days exceeding 50 mg PM10
per m3 at trafﬁc locations as compared to the urban background
was almost half in 2009 as compared to 2005. This suggests that
trafﬁc measures (at least in the streets with monitoring stations) for
most cities have been effective to reduce PM10 emissions by road
trafﬁc. The cities of Graz, Paris, London, and Milan deviate from the
general trend. In Graz, Paris, and Milan the increases in 2009 were
larger than those seen in 2005, while in London the increase has
fallen below the overall European trend. This suggests that in the
former cities, trafﬁc measures were less effective, while in London
these measures were more effective in controlling PM10 levels.
However, more detailed studies are required to assess the causes
for the deviation by these cities.
Despite a generally declining trend in the number of days on
which PM10 concentrations exceeded 50 mg m 3, many cities are
still not in compliance with the European Air Quality Directive in
particular at trafﬁc locations (EEA, 2011). In addition to measures
addressing residential and industrial emissions to reduce the urban
background, further trafﬁc measures would therefore seem to be
required. PM10 is the statutory indicator for evaluating the effectiveness of such measures. In view of the elevated health effects
near intense trafﬁc in particular (see: Section 1) it might be relevant
to include other PM characteristics in this evaluation. Potential
candidates in this regard are particle number concentration, PM2.5

Fig. 1. Increase in the number of days withPM10 concentrations exceeding the daily PM10 limit value at a street location as compared to the urban background in various European
cities in the years 2005 and 2009. (source: http://www.eea.europa.eu/themes/air/airbase).
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and the mass of EC/OC as indicators of exhaust emissions (Keuken
et al., 2012), or heavy metals as indicators of brake-wear emissions
(Gietl et al., 2010). Our study focuses on the use of EC to assess the
impact of trafﬁc measures on air quality.
3.2. Urban-rural and street-urban increases in EC, PM2.5 and PM10
in Europe
In this section, EC, PM2.5 and PM10 are compared as indicators of
PM emissions by road trafﬁc. This comparison is based on results
from a study by Putaud et al. (2010) into the chemical composition
of PM across Europe. The data for EC has been expanded by
measurements taken in the context of “TRANSPHORM” (www.
transphorm.eu) a current European research project into
transport-related PM. The additional data relate to average annual
EC concentrations in the cities of Barcelona (Spain), Munich
(Germany), Oslo (Norway) and Rotterdam/Amsterdam (the
Netherlands). Based on these data, the increases of average annual
concentrations for EC, PM2.5 and PM10 have been determined for
urban versus rural sites and for street versus urban sites. The results
for central and eastern Europe, north-western Europe and southern
Europe are presented in Fig. 2.
The results in Fig. 2 show that the ratios of average annual EC
concentrations across Europe are between 1.5 and 2.7, for PM2.5
they range from 1.1 to 1.3, while the PM10 ratios are between 1.2
and 1.5. In addition, the EC ratios for street-urban locations are
larger than these ratios for urban-rural locations. It is concluded
from these ﬁndings that across Europe, EC is a more sensitive
indicator of the mass of exhaust emissions by road trafﬁc than
either PM2.5 or PM10. In the next section, EC emissions by road
trafﬁc are quantiﬁed using emissions factors for road trafﬁc in the
Netherlands.
3.3. Emission factors of EC for road trafﬁc in the Netherlands
Since 1992, exhaust emissions in Europe have been regulated by
emission limit values in accordance to “Euro classes”: Euro 1 (1992),
Euro 2 (1996), Euro 3 (2000), Euro 4 (2005), Euro 5 (2009e11) and
Euro 6 (2014) (EC, 2007). The exhaust emissions of new vehicles
must comply with particular Euro class emission limits for the year
in which these vehicles entered the European car ﬂeet. A vehicle’s
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actual exhaust emissions (in mass per km, for a given pollutant) are
determined by a combination of on-road measurements and
dynamometer driving cycles that simulate urban, non-urban, and
motorway trafﬁc (Ntziachristos and Samaras, 2009). In the
Netherlands, emission data are collected annually for a limited
number of vehicles to derive annual updates of road trafﬁc emission
factors in the Netherlands (PBL, 2008). These emission factors take
into account the various Euro classes present in the car ﬂeet in the
Netherlands in a particular year. This concerns four vehicle categories (L1eL4), namely passenger cars (L1), light duty vehicles with
a weight under 3.5 ton (L2), heavy duty vehicles with a weight over
3.5 ton (L3) and buses (L4).
There are no emission limits for EC relating to the various Euro
classes and consequently no EC emission factors are routinely
determined in the annual update in the Netherlands. However, the
fraction of EC in exhaust PM has been derived from dynamometer
testing (Ntziachristos and Samaras, 2009). The data show that the
EC fraction in exhaust PM is relatively constant for different vehicle
categories and fuel types: 20% for petrol-fuelled L1, 80% for dieselfuelled L1 and L2, and 70% for L3 and L4. EC emission factors for
road trafﬁc in the Netherlands have been estimated from exhaustPM emission factors on the basis of these fractions. The results for
2010 are presented in Table 1.
Speed management in the Netherlands means that the
maximum speed limit on a motorway is enforced by surveillance
cameras and automatic ﬁning in case of exceedances (Keuken et al.,
2010). Strict enforcement of the maximum speed results in less
stop-and-go trafﬁc and improves free ﬂowing trafﬁc, which results
in lower exhaust emissions (Zhang et al., 2011). This is further
elaborated in Section 3.6. The emission factors in Table 1 are applied
in Sections 3.4e3.7 to evaluate the impact on air quality of various
trafﬁc measures in the Netherlands.
3.4. EC and PM2.5 as indicators for road trafﬁc emissions in the city
of Rotterdam
The spatial distribution of the average annual concentrations of
EC and PM2.5 in 2010 in the city of Rotterdam has been modelled by
the URBIS model (Beelen et al., 2010). This model combines a linear
source model for dispersion of trafﬁc emissions near motorways
and a street canyon model for dispersion of trafﬁc emissions along

Fig. 2. Ratios of average annual concentrations at urban/rural locations and at street/urban locations for PM10, PM2.5 and EC in central-eastern Europe (“EU-CE”), north-western
Europe (“EU-NW”) and southern Europe (“EU-S”) (source: Putaud et al., 2010 and www.transphorm.eu).
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Table 1
EC emission factors (mg km 1) in exhaust emissions of road trafﬁc (L1: passenger
cars, L2: light duty vehicles, L3: heavy duty vehicles and L4: buses) on urban roads
and motorways in the Netherlands in 2010.
EC emission factors (mg km-1)

Congesteda urban road
Normalb urban road
Free-ﬂowingc urban road
Congested motorway
80 km h 1 (speed management)
80 km h 1 (speed limit)
100 km h 1 (speed limit)
120 km h 1 (speed limit)
a
b
c
d

L1

L2

L3

L4

21
15.3
14.8
16.9
12.3
15.1
17.8
19.5

141 (70)d
78 (39)d
48 (24)d
107
35
35
35
35

220 (108)d
120 (60)d
80 (37)d
181
46
46
46
46

63
40
28

Average speed less than 15 km h 1.
Average speed 15e20 km h 1.
Average speed 30e45 km h 1.
Low emission zone (see: Section 3.7).

inner-urban roads. The urban background levels of EC and PM2.5
have been established on a 1*1 km2 spatial grid, on the basis of
modelling and measurements in the Regional and National Air
Quality Monitoring Network (Velders et al., 2011). Actual trafﬁc
data (trafﬁc volume, composition, speed and congestion), meteorological parameters (wind speed and direction) and emission
factors were used as input for the URBIS model. The spatial resolution of the output from the model is a 10*10 m2 grid up to 300 m
from the housing façade along inner-urban roads and up to 500 m
near motorways. Cross-sections of the spatial distribution of the
average annual concentrations of PM2.5 and EC in the city of Rotterdam in the year 2010 are shown in Fig. 3A and B.
Fig. 3B shows elevated EC concentrations up to around 400 m on
both sides of the motorway and on a number of inner-urban roads,
while PM2.5 concentrations are hardly increased above the urban
background. The results for PM10 are not shown, but are similar to
those for PM2.5. As discussed in Section 3.2, Fig. 3B shows that EC is
a more sensitive indicator of trafﬁc emissions than PM2.5 (and
PM10).
EC is used in the following sections as an indicator of the effect
of trafﬁc measures on air quality and health, in particular for
reduction of the trafﬁc volume on an inner-urban road and
a motorway (section 3.5), the introduction of an 80 km h 1 speed
management zone on a motorway (Section 3.6) and establishment
of a low emission zone (Section 3.7).
3.5. EC as indicator of the effect of measures to reduce the trafﬁc
volume on an inner-urban road and a motorway
The most effective way of limiting trafﬁc emissions is to reduce
the volume of road trafﬁc. This measure is difﬁcult to implement in
urban areas, for various reasons. However, trafﬁc volumes are lower
on Saturdays and Sundays when compared with average working
days, and this difference can be used to estimate the effect of
reduced trafﬁc volume on air quality. At the urban motorway A15
(see: Fig. 3A) in 2010, the average trafﬁc volume (# of vehicles per
24-h) on an average working day, Saturday and Sunday was 115 000
(7%), 72 000 (4%) and 60 000 (6%), respectively. At the innerurban road Pleinweg (see: Fig. 3A), the trafﬁc volume on these
days was 31 000 (4%), 24 000 (10%) and 21 000 (9%), respectively. Pleinweg is a typical street canyon with a width of 20 m and
buildings at both sides with a height of 15 m. In addition, the trafﬁc
composition on Sundays is different from that on other days: in
particular, there are fewer heavy duty trucks. The trafﬁc volume
and composition on Saturdays, Sundays and working days have
been used to evaluate the potential effect of measures to reduce the

trafﬁc volume. This evaluation has been performed for an innerurban road (“Pleinweg” in Fig. 3A) and a motorway (“A15” in
Fig. 3A) in the city of Rotterdam. The average annual EC emissions
were calculated from the trafﬁc data and the EC emission factors
given in Table 1, and compared with the EC concentrations in 2010
at these locations.
Average daily EC concentrations in 2010 were measured in
Rotterdam at an urban background location (“Zwartewaalsestraat”
in Fig. 3A), at the inner-urban road Pleinweg and near the A15
motorway (www.dcmr.nl). These measurements were performed
with multi-angle absorption photometers, the MAAP model 5012
(Thermoscience). The MAAP overestimates EC concentrations by
the order of 25% (Chow et al., 2009) and consequently the results
have been corrected for this.
The differences in daily EC concentrations between the trafﬁc
locations and the urban background provide daily increases of EC
for both trafﬁc locations. These data have been used to determine
average annual increases of EC on an average working day,
a Saturday and a Sunday for both trafﬁc locations. The results are
shown in Fig. 4.
Fig. 4 indicates a linear relation between trafﬁc emissions and
the increase of EC concentrations at both trafﬁc locations. The lower
emissions at the weekend correspond to lower increases of EC
concentrations. Although EC emissions on the motorway are higher
by a factor 3e5, the EC increases at both locations are quite similar
on Sunday, Saturday and an average working day. This is due to the
limited dispersion and dilution of trafﬁc emissions at the Pleinweg
which is a street canyon when compared with the motorway A15
with three driving lanes in both directions and no high buildings
near the motorway. The different slopes of the linear regression
curves of Fig. 4 reﬂect these differences in dilution and dispersion
of trafﬁc emissions at both trafﬁc locations. The variability in the
increase of the EC concentrations shown in Fig. 4 is quite high. This
is attributed to the variability of meteorological parameters such as
wind speed and wind direction, which directly affects the dispersion and dilution of trafﬁc emissions and hence the increase in EC
concentrations near road trafﬁc locations. On the other hand, the
variability in EC emissions is quite low; this reﬂects the limited
variability in trafﬁc volume, composition and congestion on
a particular day.
Apart from trafﬁc volume, trafﬁc composition and congestion
are important factors controlling EC emissions. For example in
Table 1, the emission factors for light duty (L2) and heavy duty (L3)
vehicles are a factor ﬁve and a factor ten higher respectively than
for passenger cars (L1). Furthermore, emission factors for freeﬂowing L2 and L3 trafﬁc are a factor two to three lower than for
congested trafﬁc, while the trafﬁc ﬂow hardly affects EC emissions
from L1 trafﬁc. The contribution of the vehicle categories L1, L2 and
L3 to the total number of vehicles and the corresponding emissions
of EC on the inner-urban road and the A15 motorway are presented
in Table 2.
Table 2 shows that EC emissions are dominated by passenger
cars (L1) both on the inner-urban road and the motorway, with the
exception of working days on the motorway when heavy duty
vehicles (L3) contribute up to 34% of the EC emissions. The differences in emission factors for L1, L2 and L3 vehicles given in Table 1
mean that the effectiveness of measures in reducing EC emissions is
different on inner-urban roads and motorways. On inner-urban
roads, emission control of passenger cars are likely to be most
effective. The effect of the introduction of a low-emission zone in
Amsterdam will be discussed in Section 3.7. Speed management
with strict enforcement which actually results in less congested
trafﬁc is more effective on motorways, in particular due to lower
emissions from heavy duty trucks (see: emission factor L3 “congested motorway” versus “motorway with 80 km h 1 speed

Author's personal copy

M.P. Keuken et al. / Atmospheric Environment 61 (2012) 1e8

5

Fig. 3. A: A cross-section in yellow from northwest to southeast over the road network in the city of Rotterdam with motorways in dark blue around the city centre and inner-urban
roads with more than 7500 vehicles per 24 h in black. Also indicated is the “80 km h 1 speed management zone” with a cross-section over the A13 motorway in red and three
monitoring locations in green: “A15” (1: motorway), “Zwartewaalsestraat” (2: urban background) and “Pleinweg” (3: inner-urban road). In addition, the river “Nieuwe Maas” and
the harbour area are shown in light blue. B: Annual average EC (on the left Y-axis in ng m 3) and PM2.5 (on the right Y-axis in mg m 3) along the cross-section in yellow in Fig. 3A
over the road network in the city of Rotterdam.

management” in Table 1). This will be discussed in greater detail in
the next section 3.6.
3.6. The impact of speed management on the A13 motorway in
Rotterdam on EC-related air quality and health
Road authorities in various countries such as Spain, Switzerland,
the Netherlands and Belgium have used speed management to
improve air quality near motorways (Keller et al., 2008; Gonçalves
et al., 2008; Dijkema et al., 2008; Lefebvre et al., 2011). Speed
management enhances the free ﬂow of trafﬁc, leading to lower
exhaust emissions than in congested trafﬁc (Zhang et al., 2011). An
80 km h 1 speed limit with trajectory control was introduced on
the A13 motorway in Rotterdam (see Fig. 2A) in 2005. This

motorway carries on average 130 000 vehicles per day, about 10% of
which are heavy duty trafﬁc. Speed management reduced the
trafﬁc emissions on the A13 by 30% for NOx and 8% for PM10
(Keuken et al., 2010). As a result, the average annual PM10
concentration within 50 m of the motorway fell by 0.5 mg PM10 per
m3. This effect is regarded as negligible, however, in view of the
average annual background concentration of 30 mg PM10 per m3 in
Rotterdam.
We therefore investigated EC as a more suitable indicator of the
impact of speed management on air quality. The dispersion of EC
emissions was modelled near the motorway A13 in 2010 with
a line-source model (see Section 3.4). The input data were the
actual meteorology, an average annual urban background concentration of 1600 ng EC per m3, the actual road trafﬁc volume and
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Fig. 4. Average annual road trafﬁc emissions of EC (mg km 1 s 1) and average annual increases of EC concentrations (ng m 3), including standard deviation on Saturday, Sunday
and an average working day at an inner-urban road (Pleinweg) and a motorway (A15) in the city of Rotterdam (2010). The locations are indicated on Fig. 3A.

composition and the EC emission factors given in Table 1. The
current situation (80 km h 1 speed management) was compared
with the previous situation (100 km h 1 speed limit with 25%
congestion) but with current trafﬁc volume and composition. The
congestion in the current speed management zone was varied
between 0% (corresponding to “maximum” effect of speed
management) and 25% (“minimum” effect of speed management).
The average annual EC concentration as a function of the distance
from the road axis was calculated for these three situations. The
location of the cross-section for these concentration proﬁles is
indicated in Fig. 3A as a red line in the speed management zone
perpendicular to the A13 motorway. The resulting three concentration proﬁles are presented in Fig. 5.
Fig. 5 shows that both lowering the speed limit from 100 to
80 km h 1 and lowering the congestion from 25% to 0% lead to
a drop in annual EC concentrations on both sides of the motorway.
A health impact assessment (HIA) has been performed for the
population (8500) living up to 400 m from the speed management
zone on the A13. We applied a mortality impact of 3.5 months of life
expectancy gained (or lost) due to a decrease (or increase) in lifetime exposure to EC of 500 ng EC per m3 (Janssen et al., 2011;
Keuken et al., 2010). Depending on the distance from the motorway,
the effect of the speed management zone on the annual EC
concentrations was in the range 50e100 ng EC per m3 (“minimum”
effect) and 100e200 ng EC per m3 (“maximum” effect) (see Fig. 5).
The related gain in life expectancy due to speed management
varied from 0e1 month for 8500 people (assuming the minimum

Table 2
Trafﬁc composition (%) and contribution to EC emissions (%) for vehicle categories
L1, L2 and L3 at an inner-urban road and the A15 motorway in Rotterdam (2010).
Trafﬁc composition (%)/ EC emissions (%)

Inner-urban road
Working day
Saturday
Sunday
A15 Motorway
Working day
Saturday
Sunday

L1

L2

L3

93/75
96/85
97/89

6/20
4/15
3/11

1/5
0/0
0/0

82/55
94/87
96/93

6/11
4/7
3/5

12/34
2/6
1/2

effect) to 0e1 month for 7000 people and 1e3 months for 1500
people (assuming the maximum effect).
3.7. The impact of a low EC emission zone on air quality and health
in Amsterdam
Low emission zones have been established in seventy cities
across eight European countries in order to improve the air quality
in urban areas (EEA, 2009). The volume of highly polluting trafﬁc in
these zones is reduced to improve air quality. A study in Milan
demonstrated that a car-free zone hardly reduced PM10 levels but
had a signiﬁcant effect on EC concentrations (Invernizzi et al., 2011).
A low emission zone with an area of around 20 km2 and
a population of around 250 000 has been in operation in Amsterdam since 2008. No heavy duty vehicles (L3) with Euro emission
class 0 to 2, Euro 3 older than eight years or more recent Euro 3
without diesel particulate ﬁlter are allowed in this zone. The zone is
surveyed by cameras to ensure strict enforcement. As a result, the
annual average PM10 in streets with more than 7500 vehicles per
24 h in the zone has been reduced by 0.02e0.08 mg m 3
(Agentschap NL, 2010).
We modelled the effect of the low emission zone in Amsterdam
on EC concentrations and health effects with speciﬁc EC emission
factors determined for L3 in low emission zones in the Netherlands
(www.rivm.nl). Actual trafﬁc and meteorological data were used as
input for a street-canyon model (Beelen et al., 2010). The model was
run once with the regular emission factors and once with the
speciﬁc EC emission factors for L3 vehicles (see: Table 1), for streets
with more than 7500 vehicles per 24 h. This covers more than 80%
of the trafﬁc volume and about 5% of the population living in the
low emission zone. The increase in EC concentrations due to road
trafﬁc in these streets was in the range from 50 to 1450 ng m3. The
introduction of the low emission zone led to a reduction in the
average population-weighted EC concentration of 25 ng EC per m3.
A health impact assessment was performed, assuming
a decrease in life expectancy of 3.5 months due to lifetime exposure
to each 500 ng EC per m3 (see Section 3.6). For the population living
along inner-urban roads with intense trafﬁc, this results in a population-weighted average decrease in life expectancy due to
trafﬁc-related EC emissions of 2.9 months, with a range of 0.3e10
months. It follows that a car-free zone potentially may lead to
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Fig. 5. Average annual EC concentration (ng m 3) as function of the distance from the axis of the A13 motorway in Rotterdam (2010) for “speed limit of 100 km h
congestion” “speed management at 80 km h 1 with 25% congestion” and “speed management at 80 km h 1 with 0% congestion”.

a gain in life expectancy of 2.9 months (and even more if the impact
of noise on life expectancy is considered). The actual populationweighted average gain in life expectancy due to introduction of
the low emission zone in Amsterdam was 0.2 months. This is
almost negligible compared to the potential gain of 2.9 months.
This might have been expected since L3 vehicles in the low emission zone only account in the order of 1% of the trafﬁc volume and
5% of the EC emissions (see: Table 2).
4. Discussion and conclusion
As indicated in Section 3.1, the increase in the number of days at
which the daily limiting value of PM10 at trafﬁc locations in European cities has been exceeded as compared with the urban background, decreased by 40% between 2005 and 2009. It was
suggested that the deviations from this general trend in Graz, Paris,
Milan and London provide evidence for the effectiveness of trafﬁc
measures. It was noted, however, that the data in Fig. 1 were based
on only two monitoring stations per city. Hence, the monitoring
results at the limited number of monitoring points may not
representative for the city as a whole. While the data in Fig. 1 may
thus reﬂect a general trend in air quality near intense trafﬁc in
European cities, more detailed research is needed to draw conclusions on the effectiveness of trafﬁc measures in speciﬁc cities.
It was concluded from the ratios of average annual concentrations of EC, PM2.5 and PM10 in trafﬁc and at urban and regional
locations across Europe that EC is a sensitive indicator of the effect
of exhaust emissions by road trafﬁc. In addition, the mortality
impact of lifelong exposure is a factor ten higher per unit mass of EC
than for PM. This makes EC a more sensitive indicator of the health
impact of trafﬁc measures than PM2.5 or PM10. It is noted that the
health effects attributed to EC and PM should not be added in order
to avoid double counting. It has further been noted that the health
impact of EC is likely to be indirect, as EC particles act as carriers for
toxic organic compounds (OC) causing health effects (WHO, 2012).
EC is therefore regarded a proxy for the mass of exhaust emissions
and associated health effects.
The modelled and measured contribution of trafﬁc emissions to
EC concentrations have a linear relation on different weekdays in
a street canyon and near a motorway. This shows that the derived
EC emission factors provide an adequate basis for modelling the
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impact of trafﬁc measures on air quality. The residual mass in
exhaust emissions is represented by organic compounds (OC),
which are less appropriate as indicator than EC due their relatively
high background concentrations compared with EC (Keuken et al.,
2012).
Trafﬁc volume, composition and congestion are important
factors controlling EC emissions. It was concluded from the study in
Rotterdam that speed management is particularly effective at
reducing EC emissions on working days on a motorway. The higher
the proportion of heavy duty vehicles and the higher the ratio of
free-ﬂowing to congested trafﬁc after speed management
compared to before, the more effective speed management is at
improving the air quality near a motorway. It was concluded from
the study in Amsterdam that the low emission zone for heavy duty
vehicles makes an almost negligible contribution to reducing EC
emission. The main reason for this is the low proportion of highly
polluting L3 vehicles, which contribute less than 5% of the total EC
emission from trafﬁc. Reducing the overall trafﬁc volume is likely to
be the only effective measure available at present for reducing the
health impact on the population living along inner-urban roads
with intense trafﬁc.
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