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1. EXPOSURE DATA
Diesel and gasoline engine exhausts were evaluated by a previous IARC Working Group in
1988 (IARC, 1989a). New data have since become available, and these have been taken into
consideration in the present evaluation.

1.1 Diesel and gasoline engines and
the chemical composition of
their exhausts
Diesel and gasoline engines are the major
power sources used in motor vehicles. Both
are internal, intermittent combustion engines
but differ fundamentally in terms of the way in
which their mixtures are prepared and ignition
(for reviews, see Heywood, 1989; Stone, 1999;
Majewski & Khair, 2006).
In diesel engines, air is introduced into the
engine and heated by compression to tempera
tures in excess of 700 °K. The fuel is introduced
into the combustion chamber by a high-pressure
injection system and is mixed with the hot air
until the fuel jet becomes sufficiently hot for
auto-ignition to occur. The centre of this burning
jet is very rich in fuel, which leads to the forma
tion of elemental carbon (EC), partially burned
fuel, polycyclic aromatic hydrocarbons (PAHs)
and carbon monoxide (Flynn et al., 1999). At the
outer edges of the burning jet, excess air leads to
high temperatures and the formation of nitrogen
oxides.
In contrast, in port-fuel injection gasoline
engines, fuel and air are mixed before entering
the cylinder and the mixture of fuel and air is
compressed. To prevent auto-ignition (knock),
the compression ratio is much lower than that

in a diesel engine, leading to slightly reduced
efficiency. In a gasoline engine, the mixture is
ignited with a spark, and a flame propagates
across the combustion chamber. Premixing the
fuel and air minimizes local fuel-rich conditions
and normal gasoline combustion produces little
soot. In contrast, high temperatures in the flame
zone lead to the formation of carbon monoxide
and nitrogen oxides, and flame quenching near
the walls leads to the presence of unburned and
partially oxidized hydrocarbons.
The fuels used in diesel and gasoline engines
also differ. Diesel fuel is made up of petroleum
fractions with a higher boiling range, has a
higher density and contains approximately 13%
more energy per unit volume of gasoline.
Hydrocarbon combustion by-products
include nitrogen oxides, carbon monoxide,
unburned and partially burned hydrocarbons,
soot (mainly EC and particle-bound organic
carbon) and some nitrated species. Engine exhaust
also contains partially burned lubricating oil, and
ash from metallic additives in the lubricating oil
and wear metals. These combustion by-products
represent thousands of chemical components
present in the gas and particulate phases (Zaebst
et al., 1988); some specific chemical species and
classes found in engine exhaust are listed in
Table 1.1. Agents found in engine exhaust and
evaluated by the IARC as group 2B, 2A or 1 are
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Table 1.1 Some compounds and classes of compound in vehicle engine exhaust
Gas phase

Particulate phase

Acrolein
Ammonia
Benzene
1,3-Butadiene
Formaldehyde
Formic acid
Heterocyclics and derivativesa
Hydrocarbons (C1–C18) and derivativesa
Hydrogen cyanide
Hydrogen sulfide
Methane
Methanol
Nitric acid
Nitrous acid
Oxides of nitrogen
Polycyclic aromatic hydrocarbons and derivativesa
Sulfur dioxide
Toluene

Heterocyclics and derivativesa
Hydrocarbons (C14–C35) and derivativesa
Inorganic sulfates and nitrates
Metals (e.g. lead and platinum)
Polycyclic aromatic hydrocarbons and derivativesa

a Derivatives include acids, alcohols, aldehydes, anhydrides, esters, ketones, nitriles, quinones, sulfonates, halogenated and nitrated
compounds, and multifunctional derivatives.
From National Research Council (1983), Lies et al. (1986), Schuetzle & Frazier (1986), Carey (1987), Johnson (1988), Zaebst et al. (1988)

listed in Table 1.2. Diesel emission standards
and diesel engine technology are closely linked:
standards drive the technology and technology
enables more stringent standards. The concen
tration of a chemical species in vehicle exhaust
is a function of several factors, including the
type and operating conditions of the engine, the
compositions of the fuel and lubricating oil used
and the presence of an emission control system
(Johnson, 1988).

1.1.1 Diesel engine technology
(a)

Historical and technical overview

Rudolf Diesel patented the Diesel engine in
1898. In the early part of the twentieth century,
diesel engines were used mainly in marine appli
cations, and were then installed in heavy goods
vehicles (HGVs) in Europe in the 1920s. In the
1930s, manufacturers in the USA started to
install diesel engines in commercial HGVs, buses
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and tracked vehicles. The first mass-produced
diesel passenger car was introduced in Europe
in 1936. Diesel engines had replaced steam power
in railroad locomotives by the early 1950s, and
had replaced gasoline engines in most HGVs by
the 1960s. Today, diesel engines power all types
of automotive vehicles: passenger cars (up to 50%
of new car sales in some European countries),
commercial vehicles, buses, industrial, agricul
tural and construction equipment, mine vehicles,
locomotives, ships and many stationary power
applications (Busch-Sulzer, 1913; Cummins,
1967; Hind, 1974; Cummins, 1993; IRSG, 2012a,
b).
In a diesel engine, fuel is introduced into
the engine by a high-pressure fuel injection
system and mixes with air that has been heated
by compression. Combustion begins when the
fuel–air mixture becomes sufficiently hot for
auto-ignition to occur. Common diesel engine
configurations include indirect and direct

Diesel and gasoline engine exhausts

Table 1.2 Chemicals and metals found in diesel and gasoline engine exhaust and their evaluation
by IARC
Agent
Metals
Antimony compounds
Arsenic and inorganic arsenic compounds
Beryllium and beryllium compounds
Cadmium and cadmium compounds
Chromium (VI)
Cobalt and cobalt compounds
Lead compounds
Nickel
Organic chemicals
1,3-Butadiene
Acetaldehyde
Benzene
Bis(ethylhexyl)phthalate
Ethylbenzene
Formaldehyde
Propylene oxide
Halogenated and other chemicals
Dioxin/dibenzofurans
Polycyclic aromatic hydrocarbons
Benz[a]anthracene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Chrysene
Dibenz[a,h]anthracene
3,7-Dinitrofluoranthene
3,9-Dinitrofluoranthene
1,3-Dinitropyrene
1,6-Dinitropyrene
1,8-Dinitropyrene
Indeno[1,2,3-cd]pyrene
Naphthalene
3-Nitrobenzanthrone
6-Nitrochrysene
2-Nitrofluorene
1-Nitropyrene
4-Nitropyrene
Styrene

CAS No.

Evaluation

Volume (reference)

1309-64-4 (Trioxide)
007440-38-2
007440-41-7
007440-43-9
018540-29-9
007440-48-4
Inorganic/organic
Metallic/compounds

2B
1
1
1
1
2B
2A/3
2B/1

47 (IARC, 1989b)
100C (IARC, 2012a)
100C (IARC, 2012a)
100C (IARC, 2012a)
100C (IARC, 2012a)
52 (IARC, 1991)
87 (IARC, 2006)
100C (IARC, 2012a)

106-99-0
75-07-0
71-43-2
117-81-7
100-41-4
50-00-0
75-56-9

1
2B
1
2B
2B
1
2B

100F (IARC, 2012b)
71 (IARC, 1999)
100F (IARC, 2012b)
101 (IARC, 2012c)
77 (IARC, 2000)
100F (IARC, 2012b)
60 (IARC, 1994)

1746-01-6 (TCDD)

1

100F (IARC, 2012b)

56-55-3
205-99-2
207-08-9
5-32-8
218-01-9
53-70-3
105735-71-5
22506-53-2
75321-20-9
42397-64-8
42397-64-9
193-39-5
91-20-3
17 117-34-9
7496-02-8
607-57-8
5522-43-0
57835-92-4
100-42-5

2B
2B
2B
1
2B
2A
2B
2B
2B
2B
2B
2B
2B
2B
2A
2B
2A
2B
2B

92 (IARC, 2010)
92 (IARC, 2010)
92 (IARC, 2010)
100F (IARC, 2012b)
92 (IARC, 2010)
92 (IARC, 2010)
This volume
This volume
This volume
This volume
This volume
92 (IARC, 2010)
82 (IARC, 2002)
This volume
This volume
This volume
This volume
This volume
82 (IARC, 2002)

TCDD, 2,3,7,8-tetrachlorodibenzodioxin
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injection, and two- and four-stroke cycles
(Heywood, 1989; Stone, 1999).
Indirect injection engines cost less and are
less efficient than direct injection engines. Fuel
is injected into a secondary chamber, where
ignition takes place, and a jet of the partially
burned fuel–air mixture is discharged into the
main combustion chamber, where it is mixed
with additional air and combustion is completed.
This allows relatively fast and complete combus
tion without the need for a very high-pressure
fuel injection system because most of the energy
required for mixing is produced by the hot
burning jet. However, significant energy loss
occurs due to heat transfer and loss of pressure,
which lead to higher fuel consumption. Indirect
combustion engines dominated the diesel
passenger car market until the mid-1990s and
are still used in small engines, such as generator
sets and auxiliary power units. Direct injection
engines require higher-pressure fuel injection
and more precise control of the fuel–air mixing
process, but are considerably more fuel efficient.
Nearly all modern heavy-duty vehicles are fitted
with direct injection engines.
Two- and four-stroke cycles refer to the
number of piston strokes required to complete
an engine cycle. Two-stroke diesel engines are
mechanically simpler but are more complex ther
modynamically and aerodynamically than fourstroke engines. In a two-stroke engine, the four
phases of an engine cycle (intake, compression,
expansion and exhaust) require only one revolu
tion, while two revolutions are required in a fourstroke engine. In a two-stroke engine, intake
and compression take place in one stroke, and
expansion, exhaust and the beginning of intake
take place in the second stroke. Two-stroke diesel
engines are generally more compact and have a
better power-to-weight ratio than their fourstroke counterparts but are typically less efficient
and their emissions are more difficult to control.
Two-stroke engines came into general use in
the 1930s, first in locomotives, then in military
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applications, generator sets, HGVs and buses
(Sloan, 1964), and were widely used in HGVs
and buses until the early 1990s, when it became
apparent that increasingly stringent emission
standards would be more difficult to meet than
with four-stroke engines. However, they are still
used to a great extent in large engines in rail,
marine and stationary applications. Since the
mid-1980s, stringent emission standards and
highly competitive performance requirements
have caused the design of on-road engines in
developed countries to converge on a ‘common
diesel engine architecture’ (IRSG, 2012a, b).
In this Monograph, diesel engines that are
unregulated for particulate emissions are referred
to as ‘traditional technology diesel engines’; those
that are fitted with wall-flow particulate filters
and oxidation catalysts, and use ultra-low sulfur
fuel are referred to as ‘new technology diesel
engines’; and those that fall in between the two
are referred to as ‘transitional diesel engines’. The
following section focuses primarily on emission
technology for heavy-duty and light-duty diesel
engines in Europe and the USA.
(b)

Traditional and transitional technology
engines

Until the mid-1980s, a wide variety of diesel
engine designs and technologies were avail
able, including two-stroke and four-stroke
combustion systems, two-valve and four-valve
gas exchange systems (or side ports in the case
of two-stroke engines), direct and indirect fuel
injection systems, and turbocharged and natu
rally aspirated air induction systems. With
increasingly stringent regulations on emissions
(see Section 1.3), the industry converged on a
common diesel engine architecture: four-stroke
combustion, four-valve gas exchange, high-pres
sure direct fuel injection with electronic control
and turbocharged air induction. Other techno
logical changes have ensued: intake air cooling
was introduced – first using engine cooling
water, then air-to-air heat exchangers – to
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produce lower peak combustion temperatures
to reduce emissions of nitrogen oxides. In 2002,
cooled exhaust gas recirculation was introduced
an additional control for nitrogen oxides.
Fuel technology also changed when the sulfur
content of fuel was reduced from up to 5000 ppm
(0.5%) to 500 ppm to enable diesel engines to
meet the particulate matter (PM) standards and
to introduce cooled exhaust gas recirculation
without unacceptable corrosion from sulfuric
acid.
Diesel oxidation catalysts were introduced
first (Volkswagen, 1989), then diesel exhaust
particle filters (DPFs). The catalysts came into
relatively wide use in light- and medium-duty
applications in the 1990s, and are effective at
reducing emissions of carbon monoxide, hydro
carbons and particle-bound organic carbon but
have little influence on those of EC or nitrogen
oxides.
(c)

New technology engines: aftertreatment of
diesel exhaust

The new PM standards for on-road heavy
diesel equipment that were introduced in 2010 in
the USA could not be achieved by new develop
ments in combustion alone, and required exhaust
aftertreatment from the installation of DPFs and
diesel oxidation catalysts, and a reduction in the
sulfur content of fuel to a maximum of 15 ppm.
The nitrogen oxide standard also intro
duced in 2010 led to the further integration of
aftertreatment techniques in the form of selec
tive catalytic reduction (SCR) or nitrogen oxide
adsorber-based systems.
(i)

Particle filtration
DPFs were first introduced into European
passenger cars in 2000 (Salvat et al., 2000) and in
heavy-duty trucks and buses in the USA in 2007.
A variety of types of filter medium are avail
able, including ceramic foams, sintered metal,
and wound, knit and braided fibres (Majewski
& Khair, 2006). Most of these filters have a

qualitatively similar efficiency and differ mainly
in durability, cost and packaging. The wall-flow
filter is the most common for transportation
applications, and comprises a honeycomb-like
ceramic structure, the alternate passages of which
are blocked. Wall-flow filters typically achieve
removal efficiencies for diesel PM of more than
95%. In some applications, so-called partial flow
filters are used (Mayer et al., 2009), which have
considerably lower collection efficiencies – typi
cally less than 50% – and are designed for applica
tions that have less stringent emission standards
or for which emissions are already very low.
As the exhaust passes through the filter,
the initial substrate is the filtration medium.
However, as soot gradually fills the filter chan
nels, the surface of the filter becomes covered
with a layer of soot, which in turn serves as a very
efficient filtration medium. The temperatures of
diesel exhaust are typically too low for any signif
icant oxidation by the oxygen contained therein.
Soot must be removed from the filter by its peri
odical or continuous burning in a process called
regeneration, which can be achieved in three
ways: one active and two passive methods.
Passive regeneration is achieved by placing an
oxidizing catalyst upstream from the filter or by
adding a metallic catalyst (usually some combi
nation of cerium, strontium and iron) to the
fuel. Active regeneration systems are used under
light load conditions, such as those encountered
in congested urban traffic or during prolonged
idling (Majewski & Khair, 2006; Twigg & Phillips,
2009). This usually involves spraying fuel onto
an oxidizing catalyst upstream from the filter to
raise the exhaust temperature to above ~600 °C
to initiate oxidation of the collected soot. Active
regeneration is initiated typically every few
hours.
The efficiency of a freshly regenerated filter at
the most penetrating (least efficient) size (100–
300 nm) is approximately 90%. As the filter loads
and a soot layer builds up on its surface, the effi
ciency across the size range approaches 100%.
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DPFs remove most solid particles by filtra
tion, as well as carbon monoxide and light and
semi-volatile hydrocarbons by catalytic oxida
tion, and by the conversion of nitrogen monoxide
to nitrogen dioxide and sulfur dioxide to sulfur
trioxide and sulfuric acid. Nucleation mode
particles (Kittelson, 1998; Kittelson et al., 2006)
formed by engines equipped with a catalysed
DPF consist mainly of sulfuric acid or ammo
nium sulfate particles (Grose et al., 2006).
(ii)

Aftertreatment for nitrogen oxides
Diesel engines operate under oxidizing
conditions, and the reduction of nitrogen oxides
to elemental nitrogen is challenging. The two
main types of control system for nitrogen oxides
in diesel exhaust are SCR (Gekas et al., 2002) and
lean nitrogen oxide traps (Morita et al., 2007) (for
a review, see Majewski & Khair, 2006).
SCR is designed to reduce the emissions of
nitrogen oxides by their reaction with a reductant
over a catalyst to form elemental nitrogen. SCR
systems may be used alone or integrated with
a catalysed DPF (Cooper et al., 2003; Servati
et al., 2005) to form a four-way catalyst (carbon
monoxide, hydrocarbon, nitrogen oxides and
PM). Ammonia may not be fully consumed in
the SCR system, and an ammonia slip catalyst
is therefore usually used to reduce ammonia
emissions. However, these catalysts may produce
emissions of other chemicals (Havenith &
Verbeek, 1997).
A lean nitrogen oxide trap involves the
storage of nitrogen oxides during lean operations
and catalytic reduction and release of nitrogen
during rich operations (Yezerets et al., 2007).
During lean operations, nitrogen monoxide is
oxidized to form nitrogen dioxide by a platinum
catalyst and is stored as nitrate on the surface.
To reduce nitrogen oxides to nitrogen, all oxygen
in the exhaust passing through the catalyst must
be eliminated. This is accomplished by tempo
rarily injecting fuel into the exhaust to consume
the remaining excess oxygen or by operating
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the engine briefly in a fuel-rich mode. Similarly
to SCR systems, these can be used alone or
combined with a particle filter (Xu et al., 2010).

1.1.2 Levels of diesel engine exhaust
emissions
(a)

Traditional and transitional technology
diesel engines

Clark et al. (2006) tested a fleet of heavyduty diesel vehicles using three different driving
cycles. Fig 1.1 shows the decreasing trend in
PM emissions for vehicle models ranging from
pre-1990 through 2002. A similar trend was also
apparent from on-road tunnel data (Fig. 1.2;
Gertler et al., 2002). Measurements of PM emis
sions from heavy-duty vehicles in the Tuscarora
tunnel were reduced by one order of magnitude
between pre-1985 and 1999.
Operating conditions may influence PM
emissions from traditional and transitional tech
nology diesel engines. [Particulate mass emis
sions from new technology diesel engines are
very low across the operating range because they
are fitted with wall-flow particulate filters.] Clark
et al. (2002) compared the relative effects of vehicle
class and weight, simulated driving cycle, vehicle
vocation [application] and driving activity, fuel,
aftertreatment [catalytic converter], age [level of
technology] and terrain on PM emissions from
heavy-duty diesel vehicles (Fig. 1.3). PM emis
sions varied by 1500% due to differences in the
driving cycle alone. Clark et al. (2006) tested a
fleet of 25 heavy heavy-duty diesel vehicles using
a chassis dynamometer and full flow dilution
tunnel. Table 1.3 summarizes the influence of
driving cycle on PM and hydrocarbon emis
sions from laden vehicle models from pre-1990
and from 1998 through 2002. The ‘creep’ cycle
gave the highest PM and hydrocarbon emis
sions, while the cruise cycle gave the lowest PM
emissions and the transient cycle gave the lowest
hydrocarbon emissions. [The idle emissions are
not directly comparable with the other cycles

Diesel and gasoline engine exhausts
Fig. 1.1 Trends in emissions of nitrogen oxides and particulate matter by model year group,
measured on a chassis dynamometer with three different drive cycles

AC50/80, standard driving cycle; HHDDT, heavy heavy-duty diesel truck; NOx, nitrogen oxides; PM, particulate matter; UDDS, urban
dynamometer driving schedule
From Clark et al. (2006). Copyright © 2006 SAE International. Reprinted with permission.

because they are measured in grams per second
rather than grams per mile.]
Idle emissions are of particular interest
in some exposure situations, e.g. for garage
mechanics, and are influenced by engine tech
nology and accessory load, especially air condi
tioning. Engines with electronic fuel injection
systems produce substantially lower carbon
monoxide, hydrocarbon and PM emissions but
somewhat higher emissions of nitrogen oxides
(Khan et al., 2006, 2009).
Kweon et al. (2003) examined the impact of
engine speed and load on particle-bound organic
emissions. A Cummins N14-series single-cyl
inder research engine was run under the

California Air Resources Board eight-mode test
cycle. Under high load conditions, most of the
particle-phase organic compounds were below
the limit of detection in gas chromatographymass spectrometry (GC-MS); in contrast, most
of the 39 organic compounds quantified were
detected under idling, light and medium load
conditions, which are associated with lower
exhaust temperatures. Fig 1.4 shows PAH emis
sions in relation to exhaust temperature for two
speeds.
Kittelson et al. (2006) measured size distri
butions of PM for a variety of heavy-duty
engines, both on-road and using engine and
chassis dynamometers. Measurements were
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Fig. 1.2 Heavy-duty vehicle particulate matter emission factor estimates measured on-road in the
Tuscarora tunnel, USA

Note: the markers for 1999 include PM10, PM 2.5, and PM 2.5 (reconstructed mass).
HD, heavy duty; PM, particulate matter
From Gertler et al. (2002). Reprinted with permission from the Health Effects Institute, Boston, MA.

made using fuels with varying sulfur contents,
and with and without a thermal denuder that
was used to measure solid particles. Without
the thermal denuder, the size distributions were
nearly unimodal, whereas the thermal denuder
revealed a bimodal structure. Except for the fuel
with the highest sulfur content (325 ppm), the
size distribution for the high-speed cruise condi
tion showed a single mode – the accumulation
mode centred at about 50 nm, which consisted
mainly of carbonaceous soot particles. The PM
concentration in this mode was nearly two orders
of magnitude higher than that under idling
conditions. Using fuel with the highest sulfur
content, a nucleation mode was found, centred
at about 10 nm. Although the formation of this
mode was related to the sulfur content of the fuel,
other work has shown that it consists mainly of
46

heavy hydrocarbons, primarily from unburned
lubricating oil (Sakurai et al., 2003).
Table 1.3 Influence of operating cycle on
particulate matter and hydrocarbon emissions
by car model year
Driving cycle

Idle (g/s)
Creep (g/mile)
Transient (g/mile)
Cruise (g/mile)
Urban dynamometer
driving schedule (g/mile)
Adapted from Clark et al. (2006)

Hydrocarbons

Particulate
matter

Pre- 1998–
1990 2002

Pre- 1998–
1990 2002

20.2
16.3
3.8
1.2
3.2

3.7
7.3
4.2
2
3.1

7.6
5.8
1.3
0.4
0.8

0.8
1.5
0.6
0.2
0.6

Diesel and gasoline engine exhausts
Fig. 1.3 Relative impact of operating variables on particulate matter emissions

Parameters measured are: class (vehicle class and weight), cycle (simulated driving cycle), vocations (application and driving activity), fuel (type
of diesel fuel), aftertreatment (catalytic converter), age (level of technology), terrain (driving terrain) and injection timing.
From Clark et al. (2002). Reprinted by permission of the publisher, Taylor & Francis Ltd, http://www.tandf.co.uk/journals/

Fig. 1.5 shows a comparison of the average
particle size distribution for 2007 model engines
with and without regeneration, and for a 2004
model engine without a diesel oxidation catalyst
or a DPF. Measurements for the 2007 engines
were taken from the exposure chamber for
4-hour segments of the 16-hour cycle; the data
were based on 19 repeats with regeneration and
29 repeats without regeneration. Measurements
for the 2004 engine were taken from the full-flow
constant volume sampling of the Federal Test
Procedure (FTP) transient cycle, and were based
on six repeats.

(b)

New technology diesel engines

Several recent studies have reported on the
changes in the composition of diesel exhaust
linked to new technology. Emission trends in
fluoranthene, pyrene, benzo[a]pyrene, benzo[e]
pyrene and 1-nitropyrene with changing engine
technology are shown in Fig. 1.6 as a fraction
of the emissions from pre-1999 technology. All
compounds showed a marked downward trend.
Emissions from the 2000 and 2004 transitional
technology engines represented only a fraction
(maximum, 40%) of those from the traditional
technology engines, and a further decrease
occurred with the introduction of new tech
nology engines fitted with catalysed DPFs.
Hesterberg et al. (2011) published a compre
hensive comparison of emissions from current
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Fig. 1.4 Variations in total specific n-alkanes (top) and polycyclic aromatic hydrocarbons (bottom)
versus engine-out exhaust temperature for CARB 8-mode test cycle
350

Identified Total Specific n-Alkanes [μg/ihp-hr]

Mode 4

CARB 8 Modes (except Mode 8)
Data Points
nd
2
(2 Order Exponential Decay - R =1)
Data Points
nd
2
(2 Order Exponential Decay - R =0.99)

300
Mode 3

250

200
1200 rpm

1800 rpm

150

100
Mode 7

50

0

Mode 2

Mode 6 Mode 5
Mode 1

200

300

400

500

600

700

Engine Out Exhaust Temperature [deg. C]

280
CARB 8 Modes (except Mode 8)
Data Points
nd
2
(2 Order Exponential Decay - R =0.99)
Data Points
2
(Linear Regression - R =0.92)

Polycyclic Aromatic Hydrocarbons [μg/ihp-hr]

Mode 3

240

200

Mode 4

Mode 2

160

1800 rpm

120
1200 rpm
80
Mode 7

40
Mode 6 Mode 5

0
200

300

400

500

600

700

Engine Out Exhaust Temperature [deg. C]
From Kweon et al. (2003). Copyright © 2003 SAE International. Reprinted with permission.
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Fig. 1.5 Particle size distribution of a 2004 engine and 2007 engines with or without active
regeneration

Geometric number mean diameter (GNMD) and geometric standard deviation (GSD):
2007 engine with regeneration: GNMD = 25 nm; GSD = 1.72
2007 engine without regeneration: GNMD = 40 nm; GSD = 1.95
2004 engine: GNMD = 46 nm; GSD = 1.90
From Khalek et al. (2011). Reprinted by permission of the publisher, Taylor & Francis Ltd, http://www.tandf.co.uk/journals/

technology diesel engines fitted with and without
advanced aftertreatment systems. Large reduc
tions in total emissions of PM, sulfate/nitrate,
hydrocarbons, EC and ash were observed. Total
reductions in PM emissions of 99% were typical
(Liu et al., 2009).
PAH and nitro-PAH emissions have been
studied extensively. The reduction in emission
levels between transitional and new technology
engines for various classes of compounds, for
the 39 California Air Resources Board Toxic Air
contaminants, and for PAHs and nitro-PAHs
is shown in Table 1.4, Table 1.5, and Table 1.6,
respectively. Studies generally showed large
reductions in PAHs and nitro-PAHs in new tech
nology diesel engines compared with traditional
and transitional technology engines (52– > 99%)
(Biswas et al., 2009a, b; Khalek et al., 2009, 2011;
Liu et al., 2010).

Some studies (Heeb et al., 2008, 2010) showed
that uncatalysed filters and filters that did not
strongly oxidize carbon and nitrogen monoxides
in the exhaust removed PAHs less efficiently than
those that strongly oxidized carbon and nitrogen
monoxides, with individual PAH removal effi
ciencies of 37–90% for the former and 75–98%
for the latter.
Several recent studies that evaluated the
formation of nitro-PAHs in DPFs produced
conflicting results (Heeb et al., 2008, 2010; Liu
et al., 2010; Khalek et al., 2011). The level of
1-nitrophenanthrene increased by 20% for an
uncatalysed DPF with fuel-borne catalysts in
one study (Heeb et al., 2008), and by 55 and 91%
for low- and high-activity DPFs, respectively, in
a later study by the same authors (Heeb et al.,
2010). In contrast, Liu et al. (2010) observed a 76%
decrease in 1-nitrophenanthrene in 2004 model
engines compared with 2007 model engines. The
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Reduction in PAH levels compard to
1983-1993 technology (in %)

Fig. 1.6 Trends in selected polycyclic aromatic hydrocarbon species with developing technology
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Concentrations are plotted as a fraction of the emissions from a group of 1983–93 heavy-duty vehicles reported by Watson et al. (1998), except
for 1-nitropyrene which was taken as the mid-point of the range of 1–4 mg/brake horse power–h given as typical of 1975–2000 engines by EPA
(2002a). 2000 and 2007 CDPF b data from Khalek et al. (2011). 2004 and 2007 CDPF a data from Liu et al. (2010).

Table 1.4 Unregulated emissions for all 12 repeats of the 16-hour cycles for four 2007 ACES
engines and for 2004 technology engines used in CRC E55/E59
Compound

2004 engines
(average ± SD,
mg/h)

2007 engines
(average ± SD, mg/h)

2007 enginesa
(average ± SD, mg/
bhp-h)

Average percentage
reduction relative
to 2004 technology
engines

Single-ring aromatics
PAHs
Alkanes
Hopanes/steranes
Alcohols and organic acids
Nitro-PAHs
Carbonyls
Inorganic ions
Metals and elements
Organic carbon
Elemental carbon
Dioxins/furans

405.0 ± 148.5
325.0 ± 106.1
1030.0 ± 240.4
8.2 ± 6.9
555.0 ± 134.4
0.3 ± 0.0
12 500.0 ± 3535.5
320.0 ± 155.6
400.0 ± 141.4
1180.0 ± 70.7
3445.0 ± 1110.0
NA

71.6 ± 32.97
69.7 ± 23.55
154.5 ± 78.19
0.1 ± 0.12
107.4 ± 25.4
0.1 ± 0.0
255.3 ± 95.2
92.3 ± 37.7
6.7 ± 3.0
52.8 ± 47.1
22.6 ± 4.7
6.2 × 10−5 ± 5.2 × 10−5

0.76 ± 0.35
0.74 ± 0.25
1.64 ± 0.83
0.0011 ± 0.0013
1.14 ± 0.27
0.0065 ± 0.0028
2.68 ± 1.00
0.98 ± 0.40
0.071 ± 0.032
0.56 ± 0.50
0.24 ± 0.05
6.6 × 10−7 ± 5.5 × 10−7

82
79
85
99
81
81
98
71
98
96
99
99b

Data shown in brake-specific emissions for completeness; no comparable data on brake-specific emissions were available
Relative to 1998 technology engines
bhp, brake horse power; h, hour; NA, not applicable; PAHs, polycyclic aromatic hydrocarbons; SD, standard deviation
From Khalek et al. (2011)
a

b
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Table 1.5 Average emissions of the 39 CARB toxic air contaminants for four 2007 ACES engines and for 1994–2000
technology enginesa
Compound

1994–2000 technology enginesb (mg/bhp-h)

2007 technology enginesc (mg/
bhp-h)

Percentage
reduction

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Acetaldehyde
Acrolein
Aniline
Antimony compounds
Arsenic
Benzene
Beryllium compounds
Biphenyl
Bis(ethylhexyl)phthalate
1,3-Butadiene
Cadmium
Chlorine (chloride)
Chlorobenzene and derivatives
Chromium compounds
Cobalt compounds
Cresol isomers
Cyanide compounds
dl-n-Butylphthalate
Dioxins and dibenzofurans
Ethyl benzene
Formaldehyde
Hexane
Inorganic lead
Manganese
Mercury
Methanol
Methyl ethyl ketone
Naphthalene
Nickel
4-Nitrobiphenyl

10.3
2.7
NA
NA
NA
1.82
NA
NA
NA
1.7
NA
0.18
NA
NA
NA
NA
NA
NA
0.000066
0.49
25.9
0.14
0.0009
0.0008
NA
NA
NA
0.489
0.01
NA

0.61 ± 0.27
< 0.01
0.000150 ± 0.000075
< 0.001
< 0.0002
< 0.01
< 0.0003
0.013780 ± 0.001716
NR
< 0.01
< 0.00003
< 0.007
NR
0.0007 ± 0.0003
< 0.0001
0.02727 ± 0.01233
< 0.05
NR
0.00000066 ± 0.000000055
0.05 ± 0.04
1.90 ± 1.01
< 0.01
< 0.0001
< 0.00022
< 0.00016
0.07 ± 0.13
< 0.01
0.0982 ± 0.0423
0.0002 ± 0.0001
< 0.00000001

93
> 99
NA
NA
NA
> 99
NA
NA
NA
> 99
NA
> 96
NA
NA
NA
NA
NA
NA
99
90
94
> 93
> 89
> 73
NA
NA
NA
80
98
NA
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TAC No.

TAC No.

Compound

1994–2000 technology enginesb (mg/bhp-h)

2007 technology enginesc (mg/
bhp-h)

Percentage
reduction

31
32
33
34
35
36
37
38
39
40 and
41

Phenol
Phosphorus
POM, including PAHs and derivatives
Propionaldehyde
Selenium
Styrene
Toluene
Xylene isomers and mixtures
ortho-Xylene
meta- and para-Xylenes

NA
NA
See Table 1.6
1.8
NA
0.73
0.64
2.2
0.99
1.21

0.00905 ± 0.00414
0.0130 ± 0.0064
See Table 1.6
0.01
< 0.0001
< 0.01
0.26 ± 0.28
0.35 ± 0.10
0.13 ± 0.07
0.20 ± 0.08

NA
NA
See Table 1.6
> 99
NA
> 99
59
85
87
83

Engines run over the Federal Test Procedure transient cycle for all 12 repeats of the 16-hour cycle.
Data on standard deviations were not provided.
c The limit of detection is indicated by values marked ‘ < ’.
bhp, brake horse power; h, hour; NA, not applicable; NR, not reported; PAHs, polycyclic aromatic hydrocarbons; POM, polycyclic organic matter; TAC, toxic air contaminant
From Khalek et al. (2011)
a

b
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Table 1.5 (continued)
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Table 1.6 Emissions of selected polycyclic aromatic hydrocarbon (PAH) and nitro-PAH
compounds from 2000 and 2007 technology enginesa
PAH/nitro-PAH

2007 technology enginesb
(mg/bhp-h)

2000 technology enginesb, c
(mg/bhp-h)

Percentage reduction

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
Perylene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene
2-Nitrofluorene
9-Nitroanthracene
2-Nitroanthracene
9-Nitrophenanthrene
4-Nitropyrene
1-Nitropyrene d
7-Nitrobenz[a]anthracened
6-Nitrochrysene
6-Nitrobenzo[a]pyrened

0.0982 ± 0.0423
0.0005 ± 0.0005
0.0004 ± 0.0001
0.0015 ± 0.0009
0.0077 ± 0.0025
0.0003000 ± 0.0001000
0.0006 ± 0.0006
0.0005 ± 0.0004
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
< 0.0000001
0.0000036 ± 0.0000041
0.0000148 ± 0.0000213
0.0000004 ± 0.0000009
0.0000211 ± 0.0000209
< 0.0000001
0.0000197 ± 0.0000243
0.0000002 ± 0.0000002
< 0.00000001
< 0.00000001

0.4829
0.0524
0.0215
0.0425
0.0500
0.0121
0.0041
0.0101
0.0004
0.0004
< 0.0003
< 0.0003
< 0.0003
< 0.0003
< 0.0003
< 0.0003
< 0.0003
< 0.0003
0.000065
0.0007817
0.0000067
0.0001945
0.0000216
0.0006318
0.0000152
0.0000023
0.0000038

80
98
98
96
85
97
85
95
> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99
94
98
94
89
> 99
97
99
> 99
> 99

a Four 2007 ACES engines and some 2000 technology engines were run over the Federal Test Procedure transient cycle for all 12 repeats of the
16-hour cycles.
b The limit of detection is indicated by values marked ‘< ’.
c Data on standard deviations were not provided
d Previous work showed artefact formation during filter collection
bhp, brake horse power; h, hour
From Khalek et al. (2011)
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level of 2-nitrophenanthrene was also increased
by 100% with DPFs in the first study (Heeb
et al., 2008), but was decreased by 34 and 81%
for low- and high-activity DPFs, respectively
(Heeb et al., 2010), and by 91% for 2004 model
engines compared with 2007 model engines (Liu
et al., 2010). The level of 9-nitrophenanthrene
was increased in two studies (Heeb et al., 2010;
Liu et al., 2010), whereas a 92% reduction was
reported in another study (Khalek et al., 2011).
The concentration of 1-nitropyrene was shown to
increase in one study (Heeb et al., 2010), but two
other studies reported decreases of 99 and 97%,
respectively (Liu et al., 2010; Khalek et al., 2011).
[These differences were probably due to
a combination of differences in the test cycle
and sampling method. The studies by Liu et al.
(2010) and Khalek et al. (2011) both used dilu
tion sampling that is intended to approximate
the atmospheric dilution process, while the
studies by Heeb et al. (2008, 2010) used undiluted
sampling of cooled exhaust gases with samples
combined from a filter, a condenser and an XAD
absorber.]
Some studies showed increases in dioxin/
furan emissions with the use of copper fuel-borne
catalyst materials, in particular in the presence
of elevated levels of chlorine in the fuel (Mayer
et al., 2003; Heeb et al., 2007); subsequent work
by the same investigators (Wenger et al., 2008)
reported increases in copper fuel-borne cata
lysed systems but small absolute values except in
one case using fuel with an extremely high chlo
rine content. Other studies (Table 1.4 and Table
1.5; Khalek et al., 2011) reported a 99% reduction
in dioxins/furans with catalysed DPF and SCR
systems compared with transitional technology
engines. In a comprehensive programme that
tested two different 2010 new technology engines
with a range of different exhaust aftertreatment
configurations chosen for their potential for
dioxin/furan formation, Liu et al. (2011) showed
60–80% reductions in dioxin/furan emissions for
all aftertreatment configurations, and no impact
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of elevated levels of chlorine content. Dyke et al.
(2007) reported an approximate 80% reduction
in dioxin/furan emissions when a diesel oxida
tion catalyst was fitted.
Andersson et al. (2007) compared six conven
tional diesel vehicles with six DPF-equipped vehi
cles. Conventional vehicles emitted 300–700-fold
more particles than DPF-equipped vehicles.
Although solid particle emissions are greatly
reduced by DPFs, increases in total emissions
have been reported with the use of DPFs. Sulfate
and ammonium sulfate emissions may be the
main constituents of nucleation mode particles,
which are formed at higher exhaust tempera
tures and generally by more heavily catalysed
systems (Herner et al., 2011). Kittelson et al.
(2008) observed the formation of a large nuclea
tion mode and an increase in particle emissions
downstream from a continuously regenerating
trap (diesel oxidation catalyst upstream of an
uncatalysed DPF) when exhaust temperatures
exceeded about 350 °C. The DPF was very effi
cient at removing accumulation mode soot parti
cles but, in the absence of a surface to adsorb the
sulfuric acid, the vapours nucleated and grew
into a large nucleation mode that contained very
little mass but a large number of particles. No
detectable nucleation mode formation took place
when a catalysed continuously regenerating trap
(diesel oxidation catalyst upstream from a cata
lysed DPF) was used.
Khalek et al. (2011) compared particle size
and particle emissions from four new technology
engines with those from a transitional technology
engine, and did not observe the increase in total
emissions described above. Total emissions were,
respectively, 3.0 × 1014, 3.3 × 1013 and 3.9 × 1012
particles/brake horse power (bhp)–h for the 2004
engine, the 2007 engines, including regeneration
events, and the 2007 engines, not including the
regeneration events. Thus, the total emissions
were reduced by 89% and 88% of the remaining
emissions were produced during the infrequent
regeneration events.

Diesel and gasoline engine exhausts
Fig. 1.7 Impact of biodiesel blends on emissions
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From EPA (2002b)

1.1.3 Biodiesel
Biodiesel is usually a fatty acid methyl ester
made by reacting vegetable oils or animal fats
with methanol. The most common feedstocks are
soya bean, rapeseed and palm oils, and various
waste animal fats. In general, biodiesel does not
significantly change engine efficiency but leads
to slightly higher fuel consumption because of its
lower energy content. It is usually used in blends
with petroleum diesel, where for example B20
refers to a 20% biodiesel blend.
The US Environmental Protection Agency
(EPA) published a comprehensive review of the
performance and emissions of biodiesel blends

(EPA, 2002b). The emissions are sensitive to
engine specifications and aftertreatment systems,
but general trends are observed. Fig 1.7 shows
the average variation in emissions of nitrogen
oxides, carbon monoxide, hydrocarbon and PM
from a biodiesel blend fraction for soya methyl
ester, based on many engine tests. Emissions may
vary depending on feedstock.
Several studies of emissions from biodiesel
blends have been reported (Sharp et al., 2000;
Turrio-Baldassarri et al., 2004; Arapaki et al.,
2007; Cheung et al., 2009; Karavalakis et al.,
2009a, b, 2010); most showed trends in regu
lated emissions similar to those described by the
US EPA (2002b), while results for unregulated
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emissions were mixed. Some showed increases in
the levels of PAHs and derivatives with increasing
blends, while others showed decreasing trends.
To resolve these inconsistencies, Eckerle et al.
(2008) studied blends of B0 (i.e. pure conven
tional diesel fuel), B20 and B100 (pure biodiesel)
and isolated the effects of changes in combustion
due to the properties of the fuels and changes in
emissions due to interactions with the calibra
tion of the engine control system. Their experi
ments and analysis of combustion indicated little
effect of biodiesel blend on combustion at higher
loads; however, at lower loads, biodiesel tended to
increase the emissions of nitrogen oxides.
A more significant and potentially confusing
effect was the interaction between the volumetric
energy content of the fuel and the engine control
system. Biodiesel blends have a lower volumetric
energy content compared with conventional diesel
fuel. As a result, the engine requires a higher volu
metric fuel flow of biodiesel to produce the same
power as conventional diesel, and, depending on
the specific engine control calibration, the levels
of nitrogen oxides may increase or decrease as a
result of this interaction. [The Working Group
noted that this would explain to some extent the
wide range of responses observed to the effects
of biodiesel on emissions of nitrogen oxides that
were dependent on the base properties of the
fuels, engine operating conditions (especially
load factor) and the means of control calibration.]

1.1.4 Spark ignition (gasoline) engines
(a)

Historical perspective

Spark ignition engines have been and continue
to be the main source of power for passenger
cars, motorcycles and scooters, and for most
small-scale on-road and off-road applications,
e.g. all-terrain vehicles, snowmobiles, outboard
motors, garden tractors and lawn mowers. The
first operational four-stroke spark ignition
engine was developed by Nicolaus Otto in 1876,
and named the Otto Cycle. Unfortunately, his
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early design was unsuitable for automotive appli
cations, and a more practical, single-cylinder
automotive engine was developed in 1899 by
Gottlieb Daimler (Amann, 1990).
The early development of spark ignition
engines was hindered by destructive combus
tion knock, which limited the compression ratio
and thus the power and efficiency of the engine.
The discovery in 1921 by Charles Kettering of the
anti-knock properties of tetraethyl lead opened
the way to engines with higher compression
ratios, which were more powerful and efficient.
Tetraethyl lead was used as an anti-knock agent
until growing concerns about engine emissions
led to its gradual phase out (see below) (Amann,
1990).
The reduction of emissions from gaso
line-fuelled passenger cars has for many years
been focused on gaseous emissions, and led to
major changes in spark ignition engine tech
nology. The introduction of catalytic converters –
oxidation catalysts in the mid-1970s followed by
three-way catalysts in the early 1980s – allowed
optimization of the engines for maximum
performance while cleaning the exhaust with the
catalyst (Twigg, 2011).
(b)

Port-fuel injection engine technology

Spark ignition engines are designed to
operate with well mixed homogeneous charges
at either lean or chemically correct fuel–air
mixture ratios. Until the mid-1980s, nearly all
automotive spark ignition engines used carbu
rettors (mechanical devices for mixing fuel
and air in a predetermined ratio) to provide the
fuel–air mixture. However, these were unable to
provide the precise mixture control required to
meet ever more stringent emission standards,
and were replaced by port fuel injection systems
(although carburettors are still used in off-road
applications, especially in small engines). Today,
nearly all passenger car spark ignition engines
rely on the injection of fuel into the intake port
and are therefore called port fuel injection (PFI)
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engines. Well mixed homogeneous combustion
under lean or chemically correct conditions
does not lead to significant particle formation.
Thus, particle emissions from PFI spark ignition
engines are associated with conditions other than
normal premixed combustion – for example, rich
combustion during cold starts or at high loads.
Engines with excessive oil consumption or an
improper fuel–air mixture may also emit high
levels of particles.
Regulatory efforts to reduce emissions from
gasoline-fuelled vehicles preceded those for
diesel-fuelled engines. Standards worldwide
gradually reduced and finally eliminated the
addition of tetraethyl lead to gasoline (Colucci,
2004; Twigg, 2005). The lower lead content had
both direct and indirect impacts on gasoline
engine emissions. In addition to decreasing the
levels of lead in exhaust, the elimination of tetraethyl lead from gasoline was critical to the use
of advanced aftertreatment technologies, such
as three-way catalytic converters that reduce
the emissions of carbon monoxide, nitrogen
oxides and hydrocarbons in exhaust from gaso
line-fuelled vehicles. The presence of even trace
levels of lead in the exhaust poisoned the cata
lysts in exhaust treatment systems, and rendered
them ineffective. By 2000, lead had been banned
in gasoline in most countries around the world.
Nevertheless, leaded fuel is still used in some
light aircraft applications.
(c)

Gasoline direct injection

The gasoline direct injection (GDI), a more
fuel-efficient version of the gasoline engine
(Maricq et al., 2011; McMahon et al., 2011),
entered the marketplace in Japan and Europe in
the 1990s and in the USA in 2003. Similarly to
the diesel engine, GDI engines inject fuel directly
into the combustion chamber (CARB, 2011).
This system results in significant reductions in
fuel consumption and provides greater power,
but increases particle emissions to levels that are
intermediate between PFI and diesel engines.

In some cases, especially in the stratified charge
mode, GDI engines can produce levels of PM
emissions similar to those of diesel engines.

1.1.5 Levels of gasoline exhaust emissions
Several tests have been conducted on fleets of
vehicles to determine emissions from represent
ative on-road gasoline engines.
Cadle et al. (2001) tested a fleet of passenger
car and light-duty goods vehicle (24 with normal
and six with high emissions) model from years
1990–97 on a chassis dynamometer, using three
test cycles and two fuels, one with ethanol
(oxygenated) and one without ethanol. The test
cycles were a cold-start (35 °F) FTP, a hot-start
unified cycle and a hot-start REP05 cycle (high
load, high speed cycle). Overall, average PM
emissions from normal emitters running on
oxygenated fuel were 6.1, 3.2 and 12.7 mg/mile
for the FTP, unified cycle and REP05, respec
tively. Compositions of PM were determined for
12 vehicles (10 normal and two high emitters).
For normal emitters, total carbon accounted
for approximately 83 and 68% of the PM in the
FTP and REP05 tests, respectively, and organic
compounds accounted for 36 and 45% of the
total carbon in the two tests. Chloride, nitrate
and sulfate emission rates were measured,
of which sulfate was the highest. These ions
accounted for 2.1 and 10.5% of the PM mass in
FTP and REP05, respectively. When the water
associated with sulfuric acid was included, these
compounds accounted for up to 20% of the PM
in the REP05. The high particle number emis
sions observed during the REP05 may have been
linked to these sulfuric acid emissions. Fourteen
elements were measured using X-ray fluorescence
and the major contributors were sulfur, silica,
iron, magnesium and zinc. Total elements aver
aged 2.8 and 15.4% of the PM mass in FTP and
REP05, and sulfur (also included in the sulfate
mentioned above) was the major contributor.
Emissions of PAHs were measured for 20 normal
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vehicles and four with high emissions. The total
PAH emissions were dominated by naphthalene
and methylnaphthalene. The FTP PAH emission
rates were ~6.5- and 2.3-fold higher than those
from the REP05 for normal and high emitters,
respectively. Total PAH emission rates were
1.55-fold higher with non-oxygenated than with
oxygenated fuel. High emitters exhibited clearly
elevated levels of light PAHs, but the pattern for
larger four- and five-ring PAHs was less clear.
Zielinska et al. (2004) tested a set of models of
passenger cars, sport utility vehicles and pick-up
HGVs ranging from 1976 to 2000, including both
normal and high emitters. Tests were carried out
on a chassis dynamometer using the California
unified cycle at 72 and 30 °F. Vehicles were classi
fied as NG (new technology gasoline), G and G30
(gasoline, normal emitters at 72 and 30 °F), and
WG and BG (gasoline, high-emitting white and
black smokers). Average PM emission rates were
2.5, 8.7, 66 and 716 mg/mile for NG, G, BG and
WG, respectively, and increased at low tempera
tures by a factor of about 4. PM emissions were
almost entirely carbonaceous, but the ratio of EC
to total carbon varied widely: G30 had the highest
ratio of ~0.7, G and NG had ratios between 0.4
and 0.5, and WG had the lowest ratio of < 0.05
(presumably mostly lubricating oil). All cars
emitted 5 mg/mile or less of total ions; for the G
set, sulfate represented 10–20% of the PM emis
sions. The main elements measured were iron,
silica and aluminium, presumably formed from
dust ingested by the engine and from engine
wear (iron and aluminium). Total elements
accounted for 13% of the PM mass from G.
Hopanes and steranes are species of high molec
ular weight and low vapour pressure that are
found mainly bound to particles. These species
are present mainly in the lubricating oil and are
linked to the consumption of engine oil. Most of
the PAHs were of low molecular weight and in
the gas phase. Gasoline had the highest fraction
of high-molecular-weight particle-bound PAHs.
The highest total PAH emission rates were from
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WG, followed by BG and then G. PAH emissions
were about 10-fold higher in the low-temperature
tests (G30) than at normal temperatures (G). The
PAH distributions were very similar to those in
used (but not fresh) lubricating oils, which are
believed to collect and store partial combustion
products. Eight PAHs have been identified as
known, probable or possible carcinogens by IARC
and/or EPA: benz[a]anthracene, benzo[a]pyrene,
benzo[b]fluoranthene,
benzo[j]fluoranthene,
benzo[k]fluoranthene, chrysene, dibenz[a,h]
anthracene and indeno[1,2,3-cd]pyrene. The
Working Group calculated the emission levels of
the sum of these PAHs, excluding chrysene and
dibenz[a,h]anthracene: 12 and 140 μg/mile from
G and G30, respectively; the highest were found
from WG (400 μg/mile) and the lowest from NG
(3 μg/mile).
Zielinska et al. (2004) also measured the
levels of nine nitro-PAHs: 1-nitronaphthalene,
2-methyl-nitronaphthalene, methyl-nitronaph
thalene, 9-nitroanthracene, 3-nitrofluoranthene,
1-nitropyrene,
7-nitrobenzo[a]anthracene,
6-nitrochrysene, and 6-nitrobenz[a]pyrene.
The sum of their emission rates, excluding
2-methyl-nitronaphthalene and methyl-nitron
aphthalene, was calculated by the Working
Group. [These two species were excluded to
report only those in common with the study by
EPA (2008) described below.] Total emission rates
of these nitro-PAHs were close to or below the
limit of detection from NG [not reported] and
were low from the other gasoline vehicles: [0.11],
[0.27], [1.29] and [1.02] μg/mile from G30, G, BG
and WG, respectively, and were not significantly
influenced by temperature.
Fujita et al. (2007) tested 57 light-duty gaso
line vehicles, two light-duty diesel vehicles and
30 medium- and heavy-duty goods vehicles and
buses as part of the DOE Gasoline/Diesel Split
Study. The objectives were to determine the rela
tive contributions of gasoline and diesel vehi
cles to ambient fine PM and to identify suitable
markers for diesel and gasoline exhaust. Gasoline

Diesel and gasoline engine exhausts
vehicle models ranged from earlier than 1980 to
1996 and more recent, and included six ‘smoker’
[vehicles with high emissions and visible smoke
in the exhaust] models from 1969 to 1990. These
vehicles were tested using modified cold- and
hot-start unified cycles. The trucks included three
weight categories (range of model years): seven
light-heavy (1989–2000), seven medium-heavy
(1988–99) and 16 heavy-heavy (1985–2001). The
HGVs were tested using a city suburban and a
highway driving cycle. A 1982 and a 1992 transit
bus were also tested. PM mass, elements, ions,
organic compounds, EC, PAHs, hopanes, ster
anes, alkanes and polar organic compounds
were measured. Total PM2.5 emissions of 1995–99
model gasoline vehicles were 3.7 mg/mile for
warm starts and 8 mg/mile for cold starts.
Average emissions of the entire gasoline fleet
(all model years) were 16.9 and 27.2 mg/mile for
hot and cold tests, respectively, and were highly
skewed; the 10% that were the highest emitters
were responsible for about two-thirds of the total
emissions. PM emissions from 1997–2000 model
light-heavy goods vehicles ranged from 150 to
230 on the city suburban cycle, and from 65 to
90 mg/mile on the highway cycle; for 1995–99
model medium-heavy goods vehicles, the emis
sions ranged from 70 to 450 and from 60 to
210 mg/mile on the city suburban and highway
cycles, respectively; and for 1994–2001 model
heavy-heavy goods vehicles, they ranged from
310 to 1130 and from 130 to 520 mg/mile on the
city suburban and highway cycles, respectively.
Average PM emissions for the HGV fleet were
404 and 187 mg/mile for the city suburban and
highway tests, respectively, and were less skewed
than those of gasoline vehicles. Emissions of
non-carbonaceous materials from both gasoline
and diesel engines were relatively small; silicon
and ammonium sulfate were the dominant
emissions. Elements present in lubricating oil
(zinc, calcium and phosphorus) were present in
all samples at very variable amounts, probably
depending on the consumption of lubricating oil.

The EC to total carbon fraction for heavy-duty
vehicles ranged from 0.37 to 0.74 and was usually
above 0.5; the fraction for gasoline engines was
below 0.25 for all samples, except for high black
carbon vehicles.
Both low- and high-emitter gasoline vehicles
emitted larger amounts of the high-molecu
lar-weight particulate PAHs, benzo[ghi]perylene,
indeno[1,2,3-cd]pyrene and coronene, which have
been identified as potential markers for gasoline
emissions, than diesel vehicles. In contrast, diesel
emissions contained higher levels of two- to fourring semi-volatile PAHs. Total levels of carcino
genic PAHs [see above] were [140] and [180] μg/
mile in combined city suburban and highway
emissions from combined light-heavy and medi
um-heavy, and heavy-heavy diesel vehicles,
respectively. Emissions of these substances from
gasoline vehicles were lower, ranging from [2.6]
to [13] μg/mile for low emitters after warm starts
and smokers after cold starts. Similar composi
tions and amounts of hopanes and steranes were
present in lubricating oil for both gasoline and
diesel vehicles but were negligible in gasoline or
diesel fuels. Total hopane and sterane emissions
on a mass per mile basis were higher from diesel
vehicles, but the relative contribution of hopanes
and steranes to total carbon emissions was similar
in diesel and gasoline exhausts. Thus, hopane
and sterane emission levels were related to the
rate of oil consumption. The three high-molec
ular-weight marker PAHs generated by combus
tion were found in used gasoline motor oil but
not in fresh oil and were negligible in used diesel
engine oil (Fujita et al., 2007).
The Kansas City Light-Duty Vehicle Emission
Study (EPA, 2008) was designed to evaluate
the relative contributions of diesel and gaso
line vehicles to PM2.5, by taking comprehensive
measurements of the emissions of PM, as well
as other regulated and unregulated compounds,
from a representative sample of light-duty gaso
line-powered vehicles in the USA fleet (Fulper
et al., 2010). Vehicles were tested on a portable
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chassis dynamometer under ambient temper
ature conditions. All tests were run using the
LA92 unified cycle, and were conducted in two
phases: a summer phase in 2004 with a fleet of 261
vehicles (80 HGVs and 181 passenger cars), and a
winter phase in 2005 with a fleet of 235 vehicles
(119 HGVs and 116 cars). Each class of vehicles
was subdivided into four subgroups by model
year: pre-1981 (as old as 1968), 1981–90, 1991–95
and 1996 and more recent (as new as 2004).
The PM emissions ranged over more than three
orders of magnitude, with a downward trend
for more recent vehicles; however, even within
a given model year subgroup, emissions ranged
over up to two orders of magnitude. The median
PM emissions from passenger cars in the summer
tests were 45, 7, 5 and 2 mg/mile for the pre-1981,
1981–90, 1991–95 and post-1996 models, respec
tively. Median PM emissions from HGVs were
typically higher by a factor of about two. Median
emissions of carcinogenic PAHs (see above) from
passenger cars in the summer tests were [120],
[25], [15] and [3] μg/mile for the pre-1981, 1981–
90, 1991–95 and post-1996 models, respectively.
Nineteen nitro-PAHs were measured. Combined
emission levels of the seven nitro-PAHs reported
in the study by Zielinska et al. (2004) from cars
in the summer tests were [0.23], [0.70], [0.11] and
[0.00] μg/mile for the pre-1981, 1981–90, 1991–95
and post-1996 models, respectively.
Andersson et al. (2009) reported the chemical
composition of PM from lean-burn GDI engines
that meet Euro 4 standards: carbon, 55.8%; all
hydrocarbons, 36%; sulfates, 2.2%; nitrate/
nitrite, 4%; and water, 3%.
Khalek et al. (2010) tested a 2009 GDI
engine using three commercially available fuels.
Emissions ranged from 0.7 to 3.2 mg/km on the
FTP cycle and from 1.3 to 12.8 mg/km on the
more aggressive US06 cycle. Zhang & McMahon
(2012) tested a fleet of nine 2007–10 model GDI
light-duty vehicles and one 2009 model PFI
vehicle, all of which met the California LEV II
emission standard (see Section 1.3). The vehicles
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were tested on the FTP cycle and PM emissions
ranged from 1 to 5.3 mg/km from the GDI vehi
cles and were 0.4 mg/km from the PFI vehicle.

1.1.6 Comparison of levels of emissions from
current technology diesel and gasoline
engines
(a)

Light-duty vehicles

Only a few studies have compared the emis
sions from current technology gasoline and
diesel light-duty vehicles.
The bulk composition of PM emitted by GDI
engines was similar to that of diesel engines
without a DPF, i.e. mostly EC and hydrocar
bons and other volatile compounds (Andersson
et al., 2009). At present, PM emissions from GDI
engines are higher than those from PFI gasoline
engines and diesel engines with a DPF.
In the ‘PARTICULATES’ programme,
Samaras et al. (2005) tested nine diesel cars not
fitted with a DPF that met the Euro-3 (model
year, 2000) and earlier standards, five diesel cars
fitted with a DPF that met the Euro-3+ standards
(model year, 2000–05), six gasoline PFI engines
that met the Euro-1 (model year, 1992), ultra-low
emission vehicle and Euro-3 standards and five
GDI cars that met the Euro-3 standards (see the
Annex for a definition of the standards). PM
emission levels of DPF-equipped vehicles were
generally below 3 mg/km, although one vehicle
emitted 7 mg/km. Those from GDI vehicles ranged
from 4 to 11 mg/km and the majority of meas
urements were below 10 mg/km. Gasoline PFI
vehicles emitted PM in the same range as diesel
vehicles fitted with a DPF. The two older gasoline
cars that met the ultra-low emission vehicle and
Euro-1 standards emitted greater levels than the
more recent models, but these were still below
2.5 mg/km. The authors questioned whether the
methods used for the measurement of PM were
appropriate for such ultra-low emitting vehicles.
PAH measurements focused on the sum of 23
‘particle-bound’ PAHs. For the DPF-equipped
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Fig. 1.8 Levels of particulate matter emission for diesel, diesel particle filter (DPF), port fuelinjected (PFI) gasoline and gasoline direct injection (GDI) vehicles measured in the PMP
Programme
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Reprinted with permission from Andersson et al. (2007)

vehicles, the sum of PAHs ranged from 1.5 to 3
and from 0.2 to 0.6 μg/km during cold-start and
motorway cycles, respectively. For gasoline vehi
cles, the sum of PAHs ranged from < 0.25 μg/km
on the motorway cycle to 1.5 μg/km on a coldstart cycle. PAH emissions were very dependent
on vehicle technology and driving cycle and
increased significantly on cold-start cycles.
During the Particle Measurement Programme
(Andersson et al., 2007), a variety of modern vehi
cles (six conventional diesel, six diesel fitted with
a DPF, one PFI gasoline and three GDI engines)
was tested in multiple laboratories in Europe and
Japan. The test fleet comprised predominantly
Euro-4 vehicles, except for two vehicles that were

tested in Japan with local calibrations. One of the
DPF-fitted diesel vehicles (the so-called golden
vehicle) was shipped from laboratory to labo
ratory while the other vehicles were provided
locally. Fig 1.8 shows the average PM emissions
on a test cycle that included cold start, urban,
suburban and motorway components (New
European Driving Cycle). PM emissions ranged
from 11 to 40 mg/km for conventional diesel
vehicles, from 0.3 to 0.9 mg/km for diesel vehi
cles with a DPF, and from 1.8 to 13.3 mg/km for
GDI vehicles, and were 0.5 mg/km for the PFI
gasoline vehicle.
Vouitsis et al. (2009) tested two Euro-4
passenger cars, one with a diesel and one with a
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PFI gasoline engine. The diesel engine was tested
under two configurations: the standard combina
tion of an oxidizing catalyst and an SCR system
for the control of nitrogen oxides, and a modified
combination in which the oxidizing catalyst was
replaced by a DPF. Total PM, carbon, elements,
ions and PAHs were measured during four
different driving cycles. Total PM ranged from 22
to 37 mg/km for the conventional diesel engine,
from 1 to 5 mg/km for the DPF-fitted diesel
engine and from 1 to 3 mg/km for the gasoline
vehicle. The average chemical profile of the PM
was: 97% carbon, 0.08% PAHs, 0.22% elements
and 2.76% ions for the conventional diesel engine;
48% carbon, 0.22% PAHs, 1% elements and 51%
ions for the DPF-fitted diesel engine; and 89%
carbon, 0.26% PAHs, 0.86% elements and 10%
ions for the gasoline engine. The principal ions
were sulfate, nitrate and ammonium. Four of the
six heavy PAHs discussed above (benz[a]anthra
cene, benzo[a]pyrene, benzo[k]fluoranthene and
benzo[b]fluoranthene) were measured, the sum
of which, depending on the operating cycle,
ranged from not detected to 1.8 μg/km for the
conventional diesel engine, from not detected to
0.1 μg/km for the DPF-fitted diesel engine and
from not detected to 0.3 μg/km for the gasoline
engine.
(b)

Comparisons on the basis of fuel emissions

Comparisons of light-duty emissions with
medium- and heavy-duty emissions that are
measured in grams per mile, and heavy-duty
emissions that are measured in grams per brake
horse power-hour (g/bhp-h) are difficult. A
further complication is that the various studies
frequently used different test cycles. However,
the conversion of emissions to a fuel-specific
form – mass emissions per mass of fuel (g/kgfuel)
– allows some comparisons to be made. The
conversion from grams per mile is:
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=

×

×

=

0.31

×

for a typical fuel density of 0.85 kg/L.
Fuel economy varies with vehicle type from
less than four miles per gallon (4 mpg) for some
heavy-duty goods vehicles and buses to over 60
mpg for small light-duty vehicles. The conversion
for heavy-duty vehicles is:
=

×

×

=

1.34

1

×

where 1.34 is the conversion from kilowatts (kW)
to brake horse power (bhp) and BSFC is the
engine brake-specific fuel consumption in kgfuel/
kW-h. BSFC values vary from > 1 kgfuel/kW-h
at very light loads to < 0.2 kgfuel/kW-h for large
diesel engines running at a high load.
The Working Group used the conversions
to compare emissions from new technology
diesel engines with those from gasoline engines
(Table 1.7). [The Working Group noted that these
data are for typical operating cycles and for vehi
cles with the latest technology for both diesel and
gasoline engines. Values of miles per gallon and
BSFC are the best estimates for a given test cycle
and vehicle type when values are not provided
by the authors.] The current heavy-duty PM
emission standard converts to 34 mg/kgfuel. The
values for the four engines tested by Khalek et al.
(2011) averaged 5 mg/kgfuel; those for the vehi
cles tested by Herner et al. (2009) and Andersson
et al. (2007) ranged from 2 to 17 mg/kgfuel; and
the vehicle retrofitted with a DPF in the study by
Vouitsis et al. (2009) emitted 47 mg/kgfuel.
For gasoline vehicles, the current light-duty
PM emission standards in Europe and in the
USA are 78 and 62 mg/kgfuel, respectively. The
estimate of emissions from the current in-use
gasoline fleet (CARB, 2011) is 25 mg/kgfuel and the
emissions from the various fleets tested ranged

Table 1.7 Comparison of fuel-specific emissions of diesel engines and gasoline engines
Technology

Vehicle
type

PM emission level
(g/bhp-h)

(g/kg
fuel)

0.01

0.034

0.0014

0.005

High MW PAHs

(mpg)

(ng/
bhp-h)

(ng/mile)

0.5
77
8

5.6

1-Nitropyrene
(ng/kg
fuel)

(ng/
bhp-h)

2
260
7
2

20
0.25

0.0140

0.017

6

0.0010

0.002

4

0.0010

0.010

35

0.0043

0.047

35

NA

6

0.0100

0.062

20

0.0072
0.0040
0.0004

0.078
0.025
0.002

35
20
20

2600

16 000

0.0020

0.012

20

2700

17 000

0.0002
0.0008

0.001
0.009

20
35

Unregulatedb

44

78 000

(ng/mile)

(ng/kg
fuel)

70
1
350

480

220 300

0.7

2
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New technology diesel enginesa
2010 HDV diesel
standard
Khalek et al. (2011)
Liu et al. (2010)
Pakbin et al. (2009)
Heeb et al. (2008)
Herner et al. (2009) High
emitter
Herner et al. (2009) Low
emitter
Andersson et al.
Average
(2007)
Vouitsis et al.
Average
(2009)
Traditional diesel engines
Wail & Hoekman
(1984)
PFI gasoline
Current LDV
standard (USA)
2009 Euro-5 (EU)
CARB (2011)
LDV fleet
Fujita et al. (2007)
Lowest
emitter
EPA (2008)
Latest
LDV
Li et al. (2006)
SULEV
Andersson et al.
Average
(2007)

(g/mile)

Assumed

Technology

Vehicle
type

PM emission level
(g/bhp-h)

Vouitsis et al.
(2009)
GDI
Andersson et al.
(2007)
Zhang &
McMahon (2012)

Assumed

High MW PAHs
(ng/
bhp-h)

(g/mile)

(g/kg
fuel)

(mpg)

Average

0.0021

0.023

35

Average

0.0123

0.134

35

Average

0.0039

0.036

30

1-Nitropyrene

(ng/mile)

(ng/kg
fuel)

216

2400

(ng/
bhp-h)

(ng/mile)

(ng/kg
fuel)

Assumed BSFC of 0.4 kg/kWh
Actual BSFC of 0.475 kg/kWh
BSFC, brake-specific fuel consumption; EU, European Union; GDI, gasoline direct injection; HDV, heavy-duty vehicle; LDV, light-duty vehicle; mpg, miles per gallon; MW, molecular
weight; NA, not applicable; PAHs, polycyclic aromatic hydrocarbons; PFI, port-fuel injection; PM, particulate matter; SULEV, super ultralow-emitting vehicle
a

b
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Table 1.7 (continued)
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from 1 to 23 mg/kgfuel. The average value of PM
emissions from the three GDI vehicles tested by
Andersson et al. (2007) was 130 mg/kgfuel, but
engines have evolved rapidly, and the average
level of emissions from nine GDI vehicle tested
5 years later by Zhang & McMahon (2012) was
36 mg/kgfuel. Levels of PAHs and 1-nitropyrene
were also converted into nanograms per kilo
gram of fuel. The level of high-molecular-weight
particle-bound PAHs ranged from 2 to 480 and
from 2400 to 17 000 ng/kgfuel for DPF-fitted diesel
and PFI gasoline engines, respectively. Emissions
of 1-nitropyrene ranged from 1 to 350 ng/kgfuel
for DPF-fitted diesel engines, and those for the
only gasoline engine measured were 2 ng/kgfuel.

1.2 Sampling and analysis
Diesel and gasoline engine exhausts are
complex mixtures of gaseous and PM species that
require special methods for sampling and anal
ysis. The gaseous species of interest are carbon
monoxide, nitrogen oxides and various volatile
and semi-volatile organic compounds; PM is
a complex matrix in involving EC and organic
carbon, various ions and metals.
This section reviews the methodologies of
sampling and analysis for diesel and gasoline
exhausts constituents, as well as the corre
sponding methodologies for monitoring ambient
air and biomonitoring.

1.2.1 Sampling
(a)

Experimental settings and testing

Sampling of engine exhaust is typically
carried out in specialized laboratories where the
engine (usually heavy-duty engines) or the vehicle
(usually light-duty passenger vehicles) is operated
under prescribed conditions while connected to
a dynamometer which simulates the load on the
engine. Heavy-duty vehicles can also be tested on
chassis dynamometers, and an increasing number
of studies have used transportable heavy-duty

vehicle chassis dynamometers (Zhen et al., 2009).
The dynamometer drive and duty cycles used for
the measurement of exhaust emissions generally
attempt to replicate the main characteristics of
the type of load that the engines may experience
during ‘real-life’ use.
The raw exhaust is typically introduced into
a constant volume sampling system with a dilu
tion tunnel where it is diluted with air filtered
by high-efficiency particulate filters at dilution
ratios in the range of 10–100 to avoid condensa
tion before PM and gaseous samples are collected
from the diluted sample for analysis. Gaseous
and PM species in engine exhaust can be sampled
under either raw or dilute conditions. However,
particulate sampling must be diluted even when
the first sampling step is from undiluted exhaust.
The dilution step for particulate sampling is to
ensure that hydrocarbon vapours condense onto
the particles to simulate ambient exposure condi
tions. When particulates reach the sample filters,
the temperature must be 47 °C ± 5 °C (range,
42–52 °C) (IRSG, 2012a, b). Traditionally, diesel
PM has been collected on filter media and then
analysed to determine its chemical composition.
The most commonly used method to determine
the gravimetric PM mass is the sampling tech
nique described by the EPA (2000, 2001) in the
USA. Filter sampling is sensitive to thermody
namic and chemical phenomena, and is also
accompanied by potential reactions of gases with
the PM on the filter or with the filter medium
during sampling and the absorption of water
from humid air (IRSG, 2012a, b).
Gases (carbon monoxide and carbon dioxide,
and nitrogen oxides) and hydrocarbon vapours
in dilute exhaust are collected in tedlar bags
or Summa canisters sequentially over the test
phase(s) and analysed online by dedicated
non-dispersive infrared (carbon monoxide and
carbon dioxide), chemiluminescence (nitrogen
oxides) or flame ionization detectors (total hydro
carbons), respectively. Corresponding measure
ments are made for the dilution air to correct for
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any contribution to the diluted exhaust from that
source. The dedicated analysers can also be used
for taking instantaneous measurements during
a test. Carbon dioxide is measured essentially to
determine fuel consumption via a carbon balance
and may be used to determine the dilution ratio.
Volatile organic compounds collected in tedlar
bags can later be analysed by GC-MS methods.
Carbonyl compounds are absorbed in dini
trophenylhydrazine cartridges while gas- and
particle-phase semivolatile PAH and nitro-PAH
species are adsorbed onto different media for
later chemical analysis.
The details of procedures for testing vehicles
and engines are proscribed by various bodies
in the USA (EPA, 2000, 2001) and in Europe.
The test methods in Europe and in the USA are
similar, although the European engine test cycles
reflect road and use conditions that differ from
those in the USA (CONCAWE, 2006a, b, c).
In contrast to the dilution approach, Heebet al.
(2007, 2008, 2010) described a special sampling
procedure in which undiluted exhaust was
sampled through a device comprising a probe, a
cooler, a condensate separator, a filter stage and a
two-stage adsorber unit. The procedure was used
in the investigation of the secondary effects of 14
different DPFs with respect to PAHs, nitro-PAHs
and dioxins/furans.
(b)

Ambient air

Carbon monoxide and nitrogen oxides
can be monitored continuously in ambient air.
Hourly averages are typically recorded. Passive
samplers are used for personal exposure in occu
pational settings (methods 6104 and 6604 for
nitrogen oxides and carbon monoxide, respec
tively; NIOSH, 1994a, 1996). Analysis of organic
compounds (volatile organic compounds and
PAHs) in ambient air relies on methods similar
to those for engine exhaust without dilution, and
sampling is typically carried out using Summa
canisters rather than tedlar bags.
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PM mass concentration is typically deter
mined by methods based on gravimetric filters
that can be distinguished by size (e.g. PM10, PM2.5
and PM1.0) when the sampling apparatus has
size-selective inlets designed to exclude particles
with aerodynamic diameters greater than the
specified number (in micrometres). Compared
with dilute exhaust, higher volumes of ambient
air need to be sampled due to its lower concen
trations. Several techniques provide continuous
(real-time) PM concentrations in ambient air
with appropriate calibration against reference
methods.

1.2.2 Analysis
(a)

Particulate matter

The mass concentration, size distribution
and chemical composition of Particulate matter
(PM) are all important factors from the perspec
tive of health effects in humans. PM2.5 has been
widely used as a general marker of fine-particle
air contaminants (see Section 1.4.2), but is less
useful for traffic emissions due to the high back
ground of materials related to regional emissions
and because exhaust components comprise only
a small fraction of the total mass.
Burtscher (2005) reviewed methods for the
physical characterization of particulate emis
sions from diesel engines in terms of particle
mass, number, surface area, density and struc
ture. Particle mass and number counts, together
with size distribution, are the more widely used
measures. Particle number counts are determined
by condensation particle counters. Coagulation,
diffusional losses and the variation in lower size
limit (between 3 nm and ~15 nm) of different
condensation particle count models may account
for variations in number counts (Burtscher,
2005). Systems to determine size distributions in
the submicron range are based on mobility anal
ysis or impaction – for example, the scanning
mobility particle sizer (Wang & Flagan, 1990) or
the electrical low pressure impactor (Keskinen
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et al., 1992). Schlatter (2000) performed a round
robin test of 11 scanning mobility particle sizer
systems and showed differences of up to 10% in
the particle size and 20% in the number concen
tration of diesel particles; these differences were
attributed mainly to inaccurate flow controllers.
The transverse element oscillating microbalance can give mass concentrations in real
time for both engine exhausts and ambient
air that are in line with gravimetric methods.
Ayers et al. (1999) reported ~30% lower values
compared with gravimetric methods for ambient
air measurements in four Australian cities, which
they attributed to the loss of semi-volatile aerosol
material from the heated sample filter employed
on the microbalance. A calibration/correction
model has been proposed to resolve this discrep
ancy (Green et al., 2009).
Portable dust monitors for PM2.5 and PM10
are used effectively to assess occupational and
environmental exposure to aerosols. Cheng
(2008) provided comparisons of measurements
from gravimetric methods and the transverse
element oscillating microbalance, with satisfac
tory results when appropriately calibrated.
PM in engine exhaust is a complex mixture
of EC and organic carbon, metals and sulfate. EC
and organic carbon are discussed in a separate
section below.
The major elemental components can be
analysed by X-ray fluorescence, a non-destruc
tive measurement technique made directly on the
filter. However, inductively coupled plasma-MS is
necessary for trace and ultra-trace components;
this destructive method requires acid digestion to
dissolve the sample. Ion chromatography is used
for inorganic and organic ionic species (nitrate,
nitrite, sulfate, sulfite, elemental anions, ammo
nium, elemental cations, formate, acetate and
oxalate). Capillary electrophoresis is used for the
quantitation of organic acid ions and to confirm
the results of inductively coupled plasma-MS.

(b)

Elemental and organic carbon

The determination of EC and organic carbon
components of PM is based on the principle of
heating the filter in an inert atmosphere (helium)
in which the organic carbon is expected to be
removed from the PM on the filter by volatili
zation and pyrolysis, and then repeating the
process in an oxidizing gas (oxygen–helium) in
which EC is expected to be converted to carbon
dioxide. Changes in the optical properties of PM
on the filter, as determined by the reflection or
transmittance of laser illumination, govern the
temperature ramp and the switch between the
inert and oxidizing gas environment. The frac
tions removed in subsequent temperature inter
vals are then termed sequentially.
Chow et al. (2001) compared the operational
protocols used in the IMPROVE and National
Institute of Occupational Safety and Health
(NIOSH) networks/methodologies. Similarly,
ten Brink et al. (2004) reported on the compara
bility of methods used in Europe to measure the
concentration of aerosol–carbon. Four methods
are available to measure EC/organic carbon,
which differ in the times, temperatures and inert
versus oxidative environments at different stages
of the procedure. Two apply heat in a reduced
atmosphere to remove organic carbon and one
of these corrects for charring/pyrolysis of the
sample with optical correction. The other two
use a two-step oxidative method, with a first
oxidation step at a lower temperature to remove
organic carbon under oxidative conditions, and a
second final oxidation step at a high temperature
to oxidize EC. Differences between the methods
of more than a factor of 3 were observed, but
the daily EC concentrations over the sampling
period were highly correlated (r2 > 0.9).
(c)

Black carbon

The terms ‘elemental carbon’, ‘soot’, ‘black
carbon’ and ‘light-absorbing carbon’ in
suspended particles are used loosely and often
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interchangeably in the literature. The definition
of EC is further complicated by the many different
methods applied for its quantification, the most
commonly applied being thermal evolution, light
transmission or reflectance and solvent extrac
tion. Chow et al. (2001) compared two studies
that applied different protocols (developed for
each of these methods) to the same samples with
instruments calibrated against common stand
ards. Results for total carbon were usually very
consistent between protocols (typically within
~5%). Data for EC were often also reasonably
comparable (within ~20% for diesel exhaust
samples); however, differences by a factor of 2 or
more were observed when ambient samples were
measured with different protocols.
The aethalometer is one of the most
frequently used techniques to measure real-time
black carbon mass concentrations, especially
for long-term background measurements. It is
based on the attenuation of a broad-band light
source (maximum wavelength, < 820 nm) due
to particles accumulated on a quartz fibre filter.
In one study at an Alpine site, EC and black
carbon measurements were in good agreement
(Lavanchy et al., 1999).
Hitzenberger et al. (1999) compared one
thermal and two optical methods that were
applied to laboratory-generated aerosols that
contained only black carbon. Differences in the
measurement of black carbon of 20–30% were
observed between the methods.
In the INTERCOM 2000 study (ten Brink
et al., 2004), black carbon was measured using
three independent methods: the aethalom
eter, the integrating sphere technique and a
third method that determines the difference in
light reflection of loaded and unloaded filters.
Similar to the observations on EC, the differ
ences between the results for black carbon were
considerable; however, the daily concentrations
were highly correlated.
The comprehensive Carbonaceous Species
Methods Comparison Study was carried out
68

with the participation of 30 different research
groups from the USA and Canada (Lawson &
Hering, 1990). Special sampling artefact studies
were also performed simultaneously with side
by-side ambient sampling to assess the relative
magnitude of absorption, volatilization or chem
ical reaction artefacts under field conditions.
(d)

Polycyclic aromatic hydrocarbons (PAHs)
and nitro-PAHs

Nitro-PAHs are difficult to analyse because
they are typically present at low concentrations
(typically low or subpicograms per cubic metre
in air) and in combination with significant
concentrations of other compounds that may
interfere with the analysis. Before detection by
chemical analysis, these substances were iden
tified and quantified by fractionation of diesel
exhaust particulate extracts and subsequent
testing in the Salmonella typhimurium muta
genicity (Ames) assay (Gibson, 1983; Arey et al.,
1988; Kinouchi et al., 1988; Hayakawa et al.,
1995). The involvement of nitro compounds was
suggested by the appearance of strong direct
mutagenicity, which was reduced by addition
of a liver enzyme microsome fraction and also
by the use of bacterial strains with a low or lack
of nitroreductase activity for a comparison with
mutagenic activity in the parent strains. Strains
with enhanced nitroreductase activity were
introduced for the sensitive detection of nitrated
mutagens (Scheepers et al., 1991).
The chemical analysis of nitro-PAHs has been
reviewed extensively (IPCS, 2003). Zielinska &
Samy (2006) reviewed many of these considera
tions for analysis in air, most methods of which
collect the aerosol onto filters (Teflon-coated
glass fibre or quartz fibre filters) and sorbents
(e.g. XAD-4). The PAH or nitro-PAH species
captured on the filter or sorbent media is recov
ered by solvent extraction. The solvents are
typically used in a specialized (Soxhlet, micro
wave extraction, supercritical fluid extraction or
ultrasonication) apparatus and comprise hexane,
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toluene, dichloromethane, acetone and meth
anol, used individually or in combination.
Most methods require extensive solvent
clean-up of the extracts before analysis.
Extraction methods may include Soxhlet, soni
cation or pressurized fluid extraction. Common
approaches include GC-MS and liquid chroma
tography-MS. However, several other chroma
tographic methods have been used successfully,
many of which required chemical modification
(derivatization) of the nitro-PAHs before analysis
to enhance affinity for specialized detectors, such
as electron capture or fluorescence (Zielinska &
Samy, 2006). Immunoaffinity methods have also
been used with some success (Zühlke et al., 1998).
Negative ion chemical ionization-GC-MS has
historically been the method of choice because
it provides enhanced sensitivity and selectivity
compared with many other methods. Liquid
chromatography-MS has not been used as exten
sively as other techniques.
Pandey et al. (2011) reviewed the techniques
for the determination of airborne PAHs in the
gas and particle phases (Fig. 1.9 and Fig. 1.10),
while the review by Zielinska & Samy (2006)
focused specifically on nitro-PAHs (Table 1.8).
Analytical procedures for the individual nitroPAHs reviewed in this Volume are presented
in their respective Monographs and are not
discussed further here.
The high-efficiency recovery of all the target
species from the filter and sorbent media is an
important consideration in these techniques
and has been an even greater challenge for
nitro-PAH species. Recovery of the target species
from the sampling medium is quantified by
adding an internal standard (e.g. triphenylene
and para-quaterphenyl; Schauer et al., 2004)
or deuterated nitroarenes that have the same
recovery rates as the non-deuterated analogues
(Zielinska & Samy, 2006). Albinet et al. (2006)
reported recovery rates of nitro-PAHs for the
whole analytical procedure in the range of 14%
(1-nitronaphthalene) to 84% (7-nitrobenz[a]

anthracene), while those of oxy-PAHs ranged
from 5% (1-naphthaldehyde) to 83% (benzo[b]
fluorenone).
Castells et al. (2003) used a two-step super
critical fluid extraction procedure to remove
non-polar compounds, such as aliphatic hydro
carbons, using pure carbon dioxide as the extrac
tion fluid in the first step, and extract nitro- and
oxy-PAHs with toluene–carbon dioxide in
the second, with total recoveries of 68–93%
(Table 1.9). The second step represents one- third
to half of the total recovery. Total 1-nitropyrene
recovery was 72%, with 42% from the second
step. An earlier study (Paschke et al., 1992)
compared the extraction of PAHs and nitroPAHs from diesel exhaust particulates and diesel
soot using supercritical chlorodifluoromethane,
carbon dioxide and carbon dioxide with added
modifiers. Supercritical fluid extraction with
pure chlorodifluoromethane yielded the highest
recovery (117 ± 7%) of 1-nitropyrene and carbon
dioxide modified with toluene yielded 97 ± 7%.
‘Reduction’ refers to the process by which
nitro-PAH species are reduced to their respective
amino-PAHs or other derivatives; this is required
for sensitive detection because the parent nitroPAHs exhibit only very weak fluorescence and
chemiluminescence signals (Schauer et al., 2004).
‘On-line’ and ‘off-line’ methods exist for this
reduction process; the first requires an additional
column packed with a reduction agent before the
analysis and the second is achieved using a tita
nium (III) citrate complex as the reducing agent
in a hydrochloric acid medium (Table 1.9).
Although the derivatization process is used
mostly for high-performance liquid chroma
tography (HPLC)-fluorescence detection and
HPLC-circular dichroism systems, Brichac et al.
(2004) reported an application of derivatization
with a gas chromatography-electron capture
detector (GC-ECD). The measurements of nitroPAHs in ambient PM involved their reduction
to the corresponding amino-PAHs with sodium
borohydride, followed by derivatization with
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Detection

Target PAHs

MS

(A) Some of
16 PAHs

Urban area

GFF + solvent
desorption,
QFF+ TD

Industrial
area

GFF + solvent
desorption

Rural area

(B) Some of 16
PAHs + extra

GFF +
solvent
based
desorption,
Teflon &
QFF+TD

GFF + solvent
desorption

(D) 16 priority
PAHs + extra

QFF, PTFE,
GFF + solvent
desorption

GFF +
solvent
desorption

GFF + solvent
desorption

QFF +
solvent
desorption

(E) All extra

Teflon
coated
GFF,
GFF +
solvent
desorption

(C) 16 priority
PAHs only

QFF +
solvent
desorption

ECD

(E) All extra

GFF +
solvent
desorption

QFF +
solvent
desorption
[57]
Teflon +
solvent
desorption

Indoor area

Lab and
others

(C) 16 priority
PAHs only

FID

QFF +
solvent
desorption

ECD, electron capture detector; FID, flame ionization detector; GFF, glass fibre filter; MS, mass spectroscopy; PAH, polycyclic aromatic hydrocarbons; PTFE, polytetrafluoroethylene
filter; QFF, quartz fibre filter; TD, thermal desorption
Reprinted with permission from Pandey et al. (2011)
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Fig. 1.9 Plot of all possible combinations of sampling and detection methods of polycyclic aromatic hydrocarbons in the
particle phase

Fig. 1.10 Plot of all possible combinations of sampling and detection methods of polycyclic aromatic hydrocarbons in the
vapour phase
Detection

Target PAHs

MS

(A) Some of
16 PAHs

Urban area

Carbopack and
PUF + solvent
desorption

Industrial
area

PUF + solvent
desorption

(B) Some of 16
PAHs + extra

PUF and
XAD +
solvent
desorption

(C) 16 priority
PAHs only

XAD and PUF
+ solvent
desorption

PUF +
solvent
desorption

(E) All extra

(C) 16 priority
PAHs only

PUF +
solvent
desorption

PUF/XAD
2/PUF +
solvent
desorption

PUF +
solvent
desorption
XAD + solvent
desorption &
GC-columns +
TD
PDMS traps +
TD

PMDS alone &
Mixed (PMDS
+ Tenax bed) +
TD

FID, flame ionization detector; GC, gas chromatography; MS, mass spectroscopy; PAH, polycyclic aromatic hydrocarbons; PDMS, polydimethylsiloxane foam; PTFE,
polytetrafluoroethylene filter; PUF, polyurethane foam; TD, thermal desorption; XAD, polymeric resin
Reprinted with permission from Pandey et al. (2011)

PUF +
solvent
desorption
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Lab and
others

(D) 16 priority
PAHs + extra

PUF + solvent
desorption

Rural area

Indoor area

FID
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Table 1.8 Examples of the detection ranges for nitro-polycyclic aromatic hydrocarbons (N-PAHs)
associated with particulate matter analysed by gas chromatography/mass spectrometry with
various detectors
N-PAHa

Detection
mode

Extraction
technique

Detection range

Sampling
environment

Reference

1-NP, 3-NF, 3-NPh, 6-NC, 1,3-DNP, 1,8
DNP
1-NP, 2-NP, 7-NBA, 6-NC, 1,3-DNP, 1,6
DNP, 1,8-DNP, 6-NBP, 2-NF, 3-NF, 9-NA,
9-NPh, 2-NFl
19 N-PAHs (see reference for details)

NICI

SE

NICI

PFE

5–80 ng/m3, sum
for all six species
< 2–282 ng/g

Industrial
workplaces
Urban dust
(SRM 1649a)

Chaspoul
et al. (2005)
Bamford et al.
(2003)

NICI

SE

< 0.1–99 pg/m3

1-NP

EI

SFE

24–104 pg/m3

Urban/suburban
(ambient)
Urban (ambient)

1-NN+2-NN, 14 total MNN

EI

SE

10–1906 pg/m3

Urban (ambient)

1-NN+2-NN

NICI

SE

202–494 pg/m3

Urban (ambient)

Bamford &
Baker (2003)
Castells et al.
(2003)
Gupta et al.
(1996)
Reisen et al.
(2003)

a 1,3-DNP, 1,3-dinitropyrene; 1,6-DNP, 1,6-dinitropyrene; 1,8-DNP, 1,8-dinitropyrene; MNN, methylnitronaphthalenes; 9-NA,
9-nitroanthracene; 7-NBA, 7-nitrobenz[a]anthracene; 6-NBP, 6-nitrobenzo[a]pyrene; 7-NBaA, 7-nitrobenz[a]anthracene; 6-NC,
6-nitrochrysene; 2-,3-NF, 2- or 3-nitrofluoranthene; 2-NFl, 2-nitrofluorene; 1-,2-NN, 1- or 2-nitronaphthalene; 3-NPh, 3-nitrophenanthrene;
9-NPh, 9-nitrophenanthrene; 1-NP, 1-nitropyrene; 2-NP; 2-nitropyrene
EI, electron ionization/impact; NICI, negative ion chemical ionization; PFE, pressurized fluid extraction; SE, Soxhlet extraction; SFE,
supercritical fluid extraction; SRM, standard reference material
From Zielinska & Samy (2006)

heptafluorobutyric anhydride. This procedure
adds a polyfluorinated group to the amino-PAH,
thus enhancing the sensitivity of electron
capture detector analysis by approximately
10-fold in comparison with the GC-ECD anal
ysis of underivatized nitro-PAHs. Murahashi
et al. (2003a) used a GC-MS method that does
not require derivatization (Table 1.10).

systems in closed underground garages are typi
cally triggered by carbon monoxide sensors.
NIOSH method 6604 (NIOSH, 1996)
describes the analysis of passive sampler media
for the measurement of carbon monoxide
concentrations in ambient air and occupational
settings.

(e)

Chemiluminescent analysers are the prin
cipal analytical technology available for deter
mining levels of nitric oxide emissions from
combustion sources. Nitric oxide in a gas sample
reacts with ozone, which is prepared by an ozone
generator in a reaction chamber. The chemilu
minescence generated in this reaction is detected
with a photomultiplier. The intensity of nitric
oxide is in direct proportion to its concentration
in a wide range. By switching a three-way valve,
the sample gas is passed through a converter
to convert nitrogen dioxide to nitric oxide;

Carbon monoxide

Non-dispersive infrared detection is the basis
for instruments used to quantify both carbon
monoxide and carbon dioxide in exhaust and
ambient air, and is a well established method that
is widely used.
Gasoline engines typically emit more carbon
monoxide per unit quantity of fuel than diesel
engines. Thus, carbon monoxide levels have been
used as an indicator of emissions from light-duty
passenger vehicles. For example, ventilation
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(f)

Nitrogen oxides
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Table 1.9 Recoveries obtained for two-step supercritical fluid extraction of spikeda urban aerosol
samples
Compound

1,4-Naphthoquinone
2-Methyl-1-nitronaphthalene
2-Nitronaphthalene
9-Fluorenone
Acenaphthenequinone
9,10-Anthraquinone
1,5-Dinitronaphthalene
2-Methyl-9,10-anthraquinone
2-Nitrofluorene
9-Nitroanthracene
Benzanthrone
Benz[a]anthracene-7,12-dione
1-Nitropyrene

Spiked samples

Non-spiked samples

Total recovery (%)

RSD (%)
(n = 3)

Second SFE stepb (%)

Second SFE stepb

84
68
70
76
86
70
89
78
93
89
70
78
72

4
6
7
7
3
7
8
3
5
6
5
5
7

25
29
26
25
27
33
29
28
40
32
37
46
42

ND
ND
ND
28
ND
37
ND
26
ND
ND
35
48
39

Spiking conditions: 0.5 mL dichloromethane, incubation time 2 hours
Percentages of the total amount extracted
ND, not detected; RSD, relative standard deviation; SFE, supercritical fluid extraction
From Castells et al. (2003)
a

b

the concentration of nitrogen oxides (nitric
oxide and nitrogen dioxide) can be obtained by
measuring the intensity of the chemilumines
cence (Bionda et al., 2004). The concentration
of nitrogen dioxide in the sample gas can be
obtained by calculating the difference between
the two measured values. The method is very
sensitive and selective for the quantification of
nitrogen oxides. Chemiluminescent analysers
are usually calibrated with a blend of nitric oxide
in a nitrogen balance.
NIOSH method 6014 describes the analysis
of passive sampler media for the measurement
of concentrations of nitric oxide and nitrogen
dioxide in ambient air and occupational settings
(NIOSH, 1994a).
Nitric oxide has been used as a marker for
HGV exhaust emissions (see Section 1.4.2).

(g)

Volatile organic compounds

Volatile organic compounds are typically
analysed by GC-MS, although a preconcentra
tion step (by an automated cryogenic concen
trator interfaced to the gas chromatograph) is
required to achieve adequate detection limits
with flame ionization detection. Heavier hydro
carbons (C2–C10) in diesel exhaust are captured
on Tenax, solvent extracted and then analysed
by GC-flame ionization detection. Aldehydes
and ketones are trapped on dinitrophenylhy
drazine cartridges. The hydrazones formed on
the cartridge are then analysed by HPLC. These
methods provide quantitative analysis for about
100 compounds.

1.2.3 Biomarkers of exposure
Sensitive analytical techniques are required
to assess the uptake by tissues of chemicals from
exhaust emissions.

73

IARC MONOGRAPH – 105

Table 1.10 Examples of limits of detection (LOD) (per sample) for nitro-polycyclic aromatic
hydrocarbon (nitro-PAH)-associated particulate matter analysed by high-performance liquid
chromatography with various reduction techniques and detectors
nitro-PAH

LOD (pg)
S/N 3

Reduction
technique

Detection
method

Reference

1-NP, 2-NFl, 6-NC

46, 41, 584

FD

Brichac et al. (2004)

1-NP, 1,3-DNP, 1,6-DNP, 1,8-DNP

2.20, 1.03, 1.61,
1.71
6–100 (4–80)

Titanium(III)
citrate
Electrochemical

FD

Kuo et al. (2003)

Pt (Pt/Rh)

FD

Schauer et al. (2004), see
also Tejada et al. (1986)

Raney nickel/
hydrazine
Pt/Rh

FD

Murahashi et al. (2003a)

1-NN, 2-NN, 2-NFl, 9-NPhe, 1-NP, 6-NC,
6-NBaP, 9-NA, 3-NF, 1,6-DNP, 7-NBaA,
1,3-DNP
3-NBA
3-NBA, 2-NTP, 1-NP, 1,8-DNP, 6-NC, 2-NF,
3-NF
1-NP, 1,3-DNP, 1,6-DNP, 1,8-DNP
1,8-DNN, 9-NA, 3-N-9-Fl, 2,2-DNBphe,
1-NP, 2,7-DNFl, 2,7-DN-9-Fl
2-NN, 9-NA, 1-NP

2

5.50, 11.0, 2.0,
6.0, 17.0, 10.0, 3.0
100, 3, 6, 3
Pt/Rh
1–10
None

CD

Inazu et al. (2004)

CD
MS-NICI

Hayakawa et al. (2001)
Bonfanti et al. (1996)

300–1600

ED

Galceran & Moyano
(1993)

Electrochemical

CD, chemiluminescence detection; 2,7-DNFl, 2,7-dinitrofluorene; 2,7-DN-9-Fl, 2,7-dinitro-9-fluorene; 2,2-DNBphe, 2,2′−dinitrobiphenyl;
1,8-DNN, 1,8-dinitronaphthalene; 1,3-DNP, 1,3-dinitropyrene; 1,6-DNP, 1,6-dinitropyrene; 1,8-DNP, 1,8-dinitropyrene; ED, electrochemical
detection; FD, fluorescence detection; MS, mass spectrometry; 9-NA, 9-nitroanthracene; 7-NBaA, 7-nitrobenz[a]anthracene; 3-NBA,
3-nitrobenzanthrone; 6-NBaP, 6-nitrobenzo[a]pyrene; 6-NC, 6-nitrochrysene; 2-,3-NF, 2- or 3-nitrofluoranthene; 2-NFl, 2-nitrofluorene;
3-N-9-Fl, 3-nitro-9-fluorene; NICI, negative ion chemical ionization; 1-,2-NN, 1- or 2-nitronaphthalene; 9-NPhe, 9-nitrophenanthrene; 1-NP,
1-nitropyrene; 2-NTP, 2-nitrotriphenylene; Pt/Rh, platinum/rhodium; S/N, signal-to-noise ratio
From Zielinska & Samy (2006)

(a)

Biomarkers of exposure to diesel engine
exhaust

Organic constituents associated with the
particulate phase of diesel exhaust have been
proposed as chemical markers of exposure. The
measurement of these biomarkers in human
body fluids requires sophisticated and ultrasen
sitive analytical methods. Some of the methods
that have been developed to achieve this are
discussed below.
(i)

Protein and DNA adducts
Nielsen et al. (1996) used GC-MS to detect
hydroxyethylvaline adducts in haemoglobin as a
biomarker to assess exposure to diesel exhaust in
garage workers. In addition, they used P1 nuclease
extraction of DNA adducts and a butanol method
to extract polar DNA adducts from peripheral
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blood lymphocytes, and detected these adducts
using 32P-postlabelling.
Zwirner-Baier & Neumann (1999) detected
several nitro-PAH metabolites after hydrolysis
of haemoglobin using liquid chromatography
equipped with negative ion chemical ionization
and MS. [The Working Group noted that this
method is based on the hydrolysis of haemoglobin
adducts before detection of the free metabolites.
It is not certain whether the entire quantity of
each of the retrieved (free) metabolites originates
from covalent binding to haemoglobin.]
(ii)

Urinary metabolites
1-Hydroxypyrene, a urinary metabolite of
pyrene, was used as a marker for exposure to
diesel exhaust in garage workers (Nielsen et al.,
1996). Using GC-MS, Seidel et al. (2002) found
elevated urinary excretion of 1-Hydroxypyrene

Diesel and gasoline engine exhausts
and hydroxylated phenanthrene metabolites in
salt miners operating diesel-powered equipment.
1-Hydroxypyrene may not be sufficiently specific
because it may originate from other combus
tion sources. A more specific marker for diesel
exhaust is 1-nitropyrene (Schuetzle & Perez,
1983; Scheepers et al., 1995a). Urinary metabo
lites of 1-nitropyrene were measured in humans
exposed to diesel exhaust using immunoassays
(Scheepers et al., 1994, 1995b). This method is
very sensitive but cross-reactivity with other
PAH metabolites was reported (Scheepers et al.,
1995b). A more specific approach to the analysis
of urinary metabolites is HPLC with fluorescence
detection.
(b)

Biomarkers of exposure to gasoline engine
exhaust

Carbon monoxide and lead are the most
frequently used biomarkers of exposure to gaso
line exhaust emissions (see Section 1.4.1(b)).
(i)

Carbon monoxide
Exposure to carbon monoxide can readily
be detected using spectrometric principles in
exhaled air and also as carboxyhaemoglobin in
the blood (Lee et al., 1994; Gourdeau et al., 1995).
[The Working Group noted that direct-reading
spectrometric instruments may not have the
accuracy of most off-line analytical methods
used for routine analysis in hospitals.]
(ii)

Lead and platinum
The measurement of metals such as lead and
platinum in blood or urine requires sensitive
inductively coupled plasma-MS methods, which
are well established (Iavicoli et al., 2004; Ghittori
et al., 2005; Heitland & Köster, 2006).
(iii)

Volatile organic compounds
Using GC-MS, organic constituents of gaso
line exhaust emissions can be detected with high
specificity and sensitivity. Benzene, toluene,
ethylbenzene, xylene isomers and other vola
tile organic compounds have been measured in

exhaled air (Jo & Song, 2001), blood (White et al.,
1995; Romieu et al., 1999) and urine (Ghittori
et al., 2005).

1.3 Regulations and guidelines
1.3.1 Structure and progression of emission
standards
There is a strong link between emission
standards and engine technology: standards
drive the technology and technology enables
more stringent standards. Increasing environ
mental concerns over the past two decades have
resulted in regulatory action around the globe to
introduce successively more rigorous emission
standards. The technological developments and
their impact on the characteristics of engines and
of vehicle emissions are presented in Section 1.1.
Standard values for different categories of
engines and vehicles from several countries are
presented in detail in the Annex. The Section
below gives an overview of the structure and
development of the standards and their penetra
tion into the fleet.
Except for the USA, most countries world
wide have adopted European Union standards,
occasionally with small local modifications and
at a rate dictated by local economics and other
factors. Different test cycles are used by Europe
and the USA and across different applications.
Emissions are expressed in a variety of units
depending upon vehicle type – usually in grams
per mile (g/mi) or per kilometre (g/km) when
the entire vehicle is tested, and g/bhp-h or per
kilowatt-h (g/kW-h) when only the engine is
tested. Normally, the engine is tested for heavier
commercial and industrial applications, and the
vehicle for passenger cars and light goods vehicles.
Table 1.11 gives a very approximate relationship
between these units. For PM, standards based on
both mass and number are shown. The engine or
vehicle operating test cycle, the protocol used to
measure emissions and the absolute number of
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Table 1.11 Equivalent emission standards
Mass emissions
Heavy-duty vehicles
g/kWh
g/bhp-h
a0.0100
0.013
Light-duty vehicles
–
–

Number emissions
g/km
0.018

g/mile
0.029

g/kg fuel
–

#/kWh
2.7 × 1012

#/bhp-h
2.0 × 1012

#/km
3.6 × 1012

#/mile
5.8 × 1012

0.0030

0.0048

0.054

–

–

a

6.0 × 1011

9.6 × 1011

a Current standards
bhp, brake horse power; h, hour
Compiled by the Working Group

the emission standard are important to establish
the stringency of the standard (see Section 1.2 for
details of some of the measurement protocols).
Standards are becoming increasingly more
stringent throughout the world. As an example,
Fig. 1.11 shows the downward stepwise trend of
heavy-duty engine emission standards in the
USA, starting from the first Californian stand
ards in 1969. From the unregulated state in the
early 1980s to 2010, permitted levels for nitrogen
oxides, nitrogen oxides plus hydrocarbons,
nitrogen oxides plus non-methane hydrocar
bons, and PM have decreased progressively over
time, with particulate and nitrogen oxide emis
sion standards being reduced by more than two
orders of magnitude.
Particle number standards are more strin
gent than mass standards, and are intended to
result in more effective particulate control tech
nologies. The current European Union lightduty mass emission standard is 4.5 mg/km and
the number (#) standard is 6 × 1011 #/km. If one
assumes typical diesel particle size distribution
with a geometric standard deviation (σg) of
1.8, a geometric mean diameter of 60 nm and
an effective particle density of 0.6 g/cm3, this
number standard corresponds to approximately
0.19 mg/km. If one assumes larger and more
dense particles, with a geometric standard devi
ation of 2, a geometric mean diameter of 100 nm
and a density of 1 g/cm3, the number standard
corresponds to 2.4 mg/km, i.e. about half of the
mass standard.
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1.3.2 Representative emission standards
worldwide
To illustrate the evolution of engine and
vehicle emission standards, trends for key catego
ries of diesel-powered mobile sources for several
countries are summarized in Fig. 1.12, Fig. 1.13,
and Fig. 1.14: on-highway heavy-duty diesel
engines, diesel passenger cars and non-road
heavy-duty diesel engines. For simplicity,
key changes are indicated in terms of US and
European standards, even when some countries
have their own local equivalents. Each figure indi
cates the time of introduction of the first emis
sion standard for PM: for on-highway heavy-duty
engines, Euro-1/US-1998; for passenger cars,
Euro-1/USA Tier 1; and for non-road engines,
Tier 1. Before these standards were introduced,
particulate emissions from diesel engines were
not regulated and the engines were of ‘tradi
tional technology’ (grey area on the left of each
chart). An intermediate level was implemented
for on-highway heavy-duty diesel engines
(Euro-4/USA-1994), representing a reduction
of approximately one order of magnitude in PM
and nitrogen oxides from unregulated levels, and
corresponding to ‘transitional technology’ (see
Section 1.1). The next levels of standards, which
result in a reduction of two orders of magnitude
in PM from unregulated levels and are expected
to force the use of ‘new technology diesel engines’
are: on-highway heavy-duty engines, Euro-6/
USA-2010; passenger car, Euro-5b/USA Tier 2,

Diesel and gasoline engine exhausts
Fig. 1.11 Historical trend in emission standards for heavy-duty engines in the USA

bhp, brake horse power; HC, hydrocarbon; NMHC, non-methane hydrocarbons; NOx, nitrogen oxides; PM, particulate matter
From Department of Energy (2006)

with particle number standard; and non-road
engines, Tier 4.
These charts also illustrate the strategy of
regulatory agencies to introduce the most strin
gent emission controls first in on-road appli
cations, and then in non-road and industrial
applications at a later date: non-road heavyduty applications, followed by high- and very
low-horse power non-road applications, followed
by locomotive and marine engines. Consequently,
PM emissions from many non-road applications
worldwide are still uncontrolled today.
The rate of development and implementa
tion of technology in any country or market is
governed by local regulatory standards for tail
pipe emissions and fuel quality. Most countries
have implemented at least basic regulations for
PM for heavy-duty and light duty on-highway
vehicles, although many developing countries lag

behind with regard to the technology of heavyduty and light-duty vehicles. Also, engines in
non-road vehicles, especially higher horse power
engines in ships and locomotives worldwide,
including those in Europe and the USA, are still
unregulated for PM emissions.

1.3.3 Availability of engines with new
emission control technologies in the
fleet/temporal impact of new emission
standards
When new emission standards are imple
mented, all new products must comply but prod
ucts already in use are generally not required to
be upgraded (or ‘retrofitted’) to the new standard.
The exception is a change in fuel standards. Thus,
engines that meet new emission standards pene
trate the fleet only as fast as new vehicles are
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Fig. 1.12 Implementation schedule of on-road heavy-duty diesel emission standards in selected
countries

2015

2010

2000

1995

1990

1987

2005

Unregulated
Regulated

Euro 1 / US1988
Euro 4 / US1994
Euro 6 / US2010

USA
Europe
Russia
Japan
China*
India*
Australia
Argentina
Brazil
* Nationwide
Compiled by the Working Group

purchased to replace those already in use. For
on-highway heavy-duty engines, this transition
is slightly accelerated because the highest-annu
al-mileage applications, generally larger longhaul HGVs, favour most recent vehicles powered
by the most recent engines. The US EPA models
total mileage accumulation by age of the vehicle
for the purposes of emission inventory calcu
lations. The heavy-duty mileage accumulation
rates used in the EPA model MOBILE5b indicate
that half of the total fleet mileage accumulation
is accounted for by vehicles that are 6 years old
or more recent, and new vehicles account for 10
times the annual mileage of the oldest vehicles in
the fleet (Kremer, 1999).
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1.3.4 In-use emission verification
programmes
In addition to the emission standards to
which new products must comply, several in-use
verification tests and practices are applied world
wide to ensure continued compliance with emis
sion standards in service.
Many countries in Europe, 33 states and
local jurisdictions in the USA, Japan and other
developed and developing countries have
implemented inspection and maintenance
programmes. To maintain on-road vehicle regis
tration, vehicles are required to pass emission
verifications at annual or biannual intervals. The
US EPA has also incorporated in-use monitoring

Diesel and gasoline engine exhausts
Fig. 1.13 Implementation schedule of passenger car diesel emission standards in selected
countries

2015

2010

2000

1995

1990

1987

2005

Unregulated
Regulated

Euro 1 / US Tier 1
Euro 5b / US Tier 2

USA
Europe
Russia
Japan
China*
India*
Australia
Argentina
Brazil

Diesel passenger cars not allowed in Brazil

* Nationwide
Compiled by the Working Group

of on-highway heavy-duty vehicle emissions
through a programme that requires manufactur
er-run in-use testing to validate compliance with
not-to-exceed limits (http://www.epa.gov/otaq/
regs/hd-hwy/inuse/420f05021.htm). For Euro VI
regulations, European commercial vehicle and
engine manufacturers must demonstrate in-use
conformity with these emission standards.

1.4 Occurrence and exposure
1.4.1 Occupational exposure of workers
predominantly exposed to diesel
exhaust
It has been estimated that 1.4 million workers
in the USA and 3 million workers in Europe are
occupationally exposed to diesel engine exhaust
(Lewtas & Silverman, 2010). Exposure to diesel
engine exhaust through the use of diesel equip
ment occurs in many different occupational
settings, including those in the mining, rail
road, construction and transportation indus
tries. Exposures to diesel engine exhaust in
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Fig. 1.14 Implementation schedule of off-road heavy-duty diesel emission standards in selected
countries

2015
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2000

1995

1990

1987
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Unregulated
Regulated

Tier 2
Tier 4 (final)

USA
Europe
Russia
Japan
China*
India*
Australia
Argentina
Brazil
* Nationwide
Compiled by the Working Group

occupational and traffic settings are the result
of vehicle operations and vehicle mix, and the
composition and particle size characteristics of
diesel exhaust are known to change depending
on the load, fuel–air ratio and exhaust temper
ature, as summarized in Table 1.12. This affects
the quantities of PAHs, EC and hydrocarbons in
the particles emitted from the engine, which can
influence the qualitative and quantitative nature
of exposures in various occupational settings as
shown in Table 1.13.
An overview of the levels of exposure to diesel
engine exhaust is presented in Table 1.14, Table
1.15, Table 1.16, and Table 1.17 and is an update
of the review published by Pronk et al. (2009).
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The exposure levels are summarized by on-road
and off-road equipment, and major occupational
settings. Data on the components of diesel engine
exhaust, such as EC, nitrogen oxides and carbon
monoxide are summarized below. Because the
exposure data were mainly collected between
1990 and 2005, these measurements predomi
nantly reflect the use of traditional and transi
tional diesel engines.
(a)

On-road vehicles

The conversion of HGVs to diesel engines
began in the 1950s and from the 1960s and 1970s
predominantly diesel-powered heavy-duty vehi
cles were sold. In contrast to Europe, where about

Diesel and gasoline engine exhausts

Table 1.12 Approximate characteristicsa of particle emissions defined by diesel engine operating
conditions for an uncontrolled diesel engine
Engine operationb

Characteristicsb

Load

Fuel–
air
ratio

Exhaust
Temperature

PAH, EC and HC

Particulate HC
droplets

Soluble
organic
fraction

Ratio PAH/
surface
(ng/mm2)c

Idle, low and medium
load (< 50% max);
high acceleration
High load
(> 50% max)
and speed; moderate
acceleration

42–60

Low
(< 250 °C)

Highest% PAHs,
HC covers EC surface

High
(> 40%)

< 0.3

25–30

High
(~500 °C)

Low total
PAHs and HC; HC
partially covers EC
surface

Higher MW;
heavy oil emissions;
major nuclei fraction
Lower MW;
limited oil emissions;
no nuclei fraction

Low
(< 20%)

1–10

a These approximate characteristics apply to sustained conditions, not to rapid changes, such as slowing down to a stop after a period of cruising
with a heavy load because the exhaust system will remain hot for a period of time.
b From Kweon et al. (2003) and Kittelson et al. (2006)
c From Bukowiecki et al. (2002)
EC, elemental carbon; HC, hydrocarbon; MW, molecular weight; PAH, polycyclic aromatic hydrocarbon

one-third of all new passenger cars have diesel
engines, only very few new passenger cars or taxis
in the USA are diesel-fuelled (Lloyd & Cackette,
2001). Workers in occupations that involve the
driving, maintenance and unloading of diesel
HGVs and, to a lesser extent, diesel cars can be
exposed to diesel exhaust. Table 1.14 summarizes
the reported levels of exposure to EC, carbon
monoxide, nitric oxide and nitrogen dioxide for
workers exposed to diesel engine exhaust from
on-road vehicles, by agent and by activity.
(i)

HGV drivers
Studies performed mainly in the 1990s and
2000s showed that HGV drivers were exposed on
average to levels of EC ranging from 1 to 22 μg/m3
[weighted arithmetic mean (AM), 2 μg/m3], and
levels of nitric oxide and nitrogen dioxide were
around 0.2–0.3 and 0.03–0.04 ppm, respectively.
Several factors appear to influence the levels
of exposure of drivers to diesel engine exhaust.
For instance, long-haul drivers tended to have
lower levels of exposure than local drivers
(Garshick et al., 2002). In addition, a compar
ison of two cross-sectional exposure surveys in
the HGV transport industry indicated a two- to
threefold decline in the levels of exposure to EC

between the 1980s and 2001–05 (Zaebst et al.,
1991; Davis et al., 2007; Fig. 1.15). Furthermore,
a positive association was found between the age
of the vehicle and the levels of EC. This increase
in exposure was attributed to a higher seepage of
diesel engine exhaust in older HGV cabins due
to leaks in their rubber seals (Davis et al., 2007).
(ii)

HGV/bus mechanics
Mechanics of heavy-duty diesel equipment
(e.g. HGVs and buses) were exposed to levels of EC
that were generally higher than those of drivers.
Average levels of exposure to EC ranged between
4 and 39 μg/m3 [weighted AM, 29 μg/m3].
(iii)

Bus garage and other bus workers
Few studies have addressed exposure to
diesel engine exhaust for bus garage and other
bus workers. In a study by Ulfvarson et al. (1987),
levels of carbon monoxide, nitric oxide and
nitrogen dioxide in a bus garage varied from 1.7
to 24, 0.3 to 1.0 and 0.2 to 1.1 ppm, respectively.
(iv)

Firefighters
Firefighters are frequently exposed to diesel
engine exhaust and other combustion products
(Froines et al., 1987). Exposures can occur during
81

Off-road activities
Maintenance
shops for
railroads and
trucks
Railroad
operations and
exposures of
crews

Underground
mining
Above-ground
mining

Engine temperature and operation

Exposure scenarios

Particle size characteristics

Composition

Cold engines

Briefly move vehicles in/out of shop;
emissions into confined space; slow removal
by ventilation

Lower EC and
very high OC from
lubricating oils

Hot engines; continuous engine
operations; frequent idling and steady
speed under loads

Emissions into the environment by leading
locomotive(s); exposure intensity defined by
downwind proximity to source(s)

High agglomeration;
considerably reduced nuclei
and surface area; most in
accumulation mode
Low agglomeration
Idling: high nuclei level and
PM
Steady speed: low/no nuclei,
reduced surface.

Hot engines; steady use, frequent stops
and idling, and hard acceleration under
load.
Fixed engines: hot; steady use
Hot engines; steady use: haulage trucks –
limited stops and hard acceleration under
load; frequent idling and low load return
trips. Fixed engines: hot; steady use

Exposure intensity defined by proximity
to vehicles – haulage trucks, loaders; and
fixed engines – generators, large equipment;
moderate to fast removal by ventilation
Brief exposure to occasional exhaust from
preceding trucks or nearby heavy equipment

On-road vehicle operations (exposure from preceding vehicles)
City driving
Hot; frequent stops and hard acceleration Exposure from preceding vehicles depends
under load; frequent of idling
on traffic density and proximity

Highway driving

Hot engine; usually heavy load; rare
idling or acceleration

EC, elemental carbon; OC, organic carbon; PM, particulate matter

Exposure from preceding vehicles depends
on traffic density and proximity

High agglomeration; no
nuclei and lower surface area.
Idle: high nuclei level and PM
Steady speed:
up-hill, low nuclei and low
hydrocarbons
down-hill, high nuclei and
high hydrocarbons
Moderate agglomeration;
Idle and high acceleration:
high nuclei level and PM
Steady speed: low nuclei and
accumulation mode (depends
on proximity).
Low agglomeration; low
nuclei and accumulation
mode (depends on proximity)

Higher EC and
very high OC
Moderate EC and
lower OC from
lubricating oils
Higher EC and
lower OC from
lubricating oils
High EC and OC
High EC and low
OC
High EC and OC

High EC and OC
Moderate EC and
low OC
High EC and low
OC
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Table 1.13 Exposure scenarios, size distributions and composition of diesel emissions under operating conditions in
common work settings

Table 1.14 Measurements of occupational exposure to diesel exhaust from on-road vehicles: elemental carbon ( μg/m3), and
carbon monoxide, nitric oxide and nitrogen dioxide (ppm)
Agent

Duration (h)

No.

AM (SD)

GM (GSD)

Location

Year

Reference

Drivers
Truck – local
Truck – local
Truck – local
Truck – local
Truck – long haul
Truck – long haul
Truck – long haul
Truck – long haul
HGV
Bus
Bus

ECS
ECS
ECR
ECNR
ECS
ECS
ECR
ECNR
ECI
ECR
ECR

>4
>4
>4
>4
>4
>4
>4
>4
1- > 4
>4
>4

56
576a
5
4a
72
349a
5
4a
3
5
39

5 (0.9)
2 (2.3)
7b
5 (0.1)
5 (0.4)
1 (0.8)
5b
22 (13.2)
10 (6.0)
10b
2.0 (1.3)

0.9 (4.0)
1 (2.8)
6 (1.6)
5 (1.0)
0.4 (3.8)
1 (2.3)
4 (2.0)
19 (2.0)
9 (1.8)
9 (1.3)
1.4 (3.3)

USA
USA
USA
USA
USA
USA
USA
USA
USA
Estonia
USA

1980s
2001–05
1999
1985
1980s
2001–05
1999
1985
1992
2002c
2002c

ECI
ECI
ECI

>4
>4
>4

4
20
8

2 > LOD: 11–20
11b
8b

6 (2.9)
7 (1.6)

USA
Sweden
Sweden

1998
2002–04
2002–04

Zaebst et al. (1991)
Davis et al. (2007)
Garshick et al. (2002)
NIOSH (1986)
Zaebst et al. (1991)
Davis et al. (2007)
Garshick et al. (2002)
NIOSH (1986)
NIOSH (1993)
Boffetta et al. (2002)
Ramachandran et al.
(2005)
NIOSH (1998)
Lewné et al. (2007)
Lewné et al. (2007)

ECS
ECR
ECR
ECR
ECR
ECI
ECI

>4
>4
>4
>4
>4
>4
>4

80
10
3
53
15
40
4

27 (4.1)
4b
31
39
39b
21b
ND

4 (12.1)
4 (1.6)
29 (1.6)
31 (2.1)
38 (1.3)
11 (3.2)
ND

USA
USA
United Kingdom
United Kingdom
Estonia
Sweden
USA

1980s
1999
2000c
2000c
2002c
2002–04
1998

Zaebst et al. (1991)
Garshick et al. (2002)
Groves & Cain (2000)
Groves & Cain (2000)
Boffetta et al. (2002)
Lewné et al. (2007)
NIOSH (1998)

ECI
ECI
ECI
ECI
ECI
ECR
ECR

>4
>4
>4
<1
>4
>4
>4

27
18
12
8
4
11
34a

24 (max)
40 (20.3)
10 (max)
ND
2 > LOD: 0.3–15
11
1.1 (0.6)

USA
USA
USA
US
USA
United Kingdom
USA

2002c
1995c
1997
1998
1998
2000c
2002c

Roegner et al. (2002)
Echt et al. (1995)
NIOSH (1998)
NIOSH (1998)
NIOSH (1998)
Groves & Cain (2000)
Ramachandran et al.
(2005)

Bus
Bus and HGVd
Taxid
Mechanics
Truck
Truck
Ambulance depot
Bus
Bus
HGV/bus (+inspection)
Bus
Others
Firefighter
Firefighter
Firefighter
Firefighter
Service worker bus
Vehicle testing
Car park attendant (booth)

35 (1.7)
ND
11 (1.8)
1.1 (1.8)
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Description

Description
Others
Bus garage
Driver
Truck – local
Truck – long haul
Others
Driver
Taxid
Bus and HGVd
HGV
Taxi
Bus
Mechanics
HGV/bus (+inspection)
Bus
Others
Bus

Agent

Duration (h)

No.

CO
NO
NO

AM (SD)

GM (GSD)

Location

1.7–24
>4
>4

4a
4a

NO

0.23 (0.05)
0.27 (0.10)

0.22 (1.3)
0.25 (1.5)

USA
USA

0.3–1.0

Year

Reference

1987c

Ulfvarson et al. (1987)

1985
1985

NIOSH (1986)
NIOSH (1986)

1987c

Ulfvarson et al. (1987)

NO2
NO2
NO2
NO2
NO2

>4
>4
>4
>4
>4

12
30
40
20
42

0.03b
0.03b
0.04 (0.02)
0.03 (0.01)
0.03 (0.01)

0.02 (0.7)
0.03 (0.7)

Sweden
Sweden
Sweden
Sweden
Sweden

2002–04
2002–04
1997–99
1997–99
1997–99

Lewné et al. (2007)
Lewné et al. (2007)
Lewné et al. (2006)
Lewné et al. (2006)
Lewné et al. (2006)

NO2
NO2

>4

60
232

0.05b
0.24 (0.26)

0.05 (0.9)

Sweden
USA

2002–04
1987c

Lewné et al. (2007)
Gamble et al. (1987)

232

0.2–1.1

Sweden

1987c

Ulfvarson et al. (1987)

NO2

Area sample representative of personal exposure
AM estimated from GM and GSD or from range
c Year of publication, year of sampling not available
d Mostly diesel powered vehicles
AM, arithmetic mean; CO, carbon monoxide; EC, elemental carbon; ECI, inhalable; ECNR, not reported; ECR, respirable; EC S, submicron; GM, geometric mean; GSD, geometric standard
deviation; h, hour; HGV, heavy-goods vehicle; LOD, limit of detection; ND, Not detected; NO, nitrogen oxide; NO2, nitrogen dioxide; SD, standard deviation
Adapted by permission from Macmillan Publishers Ltd from Pronk et al. (2009)
a

b
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Table 1.14 (continued)

Table 1.15 Measurements of occupational exposure to diesel exhaust in the mining industry: elemental carbon (μg/m3), and
carbon monoxide, nitric oxide and nitrogen dioxide (ppm)
Description

Agent

Underground
Production (NM)

ECR

Production (NM)
Production (NM)

ECR
ECS

Production (C)

Duration (h)

AM (SD)

GM (GSD)

Location

Year

Reference

6a

148 (136)

85 (3.5)

United Kingdom

2004b

>4
>4

343
38

202 (32–144)
219 (65–193)

111 (1.4–4.8)

USA
USA

2002b
1997b

ECR

>4

4

241c

202 (1.8)

Estonia

2002b

Production (M)

ECR

>4

15

637 (75–508)

USA

1999

Production (NR)

ECI

< 1–4

12

538 (512)

USA

2007b

Maintenance (NM)

ECS

>4

8

53 (46)

USA

1997b

Maintenance (NM)
Mining, NS (C)

ECR
ECR

>4

269
7a

144 (17–462)
66 (28)

USA
United Kingdom

2002b
2004b

Mining, NS (M)

ECNR

27

27

Sweden

2006b

Mining, NS (NM)
Surface
Production/maintenance (NM)
Production/maintenance (NM)

ECR

>4

779

[135] (40–384)

USA

1998–2001

Leeming & Dabill
(2004)
Cohen et al. (2002)
Stanevich et al.
(1997)
Boffetta et al.
(2002)
McDonald et al.
(2002)
Burgess et al.
(2007)
Stanevich et al.
(1997)
Cohen et al. (2002)
Leeming & Dabill
(2004)
Adelroth et al.
(2006)
Coble et al. (2010)

ECR
ECS

>4
>4

164
23

13 (2–89)
23 (15–54)

USA
USA

2002b
1997b

Production/maintenance (NM)
Underground
Production (NM)
Mining, NS (NR)
Mining, NS (NM)
Mining, NS (M)
Underground
Mining, NS (NI)
Production (NM)
Production (NM)
Production (NM)

ECR

>4

265

3.5

USA

1998

Cohen et al. (2002)
Stanevich et al.
(1997)
Coble et al. (2010)

CO
CO
CO
CO

1- > 4
<4

5
21
≥ 5a, d
≥ 5a, d

2.0 (0.6)
12.4 (0–23)
8.9
6.1

USA
USA
USA
USA

1991
1978
1976–77
1976–77

NIOSH (1991)
Holland (1978)
Attfield (1978)
Attfield (1978)

NO
NO
NO
NO

<4
>4
>4
>4

10
9
7
6

10.3 (0.4–57)
14.7 (2.8)
4.2 (1.7)
4.7 (1.0)

USA
USA
USA
USA

1978
1991
1991
1991

Holland (1978)
NIOSH (1991)
NIOSH (1991)
NIOSH (1993)

66 (1.7–4.6)
62 (1.5)

2 (1.8–6.2)

1.9 (1.4)

14.5 (1.2)
3.9 (1.5)
4.6 (1.2)

Diesel and gasoline engine exhausts
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No.

Description

Agent

Duration (h)

No.

AM (SD)

Location

Year

Reference

Mining, NS (M)
Mining, NS (M)

NO
NO

>4
>4

54
25

11.0 (5.7)
0.7 (0.6)

USA
USA

1988
1988

666

[0.9] (0.2−1.5)

USA

1998–2001

NIOSH (1992)
NIOSH (1991,
1992)
Coble et al. (2010)

Mining, NS (NM)
Surface
Production/maintenance (M)
Production/maintenance (NM)
Underground
Production (NM)
Production (NM)
Production (NM)
Mining, NS (NR)
Production (NM)

NO

>4

NO
NO

>4
>4

12
225

0.3 (0.2)
[0.07] (0.02–0.11)

USA
USA

1988
1988

NIOSH (1992)
Coble et al. (2010)

NO2
NO2
NO2
NO2
NO2

>4
>4
>4
<4

9
7
6
29
183

2.9 (0.5)
0.8 (0.4)
0.7 (0.1)
0.8 (0–5.5)
1.9 (1.6)

2.9 (1.2)
0.7 (1.6)
0.7 (1.1)

USA
USA
USA
USA
USA

1991
1991
1991
1978
1978b

Production (C)

NO2

>4

41

0.2c

0.1 (1.5–2.8)

USA

1976–80

Production (C)
Production (M)

NO2
NO2

>4

76
29

0.2 (0.1−0.1)
0.2

USA
Sweden

1982b
2006b

Production (M)
Production (M)
Mining, NS (C)
Mining, NS (NM)
Surface
Production/maintenance (M)
Production/maintenance (NM)

NO2
NO2
NO2
NO2

>4
>4
>4
>4

54a
25
60
689

1.5 (0.9)
5.5 (3.9)
0.2 (0.1)
[0.3] (0.1–0.6)

USA
USA
USA
USA

1988
1988
1982b
1998–2001

NIOSH (1991)
NIOSH (1991)
NIOSH (1993)
Holland (1978)
Gamble et al.
(1978)
Wheeler et al.
(1981)
Reger et al. (1982)
Adelroth et al.
(2006)
NIOSH (1992)
NIOSH (1991)
Ames et al. (1982)
Coble et al. (2010)

NO2
NO2

>4
>4

12
233

0.04 (0.03)
[0.04] (0.01–0.06)

USA
USA

1988
1988

NIOSH (1992)
Coble et al. (2010)

a

GM (GSD)

Area sample representative of personal exposure
Year of publication, year of sampling not available
c AM estimated from GM and GSD or from range
d At least five samples for all jobs combined in the study
AM, arithmetic mean; C, coal; CO, carbon monoxide; EC, elemental carbon; ECI, inhalable; ECNR, not reported; ECR, respirable; EC S, submicron; GM, geometric mean; GSD, geometric
standard deviation; M, metal; NM, non-metal; NO, nitrogen oxide; NO2, nitrogen dioxide; NR, not reported; NS, job not specified; SD, standard deviation
Adapted by permission from Macmillan Publishers Ltd from Pronk et al. (2009)
a

b
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Table 1.15 (continued)

Table 1.16 Measurements of occupational exposure to diesel exhaust in the railroad industry: elemental carbon (μg/m3), and
carbon monoxide, nitric oxide and nitrogen dioxide (ppm)
Agent

Duration (h)

No.

AM (SD)

GM (GSD)

Location

Train crew
Driver, assistant, shunter driver

ECR

>4

19

20 (18.7)

16 (2.0)

Russian Federation 2002a

Hostler

ECR/I

>4

5

4 (1.3)

3 (1.5)

Canada

1999–2000

Engineer/driver, conductor/
trainman

ECR/I

>4

76b

5 (1.1–15.8)

3 (1.5–3.5)

Canada

1999–2000

Non-operating crew trailing
locomotive
Engineer’s operating console

ECI

>4

47b

10 (12)

6

Canada

2003

ECI

1- > 4

49b

6

4 (3)

USA

1996–98

Maintenance
Rolling equipment

ECR/I

>4

48

5 (4.9–8.8)

3 (2.4–2.7)

Canada

1999–2000

Rolling equipment

ECR

>4

64

39

17 (1.9)

United Kingdom

2000a

CO

>4

280b

4.50 (max)

Canada

2003

CO

>4

16b

<1

USA

1974–76

NO

>4

46b

1.13 (0.87)

Canada

2003

NO

>4

9b

0.55

Canada

1996

NO

>4

16b

0.23

USA

1974–76

Train crew
Non-operating crew trailing
locomotive
Locomotive and caboose
Train crew
Non-operating crew trailing
locomotive
Locomotive
Locomotive and caboose

0.82

Year

Reference
Boffetta
et al.
(2002)
Verma
et al.
(2003)
Verma
et al.
(2003)
Seshagiri
(2003)
Liukonen
et al.
(2002)
Verma
et al.
(2003)
Groves
& Cain
(2000)
Seshagiri
(2003)
Hobbs
et al.
(1977)

87

Seshagiri
(2003)
Verma
et al.
(1999)
Hobbs
et al.
(1977)

Diesel and gasoline engine exhausts

Description

Description

Agent

Duration (h)

No.

AM (SD)

Maintenance
Rolling equipment

NO

>4

18

NO2

>4

NO2

Locomotive and caboose
Maintenance
Rolling equipment

Train crew
Non-operating crew trailing
locomotive
Locomotive on board

GM (GSD)

Location

Year

Reference

0.26

Canada

1996

Verma
et al.
(1999)

181b

0.3 (max)

Canada

2003

>4

9b

0.05

Canada

1996

NO2

>4

16b

0.03

USA

1974–76

Seshagiri
(2003)
Verma
et al.
(1999)
Hobbs
et al.
(1977)

NO2

>4

18

0.10

Canada

1996

Verma
et al.
(1999)

Year of publication, year of sampling not available
Area sample representative of personal exposure
AM, arithmetic mean; CO, carbon monoxide; EC, elemental carbon; ECI, inhalable; ECR, respirable; ECR/I, respirable/inhalable; GM, geometric mean; GSD, geometric standard
deviation; NO, nitrogen oxide; NO2, nitrogen dioxide; SD, standard deviation
Adapted by permission from Macmillan Publishers Ltd from Pronk et al. (2009)
a

b
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Table 1.16 (continued)

Table 1.17 Measurements of occupational exposure to diesel exhaust from other off-road vehicles: elemental carbon (μg/m3),
and carbon monoxide, nitric oxide and nitrogen oxide (ppm)
Description

Duration (h)

No.

AM (SD)

GM (GSD)

Location

Year

Reference

ECI
ECI
ECR
ECI
ECI

>4
>4
>4
>4
>4

10
12
261
22
120

314a
132a
13
13a
4

163 (1.5–3.0)
87 (2.5)
8 (2.7)
8 (2.8)

Norway
Sweden
USA
Sweden
USA

1996–99
2002–04
1994–99
2002–04
1996–97

Tunnel

CO
CO

>4
>4

78
52

9a
5 (3.7)

5.7 (1.5–2.6)

Norway
Sweden

1996–99
1991b

Electric utility installation

CO

>4

27

1 (0.6–0.6)

USA

1996–97

Tunnel

NO

>4

53

2.6 (1.5)

Sweden

1991b

Electric utility installation

NO

>4

27

0.2 (0.2–0.4)

USA

1996–97

Tunnel

NO2
NO2
NO2

>4
>4
>4

18
82
53

0.22a
0.86a
0.88 (0.68)

0.19 (0.58)
0.54 (1.5–4.5)

Sweden
Norway
Sweden

2002–04
1996–99
1991b

Above-ground
Electric utility (outside)

NO2
NO2

>4
>4

33
24

0.02a
0.32 (0.2–0.2)

0.02 (1.06)

Sweden
USA

2002–04
1996–97

Bakke et al. (2001)
Lewné et al. (2007)
Woskie et al. (2002)
Lewné et al. (2007)
Whittaker et al.
(1999)
Bakke et al. (2001)
Ulfvarson et al.
(1991)
Whittaker et al.
(1999)
Ulfvarson et al.
(1991)
Whittaker et al.
(1999)
Lewné et al. (2007)
Bakke et al. (2001)
Ulfvarson et al.
(1991)
Lewné et al. (2007)
Whittaker et al.
(1999)

ECS
ECS
ECR

>4
>4
>4

54
≥ 5c
39d

24 (0.4–2.5)

2 (1.3–27.2)
7
27

USA
USA
United Kingdom

1991b
1990
2004b

ECR
ECR
ECI
NO2

>4
>4
>4
>4

27
12
5
≥ 5c

122
9a
4 (1.8)

66 (3.3)
7 (2)
4 (1.5)
0.18

United Kingdom
USA
USA
USA

2000b
1999
1992
1990

Construction
Tunnel
Heavy/highway
Above-ground
Electric utility installation

Dock/distribution
Dock worker
Fork-lift truck
Dock worker

36a

Zaebst et al. (1991)
Zaebst et al. (1992)
Wheatley & Sadhra
(2004)
Groves & Cain (2000)
Garshick et al. (2002)
NIOSH (1993)
Zaebst et al. (1992)

89
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Agent

Description
Airline personnel
Baggage and screening
Mechanics and refuelers
Baggage and screening
Loading/unloading ships
Marine terminal
Ferry
Marine terminal

Agent

Duration (h)

No.

AM (SD)

GM (GSD)

Location

Year

Reference

ECI
CO
CO
NO
NO2

>4
>4
>4
>4
>4

72
61
10
40
40

11 (5.4)
2.4a
5 (1.5)
0.13 (0.07)
0.12 (0.07)

4.7 (1.3)

USA
USA
USA
USA
USA

2004
2004
1992
2004
2004

NIOSH (2005)
NIOSH (2005)
NIOSH (1994b)
NIOSH (2005)
NIOSH (2005)

ECI
ECR
CO

>4
>4
>4

168
20
60

6 (0.9–9.0)
49
2.5

37 (2.5)

USA
United Kingdom
USA

2003–05
2000b
2003–05

NIOSH (2006)
Groves & Cain (2000)
NIOSH (2006)

AM estimated from GM and GSD or from range
Year of publication, year of sampling not available
c At least five samples for all jobs combined in the study
d Area sample representative of personal exposure
AM, arithmetic mean; CO, carbon monoxide; EC, elemental carbon; ECI, inhalable; ECR, respirable; EC S, submicron; GM, geometric mean; GSD, geometric standard deviation; NO,
nitrogen oxide; NO2, nitrogen dioxide; SD, standard deviation
Adapted by permission from Macmillan Publishers Ltd from Pronk et al. (2009)
a

b

IARC MONOGRAPH – 105

90

Table 1.17 (continued)

Diesel and gasoline engine exhausts
Fig. 1.15 Median levels of exposure to elemental carbon in truck cabins for pick-up and delivery
drivers, by model year

Reprinted with permission from Davis et al. (2007). Copyright 2007, Taylor & Francis Ltd
EC, elemental carbon

a response to an incident and in the fire station,
and those reported varied considerably between
studies. Echt et al. (1995) reported average levels
of 40 μg/m3 EC, while others reported maximum
levels of 24 μg/m3, 10 μg/m3 or non-detectable
levels (Roegner et al., 2002; Pronk et al., 2009).

(b)

(v)

(i)

Others
Other occupations with exposure to diesel
engine exhaust from on-road vehicles include
vehicle testing, parking attendant, toll booth
worker, transport terminal worker and traffic
police officer. Reported exposures to EC were
mostly < 10 μg/m3 (see Table 1.14).

Off-road vehicles

Exposure to exhaust emissions from off-road
vehicles can occur in many different industries
and occupations (see Table 1.15). The major
industries are mining, railroad transport,
construction and loading/unloading operations.
Mining
Mining operations can be carried out on the
surface or underground. In surface (open-pit)
mining, the ore is mined using large excavating
equipment, such as load and dump vehicles,
drills, graders and utility trucks, and transported
using very large dumper trucks.
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Diesel equipment in underground mining
may include vehicles for the transportation of
personnel, haulage trucks, load and dumper
vehicles, drills, graders and utility trucks. The
first diesel engine-powered vehicles in under
ground mines were used in Germany in 1927
(Kaplan, 1959). In the 1970s, the use of diesel
engines in underground mines greatly increased
in the USA. In 1998, the Mine Safety and Health
Administration estimated that 18% of the 971
underground coal mines and 78% of the 261
underground metal/non-metal mines in the USA
used diesel engines (Pronk et al., 2009).
In addition to underground mining oper
ations, diesel equipment is also used in some
surface operations. These include bulldozers for
cleaning stockpiles, trucks for the transporta
tion of ore and tailings, and forklift trucks for
loading/unloading.
Other potential exposures in mines include
airborne particles, from blasting, and the mining
and transport of the ore, and gases, such as carbon
monoxide and sulfur dioxide. Some other expo
sures that may occur in mines, depending on the
ores extracted, have been evaluated in previous
Monographs; these include radon (IARC, 2012d),
silica, nickel, chromium and asbestos (IARC,
2012a).
Table 1.15 summarizes the levels of expo
sure to EC, carbon monoxide, nitric oxide and
nitrogen dioxide reported for workers exposed
to diesel engine exhaust in the mining industry.
(ii)

Underground production/mining
Production workers include miners involved
in drilling, blasting and hauling ore. Reported
levels of exposure to EC varied from 148 to
637 μg/m3 [weighted AM, 135 μg/m3], average
levels of nitric oxide varied from < 1 to 15 ppm
[weighted AM, 1.8 ppm] and average levels of
nitrogen dioxide ranged from 0.2 to 5.5 ppm
[weighted AM, 1.9 ppm].
A large exposure survey among non-metal
miners in seven mines showed that, in general,
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the highest levels of exposure to diesel engine
exhaust were for miners working in the active
face area. Workers in the haulage or travel ways
were generally lower exposed than workers at the
face. Workers in the underground maintenance
shop and offices had the lowest levels of exposure,
most probably due to the proximity of these areas
to the fresh-air intake shafts (Coble et al., 2010).
(iii)

Underground maintenance
Maintenance workers include those in the
maintenance shops and underground ware
houses, and those involved in the maintenance
of travel and haulage routes. The studies that
reported the exposure to EC of underground
maintenance workers indicated levels between
53 and 144 μg/m3 [weighted AM, 141 μg/m3].
(iv)

Surface production
Reported levels of exposure on the surface
were much lower than those reported under
ground. Workers involved in surface activities
had levels of exposure to EC between 3.5 and
23 μg/m3 [weighted AM, 8 μg/m3]. Levels of nitric
oxide varied from 0.07 to 0.3 ppm [weighted AM,
0.08 ppm], while concentrations of 0.04 ppm
nitrogen dioxide were observed.
(v)

Railroad transportation
The use of diesel engines in railroad locomo
tives was first introduced into Canada and the
USA in 1928 and into Germany in 1932 (Garshick
et al., 1988), and diesel engines largely replaced
steam engines between 1945 and the 1960s
(Pronk et al., 2009). In the 1960s, second-gen
eration diesel locomotives were introduced that
were reported to be cleaner (Woskie et al., 1988).
Table 1.16 and Fig. 1.16 summarize the levels of
exposure reported in the railroad industry.
(vi)

Train crews
A typical train crew comprises a conductor
and an engineer and occasionally includes
brakers/switchers for local or yard jobs. Several
studies measured the exposures of train personnel

Diesel and gasoline engine exhausts
to diesel engine exhaust. Average levels of expo
sure to EC varied from 4 to 20 μg/m3 [weighted
AM, 8 μg/m3], and concentrations of nitric oxide
and nitrogen dioxide ranged from 0.2 to 1.1 and
from 0.03 to 0.3 ppm, respectively.
The location of the exhaust stack in relation to
the cabin (either in front of or behind the cabin)
has been shown to be an important determinant
of exposure. In addition, significantly increased
levels of exposure to diesel engine exhaust have
been reported in the cab when the windows were
open compared with when they were closed.

levels of diesel engine exhaust, with measured
levels of generally around 10 μg/m3 [weighted
AM, 13 μg/m3] of EC, 0.2 ppm of nitric oxide and
0.02–0.32 ppm of nitrogen dioxide.
Blute et al. (1999) reported several determi
nants of exposure to diesel engine exhaust at
highway construction sites. Regression analyses
indicated higher exposures to EC for enclosed
versus open worksites, cranes versus other types
of diesel-powered equipment, proximity within
10 feet of diesel equipment and greater numbers
of diesel sources.

(vii) Maintenance
The levels of exposure of train maintenance
personnel to diesel engine exhaust have been
reported to be in the same range as those of train
crews, with levels of exposure to EC varying
from 5 to 39 μg/m3 [weighted AM, 24 μg/m3], and
those to nitric oxide and nitrogen dioxide being
around 0.3 and 0.1 ppm, respectively.
Woskie et al. (1988) conducted an indus
trial hygiene survey of the US railroad industry.
Personal exposure to respirable particles was
measured and then corrected for the estimated
contribution of cigarette-smoke particulates.
Similar to the measurements of EC, these results
indicated that the highest exposures occurred for
hostlers (yard workers who move trains and rail
cars, sometimes using specialized locomotives),
electricians, machinists and mechanics. Lower
exposures were reported for clerks.

(ix)

(viii) Construction
Exposure to diesel engine exhaust within the
construction industry varies widely (Table 1.17).
Many studies have been carried out on exposure
during tunnel construction, and indicated that
the average levels of exposure to EC were between
approximately 100 and 300 μg/m3 [weighted
AM, 215 μg/m3]. Similarly, high levels of nitric
oxide and nitrogen dioxide were reported (2.6
and 0.22–0.88 ppm, respectively). Construction
workers above ground are exposed to much lower

Loading/unloading operations
Loading and unloading activities can be
performed at transport terminals and docks, and
on board ships and aircraft.
Several studies have measured the average
levels of exposure to EC among dock workers
(see Table 1.17), and reported that these varied
from 4 to 122 μg/m3 [weighted AM, 43 μg/m3].
The sources of exposure for dock workers include
diesel-powered forklift trucks and on-road HGVs.
Studies at docks where only non-diesel-powered
forklifts were used reported low levels of expo
sure to EC (< 5 μg/m3), indicating that the major
contributors to the exposure of dock workers
were diesel-powered forklifts (Zaebst et al., 1991).
Similarly, a large variation in exposure to
diesel engine exhaust has been reported for people
involved in the loading/unloading of ships, for
whom levels of EC were reported to range from
6 to 49 μg/m3 [weighted AM, 11 μg/m3].
Little information was available on the
exposure of workers who unload baggage from
airplanes. The limited data indicated that levels
of exposure were around 10 μg/m3 for EC and
around 0.1 ppm for nitric oxide and nitrogen
dioxide (Schauer, 2003). However, the contri
bution of jet fuel to the measured levels of EC
cannot be excluded.
Fig. 1.17 summarizes measurements of EC,
nitric oxide and nitrogen dioxide by major
industry/job based on weighted averages. Miners
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LMU, labourer moving unit
Compiled by the Working Group
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RPM (μg/m3)

EC (μg/m3)

Fig. 1.16 Average personal exposures to elemental carbon and respirable particulate matter by job
title among railroad workers

Diesel and gasoline engine exhausts
(when mines use diesel engines) and tunnel
construction workers have the highest expo
sures, with average levels of EC above 100 μg/m3.
Dock workers, diesel mechanics and mainte
nance personnel are exposed to average levels of
20–40 μg/m3. Train crews, construction workers
and workers involved in unloading airplanes
and ships are exposed to levels of ~10 μg/m3
EC. Professional drivers have the lowest average
exposure to levels of ~2 μg/m3. However, vari
ations within job titles can be large, and these
relative rankings can therefore differ according
to specific situations.

1.4.2 Occupational exposure of workers
predominantly exposed to gasoline
engine exhaust
In occupational settings, gasoline engine
exhaust is produced by spark-ignition engines.
Four-stroke gasoline-powered engines are
mostly used for the propulsion of road vehi
cles, ranging from motorcycles to small lorries
(see Section 1.1.4). Exposures to emissions from
road vehicles can occur in occupations such as
border inspectors, car mechanics, office workers,
car park attendants, professional drivers, service
station attendants, shopkeepers, street workers,
tollbooth workers and (traffic) policemen.
In addition to road traffic-related sources,
gasoline exhaust may also be emitted by engines
used in small electric power generators and in
small portable equipment (power output, 2–7
kW) used to power chain saws, leaf blowers,
hedge trimmers, brush cutters and clearing saws.
During these applications, gasoline exhaust may
be emitted in the breathing zone of some workers,
such as loggers.
(a)

Markers of exposure

For exposure assessment, some chemical
components, such as inorganic compounds
(metals) or some specific organic compounds,
are fairly specific for emissions from gasoline

engines. Some of these chemical markers of
gasoline exhaust exposure are discussed in more
detail below.
(i)

Lead
Tetraethyl lead was used as an anti-knock
agent in gasoline fuel but, during combustion,
more than 90% was converted to and emitted as
inorganic lead. Within a few hours to days, alkyl
lead vapour emitted from the tailpipe is decom
posed to lead oxides (IARC, 2006). The use of
lead in gasoline was phased out to facilitate the
introduction of exhaust catalysts and, in most
parts of the world, this use of tetraethyl lead was
abolished in the 1990s (IARC, 2006).
Lead is an important marker to reconstruct
historical exposure to gasoline fuel and gasoline
exhaust emissions, and appears to be related to
exposures to both gasoline vapours and engine
exhaust emissions over time (Anttila et al.,
1995). Occupational exposure to lead derived
from gasoline exhaust emissions is summa
rized in Table 1.18 and Table 1.19. For exposure
assessment in epidemiological studies, blood
lead values are a reliable index for long-term
exposure to lead. However, the interpretation of
airborne lead exposure in relation to lung cancer
is complicated due to the particle distribution of
lead in airborne dust (Anttila et al., 1995).
(ii)

Carbon monoxide
Carbon monoxide in ambient air is a marker
for occupational exposures to gasoline exhaust
emissions. Especially in outdoor workplaces,
ambient carbon monoxide is mostly derived
from gasoline-powered engines from road traffic
or other uses. In indoor environments, other
(incomplete) combustion sources may contribute
to elevated concentrations, including tobacco
smoking.
Biomonitoring methods can be used to esti
mate internal exposure. Carbon monoxide can be
monitored by determination of the percentage of
carboxyhaemoglobin in blood and that of carbon
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EC (μg/m3)

NO, NO2 (ppm)

Fig. 1.17 Average personal exposures to elemental carbon, and nitric oxide and nitrogen dioxide by
major occupational group predominantly exposed to exhaust from diesel engines

EC
NO
NO2
Compiled by the Working Group
EC, elemental carbon; NO, nitrogen oxide; NO2, nitrogen dioxide
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Table 1.18 Exposure to components from gasoline engine exhaust (mean ± standard deviation)
Type of
source

Car mechanics
Emissions
and
contaminants
from exhaust
systems

Car exhaust
emissions
Car exhaust
emissions

Conditions

CO
(ppm)

VOC (ppm)

Benzene
(µg/m3)

Formal
dehyde
(µg/m3)

MtBE (μg/m3)

1,3-Butadiene
(μg/m3)

NO2 (ppb)

Respirable
dust
(µg/m3)

Lead in
respirable
dust
(µg/m3)

Reference

Indoor exposure in
garage A (‘small’)

–

–

–

–

–

–

–

–

Chambers
et al.
(1984)

Indoor exposure in
garage B (100 m 2)

–

–

–

–

–

–

–

–

Indoor exposure in
garage C (85 m 2)

–

–

–

–

–

–

–

–

0.003–0.053

–

–

108–43 464

–

–

–

53.2 (n = 1)a
[21.7 ± 11.3]
(n = 8)b
[59.8 ± 31.8]
(n = 4)a
[43.7 ± 24.3]
(n = 12)b
[21.7 ± 12.3]
(n = 3)a
[17.5 ± 5.9]
(n = 4)b
–

–

–

–

–

–

–

–

–

Gourdeau
et al.
(1995)

[0.419
(0.070–1280)]

[3.4 (6–9.3)]

[0.0589
(0.014–0.336)]

[11 (7–42)]

Workers at 7 garages
and automobile firms
in Stamford, CT, USA
(n = 37)
496 car mechanics
working in 76 dealer
workshops in Quebec,
Canada, during the
winter of 1991–92 and
1992–93

Car exhaust
emissions

–

–

–

Parry
et al.
(1997)
Parry
et al.
(1997)
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Indoor exposure in
garages in South Wales,
United Kingdom (n = 16)
Commuting office workers
Car exhaust
Officers of South Wales
emissions
Constabulary, United
Kingdom, not considered
to be exposed during
work hours

< 25
(28.8%)
25–35
(30.7%)
36–50
(19.3%)
> 51
(21.2%)

White
et al.
(1995)

Type of
source

Loggers
Chain saw
(two-stroke
engine)

Chain saw
(two-stroke
engine)

Conditions

CO
(ppm)

VOC (ppm)

Benzene
(µg/m3)

Formal
dehyde
(µg/m3)

MtBE (μg/m3)

1,3-Butadiene
(μg/m3)

NO2 (ppb)

Respirable
dust
(µg/m3)

Lead in
respirable
dust
(µg/m3)

Reference

Felling, limbing, buckling
and manual skidding in
snow-free conditions in
a thick and dense mixed
and pine forest stand at
wind speed < 3 m/s and
temperature −3 to −8 °C
Felling, limbing, buckling
and manual skidding in
50–90-cm deep snow in
a sparse pine forest stand
at wind speed < 3 m/s and
temperature −16 to +1 °C
Felling only in a thick
pine forest stand in
80–100-cm deep snow;
wind speed < 4 m/s and
temperature −1 to +1 °C
Felling, limbing, buckling
and manual skidding in
a thick pine forest stand
in 80–100-cm deep snow;
wind speed < 4 m/s and
temperature −1 to +1 °C
Logging during 36
working periods of 2
hours at a snow depth of
80–100 cm in the county
of Västerbotten, Sweden;
wind speed < 4 m/s and
temperature −2 to +3 °C

[29
(36–38)]
(n = 4)d

15 (7–40) mg/
m3

[700
(300–1800)]
(n = 28)

[80
(40–200)]
(n = 12)

–

–

–

–

0.8 (0.5–10)
(n = 7)

Nilsson
et al.
(1987)

[17
(8.6–20)]
(n = 4)

19 (3–74)
(n = 42) mg/
m3

[600
(100–2400)]
(n = 42)

[80
(20–100)]
(n = 25)

–

–

–

–

2 (0.4–4)
(n = 14)

[32
(4–73)]
(n = 7)

22.0 (9–69)
(n = 8) mg/m3

[700
(300–2,300)]
(n = 8)

[90
(70–100)]
(n = 8)

–

–

–

–

–

[12
(4–21)]
(n = 18)

8.0 (2–17)
(n = 16) mg/
m3

[300
(70–600)]
(n = 16)

[70 (30–90)]
(n = 18)

–

–

–

–

–

17 (4–73)
(n = 23)

12 (2–69)
(n = 23) mg/
m3

–

[63
(28–130)]
(n = 23)

–

–

–

–

–

Hagberg
et al.
(1985)
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Table 1.18 (continued)

Table 1.18 (continued)
Type of
source

Conditions

CO
(ppm)

VOC (ppm)

Benzene
(µg/m3)

Formaldehyde
(µg/m3)

MtBE (μg/m3)

1,3-Butadiene
(μg/m3)

NO2 (ppb)

Respirable
dust
(µg/m3)

Lead in
respirable
dust
(µg/m3)

Reference

2.6

–

2.7

–

7.4

0.5

–

–

–

Kim et al.
(2007)

1.2

–

0.3

0.4

0.2

–

–

–

71.2 ± 8.1

–

–

–

–

–

–

–

–

Jovanović
et al.
(1999)

–

–

38.81 ± 46.26

10.38 ± 5.49

174.04 ± 258.72

–

–

–

–

Mexico City, Mexico
(n = 24)

–

–

330
(130–770)

–

–

–

–

–

–

Ghittori
et al.
(2005)
Romieu
et al.
(1999)

Polishers and repairmen
working 10.11 ± 1.44 h/d
in shoe stalls in Seoul,
South-Korea (n = 32),
indoor
Outdoor (n = 32)

–

–

732 ± 1640d

–

–

–

57.4 ± 17.1

127.7 ± 44.7

–

–

–

8 ± 20

–

–

–

58.1 ± 23.2

138.7 ± 43.6

–

Mexico City, Mexico
(n = 6)

–

–

62 (49–180)

–

–

–

–

–

–

Car park attendantsc
Emissions
Eight-story
Wk d (71
from private
parking
cars/h)
cars
garage for
Wk-ends
1400 cars at a (6 cars/h)
hospital and
university,
Baltimore,
MD, USA
Professional drivers
Traffic
Professional drivers
emissions
(n = 250)
Service station workers
Traffic
Pavia, Lombardy, Italy
emissions
(n = 26)
Traffic
emissions
Shop keepers
Road traffic

Romieu
et al.
(1999)
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Street workers
Traffic
emissions

Bae et al.
(2004)

Type of
source

Conditions

Toll booth workers
Road traffic
Bridge in New York, USA
city
(n = 440)
Road traffic
on three
locations in
Boston, MA,
USA (n = 174)

August 1972
March 1973
August 1973
Feb—March 1974

Baltimore
Harbor
Tunnel in
the summer
of 2001;400–
5900
vehicles/h
and 72 000
vehicles/d

Inside toll booth (average
over three shifts)
Inside toll booth
(morning shift)
Inside toll booth
(afternoon shift)
Inside toll booth (night
shift)
Outside toll booth
(average over three shifts)
Outside toll booth
(morning shift)
Outside toll booth
(afternoon shift)
Outside toll booth (night
shift)

CO
(ppm)

VOC (ppm)

Benzene
(µg/m3)

Formaldehyde
(µg/m3)

MtBE (μg/m3)

1,3-Butadiene
(μg/m3)

NO2 (ppb)

Respirable
dust
(µg/m3)

Lead in
respirable
dust
(µg/m3)

Reference

63 (217)e

7.9 (29.6)e

–

61 (196)e

–

–

70 (320)e

64

10.6

16.0
(4.0–
> 130)
15.4 (3.0–
> 100)
33.7
(11.0–
> 100)
24.3
(6.0–81)
–

6.1 (2.9– > 50)

–

–

–

–

67
(15–220)

90 (< 20–
200)

12.9
(1.5–35.5)

Ayres
et al.
(1973)
Burgess
et al.
(1977)

5.7 (3.2–16.6)

–

–

–

–

19.8
(3.9–24.5)

–

–

–

–

81
(10–290)
100
(< 5–215)

105
(65–150)
100
(60–105)

12.9
(1.0–33.2)
15.6
(7.4–36.3)

10.1 (7.0–13.0)

–

–

–

–

–

4.12
(0.29–14.9)
6.70 ± 1.31

–

18.8
(0.50–43.8)

1.60
(0.23–8.09)
2.91 ± 0.90

38
(< 5–119)
–

105
(55–160)
–

7.7
(1.0–17.8)
–

–

–

–

–

–

3.21 ± 1.20

0.91 ± 0.40

2.42 ± 1.42

0.92 ± 0.51

13.3
(0.73–35.0)
19.8 ± 2.81

–

39.6 (0.17–121)

7.24
(0.23–20.5)
10.7 ± 3.20

14.9 ± 4.70

7.23 ± 1.72

4.90 ± 2.21

3.71 ± 0.91

Sapkota
et al.
(2005)
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Table 1.18 (continued)

Table 1.18 (continued)
Type of
source

Conditions

Road traffic
Klang
Valley Kuala
Lumpur,
Malaysia
(n = 90)

Toll booths
with air
conditioning
system

Traffic policemen
Traffic
Wuhan, China
emissions

Mon-Sun:
1597
(752–
6333)
vehicles/d
in
morning
shift
Mon-Sun:
1778
(700–
3269)
vehicles/d
in
evening
shift

CO
(ppm)

VOC (ppm)

Benzene
(µg/m3)

Formal
dehyde
(µg/m3)

MtBE (μg/m3)

1,3-Butadiene
(μg/m3)

NO2 (ppb)

Respirable
dust
(µg/m3)

Lead in
respirable
dust
(µg/m3)

Reference

20 (< 34)

–

–

–

–

–

–

–

–

Niza &
Jamal
(2007)

–

–

–

–

–

–

–

5.2 ± 2.4
(n = 36)

Zhang
et al.
(1994)

30 (< 61)

–
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Concentrations expressed as time-weighted average exposures in the breathing zone (unless otherwise indicated); range of exposure concentrations in parentheses
a Air samples collected in breathing zone
b Air samples collected from fixed locations
c Air concentrations determined from fixed locations in parking garages; this study was not performed with the explicit aim of assessing exposure of parking attendants
d The authors noted that benzene was presumably derived from indoor sources (such as solvents, polish and adhesives) but not from traffic or smoking, since shop keepers did not smoke
during business hours.
e Average per 30-day period (maximum hourly reading)
–, not determined; CO, carbon monoxide; d, day; MtBE, methyl tertiary butyl ether; NO2, nitrogen dioxide; VOC, volatile organic compounds; wk, week

Reference

Type of source

Conditions

COHb (%)
Nonsmokers

Border inspector
Cohen et al.
Road traffic at
(1971)
border San Ysidro,
CA, USA-Mexican
Border

All of three shifts

Night and morning shift

Car mechanic
Tola et al.
(1976)
Gourdeau et al.
(1995)
White et al.
(1995)

Blood lead
(µg/dL)

Smokers

Nonsmokers

Smokers

[4.8 ± 1.1]
(n = 11)a
[6.4 ± 1.3]
(n = 11)a
[3.7 ± 0.83]
(n = 6)a
[7.5 ± 1.6]
(n = 6)a

5.7 ± 1.05
(n = 9)
18.6 ± 3.27
(n = 9)*
5.0 ± 0.90
(n = 7)
21.0 ± 3.70
(n = 7)*

25.5 ± 4.01
(n = 11)
35.0 ± 4.93
(n = 11)
19.2 ± 2.34
(n = 6)
41.8 ± 6.77
(n = 6)**

-

–

–

–

27 (10–80)b

–

–

–

–

–
–

–
–

Exhaust emissions
from repaired cars
in Finland (n = 165)
Exhaust emissions
from repaired cars
in Canada (n = 496)

In 13 workplaces; highest exposures
occurred during cleaning the motor
with compressed air
Indoor exposure in 76 repair shops
involving 287 non-smoking mechanics

Stamford, CT, USA

Workers at 7 garages and
automobile firms (n = 37)

Men
Women

< 3.5 (28.6%)
–
3.5–5.0 (26.8%)
5.1–7.5(32.0%)
> 7.6 (12.6%)
1.05 (n = 12)
3.80 (n = 8)
0.90 (n = 1)
–

Workers at 7 garages
and automobile firms in
Stamford Connecticut, US
(n = 37)

Men
Women

0.60 (n = 7)
0.70 (n = 4)

2.6 (n = 1)
4.80 (n = 2)

–
–

–
–

–
–

Indoor exposure to slow moving traffic
(n = 36)

–

–

–

–

28.3 ± 10.33

Drivers of minibuses who work 12 h/d
(n = 22)
Employees of the governmental
transport service in the city of
Abbottabad (n = 36)

–

–

–

–

2.5 ± 1.7c

–

–

–

–

51.06c, d

Commuting office worker
White et al.
Stamford, CT, USA
(1995)
Car park attendant
Johnson et al.
Parking cars in a
(1975)
garage in Houston,
TX, USA
Professional driver
Suzuki (1990)
Bandung, Indonesia
Khan et al.
(1995)

Pre-shift [1.4 ± 0.61]
(n = 9)a
Post[3.6 ± 1.0]
shift
(n = 9)a
Pre-shift [1.4 ± 0.58]
(n = 7)a
Post
[4.0 ± 1.1]
shift
(n = 7)1a

CO in end-exhaled air (ppm)

Pakistan

–
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Table 1.19 Biomonitoring of exposures to carbon monoxide and lead in occupations that entail exposure to gasoline engine
exhaust (mean ± standard deviation unless otherwise indicated)

Table 1.19 (continued)
Reference

Type of source

CO in end-exhaled air (ppm)

Blood lead
(µg/dL)

Nonsmokers

Smokers

Professional drivers exposed to road
traffic (n = 250)
Taxi and bus drivers (n = 164)

[8.9 ± 1.7]
(n = 97)e
–

[24.6 ± 3.2]
(n = 153)e
–

–

–

–

–

–

10.9 ± 0.13

Ten different workplaces in Finland
entailing exposure to fuel (n = 76)
Bus drivers in Jordan (n = 47)

–

–

–

–

20 (11–40)

–

–

–

–

7.6

Summer 2002 in Trujillo, Peru (n = 17)

–

–

–

–

2.8 ± 1.1f

Pavia, Lombardy, Italy (n = 26)

–

–

–

–

Wuhan, China (n = 227)

[1.67 ± 0.79]a
[1.76 ± 0.76]a

7.0 ± 1.72
(4.0–10.0)
7.28 ± 2.13
7.85 ± 1.97

Traffic emissions

8–10 h/d along busy road in the city of
Abbottabad, Pakistan (n = 36)

–

–

–

–

52.10

Primarily from
automobile exhaust
(86 men)
Summer 2002
Trujillo, Peru

Street sweepers in Finland

–

–

–

–

13.3 (7–29)

Street vendors (n = 3)
Newspaper vendors (n = 3)

–
–

–
–

–
–

–
–

2.8 ± 0.8f
3.9 ± 1.5f

Bridge
Tunnel
Square
Tunnel location 1

2.12 ± 1.08
2.93 ± 1.36
1.94 ± 0.62
[4.88 ± 1.48]g

3.90 ± 2.13
5.01 ± 2.25
3.84 ± 2.06
[8.20 ± 3.26]g

–

28 ± 10
(n = 360)

Alsston Location 2

[3.82 ± 1.4]g

[7.82 ± 4.76]g

Weston Location 3

[2.78 ± 1.3]g

[6.02 ± 2.9]g

–
–
–
26.9 ± 9.9
(n = 37)
21.6 ± 9.5
(n = 22)
16.4 ± 9.0
(n = 10)

Road traffic on three
locations in Boston,
MA, USA (n = 172)

–
–
43.5 ± 18.8
(n = 56)
41.6 ± 26.3
(n = 20)
32.6 ± 17.0
(n = 24)

30.84 ± 14.98
(n = 57)
35.11 ± 17.14
(n = 28)
37.75 ± 15.72
(n = 24)
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Smokers

Toll booth worker
Ayres et al.
Road traffic in New
(1973)
York city, NY, USA
(n = 619)
Burgess et al.
(1977)

COHb (%)
Nonsmokers

Jovanović et al. Russian Federation
(1999)
Zhou et al.
Shanghai, China
(2001)
Service station worker
Tola et al.
Traffic emissions
(1976)
and gasoline fuel
Hunaiti et al.
(1995)
Naeher et al.
(2004)
Ghittori et al.
(2005)
Zhang et al.
Gasoline depot
1994
workers
Shop keeper
Khan et al.
(1995)
Street worker
Nordman
& Hernberg
(1975)
Naeher et al.
(2004)

Conditions

Reference

Type of source

Conditions

COHb (%)
Nonsmokers

CO in end-exhaled air (ppm)

Blood lead
(µg/dL)

Smokers

Nonsmokers

Smokers

1.99 ± 1.84
(n = 295)
3.23 ± 2.19
(n = 295)
1.24 (n = 295)

12.13 ± 10.99
(n = 295)
20.09 ± 13.61
(n = 295)
7.96 (n = 295)

–

–

–

Kocasoy &
Yalin (2004)

Istanbul Bosphorus
Bridge, Turkey

Cashiers on working in
3 shifts of 5–6 h; slowly
moving road traffic on
bridge

Niza & Jamal
(2007)

Road traffic Klang
Valley, Kuala
Lumpur, Malaysia

Toll booths with functioning air
conditioning system; samples collected
Mon-Sun: 1597 (752–6339) vehicles/d
in the morning shift

1.0 (ND–18.4)
(n = 66)

–

4.09 ± 3.52
(n = 236)
7.67 ± 6.35
(n = 236)
3.58
(n = 236)
–

On foot patrol (number not specified)

–

–

–

–

23.1 ± 9.21

(n = 28)

–

–

–

–

13.5 (9–20)b

Working 6 h/d on the road in Bandung, –
Indonesia (n = 24)
(n = 126)
–

–

–

–

3.1 ± 1.8

–

–

–

29.2 ± 7.5

Pre-shift
Post-shift
Increase

1.5 (n = 79)
2.5 (n = 79)
1.0 (n = 79)

2.6 (n = 79)
4.3 (n = 79)
1.7 (n = 79)

-

-

Traffic policemen, pre-shift (n = 36)

[1.17 ± 0.72]a

Low
14.2 ± 5.9
Middle
15.3 ± 6.8
High
16.2 ± 6.9
4.36 ± 1.71
4.81 ± 1.64

Traffic policemen, post-shift (n = 36)
8–10 h/d along busy road (n = 36)

[1.25 ± 0.71]a
–

–

–

–

53.43

(n = 88)

–

–

–

–

11.2
(0.5–40.2)

Traffic controller and traffic policeman
Johnson et al.
Traffic emissions
(1975)
Houston, TX, USA
Nordman
Primarily
& Hernberg
automobile exhaust
(1975)
Suzuki (1990)
Traffic emissions,
Indonesia
Kamal et al.
Traffic emissions,
(1991)
Egypt
Biava et al.
Traffic emissions,
(1992)
Milan, Italy

Zhang et al.
(1994)

Traffic emissions
Wuhan, China

Khan et al.
(1995)f

Traffic emissions,
Abbottatabad,
Pakistan
Traffic emissions,
India

Potula & Hu
(1996)f

Pre-shift 0.67 ± 0.90
(n = 236)
Post
1.25 ± 1.03
shift
(n = 236)
Increase 0.58 (n = 236)
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Table 1.19 (continued)

Table 1.19 (continued)
Reference
Bono et al.
(2007)
Iavicoli et al.
(2004)

Type of source
Traffic emissions,
Torino, Italy
Traffic emissions,
Rome, Italy

Conditions
(n = 228)
Pre-shift (n = 161)
Post-shift (n = 161)

COHb (%)

CO in end-exhaled air (ppm)

Blood lead
(µg/dL)

Nonsmokers

Smokers

Nonsmokers

Smokers

0.6 ± 0.3
(n = 176)
–

2.4 ± 1.8
(n = 52)
–

–

–

–

–

–

–

h

* Increase from pre- to post-shift (in all three shifts) P < 0.01; afternoon value not reported in abstract
** Increase from pre- to post-shift (only in evening and night shifts) P < 0.02
a Calculated by Working Group using [%COHb] = 0.43+0.17·[CO] (Cohen et al., 1971)
b Median (range)
c A positive trend with exposure classification (low – middle – high) was found for male but not female traffic wardens (data not presented).
d The value for the group of professional drivers, shop keepers and traffic policemen (n = 118) was 52.20 ± 2..88 µg/dL, which was higher than that for controls living in a rural area
(P < 0.001), see text for further details.
e % COHb calculated by the Working group from mmol/L, assuming a concentration of 10 mmol/L haemoglobin (for men and women drivers)
f Geometric mean and geometric standard deviation
g Calculated from alveolar CO concentrations using the equation of Ringold et al. (1962)
h COHb was 4.8% for policemen who spent more than 7 days outdoors.
CO, carbon monoxide; COHb, carboxyhaemoglobin; d, day; h, hour; ND, not detected
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monoxide in alveolar air [the last fraction of the
exhaled (end-exhaled) air is usually collected to
avoid dilution by the air volume, which does not
reach the region of the lung where gas is exchanged
with blood]. These parameters of internal expo
sure are highly correlated (r ~0.99) (Cohen et al.,
1971). The background level of carboxyhaemo
globin is substantially higher in smoking than
in nonsmoking workers and is dependent on the
number of cigarettes smoked and on the time
since the last cigarette was smoked. Occupational
exposure to carbon monoxide is usually assessed
in smokers and nonsmokers separately, and by
pre- and post-shift collection of blood or exhaled
air. An increase in the percentage of carboxy
haemoglobin over the shift is often correlated to
the ambient concentrations of carbon monoxide
(Hagberg et al., 1985). Fig 1.18 shows a compar
ison of exposure to carbon monoxide for the
main occupational groups discussed in this
section, and Fig. 1.19 shows the corresponding
blood values of carboxyhaemoglobin, expressed
as a percentage for smokers and nonsmokers.
(iii)

Volatile organic compounds
Some volatile organic compounds are highly
specific for gasoline engine exhaust, such as
methyl tertiary butyl ether and 1,3-butadiene.
Benzene, toluene, ethylbenzene and xylene
have been studied extensively in relation to
exposure to traffic emissions. Tobacco smoking
leads to important co-exposures to benzene in
some workers (White et al., 1995). Occupational
exposures to toluene and xylenes can also occur
through work-related contact with products such
as adhesives, paint, ink and cleaning solvents (Jo
& Song, 2001). Fig 1.20 shows concentrations of
benzene measured during personal air sampling
by job title.
(iv)

Formaldehyde and nitrogen oxides
Formaldehyde and nitrogen oxides are often
used in the characterization of gasoline exhaust
emissions, but these substances are also formed
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in diesel engines or may originate from alterna
tive sources, such as building materials, or the
use of preservative solutions, such as formalin.
(v)

Particles
Compared with traditional diesel engines,
spark-ignition engines only emit relative small
amounts of PM (Murahashi et al., 2003b), parent
PAHs and PAH-derivatives such as alkylated,
oxygenated and nitrated PAHs (Alsberg et al.,
1985; Scheepers & Bos, 1992). Particles emitted
from gasoline engines are usually condensates
of incompletely combusted fuel constituents and
some metal oxides formed by the corrosion of
engines and tailpipes.
(b)

Occupational exposures

Job titles associated with indoor and
outdoor exposure to exhaust emissions from
gasoline-powered engines are reviewed in this
section, and the data are presented in Table 1.18,
Table 1.19, Table 1.20, and Table 1.21.
(i)

Border inspectors
Cohen et al. (1971) studied 26 workers at
the border inspection station of San Ysidro,
California, which is located at the USA–Mexican
border (Table 1.19). Exposure assessment was
performed by measuring carbon monoxide in
exhaled air after the breath had been held, as
described by Jones et al. (1958). The percentage of
carboxyhaemoglobin was determined from the
breath concentrations using a regression equa
tion with a correlation coefficient of 0.99 and an
intercept at zero exposure to carbon monoxide
of 0.43% carboxyhaemoglobin (see the footnote
in Table 1.19). In nonsmoking inspectors (in
all shifts), the mean concentration of carbon
monoxide increased from pre-shift to post-shift
by a factor of 3.3 (P < 0.01). For smokers, postshift carbon monoxide levels were increased but
this difference was not statistically significant.
However, for combined night and morning
shifts, the increase in nonsmokers was fourfold

Diesel and gasoline engine exhausts
Fig. 1.18 Personal air concentrations of carbon monoxide by occupational group predominantly
exposed to exhaust from gasoline engines

*Exposure estimated based on 250 samples using a hand-operated pump colorimetric analysis (Jovanović et al., 1999)
CO, carbon monoxide
Compiled by the Working Group

(P < 0.01) and, for this subgroup, a statistically
significant increase was also observed in smokers
(P < 0.02). In nonsmoking and smoking control
subjects (office clerks), no increase was observed
(data not presented).
(ii)

Office workers
Workers in offices may be exposed to chemi
cals derived from gasoline-powered road traffic,
especially if their workplace is ventilated (either
forced or naturally) with unfiltered outdoor air.
In Taipei, Taiwan, China, Chan & Lin (1994)
showed that differences in exposure to volatile
organic compounds can occur, depending on the
type of organization and type of office facilities

used (see Table 1.20). Office workers are often
assumed to have low exposures, but some data
suggest they can experience exposures to volatile
organic compounds from road traffic comparable
with those of traffic policemen, car park attend
ants and store keepers (Romieu et al., 1999; Jo &
Song, 2001).
Office workers commuting to and from work
typically have no direct contact with engine
exhausts and consequently receive an exposure
that is determined by the general air quality,
derived primarily from pollution by road traffic.
White et al. (1995) studied 14 commuters and
assessed both environmental exposure by air
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Fig. 1.19 Weighted percentage (%) of carboxyhaemoglobin by job title in workers predominantly
exposed to exhaust from gasoline engines

* Calculated from mmol/L assuming a concentration of 10 mmol/L haemoglobin (Jovanović et al., 1999).
** The study of service station workers reported results from three nonsmokers only (White et al., 1995).
COHb, carboxyhaemoglobin
Compiled by the Working Group

sampling and internal exposure by biological
monitoring (see Table 1.21). In comparison
with car mechanics, the median blood levels of
methyl tertiary butyl ether of commuting office
workers were an order of magnitude lower while
the median blood levels of benzene were only
40% lower for nonsmoking men. The percentage
of carboxyhaemoglobin of commuting office
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workers was in the normal range and more than
50% lower than the blood value of car mechanics
(see below).
(iii)

Car mechanics
Mechanics who work in garages have
higher exposures to gasoline engine exhaust
than outdoor workers. In most of the smaller

Diesel and gasoline engine exhausts
Fig. 1.20 Mean personal air sampling of benzene by job title in workers predominantly exposed to
exhaust from gasoline engines
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[The Working Group noted that the exposure of service station attendants was probably caused primarily by evaporation from fuels and only to a
limited extent from exhaust fumes.]
Compiled by the Working Group

workshops, mechanical general or local exhaust
ventilation is rarely available (Chambers et al.,
1984). Following the introduction of unleaded
gasoline, exposure to lead in repair shops should
have been reduced substantially, but no studies
were found to confirm this.
Exposures to carbon monoxide from gaso
line engine exhaust vary widely among car
mechanics. In a study of 287 nonsmoking car
mechanics in Canada, approximately 45% of the
participants had carboxyhaemoglobin values
higher than 5.0% (Gourdeau et al., 1995). A study
in Connecticut, USA, showed that the percentage

of carboxyhaemoglobin was much lower and did
not exceed the range observed in office workers
(White et al., 1995). Relatively low exposures to
volatile organic compounds and benzene were
reported for 16 car mechanics in garages in
South Wales, United Kingdom by Parry et al.
(1997), although these exposures were still much
higher than those of office workers (threefold
for benzene and about 10-fold for total aromatic
compounds and volatile organic compounds).
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Reference

Office worker
Chan & Lin (1994)

Car park attendant
Jo & Song (2001)

Type of source,
location

Air pollution
mainly from
traffic sources in
Taipei, Taiwan,
China

Four
underground
parking garages
and four parking
garages on
ground floor in
the city of Taegu,
Republic of
Korea

Conditions

Compound

Personal air
End-exhaled air
concentration during shift concentration
(µg/m3)
(µg/m3)

Benzene metabolites
(µg/g creatinine)

Smoker

Office of
Benzene
governmental Toluene
agency (n = 10) Ethylbenzene
m/p-Xylene
o-Xylene
Office of
Benzene
private
Toluene
company
Ethylbenzene
(n = 12)
m/p-Xylene
o-Xylene
Office of
Benzene
research
Toluene
institute
Ethylbenzene
(n = 10)
m/p-Xylene
o-Xylene

25 ± 8
125 ± 99
16 ± 11
30 ± 21
20 ± 14
17 ± 8
150 ± 106
11 ± 7
25 ± 28
14 ± 8
61 ± 29
79 ± 30
13 ± 4
23 ± 8
15 ± 5

Working 8–12
h/d in the
garage

38.1 ± 19.6
130 ± 57.6
10.6 ± 2.8
9.5 ± 4.3
7.5 ± 3.7
17.2 ± 8.8

Benzene
Toluene
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene

Non
smoker

24.6 ± 10.3
119 ± 74.9
9.2 ± 4.8
8.9 ± 4.4
5.9 ± 3.7
17.3 ± 9.0

Pre-shift
(n = 8–10)

Post-shift
(n = 8–10)

SPMA

MA

–

–

–

–

–

–

–

–

–

–

–

–

20.5 ± 11.4
56.5 ± 26.7
5.4 ± 2.4
5.2 ± 2.4
3.7 ± 2.6
8.2 ± 3.9

24.0 ± 11.1
61.4 ± 21.4
6.2 ± 2.8
6.4 ± 3.1
4.6 ± 2.6
10.6 ± 4.9

–

–
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Table 1.20 Concentrations of volatile organic compounds in occupations with exposure to gasoline engine exhaust
(mean ± standard deviation)

Table 1.20 (continued)
Reference

Service station
attendant
Jo & Song (2001)

Type of source,
location

Five service
station located
in the city of
Taegu, Republic
of Korea

Compound

Personal air
End-exhaled air
concentration during shift concentration
(µg/m3)
(µg/m3)

Benzene metabolites
(µg/g creatinine)

Smoker

Non
smoker

Pre-shift
(n = 8–10)

Post-shift
(n = 8–10)

SPMA

MA

41.0 ± 14.7a
63.6 ± 18.8a
10.3 ± 4.1a
11.0 ± 6.1a
6.6 ± 2.8a
16.1 ± 5.9a

–

–

2.36 ± 1.82
(0.30–6.90)

96.57 ± 53.44
(26.0–215)

–

–

–

–

Working 6–8
h/d at the
service station

Benzene
Toluene
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene

84.4 ± 33.2
141 ± 18.2
12.9 ± 3.4
14.6 ± 6.5
14.0 ± 4.9
26.5 ± 8.6

72.1 ± 16.0
126 ± 42.0
12.1 ± 5.9
13.1 ± 6.3
13.6 ± 6.8
24.0 ± 11.1

26.6 ± 14.5
40.2 ± 17.5
6.1 ± 2.8
6.0 ± 2.6
3.5 ± 2.0
8.9 ± 3.8

(n = 26)

Benzene

38.81 ± 46.26
(1.71–178.28)

-

-

22.4 ± 7.3
167 ± 230
5.1 ± 3.4
4.3 ± 2.3
3.8 ± 3.1
7.9 ± 5.1
23.8 ± 10.4
175 ± 96.7
7.8 ± 5.4
4.9 ± 3.4
4.6 ± 2.4
11.1 ± 5.2

16.7 ± 4.9
176 ± 193
3.9 ± 2.2
3.6 ± 2.6
3.3 ± 2.4
7.5 ± 5.0
19.9 ± 15.3
197 ± 213
7.2 ± 4.6
5.2 ± 2.1
4.2 ± 1.6
9.2 ± 4.5

16.1 ± 8.2
48.3 ± 16.9
3.1 ± 0.9
2.7 ± 1.1
2.8 ± 1.1
4.9 ± 2.1
18.8 ± 8.9
52.6 ± 17.7
5.2 ± 1.9
4.4 ± 1.6
2.9 ± 1.4
6.7 ± 3.0

Working 9–11 Benzene
h/d in the store Toluene
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene
Working 9–11 Benzene
h/d in the store Toluene
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene

16.8 ± 7.6
83.6 ± 48.2a
3.7 ± 1.0
3.1 ± 1.3
2.7 ± 0.7
5.2 ± 1.8
19.3 ± 6.5
93.1 ± 44.7a
5.3 ± 1.7
4.5 ± 1.5
2.9 ± 1.3
7.0 ± 2.5
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Service station
workers
Ghittori et al. (2005) Traffic emissions
in Pavia,
Lombardy, Italy
Shop keeper
Jo & Song (2001)
Roadside store
near main street
with heavy
traffic in Taegu,
Republic of
Korea
Store near
underground
entrance or
exit in Taegu,
Republic of
Korea

Conditions

Reference

Bae et al. (2004)

Traffic policeman
Jo & Song (2001)

Type of source,
location

Conditions

Compound

Personal air
End-exhaled air
concentration during shift concentration
(µg/m3)
(µg/m3)

Benzene metabolites
(µg/g creatinine)

Smoker
Polishers and
repairmen shoe
stalls in Seoul,
South-Korea
(n = 32), outdoor

working
10.11 ± 1.44
h/d in the store
(n = 32)

Benzene
Toluene
p-Xylene
o-Xylene

8 ± 20 (1–42)
160 ± 120
(33–504)
182 ± 120
(58–431)
139 ± 80
(52–229)

Traffic emissions
in Taegu,
Republic of
Korea

6–8 h/d
standing in
dense motor
vehicle traffic

Benzene
Toluene
Ethylbenzene
p-Xylene
m-Xylene
o-Xylene

35.3 ± 14.8
114 ± 57.9
7.8 ± 4.7
6.3 ± 2.5
4.7 ± 2.0
11.1 ± 3.7

a Statistically significant increase from pre- to post-shift level
d, day; MA, t,t-muconic acid; m-, meta; o-, ortho; p-, para; SPMA, S-phenylmercapturic acid

Non
smoker

24.2 ± 10.0
125 ± 61.9
7.7 ± 4.2
8.4 ± 4.9
5.4 ± 3.7
13.4 ± 8.8

Pre-shift
(n = 8–10)

Post-shift
(n = 8–10)

SPMA

MA

-

-

–

–

16.8 ± 7.8
27.1 ± 16.2
3.2 ± 1.6
3.0 ± 1.5
1.9 ± 0.9
4.6 ± 2.1

24.9 ± 11.5
46.8 ± 26.4a
4.8 ± 1.9a
4.9 ± 1.8a
2.9 ± 1.1a
7.3 ± 2.9a

–

–
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Table 1.20 (continued)

Table 1.21 Concentrations of volatile organic compounds in occupations with exposure to gasoline engine exhaust (median
and range)
Reference

White et al.
(1995)

Job title

Car mechanic

Location

Stamford, CT,
USA

Commuting
office worker
Service station
attendant
Romieu et al.
(1999)

Service station Downtown
attendant
Mexico City,
Mexico

Conditions

Post-shift samples
collected at 7 garages
and automobile firms
Samples collected
after arriving at work
during the shift in
the morning
Post-shift samples
collected at 7 garages
and automobile firms
(n = 23–25)

(n = 7–10)

Street vendor

Entire day outdoors
(n = 5–6)

b

Blood concentration (µg/L)
Pre-shift

Post-shift

Benzene (n = 12)a
MtBE (n = 21)
TBA (n = 21)
Benzene (n = 7)a
MtBE (n = 14)
TBA (n = 14)

–
–
–
–
–
–

0.19 (0.11–0.98)a
1.73 (0.17–36.7)
15 (2–50)b
0.12 (0.10–0.20)a
0.11 (< 0.05–2.60)
2.5 (0.5–9)b

Benzene (n = 3)a
MtBE (n = 3)
TBA (n = 3)
Benzene
Ethylbenzene
o-Xylene
m/p-Xylene
Toluene
MtBE
Styrene
Benzene
Ethylbenzene
o-Xylene
m/p-Xylene
Toluene
MtBE
Styrene
Benzene
Ethylbenzene
o-Xylene
m/p-Xylene
Toluene
MtBE
Styrene

–
–
–
330 (130–770)
90 (61–1,400)
100 (65–1,900)
290 (180–5,800)
610 (410–1,300)
–
–
39 (32–67)
18 (12–22)
23 (16–28)
60 (44–80)
250 (20–7,100)
–
–
62 (49–180)
29 (20–35)
6.0 (2.0–44)
95 (71–120)
170 (110–210)
–
–

0.36 (0.32–0.47)a
15 (7.6–28.9)
80 (20–90)b
0.42 (0.13–1.4)
0.37 (0.12–7.8)
0.45 (0.15–6.3)
1.3 (0.36–16)
1.2 (0.34–4.7)
6.8 (0.22–25)
0.024 (0.020–0.093)
0.14 (0.12–0.20)
0.076 (0.045–0.11)
0.10 (0.073–0.21)
0.39 (0.19–0.73)
0.61 (0.38–7.4)
0.24 (0.16–0.57)
0.023 (0.022–0.027)
0.22 (0.14–0.33)
0.12 (0.054–0.18)
0.15 (0.083–0.20)
0.53 (0.25–0.70)
0.51 (0.32–4.6)
0.33 (0.20–0.37)
0.025 (0.022–0.073)

Nonsmokers
Approximations of values taken from graphs (no table available)
m/p-, meta-/para-; MtBE, methyl tertiary butyl ether; o-, ortho-; TBA, tertiary butyl alcohol
a

Breathing zone
concentration
(µg/m3)

0.63 (0.26–2.3)
0.35 (0.12–1.4)
0.39 (0.16–1.2)
1.4 (0.50–4.7)
1.3 (0.44–4.1)
7.7 (2.2–48)
0.029 (0.022–0.045)
0.17 (0.12–0.23)
0.12 (0.071–0.18)
0.15 (0.081–0.31)
0.55 (0.37–0.81)
0.71 (0.30–1.4)
0.26 (0.22–0.97)
0.025 (0.022–0.049)
0.30 (0.20–0.68)
0.13 (0.096–0.31)
0.18 (0.13–0.30)
0.75 (0.41–1.1)
1.8 (0.39–5.4)
0.47 (0.23–0.80)
0.028 (0.025–0.18)
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Office worker

Compound
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(iv)

Loggers
Loggers perform a range of tasks, including
felling trees, limbing, bucking and manual skid
ding of trunks, although some of these may be
performed mechanically and felling remains the
main task (Nilsson et al., 1987). Much of the expo
sure is dependent on the type, maintenance and
operational conditions of the two-stroke engines
used in the chain saw. Worn-out chain saw
engines may cause increased exhaust emissions.
The carburettor settings of the engine can also
influence the composition of the exhaust; a lean
setting (low fuel–air ratio) increases the emission
of aldehydes and nitrogen oxides, whereas a rich
setting (high fuel–air ratio) increases carbon
monoxide and hydrocarbon emissions (Nilsson
et al., 1987).
The work of loggers is particularly strenuous
because of the heavy physical workload, high
levels of exposure to noise and also high levels
of exposure to exhaust emissions. Loggers have
high exposures to volatile organic compounds,
benzene and formaldehyde. Exposures to carbon
monoxide were low, which may be related to the
carburettor settings on the chain saw engines
(Table 1.18). The highest exposures were observed
for loggers who were specifically performing
felling operations. In 80–100-cm deep snow,
loggers performing felling tasks only were
exposed to more than twofold higher exhaust
emissions compared with loggers performing all
tasks using the same carburettor adjustment on
their chain saws and under similar snow condi
tions. The estimated peak exposures during
logging were 1.6 mg/m3 of aldehydes, 320 ppm
of carbon monoxide and 0.2 mg/m3 of nitrogen
oxides. The value for carbon monoxide was close
to the short-term exposure levels of 400 ppm
[calculated from milligrams per cubic metre by
the Working Group] reported in the field (Bünger
et al., 1997). The maximum carboxyhaemoglobin
level of German loggers exceeded the biological
exposure index of the American Conference of
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Governmental Industrial Hygienists of 3.5%,
2–3 h after the start of the shift, when workers
were paid on a piecework basis (Bünger et al.,
1997).
(v)

Car park attendants
As shown in Table 1.18, the mean levels of expo
sure to carbon monoxide, benzene and methyl
tertiary butyl ether of attendants at a university
hospital car park in Baltimore, USA, were 2.6
ppm, 2.7 µg/m3 and 7.4 µg/m3, respectively, on
weekdays (72 cars/h), compared with 1.2 ppm,
0.3 µg/m3 and 0.4 µg/m3 at the weekend (6 cars/h),
respectively (Kim et al., 2007). Jo & Song (2001)
studied the exposure of car park attendants in
ground-level and underground parking garages
in Taegu, Republic of Korea (see Table 1.20). All
garages used mechanical ventilation systems and
ground-level garages also benefited from natural
ventilation in the entrance/exit area. Exposure
to benzene, toluene, ethylbenzene, meta-xylene,
para-xylene and ortho-xylene was measured by
the collection of personal air samples. In addi
tion, before and after shift (of 8–12 hours), alve
olar air samples were collected to determine the
concentrations in alveolar air. The mean and
median breath concentrations of all components
tended to increase across the shift, but no statis
tically significant differences were observed.
Personal air samples were collected from four
smoking and four nonsmoking car park attend
ants (Table 1.20). Both breath and personal air
concentrations of benzene, toluene, ethylben
zene, meta-xylene, para-xylene and ortho-xylene
were approximately twofold higher in attendants
who worked in underground car parks compared
with those who worked at ground-level, possibly
due to the additional natural ventilation in the
entrance/exit area. Personal measurements
of concentrations in workplace air correlated
significantly with post-shift concentrations in
alveolar air for all substances except meta-xylene
(Spearman correlation coefficients varied from
0.76 to 0.84). Mean and median levels of alveolar
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air concentrations of benzene, toluene, ethylb
enzene, meta-xylene, para-xylene and ortho-xy
lene were twofold higher in car park attendants
compared with the levels reported in a control
group of college students (results not presented).
Johnson et al. (1975) reported elevated blood
lead values of 28.3 ± 10.3 µg/dL in car park
attendants in Houston, TX, USA.
(vi)

Professional drivers
Drivers represent a heterogeneous group of
workers, including taxi drivers and drivers of
lorries and buses, who spend most of their time
in a vehicle driving mostly in urban areas and on
highways (Table 1.18 and Table 1.19). Exposure to
carbon monoxide and the percentage of carboxy
haemoglobin were clearly elevated in 250 drivers
studied by Jovanović et al. (1999) but it is uncer
tain whether such exposures were derived from
exhaust emissions from their own vehicle, which
can enter into the interior of the vehicle due to a
leaking exhaust system, or from emissions from
other road vehicles, which enter the interior of
the vehicle through the windows or the ventila
tion system. [The Working Group noted that the
exposure values for carbon monoxide reported
in this study were exceptionally high but were
nevertheless consistent with the high reported
values of carboxyhaemoglobin.] Studies of blood
lead levels in professional drivers in China,
Indonesia and Pakistan have also indicated
elevated exposure originating from gasoline
engine exhaust (Suzuki, 1990; Khan et al., 1995;
Zhou et al., 2001).
(vii) Service station attendants
Attendants of gasoline stations are primarily
exposed to volatile organic compounds from
gasoline vapours and also from exhaust emis
sions from the vehicles of customers and from
passing road traffic. These sources of exposure
have been investigated in two studies that used
both personal air sampling and biological moni
toring (Romieu et al., 1999; Ghittori et al., 2005).

Romieu et al. (1999) reported the breathing
zone concentrations of several PAHs and some
chemicals specific for gasoline such as methyl
tertiary butyl ether. Mexican fuel contains
approximately 5% of methyl tertiary butyl ether,
which resulted in higher blood levels of this
compound compared with those of benzene,
toluene, ethylbenzene and xylene (see Table 1.21),
whereas the benzene content of Mexican fuel is
lower (1.5–2%) than that of European gasoline
(2–6%) (Romieu et al., 1999). About half of the
population smoked, but the blood levels of vola
tile organic compounds and chemical markers
for smoking, such as 2,5-dimethylfuran, were
similar in smokers and nonsmokers, suggesting
that the data reflected primarily exposure to vola
tile organic compounds derived from gasoline
fuel and exhaust. Overall the levels of exposure
to benzene, toluene, ethylbenzene and xylene
reported in this study appeared to be higher than
those in other available studies (Moolenaar et al.,
1994). [The Working Group noted that the higher
exposures in the study in Mexico were probably
due to high traffic density and the use of old vehi
cles with poor emission control technology. The
median concentrations of markers of exposure
to volatile organic compounds in end-of shift
blood samples appeared to be somewhat lower
than those in pre-shift samples, which may be
related to the collection of the pre-shift sample
more than half an hour after the start of the
shift. Long-term exposure may also contribute
to enhanced pre-shift values due to bioaccumu
lation because of incomplete metabolism/excre
tion between exposures.]
Ghittori et al. (2005) performed a detailed
study of service station attendants in Pavia, Italy,
who were stratified into three subgroups: cash
iers, self-service attendants and fuel dispensers
(in Table 1.18, Table 1.19, and Table 1.20, only
results of the entire group are presented). Mean
exposure to methyl tertiary butyl ether in air
was significantly higher for fuel dispensers
(401.75 ± 302.75 µg/m3) than for cashiers
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(16.28 ± 7.47 µg/m3) and self-service attendants
(19.66 ± 5.79 µg/m3). This was reflected in the
significantly higher values of methyl tertiary butyl
ether in the urine of fuel dispensers (3.0 ± 3.2 µg/L)
compared with cashiers (0.10 ± 0.06 µg/L) and
self-service attendants (0.74 ± 1.69 µg/L). This
suggests that primarily fuel-related exposure
occurred, although levels of formaldehyde were
slightly lower in fuel dispensers (no statistically
significant difference with the other job titles).
Fuel dispensers also had significantly higher
exposure to benzene (88.56 ± 47.64 µg/m3) than
cashiers (4.38 ± 2.08 µg/m3) and self-service
attendants (19.66 ± 5.79 µg/m3). This pattern was
also reflected in the values of urinary excretion
of the benzene metabolites, S-phenylmercapturic
acid and t,t-muconic acid.
Exposures to carbon monoxide were not
studied extensively in service station attendants
but appeared to be relatively low (White et al.,
1995). Except for one report of elevated blood lead
(Tola et al., 1976), exposure to lead also appeared
to be low relative to other job titles (Hunaiti et al.,
1995; Ghittori et al., 2005). Urinary platinum
concentrations of 73.8 ± 79.9 ng/L were reported
in service station workers in Italy (Ghittori et al.,
2005).
(viii) Shop keepers
Jo & Song (2001) studied exposure to traffic
emissions by persons tending a shop, either
underground or at the street level, in a busy sector
of Taegu, Republic of Korea. Vehicle emissions
were the primary source of the exposure of shop
attendants to ethylbenzene, and ortho-, metaand para-xylene (Table 1.20) because outdoor
and indoor concentrations were found to be in
the same range in stores tended by both smoking
and nonsmoking shop keepers. No information
was provided on the type of ventilation or the
distance of these shops from the road. Exposure
of store keepers to benzene, toluene, ethylbenzene
and xylene was two- to fourfold higher than that
reported for a control group of college students
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(results not presented). A statistically significant
increase in the mean and median concentra
tions of toluene in alveolar air from pre-shift to
post-shift was observed in both underground
and ground-level shops. Workers in shoe stalls
in Seoul, Republic of Korea, were exposed to an
average concentration of 8 µg/m3 of benzene (Bae
et al., 2004).
[The Working Group noted that, for print
shops, the post-shift increase in toluene concen
tration could be explained by the presence of
toluene in the adhesives used for bookbinding.
This may also explain the somewhat higher alve
olar air levels of toluene observed in keepers of
book stores compared with those of keepers of
cosmetic and flower shops. This interpretation
of the results on toluene is supported by the
finding of higher indoor than outdoor levels of
toluene in print shops and book shops. Because
of the apparent lack of indoor sources of toluene,
it may be assumed that, for keepers of flower
and cosmetic shops, vehicle emissions were
the primary source of exposure to toluene. The
concentrations of benzene in alveolar air were
higher in smokers, suggesting that exposure
from traffic may be masked by active smoking.]
Thirty-six shop keepers who worked
8–10 hours per day along the main roads of
Abbottabad, Pakistan had mean blood lead
values of 52.10 µg/dL (Khan et al., 1995), which
were similar to those of policemen who worked
in the same city (see Section 1.4.2 (b, xi)).
(ix)

Street vendors and street sweepers
Very limited data were available on street
vendors and street sweepers in cities with high
road traffic intensity, such as Mexico City
(Romieu et al., 1999). Reported exposures to
benzene were higher for street vendors than
for office workers but much lower than those of
service station attendants and also lower than
those of shop keepers who worked in outdoor
locations (Table 1.18, Table 1.19, and Table 1.20).
Street sweepers in Finland had intermediate
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exposure to lead at a time when tetraethyl lead
was still added to gasoline (Tola et al., 1976).
(x)

Toll booth workers
The exposure of attendants in toll booths at
bridges and tunnels is primarily outdoor and
depends on the local infrastructure and weather
conditions. Exposure patterns primarily reflect
traffic density, weather conditions and emis
sions during the acceleration of vehicles. One
study found that air levels of aldehydes, lead,
total hydrocarbons, nitrogen oxides and carbon
monoxide followed a similar pattern during the
day, suggesting that carbon monoxide could be a
useful exposure indicator for toll booth workers
(Ayres et al., 1973). The levels of exposure to
nitric oxide, respirable PM and lead of toll booth
workers were found to be consistently elevated at
three different locations near Boston, MA, USA
(Burgess et al., 1977). [The Working Group did
not take into account lead in hair levels reported
by Burgess et al. (1977) because of uncertainty
whether this represents real uptake or contami
nation due to external deposition of dust.]
No difference was noted between exposures
to carbon monoxide observed in the USA in 1973
(Ayres et al., 1973) and in Boston, USA (Burgess
et al., 1977). More recently reported exposures
for toll booth workers in Turkey (Kocasoy
& Yalin, 2004) and Malaysia (Niza & Jamal,
2007) were in a similar range. These results
suggest that control technologies combined
with reduced carbon monoxide emissions from
car exhaust over a period of three decades have
led to substantially lower exposures to carbon
monoxide in nonsmokers (but less striking
decreases in smokers). Reduction in exposure
can also be achieved by ventilation, irrespec
tive of high traffic density and/or high emission
levels. Sapkota et al. (2005) demonstrated expo
sures to benzene, methyl tertiary butyl ether
and 1,3-butadiene two- to fourfold lower in toll
booths compared with levels outside the booth
(Table 1.18). This was achieved by the supply of

filtered air through a set of pre-filters and a box
filter as part of an air conditioning unit, which in
part recirculated the air.
(xi)

Traffic policemen
Exposure to emissions from road traffic has
been studied extensively among policemen and
similar occupations. Biava et al. (1992) observed
a small cross-shift increase of the percentage
of carboxyhaemoglobin in nonsmoking and
smoking traffic wardens in Milan, Italy. Zhang
et al. (1994) reported similar findings in Wuhan,
China (Table 1.19). The contribution of ambient
exposure to carbon monoxide on carboxyhae
moglobin levels was significantly higher only
in nonsmokers compared with policemen who
predominantly worked indoors. In Torino,
Italy, Bono et al. (2007) also reported relatively
low carboxyhaemoglobin values (except for a
subgroup of police officers who worked on the
street for shifts of more than 7 hours).
The mean and median concentrations of
benzene, toluene, ethylbenzene and xylene in
alveolar air increased from pre-shift to postshift in policemen in Taegu, Republic of Korea
(Jo & Song, 2001). This increase was statistically
significant (P < 0.05) for all substances except
benzene. Traffic police spent 6–8 hours in dense
motor vehicle traffic. No differences in concen
trations in the alveolar air between smokers
and nonsmokers were observed, suggesting that
smoking habits did not mask possible exposure
to emissions from road traffic. Concentrations
of benzene, toluene, ethylbenzene and xylene in
post-shift alveolar air samples correlated signifi
cantly with concentrations obtained by personal
air sampling (Spearman correlations ranging
from 0.65 to 0.86). Mean and median levels of
benzene, toluene, ethylbenzene and xylene in
alveolar air were up to twofold higher than those
reported for a control group of college students
(results not presented). One study (Iavicoli
et al., 2004) provided data on urinary platinum
levels in traffic policemen: the reported pre- and
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post-shift concentrations of 4.43 ± 2.34 and
4.63 ± 2.47 ng/L, respectively, were markedly
lower than those reported for service station
workers (Ghittori et al., 2005).
High mean blood lead levels of 52.2 (± 2.88)
µg/dL were reported in policemen who worked
8–10 hours per day in Abbottabad, Pakistan
(Khan et al., 1995). The mean levels in traffic
policemen (53.43 µg/dL) were similar to those
observed in shop keepers (52.10 µg/dL) and in
employees of the governmental transport service
(51.06 µg/dL), and were twofold higher (P < 0.001)
than those observed in 36 controls from a rural
area (24.06 ± 1.70 µg/dL). The elevated expo
sure to lead in policemen was also reflected in
a higher level of urinary 5-amino-levulinic acid
dehydrase of 3.68 ± 0.2 mg/dL, compared with
0.8 ± 0.04 mg/dL in the control group (P < 0.001).

1.4.3 Exposure of the general population
Exposures of the general population to
traffic emissions are a function of proximity to
fresh traffic emissions and the presence of aged
traffic emissions in regional pollutants. During
air transport, atmospheric processes change
the contaminants: particles agglomerate, rain
out and settle out according to size, chemical
reactions affect some components and weather
processes remove others (Lippmann et al., 2003).
(a)

Exposure from traffic

Source apportionment can be conducted
to determine the contribution of traffic to a
complex mixture of air pollution (Schauer et al.,
1996; Schauer & Cass, 2000; Schauer et al., 2002;
Schauer, 2003; Zheng et al., 2005; Zhao et al., 2006;
Hopke, 2008; Brinkman et al., 2009). Sources
emit correlated sets of individual pollutants in a
pattern that is more or less unique. The ability to
distinguish sources depends on the components
being measured [large numbers of elements can
be measured by X-ray fluorescence or neutron
activation analysis] plus EC, organic carbon,
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PM2.5 and perhaps ultrafine particles. Table 1.22
summarizes the data of Viana et al. (2008) in
European source apportionment studies. They
noted that overlap among source component
emissions and variability in the pattern for a
given set of sources, such as for diesel and gaso
line engines, may occur and the results may
therefore be difficult to interpret. One limitation
of the application of organic tracers is that a large
sample is required and a very sophisticated anal
ysis must be performed using extremely sensitive
equipment. In addition, environmentally stable
tracers must be used, wherever possible, to avoid
problems with changes during transport which
may blur source assignments. Several studies have
been conducted in cities and regions around the
world, and these are presented in Table 1.23 to
illustrate the findings and relative importance of
traffic sources in a variety of urban backgrounds.
In urban areas, the PM2.5 ranged from
9.5 µg/m3 in Corpus Christi, TX, USA (Karnae
& John, 2011) to 231 µg/m3 in Delhi, India
(Chowdhury et al., 2007). The corresponding
contributions from traffic were about 10%
for Corpus Christi and 21% and 9% for diesel
and gasoline vehicles, respectively, in Delhi
(Table 1.23). Beijing, China, had high PM2.5 levels
(39–167 µg/m3) with a low contribution from
traffic (7% ± 3%) (Zheng et al., 2005), but vehicle
ownership has increased rapidly in China.
Developing countries have fewer engine emis
sion controls and subsequently may have higher
emission levels and exposures depending on the
country and traffic density.
(b)

Other sources

Source apportionment analyses have been
used to determine the amount of emissions from
ships in marine ports, from aircraft near airports
and from the use of diesel generators.

Table 1.22 Characteristics of the four main source categories identified from the European studies
PM

Source signatures

No. of studies

Source interpretations provided by the different authors
C, Fe, Ba, Zn, Cu
23/28
PM10
PM2.5

C, Fe, Ba, Zn, Cu, Pb

19/20

PM10
PM2.5

Al, Si, Ca, Fe
Al, Si, Ca, Fe, K

24/28
19/20

PM10

Na, Cl, Mg

20/28

PM2.5

Na, Cl, Mg

15/20

PM10

V, Ni, SO2 4

21/28

PM2.5

V, Ni, SO2 4

16/20

Source contribution range
(%)

Trend

Source
interpretations

1 (Areao, PT)

Dependent on volume and mixture of
traffic emissions

Traffic

55 (Milan, IT)
5 (Birkenes, NO)
49 (Barcelona, ES)
5 (Duisburg, DE)
37 (Huelva, ES)
5 (Helsinki, FI)
30 (Huelva, ES)
< 5 inland sites
88 (Areao, PT) < 5 inland sites
15 (Areao, PT)
8 (Barcelona, ES)
37 (Florence, IT)

Vehicle exhaust
Marked North to South gradient

Mineral matter
City dust

Gradient from Atlantic coastal sites to
continental inland sites

Marine aerosol
Sea spray

No clear trend

Industry
Secondary aerosols
Regional background
Long-range support
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11 (Amsterdam, NL)
43 (Barcelona, ES)
SO2 4, NO 3, NH+4
9/28
12 (Cork, IE)
No clear trend
PM10
46 (Milan, IT)
SO2 4, NO 3, NH+4
10/20
17 (Huelva, ES)
PM2.5
57 (Duisburg, DE)
Signatures reported for specific sources identified at single locations
Source
Location
Source interpretation Study
signatures
Pio et al. (1989)
Cu, K, Ca
Estarreja, PT
Copper smelter
Cr, Ni, Cu
Estarreja, PT
Oil combustion
Pio et al. (1989)
As, Cu, Pb,
Huelva, ES
Copper smelter
Alastuey et al. (2006), Querol et al. (2007a)
Ba, Sb

Oil combustion

PM

Source signatures

No. of studies

Source contribution range
(%)

Cr, Ni, Mo, Cu,
Co, As
As, Pb, Zn, Zr,
Tl, Cs
Mn, Zn, Pb,
Cd
Si, Al, Fe, Li, Sc
K, As
K, C, O3

Llodio, ES

Pigment production

Viana et al. (2006)

L’Alcora, ES

Ceramic frit
production
Metallurgy

Cruz-Minguillón et al. (2007)

Ceramic production
Biomass burning
Biomass burning

Querol et al. (2007b)
Andersen et al. (2007)
Rodríguez et al. (2004)

Llodio, ES; Alasua,
ES
L’Alcora, ES
Copenhagen, DK
Monagrega, ES

Trend

Source
interpretations

Viana et al. (2006), Zabalza et al. (2006)

Al, aluminium; As, arsenic; Ba, barium; C, carbon; Ca, calcium; Cd, cadmium; Cl, chlorine; Co, cobalt; Cr, chromium; Cs, caesium; Cu, copper; Fe, iron; K, potassium; Li, lithium; Mg,
magnesium; Mn, manganese; Mo, molybdenum; Na, sodium; NH+4, ammonium; Ni, nickel; NO –3, nitrate; O3, ozone; Pb, lead; PM, particulate matter; Sb, antimony; Sc, scandium; Si,
silica, SO –24, sulfate; Tl, thallium; V, vanadium; Zn, zinc; Zr, zirconium
DE, Germany; DK, Denmark; ES, Spain; FI, Finland; IE, Ireland; IT, Italy; NL, Netherlands; NO, Norway; PT, Portugal
Reprinted from Viana et al. (2008) with permission from Elsevier. Copyright (2008).
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Table 1.22 (continued)

Table 1.23 Occurrence of diesel and gasoline vehicle exhaust in measurements of urban particulate matter (PM2.5) or
ultrafine particles
Country, region

USA
Seattle, WA
Kalmiopsis, OR
Corpus Christi,
TX
St. Louis, MO
New York City
area, NY
Raleigh and
Chapel Hill, NC

Delhi, Mumbai,
Kolkata, India

PM2.5 concentration
(µg/m3)

Gasoline
exhaust
(%)

Diesel
exhaust
(%)

Ship
exhaust
(%)

Main monitor
activities

References

Urban background or
rural
Remote location
Urban background
and port
Urban background
Urban background

8.97 – 11.57

13 – 31

2–9

4–6

Kim & Hopke (2008)

3.4 ± 3.07
9.45

1.9
Traffic 9.7

1.4

–
4.6

3 city, 1 rural, 1
port sites
1 remote site
1 city site

16.4
10.7 ± 8.7–13.9 ± 9.0

21.1
8–22

5.0
3–15

–
–

Lee & Hopke (2006)
Qin et al. (2006)

Personal, indoor and
outside residences

Personal, 23.0
Indoors, 19.1
Outdoors, 19.3
Ambient, 19.2

Williams et al. (2003),
Zhao et al. (2006)

Urban background

Azusa, 14–20
Los Angeles, 14–24
10.2 ± 3

Traffic
Personal, 10.0
Indoors, 9.4
Outdoors, 17.2
Ambient, 19.4
Traffic, 40–50%

2 city sites
3 city sites, 2
suburban
38 suburban
homes

–

2 sites

Lough et al. (2006)

–

<5

Arhami et al. (2009)

1–2
–

4 urban
1 on pier
1 site
Site at blast fence

28.3

–

1 city site

Raja et al. (2010)

21
10
16
13

–

3 city sites, 1
background

Chowdhury et al.
(2007)a

Ship emissions
Ship emissions
Aircraft emissions

8.05
UFP counts 11 900–
28 500 during take-off

–
–

Urban background

190.5 ± 90.5

Urban background

Delhi, 230.9
Mumbai, 88.9
Kolkata, 304.5
Chandigarth, 29.2

7.7 (2-cycle
engine)
9
6
11
16

–

Hwang & Hopke (2007)
Karnae & John (2011)

Wu et al. (2009)
Zhu et al. (2011)
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Los Angeles area,
CA
Los Angeles
port area, CA
Seattle, WA
Los Angeles
airport, CA
Asia
Lahore, Pakistan

Type of sample
location

Country, region

Type of sample
location

PM2.5 concentration
(µg/m3)

Gasoline
exhaust
(%)

Beijing, China

Urban background

39–167

Urban background
Urban background

Europe
Erfurt, Germany
Prague, Czech
Republic
Several European
countries
Canary Islands,
Spain

Urban background
Ship emissions

a Values include some two-cycle engine exhausts
NR, not reported; UPF, ultrafine particles

Diesel
exhaust
(%)

Ship
exhaust
(%)

Main monitor
activities

References

Traffic, 7 ± 3

–

4 city monitors 1
background

Zheng et al. (2005)

19.2 (% of PM2.8)
8473 (total particle
count)
NR

Traffic: 4% local, 39% remote
34.2 (% of
37.8 (% of
total count)
total count)
Traffic 12–35

–
–

1 city site
1 city site

Yue et al. (2008)
Thimmaiah et al. (2009)

–

UFP count
35–50 × 103/cm

–

65–70

48 city sites, 8
Viana et al. (2008)
countries
1 near water front Gonzalez et al. (2011)

IARC MONOGRAPH – 105

122

Table 1.23 (continued)

Diesel and gasoline engine exhausts
(i)

Ships
Kim & Hopke (2008) carried out studies in
Seattle, WA, USA, to determine the PM2.5 emis
sions from ships. They had access to a source
profile for oil combustion but not for ship emis
sions, although they knew that ships burn a
low-grade residual oil (No. 6 or Bunker C) that
contains significant concentrations of vanadium,
nickel and sulfur. At three of their sampling
sites, analysis of wind patterns back tracked the
source locations of vanadium, nickel and sulfate
pollutants suggested that ‘oil combustion’ in the
harbour was the source that contributed to ship
emissions, and accounted for 4–6% of the PM2.5.
Arhami et al. (2009) investigated the impact
of ship activity in the Port of Los Angeles, CA,
USA. Because of the heavy highway traffic in the
area of the port, diesel vehicle emissions were
elevated. The ship emissions from ‘oil combus
tion’ were clearly identified by the vanadium,
nickel and sulfate correlations in the quasi-ul
trafine particles, but were only a minor source of
EC and organic carbon.
Gonzalez et al. (2011) conducted a study to
determine the contribution of ship emissions to
ultrafine particles in the port city of Santa Cruz
de Tenerife, Canary Islands, Spain. Changes in
the wind direction during the day permitted an
assessment of the ship component associated
with high levels of sulfur dioxide and ultrafine
particles. They estimated that ship exhaust
accounted for 65–70% of the ultrafine particles,
which was in the range of 35–50 × 103 particles/
cm3. Because the sampling site was 1 km or more
away from the ships, samples taken in closer
proximity might demonstrate higher exposures,
but few residences were closer.
In summary, the impact of ship emissions
on exposures in port areas appears to be small
compared with that of diesel vehicles in traffic.
However, emissions from ships are a major
source of ultrafine particles with significant
sulfate nuclei.

(ii)

Diesel generators
In developing countries and locations where
electrical supplies are unreliable or lacking,
people often rely on small to medium-sized
stationary diesel generators to provide electricity.
Because these generators have limited emission
controls, they can be major sources of exposure
to diesel exhaust. In experimental studies, emis
sions were strongly influenced by engine load,
and higher loads produced lower PM emissions.
In some areas, waste cooking oil is mixed with
diesel fuel (25–75%) and used as a biodiesel for
the generators (Betha & Balasubramanian, 2011;
Valente et al., 2012). With 50% cooking oil,
the emissions of carbon monoxide and hydro
carbons were increased on average by 20.1%
and 23.5%, respectively, over a range of engine
loads. Although several laboratory tests have
been carried out, no reports have been made of
exposure concentrations during the home use of
generators.
(c)

Roadside exposures

Karner et al. (2010) summarized 41 studies
that assessed the decline in roadside pollutant
levels at a distance from roadways. The common
markers of traffic were investigated and listed by
decreasing number of studies reporting data for
EC, PM2.5, PM10, number of ultrafine particles,
nitrogen dioxide, nitric oxide, nitrogen oxides,
carbon monoxide, benzene, sulfur, organic
carbon, ozone, volatile organic compounds,
number of fine particles, metal deposition, and
carbon dioxide. The majority of studies assessed
the first eight pollutants, and most investigated
emissions from major highways or freeways.
Wind speed and direction, and night-time
atmospheric stability had considerable effects
on the rate of decline in concentrations moving
downwind of roadways. During low wind speeds
or calm conditions, such as in the evening or at
night, emissions accumulated in a wide area
surrounding the roadways with little or no
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The horizontal line indicates background concentration. A Loess smoother (α = 0.75; degree = 1) is fitted to each pollutant which is placed into one of three groups. The regression sample
size (n) is given in parentheses after each pollutant.
CO, carbon monoxide; EC, elemental carbon; NO, nitric oxide; NO2, nitric dioxide; Nox, nitric oxides; PM, particulate matter; UF1, UF2, number of particles with data collection
beginning at 3 nm and 15 nm, respectively; VOC1, 8 volatile organic compounds whose concentrations varied with distance from road; VOC2, 4 volatile organic compounds whose
concentrations did not vary with distance from road
Reprinted with permission from Karner et al. (2010). Copyright 2010, American Chemical Society.
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Fig. 1.21 Locally smoothed regression of background-normalized pollutant concentrations at a distance from edge of the road

Diesel and gasoline engine exhausts
Fig. 1.22 Relative mass and number of ultrafine particles, and black carbon and carbon monoxide
concentrations to downwind distance from a freeway

BC, black carbon; CO, carbon monoxide
From Zhu et al. (2002). Reprinted by permission of the publisher, Taylor & Francis Ltd, http://www.tandf.co.uk/journals

gradients, and during high wind speeds they
were rapidly diluted.
Fig. 1.21 shows smoothed trends of pollutant
concentrations with distance from the roadway
(Karner et al., 2010). Concentrations of carbon
monoxide and metals and the number of ultrafine
particles > 3 nm declined sharply to near back
ground levels by about 300 m from the road.
The number of ultrafine particles > 15 nm also
declined rapidly but did not reach background
levels. In contrast, PM2.5, EC and most other
contaminants showed either moderate declines
or no decline with distance.
Zhu et al. (2002) studied the decline in PM2.5,
ultrafine particles, black carbon and carbon

monoxide with distance from a freeway. Fig 1.22
shows a rapid exponential decay in the concen
trations of ultrafine particles, black carbon and
carbon monoxide, but only a slight change in
PM2.5. Concentrations reached background levels
at a shorter distance (within 100 m) compared
with the studies reviewed by Karner et al. (2010).
A source apportionment study was conducted
in Los Angeles, CA, USA, in 2005 to deter
mine how well this approach can distinguish
between diesel and gasoline emissions (Phuleria
et al., 2007). Samples were collected from one
site along a freeway that did not allow HGVs
and was assumed to characterize emissions
from purely gasoline vehicles, and from one site
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Table 1.24 Mean concentrations of the meteorological and bulk-chemical parameters measured
near CA-110 and I-710 in Los Angeles, USA
Parameters

CA-110a

I-710b

Freeway
CO2 (ppm)
Temperature (°C)
Humidity (%)
PM 2.5 (µg/m3)
EC (µg/m3)
OC (µg/m3)

Background

Freeway

Background

Mean

SD

Mean

SD

Mean

SD

Mean

SD

476
21.6
50.7
20.0
1.8 (9%)
14.9 (74%)

39
3.0
14.2
11.2
1.2
5.2

427
21.3
50.1
15.7
1.4 (8.9%)
11.4 (73%)

44
3.4
15.3
5.6
0.9
6.6

430
18.9
46
15.4
3.3 (21%)
6.9 (45%)

28
2.9
11.8
5.1
0.6
1.8

383
18.0
45.3
12.0
0.7 (5.8%)
5.4 (45%)

10
2.2
7.0
6.0
0.3
1.6

Only cars are allowed on CA-110.
A combination of cars and trucks travel on I-710, with an average of 17% heavy-duty vehicles.
CO2, carbon dioxide; EC, elemental carbon; OC, organic carbon; PM, particulate matter; SD, standard deviation
From Phuleria et al. (2007)
a

b

next to a freeway with HGV traffic (~17% heavyduty vehicles). Table 1.24 shows that, compared
with background, the PM2.5 was higher near the
freeway with only car traffic, while the percent
ages of EC and organic carbon were similar. In
contrast, the area near HGV traffic had a much
higher percentage of EC (21%) than other sites.
The percentage of organic carbon was the same
at all sites. Fig 1.23 shows a comparison of the
two highways for two types of organic tracers,
the 15 hopanes and steranes from motor oil and
15 PAHs from combustion with a wide range of
molecular weights. The comparison shows clear
distinctions between the patterns (‘fingerprints’)
for the two freeways with their different sources.
The car traffic was evident from the hopanes–
steranes and heavy PAHs, whereas the diesel
emissions were evident from the EC and lighter
PAHs. It is important to note that tracer patterns
were quantitatively related to the amount of
vehicle emissions.
(d)

Exposure of children to traffic emissions

Exposures of children to traffic emissions are
a strong function of the location of their homes
and schools downwind from major highways.
Exposure is strongly modified by the prevailing
126

wind directions and speed, distance from the
roadways, and the type and density of the traffic.
Those who ride school buses are exposed to
traffic emissions that depend on the route taken
and on the age, engine and fuel type of the bus,
and the seal on the engine compartment relative
to the passenger compartment. Finally, expo
sures during walking or cycling are dependent
on proximity to heavy traffic and the route taken,
with the highest exposures occurring by the
roadside.
Several studies have investigated exposures of
schoolchildren in large cities (Janssen et al., 2001;
Behrentz et al., 2005; Wichmann et al., 2005;
Van Roosbroeck et al., 2006; Wu & Batterman,
2006; Weichenthal et al., 2008; Ashmore &
Dimitroulopoulou, 2009; Branis et al., 2009;
Lin & Peng, 2010; Zhang & Zhu, 2010; Habil &
Taneja, 2011).
Van Roosbroeck et al. (2007) conducted a
study in the Netherlands to validate the use of
proximity of a school to heavily travelled roads as
a proxy for ‘high exposure’ situations for epide
miological studies. The investigators carried out
personal sampling over a 9-month period to
define long-term exposures. Exposures at schools
near a very busy freeway were mainly increased,
but not those at schools near a ring road.

Diesel and gasoline engine exhausts
Fig. 1.23 Comparison of measured (a) hopanes and steranes (normalized to carbon dioxide) and (b)
polycyclic aromatic hydrocarbons and elemental carbon (normalized to carbon dioxide) between
CA-110 and I-710 in particulate matter (PM2.5) size mode

Error bars represent standard error.
CO2, carbon dioxide; EC, elemental carbon; PAH, polycyclic aromatic hydrocarbon
Reprinted with permission from Phuleria et al. (2007). Copyright 2007, Elsevier.
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Another study (Van Roosbroeck et al., 2006)
sought to determine whether a positive answer
to ‘living near a motorway’ on a time activity
questionnaire was associated with increased
personal exposure of children to black carbon
and nitrogen oxides. Children living near a busy
motorway had a 35% higher exposure to black
carbon (‘soot’) compared with children living
further away from the motorway, even when
they attended the same school. The children
living near the motorway also had increased
exposure to nitric oxide, nitrogen dioxide and
nitrogen oxides (14% higher) than children living
further away from the motorway. These find
ings supported the validity of the questionnaire
approach.
Janssen et al. (2001) reported a study of air
contaminants from traffic in 24 schools in the
Netherlands as a function of traffic density,
distance from a heavily travelled motorway and
percentage of time the school was downwind
from the motorway. They found that traffic
counts for HGVs, but not cars, were related to
black carbon. Both indoor and outdoor concen
trations of black carbon declined with increasing
distance from the road, and the average concen
tration was about 20% higher indoors compared
with outdoors, possibly because indoor samples
were only collected when schools were open
during the day, whereas outdoor samples were
collected around the clock, including low ambient
concentrations at night and on weekends. The
percentage of time that the school was down
wind from the motorway significantly increased
the levels of black carbon, nitrogen dioxide and
benzene indoors, but not those of benzene and
PM2.5 outdoors. The level of nitrogen dioxide
showed no gradient with distance.
Two studies examined exposures of children
while riding school buses in Los Angeles, CA,
USA (Behrentz et al., 2005; Sabin et al., 2005).
Sabin et al. (2005) collected samples and made
real-time measurements during 24 morning
and afternoon commutes on two bus routes
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running from South to West Los Angeles, plus
seven runs on a rural/suburban route. Mean
concentrations of diesel vehicle-related pollut
ants showed a wide range: 0.9–19 µg/m3 for black
carbon, 23–400 ng/m3 for particle-bound PAHs
and 64–220 µg/m3 for nitrogen dioxide. These air
contaminants were significantly lower inside a
compressed natural gas-powered bus compared
with conventional diesel buses, although the
compressed natural gas bus emitted higher
concentrations of formaldehyde. Both studies
reported higher concentrations of exhaust-re
lated pollutants when the windows were closed,
in part because the exhaust of the bus entered the
cabin (Behrentz et al., 2004; Sabin et al., 2005).
The levels of black carbon, particle-bound PAHs,
benzene and formaldehyde pollutants were also
higher on urban bus routes than on the rural/
suburban route, and were also substantially
higher inside the bus relative to urban back
ground measurements. Driving behind other
diesel vehicles contributed to high exposure
within the buses. PM2.5 showed smaller effects
between open/closed window conditions and
between bus routes (Sabin et al., 2005).
(e)

In-vehicle exposures while driving and
commuting

Time spent in vehicles can contribute a large
proportion of total exposure to vehicle exhaust
(Fruin et al., 2004, 2008). Fruin et al. (2008)
measured on-road exposures in Los Angeles,
CA, USA, extensively. An electric car outfitted
with sampling devices was used to minimize the
contributions of the sampling platform to the
exposures (Westerdahl et al., 2005; Fruin et al.,
2008). They used real-time monitors for PM2.5,
particle counts by size, including ultrafine parti
cles, nitric oxide, nitrogen dioxide, black carbon,
particle-bound PAHs, carbon monoxide and
carbon dioxide. Sampling frequencies ranged
from 2 seconds up to 1 minute. They drove on
two routes: a freeway route and an arterial street
route. While driving, they videotaped the traffic

Diesel and gasoline engine exhausts
in and then performed analyses to determine
the type of vehicle followed for each 5-minute
interval, vehicle speed, acceleration, road type,
traffic density, fraction of HGVs among all vehi
cles and the number of leading and surrounding
vehicles during acceleration. In-cabin exposures
on Los Angeles freeways were dominated by
diesel truck emissions, including ultrafine parti
cles, nitric oxide, black carbon and PAHs bound
to ultrafine particles. Table 1.25 summarizes
the median concentrations and interquartile
ranges for each of the contaminants in different
road and traffic settings. In dense traffic on the
freeways, the time from emission to entering
the passenger compartments of nearby vehicles
was very short (Fruin et al., 2008). Exposure
concentrations were proportional to the density
of HGVs, but not to the total volume of vehicles.
Automobiles did not contribute significantly to
the variability of freeway pollutants. However,
on arterial streets with heavy traffic with mixed
vehicles and frequent traffic lights, the emissions
were dominated by those from groups of cars
accelerating powerfully after having stopped at
the lights. Powerful acceleration can overload
the catalytic exhaust pollution control, allowing
considerably more emissions (Fruin et al., 2008).
The close grouping and limited ventilation of the
area can lead to brief accumulation of the emis
sions. High-speed acceleration does not produce
the same accumulation because vehicles are more
widely spread out and surrounded by high-ve
locity air flows. Table 1.26 gives the explanatory
strength (R 2) for the predictive variables and
each of the contaminant measures.
Apte et al. (2011) measured in-vehicle concen
trations of PM2.5, black carbon and ultrafine
particles in open-sided auto-rickshaws that carry
one to four people in New Delhi, India. They are
powered by a 5–6-kW four-stroke engine that
burns compressed natural gas. Because of the
arrangement of the exhaust system, self-pollu
tion is unlikely. Ambient sampling to measure
the urban background was conducted in an

affluent area 200–250 m away from the nearest
heavily travelled road. Sampling was carried
out inside the auto-rickshaw for about 3 h per
trip to measure potential exposures of occu
pants: concentrations for about 60 trips averaged
190 µg/m3 for PM2.5, 42 µg/m3 for black carbon and
280 × 103 particles/cm3 for ultrafine particles; all
three pollutants had similar geometric standard
deviations of ~1.3. The corresponding geometric
mean values for the urban background were
130 µg/m3 for PM2.5, 12 µg/m3 for black carbon
and 35 × 103 particles/cm3 for ultrafine particles.
The in-vehicle and background levels were much
higher than those reported for vehicles in other
megacities.
Passenger and driver exposures inside vehicles
on heavily travelled roads are consistently higher
than community-wide measurements of urban
background. Time activity diaries are important
to determine the relative contribution of high
commuting exposures to the overall exposure of
a subject. Fruin et al. (2008) estimated daily expo
sure to ultrafine particles by typical activities in
common micro-environments (Table 1.27). On
average, while only 1 hour was spent on freeways
and arterial roads, it accounted for 36% of the
total exposure.
(f)

Penetration of traffic emissions into homes
and buildings

Children and adults spend a large amount of
their time indoors at home or at work. Therefore,
the amount of contaminants from traffic that
enter indoor spaces is important. Indoor:outdoor
ratios of concentrations of ultrafine particles
have been measured in Los Angeles (Sarnat et al.,
2006) and Boston (Levy et al., 2002), USA. Fruin
et al. (2008) collected information on indoor:out
door ratios to estimate indoor exposures in
Los Angeles. Gotschi et al. (2002) determined
the penetration of PM2.5 and black carbon in
homes in Athens (Greece), Basel (Switzerland),
Helsinki (Finland) and Prague (Czech Republic),
and found that levels of PM2.5 and black carbon
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Table 1.25 Average median and interquartile range (P25%, P75%) of pollutant concentrations by
road segment or location for four days in Spring, 2003
n

Location

UFP (1000s/cm3)

PM2.5 (μg/m3)

NO (ppb)

BC (μg/m3)

CO (ppm)

CO2 (ppm)

Long Beach
residential
Pasadena
residential
Start of USC
End of USC
Arterial roads
north of USC
CA-110N
(≈3500 TrPD)
I-10E (≈10 000
TrPD)
I-710S
(≈25 000
TrPD)

26 (25, 28)

17 (15, 20)

17 (14, 21)

1.5 (1.1, 1.6)

0.13 (0.10, 0.18)

400 (390, 420) 329

13 (12, 15)

7.9 (7.3, 8.8)

16 (14, 19)

0.74 (0.39, 0.89)

0.13 (0.10, 0.27)

560 (540, 580) 87

43 (33, 53)
32 (31, 34)
33 (24, 53)

45 (44, 46)
23 (22, 24)
23 (20, 26)

59 (50, 66)
35 (32, 37)
79 (45, 120)

3.3 (2.6, 4.3)
2.2 (2.0, 2.6)
1.5 (1.2, 1.8)

0.54 (0.50, 0.58) 540 (540, 560) 41
0.26 (2.4, 3.9)
580 (540, 620) 84
1.8 (1.1, 2.5)
710 (690, 750) 117

47 (33, 69)

25 (21, 29)

170 (120, 240)

2.4 (1.5, 3.6)

2.3 (1.8, 2.9)

820 (760, 860) 376

130 (95, 200)

110 (60, 820)

280 (210, 350)

13 (11, 20)

2.7 (2.3, 4.7)

930 (900, 980) 111

190 (150, 240)

54 (44, 60)

390 (330, 470)

12 (10, 16)

1.9 (1.6, 2.3)

850 (790, 910)

500

BC, black carbon; CO, carbon monoxide; CO2, carbon dioxide; n, 4-day total number of 10-s average in data set; NO, nitric oxide; PM,
particulate matter; TrPD, average number of diesel-powered trucks per day (CalTrans, 2004); UFP, ultrafine particles; USC, University of
Southern California
Reprinted from Fruin et al. (2008). Copyright (2008), with permission from Elsevier.

were lowest in Helsinki, moderate in Basel and
higher in Athens and Prague (see Table 1.23).
Spearman correlation coefficients for indoor
versus outdoor levels were higher for black
carbon (range, 0.57–0.86) than for PM2.5 (range,
0.05–0.69). In linear regression models, outdoor
levels explained clearly the greater variation in
indoor black carbon (86%) than in indoor PM2.5
(59%), indicating the greater ease with which
soot particles penetrate indoors compared with
larger particles of PM2.5.
Zhao et al. (2006) examined the indoor
(personal and residential) and outdoor (residen
tial and ambient) concentrations of PM2.5 compo
nents in low- and moderate-income residences in
Raleigh and Chapel Hill, NC, USA, and reported
data for PM mass, EC, organic carbon and 19
elements. Traffic emissions were identified as one
of the components across all four types of envi
ronment: 10.0% of personal exposure; 9.4% of
residence indoors; 17.2% of residence outdoors;
and 19.4% of ambient outdoors. They found that
the relative contribution of indoor and outdoor
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sources to indoor PM2.5 were a strong function
of the air exchange rate. When the rate was > 1.1
per hour, the contributions were equal but, when
the air-exchange rate was < 0.3 per hour, then
only about 25% of particles were from outdoors.
Williams et al. (2003) studied the PM data for
the same population, and reported that the mean
personal exposure was 23.0 µg/m3, while meas
ured indoor, outdoor and ambient (at a central
site) levels were 19.1, 19.3 and 19.2 µg/m3, respec
tively. Mean personal PM2.5 exposures were only
weakly correlated with ambient PM2.5 concentra
tions (r = 0.39).
Arhami et al. (2010) investigated the penetra
tion of air contaminants into the residences of
three retirement communities in the San Gabriel
Valley and one in Riverside, CA, USA. During
2005–2007, they looked at the indoor:outdoor
values for PM0.25, ultrafine particles, EC, organic
carbon, selected PAHs, hopanes and steranes,
n-alkanes, n-alkanoic acids, vanadium and
nickel. Traffic emissions were found to make up
24–47% of the ultrafine particle mass. Heavy-duty
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Table 1.26 Coefficients of determination (R2) for freeway concentrations by predictive variablea
Predictor (No. of labels)

PB-PAH

Ln(UFP)

NO

Ln(BC)

Ln(CO)

CO2

NO2

Road + direction (17)
Truck density (5)
Hour of the day (wind speed)
(9)
Vehicle followed (6)
Speed (6)
Overall congestion (5)
Day (4)

0.65
0.67
0.26

0.66
0.58
0.26

0.56
0.57
0.24

0.69
0.64
0.26

0.31
0.096
0.11

0.18
0.066
0.55

0.16
0.14
0.017 (P = 0.33)

0.23
0.14
0.21
NA

0.20
0.19
0.14
0.095

0.18
0.23
0.15
0.19

0.18
0.18
0.14
0.09

0.24
0.11
0.23
0.15

0.084
0.053
0.081
0.56

0.072
0.097
0.051
0.072

a P < 0.0001 unless otherwise noted in parentheses
Road categories: parked (freeway shoulder or residential), arterial, arterial intersection, freeway, freeway entrance, or freeway exit. Direction
categories: the relative wind direction to the flow of traffic, and wind speed. Truck density categories: NA, none, 1 or 2 oncoming trucks,
≈5% trucks, > 10% trucks and > 20% trucks. Hour of the day categories: wind speed changes each hour, increasing through the day. Overall
congestion: NA, low, medium (many vehicles but free flowing) high (reduced speeds).
BC, black carbon; CO, carbon monoxide; CO2, carbon dioxide; Ln, Log-normal distribution; NO, nitric oxide; NO2, nitrogen dioxide; PB-PAH,
particle-bound polycyclic aromatic hydrocarbons; UFP, ultrafine particles
Reprinted from Fruin et al. (2008). Copyright (2008), with permission from Elsevier.

vehicles (large HGVs) comprised 10–15% of
all vehicles. [The authors did not distinguish
the vehicles by fuel type, but heavy-duty vehi
cles were predominantly diesel-powered and
light-duty vehicles were predominantly gaso
line-powered cars.] The air exchange rates for the
dwellings were relatively low (0.2–0.4 per hour).
The indoor:outdoor ratios for ultrafine particles
were 0.63–1.07, and those for PAHs, hopanes and
steranes were close to 1, indicating the potential
impact of outdoor sources, including motor
vehicle emissions. The n-alkanes and n-alkanoic
acids had indoor:outdoor ratios much larger than
1, indicating significant indoor sources, such as
cooking, tobacco smoking and candle burning.
The finding of a large contribution of ultrafine
particles from traffic sources was consistent with
the measurements of organic carbon at the same
sites (Polidori et al., 2007). [The Working Group
noted some uncertainty in the estimates of the
vehicular fraction of particles, because light-duty
vehicles in the study area may have been older
than the average for the area that produced the
source profile and might therefore have higher
emissions.]
Studies in the Netherlands have shown that
black carbon is a better marker of personal or

indoor versus outdoor exposures than nitric
oxide, nitrogen dioxide or nitrogen oxides
(Wichmann et al., 2005; Van Roosbroeck et al.,
2006). In addition, the outdoor exposures to black
carbon close to busy urban streets compared with
those near quiet urban streets were 29% higher
for adults (n = 16 days; P < 0.01); a similar differ
ence was seen for black carbon in outdoor versus
indoor locations (25% higher; n = 25; P < 0.05).
These differences remained for the indoor values
even after adjustment for cooking and unvented
heating devices (Wichmann et al., 2005). Wind
direction had considerable effects on the personal
exposures of children to black carbon: when
winds blew > 50% of the time from the busy
streets towards their homes, exposure to black
carbon increased by 54%. Nitrogen dioxide and
nitrogen oxides showed smaller differences of 4%
and 21%, respectively, and nitric oxide showed a
larger difference (73%), but none of these were
statistically significant (Van Roosbroeck et al.,
2006). These findings were broadly consistent
with several earlier studies using area samplers.
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Microenvironment

Time

Duration UFP concentration Source of concentration estimate (low and high conditions)
(h)
(1000s/cm3)

Home

7.15 pm–6.45 am

11.5

7.6a (7.1b, 8.9c)

Home,
breakfast
Arterial roads

6.45–7.15 am

0.5

20 (0, 25)

7.15–7.45 am

0.5

58 (41, 76)

Freeways
Workplace,
office
Outdoors

7.45–8.00 am
8.00 am–12.00
pm, 1.00–5.00 pm
12.00–1.00 pm

0.25
8

204 (126, 253)
5.3 (1.3, 11)

1

21 13, 27)

Arterial roads
Freeways
Home, dinner
Average daily
exposure
In-vehicle
fraction

5.00–5.30 pm
5.30–5.45 pm
5.45–7.15 pm

0.5
0.25
1.5
24

33 (24, 53)
90
33 (0, 50)
14 (8.0, 19) d

1.5

Outdoor concentration × I/O for seasonal AERa (Cyrys et al., 2004)
(summerb, winterc)
Average, during operation of tea kettle, toaster oven (Wallace, 2006)
(no cooking, frying eggs)
Morning measurements from arterial loop, 4/14/03, calm conditions
(lower IQR, upper IQR)
9–10 am average, LA, 5% trucks (2.5% trucks, 10% trucks)
Average I/O ratio for public places with no cooking times, outdoor
annual average (Levy et al., 2002) (lowest I/O value, highest I/O value)
LA annual average, four locations (Singh et al., 2006) (June average,
January average)
4-day average, arterial roads North of USC (lower IQR, upper IQR)
4–5 pm average, 5% truck
Two gas burners and oven (Wallace, 2006) (no cooking, deep frying)
Time-weighted average (weighted average of low values, weighted
average of high values)

Fraction of total
exposure (%)
27 (25, 29) d
3.1 (0, 3)
8.8 (6, 11)
16 (10, 19)
13 (4, 23)
6.4 (4, 8)
5.0 (4, 8)
6.8
15 (0, 21)

36 (45)

a Outdoor annual LA average concentration times I/O = 0.42 for an AER = 1.33/h (four evening hours) and outdoor annual average times I/O = 0.33 for an AER = 0.91/h (7.5 night
hours) (Cyrys et al., 2004)
b January average times I/O = 0.33 for AER = 0.91/h (Cyrys et al., 2004).
c June average times I/O = 0.78 for AER = 3.4/h (four evening hours) (open windows) and June average times I/O = 0.42 for AER = 1.3/h (7.5 night hours) (Cyrys et al., 2004; Singh et al.,
2006; Wallace, 2006)
d Upper and lower estimates given in parentheses
AER, air exchange rate (air changes per hour); I/O, indoor-to-outdoor ratio with no indoor sources; LA, Los Angeles; UFP, ultrafine particles; USC, University of Southern California
Reprinted from Fruin et al. (2008). Copyright (2008), with permission from Elsevier.
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Table 1.27 In-vehicle contributions to total exposures to ultrafine particles based on typical micro-environmental
concentrations and activity time

Diesel and gasoline engine exhausts
(g)

Time trends in exposures to traffic
emissions

Air pollution levels have declined over time
in the USA and western Europe where major
industrial sources, such as coal-fired power
plants, steel and other metal production, and
chemical manufacturing, have been controlled.
Emissions from the large numbers of homes in
the cities have also declined, because the heating
of homes and buildings has become more effi
cient and has switched from coal and fuel oil to
natural gas and electricity. As a result of these
changes and emission controls on vehicles,
the nature of air pollution in cities has altered.
Although considerable efforts have been made to
control and reduce vehicle exhaust from diesel
and gasoline engines, the number of vehicles has
increased steadily, causing city-wide pollutants
to plateau and limiting the effectiveness of indi
vidual vehicle reductions. The control activities
have also altered the composition of source emis
sions. For example, reductions in particle mass to
meet PM10 limitations have tended to reduce the
number of larger particles because they contain
most of the mass. However, this has not reduced
the emissions of smaller particles, which also
have much more surface area per gram, to the
same extent.
Davis et al. (2006) used a historical data set
of coefficient of haze measurements covering
1971–2003 for 25 community locations across
New Jersey, USA, to determine the time course
and determinants of air pollution levels (Davis
et al., 2010). Levels of EC were highly correlated
with coefficient of haze and both are indica
tors of diesel vehicle emissions. This data set
was analysed with additional annual data on
the statewide unemployment and county level
markers of activity in the transport industry,
which is sensitive to fluctuations in the national
economy. Economic indicators of the business
activity of the transport industry were used to
indicate that local variations in activity affected

the community level of coefficient of haze. The
analysis showed that 50% of the variability in
coefficient of haze was associated with changes
in shipping activity. Strengthening Federal regu
lations also produced a downward trend in the
levels of coefficient of haze.
Kirchstetter et al. (2008) also examined a
long time course of coefficient of haze to deter
mine the historical trends of diesel exposures
at 11 locations in the San Francisco Bay Area,
USA. The data covered the period from the late
1960s to the early 2000s. The values for coeffi
cient of haze were found to be highly correlated
(R 2 = 0.96) with the black carbon estimates of the
aethalometer. While the use of diesel fuel in the
Bay area over this period, as indicated by data on
fuel tax, increased by a factor of approximately
6, concentrations of black carbon were seen to
decrease by a factor of about 3 over the same
period. An analysis indicated that diesel emission
factors decreased by a factor of approximately 10
as a result of changes in fuel composition, engine
design and emission controls.
Shen et al. (2011) performed an analysis of
global PAH emissions from motor vehicles.
Emissions have declined because of controls
applied to vehicles in developed countries.
However, since the 1990s, they have begun to
increase again because of the increase in vehicles
with few controls in the developing world, and
especially in China.
Firdaus & Ahmad (2011) reported on trends
in air pollution in Delhi, India, where air pollu
tion has steadily worsened due to increased motor
vehicle traffic. The number of motor vehicles has
increased 19-fold from 1974 to 2005. The number
of private cars increased by nearly 10% per year
in 1991–97, but the annual growth rate declined
to under 5% in 2010. Levels of nitrogen dioxide
increased for most years during 1987–2005,
and levels of total suspended PM also increased
steadily over that period. The level of respirable
particles increased from 1998 to 2002, after
which it declined until 2006. Pollution controls
133

IARC MONOGRAPH – 105
implemented since 1996 are thought to have
mitigated increasing pollution levels (Firdaus &
Ahmad, 2011).
Sawyer (2010) reviewed the status of vehicle
emissions, their controls and future trends. In
the USA, the emissions per vehicle of PM2.5 and
nitrogen oxides have declined steadily since
the 1970s. However, the distance travelled by
on-road vehicles has steadily increased, which
has partially offset the reduction in emission
levels.
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