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PRECIS
This literature review of air-quality in and around road tunnels evalutes the factors associated with
the development of poor air-quality in tunnels. The most effective way to manage this pollution
is to deal with it at source through control of vehicle emissions. Solutions will include adopting
new automotive engineering and fuels, implementing existing regulatory processes and controlling
congestion. Guideline values or health-based exposure limits should be developed for the priority
pollutants—including particulates and nitrogen dioxide—based on transit times through tunnels,
and realistic estimates of total trip and daily exposure. Guideline values for fine and ultrafine
particles should be considered but this would require a review of the current evidence for the
health impacts and possibly further research. Future plans for tunnel design should move away
from standards based on carbon monoxide levels and exposures alone, to standards based on
carbon monoxide, nitrogen dioxide and particulate matter. These revised standards should take
into account the fact that all components interact in determining the safety of in-tunnel conditions
and the comfort of users. There is evidence that airborne pollutants in tunnels will affect the
health of users of these tunnels. The evidence for health effects on people living close to tunnel
portals or stacks is more equivocal. Nevertheless, good practice has long been to limit, as far as
possible, exposure around tunnel portals and stacks; this practice should be continued and, where
possible, reinforced.
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EXECUTIVE SUMMARY
This report contains a literature review of air quality in and around road tunnels. A draft version
formed the basis of discussion at a workshop hosted by the National Health and Medical Research
Council (NHMRC) on 15 May 2007. This final version has been revised to incorporate, where
possible, discussions and opinions recorded at that workshop. This report is intended to protect
the health of tunnel users and those living or working near portals or ventilation stacks by
informing the development of evidence-based approaches to the management of air quality in and
around road tunnels in Australia.
The key findings of the review are summarised below:
UÊ

The most effective long-term measure for reducing health risks associated with road tunnels
is to adopt vehicles fitted with technologies and/or fuels that reduce emissions. This measure
should be continued and accelerated, and should be coupled with regular testing of emissions
from the current vehicle fleet to ensure that engines operate efficiently and cause minimal
pollution. Because emissions from heavy duty vehicles, particularly those that are poorly
maintained, are much higher than those from passenger vehicles, dealing with heavy duty
vehicles should be a priority in implementing the above measures.

UÊ

Adoption of new fuel technologies that move away from the use of fossil fuels should be
encouraged. Examples of these are the use of hydrogen, biofuels and electricity, the adoption
of which could be promoted by tax breaks and other incentives.

UÊ

The most serious risks and the greatest technical management challenges occur in congested
conditions. Traffic management plans should be adopted to minimise or eliminate congestion
within the tunnel. However, this approach needs to be balanced against the potential for
greater health risks if traffic diversion leads to severe congestion or inappropriate use of
surface roads in residential areas.

UÊ

Adverse health effects can arise as a result of short-term exposure to traffic pollutants. One
possible effect includes aggravation of asthma, either immediately or over subsequent hours.
Accrued effects from repeated tunnel use might include small increases in lifetime risk of
cancer, and potential for increased bronchitic events or respiratory infection. Current tunnel
management procedures are unlikely to adequately protect users from these risks.

UÊ

Development of an exposure limit for nitrogen dioxide (NO2), set in the context of coexposure with particulate matter (PM), and numerous other toxins and irritants from road
vehicle emissions, is justified. We therefore recommended it as a precautionary interim
measure appropriate to average tunnel transit times.

UÊ

The public health and air-quality research described in this report will be useful in developing
an NO2 exposure limit for tunnel users.

UÊ

Emissions from road tunnels are generally indistinguishable from emissions from road traffic
in general. The effects of subsets of PM are expected to be low but should be considered for
investigation.

Every tunnel is different, and its effect on health has to be judged accordingly. The concentrations
of air pollutants that occur within road tunnels, and the consequent emissions from stacks and
portals into the external atmosphere, are highly variable. They depend on factors that determine
vehicle emissions (traffic volume, speed, fleet composition, road gradient, fuel quality and tunnel
length) and the rate of dilution (governed by the tunnel’s ventilation system, and by traffic volume
and speed). Health-based exposure limits are used to set limits for in-tunnel pollution. In most
tunnels, there is a feedback system so that high concentrations of pollutants trigger either an
increase in ventilation or traffic management measures aimed at reducing total vehicle emissions
inside the tunnel. Globally, the most widely adopted in-tunnel exposure limit is that for carbon
monoxide (CO), based on the World Health Organization (WHO) guidelines (WHO 2000). Carbon
monoxide is the only traffic-dominated air pollutant for which WHO guidelines exist for exposure
durations relevant for tunnel transit (typically ~2 minutes; rarely more than 30 minutes). A visibility
limit is also applied in most tunnels for safety purposes.
Executive summary | xv
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The lack of guidelines for other pollutants does not mean that they do not pose a health risk
to tunnel users. This review found evidence suggesting that short-term exposure to NO2, PM
and diesel exhaust particles (and the combination of these) in particular pose risks to health.
We have not converted this exposure into a quantifiable risk or exposure limit because of
scientific uncertainties about exposures of less than one hour and the role of interaction between
pollutants. However, studies in tunnels have observed concentrations of PM and NO2 that give
rise to concern. One example of this is the 2002–03 study in the M5 East tunnel in Sydney,
where average in-tunnel levels were 600 µg m-3 for PM10 and 180 parts per billion (ppb) for NO2.
Long-term mean concentrations of PM10 above 100 µg m–3and NO2 above 100 ppb appear to be
common, and maximum short-term concentrations are typically double the mean. In tunnels with
low airflow, high levels of NO2 could arise while CO is within limits because of the nonlinear
nature of atmospheric nitrogen chemistry. This is unlikely to occur in urban Australian tunnels,
but it remains a possibility, and those involved in the air-quality aspects of tunnel design and
operation need to be aware of it.
Improvements in vehicle technology have led to major reductions in emissions of CO and
volatile organic compounds per vehicle around the world. Reductions in emissions of PM and
nitrogen monoxide (NO)—from which most NO2 is indirectly formed—have also occurred, but
lag behind CO reductions by perhaps a decade. Nitrogen chemistry in tunnels is nonlinear, and
the proportion of direct emission of NO2 rather than of NO is rising. Taken together, these factors
mean that reducing emissions of oxides of nitrogen (NOx) may not lead to proportional reductions
in NOx concentrations. The ratio of NO2 to CO in tunnel air is therefore rising; a fact that is
recognised around the world and has led many bodies to consider or to implement NO2 exposure
limits, in addition to the current CO limits.
The literature suggests that emissions may cause short-term health effects for tunnel users in
busy traffic, and may also cause health effects in residential neighbourhoods around tunnels.
Characteristics of the air within a tunnel most likely to affect users are levels of particulates—
including coarse, fine and ultrafine particles—and NOx.
At least three areas still have major uncertainties:
UÊ

differentiating the toxic effects of individual pollutant compounds or components found in
tunnel air from the effects of the mixture

UÊ

additive effects of these co-pollutants that may increase or decrease health impacts

UÊ

the effects of short-term peaks (of < 1 hour) and repeated exposure

Understanding the toxicity of fine and ultrafine particles is a major research priority around
the world. There is general agreement that ultrafine particles possess significant toxicity, but
exposure limits have yet to be defined. Particle concentration levels in clean environments
without concomitant human activity are usually of the order of a few hundred particles per cubic
centimetre. In urban environments, background particle number concentrations range from a few
thousand to about 2 × 104 particles/cm3. Particle concentrations can be much higher near roads,
often exceeding 105 particles/cm3, and are likely to be orders of magnitude greater than this in
tunnel environments. More crucially, the review found some studies suggesting that emissions
and concentrations of particle numbers may be increasing. The effect of congestion on processes
involving ultrafine particles (and NO2) and their resulting concentrations are generally unknown;
however studies have found potentially harmful interactions between particulates and NO2 in
relatively high concentrations.
Despite gaps in our understanding of the health effects of particles in tunnel air, including the
crucial issues of dose duration and repetition, WHO has established guideline values for PM10
and PM2.5. The guidelines values are 50 µg m–3 24-hour mean and 20 µg m–3 annual mean for PM10,
and 25 µg m–3 24-hour mean and 10 µg m–3 annual mean for PM2.5 (WHO 2006). Relatively more
is known about exposure to NO2.
Until such time as there is evidence of the effects of particles, or traffic exhaust as a whole, it would
be desirable to develop precautionary exposure limits for NO2 and PM. Combining such limits with
xvi | Executive summary
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existing limits for CO would provide the best means in the near future for protecting tunnel users
from the effects of road vehicle emissions.
In setting precautionary exposure limits, the interaction with additional pollutants must be
carefully considered. The development of such a limit would benefit from a program of research
that includes focused exposure assessment and health studies of tunnel users. The research needs
to consider the relationship between tunnel air quality monitoring, vehicle air exchange rates
and exposure magnitude and duration. It needs to use methods that combine monitoring and
modelling (which require improved data on nitrogen emission and chemistry in tunnels) to predict
and control in-tunnel NO2 and particulate levels. Setting a limit of between 70 and 1000 µg m–3
for PM would be in line with limits used in Europe, and would therefore bring Australia into line
with Europe.
Modelling and monitoring studies generally agree that the impacts of emission from road tunnel
portals and stacks on their surrounding communities are mostly indistinguishable from impacts
from all other sources (principally surface traffic emissions, domestic and industrial emissions,
and background contributions, including natural sources). Monitoring and modelling have
inherent flaws, so results should be interpreted with caution. In many cases, urban road tunnels
redistribute impacts. For example, in the case of portal rather than stack emissions, air quality is
typically improved in areas where surface traffic has been removed and congestion relieved, and
slightly worsened in the immediate vicinity of the portals (within ~200 m). Outside of this small
portal zone, monitoring suggests that, where ambient air quality standards have been breached in
communities containing road tunnels, the cause of the breach could not be attributed to tunnel
emissions. That is, the breach would probably have still occurred in the absence of the tunnel,
although this conclusion depends on the detailed siting of the monitors.
Current dispersion models have some acknowledged weaknesses in their ability to accurately
assess dispersion from stacks and portals, especially in urban areas with relief (ie the differences
in elevation and slope between the higher and lower parts of the land surface of a given area).
Nevertheless, supporting activities such as complex numerical modelling, physical modelling and
alongside monitoring can help to validate dispersion modelling or identify locations where further
monitoring is required. Also, new and improved models are continually in development. If tunnel
emissions are shown to lead to significant localised impacts on an exposed population, then
external monitoring should feed back into tunnel ventilation control systems to ensure that tunnel
emissions do not directly increase population exposure. No clear evidence exists to show that
monitoring such as that carried out to assess compliance with air-quality goals, especially for PM10,
can reliably predict the size, nature and course of adverse health impacts.
The methods used to monitor air quality may not be the most appropriate in terms of the
measured quantities being representative of health risk. The commonly employed approaches are
biased towards compliance with national environment protection measures (NEPMs), even though
the NEPM explicitly does not apply to localised impacts such as emissions from road tunnel
stacks. Current approaches may under-represent the impacts on health of ultrafine particles and
the effects associated with the short-term experience of odour. Assessing whether these impacts
are significant is not a simple matter, but deserves investigation.
People who live near to tunnels or their stacks may be at risk if the presence of the tunnel alters
the ongoing quality of the neighbourhood ambient air. Risks to cardiorespiratory health might
arise if people are exposed to contaminated air from tunnel emissions. Important indicators
for this risk are levels of NO2 and particulates. Of particular concern is an association between
impaired lung development in children and emissions from traffic. Particulates from tunnels
and volatile compounds including benzene may produce an increased lifetime risk for cancer.
However, the major challenge for any long-term health study of air quality is the differentiation
of the effects of the tunnel from traffic in the community in general.
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REPORT BACKGROUND AND STRUCTURE

This report was commissioned by the National Health and Medical Research Council (NHMRC)
in response to a request for health advice from the Australian Government Minister for Health
and Ageing. The Minister had been informed that high-level exposures to motor vehicle exhaust
may occur in and around traffic tunnels. In response, the Minister asked that, as a minimum, the
impact of the following pollutants be examined: nitrogen dioxide (NO2), carbon monoxide (CO),
photochemical oxidants (as ozone [O3]), sulfur dioxide (SO2), lead and particulate matter (PM). He
also specified that the advice should, if possible, establish maximum acceptable exposure levels
for the identified pollutants.
As a result, New Zealand’s National Institute of Water and Atmospheric Research (NIWA) was
contracted to perform two phases of work related to air quality in and around traffic tunnels:
UÊ

Phase 1—To undertake a systematic literature review of the health impact of a specified range
of air pollutants within and around traffic tunnels. The task was to:
– review the pollutants NO2, CO, photochemical oxidants (as O3), SO2, lead and PM (eg PM10;
that is, particles of < 10 µm)
– analyse the above literature and practices
– recommend appropriate evidence-based actions in the format of a report
– present the findings at a national workshop to be hosted by the NHMRC

UÊ

Phase 2—To analyse the findings from the first phase and make recommendations for an
evidence-based approach for effective management of air quality in and around road traffic
tunnels in Australia.

This report contains the results of the literature review and a record of summary comments
made by attendees at the workshop. It also presents an integration of analysis of the review,
the workshop and subsequent submissions from workshop attendees.
The health impacts of air quality associated with a road tunnel are distributed between two
population groups on two different timescales:
UÊ

tunnel users, who are exposed to high concentrations of pollutants for a short duration

UÊ

those living and working near the tunnel, who are exposed to low concentrations for a long
duration; this group of people can also be exposed to high concentrations of short duration
when subject to groundstrike

The air quality near a tunnel is influenced by a component related to the rate of emissions from
the tunnel openings, which are either portals, stacks or both. The emission rate depends on
the concentration of pollutants within the tunnel (to which the tunnel users are exposed).
In-tunnel concentrations and tunnel emissions into the open atmosphere both depend on the rate
of emission from vehicles into the tunnel volume and the rate at which that volume is ventilated.
Vehicle emissions are generally similar from day to day, but vary over the course of the day
and on longer timescales due to changes in traffic demand, fuel quality and vehicle technology.
Ventilation rates are largely set at the design stage, but can be altered if powered ventilation
systems are installed.
This report follows that chain in reverse; that is, from the initial design of the ventilation system
to the resulting air quality and then to the impacts of that air quality on human health. The report
is based on a systematic review of published data from numerous tunnels around the world,
which confirmed that numerous factors influence road tunnel air quality. The report is structured
as follows:
UÊ

Chapter 2 discusses the types of road tunnel that have been built globally, and the reasons for
their construction. It also looks at controversies about road tunnels that have arisen over the
past decade in Australia and outlines the purpose of the review.

Repor t background and structure | 1

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

UÊ

Chapter 3 looks at the principles and data sources used in studying air quality within road
tunnels. Selected data from the review are used to illustrate each of the factors that determine
road tunnel air quality, and to highlight the main issues about data quality, compatibility and
intercomparability.

UÊ

Chapters 4 and 5 present the full range of data and the generalised air quality scenarios
developed for within tunnels (Chapter 4) and for within their surrounding neighbourhoods
(Chapter 5).

UÊ

Chapter 6 reviews observed and estimated effects on human health. These include observed
impacts in and near actual tunnels, plus impacts related to the inhalation of pollutants
described in the air quality scenarios. The chapter considers the impacts on both types of
affected populations (those in and those near tunnels), focusing in particular on the different
timescales of exposure.

UÊ

Chapter 7 discusses options for management of road tunnel air quality and associated health
risk as currently or previously adopted or published around the world. This chapter also
provides brief comments on the considered effectiveness of different approaches.

UÊ

Chapter 8 provides a concluding discussion and recommendations.

The document also includes a glossary of technical terms and a set of appendixes giving details
of the search strategy used in the review, details of various road tunnels in Australia and overseas
referred to in the report, fixed-point measurement campaigns referred to in the report, studies
identified but not included in the report, a summary of the discussions at the workshop on the
literature review findings and a list of the references used in the report.
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ROAD TUNNELS AND AIR QUALITY—AN INTRODUCTION

This chapter discusses the types of road tunnel that have been built globally and the reasons for
their construction. It also looks at controversies about road tunnels that have arisen over the past
decade in Australia—this review is a first step in developing a response to such controversies. The
purpose of the review is to identify issues surrounding road tunnel air quality around the world
and the approaches taken to address them.

2.1

ROAD TUNNELS AROUND THE WORLD

Globally, traffic emissions are seen as the principal local air pollutant of our generation. Traffic
is the dominant source of air pollution in most urbanised areas and the growth of urban traffic
continues even in the face of increased congestion. The insatiable demand for mobility from rapid
economic growth has led transport planners to build road tunnels as a solution to congestion. In
some locations, population growth has led to increased pressure on existing transport bottlenecks,
such as river crossings or topographical obstacles. Elsewhere, restricted land availability has forced
new roads underground.
Tunnels have also been built in an attempt to improve amenity by moving traffic noise, pollution,
visual blight and accident risk away from surface roads in populated districts (eg Boston and
Oslo). However, tunnels in some such cases have not produced the intended results, instead
causing a perceived worsening of air quality in nearby local communities from displaced traffic
emissions. The benefits of a tunnel therefore have to be balanced against the hazards posed by
displaced traffic. This report will focus on urban tunnels, as they present a greater potential risk
due to the high traffic flows, high population densities around them and the greater likelihood of
congestion within the tunnels.
A road tunnel severely restricts the normal dispersion of airborne pollution from traffic. This
occurs due to the collapsing of a line-emission source of pollution (ie the road) into a few
potentially intense point-sources (ie the ventilation stack and tunnel portals). Such localised
traffic emissions along the route can lead to acute exposure of tunnel users to abnormally high
concentrations of airborne pollutants. In assessing the health impact of pollutants from road
tunnels, this review therefore focuses on the hazard posed to two population groups:
UÊ

local residents, including a subgroup that spends most of their time in the vicinity—this
subgroup comprises infants, children (including attendees at local schools), pregnant women,
and the elderly and infirm, who are more susceptible to air pollutants

UÊ

tunnel users, including the subgroup of regular tunnel users

Despite the construction of road tunnels in many cities, traffic growth has continued, leading
to congestion within the tunnels. With rising urban traffic levels, this problem will continue to
increase in the future. In traffic jams within tunnels, the stress induced by delays and the sense
of being trapped may be compounded by annoyance due to noise, odour and the perception
of being ‘gassed’. Such experiences could make the public more aware of the potential adverse
health effects from exposure to air pollution in road tunnels.
Several cities around the world have turned to large-scale tunnel building in an attempt to balance
transportation needs with the desire for a more healthy and sustainable urban environment (see
Table 2.1). Tunnel lengths of 1–2 km seem to be most common, although urban tunnels longer
than 5 km have also been built, with more planned (see Figure 2.1). Tunnels totalling 9 km are
under construction in Singapore; four tunnels totalling ~20 km are under construction or have
been proposed for Brisbane (North–South Bypass, Airport Link, Northern Link and East–West
Link); and two tunnels totalling ~14 km are under construction in Japan. Details of tunnels in
Sydney and elsewhere in Australia are given in Appendix B.

Road tunnels and air quality – an intnroduction | 3

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

FIGURE 2.1

A distribution of the number of urban tunnels (> 0.5 km long) as a function of length from a survey of
55 road tunnels around the world
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TABLE 2.1

Approximate length of new urban road tunnels opened between 1989 and 2007

Country, region or city

Tunnel length (km)

Dublin

4.5

Hong Kong

17

Japan:
Chubu

55

Kanto

13

Kyushu-Okinawa

12

Kinki

14

Shikoku

06

Tohoku

10

Lyon

06

Melbourne

05

Sydney

14

Oslo

09

2.2

AIR QUALITY, CONTROVERSY AND NATIONAL APPROACHES

The reviewers have been struck by the difference in attitudes around the world toward road
tunnels and the relative lack of controversy outside Australia. For example, Hong Kong has
more than 20 km of road tunnels—necessitated by its combination of high population density,
mountainous terrain and island and harbour topography—yet the review found no evidence of
community controversy surrounding these tunnels. As discussed in later chapters, the focus of
Hong Kong literature on tunnels has been on the exposure of tunnel users and the determination
of emission factors appropriate for the Hong Kong fleet, fuel and driving conditions.
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Tunnels in the United States are generally in much less urbanised areas and much of the research
here has focused on determining real-world emission factors. The conversion of Boston’s Central
Artery freeway from elevated roadway to tunnel in 2003 was the first major urban road tunnel
in the United States. The principal issues of concern have been the effect on traffic flow and the
opportunities for urban redevelopment created by the removal of the freeway from the surface.
By contrast, the focus of interest in Scandinavia has been the potential for improving the
environment by reducing and diverting traffic impacts, with recent tunnel projects receiving
approval from the public. A major element of research in Scandinavia has been the emission,
nature and control of PM in tunnels, which is of significance due to the wide use of studded tyres
(the interaction of such tyres with the road surface produces higher levels of PM).
Controversies about tunnels have arisen in Australia from a combination of technical and political
issues. Admittedly, the M5 East tunnel in Sydney is particularly long (4 km) for a tunnel fully
embedded in an urban area. However, although there is no evidence that the tunnel exposed
people to CO levels above World Health Organization (WHO) guidelines, it has persistently
attracted significant community concern, leading to design and operational changes in subsequent
tunnels (Manins 2007). Much has been learned from this experience and the large number of new
tunnel constructions around the world.
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3

AIR QUALITY WITHIN ROAD TUNNELS—PRINCIPLES
AND DATA SOURCES

This chapter looks first at the factors that affect air quality in tunnels; that is, vehicle emissions,
ventilation design, the ‘piston effect’ (related to traffic volume, speed, fleet mix and tunnel
dimensions), concentrations of pollutants, and air filtration and treatment. It also discusses the
criteria used to set maximum concentrations of pollutants.
Section 3.2 describes the main datasets used in this review, and Section 3.3 discusses the quality
of the data and the main methods used to interpret it and compare different datasets.

3.1

FACTORS AFFECTING AIR-QUALITY IN TUNNELS

3.1.1

OVERVIEW OF VEHICLE EMISSIONS IN TUNNELS

From an air-quality point of view, a road tunnel can be viewed as a chamber where traffic
emissions from a section of road—which would normally be dispersed into the atmosphere along
the length of that section of the road—are concentrated before being released at one or a few
points. Compared to a surface road, the air quality as experienced by road users is relatively poor;
also, the effect on local residents is redistributed, so that contaminated air is more concentrated
near the points where tunnel air is released into the atmosphere.
Air pollutants emitted from road vehicles are normally dispersed rapidly from the road by wind
and turbulence effects (although this may not apply to canyons between tall buildings). The
interior of a road tunnel is generally sheltered from the wind and the effects of any turbulence
will be limited by the supply of fresh air available to dilute the polluted air. In a given time, a
certain mass of pollutants will be emitted into the tunnel air depending on:
UÊ

the number of vehicles in the tunnel

UÊ

the intensity and characteristics of vehicle emissions.

The emissions per vehicle are highly variable and depend upon a range of factors. These include
vehicle age, speed, size, fuel type, engine specifications, engine temperature, road gradient and
factors that are hard to quantify, such as state of vehicle maintenance and driving style. Studies
show that emissions will be higher for an older vehicle fleet, a higher proportion of heavy-duty
vehicles (HDVs), vehicles climbing uphill and congested conditions.

3.1.2

TUNNEL VENTILATION DESIGN

The concentration of air pollutants in a tunnel and in the emissions from the tunnel openings will
depend on the rate of ventilation. This rate will vary within a range that is unique for each tunnel,
as determined by its design. Three basic design options for tunnel ventilation are as follows (each
type is discussed below):
UÊ

passive ventilation

UÊ

longitudinal ventilation

UÊ

transverse ventilation (including semitransverse).

Passive ventilation
Vehicles moving through a tunnel induce their own airflow in the same direction. This
phenomenon is known as the ‘piston effect’ and it is the basis of passive ventilation. Passive
ventilation requires no additional installations in the tunnel, making this the lowest cost option.
The piston effect is only effective if all the traffic is proceeding in the same direction, and this is
one of many reasons why most road tunnels have two tubes, one for each direction of travel.
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In addition to this, two-tube tunnels provide increased safety in the event of fire and reduced risk
of head-on collisions. The inevitable consequence is that contaminated air is transported to both
tunnel exits, creating two emission point sources within the tunnel’s surrounding community,
although there are options to avoid this, as described below.

Longitudinal ventilation
Longitudinal ventilation refers to installations in which the piston effect is boosted by fans
increasing the ventilation rate (see Figure 3.1). The word ‘longitudinal’ refers to the general
direction of diluting airflow along the tunnel’s length. This arrangement represents both a capital
cost and an operational cost that need to be justified. Longitudinal ventilation is commonly
adopted in tunnels over a few 100 m and can sometimes be justified in terms of emergency smoke
removal. Operational costs can be reduced by not running the fans when unassisted or passive
ventilation is sufficient to maintain air quality.

Transverse and semitransverse ventilation
Transverse ventilation is produced by a system that delivers fresh air and removes contaminated
air at points along the full length of the tunnel (Figure 3.1). Normally, fresh air enters via the roof
and contaminated air leaves through the floor—hence the use of the word ‘transverse’ to describe
the direction of airflow across the bore of the tunnel and perpendicular to vehicle motion.
Tunnels with such a ‘fully-transverse’ system are uncommon, although examples include the
Lion Rock tunnel (Hong Kong), Plabutsch tunnel (Graz), Central Artery and Ted Williams tunnels
(Boston), Caldecott tunnel (Oakland) and the Tauerntunnel (near Salzburg).
The semitransverse ventilation system is more prevalent. This system is based on either the
provision of fresh air (the more common option) or the removal of contaminated air only. Air
enters or exits the tunnel at a separate opening—the stack (or stacks)—as well as the tunnel
portals, and the system can be designed so that no air leaves via the tunnel portals. Such a system
demands a much larger capital investment due to the extra ventilation shafts and equipment.
According to one estimate, ventilation represents 30% of the total costs of a semitransverse tunnel
compared to 5–10% for a longitudinal tunnel (CETU 2003). Electrical power consumption for
major tunnels can be in the order of megawatts per kilometre (Jacques and Possoz 1996). The
environmental gains in ventilating tunnels should ideally be balanced against the environmental
costs in terms of energy consumption.
FIGURE 3.1

Illustration of the airflow in longitudinal, transverse and semitransverse ventilation systems
Longitudinal ventilation system

Transverse ventilation system

Semitransverse ventilation system

Fresh air

Vitiated air

8 | Air quality within road tunnels – principles and data sources

Source: CETU (2003)

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

Choice of system and examples of different systems
The selection of ventilation system is a complex engineering process but, in broad terms, more
complex systems have been applied to longer tunnels. According to the French Centre for
Tunnel Studies (CETU), longitudinal systems are generally used where recurring congestion is not
expected and transverse systems where congestion is expected (CETU 2003). However, it should
be noted that the CETU report deals exclusively with incident or accident situations and does not
address measures necessary to ensure air quality in normal operations. Recommended maximum
tunnel lengths taken from the literature for each system are shown in Table 3.1.
TABLE 3.1

Recommended tunnel length limits, by ventilation type

Tunnel length (m)
Passive

< 300 ma, b

Longitudinal
(unidirectional only for urban or high-traffic tunnels)

< 600 ma
<500 mb
Any length with mass extractionb
Recommended for unidirectional nonurban tunnels > 500 mb

Semitransverse

< 1000 ma
< 1500 mc

Transverse

> 1500 ma

El-Fadel and Hashisho (2001)
CETU (2003); the tunnel lengths quoted relate to smoke control during a fire incident, and do not consider air quality in
normal operational conditions.
c
Miclea et al (2007)
a

b

Longitudinal systems have been installed in long, busy urban tunnels recently. Examples include
the M5 East (Sydney), Cross City (Sydney), Tate’s Cairn (Hong Kong) and Shing Mun (Hong Kong)
tunnels, all of which are over 2 km long and have opened since 1990. Use of longitudinal systems
has been made possible by the progressive reduction over time in vehicle emissions, and the use
of mass-extraction ventilation systems and ventilation stacks. Nevertheless, the ventilation system
in the M5 East tunnel has been the subject of major criticism.
High levels of pollutant emissions from the portals of long, busy tunnels may not be acceptable if
the portals are in residential areas. In such cases, fans can direct most of the tunnel air through a
separate ventilation stack at an elevated height rather than out of the portals at ground level.
The tunnels in Sydney provide several examples of ventilation layout. The 1.7 km Eastern
Distributor tunnel is a longitudinal tunnel that normally relies on direct portal emission. In
extreme conditions (eg high congestion, tunnel blockage and emergency) tunnel air can be
vented via two ventilation stacks. The M5 East tunnel, however, is 4 km long and has portals
in residential areas. In this case, portal emissions were considered undesirable and so an initial
design was drawn up in which normal operation would involve the use of three ventilation stacks.
Local community objections to the stacks led to a redesign involving a 1 km ventilation tunnel
transporting polluted air to a ventilation stack in an industrial area about 1 km north of the tunnel.
The final design, as built, is illustrated in Figure 3.2. Air follows a circuit driven by fans and
assisted by the piston effect of traffic. In normal operation, fresh air is drawn into both tubes at
an intake at Duff Street, Arncliffe, and air is also drawn inwards at all of the portals. Near the
ends of each tube, air is directed from one tube to the other in cross-over tubes. This cross-over
flow is controlled by fans with variable speeds that also control the inward or outward flow of air
at the portals. The contaminated air is removed into the ventilation tunnel approximately at the
midpoint of the tunnel length. At times, contrary to the conditions of approval, the flows have
been adjusted so that vitiated air can be released through the exit portals (discussed further in
Chapter 7).
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FIGURE 3.2

3.1.3

Ventilation system of the M5 East tunnel, Sydney

THE ‘PISTON EFFECT’ AND THE OPERATION OF LONGITUDINAL
VENTILATION

The size of the piston effect on airflow induced by vehicles in the tunnel is a complex function
of traffic volume, speed, fleet mix and tunnel dimensions. It is, however, limited and its effect is
diminished in longer tunnels by increased pressure losses, including those due to friction. When
combined with the need for emergency smoke removal, most tunnels over a few hundred metres
have some form of forced ventilation installed. However, in the case of longitudinal ventilation
systems, although fans have been installed, they do not necessarily operate all the time. Some
tunnels operate the fans, increase the number of working fans, or increase the speed of the fans
either at fixed periods (eg at peak traffic periods) or when monitored CO or haze levels exceed
some predetermined value. However, in a number of busy urban tunnels, fans are apparently
rarely or never used (eg the Söderledstunnel, Gubrist, Kaisermuhlen and Lundby tunnels). Such
tunnels, although classified as longitudinally ventilated tunnels, are in fact operating as naturally
ventilated tunnels. Measurement of the piston effect airflow in five naturally ventilated busy urban
tunnels (including some with inactive longitudinal ventilation) with traffic speeds generally above
60 km h–1 showed mean air velocities in the range of 3.7–6 m s–1 (see Table 3.2).
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TABLE 3.2

Observed air velocities in a selection of urban tunnels due to the ‘piston effect’ of vehicles

Length
(m)

Daily
(vehicles/
tube)

Vehicle speed
limit (km h–1)

Gubrist,
Zurich

3 268

22 500

100

Longitudinal
(inactive)

2.7–9.0

Stemmler et al
(2005)

Shing Mun,
Hong Kong

2 600

27 000

65

Longitudinal
(active morning
peak only)

3.5–5.4

HKPU (2005)

Söderleds,
Stockholm

1 500

32 000

60

Longitudinal
(inactive)

2–6

Gidhagen et al
(2003)

Thiais, Paris

600

60

Inactive

1.5–2.7

Touaty and
Bonsang (2000)

Tseung
Kwan O,
Hong Kong

900

70

Longitudinal

2.8–4.7

HKPU (2005)

Tunnel

34 000

Ventilation

Air velocity (m
s–1)
Reference

Sulfur hexafluoride (SF6) tracer release experiments in the Gubristtunnel, Zurich (Staehelin et al
1995) revealed air residence times in the tunnel of 360 seconds when the average wind speed was
8.5 m s–1. The abrupt arrival and disappearance of SF6 at the receptors indicated that the air in the
tunnel travels as fairly well-defined discrete parcels.
The review found little data to explain how external winds influence the in-tunnel wind speed.
However, one experimental study found that a strong external wind blowing against the tunnel
flow reduced the wind speed in that tunnel to just 1 m s–1 (De Fré et al 1994). The CETU
recommends that air velocity be limited to a maximum of 8 m s–1 in a bidirectional tunnel and
10 m s–1 in a unidirectional tunnel because in the case of a fire it is unsafe for winds to be any
faster. When a tunnel design has to meet a fixed upper concentration limit, this effectively puts
a limit on the tunnel length, unless multiple opportunities for air exchange (other than portals or
a single stack) are introduced to the design. In the case of low traffic in the tunnel, a minimum
airflow should be included in the design to cope with the transient effects of gross polluting
vehicles or tunnel road blockage.

3.1.4

VARIATION IN CONCENTRATIONS ALONG TUNNEL LENGTH

Concentration variations with longitudinal ventilation
The concentration of any traffic-related pollutant at any point in a longitudinally or passively
ventilated unidirectional tunnel depends on the cumulative emissions from the tunnel entry up to
that point. In other words, the concentration increases with distance along the tunnel. In the simplest
notional case of a passively ventilated tunnel with evenly distributed emissions, no entrainment of
fresh air and no pollutant removal mechanisms, the concentration of CO, NOx and PM will increase
linearly with depth into the tunnel (Chang and Rudy 1990, CETU 2003). Entrainment and removal
(such as deposition) will cause concentrations to level off near either end. Transect studies, which
take continuous measurements of pollutant concentrations from a normal vehicle moving through
the tunnel (SEHA 1994, 1995; SESPHU 2003), confirm this general picture (see Chapter 4 for more
details). Repeated measurements made at 100 m and 1000 m into the 1500 m-long Söderledstunnel
in Stockholm consistently showed large concentration increases at 1000 m compared to 100 m.
When the urban background concentration was subtracted, the ratio of concentrations at 1000 m to
those at 100 m was approximately 6 for NOx and CO in winter 1993 and 3.5 in summer 1994 (SEHA
1994, 1995). The average concentration during transit of this tunnel is similar to the concentration at
one-third to one-half depth, which in this case can be approximated by the mean of the 100 m and
1000 m values. Tunnel ventilation design is more complex than suggested here, making it difficult to
predict performance or draw conclusions about pollutant distribution and exposure.
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Variation in concentrations with semitransverse and transverse ventilation
In theory, the pollutant concentrations in a semitransverse tunnel should increase initially and
then level off as the accumulation of emissions is countered by dilution by the fresh air injected
along the tunnel length (Chang and Rudy 1990). However, limited data are available to verify
this theory. A study of the Lion Rock tunnel in Hong Kong, which has fully transverse ventilation
and a high traffic flow of ~95 000 vehicles per day, found that concentrations of CO were up
to 100% higher in the first 50 m of the tunnel compared to the rest, where concentrations were
approximately constant (Chow and Chan 2003).

3.1.5

AIR FILTRATION AND TREATMENT

Filtration or other treatment of tunnel air is not widely used to remove or reduce pollutants.
Electrostatic precipitation for the removal of particulates has been applied widely in Japan and
Spain. Norway, where road dust emission from studded tyre use is a major cause of reduced
visibility, is the only other country with significant use of electrostatic precipitation, albeit
irregular. Major incentives for adopting filtration technology are the cost reduction in ventilating
the tunnels and the reduction in greenhouse gas emissions. To improve local air quality along
the Calle 30 ring route in Madrid, which is being extensively upgraded with 55 km of tunnels,
filtration will be included for all tunnel stacks. The stacks will be filtered for particles and most
will also incorporate gas treatment for NO2.
None of the data in Phase 1 of this review considers the use of electrostatic precipitation as there
are no good quality studies available, and we have no new data to present beyond that reported
by Child and Associates (2004). Since the technology to reduce NO2 in tunnel air is at an early
stage of development and adoption, it will not feature in Phase 1 of this review.

3.1.6

MAXIMUM POLLUTANT CRITERIA

The criteria for acceptable in-tunnel air quality have been shaped by two factors:
UÊ

evidence of adverse effects on human health from short-duration exposure to traffic-related
air pollutants

UÊ

reduction of visibility in tunnels.

For business reasons, tunnel builders and operators will naturally aim to minimise the significant
costs involved in providing active ventilation. As a result, systems are designed, built and operated to
provide only sufficient ventilation to maintain acceptable air quality in the tunnel at minimum cost.
WHO has issued guidelines on acceptable levels of key air pollutants, based on research into
their effects on human health. The guidelines released in 2000 (WHO 2000) cover a range of air
pollutants, including benzene, CO, formaldehyde, lead, NO2, O3, PM, SO2 and toluene. Although
the 2000 guidelines were specifically formulated for Europe, their worldwide use as a standard
reference led to WHO publishing a global update in 2005 (WHO 2005). The 2005 guidelines
apply to different durations of exposure except for SO2 and CO, which relate to short-duration
exposures in road tunnels.
Sulfur dioxide emissions are largely related to sulfur content in fossil fuels, which has recently
been reduced in petrol and diesel fuel for road vehicles, with the advent of stringent fuel quality
standards. However, high-sulfur lubricant additives can negate the marginal benefits of low sulfur
in petrol and diesel, especially in the role sulfur plays in the formation of ultrafine particles. The
choice of a SO2-based limit for managing air pollutant levels in tunnels is unsuitable due to the
existence of other sources of SO2, its relative solubility and reactivity. Carbon monoxide, however,
is strongly related to traffic emissions, and is relatively resistant to physical or chemical change
during the timescales of its atmospheric residence in a road tunnel. However, there are concerns
as to whether a CO-based limit is appropriate because of recent emissions reductions in CO
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from vehicles (PIARC 2000). This review advises that the chemicals discussed here be considered
as a group, and their levels in the environment be considered in addition to each other. This is
discussed further in Chapter 7.
The WHO guidelines state that concentrations of CO (see Table 3.3) averaged over a 15 minute
period should not exceed 100 mg m–3 (or 90 parts per million [ppm]), and that the exposure at this
level should not persist beyond 15 minutes. WHO has set an additional exposure level guideline
of 60 mg m–3 (50 ppm) for 30 minutes (WHO 2000) so that the level of carboxyhaemoglobin
(COHb) in the blood should not exceed 2.5%. This guideline has been used as the basis of most
tunnel-ventilation designs, perhaps because the length of most tunnels is such that the exposure
duration is much less than 15 minutes. For example, travelling at 60 km h–1 through a 4 km tunnel
would take four minutes. In such cases, a higher level of CO may be allowed in the tunnel. Also,
the averaging time permits a higher concentration in a short section of the tunnel (generally the
maximum is near the exit, as discussed below).
A baseline exposure value has been set by various other regulatory or consultative bodies. For
example, the French Ministry of Health has effectively adapted the 30 minute WHO guideline
in its ruling that CO concentrations in French tunnels should not exceed 50 ppm at any point in
normal operation, or 150 ppm in emergency situations (CETU 2003). The Norwegian Public Roads
Administration (NPRA) has decreed that CO concentrations should not exceed 200 ppm at the
tunnel end and 100 ppm at its midlength (NPRA 2004). The United States Envirnmental Protection
Authority provides four limit values as listed in Table 3.4.
TABLE 3.3

World Health Organization guidelines for ambient air quality (carbon monoxide)

Concentration

Exposed averaging time

100 mg m (90 ppm)

15 minutes

60 mg m (50 ppm)

30 minutes

–3

–3

Source: WHO (2000)
TABLE 3.4

United States Environmental Protection Authority guidelines for in-tunnel air quality (carbon monoxide)

Concentration

Exposed averaging time

120 ppm

Peak rush hour traffic < 15 minutes

65 ppm

15–30 minutes

45 ppm

30–45 minutes

35 ppm

45–60 minutes

The second factor for setting acceptable in-tunnel air quality is the reduction of visibility due to
airborne particles in tunnels, which can have indirect effects on health, such as increasing driver
stress and making driving more hazardous. Particulates causing a loss of visibility also have a
direct effect on human health, but their effects over such short durations are not known with
sufficient confidence to support a health-based guideline. The WHO guidelines for PM cover
exposure durations of 24 hours and one year only, and are strictly applicable only to general
ambient concentrations. A typical visibility criterion is that recommended by the Permanent
International Association of Road Congresses (PIARC) of 0.005 m–1 in normal use and 0.009 m–1
in emergencies (see Chapter 7 for more details).
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3.2

IN-TUNNEL AIR QUALITY—DESCRIPTION OF KEY DATASETS

3.2.1

HOW AND WHEN TUNNEL AIR QUALITY IS MEASURED

There are very few publicly available datasets of air-quality measurements in road tunnels. The
measurements that have been made generally fall into three groups:
UÊ

CO or visibility monitors operated by, or on behalf of, the tunnel operators as part of the
ventilation management system—data from these measurement are generally not made
publicly available; in this review only one such dataset has been accessed (Cross City tunnel,
Sydney).

UÊ

Air-quality assessment research, typically undertaken by, or on behalf of, councils or
government agencies—data of this type are rare; although raw data are typically recorded at
hourly resolution, published data are restricted to long-term means and descriptive statistics.

UÊ

Research projects, generally for the purposes of establishing real-world vehicle emission
factors in a nondispersive environment—such data are more readily available, but the
published data tend to be biased to reporting emission factors rather than in-tunnel air quality;
furthermore, these kinds of projects are usually of short duration (a few months at best, a few
hours in some cases).

3.2.2

DATA AVAILABILITY AND CRITERIA FOR SELECTION

The air quality and emission datasets considered in this review are listed in Appendix E; other
literature identified but deemed unsuitable for inclusion in this review is listed in Appendix F.
The following questions were considered in deciding which papers and datasets to include:
UÊ

What is the extent of data content (pollutants, resolution, duration, supporting concurrent data)?

UÊ

Are dates and times of measurement given?

UÊ

Was the measurement location specified sufficiently?

UÊ

What is the duration and temporal representativeness of the data?

UÊ

What is the time resolution of the data?

UÊ

Does it include relevant physical tunnel data (eg length, bore)?

UÊ

Does it include description of ventilation and filtration regime?

UÊ

Does it include traffic data (volume, fleet composition, speed, occurrence of congestion and
variability in each)?

UÊ

How recent are the data?

UÊ

Is the publication peer-reviewed?

UÊ

Are measurements made using standard or referenced methods?

UÊ

Does the study contain two or more of concurrent in-tunnel, tunnel vicinity and background
concentrations?

UÊ

Does the study report direct traffic emissions (NOx, CO, PM10), especially multiple pollutants or
indirect pollutants (NO2, O3, SO2)?

UÊ

Does the study report the response of concentrations to changes in traffic flow?

Based on the above criteria, seven datasets were chosen to assess the air quality in tunnels (see
list in Table 3.5). Much of the content of Chapter 4 is based on these seven datasets; the most
important ones are introduced in the following paragraphs.
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Fixed,
24 hour

Fixed,
24 hour

Holmes Air Science
(2005)

HKPU (2005)

M5 East,
Sydney

Shing Mun and
Tseung Kwan O
Hong Kong

Soderledstunnel, See Table 3.6
Stockholm

19951999

2003
2004

2004

2002

19912006

1995

1994

2002

1993

4000

900

7500

3268

1100

Minimum
2 months

8 months

1500

2600
900

160 trips, 4000
39 days

94 trips

2 months
each year

25 days
(95)

20 days
(94)

27 days

7 days

4 days

4 days

4 days

4 days

Duration

Tunnel
length
(m)

L

LP

L

L

LP

L

L

L

72 000

55 000
68 000

90 000

82 000

40 000

Low

45 000

150 000

CO, NO2, NOx, PM3, VOC, particle size distributions

CO, NO2, NOx, SO2, PM2.5, VOC, NMHC, carbonyls

NO, NO2

CO, CO2, PM2.5, NO2, benzene, toluene

CO, NO2, NOx

CO, NO2

VOCs

PM3, particle size distribution, pPAH, BC

CO, CO2, PM10, EC, OC, sulphate, nitrate,
particle numbers

Single particle composition by ATOFMS

CO, CO2, methane, NMHC, HNC3, NH3, PM1.9

CO, CO2, NOx, PM2.5, BC, OC, sulphate,
particle numbers

Typical
Ventilation daily traffic
type
flow
Reported pollutants

Yes

No

No

No

No

Yes

No

Yes

No

No

No

No

Air flow
measured?

Yes

Roadside

No

Partly

No

No

Entrance

No

Partly

Partly

Partly

Background
measured?

ATOMFS = aerosol time of flight mass spectrometer; BC = black carbon; CO = carbon monoxide; CO2 = carbon dioxide; EC = elemental carbon; HNO3 = nitric acid; L = longitudinal,
LP = longitudinal operational at peak times, NH3 = ammonia; NO = nitrogen monoxide; NO2 = nitrogen dioxide; NOx = oxides of nitrogen; NMHC = nonmethane hydrocarbon; PM1.9
= particles of less than 1.9 µm; PM2.5 = particles of less than 2.5 µm; PM3 = particles of less than 3 µm;PM10 = particles of less than 10 µm; pPAH = particle-bound polycyclic aromatic
hydrocarbon; SO2 = sulfur dioxide; VOC = volatile organic compound

Transect
and fixed,
24 hour

Transect

SESPHU (2003)

M5, East,
Sydney

Fixed,
24 hour

Fixed,
24 hour

Fixed,
24 hour

Westerlund and
Johansson (1997)

Vassbotn (2001)

Indrehus (2001)

Stemmler et al
(2005)

Staehelin et all
(1995), 1998)

Weingartner et al
(1997)

2004

Klaratunnel,
Stockholm

Hoyanger,
Norway

Gubristtunnel,
Zurich

1997

Geller et al (2005)

1997

Gross et al (2000)

Fixed, pm
1997

Kirchstetter et al
(1999)

Caldecott,
California

Allen et al (2001)

Reference

Study
Study type year

Summary of main datasets reviewed in this report

Tunnel

TABLE 3.5
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3.2.3 SÖDERLEDSTUNNEL, STOCKHOLM
The Söderledstunnel is a busy inner-urban road tunnel in central Stockholm. It is 1.5 km long,
consists of two unidirectional tubes of two lanes each, has a speed limit of 80 km h–1 and carries
approximately 72 000 vehicles per day. It is longitudinally ventilated, although the fans seem to be
rarely (if ever) used. According to Gidhagen et al (2003) HDVs make up ~8% of the traffic flow in
the daytime, and this proportion increases at night. However, this may have now reduced with the
opening of the Sodra Lanken tunnel in 2004, which was intended to remove heavy goods traffic
from central Stockholm.
The tunnel has been the site of several studies, representing in total what appears to be one of the
world’s largest road tunnel datasets. Most studies have reused the same measurement sites (at 100
m and 1000 m depth in the northbound tube), and the earliest measurements go as far back as
November 1993. The published reports on this tunnel used in this review are listed in Table 3.6.
TABLE 3.6

Published papers on air quality measurements in the Söderledstunnel, Stockholm, included in this review

Author

Period of data

Duration of
study

SEHA (1994)

Nov–Dec 1993

7 weeks

CO, NO2, NOx, PM10 (including transects of CO, NO2,
NOx)

SEHA (1995)

Aug–Sep 1994

5 weeks

CO, NO2, NOx, PM10 (including transects of CO, NO2,
NOx)

Johannson et al (1996)

Winter 1995–06

3 months

CO, NO2, NOx

Johansson et al (1997)

Winter 1995–06

3 months

Organic compounds

Kristensson et al (2004)

Winter 1998–09

2 months

PM10, particle number size distribution, NOx, CO

Gidhagen et al (2003)

Winter 1999

15 days

Particle number size distribution

Measured pollutant species

CO = carbon monoxide; NO2 = nitrogen dioxide; NOx = oxides of nitrogen; PM10 = particles of less than 10 µm

3.2.4

HONG KONG MOBILE DATASETS

Many of the observations and conclusions in this report are based on four studies conducted in
Hong Kong. Hong Kong presents an ideal location for tunnel study due to its dense network
of tunnels with high traffic loads. A measured transect—a continuous measurement of pollutant
concentrations made from a normal vehicle moving through the tunnel—is necessarily a random
snapshot. The quality and representativeness of such data depend upon the appropriate selection
of high-resolution and fast-response instrumentation, appropriate inlet design, and avoiding
sampling sources related to the vehicle interior or bias due to sampling of the experimental
vehicles own emissions. It also depends upon making repeated trips to build up a representative
average or range of results. Key aspects of the Hong Kong studies are summarised in Table 3.7.
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TABLE 3.7

Details of the Hong Kong-based transect studies included in this review

Number
of passes

Study and year

Tunnels

Platform

Pollutants

Notes

Chan et al (2002)
Winter 1998-99

Lion Rock
Cross Harbour
Eastern Harbour
Cheung Tsing
Tai Lam

1988 Toyota
diesel van,
sampled at 1.5m

CO

10
6
6
6
8

In-cabin also, peak
and official peak
daytime periods

Chow and Chan (2003)
Summer 1999

11 tunnels

Car

CO

22

Peak and off-peak
daytime periods

Mui and Shek (2005)
Summer 2003

Lion Rock
Cross Harbour

Buses ~half air
conditioned

CO, PMa

121

Results for each
tunnel presented
as one, in-cabin
also

Yao et al (2005)
Sep 2004 and May 2005

Tai Lam
Tate’s Caim

‘Mobile platform’

NO, NO2, NOx,
O3, CO

126

10am – 4pm

Yao et al (2007)
June 2002 – Aug 2003

Tseung Kwan O
‘Mobile platform’
Western Harbour
Eastern Harbour

Particle size
distributions,
NO2

62

10am – 4pm
3 tunnels averaged

CO = carbon monoxide; NO = nitrogen monoxide; NO2 = nitrogen dioxide; NOx = oxides of nitrogen; O3 = ozone;
PM = particulate matter
a
PM measured using simple optical technique that is not directly equivalent to US EPA approved techniques.

3.2.5

SHING MUN AND TSEUNG KWAN O TUNNELS, HONG KONG
(HKPU STUDY)

Tunnel-based emission factor studies usually involve measurements over a few days or in some
cases a few weeks. In many studies, measurements have been conducted during daytime hours
only; as a result, the data represent a ‘snapshot’ rather than a long-term average.
An exception is the study by the Hong Kong Polytechnic University (2005), in which a range
of substances (including CO, CO2, SO2, NOx, ammonia, volatile organic compounds [VOCs],
polycyclic aromatic hydrocarbons [PAHs], carbonyls, PM2.5 and their elemental composition) were
measured over four months in summer 2003 and four months in winter 2003–04. Measurements
were made at 12 locations around Hong Kong, including within both tubes of the 2.6 km Shing
Mun tunnel and in the northbound tube of the 900 m Tseung Kwan O tunnel. Measurements from
the Shing Mun tunnel are of particular interest because they were made simultaneously in both
tubes (north and south). This tunnel links two urbanised areas of the New Territories by passing
through intervening mountains. It is composed of two sections, with measurements made in the
longer section (~1.6 km long). The traffic fleet characteristics in both tubes are similar, with total
flow through the tunnel of ~55 000, but in the experimental section there is an uphill gradient of
approximately 1% in the south tube.

3.2.6

M5 East tunnel, Sydney

The M5 East tunnel in Sydney is especially long for an urban tunnel (4 km), carries a heavy traffic
load (~100 000 vehicles per day) on two lanes per tube, and is subject to frequent congestion. It
has been one of the most controversial road tunnels in terms of air quality. Poor visibility has also
been reported—for example, in the submissions to the New South Wales (NSW) parliamentary
inquiry (NSW Parliament 2002). These factors make this tunnel one of primary interest in this
review. Fortunately, a substantial volume of monitoring data exists. This report has made use of
both transect measurements through the tunnel, as well as external measurements near the portals
(see Section 5.3) and in the residential neighbourhoods near the ventilation stack (see Section 5.4).
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The review includes two key studies of the M5 East tunnel (SESPHU 2003 and Holmes Air
Sciences 2005), which are of relatively high quality due to the large number of repeated trips and
coverage of a range of traffic conditions. The study by the South Eastern Sydney Public Health
Unit and the NSW Department of Health (SESPHU 2003) included 63 trips in the eastbound tube
and 31 in the westbound tube, while the Holmes Air Sciences (2005) study included 80 trips
each. In these studies, a wide range of pollutants were measured in the vehicle cabin but the
particular usefulness of the earlier SESPHU dataset is the simultaneous measurement of external
concentrations of CO and NO2, including three vehicle-ventilation options (windows open,
windows closed airconditioning off, windows closed airconditioning on). The second study
compared measurements of NO and NO2 outside the vehicle cabin with those from a fixed point
in the tunnel. This allowed a comparison between pollutant levels measured at a fixed point in a
tunnel and the levels to which tunnel users are actually exposed.

3.3

DATA QUALITY, INTERPRETATION AND INTERCOMPARISON

3.3.1

MULTIPLE VARIABLES AND VARIABILITY

As Chapter 4 makes clear, multiple variables influence road tunnel air quality. This makes it
impossible to directly compare concentrations of air pollutants recorded in one tunnel with
another without considering the differences between the tunnels. A lack of detailed data has
prevented this review from systematically analysing and disaggregating these multiple influences.
The lack of data also prevents a confident assessment of the degree of random variability within
each relationship.
Nevertheless, rather than just presenting a range of observed concentrations without explanation,
this report provides information that can be determined about each influencing factor and some
generic in-tunnel air quality scenarios based on observed data.
Table 3.5 presents some of the variables that influence air quality in the key datasets that form
the backbone of this review. Fuller details of the important reported variables and physical tunnel
parameters for all of the referenced datasets are provided in Appendix C.

3.3.2

EXPOSURE AND FIXED-POINT MEASUREMENTS

The best type of measurement for assessing the exposure of tunnel users to pollutants is a
continuous measurement made from a vehicle moving through the tunnel. However, such
measurements tend to be brief and subject to many random influences. More representative data
can be obtained from multiple journeys through the same tunnel. Such studies are reviewed in
Chapter 4.
Transect studies are relatively rare compared to fixed-point studies. As noted above,
concentrations can vary between points in a tunnel, especially in natural or longitudinal
ventilation arrangements. There is no consensus as to how deep into a tunnel measurements
should be made, the depth of sampling usually being determined by logistical practicalities.
Hence, measurements made at different depths cannot be directly compared, especially when
comparing one tunnel with another.

3.3.3

CONTINUOUS AND NONCONTINUOUS DATA

Some studies provide continuously recorded data, 24 hours a day for seven days a week, and
therefore represent the average of both high and low emission periods. However, other datasets
are restricted to certain times of the day—generally ‘daytime’ hours or peak traffic periods.
Some datasets cover weekdays only, with weekends sampled separately or not at all. Many of
the emission factor studies involve very short sampling periods (ie a few hours). Thus, mean
values reported for daylight hours only cannot be directly compared with 24-hour means. Studies
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covering restricted periods of time provide only a ‘snapshot’, although the intention of the study
is that the snapshot is as representative of typical conditions as is practical. These kinds of studies
cannot adequately describe unusual or extreme conditions. Thus, this review has relied primarily
on these limited studies to provide insight into relative emission characteristics (eg as a function
of fleet mix, speed, gradient, and long-term trends) and hence the factors controlling in-tunnel
concentrations, but attaches less weight to them when considering actual observed typical, and
especially maximum in-tunnel, concentrations.

3.3.4

OPERATION OF VENTILATION

As discussed earlier, the two key factors that determine in-tunnel air quality are the rate of
emission and the rate of ventilation. Most tunnels have variable ventilation flow rates, with this
variability being an inherent part of the air-quality control system. Reliable comparison of air
quality between tunnels cannot be made without taking into account the operational status of
the ventilation system (ie number of fans in use, airflow rate and strategy for adjusting these).
However, many of the studies reviewed make limited or no comment about this.
Although some studies note that powered ventilation was not operational during the period of
observations, they make no comment as to how ventilation is operated in general in that tunnel.
For example, Staehelin et al (1995, 1998), Weingartner et al (1997) and Stemmler et al (2005) all
report that, during measurements in the Gubristtunnel, no forced ventilation was applied, but
they do not note whether it is ever applied. In some tunnels the ventilation is altered on a fixed
schedule. For example, Cheng et al (2006) report that a higher ventilation rate is in operation in
the morning peak time in the Shing Mun tunnel (Hong Kong), whereas Chan et al (1996) note
that all of the fans in the Cross Harbour tunnel (also in Hong Kong) operate at full speed in the
morning (0730–1330), and half operate at half speed in the afternoon (1330–1930)—a somewhat
ambiguous statement as it does not report on the status of the other half of the fans, or their status
overnight. There is usually insufficient data to determine whether the strategies reported are fixed
or vary through the year, or have been changed since the study was made.
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4

REVIEW OF IN-TUNNEL AIR QUALITY

This chapter reviews the data on in-tunnel air quality. It looks first at air climate in tunnels
(Section 4.1), then at the main air pollutants found in tunnels:
UÊ

CO and PM, which are used as indicators of traffic-related air pollution (Section 4.2)
(issues specific to PM pollutants are discussed in Section 4.4)

UÊ

oxides of nitrogen and O3 (Section 4.3).

Section 4.5 discusses data on the other important pollutants that affect tunnel air quality—SO2,
lead, benzene, toluene, formaldehye and bioaerosols.
Data on in-vehicle exposure of tunnel users is outlined in Section 4.6, and on the effects of traffic
congestion in Section 4.7. This chapter also considers the evidence for how emissions could be
reduced in the long term (Section 4.8). Finally, the chapter presents notional ‘typical’ and ‘high’
in-tunnel air quality climate scenarios, which are then used as the basis of the health assessment
described in Chapter 6 (Section 4.9).

4.1

AIR CLIMATE OF ROAD TUNNELS

Although temperature is routinely monitored in many tunnels, published data have been difficult
to find. The air in tunnels with heavy traffic is warmer than the ambient air due to the heat from
exhaust plumes and warm engines. For example, Pierson et al (1996) found that air temperatures
in the Fort McHenry tunnel (Baltimore, USA) were on average 4.7ºC higher than outside the
tunnel. Their study reported a mean temperature difference of +2ºC in the Tuscacora tunnel
(Pennsylvania, USA). In a 19-day study of the Kaisermuhlen tunnel (Vienna), Lashober et al (2004)
found that in-tunnel temperatures ranged from 14ºC to 30ºC when the ambient temperature outside
the tunnel varied between 13ºC and 19ºC. Cheng et al (2006) reported temperatures of 16.3–31.1ºC
in the Shing Mun tunnel (Hong Kong) over 16 days in winter 2003–04, but their study did not
include external temperatures. During the summer of 2003, temperatures of 29–38.1ºC were
recorded in nonairconditioned buses with open windows in the Cross Harbour and Lion Rock
tunnels (Hong Kong), while the ambient temperature range was 28–32ºC (Mui and Shek 2005).
The 11-tunnel study of Chow and Chan (2003) led to the development of a linear parameterisation
relating the temperature difference between inside and outside the tunnels (?T) and the maximum
CO concentration within each tunnel (with CO presumably acting as a surrogate for vehicle heat
emissions):
COmax (ppm) = 10.8 ?T + 4.6
Indrehus and Vassbotn (2001) reported that in the low-emission, low-airflow, 7.5-km long
Hoyanger tunnel in Norway, the in-tunnel temperature was influenced by the thermal inertia
such that tunnel air in winter was warmer than ambient air and vice versa in summer. A similar
seasonal temperature pattern was observed in the Bomlafjord undersea tunnel in Norway
(Indrehus and Aralt 2005). One-week averages from four measurement points in the tunnel
and one outside were monitored for six weeks between winter 2001–02 and summer 2002.
For any given week the variation in temperature along the tunnel was low. Slightly higher mean
temperatures were recorded at the deeper measurement points, with the difference between the
highest and lowest mean temperatures varying from 1.1 to 2.2ºC. The in-tunnel mean temperature
for each week was always higher than the mean external temperature. The difference was
approximately 4–5ºC in winter, but only 0–1.5ºC in summer.
Published data on in-tunnel relative humidity (RH) are even fewer than those on temperature.
According to Pierson et al (1996) RH in the Fort McHenry tunnel was higher than in the ambient
background and marginally higher in the Tuscacora tunnel. In the bus transect of Mui and Shek
(2005) RH ranged from 43.2% to 90.2% at a time when ambient RH ranged 70% to 85%. Based on
a week’s campaign in the Gubristtunnel in Zurich, Weingartner et al (1997) reported that RH did
not exceed 85%. This finding was cited to explain that adsorption of water onto freshly emitted
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exhaust particles would not have occurred during the campaign. Indrehus and Aralt’s (2005) study
of the Bomlafjord undersea tunnel recorded low variability in RH through the tunnel’s length in
winter but a larger variation in summer. In winter the average in-tunnel RH was approximately
20% lower than outside the tunnel (ie ~60% compared to ~80% outside the tunnel). This difference
reduced to zero in summer. Although tunnels are assumed to be damp places, evidence of an
accompanying increase in humidity is not compelling.

4.2

CO AND PM—GENERAL TRAFFIC-RELATED AIR POLLUTANTS

4.2.1

CO AND PM AS INDICATORS OF TRAFFIC RELATED AIR POLLUTION

The air pollutant CO is widely used in atmospheric science as an indicator of traffic emissions and
dispersion processes. The reasons for this choice are that the major source of CO in the urban
atmosphere is traffic exhaust and it has a low reactivity in the relevant timescales. Following its
emission, CO does not react chemically (unlike NO) or combine physically or otherwise transform
its nature (as some elements of PM do). Therefore, measured concentrations of CO represent
dispersion processes only. It is also a useful pollutant to study because a substantial body of
knowledge is available on the short-term effects of CO inhalation on timescales of hours to minutes.
PM is a label given to a myriad of substances in the atmosphere composed of potentially
thousands of chemical compounds suspended in the air in a solid, liquid or multiphase state.
Guidelines exists for PM10 and PM2.5 (nominally the mass concentration in air of PM smaller than
10 µm and 2.5 µm, respectively), and this is the simplest and most common way of measuring the
quantity of PM in the air. When considered as a single pollutant, PM has significant similarities
with CO, in that traffic is one of its major sources and it is a major pollutant in road tunnels.
Although PM behaves differently from CO immediately following emission (due to processes such
as deposition, coagulation, condensation and resuspension), there are sufficient similarities for CO
and PM to be considered together. The ways in which PM differs from CO, which are crucial for
health impact assessment, are covered in Section 4.4.

4.2.2

SOURCES AND CONTROL OF CO EMISSIONS

The main source of CO is petrol-powered cars, generated as a byproduct of incomplete
combustion. Improvements in engine design allowed the introduction in 1992 of the Euro I
standard in Europe (and equivalent standards in the United States, Japan and elsewhere), which
set stringent emission limits for new vehicles. CO emissions have fallen rapidly since then as the
proportion of vehicles on the road meeting this standard (and subsequent tougher standards)
increased. As result, urban concentrations of CO have fallen to a point where it is barely relevant
in many countries. It is only a significant ambient pollutant close to busy traffic (< 100 m). As CO
emissions continue to fall rapidly, observational data quickly get out of date and consequently
CO concentrations discussed below tend to be higher than actual current levels. However, CO
concentrations in traffic tunnels will be orders of magnitude greater than elsewhere in the road
network and therefore continue to pose a serious risk to health.

4.2.3

SOURCES AND CONTROL OF PM EMISSIONS

The sources and emission control of PM are covered briefly here. The health effects of airborne
particles are determined by their chemical composition and physical characteristics, which are
discussed more fully in Section 4.4.
In the context of a road tunnel, there are two main components of PM—tailpipe emissions and
resuspension of dust from the road surface. The tailpipe emissions are dominated by black carbon
(soot) and organic compounds derived from complete or partial burning of fuel and droplets of
lubricating oils (Fraser et al 1998, Kirchtetter et al 1999). Emissions of PM from trucks tend to
be much higher than from smaller vehicles. For example, a 1977 study of the Caldecott tunnel
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near Oakland (USA) found that heavy-duty diesel trucks emitted 24 times more particulate mass
per unit mass of fuel burned than light-duty vehicles (LDVs) (Kirchtetter et al 1999). A repeat
experiment in 2004 reported that the ratio had reduced from 24 to 17. The ratio of elemental
to organic carbon (OC) is also higher for HDVs. For example, Kirchtetter et al (1999) estimated
elemental carbon (EC) represented 51% of PM2.5 emissions for HDVs and 33% for LDVs. This is
significant where visibility is used as a criterion for ventilation design or control, because emission
of ‘dark’ particulates (ie EC) is strongly dominated by the number and emission quality of heavy
duty vehicles (HDVs) using the tunnel. The significance of soot emissions by HDVs is explored
later in this section.
Particles from tailpipes are generally smaller than 1 µm (submicron or ‘fine’). Road dusts include
local mineral dust, soils, and brake and tyre wear products. They tend to be larger than 1 µm
(supermicron or ‘coarse’). Coarse particles can be abundant close to fast-moving heavy traffic,
especially trucks. Their toxicity is traditionally believed to be relatively low, although this notion
has recently been challenged (see Hetland et al 2004, Schins et al 2004, Yeatts et al 2007).
Some of the particle mass can be indirectly attributed to vehicle emissions due to the reaction of
gaseous ammonia emitted from vehicles in the tunnel with nitric acid in the background air to
form particulate ammonium nitrate (Fraser et al 1998). Aerosol sulfate has also been identified in
tunnels at concentrations above background level and associated with direct emission from HDVs
(Allen et al 2001). The rate of this emission will be partly dependent upon the level of sulfur in
the fuel used.
PM2.5 excludes all particles larger than 2.5 µm (ie many coarse particles). It is more representative
of tailpipe emissions but can still be influenced by road dust. Many countries have, or plan to,
introduce PM2.5 regulations alongside PM10. In terms of mass, size-segregated measurements made
in road tunnels show that the majority of the particle mass is generally associated with particles
between 0.05 and 1.0 µm, with a mass peak around 0.1–0.2 µm (Allen et al 2001).
As with CO, efforts have been made to reduce PM10 emissions from vehicles but progress has
been slower than for CO. No viable method for reducing road dust resuspension has been
brought into everyday use.

4.2.4

RELATIONSHIP OF CO AND PM WITH EXTERNAL AMBIENT AIR QUALITY

Urban concentrations of CO have fallen to a point where ambient concentrations are one or even
two orders of magnitude below the WHO ambient one-hour guideline of 30 ppm (~25 ppm, the
average ambient concentration). In many countries 0.2–0.5 ppm may be taken as typical urban
background concentrations, and CO is generally only considered to be a significant pollutant close
to busy traffic (< 100 m). Concentrations in tunnels, as discussed below, are generally well above
1 ppm and consequently will be little affected by ambient CO concentrations.
PM10, in cities, in general comes from both anthropogenic and natural sources. Annual mean PM10
concentrations in cities (but away from major roads or other sources) tend to be 20–40 µg m–3
in Europe and up to 80 µg m–3 in Latin America. Values for Australian cities are approximately
14–21 µg m–3. Thus, a substantial proportion of the concentration of PM10 in tunnels could have a
nontunnel origin. The concentrations reported below have not compensated for this background
contribution.

4.2.5

DIURNAL CYCLES OF CO AND PM

Wherever diurnally averaged CO and PM data in tunnels have been presented, a clear pattern
exists that represents the diurnal cycle in traffic flow. For example, measurements in the
Söderledstunnel, Stockholm in the winters of 1995–06 (Johansson et al 1996) and 1998–99
(Kristensson et al 2004) indicate clear diurnal cycles in CO with a strong morning peak and a
lesser evening peak. The size of the morning peak was larger at a site deeper into the tunnel.
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A similar diurnal cycle was observed in ultrafine particles in the size range 47–55 nm in the
winters of 1998 (Gidhagen et al 2003) and 1999 (Kristensson et al 2004).
Diurnal cycles are clearly evident in the stack emissions of the M5 East, where the ventilation
system operates at its effective maximum (about 900 m3 sec–1) during all daylight hours. The stack
emissions show clear morning and afternoon peaks, often 1000µg m–3 in the morning and 1200
µg m–3 in the afternoon, and the efflux temperature varies between 34ºC and 37°C in summer
(February) and 23°C and 28°C in winter (August). The peculiar design of the tunnel means that the
stack concentration is always less than at least one location inside the tunnel, and that pollution
profiles along the tunnel are not linear and do not begin at ambient levels at the tunnel entry.
The 1998–99 studies in Hong Kong indicated that average CO concentrations at traffic peak periods
were typically and consistently 50% higher than at off-peak daytime periods (see Figure 4.1).
FIGURE 4.1

Relationship between average carbon monoxide concentration at traffic peaks and at off-peak daytime
hours from the Hong Kong 1988–89 transect studies
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Source: Chan et al (2002), Chow and Chan (2003)
Similar diurnal cycles, generally representing diurnal cycles in traffic flow have been observed in
the Shing Mun tunnel in Hong Kong (HKPU 2005).

4.2.6

SEASONAL CYCLES OF CO

The long-term data from the Cross City tunnel, Sydney1 show no clear seasonal influence on intunnel CO concentrations, although this will partly be due to the very low concentrations arising
from the tunnel’s under-use compared to design. Small seasonal differences between summer and
winter were found in long-term mean concentrations of CO in the Shing Mun and Tseung Kwan
O tunnels in Hong Kong (HKPU 2005), but no consistent pattern was observed.

1

http://www.iata.org/ps/publications/
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4.2.7

INFLUENCE OF TUNNEL LENGTH ON CO

In theory, for a constant airflow, the mean concentrations in longitudinally ventilated tunnels
should be roughly proportional to the tunnel length. In semitransverse tunnels the relationship is
nonlinear, with the increase in concentration being proportionally less than the increase in length.
In practice, tunnels of different length cannot be directly compared due to differences in their
designed and operational ventilation flow rate and traffic flow.

4.2.8

TRANSECT STUDIES

Hong Kong
Five tunnels in Hong Kong were surveyed from a moving vehicle in winter 1998–99 during
daytime hours (Chan et al 2002). Concentrations of CO in three tunnels in central areas (Cross
Harbour, Lion Rock and Eastern Harbour) ranged from 7.6 to 8.5 ppm at peak hour and from
5.6 to 7.6 ppm at nonpeak hour. The average CO levels in two rural or new town vehicle tunnels
(Tai Lam and Cheung Tsing) were 2.9–3.0 ppm and 2.3–2.6 ppm at peak and nonpeak hour,
respectively. The report authors cited the main cause of the concentration variation to be the
higher traffic volume in the more fully urban tunnels.
Two of the tunnels surveyed by Chan et al (2002) (Lion Rock and Cross Harbour) were also surveyed
in buses by Mui and Shek (2005) at off-peak daytime periods in summer 2003. Mean concentrations
of CO measured out of a bus window were reported for both tunnels combined, but were of a
similar magnitude to those reported by Chan et al (2002), ie 2–13 ppm, with a mean of 6.5 ppm.
Similar measurements were made in the same tunnels in the summer, roughly six months after the
winter 1999 studies, by Chow and Chan (2003). In every case but one (Eastern Harbour tunnel),
the CO concentrations measured were more than double those measured in the winter (and in
summer 2003, see above), a surprising result that demands scrutiny. A genuine large seasonal
variation seems unlikely and at odds with other observations noted above. It is highly unlikely
that this change was due to changes in traffic flow. Possible reasons for the apparent seasonal
difference include differences in instrumentation, although they were calibrated before each
sampling in both studies. The winter measurements by online gas analyser were confirmed by
offline analysis of Tedlar bag samples. A possible reason for the larger concentrations recorded
in summer 1999 is the positioning of the sampler inlet.

M5 East, Sydney
Transects were made to measure CO from the roof of a station wagon on 32 consecutive days
from 30 October 2002 (SESPHU 2003). On each day three trips were made—eastbound in
the morning and in both directions in the afternoon. Mean concentrations for each trip were
presented. There was considerable variation between trips with concentrations ranging from 5.3
to 38.7 ppm. Morning concentrations were lower than afternoon (means of 17.2 and 23.2 ppm,
respectively), but direction of travel had much less influence.
These values are generally higher than those observed in Hong Kong, especially in the Cross City
tunnel, also in Sydney. This may be accounted for by the following observations:
UÊ

The M5 East tunnel is exceptionally busy, carrying around 100 000 vehicles per day.

UÊ

The proportion of HDVs is relatively low (~7% as reported in SESPHU 2003), which is
particularly relevant because one large diesel-fuelled truck can produce as much particle
pollution as approximately 20 cars.

UÊ

Congestion is significant. For a 4 km tunnel with a speed limit of 90 km h–1, a transit time of 2.7
minutes could be expected. During the 32 mobile transits conducted in 2002 (SESPHU 2003), mean
journey times of just under five minutes were noted on the eastbound tube and 10 minutes on the
westbound, corresponding to average speeds of approximately 50 and 24 km h–1, respectively. CO
emissions increased per kilometre in congested conditions due to repeated bursts of acceleration and
deceleration, and emission increased at lower speeds especially for cars and diesel-fuelled trucks.
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4.2.9

INFLUENCE OF TRAFFIC DENSITY ON CO

If all other variables are held constant, the concentration at a fixed point (and the mean along the
tunnel length) will be proportional to the traffic density in a longitudinally ventilated tunnel. In a
semitransverse tunnel, however, the effect is nonlinear, with the increase in concentrations being
proportionally less than the increase in emissions by a factor that increases with tunnel length.
Comparing tunnels is difficult, however, because of the multiplicity of influencing variables.
The Hong Kong studies of Chow and Chan in the summer of 1999 (Chow and Chan 2003)
covered 11 tunnels and allows a limited comparison between tunnels in the same city at the
same time. The analysis is limited as there were still a number of variables between the tunnels.
The tunnels covered three types of ventilation (longitudinal, semitransverse and fully transverse),
a range of traffic flows (annual average daily traffic or AADT of 43 000–119 000 vehicles), varying
fleet splits (eg cars comprising 34–57% of the fleet), and two of the tunnels having three lanes
per bore whereas the rest have two. Average CO concentrations in nonpeak periods could not
be clearly related to any one of these factors alone, but average CO concentrations in peak
periods (0800–0930) were positively related to annual average daily traffic (AADT) for each
tunnel. The relationship between maximum CO concentrations and AADT at both peak and
nonpeak times was stronger. In general, concentrations in Hong Kong’s busiest tunnels (Cross
Harbour, AADT = 119 000, and Lion Rock, AADT = 92 000) were higher than in other tunnels.

4.2.10 INFLUENCE OF TRAFFIC FLEET COMPOSITION ON CO AND PM
CO emissions are dominated by petrol vehicles, whereas PM10 emissions are more strongly related
to diesel-powered heavy duty vehicles, and hence the concentrations in any given tunnel are
dependent upon the relative composition of the vehicle fleet using the tunnel. This fleet split
may not necessarily relate to the general fleet split in the city or district in which the tunnel is
situated, especially if the tunnel is part of a strategic route and carries long-distance, perhaps
international traffic, or links major industrial areas, ports or airports. For instance, a study of
emission factors (Gertler and Pierson 1996) in the Cassiar tunnel in Vancouver and the Caldecott
tunnel in California found that although both are on regional highways, the Cassiar tunnel carries
a newer vehicle fleet compared to Vancouver in general, whereas the fleet in the Caldecott tunnel
is principally made of local commuting vehicles.
The influence of fleet composition on emissions can be seen by comparing the results of two
studies of the Caldecott tunnel in California. This tunnel has two eastbound tubes, one for the
use of LDVs only (although occasionally HDVs use it by mistake or in defiance of the exclusion).
Kirchtetter et al (1999) measured emissions over three hours on four days in one bore and then
measured emissions from the other bore (ie same regime but different hours, based on peak times
for HDVs) in summer 1997. A similar campaign in November 1997 was reported by Allen et al
(2001). Both studies found much higher concentrations of fine PM in bore 1 (which permits all
vehicles) than in bore 2 (LDVs only), despite the much higher total traffic in bore 2. The opposite
pattern was found for CO, with higher concentrations in the LDV-only bore 2 (as summarised in
Tables 4.1 and 4.2). These measurements were repeated in 2004 revealing a similar relationship
but significantly reduced concentrations.
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TABLE 4.1

Comparison of CO and PM2.5 concentrations in the two bores of the Caldecott tunnel

Bore 1

Bore 2

Total LDV count

8948

16388

Total HDV count

392

55

Mean CO (ppm)

18.7

27.2

Mean PM2.5 (µg m–3)

132.5

54.7

Background PM2.5 (µg m–3)

13.7

16.9

Bore 1

Bore2

CO = carbon monoxide; HDV = heavy-duty vehicle; LDV = light-duty vehicle; PM2.5 = particles of less than 2.5 µm

Source: Kirchtetter et al (1999)
TABLE 4.2

Comparison of CO and PM1.9 concentrations in the two bores of the Caldecott tunnel

Bore 1

Bore 2

Total LDV count

11635

25087

Total HDV count

778

61

Mean CO (ppm)

18.3

25.9

102

32

Mean PM1.9 (µg m–3)
Background PM1.9 (µg m )

7.1 (average)

–3

CO = carbon monoxide; HDV = heavy-duty vehicle; LDV = light-duty vehicle; PM2.5 = particles of less than 2.5 µm

Source: Allen et al (2001)
Several studies have calculated the total carbon emission in a tunnel from measurements of
CO, CO2 and nonmethane volatile organic compounds (NMVOCs). If the total carbon emission
attributed to diesel vehicles is calculated, it can be plotted against each individual component,
such as CO emission, as in the example in Figure 4.2 below (from a study in the Washburn
tunnel, Houston [McGaughey et al 2004]). This shows clearly the effect of diesel traffic on CO
concentrations in a tunnel.
FIGURE 4.2

Carbon monoxide emission factors versus diesel contribution to total carbon emissions in the
Washburn tunnel
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An extended analysis of the 11-tunnel Hong Kong study (Chow and Chan 2003) found negative
correlations between all CO concentrations normalised by AADT and the fraction of HDVs, as may
be expected due to the dominance of petrol cars in terms of CO emission. This is further illustrated by comparison of the Tate’s Cairn and Tai Lam tunnels in Hong Kong (see Table 4.3). Both
tunnels are approximately the same length (3900 m). The traffic flow in the Tate’s Cairn tunnel is
50% higher than the Tai Lam, but the mean CO concentration in the Tate’s Cairn tunnel was 3.5
times higher than the Tai Lam at both peak and off-peak periods. The key difference between
these two tunnels is the fleet composition, related to the tunnel destinations. The Tai Lam tunnel
is principally used to connect Hong Kong with mainland China and 19% of the traffic is made up
of HDVs. The Tate’s Cairn tunnel links central Hong Kong with outlying suburbs and carries only
6% HDVs and presumably more LDVs. The larger proportion of petrol vehicles in the Tate’s Cairn
tunnel is proposed as the principal reason for its much higher CO concentrations.
A further potential influence on vehicle emissions is the quality of fuel, including its sulfur
content. It has been suggested that much of the southbound traffic in the Tai Lam tunnel was
fuelled in mainland China, where fuel can be of a lower quality (eg diesel with < 2000 ppm sulfur,
compared to < 50 ppm in Hong Kong). This is explored in more detail in Section 4.4.
TABLE 4.3

Factors influencing carbon monoxide concentrations in two similar tunnels in Hong Kong

Tate’s Cairn tunnel

Tai Lam tunnel

Length

3900 m

3900 m

Ventilation

Longitudinal

Semitransverse

Annual average daily traffic

67 000

45 000

Cars per day

38 000

21 000

HDVs per day

4 000

8 600

Average off-peak CO (ppm)

21

6

Average peak CO (ppm)

28

8

CO = carbon monoxide; HDV = heavy goods vehicle
Source: transect studies by Chow and Chan (2003)

4.2.11 INFLUENCE OF ROAD GRADIENTS ON EMISSIONS
The influence of gradient can be considered by comparing fixed-point measurements made in
both tubes of the same tunnel if they have a consistent gradient. Such measurements (11 one-hour
samples in June 1992) of gaseous pollutants were made in both bores of the Fort McHenry
tunnel (Baltimore, USA) in 1992. The reported emission factors in the uphill tube (gradients
from 0 to +3.6%, average 3.3%) were approximately double those in the downhill tube (0 to
–3.76%, average –1.8%). Emission factors were slightly higher for HDVs compared to LDVs, but
nonmethane hydrocarbons are almost double in HDVs as compared to LDVs. However, Sagebiel
et al (1996) made the following comments warning about this interpretation of the Fort McHenry
tunnel measurements:
The per cent uncertainties in the uphill section are much greater than in the downhill,
due to the difficulty in the hydrocarbon measurements. The uphill measurement
required that we subtract the mid-tunnel concentration (already a high value) from
the exit portal concentration (also a high value), taking into account dilution from the
supply air. In some low traffic runs the concentration at mid-tunnel was actually greater
than at the exit portal, the latter having been diluted by the supply air. This condition
caused greater uncertainty in the uphill measurements.

Longer-term measurements over four months, including particulate and gaseous measurements,
were made in two tubes in winter 2003 in the Shing Mun tunnel (HKPU 2005). There is a 1%
gradient so that the south tube is uphill and the north tube is downhill. The ratios of emission
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factors for the uphill and downhill tubes were approximately 2 for PM2.5, 1.6 for CO, 2.5 for NOx
and 3.2 for SO2. Mean concentrations of CO were 4.31 mg m–3 (3.7 ppm) in the south tube and
2.42 mg m–3 (2.1 ppm) in the north tube. Similarly, mean concentrations for PM2.5 were 288.5 µg
m–3 in the south tube and 151.3 µg m–3 in the north tube.
The effect of road gradient on emission factors for NOx in Europe was calculated and compared
from three tunnels: Lundby (Gothenburg, Sweden), Plabutsch (Graz, Austria) and Gubrist (Zurich,
Switzerland)) by Colberg et al (2005). The gradients were –2.7% and +0.6% (Lundby), –1.0%
(Plabutsch) and +1.3% (Gubrist). In general the emission factors increased with gradient, but as
with the American studies the influence was stronger for HDVs.

4.2.12 LINK BETWEEN TRAFFIC SPEED AND EMISSIONS OF CO AND PM
Vehicle emission factors (mass of pollutant emitted per kilometre driven) depend on vehicle
speed. The dependence varies between vehicles, but extensive research has derived generic
relationships between speed, vehicle and engine type for the key pollutants.
The relationship between speed and CO emissions can be broadly characterised by large increases
at lower speeds. For example, a reduction in speed from 80 km h–1 to 40 km h–1 for a typically
mixed fleet of petrol and diesel-powered vehicles, light and heavy-duty vehicles, could lead to an
increase in per kilometre CO emission of one third (based on the UK National Emissions Database
(2004 data).
Actual measurements of the dependence of PM emissions on speed were carried out in the
Sepulveda tunnel in Los Angeles in 1996 (Gillies et al 2001), with average vehicle speeds during a
sampling period being captured with a radar gun. A wide range in average speeds was observed
from 30 to 81 km h–1. Data were split between those sampling periods in which the average speed
was less than 64 km h–1 and those in which it was greater. PM10 emissions per kilometre were 20%
higher in the low speed class compared to the high speed. PM10 emissions per km at an average
speed of 42.6 km h–1 were 70% higher than at 72.6 km h–1. PM2.5 emissions were unchanged.
Further details of the influence of speed on emissions of particulates from individual test vehicles
are provided in Section 4.4.

4.2.13 RELATIONSHIP BETWEEN MEAN AND MAXIMUM CONCENTRATIONS
Each average concentration reported from a transect study is the average of the multiple drives
through each tunnel. In the study by Chow and Chan (2003), 22 individual transects were carried
out for 11 tunnels. The ratio of the maximum CO concentration of all these drives to the average
for each tunnel was high for the very busy Cross Harbour tunnel (2.4 in nonpeak periods and 2.9
during peak traffic flow). Excluding this result, the ratio for the other 10 tunnels varied from 1 to 2
(average 1.5 nonpeak and 1.4 peak). However, it should be noted that 24-hour averages obscure
the high pollution during peak periods when health impacts are more likely to be experienced.

4.2.14 INFLUENCE OF NUMBER OF LANES
The number of lanes a tunnel has may influence in-tunnel concentrations, but in a way that
is complex and difficult to assess. Most road tunnels have two lanes per bore (as indicated in
Appendixes B and C) but a few have three, and a smaller number have more. Table 4.4 shows the
distribution of tunnels by lane from a survey of 94 unidirectional tunnels more than 500 m long
in France, Holland, the United Kingdom, California, Japan and Norway (OECD and PIARC 1998).
It is clear that tunnels with extra lanes carry extra traffic, which implies higher total emissions.
However, it can be argued that three lanes permit traffic to move faster, where as two lanes
carrying the same volume causes the traffic to move slower, increasing pollution. Such is the case
in the M5 East tunnel, a two-lane tunnel that carries in excess of 100 000 vehicles per day.
2

http://www.naei.org.uk
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TABLE 4.4

Survey of 94 international tunnels as a function of the number of lanes

Number of lanes

Number of tunnels

Median daily traffic flow

2

60

25 000

3

21

63 000

4

9

152 000

Compensating for extra emissions, however, is the larger cross-sectional area and hence volume
in which emissions can be diluted. We do not have sufficient data on cross-sectional areas to be
able to quantify this effect. However, the extra diluting capacity of a tunnel with more than two
lanes is also heavily dependent upon the airflow in the tunnel. Because of the complex balance
between piston effect, pressure loss due to the curves, obstacles and gradients in the tunnel, and
the operation of forced ventilation, it is not easy to isolate the effect of the number of lanes. This
aspect of tunnel design requires further and careful investigation. Tunnel cross-section design
can be influenced by factors such as cost and difficulty of disposing of soil, where excavation is
required. This would appear to represent an exceptionally short-sighted view, considering the
long-term implications for the cost and efficiency of ventilation.

4.2.15 OVERVIEW OF MEAN CONCENTRATIONS OF CO AND PM
The key mean concentrations of CO for road tunnels reported in the literature are shown in
Figures 4.3 and 4.4. These are plotted together, but it must be reiterated that the data cannot be
intercompared in any simple way. These data are presented here only to provide an overview of
the range of reported concentrations. The lowest is 2.1 ppm (Shing Mun tunnel) and the highest is
23.2 ppm (M5 East tunnel). The highest concentrations reported for single transects were 62 ppm for
the Cross Harbour tunnel and 52 ppm for the Lion Rock tunnel (Chow and Chan 2003); note that
there is serious concern about this dataset as it reports concentrations typically double the values
reported by other studies in the same tunnels. However, it can be seen that all of these values
are below the WHO 15-minute guideline of 90 ppm, as should be the case as these tunnels have
ventilation systems designed specifically to keep CO concentrations below this level.
FIGURE 4.3

Average off-peak daytime carbon monoxide concentrations measured from transect studies
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FIGURE 4.4

Average 24-hour carbon monoxide concentrations measured from long- or medium-term fixed-point studies
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Data on PM10 concentrations in road tunnels appear to be scarce. Figure 4.5 below summarises the
mean concentrations identified in the literature. The high values for the Oslo tunnels are because
these measurements were made at exit portals, and therefore are closer to the maximum than the
mean concentration in the tunnel. Also, they will be strongly influenced by the use of studded tyres
which cause excess road dust emission. The values for PM2.5 are illustrated in Figure 4.6. It appears
that values of PM2.5 generally fall between 100 and 300 µg m–3. The Gubristtunnel measurements
were made at the end of the tunnel in 1993 and we should expect current-day average
concentrations in this tunnel to be lower due to reductions in emissions per vehicle. Where HDVs
are not present (as in the case of Caldecott Bore 2) concentrations can be less than half this range.
In the M5 East tunnel, due to the peculiar design of the ventilation system, which recycles vitiated
air from one tunnel to the other, the mean PM10 level westbound is approximately half the stack
figure and eastbound is two-thirds of the stack figure (1000 µg m–3 PM10 at the stack represents
a trip average of 500 µg m–3 westbound and 650 µg m–3 eastbound). The high values for transect
studies will be discussed further below. The guidelines for PM10 and PM2.5 relate to annual and
24-hour exposure and are therefore not relevant.
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FIGURE 4.5

Mean PM10 concentrations in a range of tunnels
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FIGURE 4.6

Mean PM2.5 concentrations in a range of tunnels
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PM can be measured by different methods which may yield different results. The M5 East
value (388) in Figure 4.6 was measured using a Dustrak monitor. Dustrak monitors, when not
gravimetrically calibrated, have been found to over read PM10 levels by a factor of 2.2 (Heal et al
2000). Calibration against gravimetric methods suggests the figure would be ~200 µg m–3.
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4.3

OXIDES OF NITROGEN AND OZONE

4.3.1

SOURCES AND EMISSION CONTROL OF NO2

NO and NO2 (together considered as NOx) are derived from combination of the two major
components of air (N and O) in the high temperatures of internal combustion engines. Most NOx is
emitted as NO, which then indirectly forms NO2 through reaction with O3 on a timescale of seconds:
NO + O3 → NO2 + O2
NO can also be oxidised to NO2 through the free radical-catalysed oxidation of VOCs:
NO + XO2 → NO2 + XO
These indirect links between emission of NO and concentrations of NO2 are crucial because the
formation of most of the NO2 from vehicle exhausts requires an oxidant—either O3 or free radicals
in the presence of VOCs. Ozone entering a tunnel will be rapidly depleted. There is no shortage
of VOCs in vehicle exhaust, but free radicals are largely produced by photochemical mechanisms
and have a very short atmospheric lifetime. Thus, they are unlikely to be entrained very deeply
into a tunnel, or generated photochemically within the tunnel. Alternative mechanisms exist, but
the presence and activity of free radicals in road tunnels is unknown. The consequence is that
the level of NO2 in a tunnel is limited by the availability of oxidants from the outside air. Tunnel
length and ventilation scheme become the crucial variables.
If concentrations of NOx are sufficiently high (~2 ppm) then a secondary (termolecular) reaction
with oxygen becomes significant:
2 NO + O2 → 2 NO2
This reaction is second order with respect to NO and thus leads to rapid NO2 production
when NO is high. In theory, this might occur in longer tunnels or when airflow in the tunnel is
insufficient to dilute NO emissions, and is another reason why NO2 is likely to be higher near the
tunnel exit. In many tunnels, ventilation is provided by the movement of the vehicles themselves,
so in congested conditions NOx emission is higher and the airflow is reduced, leading to a ‘worstcase’ scenario for NO2. The probability of this occurring is discussed further below.
Controlling NO and NO2 emissions has been more challenging than controlling CO and PM.
Emissions of NO per vehicle are falling, but not as rapidly as for CO. Also, recent reductions in
vehicle NO emissions have had the unfortunate side effect of increasing direct NO2 emissions
(Carslaw 2005). Hence, there is some uncertainty in the long-term trends in NO2 concentrations in
O3-limited locations such as tunnels.
Annual mean urban background concentrations tend to be in the range 20–40 ppb in cities with
high car ownership (Europe, North America, Australasia), and slightly higher in the megacities
of East Asia (plus Los Angeles); however, the problem of NO2 is largely isolated to Europe. Stack
emissions of NOx, NO and NO2 in the M5 East tunnel have been monitored since the tunnel
opened. Although there have been some reliability problems with the monitoring equipment,
there is much reliable data that show maximum summer levels between 200 and 300 ppb and
winter levels between 250 and 500 ppb at the stack. This means that the conservative WHO
one-hour goal is unlikely to ever be exceeded during a tunnel trip.
The true importance of NO2 levels in relation to the significance of PM should be given serious
consideration. The potential for harm appears to lie strongly on the side of PM.
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4.3.2

EFFECT OF VENTILATION ON NITROGEN CHEMISTRY

The dependence of the transformation of NO to NO2 in the presence of O3, or oxygen in extreme
cases, implies that the rate of ventilation plays a complex role additional to the simple dilution of
pollutants. Shortly beyond the entrance to the tunnel, O3 is entrained from the external air into
the tunnel, providing for an initial ozonation of NO. In the case of a longitudinal tunnel, the O3
will be rapidly depleted by this process so that the ozonation reaction becomes progressively
less active along the tunnel length. Thus, a decreasing proportion of the emitted NO is converted
into NO2 by this reaction. However, the tunnel contains high concentrations of VOCs and this
provides a potential alternative conversion route from NO to NO2 via free-radical catalysed VOC
oxidation. Studies have shown that oxides of hydrogen can be produced in vehicle exhausts due
to a thermal reaction between NO2 and conjugated dienes that may be present in exhaust (Shi
and Harrison 1997). The reaction is relatively slow and this review did not uncover any studies
of the action and strength of this reaction, or the presence of free radicals, in road tunnels. Even
without this reaction we may still expect NO2 to rise along the tunnel’s length due to its direct
emission, and a reduced rate of NO conversion due to the remaining O3, but the NO2:NOx ratio
will fall along the tunnel’s length (evidence provided in the following three sections). If the tunnel
is long enough for oxidants to be largely depleted, then, in the absence of any NO2 production
mechanism, the NO2:NOx ratio should tend towards the average emission ratio in the vehicle
fleet. This ratio is of significant value in managing NO2 concentrations (see Chapter 7) and will
be referred to repeatedly in this section.
In the case of a semitransverse or transverse tunnel, fresh air and fresh O3 is being injected
along the length of the tunnel. In this case, new oxidants are entering the tunnel at all points
and will not be so rapidly depleted. In principle, this allows a greater rate of ozonation, leading
to potentially higher NO2 concentrations and a higher NO2:NOx ratio. In practice, however, the
variation of NO, NO2 and O3 along the tunnel length is hard to predict due to:
UÊ

variations in external levels of O3

UÊ

variations in ventilation rates

UÊ

varying degrees of entrainment of air through the entrance

UÊ

other reactions and processes, such as reactions with free radicals.

The activation of the termolecular oxygenation of NO has been cited to explain severe NO2
episodes in ambient air (eg the London smog episode of December 1991 in Bower et al 1994)
but its occurrence in road tunnels may be rare, and is probably limited to very long or poorly
ventilated tunnels. However, its true prevalence is unknown due to the fact that NO2 is rarely
monitored in tunnels.

4.3.3

OBSERVATIONS OF NO2 IN A SIMPLE URBAN TUNNEL

Transects of NO2, NOx and CO were conducted (three each way) in winter 1993 and summer
1994 in the Söderledstunnel, Stockholm (1.5 km long, naturally ventilated in most cases, moderate
– high traffic flow) (SEHA 1994, 1995). Peak concentrations of NO2 of about 150 ppb (winter
1993) and 195 ppb (summer 1994) were found near the tunnel exit, corresponding to maximum
NOx concentrations of 2.4 ppm and 2.8 ppm respectively, and CO concentrations of 20 ppm and
31 ppm, respectively (Figure 4.23). These results suggest a NO2:NOx ratio of about 6% at the most
polluted section. There was a fairly steady rise in NO2 concentration with depth that was not
significantly different from the profile of CO or NOx. This indicates that the rate of oxidation did
not significantly vary along the tunnel length.
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4.3.4

DETAILED OBSERVATIONS OF NITROGEN CHEMISTRY FROM TWO
LONG TUNNELS

Five transects of NO, NO2 and O3 were measured in the Tai Lam (northbound and southbound)
and Tate’s Cairn tunnels between September 2004 and May 2005 (Yao et al 2005). Both tunnels
are nearly 4 km long, but differ in several crucial ways (see Section 4.2.10 and Table 4.3). The
Tai Lam tunnel has lower traffic overall, but a larger proportion of HDVs, including vehicles
originating or fuelled in mainland China.
In each transect, concentration of NO peaked in the second half of the tunnel, with maximum
concentrations of around 1 ppm in the Tai Lam northbound, and approaching 3 ppm in the
other tunnels, which have higher emissions (Figure 4.7, left). Ozone was rapidly depleted with
depth in all tunnels, although never reaching zero (Figure 4.7, right). The Tai Lam tunnel is
semitransverse so it is possible that fresh O3-laden air is injected along the tunnel’s length. The
data appear to show lower concentrations of O3 in the first half of the Tai Lam tunnel compared
to Tate’s Cairn, although concentrations increase over the second half. As well as fresh O3 input
from the ventilation system, the increase in O3 towards the end of the tunnel may also be due
to entrainment. The concentration of O3 in the Tate’s Cairn tunnel does not recover in this way,
except in the final 800 m or so.
As a result, NO2 was found to initially fall due to dilution of entrained air. Beyond about 1500 m
depth, direct emission and transformation of NO overcame the dilution and NO2 rose. In the
midsections NO and NO2 rose rapidly even though O3 was at a minimum. These rises can be
attributed to accumulation of emissions and a low rate of oxidation. However, in the latter section
of the tunnels, NO fell while NO2 continued to rise, suggesting that conversion was progressing
faster than accumulation. This is partly explained by the slight rise in O3 in this section, but the
amount of O3 was insufficient to explain the size of the rise in NO2. A secondary process must
have been acting to increase NO2 to this degree. Free-radical catalysed VOC oxidation is possible
(but no data were collected to indicate this), but the high concentrations of NO, especially in the
Tate’s Cairn and Tai Lam southbound tunnels, does not rule out that direct reaction of NO with
oxygen may have been significant in the final kilometre of these tunnels.
The maximum NO2 (over the five runs) in the Tai Lam southbound tunnel was 82 ppb, with
an average over the length of the tunnel of 52 ppb. This is a low value considering the
corresponding maximum and mean NOx concentrations (2720 ppb and 1331 ppb respectively),
representing very low NO2:NOx ratios in this tunnel (a minimum of 2%). The low rate of NO
oxidation midtunnel suggests that the NO2:NOx ratio in this section should resemble the ratio
of NO2 to NOx in the vehicle exhaust. As mentioned above, NOx emissions were higher in the
Tai Lam southbound tunnel as use of high-sulfur fuel is believed to be higher and emission
standards generally lower on average in this tube. This will lead to higher direct NO emissions
per vehicle, but not NO2. In the Tai Lam northbound and the Tate’s Cairn tunnels, the NO2:NOx
ratio in the midsection was considerably higher (~6%), so that both tunnel mean and maximum
NO2 concentrations were higher (maxima of the order of 100 ppb in the Tai Lam northbound and
200 ppb in the higher-traffic Tate’s Cairn tunnel).
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4.3.5

OBSERVATIONS OF NO AND NO2 IN THE MORE COMPLEX M5
EAST TUNNEL

At 4 km long, Sydney’s M5 East tunnel is similar in length to the Tai Lam and Tate’s Cairn tunnels
but carries a greater volume of traffic. A simple linear relationship with depth along the tunnel
is not expected in the M5 East due to its unusual ventilation layout (see Figure 3.2). Fresh air
is injected and vitiated air removed near the midpoint of both tubes. Tunnel air is not released
at any of the portals (some portal emissions have occurred, but not during this study, and are
discussed in Chapters 5 and 7) as air is transferred from near the exit of one tube to near the
entrance of the other, at both ends. The consequence is that one may expect a ‘sawtooth’ profile,
with maximum concentrations recorded near the tunnel midpoint just before the air exhaust point.
Vehicle-exterior concentrations of NO and NO2 (but not O3) were recorded from 160 transects (80
in each direction), in an intensive six day study in the M5 East tunnel in Sydney in March–April
2004 (Holmes Air Sciences 2005). Transects were restricted to three daytime periods (0600–0900,
1100–1200 and 1500–1800). Concentrations were reported as 30 second averages; with an average
transit time of 5.2 minutes this typically provided about 10 data points per transect.
As expected, maximum concentrations of NO and NO2 were recorded on approach to the
exhaust points. Average concentrations of NO at the exhaust points were in the range 4–5 ppm
(westbound) and 4 to just over 6 ppm (eastbound)—significantly higher than in the Tai Lam
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and Tate’s Cairn tunnels (see Section 4.3.4 above). Average concentrations of NO2 at the exhaust
points were in the range 0.2–0.3 ppm (westbound) and 0.2–0.35 ppm (eastbound). Although
there was significant random variation in profiles between transects on different days, on average
the expected ‘sawtooth’ profile was observed in all three time periods in both eastbound and
westbound tubes, although the pattern was slightly clearer in NO2 than NO. Most of the data
presented were indicative of a NO2:NOx ratio of 5–6%, with slightly higher values near the fresh
air entry points of the tunnel where concentrations are lower.
Thirty-four individual profiles were presented in the report. In general, NO frequently exceeded
4 ppm at one or several points along the transect, but rarely exceeded 8 ppm. NO2 reached
~0.4 ppm at some point of the transect on 13 out of the 34 presented profiles, and significantly
exceeded 0.4 ppm on 3 profiles. A maximum of ~0.8 ppm was recorded, which is discussed
further in Section 4.7.1.

4.3.6

DETAILED OBSERVATIONS OF NITROGEN CHEMISTRY FROM A LONG
NATURALLY VENTILATED TUNNEL

One study that has investigated the extended probability of variations in NO oxidation along the
length of a long tunnel is that of Indrehus and Vassbotn (2001). NO2 and NOx (as well as CO)
were measured in the 7.5 km Hoyanger tunnel in Norway for 20 days in spring 1994 and 25 days
in spring 1995. Traffic flows are relatively low in this tunnel (means of 28.9 h–1 in 1994 and
18.9 h–1) and this meant that a bidirectional design was more economical. Ventilation is nominally
naturally driven by the pressure differences associated with the portals being at different altitudes.
The piston effect is negligible due to the low traffic travelling in opposing directions in the same
tube. A longitudinal system is installed, to be triggered by CO concentrations exceeding a certain
level. The NPRA decrees that road tunnels should be closed if the concentration of CO at the
tunnel’s midlength exceeds 100 ppm for longer than 15 minutes (NPRA 2004). This rarely occurred
in the Hoyanger tunnel, yet users regularly complained of poor visibility and foul odours. Unlike
most relevant authorities worldwide, the NRPA has also set an in-tunnel pollution limit for NO2,
of 0.75 ppm at the tunnel midpoint and 1.5 ppm at the tunnel ends. Like CO, if this limit is
exceeded for more than 15 minutes, the tunnel should be closed. However, NO2 was not routinely
monitored as CO monitoring is more reliable (see Chapter 7 below) and, to quote Indrehus and
Vassbotn, ‘…the CO concentration has been assumed to be the main source of poor air quality.’
Their study set out to investigate if the NO2 guideline was being exceeded, and why, by installing
monitors in the tunnel 2 km from one end.
The monitoring revealed that the 1.5 ppm NO2 limit was exceeded 17% of the time in 1994 and
1.3% of the time in 1995. The difference may in part be due to the significant reduction in traffic
in 1995 due to the construction of a new road, and will otherwise be due to random variation in
ventilation cased by meteorology. The wind speed within the tunnel varied between 0 and 2 m
s–1 in both directions (which may be compared with the values of 2–6 m s–1 in one consistent
direction, typical in busy unidirectional urban tunnels). The highest NOx values were all associated
with the lowest wind speeds. The NO2:NOx ratio decreased with increasing NOx up to a value
of ~1 ppm, consistent with a reduced conversion of NO to NO2 in an O3-limited atmosphere.
Oxidation was at a minimum at 2 ppm of NOx. When airflow was generally less than 1 m s–1,
NOx often rose above 5 ppm despite the relatively low traffic flow, due to the lack of ventilation.
Above this level there was a clear increasing trend in NO2:NOx ratio, indicating an extra source
of NO2, consistent with the activation of oxidation with oxygen. These high values had not been
observed by the control system, which only monitored CO. CO remained below its 100 ppm limit
throughout (the maximum observed value was 58 ppm), so the tunnel had remained open despite
NO2 rising to a maximum of 5.87 ppm, far above its limit value. In this study, a rough calculation
showed that at an airflow of 0.5 m s–1, with 6 ppm of NO and an initial 1.5 ppm of NO2, the air
would remain in the tunnel for 4.1 hours before exiting, in which time oxidation of NO with
oxygen would produce a further 1.3 ppm of NO2 (ie nearly doubling the NO2 concentration).
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4.3.7

NO2:NOX RATIO AND THE INFLUENCE OF TUNNEL LENGTH ON MEAN
CONCENTRATIONS

Various studies present a NO2:NOx ratio. This ratio is of interest for the control of tunnel
ventilation as it allows the calculation of NO2 (which is difficult to measure reliably on a long-term
basis) from concentrations of NOx, which are relatively simple to calculate from emissions if traffic
data, emission factors and in-tunnel wind speed are known. This will allow the NO2 levels in a
tunnel to be controlled without having to install NO2 monitors. However, the NO2:NOx ratio is not
a constant, but varies with NOx (and hence traffic levels, emission, tunnel length, and ventilation
type and strength), as well as varying with depth into the tunnel.
Due to the number of variables and scarcity of data we cannot present a definitive survey of how
the NO2:NOx ratio varies. However, we can surmise that over extended periods we may expect
the NO2:NOx ratio to be close to the ambient value in short tunnels, decreasing as tunnel length
increases, albeit nonlinearly. The small amount of data available confirms this general picture.
For tunnels with high levels of traffic, mean NOx concentrations are generally related to tunnel
length (see Figure 4.8). Two exceptions not shown on this figure are the Shing Mun tunnel in
Hong Kong where NOx concentrations are considerably lower than suggested by the illustrated
relationship. This may be due to lower NOx emissions per vehicle in this study due to long-term
reduction programs. This study was conducted in 2003–04, whereas the other studies in this figure
all date from the 1990s. The other exception is the Hoyanger tunnel where mean NOx is lower
due to its substantially lower traffic levels.
FIGURE 4.8

Relationship between mean NOx in a range of tunnels as a function of their length
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The ratio of NO2 to NOx is related to NOx as shown in Figure 4.9. Generally the figure illustrates
the expected pattern described above. The effect of the ventilation system is unclear due to lack
of data from semitransverse tunnels. The semitransverse tunnel with a ratio of ~0.15 is the Landy
tunnel in Paris. This high ratio is unlikely to represent higher oxidation due to fresh air supply
along the tunnel’s length, as the measurements were made at the tunnel exit portal. The other
data point is from the Croix Rousse tunnel in Lyon, but the NOx value is calculated from the
reported mean NO2:NOx ratio. The higher ratios in the Hoyanger tunnel are related to the lower
ventilation rates and longer timescales, allowing further oxygenation of NO to occur. A relatively
high ratio is also observed in the south (uphill) tube of the Shing Mun tunnel.
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FIGURE 4.9

Dependence of the ratio of mean NO2 to mean NOx on NOx for a range of road tunnels as a function of
ventilation type
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Finally, Figure 4.10, below, illustrates the relationship between mean NO2 and tunnel length for
urban tunnels with busy traffic. Despite the scatter we see a roughly linear relationship. For the
longitudinally ventilated tunnels the relationship is approximately NO2 (ppb) = 0.09 L, where L
is tunnel length in metres. There are only three semitransverse tunnel data points, two of which
show relatively higher NO2 concentrations for their length compared to the longitudinal tunnels.
These two tunnels are the Croix Rousse tunnel in Lyon and the Landy tunnel in Paris (portal
measurement). Both of these tunnels suffer from chronic congestion.
FIGURE 4.10 Relationship between mean NO2 and tunnel length for a range of urban tunnels as a function of
ventilation type
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4.3.8

DIURNAL CYCLES

Measurements in the northbound (city-bound) tube of the Söderledstunnel, Stockholm in the
winter of 1995–96 (Johansson et al 1996) indicated clear diurnal cycles in NOx and NO2. NOx at
a depth of 100 m is indicative of the traffic flow in the tube showing clear morning and evening
peaks. At 1 km depth, NOx concentrations are generally 3–4 times higher and exceed 1 ppm
most of the day. However, the morning peak is relatively much higher, peaking at over 3 ppm,
probably due to the chronic morning congestion which develops backwards from the exit in
this city-bound tube. The resulting diurnal average NO2 at 100 m shows a night-time minimum
of around 25 ppb, rising to a daytime maximum of around 50 ppb. At the 100 m point there is
no evidence of the morning and evening traffic peaks, showing that the majority of the extra
emissions at this time remain as NO without significant oxidation to NO2. At 1 km depth NO2
concentrations are typically up to 50% higher than at 100 m (ie ~75 ppb in the daytime), a much
smaller enhancement than for NOx, due to reduced oxidation. However, there is a dramatic
increase in NO2 in the morning congestion peak with NO2 reaching 150 ppb, although this is in
proportion with the increase in NOx, and there is no compelling evidence of increased oxidation
in this period.
Holmes Air Sciences (2005) report data from a campaign in which NO and NO2 were measured
continuously for 39 days in March–April 2004 in Sydney’s M5 East tunnel. Measurements were
made using an open path ultraviolet monitor (OPSIS R600 DOAS) located near in-tunnel monitor
CP2. This monitor is located near the westbound exit portal, which was considered likely to
record the highest concentrations of NO2 in the tunnel due to the gradient of the exit ramp. Clear
and consistent diurnal patterns were observed matching traffic flows. Weekday concentrations
were higher than weekends, despite similar traffic volumes, however heavy-duty vehicle flows
were higher on weekdays. The daytime ratio of NO2 to NO derived from this instrument was
typically ~5% (most values within 3–7%). At night some higher values were found, consistent with
lower emissions and a lower likelihood of oxidant depletion. In total, a maximum of 2% of values
were above 10% and all values were below 20%.

Effect of traffic fleet composition
Figure 4.11 shows data from the Washburn tunnel in Houston showing how NOx emission from
the traffic fleet in the tunnel is positively related to the presence of diesel vehicles.
FIGURE 4.11 Nitrogen oxide emission factors versus diesel contribution to total carbon emissions in the Washburn tunnel
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The transect study of the M5 East tunnel (Holmes Air Sciences 2005) found that average NO2
concentrations external to a vehicle during 60 eastbound tunnel transits were higher in the
midday period than in the morning or afternoon. Total traffic count was lower in the midday than
morning or afternoon periods, but counts of long vehicles peaked in this midday period (5.8%),
and the long vehicle count and average NO2 (R2 = 0.96) and NO (R2 = 0.86) concentrations were
strongly correlated. In the westbound transits, long vehicle counts also peaked in the midday
period (5.8% also), and midday NO2 was higher than in the morning, but overall NO2 peaked
in the afternoon. This could quite likely be due to the considerable effect of congestion in the
westbound tube in the afternoon (discussed further in Section 4.7).

Relationship between mean and maximum concentrations
As shown in Figure 4.12 below, maximum NO2 concentrations observed in road tunnels are
generally at least double the mean.
FIGURE 4.12 Relationship between maximum and mean nitrogen dioxide concentrations measured at fixed points in
road tunnels
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4.3.9

OVERVIEW OF MEAN CONCENTRATIONS

Figure 4.13 below compiles the mean NO2 concentrations observed in road tunnels in the
literature. Not shown are the exceptionally long tunnels (Hoyanger tunnel, 7.5 km, 730 ppb in
spring 1994, 220 ppb in spring 1995; Mont Blanc tunnel, 11.6 km, 500 ppb). As discussed above,
tunnel length, ventilation, traffic volume and congestion play major roles in determining the
concentrations. In summary, however, most concentrations are in the range 50–150 ppb with high
emissions or congestion raising concentrations towards 300 ppb.
The WHO guideline for NO2 applies to an averaging period of one hour and is therefore
considered inappropriate for comparison. However, other guidelines exist, such as the Hong Kong
Labor Dept occupational exposure limit of 5 ppm in 15 minutes. In most cases it appears that this
limit is unlikely to be breached.
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FIGURE 4.13 Mean nitrogen dioxide concentrations in a range of tunnels
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Ozone is rapidly depleted in a road tunnel due to its fast reaction with the abundant levels of
NO and consequently has rarely been measured in road tunnels. The transects from the Tai
Lam and Tate’s Cairns tunnels in Figure 4.7, above, show that concentrations of O3 inside the
tunnels is considerably lower than that outside the tunnels. Minimum concentrations appear to be
approximately 4 ppb in the Tai Lam tunnel and 6 ppb in the Tate’s Cairn tunnel.

4.4

PARTICULATE MATTER—SPECIAL CONSIDERATIONS

4.4.1

RESUSPENSION AND VEHICLE WEAR PRODUCTS

Measurements of PM10 are dependant on the presence of a relatively small number of coarse
or supermicron particles. These particles exist in very low numbers in ambient air relative to
finer particles, but their large size means that they make a substantial contribution to the mass
of particles in a given volume. Smaller particles can remain suspended in the air because the
turbulence in the atmosphere is sufficient to overcome the action of gravity. Particles of greater
mass are heavier and thus are more likely to form a sediment on the surface. They therefore have
shorter atmospheric residence times and shorter atmospheric transport distances.
The main source of these particles in the atmosphere is the resuspension of particles off the
surface by the action of wind, turbulence or mechanical contact. In the case of road particles,
resuspension from the road surface by highly localised turbulent gusts is induced by vehicle
motion and direct frictional contact between tyres and the road. Further sources include direct
emission of tyre wear and brake wear products that can be localised in areas of braking,
acceleration and curves. These processes produce an increased PM10 level that exists only in
a narrow band alongside the road. The internal surfaces of vehicles will also be covered in
resuspendible particles. In general, if there is no airflow in the cabin, these particles will remain
on surfaces. Airflow from the vehicle ventilation system may resuspend a few particles, but open
windows are likely to resuspend a lot more.
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Online analysis of a random sample of individual particles can be performed using an aerosol
time-of-flight mass spectrometer (ATOFMS). This instrument provides particle size information
from time of flight between two fixed lasers before desorption, ionisation and analysis of the
resulting positive and negative mass spectra. Such an instrument has been deployed in the
Caldecott tunnel (Gross et al 2000) where 11% (or 18% in the LDV-only bore) of the sampled
particles had mass spectra dominated by inorganic ions and were related almost exclusively to
particles with an aerodynamic diameter > 1 µm; especially large signals for barium were observed.
The authors were unable to discount a high sensitivity of the instrument to barium to account for
this, but noted that barium has many roles in the automotive industry, including fuel synthesis,
lubricating oil and brake pads.

4.4.2

FINE AND ULTRAFINE PARTICLES

The remainder of PM10 can be characterised as either fine particles or ultrafine particles and
include nanoparticles. The fine particles (roughly of diameter 0.1–1 µm) are composed of both
fresh and recent primary emissions, and aged particles generally not emitted in the locality in
which they are found. Theoretically, one billion PM 0.01 µm are equivalent by weight to one PM10
but have 1000 times the surface area. Locally emitted VOCs may condense onto, or be adsorbed
onto the solid surfaces of these particles, or absorbed into liquid or liquid-coated fine particles,
thus increasing the particle mass and volume.
The ultrafine particles are mostly freshly emitted particles from vehicle exhausts and from the
nucleation and condensation of hot vapours as they cool. Their small size (roughly 10–100 nm)
allows them to penetrate deeply in the lung, with the possibility of translocation to the
cardiovascular system. Their effect on the body is still an area of research (more detail of the
effects of particles on health is provided in Chapter 6). Despite the fact that ultrafine particles
are by far the most numerous particles in urban air and near traffic, their small size also means
that they possess very little mass, and contribute much less to PM10 or PM2.5 than their numerical
abundance might suggest; thus, these mass-based metrics may under-represent the toxicity of PM.

4.4.3

LABORATORY STUDIES ON THE INTERACTION OF FUEL SULFUR
CONTENT, DRIVING CYCLE AND ENGINE TECHNOLOGY ON
PARTICULATE EMISSIONS

Development of emission reduction technologies has depended on concurrent improvements in
fuel quality, particularly in fuel sulfur content. Vehicles running on low-sulfur fuel also have lower
air pollution costs, although these benefits are small in comparison to the benefits achieved from
tighter vehicle emission standards. European data also indicate that moving from low-sulfur diesel
to ultra-low sulfur fuel leads to lower air pollution costs (although the benefits are not as great as
moving from conventional to low-sulfur fuels). However, Australian test data on the benefits of
ultra-low sulfur fuel over low-sulfur fuel show mixed results (Watkiss 2002). Minimising emissions
is complicated by the variations in fuel sulfur content and by the desire to reduce emissions over
the full range of driving conditions and loads. Several studies have attempted to investigate how
these factors interact, but have been hampered by the difficulties of:
UÊ

acquiring the huge amount of data required to cover the full range of influencing variables

UÊ

adopting representative driving cycles

UÊ

measuring the full range of particulate emissions, which includes rapidly evolving and
interacting components.

Removal of sulfur removes the lubricant from the fuel—producing greater wear on the engine.
Lubricants not specified when added to the fuel may offset benefits. The type of lubricant needed
must also be mandated.
One large European study involving 21 partners was designed to develop agreed laboratory test
protocols to maximise the amount of intercomparable data. The PARTICULATES study, funded
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by the European Community, reported in 2005 (Samaras et al 2005). A total of 8 diesel fuels
and 3 petrol fuels, 25 cars and 10 trucks were tested, with a comprehensive measurement and
characterisation of exhaust emissions, including total mass emission rates, total particle number
emissions, number size distributions (total and solid) and PAH emission. Multiple driving cycles
were tested, including motorway cycles.
As noted above, HDVs dominate particle emissions. Recent Australian vehicle standards have
required new HDVs to meet an equivalent to the Euro III standard from 2003 (Australian Design
Rule [ADR] 80/00) and Euro IV from 2006 (ADR 80/01). The current national limit for dieselfuel sulfur content is 50 ppm (since 1 January 2006), to be reduced to 10 ppm from 1 January
2009. The PARTICULATES study found that the effect of fuel sulfur was most strongly observed
at high speed and temperature operation. Over the European steady-state cycle, which includes
a significant portion of high speed operation, particulate mass emissions were reduced on the
low-sulfur fuels. For nonfiltered vehicles, the size of the reduction was generally significant but
small, whereas for vehicles with diesel particulate filters, the reduction was dramatic. The evident
cause of this difference was that reductions in fuel sulfur reduced emission of nucleation mode
particles smaller than 30 nm, whereas the filters reduced particles of all sizes. The total number
of particles < 30 nm for a Euro III truck was significantly higher when operating on fuels with
> 300 ppm sulfur than on low-sulfur fuels. For Euro IV and Euro V trucks, the number of these
nucleation mode particles was more directly related to fuel sulfur content. This is consistent with
the expectation that the nucleation mode is dominated by sulfate particles. Vehicles with particle
traps were shown to potentially reduce total solid particle numbers (principally accumulation
mode soot) by three to four orders of magnitude when using ultra-low sulfur fuels. Other than the
adoption of particulate traps, fuel sulfur was not found to influence the number of solid particles.
The report commented:
It is evident that Euro IV and Euro V engine technologies with advanced aftertreatment systems operating on sulphur-free (10 ppm max) fuels should bring dramatic
improvements in PM emissions. This represents a much larger step than the steps taken
so far from Euro I to Euro III.

In Australia, the most recent vehicle emission standard for LDVs is ADR 79/01, which requires
equivalence to Euro III from 2006. Petrol sulfur content was limited to 150 ppm from 2005.
The PARTICULATES study found that particle emissions (mass, surface area, solid and total
number concentrations) from Euro II and Euro III light-duty diesel vehicles, petrol vehicles and
direct-injection petrol vehicles were all relatively insensitive to fuel sulfur content. However, the
use of high-sulfur fuels did lead to the formation of a significant nucleation mode at high-speed
driving in diesel cars. Results for some petrol vehicles at high speed revealed ‘diesel-like’ emission
characteristics with high levels of particle mass surface area and total numbers; however, across
the whole experiment the results were too variable to be conclusive. Diesel cars fitted with
particulate filters operating on low-sulfur fuel emitted the least particle numbers of all the vehicles
tested, including modern petrol cars. Strong nucleation mode emissions were observed from these
filtered diesels if they were operating at high speed on high-sulfur fuels.

4.4.4

TOTAL PARTICLE NUMBER EMISSIONS AND CONCENTRATIONS

Measuring the mass concentration of particles tends to bias measurements towards accumulation
and coarse mode particles. However, total number concentrations will represent ultrafine particles
much more strongly. Emission factors for particle numbers are much less well established than
particle mass, and few studies have been conducted in tunnels. However, an opportunity to
compare emission of particle numbers from LDVs and HDVs is provided by the Caldecott tunnel
in California, where one of the two eastbound tubes is restricted to LDVs only. Kirchtetter et al
(1999) calculated particle number emission factors from 1997 observations based on condensation
particle counts (all particles above 10 nm in diameter; ie dominated by ultrafine particles) and
optical particle counts (particles in the diameter range 0.1–2.0 µm; ie more representative of
aggregated and processed particles). In both cases the emission factors were two orders of
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magnitude greater for HDVs than for LDVs as a function of mass of fuel burned. Single-particle
analysis by ATOFMS (Gross et al 2000) in the Caldecott tunnel revealed that HDVs emitted 48
times more particles in the size range ~0.1–3.0 µm.
Kirchtetter et al (1999) found that particle number concentrations were significantly higher
(approximately double) in the mixed-fleet Bore 1 compared to the LDV-only Bore 2, despite
the fact that Bore 2 carried 75% more vehicles in total. This result shows how a relatively small
number of trucks make a large contribution to particle numbers. A similar effect was found
seven years later in the same tunnel (Geller et al 2005), although the number concentrations as a
whole had risen.
Number–size distributions of particles in a tunnel tend to show a peak in the ultrafine mode, as
may be expected for an aerosol dominated by fresh exhaust emissions. Peaks were observed
at 15–20 nm in the Caldecott tunnel (Geller et al 2005). Particles of this size are believed to
principally arise from the condensation of organic vapours (from combustion, fuel or lubricating
oil) onto soot, metallic or sulfuric acid nuclei. Secondary modes have sometimes been reported
around 60 nm (Geller et al 2005), which can be attributed to soot agglomerations generally
associated with diesel emissions. Several studies have noted an increase in particle number
emissions from LDVs with vehicle speed (Gidhagen et al 2003, Geller et al 2005).
The total particle number concentrations for several tunnels are given in Figure 4.14.
FIGURE 4.14 Range of total particle number concentrations measured in road tunnels (year of observations given)
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4.4.5

ELEMENTAL CARBON AND ORGANIC CARBON

As noted above, PM emitted from road vehicles is chemically dominated by carbonaceous
compounds and elemental carbon (EC). Broadly, EC is associated with diesel emissions and
organic carbon (OC) with petrol. EC is also associated with a reduction in visibility, but their
relative toxicities are less clearly defined. Many toxicological studies have been conducted with
diesel exhaust particles (see Chapter 6 for more detail), but such particles do not necessarily
represent those found in the ambient atmosphere due to the adsorption of organic compounds
onto EC agglomerates.
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Several studies have measured the relative emission of elemental and organic carbon from vehicles
in road tunnels as a means to quantify average emissions of the fleet in real-world conditions. In
Europe, measurements were made in the Gubristtunnel, Zurich in 1993 (Weingartner et al 1997)
and in the Kaisermuhlen tunnel in Vienna in 2002 (Laschober et al 2004). In the Gubristtunnel,
PM3 samples were analysed with ECs contributing 32% of the total PM3 emissions from HDVs and
18% from LDVs. The sensitivity of EC in the tunnel to the fraction of HDVs was highlighted by the
finding that HDVs emitted 77 times more EC per vehicle kilometre than LDVs (emission factors of
122 and 1.6 mg km–1 respectively). Nine years later, an emission factor for EC of 98.9 mg km–1 was
found in the Kaisermuhlen tunnel. The authors noted that this was the lowest EC emission factor
for HDVs yet reported, and this was described as a result of the success of emission reduction
programs, although they also pointed out that the Kaisermuhlen tunnel is straight, level and has
very smoothly flowing traffic. The LDV emission factor was much higher than the 1993 value,
however, at 15.6 mg km–1. This was explained by the unusually high proportion of diesel-powered
vehicles amongst the LDV fleet in this tunnel (39%). Overall, EC made up 58.8% of PM emissions,
with organic compounds comprising 26.5%.
In the United States, data are reported from the Van Nuys tunnel (Los Angeles) in 1993 (Fraser et
al 1998), the Sepulveda tunnel (Los Angeles) in 1996 (Gillies et al 2001) and the Caldecott tunnel
(Oakland) in 1997 and 2004 (Kirchtetter et al 1999, Allen et al 2001, Geller et al 2005). These studies
are not immediately directly comparable as some report mass emission per vehicle kilometre (or
mile) while others report mass emission per kilogram of fuel burned. Fraser et al (1998) noted that
EC accounted for 24% of all PM emissions, whereas OC accounted for 29% on a per litre of fuel
basis. Gillies et al (2001) reported that PM2.5 emissions in the LDV-dominated Sepulveda tunnel
were 48.5% EC and 31.0% OC on a per vehicle kilometre basis, despite the tunnel carrying a low
level of HDVs (2.6%). The calculated EC emission factor was much higher than expected from
dynamometer studies and the authors hypothesised that either a few smoky vehicles were having a
disproportionate effect, or the emission factors for HDVs had been underestimated.
The Caldecott tunnel studies (with its LDV-only and mixed bore) allowed a closer investigation of
the influence of HDVs. The second 1997 study (Allen et al 2001) reported much higher emission
factors than either the Los Angeles or Zurich studies. EC emissions contributed 56% of PM10 for
HDVs and 60% for LDVs per kilogram of fuel. HDVs were found to emit 32 times more EC per
mass of fuel than LDVs, and 14 times more organic matter. Conventional measurements of EC and
OC (offline thermal-optical analysis) were supplemented by single particle online analysis using
an ATOFMS by Gross et al (2000). Sampling was conducted for three daytime hours on two days
in the LDV-only bore and two days in the mixed-fleet bore, so the results can be viewed as
indicative of the typical particle population in this tunnel. A total of 11.8% of the sampled particles
in the mixed bore and 10.3% in the LDV-only bore, contained significant signals relating to carbon
cluster ions, with almost no signal relating to other organic compounds; that is, these particles
were EC. These particles were predominantly found at the lower end of the detectable size range
of the ATOFM (0.2–0.4 µm aerodynamic diameter) in both bores.
The 2004 study further disaggregated emissions by making size-segregated measurements using
two micro-orifice uniform deposit impactors, allowing the calculation of separate emission factors
for the ultrafine, accumulation and coarse modes, although adsorption artefacts prevented a full
analysis of the ultrafine mode. EC constituted 70.9% of PM10 emission from HDVs and 40.5%
from LDVs per kilogram of fuel, a rise for HDVs and a fall for LDVs since 1997. For HDVs, EC
represented 57% of the ultrafine mode (< 0.18 µm) mass, 100% of the accumulation mode mass
and 88% of the coarse mode mass (2.5–10 µm). HDVs emitted 14.5 times more PM10 than LDVs.
Collated mean EC and OC concentrations measured within tunnels collated from the literature
are indicated in Figure 4.15. These data are not strictly comparable because in some cases
measurements were made midlength and in others at the tunnel exit; also, the upper size cut
of particles, sampling method and analysis method are not identical. Nevertheless, the data are
presented to provide an indication of the range of concentrations. Most of these studies report
external concentrations, although in many cases these are at or near the tunnel entrances and
still reflect a road influence. Figure 4.16 indicates the ratios of internal to external concentrations,
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indicating values of 2.2–6.2 for OC and 7.5–21 for EC. Finally, Figure 4.17 presents the EC:OC
ratio. Considering these three figures as a whole, we note the low EC signal in the American
tunnels (Caldecott and Van Nuys) which also carry low HDV volumes. The highest values of both
EC and OC are seen in the Chinese tunnels, which have high proportions of HDVs (33% for Shing
Mun, 26% for Tseung Kwan O and 18% for Zhujiang).
F IGURE 4.15 Mean concentrations of elemental carbon (EC) and organic carbon (OC) measured in a range of road tunnels
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FIGURE 4.16 Ratios of mean elemental carbon (EC) and organic carbon (OC) concentrations between inside and outside
a range of road tunnels
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FIGURE 4.17 Mean elemental carbon (EC) to organic carbon (OC) ratios measured in a range of road tunnels
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Analysis of the measurements in the Zhujiang tunnel in Guangzhou, China (Huang et al 2006)
indicates that the most abundant EC-associated particles were larger than those generally seen
elsewhere. American and European studies generally find median particle diameters at around
0.1 µm (Allen et al 2001), whereas this study reported a median diameter of 0.42 µm (ie in the
accumulation mode). The authors argued that such large soot particles could not have arisen
due to condensation of semivolatiles, but were largely emitted from tailpipes at that size. This
was explained by the operation of diesel engines on a higher loading than is common elsewhere,
plus lower quality engines and fuel, giving rise to preferential soot formation and accelerated
agglomeration.

4.4.6

AEROSOL TRANSFORMATION

Given the huge range in chemicals, solubility, particles size and shape it is not surprising that
an aerosol (ie a suspension of PM) is a complex dynamic system. A road tunnel has unusually
high concentrations of gases, vapours and other particles, plus a wide range of rapidly changing
temperatures and humidities, and we must therefore expect that there are likely to be physical
and chemical transformations within the aerosol. A key relevant transformation is the formation
of aggregated fractal chains of EC (generally emitted from diesel engines) that can form at the
upper end of the ultrafine mode size range, but can both form and grow well into the fine mode.
Much of the growth of these chains is related to the adsorption of organic and other vapours onto
the large surface of the chains. Other relevant transformations include coagulation of particles
due to random collision, evaporation and deposition to surfaces. All of these processes have
been extensively studied in the laboratory, in the ambient atmosphere, at roadsides and in street
canyons. A few studies have been conducted in road tunnels, and these are reviewed below in
terms of how they may affect human health.
The physical and chemical transformation of particles in an aerosol have been widely noted
and investigated in the laboratory and in a range of ambient environments. In the context of
road tunnels, the key issues are the adsorption of semivolatile material, especially organic
compounds, onto the surface of soot aggregates and the absorption of organic compounds into
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other pre-existing particles. Weingartner et al (1997) noted a change in shape in particles in the
Gubristtunnel in Zurich to a more compact arrangement at higher concentrations. This tunnel is
part of a city bypass that functions as both an important local road and a regional route. It has
relatively high speed traffic (a posted speed limit of 100 km h–1) and a moderate proportion of
HDVs (~12%). This leads to a relatively vigorous piston effect with airflows up to 9 m s–1. In this
3.3 km tunnel, typical air residence times are in the order of six minutes. The change of shape
was indicated by the presence of a curvilinear relationship between particle surface area and
PM3 mass concentration at the tunnel exit, compared to a linear relationship at the entrance.
Effectively, surface area to mass ratios were lower at higher mass concentrations for air that
had passed through the tunnel. The change in particle shape is consistent with an increased
adsorption process as the availability of semivolatile material increased within the approximately
six minute transit period.
One study focusing on solid particles (using an electrical low pressure impactor) in the Grand
Mere tunnel (Rouen, France), found that their size distribution presented a single mode between
60 nm and 100 nm (Gouriou et al 2004). For particles in this size range, the main processes
affecting their size distribution are growth by coagulation and deposition onto the available
surfaces (Gidhagen et al 2003). These solid particles have been shown to have a relatively weak
relationship with ambient conditions (Mathis et al 2005). Furthermore, Gouriou et al (2004) have
shown that the particle number size distribution presents a similar shape along the length of a
tunnel and only the total number concentration shows a variation that relates to the emissions in
the tunnel.
On the other hand, studies including semivolatile particles usually report a bimodal particle
size distribution with a primary mode in the nucleation size range (7–30 nm) and a secondary
mode around 80–100 nm (Geller et al 2005, Imhof et al 2006). The nucleation mode particles
include mainly volatile compounds and are probably the result of gas to particle conversion and
condensational growth (Charron and Harrison 2003, Ning et al 2004). This nucleation mode has a
stronger dependency on ambient conditions, and processes other than deposition and coagulation
are thought to play a role in their behaviour (Gidhagen et al 2003, Imhof et al 2006). The
secondary mode consists mainly of solid material (soot) and relates to the direct emissions from
the vehicles (Gidhagen et al 2003).
A more detailed relationship between the solid and the volatile fractions of ultrafine particles is
presented by Imhof et al (2006). These authors found that, for two tunnels with similar ventilation
conditions but a different fleet composition (the Kingsway, Liverpool and the Plabutsch, Graz), the
nucleation mode particles presented a notably different behaviour. In the Kingsway tunnel, with
its low diesel fleet (7% HDVs) the nucleation mode particles showed a diurnal variation similar
to the traffic intensity and to the soot-related particles. In the Plabutsch tunnel, with a larger
fraction of diesel vehicles (18% HDVs + 39% diesel LDVs), the nucleation mode particles were
much less abundant and their diurnal variation did not correlate strongly with the traffic intensity.
The difference in the amount of diesel vehicles means that, for the low-diesel fleet, there was a
relatively small soot mode, whereas for the high-diesel fleet the soot mode was about twice as
large. This difference in the soot mode means that there was much more available surface area in
the high-diesel fleet tunnel, acting as an increased sink for semivolatile compounds.Thus, instead
of forming new particles (as in the case of the low-diesel fleet), these semivolatile compounds
condense onto the available particles, effectively removing a source of nucleation mode particles.
Imhof et al (2006) found that there is a threshold level for the soot mode below which it is
not able to quench new particle formation and a nucleation mode is apparent. For soot mode
concentrations above that threshold, new particle formation is inhibited and the nucleation mode
is decreased.
In a vehicle-borne study that included transits of three similar Hong Kong tunnels, Yao et al
(2007) found that the ratio of the volume concentration of fine particles (0.11–1.0 µm diameter)
to the black carbon mass concentration correlated negatively with temperature. This indicates
that at lower temperatures more semivolatile material has condensed into the particle phase and
adsorbed onto the soot particles, leading to a larger amount of mass residing in larger particles.
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For temperatures above 30°C, a unimodal volume size distribution was observed, with a modal
diameter of the order of 0.2 µm. Below 20°C, bimodal distributions were observed, with an extra
dominant mode at 0.5–0.7 µm. The ratio of volume to black carbon correlated positively with
ambient particle volume concentration, derived from periods when the instrumented vehicle was
not in tunnels and not in a vehicle-exhaust plume. This was cited as evidence that semivolatile
material emitted in the tunnel was also condensing on particles generated outside the tunnel.
These particles are generally larger than the soot particles emitted within the tunnels because
they have already had time to age and collect condensed material. Thus the bimodal distributions
observed could be the result of competition for condensation of semivolatiles onto smaller tunneloriginated soot particles and larger ambient-originated particles.

4.4.7

POLYCYCLIC AROMATIC HYDROCARBONS

A key group of compounds present in PM from a health point of view is PAHs. PAHs arise during
combustion as an intermediate in the formation of soot. Motor vehicles are a major source of
PAHs in the urban atmosphere and were among the first compounds in the atmosphere to be
identified as carcinogenic. Benzo(a)pyrene, in particular, has attracted the interest of researchers
and has been more widely measured than other PAHs due to its especially carcinogenic potential.
Other known carcinogenic PAHs include:
UÊ

benzo(a)anthracene

UÊ

benzo(b)fluoranthene

UÊ

benzo(j)fluoranthene

UÊ

benzo(k)fluoranthene

UÊ

benzo(a)pyrene

UÊ

indeno(1,2,3-cd)pyrene

UÊ

dibenz(a,h)anthracene

UÊ

chrysene.

A wide range of PAHs are found in vehicle exhaust including lower weight compounds in the gas
phase, heavier weight in the particle phase (referred to as pPAH), and intermediate weight in both
gas and particle phases. PAH exposure should be considered in terms of additive carcinogenic
effects and increased risk of tumorigenisis in the presence of potentiators such as irritants.
Miguel et al (1998) reported that gasoline-powered vehicles are a significant source of the higher
molecular weight PAHs such as benzo(g,h,i)perylene, whereas diesel vehicles predominantly emit
the lighter PAHs, such as fluoranthene and pyrene. PAHs can also be present in tunnel air due to
their ambient concentrations, emissions from road bitumen and from tyres.
Several studies have measured PAHs in road tunnels, but reported only emission factors,
not concentrations. Phenanthrene is regularly reported as a major compound from vehicle
emissions in tunnels (eg Wingfors et al 2001, the Lundby tunnel, Gothenburg). In a 1998–99
study in the Söderledstunnel in Stockholm, Kristensson et al (2004) reported the dominant
PAHs were phenanthrene and fluorene (mostly gas), pyrene and fluoranthene (mixed phase)
and cyclopenta(c,d)pyrene in the particle phase. This study reported an emission factor for
benzo(a)pyrene that was 15 times higher than that derived from dynamometer studies. A longterm study in two tunnels in Hong Kong (HKPU 2005) found that emission of gaseous PAHs
was about 11 times higher than particulate PAHs. The five highest gaseous emission factors were
for acenaphthene, naphthalene, acenaphthylene, phenanthrene and fluorene, and the five most
abundant particulate PAHs emission factors were pyrene, fluoranthene, benzo(g,h,i)perylene,
naphthalene and chrysene. Phenanthrene, fluorene, fluoranthene and pyrene were observed in
diesel-fueled dominated source samples, whereas benzo(g,h,i)perylene was the most abundant
particulate PAH in gasoline-fueled dominated samples. Of those PAHs mentioned above,
phenanthrene, pyrene, acenaphthene, acenaphthylene, benzo(e)pyrene and benzo(g,h,i)perylene
are believed to be noncarcinogenic.
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The composition of a random sample of individual particles from road tunnel air was investigated
over four days (three hours each) online using an ATOFMS by Gross et al (2000). Particles
containing mass spectra representing PAHs were dominant (61.4% of the sampled particles in
the LDV bore and 57.4% in the mixed-fleet bore). These PAH-containing particles were observed
at all particle sizes. However, individual PAHs were more specific. In particular, the signal for
156 amu (probably dimethylnaphthalene) was almost absent in the LDV bore. In general, lighter
PAHs were more prevalent in the bore containing HDVs, consistent with the findings of Miguel
et al (1998).
A 2004 study in the Caldecott tunnel in California reported that the principle emitted compounds
from LDVs were benzo(g,h,i)perylene and coronene in the accumulation and ultrafine modes,
plus benzo(a)pyrene in the ultrafine mode (Phuleria et al 2006). For HDVs, the key compounds
were fluoranthene, pyrene, and methyl-substituted PAH in both accumulation and ultrafine modes.
In general, the emission factors from HDVs were much higher than LDVs. The HDV to LDV
emission ratio was typically 10–20 for the heavier PAHs, but 40–80 for the lighter compounds.
Thus, the emission of PAHs in general is sensitively dependent upon the number and emission
quality of HDVs in the tunnel.
We identified four studies that actually report concentrations of PAHs in road tunnels. Some of
the main data are presented in Table 4.5 and Figure 4.18. The difference between the north and
south tubes of the Shing Mun tunnel is likely to be caused in part by the uphill gradient in the
south tube.
TABLE 4.5

a
b

Studies reporting polycyclic aromatic hydrocarbon concentrations in road tunnels

Date of
study

Duration
of study

Tunnel
length
(m)

Measurement
points

Mean
benzo(a)
pyrene
concentration
(ng m–3)

Tunnel

Study

Caldecott Bore 1

Phuleria et al
(2006)

Aug–Sept 2004

24 hours
each

1100

Entrance and
exit

2.95

Caldecott Bore 2b

Phuleria et al
(2006)

Aug–Sept 2004

24 hours
each

1100

Entrance and
exit

1.37

Craeybeckx

De Fré et al (1994)

Mar–Apr 1991

11 days

1600

Unclear

9.6

Domain

Environment
Australia (2002)

Winter 2001

7 × 1 hour,
5 days

1600

Exit

1a

Lundby

Wingfors et al
(2001)

Apr 2000

< 16 hours

1220

Entrance and
exit

0.91

Shing Mun

HKPU (2005)

2003–04

8 months

2600

In second half of
tunnel

2.66 (north)
5.84 (south)

Tseung Kwan O

HKPU (2005)

2003–04

8 months

900

In second half of
tunnel

11.75

Total PAH (ie sum of gas and particle phase)
Caldecott Bore 2 is restricted to LDVs only
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FIGURE 4.18 Concentrations of carcinogenic particle-bound polycyclic aromatic hydrocarbons in five tunnels
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In general, concentrations of carcinogenic pPAHs were of the order 1–10 ng m–3 in most cases.
Figure 4.19, below, highlights the most recent measurements from the Caldecott tunnel and the
(cleaner) northbound Shing Mun tunnel. In general, levels of pPAHs are lower than in the other
studies, with all but one concentration below 5 ng m–3. Without further data it is not possible to
generalise on the causes of the variability.
FIGURE 4.19 Mean concentrations of carcinogenic particle-bound polycyclic aromatic hydrocarbons in three tunnel
studies conducted in 2003–04
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4.5

OTHER POLLUTANTS

4.5.1

SULFUR DIOXIDE

Measurements of SO2 concentrations appear to be very scarce in the literature. The only data
found are summarised in Table 4.6. The short-term WHO guideline for SO2 is 500 µg m–3 over a
10-minute period (WHO 2005).
TABLE 4.6

Sulfur dioxide data from inside road tunnels

Tunnel

Craeybeckx

Shing Mun north

Shing Mun south

Study

De Fré et al (1994)

HKPU (2005)

HKPU (2005)

Year

1991

2002

2002

Minimum SO2 (µg m–3)

49

–

–

Mean SO2 (µg m–3)

122

110

230

Maximum SO2 ((µg m–3)

224

–

–

SO2 = sulfur dioxide

4.5.2

LEAD

We found only one study that reported lead concentrations in road tunnels. Measurements of lead
were made at the entrance and exit of the Tingstad and Lundby tunnels in Gothenburg, Sweden
in 1999 and 2000 respectively (Sternbeck et al 2002). There was a significant difference between
either ends of the tunnel in both cases, as shown in Table 4.7, below. The lead was related to
direct nontailpipe emission of wear products, rather than exhaust fumes or resuspended dust.
TABLE 4.7

Concentrations of lead at either ends of two Swedish tunnels

Tunnel

Entrance (ng m–3)

Exit (ng m–3)

Lundby

59

113

Tingstad

46

104

Source: Sternbeck et al (2002)

4.5.3

BENZENE AND TOLUENE

Two further compounds arising from road vehicle emissions—benzene and toluene—are
mentioned in the WHO air quality guidelines (WHO 2000). Benzene is a major component of
petrol, although its use is strictly regulated because it is a group 1 carcinogen associated with
leukemia. Due to this effect, the WHO guidelines do not specify a concentration of exposure
duration for benzene. However, in June 2001, the National Industrial Chemicals Notification and
Assessment Scheme (NICNAS), Australia’s regulator of toxic chemicals, recommended that the
national exposure standard for benzene be cut by 90% (NICNAS 2001). In the report, the director
of NICNAS, Dr Margaret Hartley, stated:
There is no known safe threshold for the carcinogenic effects of benzene, but
since the risk for leukaemia increases with exposure, it can be reduced by
controlling exposure to the highest practicable standard.
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McLaren et al (1996) decomposed emissions of nonmethane hydrocarbons into direct tailpipe and
evaporative emissions in the Cassiar tunnel near Vancouver. For benzene, 71% of the measured
tunnel concentration was related to combustion emissions, 27% to unburned fuel and 2% to
evaporative losses. Benzene has been measured in a number of tunnels, although only a few
studies actually report concentrations. A summary of those that do is shown in Figure 4.20, sorted
in order by the date of the study. The strong fall in concentrations over time is immediately
apparent.
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FIGURE 4.20 Concentrations of benzene measured in a range of road tunnels (with year of study given)

Tunnel

Source: Barrefors 1997, Duffy and Nelson 1997, HKPU 2005, Indrehus and Aralt 2005, Stemmler et al 2005
The WHO air quality guidelines also mention toluene which, according to the International
Agency for Research on Cancer (IARC), is a group 3 carcinogen, meaning that it is not
classifiable as to its carcinogenicity to humans. Toluene is another component of petrol
fuel. Inhalation of toluene fumes can be intoxicating, but in larger doses it induces nausea
(Barrefors 1997). Chronic or frequent inhalation of toluene over long periods leads to irreversible
brain damage (Barrefors 1997). The WHO sets a guideline of 1000 µg m–3 over an averaging time
of 30 minutes.
Figure 4.21, below, illustrates the measured concentrations of toluene in a range of road
tunnels. As with benzene, a strong decreasing trend can be seen over time, even though
the figure compares different tunnels. This decreasing trend—consistent with the measured
decrease in emission of these and other VOCs from road vehicles in the past two decades—
is illustrated by Figure 4.22 below (from Stemmler et al 2005). In this study, emission factors for
benzene and toluene were measured in the same tunnel (Gubristtunnel in Zurich) in 1993 and
2002. The bold lines represent the modeled emission factor for the intervening years, based on
dynamometer studies.
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FIGURE 4.21 Concentrations of toluene measured in a range of road tunnels (with year of study given)
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FIGURE 4.22 Modelled (lines) and measured (points) emission factors for benzene (lower lines) and toluene (upper lines)
in the Gubristtunnel, Zurich
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Source: Stemmler et al (2005)

4.5.4

FORMALDEHYDE

Two key sources of formaldehyde in the atmosphere that are relevant for nonoccupational
exposure of populations are vehicle emissions and smoking. Vehicle emission factors for
formaldehyde have been calculated from measurements in several tunnels. In general, emission
factors for HDVs have been substantially larger than for LDVs. The main exception is the study of
Schmid et al (2001) in the Tauerntunnel in Austria, where the emission factors for HDVs and LDVs
were nearly equal. Two studies have reported formaldehyde emission factors split between diesel
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and petrol vehicles. Staehelin et al (1998) noted that diesel-powered vehicles in the Gubristtunnel
emitted six times more formaldehyde than petrol vehicles in 1993. In Hong Kong in 2003
(Shing Mun tunnel), Ho et al (2007) found that diesel-powered vehicles emitted 11 times more
formaldehyde than petrol vehicles.
Long-term trends related to emission reduction (and especially restrictions on the aromatic content
of petrol fuel have been highlighted in at least three tunnels. Measurements in the Fort McHenry
(Baltimore) and Tuscacora (Pennsylvania) tunnels in 1992 (Pierson et al 1996, Zielinska et al 1996)
were repeated in the Tuscacora tunnel in 1999 (Grosjean et al 2001). In this study it was found
that emission of formaldehyde from HDVs was four times lower than in 1992, but there was no
reduction in LDV emissions. Formaldehyde emissions were measured in the Caldecott tunnel
(California) from 1994 to 1999, with the exception of 1998. A reduction in the emission from
LDVs of 50% was found over the whole five-year period (Kean et al 2001). In Europe, Schmid et
al (2001) reported a large fall in emission factors (to one-third) between 1988 and 1997, for LDVs
and HDVs.
Reported mean concentrations are summarised in Table 4.8.
TABLE 4.8

Mean concentrations of formaldehyde in road tunnels and in external background locations from the
literature

Study and tunnel

Year

Internal
concentration
(µg m–3)

Background
concentration
(µg m–3)

Zielinska et al (1996), Fort McHenry

1992

32.4 maximum

Not reported

Zielinska et al (1996), Tuscacora

1992

19.6 maximum

Not reported

Johannson et al (1997), Söderleds

1995–96

20–40

Not reported

Schmid et al (2001), Tauerntunnel

1997

41.2

Not reported

Grosjean et al (2001), Tuscacora

1999

4.59

1.72

Environment Australia (2002), Domain

Autumn 2001

14.18

Not reported

Environment Australia (2002), Domain

Winter 2001

15.14

Not reported

Environment Australia (2002), Domain

Spring 2001

13.79

Not reported

Environment Australia (2002), Domain

Summer 2002

15.01

Not reported

Shing Mun S

Summer 2003

56.33

7.18

7.8

Shing Mun N

Summer 2003

53.63

7.18

7.5

Tseung Kwan O

Summer 2003

29.53

7.18

4.1

Shing Mun S

Winter 2003–04

37.07

10.71

3.5

Shing Mun N

Winter 2003–04

32.26

10.71

3

Tseung Kwan O

Winter 2003–04

27.67

10.71

2.6

Ratio

2.7

HKPU (2005):

4.5.5

BIOAEROSOLS

The term ‘bioaerosols’ is here used to denote respirable PM of a cellular origin. It can include
viruses, bacteria, fungi and spores, rusts, dander, pollen, microbial VOCs and fragments of all of
these, as well as fragments of animal and vegetable material. We found no literature concerning
the presence of these species in road tunnel air. It is widely reported that the most important
factor influencing the survival of microorganisms in the air is high RH, with secondary factors
being low temperature, absence of sunlight, and the presence of oxides of nitrogen and sulfur
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(Lighthart and Shaffer 1997, Donnison et al 2004). Although the presence of such oxides and
absence of sunlight is clearly relevant for road tunnels, we found no conclusive evidence of
high RH in tunnels, and noted that temperatures are often raised within tunnels compared to
outside them.
Awad (2002) has compared the presence of viable and nonviable bacteria and fungi between an
underground and a surface metro station in Cairo. The concentrations of airborne total viable
bacteria, staphylococci and suspended dust were higher in the air of the tunnel station than at
the surface station. In contrast, spore-forming bacteria, Candida spp, fungi and actinomycetes
were found at slightly higher levels in the surface station than in the tunnel station. A statistically
significant difference (P < 0.01) was found between the levels of suspended dust at both stations.
Cladosporium, Penicillium and Aspergillus species were the dominant fungi isolates. Fusarium,
Aspergillus and Penicillium are the most common fungi that produce toxins. Tuhackova et al
(2001) sampled PAHs, bacteria and fungi in the soil verging on a major highway and found a
high abundance of bacteria (8.33 × background) and fungi (3.17 × background) close to the
highway. It was suggested that this might be a consequence of hydrocarbon deposition from
the traffic serving as a significant energetic input into the soil. The elevated concentrations of
hydrocarbon substrates, as indicated by PAHs, increased both the absolute and relative numbers
of the microbial degraders of diesel fuel, biphenyl, naphthalene and pyrene. We did not find any
other relevant literature on this topic, but note that bioaerosols have received much less attention
in atmospheric research in general compared to aerosols as a whole, and far less is known about
these particles than about directly traffic-related particles.

4.6

IN-VEHICLE EXPOSURE OF TUNNEL USERS

4.6.1

PENETRATION OF GASEOUS POLLUTANTS INTO A VEHICLE DURING A
TUNNEL TRANSIT

The air-exchange rate (AER) for a road vehicle is highly variable between vehicles and, in general,
is higher (see Park et al 1998) if (in rough order of importance):
UÊ

the windows are open (AER can be 10–20 times higher for stationary vehicles than if closed)

UÊ

speed is higher (one study notes an increase in AER from 2 h–1 if stationary to 92 h–1 at 100 km
h–1 with windows closed and fan off)

UÊ

the heating-ventilation-air-conditioning fan is on (as a rough estimate this doubles the AER)

UÊ

the vehicle is older.

In one study in which windows were open, the minimum AER was 13.3 h–1 when stationary, and
92 h–1 at 100 km h–1. At these rates, gas concentrations inside a vehicle respond to changes outside
in under a minute, and internal and external concentrations will effectively be the same. This
is supported by observations from studies in the M5 East tunnel (SESPHU 2003). Similar studies
performed on nonairconditioned buses in the Cross Harbour and Lion Rock tunnels in Hong Kong
(Mui and Shek 2005) found that this in-cabin concentration could be reduced by up to ~20% with
respect to the external concentration in a vehicle with a large internal volume, such as a bus, due
to the timelag inherent in penetrated air becoming mixed throughout the cabin. This is consistent
with measurements of benzene on buses on city streets in Sydney (Duffy and Nelson 1997).
If the windows are closed, then penetration into the cabin is slowed, introducing a timelag in the
response of interior CO concentrations to exterior changes. As a hypothetical example, we may
assign an AER of 22 h–1 to a vehicle travelling at 72 km h–1. If there is a step change in external
concentration, the vehicle will have travelled more than 7 km before the internal concentration
has responded by 90% in the absence of other factors. In practice, this means that in most cases
a vehicle with closed windows will have exited the tunnel well before the internal concentrations
have fully responded to the external rise.

Review of in-tunnel air quality | 57

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

Surveys have shown mean interior CO for a whole tunnel transect is typically 25–50% of the mean
exterior (in-tunnel) concentration (Chan et al 2002). We should expect this figure to depend upon
the ‘leakiness’ of the vehicle and the ventilation settings, and thus to vary randomly for different
tunnel users. In longer tunnels, the extra time spent in the tunnel allows more CO to penetrate
and should increase this percentage. In congested conditions, the increased time in the tunnel
may be partly offset by the reduced speed-dependent penetration.
Transect studies in the Söderledstunnel (SEHA 1995) included measurements of CO, NO2 and
NOx inside a vehicle with three different ventilation settings (windows open, closed with vents
open and closed with recirculation). The results, reproduced in Figure 4.23, show that when the
windows are closed, changes in internal concentration are slower, with concentrations initially
less than half those found with the open window. However, the relative reduction decreases with
progress along the tunnel. When the vehicle exits the tunnel, external concentrations drop rapidly,
but air from the tunnel is trapped within the vehicle, and concentrations in the vehicle cabin are
now higher than outside.
FIGURE 4.23 Transects of the Söderledstunnel, Stockholm (length 1500 m) in a vehicle with windows open (full line);
windows closed, vents open (dashed line); and windows closed, vents closed, air recirculating (dotted line)
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The effect of traffic-sourced pollutants on drivers and passengers is not restricted to the time
spent in tunnels alone, but also to the entire journey. On approaching a tunnel, vehicle occupants
will already be inhaling concentrations of air pollutants significantly higher than in the ambient
background air. On leaving the tunnel, there is a sudden fall in the outside concentration, but
concentrations in the vehicle cabin will respond only slowly. The vehicle will carry the vitiated air
it has collected in the tunnel away with it. In the case of a typical windows-closed AER of 20 h–1
at 80 km h–1, the vehicle may have travelled several kilometres before in-cabin concentrations
return to their original values, so that a tunnel transect lasting one to two minutes may lead to
raised concentrations in the cabin of tens of minutes. The exact values will vary hugely between
vehicles and between journeys because it depends on the AER for each vehicle and its ventilation
options, the emissions and concentrations within the tunnel, random variations in these, and
chance factors, such as driving behind a gross-emitting HDV.
The effect is illustrated in the Hong Kong study of Mui and Shek (2005). They reported CO
concentrations in a bus with open windows and an airconditioned bus with windows closed. In
the open bus, median CO concentrations were 2.1 ppm before the tunnel, 4.6 ppm in the tunnel
and 2.7 ppm after the tunnel (ie higher than before the tunnel). In the airconditioned bus, with
a lower AER, the pre-tunnel, in-tunnel and post-tunnel concentrations were 2.6, 2.9 and 3.4 ppm
respectively, indicating a slower response to external changes. A similar pattern was found for
respirable particles.
These considerations are especially important in the case where road users are likely to encounter
multiple tunnels on their journey. The WHO CO guidelines are set so as to maintain blood COHb
levels below 2.5%. COHb is purged from the body at a rate typically measured in hours. Thus, on
routes with multiple tunnels, CO exposure should be considered on the basis of the cumulative
exposure through the tunnel network. This may be true for other pollutants also. It takes several
minutes for a vehicle with sealed windows to be purged of air it collects in a tunnel and, if a
second tunnel is entered before the air from the first has been exchanged, vehicle occupants
effectively inhale pollutants from both tunnels simultaneously. Exposure to tunnel air is thus
extended in time far beyond the actual time spent in the individual tunnels. There have been
several documented cases, though none have been substantiated, of people fainting or feeling
ill in the M5 East tunnel. Examples of networks with multiple tunnels include the Sydney orbital
motorway (a 28 km section includes eight tunnels totalling 13 km, including the M5 East, Eastern
Distributor, Sydney Harbour and Lane Cove tunnels), the Valerenga, Svartdals, Ekeberg and Oslo
tunnels in Oslo, and the future North–South Bypass and Airport Link tunnels in Brisbane.

4.6.2

EXPOSURE TIMES

One effect of varying vehicle AERs is the resulting variation in exposure times. This can be
illustrated with a hypothetical example in which vehicles with a range of AERs drive through
a tunnel at a steady speed for three minutes, and the external concentration of a pollutant
increases linearly with depth. Assuming a nontunnel concentration of one unit, the predicted
external and internal concentrations within the tunnel and for the following 27 minutes are
shown in Figure 4.24. It is clear that in the windows-open case, the exposure to tunnel air is
slightly reduced in magnitude compared to the external concentration, but it is extended in
time, so that tunnel air remains in the vehicle cabin for up to three minutes after leaving the
tunnel. In the well-sealed case, the magnitude is greatly reduced, but the exposure duration is
extended in time. Significantly, the exposure time is extended towards those periods for which
WHO guidelines exist for CO (15 and 30 minutes), and towards the exposure times employed in
some experimental studies of controlled exposure to NO2 (see Chapter 6). In this hypothetical
example, most of the exposure to tunnel air in the well-sealed car actually occurs after the car has
left the tunnel, and the mean concentration for the first 15 minutes is larger than that during the
three minutes within the tunnel. In fact, the average in-vehicle concentration for the first 3, 15 and
30 minutes is little different for the well-sealed case (see Figure 4.25).
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FIGURE 4.24 External and internal concentrations for two air exchange rates (10 representing well-sealed,
80 representing windows open) for a hypothetical tunnel transit
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FIGURE 4.25 In-vehicle average concentrations for three averaging times, based on the hypothetical tunnel transit in
Figure 4.24
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EXPOSURE TO PARTICULATE POLLUTANTS IN ROAD TUNNELS

Unlike gases, there is a probability that particles passing from the exterior to the interior of a road
vehicle will become impacted on a surface, especially when the airflow involves rapid changes
of direction through small openings. Only limited experimental data exists, but one study (Ptak
and Fallon 1994) found that when the windows in a car are closed, so that external air can
only penetrate via the heating-ventilation-air-conditioning system and through leaks, 2–15% of
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submicron particles and 40–70% of supermicron particles do not penetrate into the vehicle cabin.
The removal of supermicron particles has been observed to reach 90% when an air filter was used
(Ptak and Fallon 1994).
In the bus-based studies of the Cross Harbour and Lion Rock tunnels (Mui and Shek 2005) indoor
to outdoor ratios for PM10 were reported of 1.17 on the lower deck and 0.93 on the upper deck
of buses without airconditioning. The higher indoor PM10 concentrations were not observed in
airconditioned buses, although no indoor to outdoor ratios were available for this part of the
study. The authors suggested that this was related to particulates on surfaces in the bus, acquired
before the bus entered the tunnel, being resuspended due to the elevated turbulence in the bus as
it passed through the tunnels. In this way, the vehicle brings an internal source of coarse particles
into the tunnel.
In the M5 East study (SESPHU 2003) external concentrations were not reported, but are indicated
by those transects in which the windows were down. PM2.5 was measured; althoug less influenced
by the resuspension of coarse particles, it will still play a role. In this case, the ratios between
windows closed to windows open were 0.16 with airconditioning off and 0.13 with it on. This
represents a substantial reduction that will be due to the reduction in penetration of externally
sourced particles, plus a reduction in the resuspension of particles settled on the internal surfaces.
We can make a rough estimation of how much is due to the reduction in penetration alone, by
considering the benzene and toluene ratios for the same study, summarised in Table 4.9. These
show a consistent ratio of 0.5, rising to 0.6 if airconditioning is active.
TABLE 4.9

Ratios of in-cabin concentrations in the M5 East tunnel of windows closed to windows open

Airconditioning on

Airconditioning off

Benzene

0.55

0.47

PM2.5

0.13

0.16

Toluene

0.62

0.50

Xylene

0.59

0.50

PM2.5 = particles of less than 2.5µm

Source: SESPHU (2003)

4.6.4

RELATING IN-TUNNEL CONCENTRATIONS TO TUNNEL USER EXPOSURE

In real tunnels, there is additional variability in pollutant concentrations due to the random
variation between journeys. Many studies on surface roads have shown that the greatest
determinant of in-vehicle concentrations is the emissions from the vehicle in front. Air generally
enters a vehicle low at the front, at a similar height to the exhausts of most vehicles. Moving
vehicles also possess ‘wake zones’ in which exhaust pollutants are trapped, and larger vehicles
(such as trucks) have larger wakes. Concentrations are likely to be much higher if following
a gross emitter through a tunnel. However, the effect of pollutant penetration needs to be
considered. Reduced air exchange will act to smooth out brief peaks in external concentrations.
This means that tunnel users who close their vehicle windows will not be directly exposed to
brief or highly localised peaks, as might be detected through fixed monitors or external studies
(as long as vehicle speed is maintained).
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The study by Holmes Air Sciences (2005), based on the M5 East tunnel, assessed to what degree
fixed-point in-tunnel NO monitoring data represent the varying concentration field through which
vehicles in the tunnel move. In this study, in-vehicle concentrations were not measured and
cannot be directly included in the analysis. Values from a fixed-point monitor, at a location where
NO and NO2 concentrations are generally the highest, exceeded the average measured over whole
concurrent vehicle transits for 98% of the time. The average fixed-point NO2 was larger than the
transit peak 30-second average for 75% of the time. From these observations, it was concluded
that such a fixed-point measurement provided a reasonable indication of the upper levels of
in-tunnel NO2.

4.7

CONGESTION IN ROAD TUNNELS

The issue of the effect of chronic congestion in road tunnels was raised in Belgium in 1989,
when the Institute of Hygiene and Epidemiology made measurements in the Leopold II tunnel
in Brussels. It was found that drivers could regularly spend 20 minutes or more stuck in the
2 km long tunnel (De Fré et al 1994). Chronic congestion has been reported in the following
other tunnels:
UÊ

Söderledstunnel, Stockholm

UÊ

M5 East tunnel, Sydney

UÊ

Landy tunnel, Paris

UÊ

Croix Rousse tunnel, Lyon

UÊ

Gubristtunnel, Zurich.

4.7.1

EFFECT OF CONGESTION ON EMISSIONS

Pollutant emission is increased in congested conditions due to repeated bursts of acceleration and
deceleration. Also, pollutant emission is generally increased at lower speeds. Dynamometer-based
studies indicate that, averaged over a typical modern vehicle fleet, emission per kilometre of NOx
rises only slightly below 40 km h–1. Emission of CO and PM rises by perhaps a quarter to a third
as speeds fall from 80 km h–1 to 40 km h–1. At 20 km h–1, PM and CO emissions rise to more than
double the value at 80 km h–1 (figures based on UK National Atmospheric Emissions Inventory
2004 UK fleet). The response of NOx emissions to reduced speeds varies between vehicles.
However, HDVs are disproportionately high contributors to total NOx emission from a fleet, and
emissions of NOx from HDVs rise significantly on reducing from 40 km h–1 to 20 km h–1. For modern
(Euro I and beyond) cars the situation is more complex, but in general, NOx emissions decrease
with decreased speed for older (pre-Euro I) cars below 40 km h–1. Emission of resuspended
road dust is strongly speed dependent and will be dramatically reduced in congested conditions,
effectively falling to zero in stationary traffic.
Dynamometer-based studies often give results that deviate from what is actually emitted in realworld driving. The main alternative to such studies is to calculate emission factors of a real fleet
from in-tunnel measurements. These seldom provide a range of speeds, so the effect of vehicle
speed cannot be investigated. However, the persistent morning congestion in the Söderledstunnel
in Stockholm provides just such an opportunity. Kristensson et al (2004) reported that CO
emission per kilometre increased steadily as speed reduced, but to a greater extent than described
above. As speed halved from 80 to 40 km h–1, CO emission was approximately doubled. The
relationship with speed for NOx was more complex, with emissions per kilometre from HDVs
(and their contribution to total emissions) peaking at 50–55 km h–1.
Details of the effects of speed on emissions of particle numbers are scarcer and this remains
an area of ongoing research. However, Gidhagen et al (2003) proposed that mass and distance
emission factors were reduced at lower speeds, to explain the observed falls in number
concentrations of particles smaller than 29 nm during the consistent morning congestion in the
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Söderledstunnel in Stockholm. This lower apparent emission may be related to the preferential
condensation of exhaust vapours onto the higher levels of pre-existing aerosol (as opposed to
nucleation) in the congested conditions.
Data on NO and NO2 from 160 transects of the M5 East tunnel (Holmes Air Sciences 2005) were
discussed in Section 4.3.5 above. The highest NO2 concentration observed lasted for over a
minute, peaking at above 0.8 ppm. This was towards the end of a westbound transit (31 March
2004) at around 1617. Congestion was indicated by the long transit time in this case (in the
10–15 minutes band) and corresponded to a peak in NO (~12 ppm). The values here indicate
a NO2:NOx ratio slightly raised above the typical daytime value for this tunnel of 5–6%. This
may be attributed to NO2 being produced via a reaction between NO and oxygen, but there is
insufficient evidence to support this. As the NO2:NOx ratio deep inside the tunnel is expected
to be an indicator of the NO2 to NOx emission ratio, then temporary or localised changes in this
concentration ratio may reflect changes in the emission ratio. Such a change is likely to be a result
of changes in traffic speed. For example, Carslaw (2005) notes reported increases in the NO2:
NOx emission ratio in buses without particulate filters when operating at low load. Thus, by this
mechanism, NO2 concentrations may increase beyond predicted values by assuming a constant
NO2:NOx ratio in congested conditions.

4.7.2

EFFECT OF CONGESTION ON DISPERSION PROCESSES

In unidirectional tunnels, ventilation is assisted, or often provided entirely, by the piston effect
of the moving vehicles. In congested conditions, reduction in vehicle speeds reduces this effect.
The high density of vehicles also provides greater aerodynamic resistance, further reducing
ventilation at a time when emissions are increasing. Thus, in the absence of increased ventilation,
concentrations rise to higher than predicted levels, purely from the increase in emissions. This is
likely to be particularly significant in the M5 tunnel where congested conditions in the west end of
the westbound tunnel give rise to significant elevations in PM10 levels (sometimes to over 2000 µg
m–3) for short periods. The problem is the outcome of the combination of relatively high numbers
of trucks in the afternoon traffic (about 200 ‘long vehicles’ per hour making up 8% of total traffic at
average speeds less than 40 km h–1) and the small cross-section of the tunnel (44 m2), which means
that two typical vans take up between 40 and 50% of the tunnel. The maximum ventilation volume
of this segment of the tunnel, without portal emissions occurring, is 375 m3 sec–1. The New South
Wales Road Traffic Authority (RTA), in its recent planning application, intended to improve in-tunnel
conditions and identified filtration as the most appropriate means of dealing with this problem.
De Fré et al (1994) noted markedly increased emissions of CO, NO2 and hydrocarbons during
the frequent periods of congestion in the Craeybeckx tunnel in Antwerp. During an incident on
22 April 1991, a reduction in traffic speed in the tunnel coincided with a strong external wind in
the opposite direction to the traffic, such that the wind speed in the tunnel dropped to 1 m s–1,
reducing dispersion and leading to abnormally high peaks in in-tunnel pollutant concentrations.
Some of the intensive studies in the Söderledstunnel in Stockholm have identified regular daily
congestion in the morning in the city-bound tube (Johansson et al 1996, 1997), with average
vehicle speeds falling from 75 to 80 km h–1 to around 50 km h–1 (Gidhagen et al 2003). This has
coincided with a consistent reduction in wind speed in the tunnel (falling to approximately half
the mean daytime speed).

4.7.3

EFFECTS OF CONGESTION ON AVERAGE CONCENTRATIONS

The M5 East tunnel is an ideal location to study the effects of congestion on concentrations
because it is known to be prone to chronic and sporadic congestion, resulting in a wide range
of traffic speeds and transit times. For a 4 km tunnel with a speed limit of 90 km h–1, a transit
time of 2.7 minutes could be expected. During the 32 mobile transits conducted in 2002 (SESPHU
2003) mean journey times of just under 5 minutes were noted on the eastbound tube, and
10 minutes on the westbound, corresponding to average speeds of approximately 50 and 24 km
h–1 respectively. Over the 160 transits conducted in 2004 (Holmes Air Sciences 2005), the mean
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journey time was 5.2 minutes. Midday journeys took an average of 3.2 minutes (westbound)
and 3.9 minutes (eastbound), with only three trips taking longer than 5 minutes. In the morning,
the effects of congestion were more apparent, with average transit times of 4.3 (eastbound) and
5.1 (westbound) minutes. The latter included one 22 minute trip. In the afternoon, eastbound
trips (towards Sydney) took an average of 3.5 minutes, with only one taking longer than 5, but
westbound trips (away from central Sydney) took an average of 11 minutes (corresponding to
an average speed of 22 km h–1), with all trips lasting longer than 5 minutes.
The M5 East tunnel study of 2004 (Holmes Air Sciences 2005) found no clear relationship
between transit time, average NO2 concentration and NO2 measured external to a vehicle for
all journeys. However, concentrations during westbound transits were generally higher in the
afternoon, especially at the peak points (exhaust and towards the exit), when journey times
were significantly longer. The degree to which this was due to higher direct NO2 emissions,
reaction of NO with oxygen or increased O3 availability due to increased ventilation rates
triggered by high CO or turbidity is unclear, especially as airflow data were not reported. An
increased NO2:NOx ratio suggests all three mechanisms could be possible. Increased airflow
would suggest increased O3 availability, whereas decreased flow would imply reaction of NO
with oxygen. Without further data we can only speculate as to what might happen in more
severe congestion or blockages.

4.7.4

CONGESTION—SUMMARY OF IMPACTS

The impact of congested conditions on exposed persons in vehicles depends on three elements:
UÊ

increased concentrations

UÊ

increased exposure duration

UÊ

reduced penetration rate of external pollutants into the vehicle cabin (which is speed dependent).

General conclusions cannot confidently be drawn beyond this because every congestion event in
every tunnel is different. We found no studies that explicitly study congestion in tunnels, except
for the Söderledstunnel emission factor study cited above. The range of typical delays in tunnels,
and resulting pollutant concentrations, is unknown.

4.8

LONG-TERM EMISSION REDUCTIONS

In the long term, emission factors have been reducing for CO, NO (and hence NOx), the fine
fraction of PM (and hence PM10) and a range of other traffic-related pollutants. Implementation of
more rigorous standards for fuel sulfur and aromatic content has also brought about step-change
improvements. Consequently, we should expect to see reductions in tunnel concentrations over
the long term unless these reductions have been offset by an increase in traffic flow, congestion
or a reduction in ventilation.
The implementation and observed success of emission reduction programs (related to
improvements in both vehicle and fuel technology) means that data only a few years old are
already potentially out of date. The penetration of new technologies is uneven across the globe,
and data from one city cannot be applied to another without considering these issues.
Long-term reductions in measured emission factors have been reported where measurements
have been repeated in the same tunnel some years apart. Schmid et al (2001) reported major
reductions of emission factors measured in the Tauerntunnel in Austria between 1988 and 1997
(see Figure 4.26), including an 85–87% fall in CO emissions per kilometre. Stemmler et al (2005)
reported falls in benzene and toluene emission per kilometre in the Gubristtunnel (Zurich)
between 1993 and 2002, of 80% and 76% respectively.
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FIGURE 4.26 Changes in road tunnel emission factors between 1988 and 1997 in the Tauerntunnel, Austria
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Data covering multiple years are rare. However, CO, NOx and NO2 concentration data were
collected for about two months every spring in every year between 1991 and 1996 in the 900 m
long Klaratunnel in central Stockholm (Westerlund and Johansson 1997). Over the six years, traffic
increased by 10%, but NOx concentrations reduced by 10% in the southbound tube and by 14%
in the northbound. Reductions in CO over the same period were larger, 31% and 37% in the two
tubes, although most of the fall occurred in the first two years, with a reduction of only 5–7%
from 1993–96. NO2 concentrations were largely unchanged up to 1994, and then rose by 34–42%
from 1994 to 1996. This is consistent with expectations due to the nonlinear link between NOx
cuts and NO2 concentrations, and the rising proportion of NOx emitted directly as NO2 from
newer vehicles.
Similar trends of emission and concentration reduction are apparent for particles. Measurements
of PM were made at the Caldecott tunnel in California in the summer in 1997 (Kirchtetter et al
1999) and again at a similar time of day and year in 2004 (Geller et al 2005). The effect of vehicle
emission reductions in that intervening seven years was clear and significant. PM2.5 emission rates
per kilogram of fuel burned fell by 37% for LDVs and 60% for HDVs. Amongst the components
of PM, the largest fall was in EC from HDVs. The resulting fall in concentrations can be seen in
Table 4.10.
TABLE 4.10

Changes in the mean concentrations of carbon monoxide and particulate matter in the Caldecott tunnel
over seven years

1997

2004

Mean CO, Bore 1 (mixed fleet)

18.7 ppm

9 ppm

Mean CO, Bore 2 (LDV only)

27.6 ppm

10 ppm

Mean PM, Bore 1

PM2.5 = 132.5 µg m–3

PM10a = 37 µg m–3

Mean PM, Bore 2

PM2.5 = 53.7 µg m–3

PM10b = 16 µg m–3

CO = carbon monoxide; LDV = light-duty vehicle; PM = particulate matter; PM2.5 = particles of less than 2.5 µm;
PM10 = particles of less than 10 µm; ppm = parts per million
a
b

PM2.5 was nearly 95% of PM10 in Bore 1
PM2.5 was over 90% of PM10 in Bore 2
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4.9

GENERAL ASSESSMENT OF IN-TUNNEL AIR QUALITY CLIMATES

From a consideration of the data reviewed above, we propose notional ‘typical’ and ‘high’ in-tunnel
air quality climate scenarios. These scenarios are used solely as illustrative exemplars to inform the
assessment of health effects in Chapter 6. They are in no way intended to be objectively defined
classifications. The descriptions of the physical parameters describing each scenario are summarised
in Table 4.11. These scenarios describe urban tunnels with high traffic flow. The tunnel length, speed
limit and traffic flow defined in the ‘normal’ scenario are all fairly typical for urban road tunnels.
TABLE 4.11

In-tunnel air quality scenarios—physical parameters

Normal

High

Time

Daytime, off-peak

Daytime, peak

Flow

Uncongested

Saturated (speed reduced without significantly changing flow rate)

Tunnel length

2000 m

4000 m

Traffic speed

80 km h–1

40 km h–1

Transit time

1.5 minutes

6 minutes

Daily traffic flow

50 000

100 000

4.9.1

CARBON MONOXIDE

All of the data discussed above suggest that exposure to CO in road tunnels is normally far below
WHO guidelines. CO exposure remains a major issue only in the case of tunnel traffic congestion,
blockage and poor or incorrect performance of the ventilation system.
For the ‘normal’ scenario, we believe an indicative mean CO concentration of 5 ppm is appropriate.
This is based on the range of mean concentrations presented in Figure 4.4, above. We consider that
the concentrations reported from the Söderledstunnel represent 1990s emission factors in a tunnel that
experiences chronic congestion, and therefore would be an overestimate for the ‘normal’ scenario.
The same is true for the Klaratunnel. We have discussed our concerns about the validity of the
absolute concentrations from the Hong Kong studies above. Despite the relatively low concentrations
reported in the Cross City tunnel, we propose a value of 5 ppm to retain a conservative margin.
For the ‘high’ scenario, we consider a doubling due to the increase in traffic and a doubling
due to the increase in tunnel length (see Section 4.1). In considering peak traffic instead of
off-peak, we further increase the CO concentration by 50%. Finally, we increase CO by another
30% due to the decrease in traffic speed. Hence, we arrive at an indicative CO concentration of
5 × 2 × 2 × 1.5 × 1.3, which is equivalent to 40 ppm.
This figure applies to all the peak-time users of the hypothetical tunnel. Random variation means
that some will experience higher values. The review shows that a small number could be exposed
to the ‘maximum’ scenario—that is, double the average, or 80 ppm. This presumes that increased
ventilation will not be triggered by such a high concentration.
These hypothetical values may be considered as upper bounds. The ‘high’ concentration
of 40 ppm is approximately double the average measured in the M5 East tunnel, which has
characteristics similar to those described in the scenario and during relatively congested conditions
(transit times from 3.6 to 18.1 minutes) at a time when daily traffic was of the order of 82 000.
For each of these values, we may assume that the majority of tunnel users will have vehicle
windows closed. In this case, we may assume that concentrations inside the vehicle will be
reduced to three-eighths of those outside the cabin (see Section 4.6)—that is 2 ppm and 15 ppm
for ‘normal’ and ‘high’ scenarios respectively. For the ‘maximum’ scenario, we assume the
windows are open and so no reduction is applied.
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4.9.2

NITROGEN DIOXIDE

The nonlinearities involved in NOx chemistry in road tunnels make the definition of typical
scenarios, and the delineation of the effects of single variables, difficult. However, we propose,
based upon the above review, that a value of 100 ppb represents a reasonable value for the
‘normal’ scenario. The doubling of both traffic and tunnel length associated with the ‘high’
scenario does not lead directly to a four-fold increase in NO2 because of the nonlinearities. We
propose a value of 200 ppb. The data show clearly that the ratio of maximum to mean NO2 is
approximately two, and so the ‘maximum’ scenario is double the ‘high’—that is, 400 ppb.
As noted in Section 4.3, concentrations of the order of 400 ppb were observed several times at
some point during transits of the M5 East tunnel in conditions similar to those described in the
‘high’ scenario. However, trip averages were typically 100–300 ppb in congested conditions. Thus,
this scenario cannot be seen as an upper bound, merely indicative of such tunnels. For the invehicle values (other than ‘maximum’), we apply the same 3:8 indoor to outdoor ratio as used
for CO in the absence of any weight of contrary data. It should be noted, however, that a special
‘worst-case’ scenario exists for NO2 in which severe congestion and/or very poor ventilation
leads to an increased NO2 production from the oxygenation of NO. In this case, NO2 levels can
plausibly reach 1 ppm and beyond, while exposure times lengthen.

4.9.3

PARTICULATE MATTER

The ‘normal’ scenario is based upon the middle of the range of values identified in the literature.
PM10 values are based upon the observation that PM2.5 can contribute approximately 90% of PM10
in road tunnels. PM concentrations are sensitively dependent upon the contribution of HDVs, and
so for the ‘high’ scenario we have applied a doubling of concentration with respect to the ‘normal’,
because this gives a value that fits the observed data summarised in Figure 4.5. The ‘maximum’
follows the pattern of CO and NO2 in being double the ‘high’ value. For in-vehicle PM2.5 values,
we reduce the internal concentration by 20%, due to reduced penetration and resuspension. In
the ‘maximum’ case there is no reduction. For PM10 we increase the concentration by 20% for the
maximum case to account for extra resuspension of internal coarse particles.

4.9.4

SCENARIO SUMMARY

TABLE 4.12

‘Normal’, ‘high’ and ‘maximum’ in-tunnel air quality scenarios for urban road tunnels

Normal

High

Maximuma

CO

5 ppm

40 ppm

80 ppm

NO2

100 ppb

PM2.5

150 µg m

PM10

Indicative external concentrations

200 ppb
300 µg m

400 ppb
–3

600 µg m–3

167 µg m–3

333 µg m–3

667 µg m–3

CO

2 ppm

15 ppm

80 ppm

NO2

37 ppb

75 ppb

400 ppb

PM2.5

30 µg m–3

60 µg m–3

600 µg m–3

PM10

33 µg m–3

67 µg m–3

800 µg m–3

–3

Indicative in-vehicle concentrations

CO = carbon monoxide; NO2 = nitrogen dioxide; PM2.5 = particles of less than 2.5 µm; PM10 = particles of less than 10 µm;
ppb = parts per billion; ppm = parts per million
a

The levels of the respective PM10 and PM2.5 in the M5 East tunnel are at levels exceeding the ‘high’ and ‘maximum’ here
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5

AIR QUALITY NEAR ROAD TUNNELS

This chapter looks at various issues surrounding air quality near rather than in road tunnels. It first
considers the principles and processes determining air quality near tunnels and then discusses
how polluted air is released into the environment, particularly through portals. The chapter then
considers the main challenges in assessing air quality near tunnels, reviews studies in specific
urban districts and discusses a particular pollutant; that is, PM. Finally, the impacts on indoor air
quality for those living or working near road tunnels are discussed.

5.1

PRINCIPLES AND PROCESSES DETERMINING AIR QUALITY
NEAR TUNNELS

When considering the effect of road tunnels on the air quality outside the tunnel, it is helpful to
think in terms of the following three zones:
UÊ

Portal vicinity—within 100–200 m of the tunnel portals. Concentrations at the exit portals can
approach the maximum values found within the tunnels. Within the first few metres, however,
they fall rapidly. Monitoring data have shown that within 100 m they have fallen almost to
background levels. The affected population is thus small. An indicative value for a population
density of 3000 km–2 would be around 100, and the density is likely to be lower near a major
road tunnel portal. In many cases, the resident population will be zero.

UÊ

Local area—within up to ~1 km of tunnel portals and/or ventilation stacks. The potentially
affected resident population could be 1000s or 10 000s. However, the increase in
concentrations (beyond the portal vicinity zone mentioned above) will generally be either
small, zero or negative.

UÊ

Wider area—the area affected by the redistribution of traffic flow associated with the opening
of a road tunnel.

5.2

RELEASE OF POLLUTED AIR INTO THE ENVIRONMENT

Tunnel openings are a key focus of any tunnel air-quality assessment. It is at the portals and
stacks that the pollutants, which have been released inside the tunnel and have accumulated
rather than been dispersed as in the case of open roads, are finally released into the ambient
environment at high concentrations. From the point of view of the local neighbourhood, it is
at the tunnel openings that the air-quality impact of the tunnel is most keenly felt. This is the
zone within which the road tunnel will inevitably worsen local air quality in comparison to an
equivalent road without a tunnel.
Air-quality assessment of the impact of the openings tends to occur in the tunnel planning
process, and is often required for planning approval. In this case, the assessment is necessarily
a modelling exercise. In a few cases, monitoring has taken place after tunnel opening to check
the effect of the tunnel on ambient air quality near the openings, to check the validity of the
modelling results, and to further inform model development.
A simpler tunnel ventilation system involves the venting of contaminated air at the exit portals.
If it is considered that the impact on the local environment is too high, the tunnel air can be
vented elsewhere, at a ventilation station and possibly via a tall stack. In some cases, this stack
is some distance from the tunnel so that tunnel air may be vented into the atmosphere in a
nonresidential location. Variable control of the ventilation system can change the distribution of air
vented through the portals and through alternative openings. One of the great advantages of road
tunnels is the opportunity to deliberately site portals (or stacks) away from sensitive receptors so
that road transport emissions may be removed from dense residential areas, improving local air
quality. Examples of this are provided below.
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Pollutant concentrations are not necessarily worse in the vicinity of tunnel portals than they were
before the tunnel was opened. This may be the case if the pretunnel site of the portals was a
major road junction with congestion and queuing traffic. This illustrates how each tunnel must be
assessed on its own merits, and environmental assessments should consider the induced changes
on traffic flow in general as well as emissions from within the tunnel.
These features are illustrated for the M5 East tunnel (Sydney) in Figure 5.1. On the left are
modelled contours of NOx concentrations and on the right NOx exposure zones are allocated as a
result of the modelling. There are three focal points. Highest concentrations are apparent on the
left and right, relating to the tunnel portals. In the centre a ‘saddle’ point is apparent with a small
area of low concentration surrounded by lobes of higher concentration. This is the exhaust stack.
The shape of the ‘high’ exposure zone describes the interaction of prevailing meteorology with
the emitted NOx plumes from these three sources.
FIGURE 5.1
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Source: Investigation into the possible health impacts of the M5 East motorway stack on the Turella community –
reanalysis report by NSW Health, November 2006 (see Chapter 6)

5.3

TUNNEL PORTALS

5.3.1

PORTALS—MODELLING AND MONITORING

The suite of dispersion models used for calculating impacts of roads is generally unsuitable for
tunnel portals. Such models are not designed to model dispersion involving the special features of
portals such as sunken roadways, vertical walls, local topography, vehicle-induced turbulence and
especially the turbulent effects of a jet of contaminated air exiting the tunnel and mixing with the
ambient wind, which will generally be travelling in a different direction and at a different speed.
Complex numerical models that solve the equations of fluid motion have been developed as
research tools, but are too complex and time consuming to be run by nonspecialists for regulatory
purposes. Environmental impact modelling is often undertaken using Gaussian plume models,
such as Caline or CalPuff, although such models often make unrealistic predictions close to tunnel
portals. This is generally because they do not model the jet effect of the air exiting the tunnel portal.
Caline is unsuitable if the influence of nonflat topography is to be investigated. CalPuff includes the
effect of topography but tends to overpredict concentrations within 100 m of the source.
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A few simpler models have been developed specifically for tunnel portals. These models are
generally based on, and validated against, monitored data from real tunnel portals, including
tracer-release experiments. One of the more successful is the GRAL model developed at the Graz
University of Technology (Oettl et al 2002). Development of this model revealed very strong
gradients in concentration (two orders of magnitude over 10 m) that the model would only be
able to begin to resolve with a detailed representation of the entrainment of air in individual
vehicle wakes. Inevitably it makes this, and any other model, sensitively dependent upon the
turbulence submodel or parameterisation, and upon finely detailed input data.
In a 2005 paper, Oettl et al reported that GRAL had been tested for five tunnels. Results were
reasonable, but the model was dependent upon two empirical parameters that had to be set
independently for each tunnel. The general experience of attempts to model tunnel portal
emissions is that it is a complex physical phenomenon; dispersion varies significantly between
tunnels and due to variations in ambient meteorology making it difficult to make general
statements. However, one consistent result is that the extent of the zone around the portal within
which ambient air pollutant concentrations are significantly raised by the portal is of the order
of 100–200 m. The shape of this zone is dependent on wind direction, and in the long term the
average will typically extend further in the direction corresponding to downwind in terms of
locally prevailing winds. In the presence of dense or tall buildings local recirculation effects may
distort the shape of this zone in ways that are hard to predict.

5.3.2

REVIEW OF MONITORING STUDIES IN THE VICINITY OF TUNNEL PORTALS

Oslo, Paris
A study of the urban road tunnels in Oslo in 2001 combined measurement of PM10 and NOx (and
hence emissions) at exit portals with modelling of dispersion from those portals (Tønnesen 2001).
It found that the near-field zone of influence of each portal was typically 100–200 m for NO2 and
significantly less for PM10. This difference is to be expected based on their differing chemistry and
physical transport properties. After exiting the tunnel the polluted airstream, travelling as a jet, will
rapidly mix and dilute with external air. However, the resulting reduction in concentrations will be
generally offset in the case of NO2 by its rapid production as the high concentrations of NO come
into contact with oxidants including O3. This effect is short-lived, however, as NO is depleted and
diluted. Conversely, coarser PM10 particles resuspended by traffic within the tunnel will rapidly
deposit to surfaces once emitted from the portal, leading to a more rapid reduction in PM10 levels
with distance from the portal, especially perpendicular to the road.
Similarly, a study around a portal of the very busy Landy tunnel in Paris found that concentrations
of NO2 were comparable to other roadside sites in Paris except very close (< 100 m) to the
portal (Brousse et al 2005). As with the modelling studies mentioned above, this study found that
consideration of wind speed and wind direction was crucial if fine-scale details of concentration
variation within the 100 m zone are required, but that generally concentrations very close to the
portal were four to five times smaller than at the portal itself.

M5 East, Sydney
The M5 East tunnel in Sydney is somewhat exceptional as a 4 km long urban tunnel with high
traffic flow. It is longitudinally ventilated with emissions generally vented some distance away
from the tunnel via a stack, rather than at the portals. However, the option to vent via the portals
is retained in the design, and portal emissions have become relatively common. Portal emissions
occur mainly at night during maintenance operations, to reduce the in-tunnel concentrations
workers are exposed to and due to fans being nonoperational, but also during vehicle
breakdowns and times of congestion to relieve high in-tunnel concentrations (see Chapter 7 for
further discussion of the management of portal emissions).
Results of long-term monitoring of CO, NO2 and PM10 at two portals of the M5 East tunnel (Bexley
Road and Marsh Street) covering 25 months were recently reported by Holmes Air Science (2006).
The monitors were located in the areas of expected maximum impact of the portal emissions (as
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determined by numerical modelling) and significant public exposure. The Bexley Road site was
200–300 m from the portal and approximately 20 m from the at-grade motorway. Although the
long distance between the monitor site and the portal would allow dilution of emissions with
ambient air, it represents the nearest residential receptors. The Marsh Street site is more complex.
The monitor was located next to an off-ramp only a few metres from the ramp’s portal, and about
30 m from the main tunnel portal. Between the monitor and main portal is a major road with a
signalled junction serving the motorway. In summary, both sites would be expected to report
concentrations well above the background due to the emissions from traffic on the at-grade
sections of the M5 motorway.

Sodra Lanken, Stockholm
Following the opening of the extensive Sodra Lanken tunnel system in Stockholm (discussed
further in Section 5.5.3), the emissions impact on the area surrounding the portals was modelled
using the general-purpose dispersion model AirViro (SLB-analys 2006). Measurements of intunnel NOx and PM10 concentrations, which were the key modelling input, combined with airflow
measurements, were used to calculate emission rates from the portals. A ‘worst-case’ scenario
from a peak ground-level impact perspective was simulated on the assumption that all tunnel air
would be vented via the portals, rather than the stacks. (Note that this complex tunnel system has
two stacks and seven portals.) The same general conclusions were reached from this modelling
exercise as in the studies mentioned above. Elevated emission concentrations were recorded
only within a short distance of the portals, where the residential population was negligible. An
exception was one location within 50 m of a portal, with approximately 1000 residents expected
to be exposed to an additional 50 µg m–3 of NOx.

5.4

CHALLENGES IN ASSESSING AIR QUALITY IN URBAN DISTRICTS
CONTAINING ROAD TUNNELS

Road tunnels in urban areas present significant challenges in assessing air quality effects, due
to the inability to distinguish road tunnel emissions from other surface road emissions in any
measurements. The two main approaches taken to assess air quality impacts are:
UÊ

comparing monitored air quality before and after tunnel opening

UÊ

using wind direction to split data into at least two categories (in the simplest case downwind
and upwind of the tunnel points of emission).

The former is especially challenging because some changes may be expected solely due to
meteorology. Multiple monitors, especially in the case of the second approach, greatly extend the
ability to make a less equivocal assessment.
Modelling and monitoring of dispersion at road tunnel portals have demonstrated the important
role played by ambient wind speed and direction. Wind speed and direction are even more
important when assessing the tunnel’s contribution to air quality in the wider neighbourhood
(up to ~1 km from the tunnel openings). Potential long-term effects will be biased towards areas
predominantly downwind of tunnel ventilation points, according to prevailing meteorology. An
example of this is shown in Figure 5.1. In addition, other locations may be impacted episodically
as a result of a particular set of meteorological conditions.
In any such assessments, it is important that consistent local weather patterns are considered
carefully to understand the full picture. For example, a given location may have a prevailing
southwesterly wind when viewed as an annual average. However, a seasonal analysis may reveal
that northeasterlies are more common at a certain time of year. An understanding of consistent
diurnal cycles is important for road tunnel assessment. For example, it is not uncommon for many
cities to experience different prevailing wind directions and lower wind speeds in the morning.
Thus, the most highly impacted area may not necessarily be that considered to be downwind
according to annual prevailing winds. Maximum emissions may occur in the morning peak,

72 | Air quality near road tunnels

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

coinciding with minimum dispersion due to lower wind speeds, with the plume directed in a
different direction than the annual prevailing wind.
This effect of the morning ‘footprint’ being different from that at other times in the day is
compounded by the diurnal and seasonal variations in the vertical ventilation of the urban
canopy. Studies have shown that vertical dispersion of substances emitted at the surface is
reduced in the morning due to the reduction in vertical motion and turbulence associated with
nocturnal cooling of the surface. In many parts of the world, nocturnal inversions (ie when
the atmosphere becomes thermally stratified, effectively putting a ‘lid’ on the surface layer of
the atmosphere) are common. Although this is partly offset in urban areas by the release of
anthropogenic and stored heat from the surface through the night, surface concentrations still
remain raised relative to emissions. Even in the absence of inversions, direct measurements have
shown that ventilation of the urban canopy is inhibited at night (eg Dorsey et al 2002, Longley
and Gallagher 2006).
Destruction of inversions and an increase in the rate and depth of vertical dispersion begins once
heating begins, from both anthropogenic sources and solar radiation. The impact on morning
concentrations of traffic-related pollutants depends not only on the strength of any inversion, the
size of the anthropogenic pollutant and heat emission, and the strength of solar radiation, but
also the relative timing of sunrise and emission peak. In general, morning concentrations will be
higher if the emission peak occurs before sunrise. The maximum solar insolation in summer varies
little with latitude, but varies substantially in winter due to shorter daylight periods and smaller
solar zenith angles. Similarly, the seasonal variation in the number of daylight hours increases
with latitude. Thus, cities at higher latitudes may be expected to have a greater seasonal variation
in urban concentrations of traffic-related pollutants. Peaks in particle concentration caused by
poor turbulent ventilation during emission peaks will have greater significance in a high latitude
city in winter when heating and traffic emissions are high, but solar flux is low, sunrise is late and
sunset is early. Such conditions also favour the nucleation of ultrafine particles.
Another key issue to be considered in air quality assessment of tunnels is the choice of
comparison. Within the road tunnel we can reasonably assume that the emissions come solely
or largely from within that tunnel, as discussed earlier. However, outside the tunnel this is not
the case. Any assessment therefore needs to clearly articulate whether it is the impact of the
tunnel itself that is being assessed, or the traffic within it. In this context a road tunnel should
be considered as a road along which all the normally evenly distributed emissions have been
collected and emitted at a few points. Thus, from an air quality point of view the tunnel acts
to redistribute the emissions and hence the local impacts. When asking the question, ‘What
effect does tunnel X have on its neighbourhood?’ we must be very clear about whether we are
comparing with the same road and traffic in a tunnel or distributed over the local road network.
Most new road projects not only redistribute traffic but can attract extra traffic to an area.
Ambiguities that can arise from traffic changes are illustrated by the case of the predicted effects
of the Lane Cove tunnel in Sydney. Since this tunnel opened during the preparation of this
review, no monitoring data representative of the tunnel’s normal use were available for inclusion
in this review. However, in reviewing the dispersion modelling of the impacts, Manins (2005)
noted that the modelling predicted that ground-level concentrations near the tunnel access
ramps due to extra traffic, especially at the eastern end, were as high as or higher than predicted
levels anywhere in the modelling domain from stack emissions. This is especially important as
eastbound traffic levels were believed to have been underestimated and concerns were raised
about drivers avoiding the tunnel once tolls are imposed, possibly leading to greater congestion
on surface roads near tunnel entrances. Regardless of such behaviour, traffic in these areas was
predicted to change as a direct result of the tunnel opening. So the question arises: do emissions
from surface roads, such as tunnel access ramps and interchanges, constitute part of the tunnel’s
air quality impact? Manins (2005) argued that they do, a view endorsed by this report. This has
consequences for the selection of ‘background’ concentrations, to which modelled stack emissions
may be added. Therefore, should the contribution of local tunnel-influenced surface roads count
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as part of background level or part of tunnel emissions? These arguments highlight the need for a
clear definition of the goals of any air quality management strategy, and its dependence on good
traffic data and predictions.
The remarkable efficiency with which the turbulent mixing of the ambient atmosphere disperses
pollutants (subject to several factors) is not well appreciated. Not all mixing is actually turbulent
and much of the dispersal occurs by means of discrete plumes of pollutants. This has been
recognised by air quality scientists and pollution engineers for decades, even centuries, and has
led to the widespread adoption of the tall stack as a means of reducing the effect of atmospheric
releases in populated areas. Concentrations at ground level are significantly reduced as the height
of the stack increases, and very tall stacks can have minimal to zero impact in their local vicinity.
The following comment by Hibberd (2006) regarding a modelling study of the M5 East (discussed
in detail below) succinctly illustrates the advantage of stack versus portal emissions:
…the portal emissions have an impact on ground-level concentrations that is up to
50 times greater than if the same emissions occurred from the [35 m] stack.

However, strong solar heating leading to thermal instability in the atmospheric boundary layer can
lead to the formation of large turbulent eddies. Such eddies can momentarily and intermittently
advect a relatively undiluted plume rapidly drawn down to the surface in a process known as
‘looping’. The effect is highly intermittent and likely to affect only a very localised area. The
effect is also only likely to last for a short period of time (minutes to a few hours), and would
be experienced at the surface as a brief period of polluted air followed by a period of unusually
clean air. Consensus is lacking as to whether such brief impacts are significant and should be
considered in an impact assessment. This highly localised effect is likely to escape monitoring,
except in the case of a ‘lucky’ strike, but most ‘airshed’ scale atmospheric dispersion modelling
tools are also not designed to predict such processes, other than the average effect over a
period of at least an hour. The actual location and magnitude of the peak effects are inherently
very unpredictable for modelling. Alternative modelling approaches that are more appropriate
may be available, but no examples were found in the literature of such models being applied
to tunnels.
The advantages of tall stacks are also somewhat diminished if sited on valley floors. The trapping
of pollutants emitted in valleys has been known for over a century. Causes for pollutant trapping
include sheltering from the wind, inversions capping the valley, katabatic flow down valley
sides, and interactions between these processes. For achieving the full benefits of stack venting
compared to portal emissions in populated areas, especially if sensitive receptors are located
above the valley or on valley slopes, stacks need to be taller than valley sides to take advantage
of natural atmospheric dispersion.
The choice of which pollutant to manage will primarily be driven by known or suspected health
effects. However, in terms of generating an assessment, each pollutant has its own issues. In
particular, the relative contribution of nontraffic and nonlocal sources should be known for each
pollutant. This is relatively simple for pollutants dominated by road traffic sources. PM10 is a clear
example of the opposite, as illustrated by the influence of natural windblown dust and bushfires
on Melbourne and Sydney. In addition, the local contribution from surface road traffic should
be known where possible. This is difficult as road-tunnel pollutants (once diluted in the ambient
atmosphere) are chemically and physically indistinguishable from other road-traffic emissions.
Without this information, however, it is difficult to ascribe any short-term rise in concentrations,
or localised hot-spot, to the tunnel.
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5.5

REVIEW OF STUDIES IN URBAN DISTRICTS CONTAINING
ROAD TUNNELS

5.5.1

VÅLERENGA, SVARTDALS AND EKEBERG TUNNELS, OSLO

Three road tunnels were built in Oslo (opening between 1989 and 2000) to reduce congestion
and other detrimental effects of traffic from ground level in populated areas. The result was a
general reduction in concentration of traffic-related pollutants due to a reduction in ground-level
traffic. However, the exception was in the immediate area of the portals. Here, redistribution of
traffic led to the formation of (previously absent) queues of traffic accessing the tunnels. Hence
the localised adverse effect was due to the redistribution of traffic caused by the presence of the
tunnels, rather than the tunnels themselves. Overall, however, the tunnels were assessed to have
had a positive health effect on their surroundings (TØI 2004).
Surveys were repeated among residents in the affected neighbourhoods between 1987 and 2002,
ie through the construction, phased opening and post-opening stages. Figures 5.2–5.4 show the
percentage of respondents reporting annoyance due to traffic, noise and air pollution in three
neighbourhoods which experienced changes in traffic. This study, however, concluded that the
majority of residents were satisfied with the changes. The proportion that were satisfied was
highest in areas where the improvements had taken place recently, particularly after the Svartdals
and Galgebeg tunnels were opened for traffic, allowing Enebakkveien to be closed and alleviating
the traffic problems in Dalehaugen. Residents living close to the tunnel entrances (eg Ensjøveien)
were less satisfied.
FIGURE 5.2

Reported annoyance among local residents before, during and after opening of a tunnel in Ensjøveien, Oslo
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Source: TØI (2004)
In Ensjoveien there was an increase in annoyance following the opening of the Vålerenga tunnel
in 1989 and the formation of associated traffic queues, although levels of annoyance reduced
with time.
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FIGURE 5.3

Reported annoyance among local residents before, during and after opening of a tunnel in
Ekebergskraningen, Oslo

%
100

Trafikkutvikling og plager i Ekebergskråningen
Vegtrafikken
Vegtrafikkstøy ute
Støv’skitt ute

90
80
70

ADT
15000

ADT

10000

60
50
40

5000

30
20
10

0

0
1994

1996

1999

2002

Original figures labelled in Norwegian.
Bars show % of people who were annoyed by traffic (red-brown), noise (brown-green), and air pollution (green).
Line and crosses show the yearly averaged daily traffic intensity.

Source: TØI (2004)
In Ekebergskraningen there was no significant change in traffic (~500 cars/day) but there was a
change in annoyance during construction.
FIGURE 5.4

Reported annoyance among local residents before, during and after opening of a tunnel in Dalehaugen, Oslo
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Annoyance was reduced when traffic in Dalehaugen was drastically reduced.
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5.5.2

CITY LINK TUNNELS, MELBOURNE

The eastbound Burnley tunnel and associated westbound Domain tunnels are relatively long for
urban tunnels (3.5 km and 1.6 km, respectively) and heavily used, so emissions from vehicles
within these tunnels will be high. The tunnels are operated by Translink Operations (TLO) under
a licence issued by EPA Victoria, which requires zero portal emissions (except in emergencies).
Consequently ventilation is achieved using stacks—one installed at the end of each tunnel
bore—with the Burnley tunnel stack located in a residential area. The licence also sets maximum
discharge limits, which effectively requires continuous monitoring of CO, NOx, PM10 and PM2.5 in
the stacks. The first annual review, in 2001, found that discharges were well within limits, with
median mass flows typically no greater than 10% of the limits, maximum hourly flows within
20–40% of the limits for gases and 30–50% of the limits for particles (EPA Victoria 2002b). In
a second review (EPA Victoria 2004) covering a further two years of operation (2001–03) the
reported average hourly mass flows were no greater than 15% of limits, maximum flows less than
40% of limits for gases and less than 60% of limits for particles.
FIGURE 5.5

Map of Melbourne’s City Link tunnels and air quality monitoring sites
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The licence also requires that continuous ambient monitoring is conducted near both stacks.
The monitors were installed at Grant Street and Madden Grove (see Figure 5.3) and monitoring of
PM10 began in April 1997, three years before the opening of the first tunnel. Monitoring of gases
(CO and NO2) and continuous monitoring of PM10 (by tapered element oscillating microbalance
[TEOM]) began in December 1999. EPA Victoria has undertaken a continuous review of the data
by comparing it with data from other Melbourne monitoring sites in the EPA network, consisting
of five stations. The tunnels were opened in 2000—Domain tunnel in April and the Burnley tunnel
in December. Before this, the long-term concentrations of PM10 (indicated by medians over several
months of data) were 5–9 µg m–3 higher at the City Link monitors compared to the median for the
EPA network, depending on the period of time chosen (EPA Victoria 2001a). A clear exception
was an increase of 18 µg m–3 over the network median at Madden Grove in summer 1998–99.
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Although no explanation was given for this, a much smaller increase of 6 µg m–3 was cited for the
Grant Street site, which suggests a local source of PM10 at Madden Grove, possibly construction.
However, data were not reported for exactly the same period so a direct comparison cannot be
made confidently.
The first annual post-opening review in 2002 (EPA Victoria 2002b) found that:
PM10 levels…are similar to the EPA network medians. No change has been detected in
the levels relative to the EPA network post-opening of the tunnels.

The report, however, shows that the difference between the median tunnel PM10 concentrations
and the network median has reduced post-opening levels compared to pre-opening by 3–5 µg
m–3 at Grant Street. This occurred more as a result of reductions at the tunnel sites rather than
increases at the network sites. Such a reduction was not observable in PM2.5. EPA Victoria review
went on to state:
Whilst exceedences of the PM objective (50 µg m–3) at both Madden Grove and Grant
10
Street have occurred, elevated PM levels are observed in the EPA network when this
10
occurs. These results tend to indicate that City Link emissions are not the primary
source of the particle levels monitored.

The report then notes the same conclusion for PM2.5, and also…
CO [and NO2] levels monitored at Madden Grove and Grant Street are similar to the EPA network
medians, and well within [Victoria State Environmental Protection Policy] objectives. The analysis
of air quality data has detected no impact of the emissions from the City Link project on local
air quality.
Making comparisons with network medians is a relatively crude measure as variations in
monitored concentrations cannot be attributed to tunnel emissions. In the first year after the
tunnels opened, concentrations at Grant Street (near the western exit of the Domain tunnel)
were found to be consistently higher than at Madden Grove (near the eastern exit of the Burnley
tunnel). This was to be expected due to Grant Street’s more central location compared to Madden
Grove’s suburban location. Median PM10 concentrations in the 2002 review were 8% (Madden
Grove) and 19% (Grant Street) higher than at the EPA Alphington monitor (in a suburban location
~8 km from the central business district). The difference was greater for higher percentiles (25%
and 43% for the 99th percentile). However, in the absence of wind direction analysis, it was not
possible to assess the degree to which these increases were due to site location (within the spatial
variation of concentrations across Melbourne) and the direct impact of the tunnels.
A second review (EPA Victoria 2004) covered another two years of data (March 2002 to February
2004 inclusive). During this period the Madden Grove site in Burnley had been shut down
(November 2003) when the operators (TLO) lost tenure on the site. This review came to the
same principal conclusions as the first review, leading to an assessment that reviews could be
less frequent. Several exceedences of the Victoria PM10 intervention level of 60 µg m–3 (and 36 µg
m–3 for PM2.5) had been observed at Grant Street and Madden Grove. These exceedences were
generally related to external sources (bushfires, fuel reduction burning, and duststorms). However,
it was noted that exceedences were slightly more common at the City Link monitors than at two
other suburban EPA monitors (Richmond, < 1 km from the Madden Grove site, and Alphington,
approximately 6 km away). This indicates that although the tunnels may not be the source of the
particles causing the exceedence, it does not rule out that the tunnels do contribute to a higher
baseline (even if it is only slightly higher) to which external sources can be added.
While it can be said that the reported concentration differences between monitors is due to
general urban spatial variability and not the tunnels, EPA Victoria publications do not support
ruling out the tunnel as the cause of raised PM concentrations in the vicinity of the stacks. There
are, admittedly, technical difficulties in achieving this due to the very small expected tunnel signal
compared to the large background. (This is discussed later in Section 5.5.4.) These analyses are
sufficient if the only goal is to identify potential breaches of current air quality standards. This
approach is less satisfactory however, if one considers that the PM10 air quality standards are not
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set on grounds of a zero or negligible effect threshold, and that PM10 standards could be tightened
in the future, following trends in Europe and North America.
The data presented in the second review (EPA Victoria 2004) indicate that annual mean PM10
was rising between 1997 and 1999 at the nearest EPA network sites (Alphington and Richmond)
before the tunnel opened. This was then followed by a large decrease in 2000. In 2001 and
2002 the level is generally constant at Alphington and Richmond. The reason for the large
decrease (by approximately one third) in 2000 is unknown. However, all of the reported intraannual variation may be due to random variation in weather and natural sources, rather than
any systematic changes in anthropogenic emission. From 1999 to 2002 the ratio of annual mean
PM10 at the tunnel monitoring sites (Grant Street and Madden Grove) to the two network sites
is relatively constant, suggesting that the opening of the tunnel had no localised effect on longterm PM10 levels. However, PM10 was proportionally higher at these tunnel sites in 1998. In 2003,
a divergence appears in the PM10 high volatility index (HiVol) data, with a rise in concentrations
at Madden Grove and Grant Street but not at Richmond. This divergence is not observed in
the TEOM data, or in the CO or NO2 data. This is most likely due to substantial gaps in the
Alphington HiVol data in 2003 (26% of the maximum possible data is missing). In 2003, the five
months with the most missing HiVol data are also five out of the six months with the highest PM10
concentrations (as reported by the TEOM). If this assumption is correct, it indicates that the rise
in concentrations in 2003 was experienced across Melbourne and is not related to the tunnels.
It is also noticeable that in contrast to the previous review, from 2002 median concentrations at
Madden Grove start to exceed those at the more central Grant Street site. Concentrations of CO
are also higher at Madden Grove compared to Grant Street in 2001–03. Although it was noted
above concentrations might be expected to to be higher at the more central Grant Street location,
this reversal may have been due to previously enhanced concentrations at Grant Street due to
local construction (unrelated to the tunnels) finishing in 2000.
Short-term measurements were also made during December 2000 to March 2001 at the base of
the Burnley tunnel stack using a mobile laboratory, principally to investigate if downwash in the
wake of the stack could be observed. This can occur during high wind periods when the stack
emissions cannot escape the ‘cavity zone’ in the lee of the stack structure, potentially dragging
practically undiluted tunnel emissions to ground level at the base of the stack and typically for
a few tens of metres downwind. There are houses within this radius of the Burnley stack, and
modelling suggested a risk of elevated concentrations there. Further measurements were made by
TLO for a year (1 June 2001 to 31 August 2002). It was concluded that such downwash, although
predicted in numerical modelling, could not be observed on site (EPA Victoria 2002a, 2003).
Supplementary monitoring was commissioned jointly by the City of Yarra and the City of
Stonnington, representing the communities potentially affected by the tunnel emissions (City of
Yarra and City of Stonnington 2002). Monitoring commenced early in 2000, the year of tunnel
opening, and ceased in 2002. CO and PM10 was measured at three sites near the Burnley tunnel
stack, one at 250 m from the stack in the location predicted by modelling to receive the maximum
impact, and two more at 400 m and 650 m from the stack. The method to measure PM10 was
noncompliant with Australian Standards, and deliberately so. The express intention was to detect
short-term effects (order of minutes), which standard techniques (eg filter sampling) are not
capable of doing. The output of the optical instrument used (TSI DustTrak) is not true PM10, yet
the objective of identifying the tunnel stack emissions could still be achieved by correlating rises
in one of the three monitors with periods when that monitor is downwind of the stack. During
two years of monitoring no stack impact was detected. The choice of methods for monitoring
PM10, especially when using air quality as an indicator of health risk, is discussed further in
Section 7.6.
In summary, monitoring appears to show that the Burnley and Domain tunnel stack emissions
have minimal effect on long-term measures of air quality. The difference between the measured
concentrations of PM10 near the stacks and at other locations in urban Melbourne is of a similar
order to the accuracy of the instrumentation employed. The evidence presented is insufficiently
sensitive to determine whether there has been a localised improvement or worsening of air quality
as a result of traffic being diverted into the tunnels.
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It is particularly relevant that EPA Victoria issues a licence to operate tunnels and requires a
correction factor for TEOM PM10 and PM2.5 measures, which is not the case in New South Wales.
More information can be found in Appendix D.

5.5.3

SODRA LANKEN TUNNEL, STOCKHOLM

Part of the inner ring-road of Stockholm consists of a major tunnel, which opened in 2004, with
branches designed to remove traffic from ground level and from the city centre. A major monitoring
and modelling study (SLB-analys 2006) revealed that the net result was a worsening of air quality
near the tunnel portals (assuming tunnel ventilation at portals rather than stacks). The study also
found an improvement in air quality at ground level over a wider area, including the city centre,
due to both removal of traffic underground and a reduction in congestion at ground level. Overall
total emissions increased by 2–3%, indicating that this new road system attracted extra traffic to the
area, but the majority of the local population of 410 000 experienced an improvement in air quality.
This was due to the slight redistribution of the effects of road traffic away from populated areas. It
was calculated that 41% of all affected persons (ie 170 000) would experience a worsening of air
quality and 59% (240 000) an improvement, although for most people the change would be minor.
For most locations the changes were in the range –0.5 to +1.0 µg m–3 in PM10 and –1.0 to +0.5 µg
m–3 in NOx (translating to < 0.2 ppm of NO2). Increases in NOx of up to 2 µg m–3 could be found
within approximately 1 km of the major portals affecting 10 000–20 000 people.

5.5.4

M5 EAST TUNNEL, SYDNEY

The M5 East tunnel in Sydney is one of the world’s longest urban road tunnels with known
in-tunnel air quality problems. It forms part of a strategic motorway network, so it could be
argued that it has brought extra (ie nonlocal) traffic into its neighbourhood. However, in its
submission to the enquiry by the NSW Parliament (2002), the NSW RTA reported reductions in
traffic of 23–33% on the surrounding major roads, and a reduction in HDVs on alternative local
roads of 77%. Ventilation is largely achieved via a stack, deliberately placed ~1 km away from
the tunnel and away from residential areas. The building of an extra 1 km tunnel for ventilation
incurred considerable additional capital costs, and the extra operational costs of drawing air along
this tunnel are ongoing.
Due to the ambitious nature of this project and the controversies surrounding it, it is not
surprising that extensive literature is available concerning its effects on the neighbourhood.

M5 East—pre-opening dispersion modelling
Extensive modelling of the stack impacts were conducted in the planning stages. A key issue
was the effect of localised meteorology due to the stack being located in a valley. The valley is
approximately 400 m wide and 30–40 m deep (see green topographical contours in Figure 5.4),
whereas the stack is 35 m high (although different stack heights were considered in the planning
stages). It has long been established that valley settings are disadvantageous for dispersion
of stack emissions due to sheltering, recirculation and being more prone to local inversions
(effectively putting a ‘lid’ on the valley) compared to open locations. Current dispersion models
have limited success in predicting such effects at local (< 1 km) scales.
Pre-opening modelling was conducted using the industrial source complex model (ISC3) at 50 m
resolution within a 2 km × 2 km square surrounding the stack. The contribution of the stack was
modelled, as was a background (ie nonstack) contribution based upon ambient air quality monitoring
data from Earlwood (1.4 km northwest of the stack). It was predicted that the stack would contribute
in the order of 1% of the measured annual mean PM10 at the four tunnel external monitoring sites
(see below) and 6–7% of the annual mean NO2 at three out of the four sites (~3% at site U1, north
of the stack) (Beyers et al 2003). The most significant effect appeared to be the predicted maximum
NO2 concentrations, which were of a similar order to the maximum background concentrations.
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M5 East—monitoring
Long-term monitoring has been conducted primarily in the neighbourhood of the ventilation stack
(see locations on Figure 5.4). Two stations (denoted U1 and T1) have monitored key pollutants
and one (T1) has monitored air toxics since June 2000, before the tunnel opening in late 2001. In
January 2002 two more stations were added, one near the stack (X1) and a second station near
the stack measuring air toxics (T3). These monitors form an arc around the north of the stack,
with X1 and U1 located at the edge of the residential areas on the top of the north valley slope,
~400 m from the stack. Another monitoring site was installed just prior to tunnel opening, deep in
the residential area directly above the tunnel approximately at its midpoint, ~800 m southwest of
the stack (named CBMS). Beyers et al (2003) reported that the locations were selected on the basis
of the pattern of maximum ground-level concentrations as predicted by dispersion modelling.
Additional selection criteria were imposed by the Australian Standards 2922 and 2923. Under the
Conditions of Approval, stations X1 and CBMS were required to be operational six months before
the tunnel opened, however they did not become operational until after the tunnel opened and so
no pre-operational data were collected from these stations.
Data for a year before and after tunnel opening, from monitors T1 and U1, were compared by
Barnett et al (2003). Occasional high pollution values, especially PM10, were related to background
sources not associated with the M5. Annual pollution roses were compared for NO, NO2, NOx,
CO and PM10. No significant change in these roses (and hence mean concentrations) could be
detected between before and after the opening of the tunnel in directions where the monitor
was downwind of the tunnel stack, or in any direction (except a change in NO in WNW winds
that could not be attributed to the tunnel). Similarly, the roses of the four highest concentrations
for each wind direction showed no significant change after tunnel opening compared to before.
Although these results are in agreement with expectations, the methodology used would be
insensitive to the size of expected impact, and the influence of changes in wind speed distribution
between the two years was not adequately explored.
Beyers et al (2003) compared the monitored data at T1, U1, X1 and CBMS for just over a year
(from opening in December 2001 to February 2003) to the predictions of the pre-opening ISC3
modelling (1995–06 and 1998 meteorology). This modelling assumed daily traffic volume of
77 000, whereas observed monthly average daily traffic volume rose from 59 000 to 84 000 during
the period of monitor data. They found generally close agreement for NO2, with predictions
slightly above monitored maxima and within 10% of monitored means. For PM10 the modelled
means, and especially the maxima, were found to be under predictions, but this was attributed
largely to bushfires, which were not considered in this assessment. The predicted NMVOC
concentrations could not be verified due to the nonexistence of appropriately comparable
monitoring data. No correlations or time–series were provided, nor were there indications of the
conditions or periods in which the model performed better or worse.

M5 East—post-opening modelling
Post-opening, further modelling was conducted (Hibberd 2003) to provide for the delineation
of exposure zones to support the 2004 investigation into the possible health impacts of the M5
East motorway stack phase 2 by NSW Health (see Chapter 6). Residences were assigned to one
of three zones, depending on the modelled exposure level. The ‘high’, ‘medium’ and ‘low’ zones
represented exposure in the ranges 1.2–0.34 µg m–3, 0.34–0.2 µg m–3, and < 0.2 µg m–3, respectively.
Hibberd used measured rather than modelled stack emission data and a different model from the
initial pre-opening studies (the air pollution model [TAPM] rather than ISC3) to predict groundlevel concentrations over the period February 2002 to January 2003. The effect of the stack
was compared to a ‘background’ effect. This background was assessed using the monitor data
available from the area around the tunnel, discussed above; the periods when each monitor was
downwind of the stack (within ±60 degrees) and hence influenced by it, were screened. Although
this methodology is not perfect, it is believed to be appropriate given the relatively small stack
contribution and lack of alternatives. In each wind direction, either two or three monitors were
available for use (monitors downwind were screened and not included). Additionally, the presence
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of a network allowed the contribution of the stack to be estimated by comparing the value at any
monitor within ±10 degrees of immediately downwind with the other three monitors. Some filtering
was required to remove outliers that would have excessively biased the results. The result was that
the mean predicted stack contribution was less than the standard deviation, with five out of eight
computed values (PM10 and NOx for four monitors) being negative. The concentration predicted
for the same periods by TAPM was also small compared to the standard deviation in the estimated
stack contribution. It was thus concluded that the impact of the stack at the monitoring sites was
too small to be detected by either measurement or modelling within the noise in the monitoring
data. These techniques are an interesting use of a network of monitors and illustrate its versatility
and value.
FIGURE 5.6

Modelled contribution of stack emissions to annual average NOx ground-level concentrations around the
M5 East tunnel stack, February 2002 – January 2003
Modelled contribution of stack emissions to anual average NO2 ground-level concentration (µg m-3)
Add to the background concentration of 60.0 µg m-3
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Source: Hibberd (2003)
This study indicated that the maximum ground-level concentrations of PM10, NOx and NMVOC
were found 600–1200 m downwind of the stack during daytime. The spatial pattern reflected
the trends in prevailing winds (Figure 5.4). Most importantly, the highest concentrations
were predicted to occur both upstream and downstream within the valley, which is generally
nonresidential. Monitor T1 lies to the edge of the downstream zone and therefore should respond
to the stack contribution, although it lies in an area in which the model predicted a large spatial
gradient. This would hamper any attempt to validate the modelling using monitored data. The
upstream location falls between monitors. A third zone with lower concentrations was identified
in the residential area on the plateau northwest of the valley. Based on this modelling alone,
it would appear that monitor X1 was well placed to identify the affect on this community. The
relatively small impact of the stack was indicated by maximum annual average ground-level
concentrations of 0.16 µg m–3 (PM10), 1.56 µg m–3 (NOx) and 1.08 µg m–3 (NMVOC). The stack
emissions were found to contribute < 1% towards the annual PM10 average (ie stack contribution
plus estimated background) and < 3.6% for NOx. However, results must be interpreted with
caution as the data input into the model did not contain portal emissions, leading to an
inappropriate study design and inaccurate exposure zones.
The modelling was repeated for September–November 2003 (Hibberd 2006)—the actual period of
the NSW Health study—with the inclusion of portal emissions. This changed the exposure zones
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such that 31% of the area originally deemed ‘high’ was reclassified as ‘medium’, and 46% of the
area designated ‘medium’ was reclassified as ‘high’. In addition, the exposure levels were adjusted
such that the ‘high’, ‘medium’ and ‘low’ zones represented exposure in the ranges 6.3–0.54 µg m–3,
0.54–0.3 µg m–3, and < 0.3 µg m–3, respectively. Generally similar results were found (an example
of this output is given in Figure 5.1) for areas around the stack. The major difference was the
unexpectedly much higher concentrations predicted in a localised zone around the tunnel portals
(generally by an order of magnitude), despite portal emissions being five times smaller than stack
emissions, clearly demonstrating the extent to which portal emission can adversely affect large
areas of residential land.
This modelling represented a very challenging scenario for TAPM, since it is a weather forecast
model with a transport module. The assumptions included in the model pose restrictions on
its applicability for very high resolution situations, such as portal and stack emissions. TAPM
has been shown to adequately reproduce concentrations measured close to emission sources
via the Lagrangian particle model (LPM) approach, however, the increased complexity of the
approach does not compensate for its accuracy when used in relatively simple situations. A real
improvement will only be found when using a TAPM–LPM module in connection with a very
detailed topography (including buildings) and land-use classifications.
The validation of the meteorological simulation is insufficient to judge accuracy of the simulated
steering of airflow through the valley, as the simulation was compared with measured wind
direction at monitors not located in the valley. This review proposes that the prediction of the
general spatial extent and shape of the areas affected by the stack are mostly correct, so that the
largest effects are in mostly non- or marginally residential locations. The inaccuracy in modelled
absolute concentrations is of limited concern considering that they are small in comparison to the
background (ie nontunnel source) levels.
Whereas PM10 and NOx emission data were derived from measurements of concentration and flow
rate in the stack, the NMVOC emission rates were estimated by applying a NMVOC to NOx factor
of 0.69, derived from fleet-averaged emission factor studies from Sydney in 1992 and Melbourne
(EPA Victoria 1999). Given the long-term reductions in NMVOCs from vehicles noted in Chapter 4,
it must be pointed out that this factor may well have been out of date both by the study year of
2003 and subsequently.

5.5.5

NORTH–SOUTH BYPASS TUNNEL, BRISBANE

This tunnel is under construction and, at 5 km, will be Australia’s longest. The air quality
assessment prepared for the environmental impact statement for the tunnel (Holmes Air Sciences
2004) concluded that predictions of air quality in 2011 for a ‘build’ and a ‘no-build’ case are very
similar, and that any difference would be difficult to detect by current measurement techniques.
Increased concentrations of CO, NO2 and PM10 are predicted near roads carrying an increased
traffic volume as a result of the redistribution of traffic due to the tunnel, whereas air quality is
slightly improved in the centre of the study area. For example, the maximum one hour average
NO2 at the Woolloongabba ambient monitoring station was predicted to be 2 µg m–3 higher in
the ‘build’ than the ‘no-build’ case, whereas difference of +1 and –8 µg m–3 were predicted at the
Brisbane central business district and South Brisbane monitors, respectively. For PM10 the effect
of the ‘build’ case on the maximum 24-hour concentration was +0.2, –0.1 and –0.3 µg m–3 for
Woolloongabba, the central business district and South Brisbane, respectively. In Brisbane as a
whole, emissions were predicted to be reduced in the ‘build’ case relative to the ‘no-build’ case
due to the general reduction in congestion.

5.5.6

EASTLINK TUNNEL, MELBOURNE

The predicted impact of emissions from the two Eastlink tunnel stacks on the surrounding
neighbourhood has been modelled using Calpuff (ANE 2006, Thiess John Holland 2006). Calpuff
was chosen over Ausplume due to its ability to model airflow in the complex topography of
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the Mullum Mullum Valley where the tunnel lies, and the associated sheltering and microscale
meteorological variability. An intercomparison of Ausplume and Calpuff results at this site
indicated that Calpuff provided more conservative results, with predicted concentrations 1.5 to
2.5 times higher.
Predicted maximum tunnel-stack contributions within the model domain (3 km × 3 km) were
less than 1% of the predicted concentrations of CO, NO2, PM10 and PM2.5 (one-hour averages).
Contributions to maximum three-minute averages were also calculated for xylenes (6%), toluene
(9%), benzo(a)pyrene (12%), formaldehyde (14%), benzene (22%) and 1,3-butadiene (44%). In
each case except PM10 and PM2.5, the predicted maximum concentrations were well below the EPA
design criteria. For particulates, the maximum existing concentrations were already more than
double the design criteria before adding the < 1% increase due to the tunnel stacks. Long-term
ambient monitoring is now in place. This tunnel is due to open in 2008.

5.6

PARTICULATE MATTER INCLUDING ULTRAFINE PARTICLES

The dispersion of PM is complicated by the aerosol processing which may occur in the dispersing
plume and differential transport properties that are a function of particle size. Most dispersion
modelling ignores all of this and assumes that PM10 can be considered as a single coherent
pollutant with only one set of physical properties. In this way the modelled patterns of dispersion
of PM10 are identical to those of CO.
Particles have an increasing sedimentation velocity with increasing size and thus larger particles
travel shorter distances before settling out of the atmosphere onto the surface. Consequently,
particles from a road tunnel will make a negligible contribution to local PM10 beyond the
immediate vicinity (up to ~100 m, and in most cases much less) of the tunnel portals or stacks and
the roads feeding the tunnel. The maximum atmospheric residence and transport distance belongs
to aged accumulation mode particles (~0.1–0.6 µm in size), typically composed of ammonium
(and sodium in coastal locations), nitrate, sulfates and chlorides, with organic components,
especially in urban areas. These particles usually form the most substantive contribution to PM2.5
but, in general, are not formed in a tunnel as they are not directly formed in traffic emissions but
indirectly through slow secondary atmospheric reactions. Consequently, in the neighbourhood
of a tunnel, this fraction will dominate the local PM concentrations forming a ‘background’
concentration. A study in Brisbane found that concentrations of accumulation mode particles were
raised above the background level downwind of a major highway, but only up to a distance of
15 m from the highway (Hitchens et al 2000). Ultrafine particles are generated in huge numbers in
a tunnel, but are susceptible to rapid transformation during dispersion. In particular, it is known
that in high concentrations ultrafine particles are likely to coagulate, forming fewer particles, with
a shift in size distribution to larger sizes (see Section 4.4). Unless fresh particles are produced, the
reduction in particle numbers will decrease the probability of further coagulation taking place, so
that the rate of coagulation rapidly falls. In a plume, the rate of coagulation will also be reduced
by dilution with fresh air, which acts to reduce concentrations.
The competition between these processes has been studied theoretically and in the laboratory.
Field data have been gathered on aerosol processes in a plume downwind of busy roads and
within street canyons. There is not yet a consensus between these studies; aerosol processing
has some temperature dependence and ambient conditions need to be considered. Studies in
warm conditions include that by Zhu et al (2002) who found evidence of coagulation up to
100 m downwind of a major freeway in Los Angeles. Particle number concentrations had diluted
to a point where they were indistinguishable from the background, 300 m from the freeway. In
a similar experiment in Brisbane, Hitchens et al (2000) found that particle number concentration
decayed by half over 150 m. Reponen et al (2003) found particle numbers were reduced to half
over 50–150 m, and to background levels by 400 m from major highways in Cincinnati. Gidhagen
et al (2004) modelled field data from a busy roadside in the cooler rural Sweden and concluded
that ultrafine particles were almost inert over the first 100 m. Most recently, urban measurements
within 200 m of a major road in Helsinki also concluded that the effect of coagulation in
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general conditions was negligible (Pohjola et al 2007). However, a more detailed analysis of
one particularly cold and still morning (Kerminen et al 2007) came to different conclusions in
these particular conditions. During the first nine hours of this particular February morning, wind
speeds were in the range 0–0.3 m s–1 and the temperature was –3 to –7°C. In these conditions,
significant self and intermodal coagulation was observed, as well as condensation and evaporation
processes between measurements made 9 m and 65 m from the road. The degree to which these
processes were dependent on the low temperatures, and hence their applicability to Australia,
is not clear. However, in summary, all of the above studies essentially agree that dilution is by
far the dominant process, whereas coagulation has a minor or no role, depending upon local
meteorology and emissions. In this sense, the dispersion of ultrafine particles (expressed as
a number or a mass concentration) over the range of interest here (order of 0.1–1 km from
the tunnel opening) can be reasonably approximated by the dispersion of a nontransforming
(‘passive’) scalar, such as CO.

5.7

IMPACTS ON INDOOR AIR QUALITY NEAR ROAD TUNNELS

The penetration of outdoor pollutants into indoor environments involves the same issues as
penetration into a vehicle. In the absence of indoor sources, gases will generally penetrate fully,
although there will be a timelag in the indoor response to rapid changes outdoors, determined
by the AER, such that persons indoors may be offered some protection from the magnitude
of short-term outdoor peaks. The AER is strongly dependent on local climate, meteorological
conditions, building design, the presence of artificial ventilation and airconditioning, and on
cultural preferences influencing how buildings are designed and used. The American Society of
Heating, Refrigeration and Air-Conditioning Engineering (ASHRAE) recommends (in its Standard
62–1999, Ventilation for Acceptable Indoor Air Quality) that homes receive 0.35 air changes per
hour. However, in practice, values ranging from 0.02 (a ‘well-sealed’ modern home) to over two
(a ‘leaky’ home) have been observed when windows are closed, increasing beyond two if fans
are used or windows and doors are open. Experiments on six typical New Zealand homes found
a relationship with wind speed that varied from 0.012 to 0.053 air changes per hour per km/h of
wind speed (Clarkson 1981). Penetration of PM can be size dependent in cases where the building
is relatively well sealed and outdoor air can only penetrate through narrow openings, providing
opportunities for impaction of larger, high-inertia particles. Smaller fine and ultrafine particles,
however, are small enough to evade impaction and penetrate more like gases (Riley et al 2002).
A study in four apartments within 40 m of a busy Los Angeles freeway investigated in detail fine
and ultrafine particle penetration as a function of size (Zhu et al 2005). Internal concentrations
were found to be approximately equal to external concentrations when windows were open.
With ‘natural ventilation’ (windows closed) AERs ranged from 0.31 to 1.11 h–1. The indoor to
outdoor (I:O) ratio in terms of particle number concentration was a maximum at ~0.6 for larger
ultrafine particles (ie around 70–100 nm in diameter). This corresponds to the typical size range
in which most diesel-originated soot-based particles are found. Particles above 220 nm were not
measured. A minimum I:O ratio of around 0.3–0.4 was found for particle sizes around 10–20 nm,
corresponding to the size range of relatively fresh nanoparticles from petrol and diesel vehicle
exhausts. This reduction was likely to enhance the deposition of these particles to surfaces due to
their higher rate of diffusion, although the low detection limit of the instrumentation in this size
range could also be a contributory factor.
Quite often, however, the issue is complicated by the presence of indoor sources of air pollutants,
including CO, NO2, VOCs, PAHs and PM. Smoking is an indoor source that will generally
overwhelm outdoor sources. Other key sources include cooking, heating (especially unflued
heaters, wood and coal burning), and evaporative emissions from solvents and oils. Resuspension
of dust due to personal movement can have a surprisingly large effect on PM10 levels.
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6

IMPACTS OF ROAD TUNNEL AIR POLLUTANTS ON
HUMAN HEALTH

This chapter describes how air pollutants from road tunnels affect human health. It first
summarises the types of exposure from tunnels, the adverse health effects caused by air pollution
and the guidelines for assessing risks to human health.
The chapter presents findings from studies of specific tunnels (Section 6.4) and from studies of
experimental exposures intended to represent tunnels (Section 6.5). It then discusses general
health effects near road tunnels, and the results of various studies on health outcomes from
exposure to traffic and to traffic exhaust. Section 6.9 describes the health effects associated with
the main pollutants in vehicle exhaust.
The last two sections of this chapter provide conclusions and recommendations based on the
findings of this section of the literature review.

6.1

TYPES OF EXPOSURE FROM TUNNELS AND RELEVANCE
FOR HEALTH

This report has shown that the following types of exposure to altered quality of ambient air occur
as a consequence of the presence of tunnels:
UÊ

Residence in a neighbourhood close to tunnel outlets or stacks, with outdoor and indoor air
quality considerations.

UÊ

Transit through a tunnel in a vehicle—normal exposure to typical air quality off-peak.

UÊ

Transit through a tunnel in a vehicle—high exposure at daytime peaks.

UÊ

Transit through a tunnel—prolonged transit time due to congestion.

Residence in a neighbourhood close to tunnel portals regularly used to vent emissions which act
additively with emissions from surface freeways, with outdoor and indoor air quality considerations.
The likely pollutants associated with the five exposure settings types are discussed in Chapters
4 and 5 along with the various parameters of tunnels that influence pollutant concentration.
Generally speaking, exposure data for these pollutants is not available for Australian tunnels. In
order to clarify matters, some recommendations for future monitoring investigations are presented.

6.2

ADVERSE HEALTH EFFECTS ASSOCIATED WITH AIR POLLUTION

Concern about the potential for adverse health effects from air pollution, especially combustion
pollutants, is not new and has led to a wide variety of epidemiological and toxicological research
directed at understanding the nature of these effects, the dose-response relationships and the
consequences of combined exposures. The contributing influence of traffic exhaust to air quality
has been a feature of recent ambient air quality health research.
As noted in Chapter 1, this report focuses on research literature specific to road tunnels, however,
it is helpful to provide an overview of other types of urban (traffic) air pollution. This overview is
not comprehensive but emphasises seminal and recent research. Selection of general papers about
air pollution and health for inclusion in the overview is also based on their contribution to the
primary purpose of this report, the review of health risks from road tunnels.
In the ‘six cities’ study in the United States, air pollution was positively associated with death from
lung cancer and cardiopulmonary disease but not with death from all other causes. Mortality was
most strongly associated with fine particulates, including sulfates (Dockery et al 1993). A re-analysis
confirmed the 26% increase in all-cause mortality in the most polluted city (Steubenville, Ohio)
compared to the least polluted city (Portage, Wisconsin) (Krewski et al 2005).
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Subsequently, other investigators have examined the association between urban air pollution
and adverse outcomes for overall and cardiopulmonary mortality (Pope et al 1995, Samet et al
2000, Dab et al 2001, Pope et al 2002, Hoek et al 2002, Wong et al 2002), including the issue of
potential greater susceptibility amongst older adults (Fischer et al 2003). A small-area spatial study
in Los Angeles found an indicator for traffic emission exposure was associated more strongly with
ischemic heart disease than with cardiopulmonary or all-cause mortality (Jerrett et al 2005). Effects
for ischemic heart disease are possibly relevant to short-term effects from tunnels.
The overall association between urban air pollution and respiratory morbidity has also been
investigated, including exacerbation of asthma, allergy and respiratory infections in both adults and
children (Anderson et al 1997, Atkinson et al 1999, Kunzli et al 2000, Wong et al 2002, Heinrich
2003, Bernstein 2004, Chang et al 2004). In general, the literature has confirmed adverse effects,
including the biological mechanisms through which PM is able to exert toxic effects (Sandstrom
et al 2005). For children, although air pollution has long been thought to exacerbate minor acute
illnesses, recent studies have suggested that air pollution, particularly traffic-related pollution, is
associated with infant mortality and the development of asthma and atopy (Schwartz 2004).
Effects on cardiovascular disease from urban air pollution have been reported (Ponka and Virtanen
1996, Poloniecki et al 1997, Prescott et al 1998, Peters et al 2000, Zanobetti and Schwartz 2002,
Lin et al 2003, Sunyer et al 2003, Chang et al 2004, Yang et al 2004, Fung et al 2005, Ruidavets et al
2005, Dockery and Stone 2007, Miller et al 2007). For clinically manifest coronary heart disease,
particularly strong adverse effects were seen for residential proximity to a main road and age under
60 years or for people who had never smoked (Hoffman et al 2006). A case-cross-over study in
Germany found nonfatal myocardial infarction associated with motor vehicle, motorcycle, bicycle
or bus travel in the preceding one hour, giving an odds ratio of 2.73, 95%CI 2.06 to 3.61 (Peters
et al 2004). A case-control study in Massachusetts found nonfatal myocardial infarction associated
both with residential proximity to main roads and cumulative traffic within 100 m of residence
(Tonne et al 2007). However, the interpretation of the results is limited by the concurrent impact
of neighbourhood poverty and exposure classification difficulties. Plausible biological mechanisms
for associations between cardiovascular disease and air pollution are presented by Bai et al (2007).
Eventual clarification of these toxic mechanisms will be of particular significance to reversibility of
effects and timing of onset, which is relevant to brief but intense tunnel exposures.
Evidence as to whether air pollutants are a primary cause of asthma is conflicting. Also uncertain
is the extent to which asthma symptoms alter through exposure to traffic pollutants (Neas et
al 1995, Brunekreef et al 1997, Yu et al 2001, Brauer et al 2002, Trasande and Thurston 2005,
Schildcrout et al 2006). There is some evidence that ambient air pollution (mainly traffic related)
contributes to incidence of asthma in children, although the effect is small (Zmirou et al 2004,
Gilmour et al 2006). However, PM and O3 may contribute to exacerbations and increased rates
of hospitalisation for asthma (Tatum and Shapiro 2005).
A link between air pollution, and impaired lung function and lung development in children
and adolescents has been demonstrated in a range of longitudinal studies (Gauderman et al
2000, Gauderman et al 2002, Horak et al 2002) and locations (He et al 1993, Jedrychowski et al
1999). Impaired lung function in later life has been described as a major mortality risk (Hole et
al 1996). Although the studies from California (Gauderman et al 2000, Gauderman et al 2002)
are about exposure to busy roads, they are included here. The presence of heavy vehicles is a
likely risk characteristic of the busy roads that were included. Road tunnels share similar vehicle
characteristics to busy roads. Gauderman (2006) concludes that the risks to children from exposure
to busy roads is to be avoided wherever possible and highlights the consequences to lifetime lung
function and healthy survivorship if there is impairment of lung development while young.
A number of research studies concern effects of air pollution on fetal development including
overall growth (birth weight) and preterm birth (Ha et al 2001, Glinianaia et al 2004, Maisonet et
al 2004, Liu et al 2006, Rogers and Dunlop 2006). As for causation of asthma, findings vary. Effects
on low birth weight were very small (Ha et al 2001) or questionable (Maisonet et al 2004). Rogers
and Dunlop (2006) reported the possibility of reduction in the term of pregnancy associated
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with traffic exposure. The possibility of adverse effects on lung development in utero associated
with maternal exposure to pollutants has been discussed, based on toxicological principles and
some animal data (Pinkerton and Joad 2006). Epidemiological studies have shown an association
between infant respiratory morbidity and exposure to pollutants after birth, but have not
determined whether perinatal outcomes associated with pollutant exposure are related to timing
of exposure before or after birth or both (Lacasana et al 2005).
Concerns that childhood development of cancer may be affected by traffic emissions have been
discussed by Savitz (1989). However, in a large study with good power no increased cancer risk
was found among offspring of mothers living in high traffic-density areas, either for all cancer sites
or leukemia (Reynolds et al 2004).

6.2.1

AUSTRALASIAN STUDIES

Studies of both hospitalisations and mortality studies for relevant urban air pollution effects have
been conducted in several Australian cities. Recent Australasian work has sought to quantify
the magnitude of the contribution of air pollution to adverse health status (Petroeschevsky et al
2001, WA Department of the Environment 2003, Barnett et al 2005, Simpson et al 2005, Barnett
et al 2006). These publications have set the scene for recognition of the public health problem
presented by traffic emissions. However, none presents a quantitative basis for evaluation of
effects for tunnel users. This is because the tunnel exposures are short and intense, whereas the
models used to quantify health effects for ambient urban pollution use information from daily
or longer exposure periods. They also do not clarify whether residence near a tunnel confers
additional risk compared to urban residence elsewhere.
Australian studies by Simpson et al (1997), Morgan et al (1998ab), Petroeschevsky et al (2001),
and WA Department of the Environment (2003) estimate burdens of hospitalisation associated
with air pollution and likewise estimates of mortality. No studies have been identified that address
disability-adjusted life years in the context of road tunnel associated effects.

6.3

HUMAN HEALTH RISK ASSESSMENT GUIDELINES

This report presumes that the reader is familiar with the existence of and basis for WHO ambient
air quality guidelines and the application of these guidelines in Australia. Generally, reliance on
ambient air guidelines—where these are applied in residential areas—is sufficient for protection
of public health except in the case of PM where no threshold for adverse health effects has been
identified. However, exposure to vehicle combustion pollutants in and around tunnels may differ
from exposure situations envisaged by the WHO guidelines, for example, the very high peaks that
can and do arise at times within a tunnel for some pollutants. Although exposure to such high
concentrations within a tunnel is usually brief, it may be repeated on a daily basis.

6.4

STUDIES RELATED TO SPECIFIC TUNNELS

Relevant literature on specific tunnels was identified using the search strategy shown in
Appendix A.

6.4.1

THE SYDNEY M5 EAST TUNNEL

The report on the M5 Motorway3 should be read in light of the significant criticism it received.
The study design did not allow any conclusions to be made regarding an association between
portal emissions and health effects.

3

http://www.health.nsw.gov.au/public-health/ehb/buildings/m5_east_reports.html
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Investigation into the possible health impacts of the M5 East Motorway Stack (Phase 1) (2003)
The M5 East tunnel is a 4 km twin tunnel connecting Sydney airport with the southwestern freeway at Bexley. It opened to traffic in December 2001. Due to community
concerns about air quality associated with the tunnel, NSW Health has undertaken two
studies: The M5 East in-tunnel monitoring study and The M5 East health investigation.
The in-tunnel monitoring study collected pollutants inside and outside a vehicle
traversing the tunnels during peak hours on weekdays for 6 weeks.
Summary: Despite extensive local air quality monitoring not demonstrating increased
pollution levels following the opening of the tunnel NSW Health received health
complaints from local residents. The M5 East health investigation aimed to determine
whether symptoms reported by local residents were associated with stack emissions.
The health investigation was conducted in 2 phases. In the first phase residents who
felt they had symptoms caused by the stack emissions were assessed by specialist
physicians. This phase enabled us to formulate a case-definition of potential stack
associated health effects.

After opening of the ventilation stack, residents reported adverse odour experiences; these reports
were independently confirmed in December 2001 using an odour diary approach. Since the air
quality measurements and predictions had not anticipated health problems, an epidemiological
investigation was developed to find out more about the effects of the tunnel on residents.
A qualitative survey was made to clarify the nature of symptoms experienced, eg eye irritation.
An exposed group was then defined based on location and residents were recruited in order to
identify any patterns of symptoms. Active recruitment of volunteers who considered themselves
at risk from the tunnel led to inclusion of 54 people in the defined locality for potential tunnel
impacts. Ages of participants were skewed to older adults, and females were over-represented
compared to the resident population. Self-reported health status measures were lower than
expected, but without statistical association for reported predisposition to allergy. Analysis for
causation was impossible with this study design.
Investigation into the possible health impacts of the M5 East Motorway Stack (Phase 2) (2004)
In the second phase of the investigation exposure to stack emissions for the area
around the stack was modelled and households allocated to relatively low, medium
and high exposure zones. Approximately 500 adult residents from each zone were
surveyed during October and November 2003, and their symptoms over the previous
month were recorded.

Following the earlier symptom investigation in Phase 1, potentially affected residents were
included in a cross-sectional survey of symptom prevalence. Low, medium and high exposure
zones were defined geographically using modelling for predicted NOx (as discussed in
Section 5.5.4) and within those zones a random selection of households was made. Residents
were asked by telephone about the prevalence of (a) eye, throat and nose symptoms, (b) general
health and mental health status, (c) odour, (d) chemical sensitivity and (e) environmental
worry. With a household response rate of 59%, 1431 individual interviews were completed.
The results did not show any trends across zones and the authors recommended that additional
epidemiological investigations would not be scientifically justified.
This report was unanimously criticised by three independent reviewers and it was suggested that
the conclusions not be accepted.
Investigation into the possible health impacts of the M5 East Motorway stack on the Turrella
Community—Re-analysis Report, November 2006
Subsequent to the release of the Phase 2 Report, NSW Health was made aware that
significant portal emissions had occurred during the study period. This had the potential
to influence the geographical pattern of pollutant distribution from the tunnels. We
have reanalysed the participant responses from the Phase 2 study using re-estimated
exposure to tunnel pollutants based on actual stack and portal emissions data collected
over the study period.
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This report has not been tested independently and as such the findings must be interpreted with
caution based on the previous history of the study.
The Phase 2 study of the Turella community was re-analysed after a significant level of portal
emissions during the study period was identified. This study consisted of redefinition of exposure
zones with re-examination of data for prevalence trends. As before, no health trends were shown.
An associated report about air monitoring of the M5 tunnel and within vehicles is discussed in
Chapters 3–5 of this report.

Unpublished reports
There have been several reported incidences of travellers becoming incapacitated while travelling
through the M5 tunnel. There have been a few instances reported where the driver has fainted
and a report of a bus load of children becoming ill after spending more than 30 minutes in the
tunnel. None of these incidents has been reported officially.
These studies among residents near the Sydney M5 tunnel are unusual in the amount of detail
and effort taken to comprehensively assess possible health effects. Despite this, little in the way of
concrete adverse health outcomes was identified.

6.4.2

BRISBANE NORTH–SOUTH BYPASS TUNNEL

O’Meara (2004) provides a health risk assessment of changes to NO2 and PM10 resulting from
ventilation outlet changes and includes impacts on residential communities near feeder roads. It does
not address the health impacts of brief elevated exposures in the tunnel on road tunnel users.
This report provides a clear account of the types of methodologies that can be used to determine
health outcomes from pollutant exposures in air: chamber studies, time-series studies and shortterm panel or cohort studies. It also presents information about the extent of effects on morbidity
and mortality in Australia associated with variation in ambient concentrations of pollutants in
air. Australian analyses of health outcomes are provided by Simpson et al (1997), Morgan et al
(1998ab), etroeschevsky et al (2001) and WA Department of the Environment (2003). Long-term
effects cited by O’Meara (2004) include decreased lung function growth in children, increased
nonmalignant respiratory deaths and increased mortality from lung cancer.
The outcomes from the assessment were derived from a modelling exercise for NO2 and PM
variation in urban air attributable to the Brisbane North–South Bypass tunnel. The potential
change in community health status was then estimated based on published dose-response and the
predicted incremental change in air quality. The impacts of the tunnel on health were assessed as
very small eg a one in 280 million increase in the risk of respiratory admission associated with PM
on a maximal pollutant day.

6.5

STUDIES OF EXPERIMENTAL EXPOSURES INTENDED TO
REPRESENT TUNNELS

Some studies were identified that were designed specifically to assess human health outcomes
after exposure to contaminated air from or within a road tunnel, or experimental conditions
intended to replicate tunnel exposures.

Salvi et al (1999)
This study was an experimental assessment of airway inflammation and peripheral blood cells
in 15 human volunteers, performed with diesel exhaust exposure rather than exposure in a
tunnel. It is included because it was carefully conducted using one-hour exposures to diluted
diesel exhaust or fresh air with intermittent exercise, covering a combination of inflammatory
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markers (bronchoscopy followed with lavage and endobronchial biopsies) and physiological (lung
function) measurements. Lung function measurements did not change but inflammatory markers
were increased in bronchial lavage, biopsies and peripheral blood. The findings support biological
plausibility for a causative role of diesel exhaust in adverse health effects. They also demonstrate
that standard lung function measurement can underestimate the response to diesel exhaust.

Svartengren et al (2000)
This is the only study we have identified that investigates the biological response in persons who
spent time inside a road tunnel. It reports an experimental study of 20 adults with mild asthma
sitting in stationary cars inside the Söderledstunnel in Stockholm for 30 minutes during peak hour.
The exposures within the cars were: NO2 range 203–462 µg m–3, PM10 range 103–613 µg m–3 and
PM2.5 range 61–218 µg m–3. It may be significant that PM10 is much higher than PM2.5, indicating
the presence of a large concentration of coarse particles. This experiment took place in winter
1997–98, when pollen levels were low. However, the widespread use of studded tyres generally
leads to a large emission of coarse road dust. Smell and irritant symptoms were reported, but
there were no symptoms of increased airway resistance. The more frequent questionnaire scores
for smells, cough and noise within tunnels are not presented as percentages. Once out of the
tunnel, an allergen challenge test measured an enhanced response, but there was no statistically
significant difference from similar results on a control day. Later in the evening after the tunnel
exposure, more asthma symptoms were reported than for a control period, using the same
subjects but with urban air exposure.
The study concluded:
It is thus reasonable to assume that exposure to air pollutants for half an hour in a road
tunnel can increase the bronchial response to allergens several hours after the exposure in
individuals with allergic asthma. The findings suggest that exposure to car exhaust initiates
a pro-inflammatory or inflammatory process in the bronchial mucosa. This state persists for
≥4 h and gives an extra impetus to the allergic reaction with accompanying deterioration
of lung function. Such an interpretation, implying a pro-inflammatory effect of exposure
to NO2 and particles, is supported by data obtained in human and animal exposure
experiments. If this interpretation is correct, it is also likely that the inflammation increases
bronchial responsiveness to not only allergens but also non-specific agents such as cold
air and tobacco smoke, as well as exercise. The increase in bronchial responsiveness in
the present study occurred without changes in lung function during exposure or in the
interval before allergen exposure. There are other studies reporting similar findings with
no observed effect on lung function during NO2 exposure, but which induced an increase
in airway responsiveness to agents like histamine, methacholine or ozone. This makes it
difficult for the exposed individual to be aware of the risk. [Our emphasis]

This study presents an interesting and relevant comparison with previous studies of the influence
of NO2 exposure on allergen response conducted in the laboratory in the absence of aboveambient levels of PM. For instance, Strand et al (1998) exposed 16 subjects with mild asthma to
500 µg m–3 of NO2 followed four hours later by exposure to birch or timothy pollen repeatedly
over four days. Compared to a control with zero NO2 exposure, the asthmatic response was
significantly increased. This study involved NO2 exposure duration of 30 minutes each time. The
lower NO2 concentration in the Svartengren tunnel study indicates that a lower NO2 concentration
may elicit the same order of response in the presence of a raised particulate concentration.

Herbert et al (2001)
This study reports the health effects of vehicle emission occupational exposure among bridge and
tunnel officers. It presents both respiratory and cardiovascular disease outcomes and supports
an interpretation that urban air pollution can be related directly to traffic exposure. The direct
relevance to tunnel users is, however, limited because the occupational exposure was for periods
of hours each working day.
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Brook et al (2002)
Healthy subjects were exposed to 150 µg m–3 concentrated ambient fine particles and 120 ppb
O3 for two hours. The particle exposure levels are similar to the scenario levels in road tunnels
predicted by NIWA (PM2.5 normal is 150 µg m–3 and high is 300 µg m-3), but the O3 exposure is far
higher than that likely in tunnels. Vehicle occupants will not be in a road tunnel for two hours,
but the length of exposure allows for other travel-related exposure approaching and leaving the
tunnel. An effect on vasoconstriction was detected. This was likely to be the result of immune
responses triggered by exposure to pollutants, which is one suggested mechanism underlying the
correlation between urban air pollution and cardiovascular mortality (Bai et al 2007).

Holgate et al (2003)
This study used human volunteers and assessed the impact of short-term exposure to diluted
diesel exhaust on inflammatory parameters in human airways. Subjects were exposed to a
concentration of diesel exhaust at 100 µg m–3 PM10 for two hours. At this concentration, both the
control subjects and those with asthma demonstrated a modest but statistically significant increase
in airway resistance following exposure to diesel exhaust.

Barck et al (2002)
This study exposed 13 subjects with mild asthma and allergy to either purified air or 500 µg m–3
NO2 for 30 minutes, and followed this with an allergen inhalation challenge. Lung function was
measured by plethysmography and then hourly by portable spirometry.
The results suggested that ambient NO2 can enhance allergic inflammatory reaction in the airways
without causing symptoms or pulmonary dysfunction. A subsequent study by Barck et al (2005)
tested repeated 15-minute exposures and found effects after only two to three brief exposures to
ambient levels of NO2.

Larsson et al (2007)
This study follows up the study by Svartengren et al (2000) by exposing 16 healthy adult
nonsmoking volunteers, without a history of allergy, to air in the same tunnel. In this case, the
subjects were exposed for two hours during the evening peak traffic period in a room within the
tunnel structure with doors open to both bores. The subjects alternated 15 minutes intervals of light
exercise on a bicycle ergometer with 15 minutes of rest. The volunteers underwent bronchoscopy
with bronchial mucosal biopsies and bronchoalveolar lavage (BAL) once at 14 hours after exposure,
and once after a control day with subjects exposed to urban air during normal activities.
The median exposures were: PM2.5 64 (range 46–81) µg m–3; PM10 176 (range 130–206) µg m–3;
NO2 230 (range 180–269) µg m–3; and CO 5.8 (range 1.2–7.0) ppm. These values are somewhat
lower than in the Svartengren study, but still typical to high for urban road tunnels in general (see
Chapter 4). Exposure to road tunnel air resulted in a lower airway inflammatory response, with
cell migration within the lower airways together with signs of an initiated signal transduction in
the bronchial epithelium, but a progression beyond an early inflammatory state did not occur.

6.6

HEALTH EFFECTS NEAR ROAD TUNNELS

Another important aspect of risk for people living near tunnels is the quality of the air in the
indoor environment, an area of great uncertainty. However, it is reasonable to assume that
external air pollution concentrations are a reasonable estimate of indoor exposures. It is vital to
establish what the localised pattern of air quality actually is in residential areas near tunnels.
There is very little published work on observed health effects of residential location near a tunnel.
Only the Sydney M5 reports have been identifed as attempting to assess these effects in detail.
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A cross-sectional approach was taken, with various questionnaire and medical examinations
conducted to investigate any adverse health patterns associated with the tunnel. The reports
indicate that few adverse effects were found.
The only approach that sought to determine daily symptoms and road tunnel exposures was a
quality of life questionnaire in the Sydney M5 Phase 1 study. Quality of life among the 54 exposed
volunteers was found to be lower than the Australian norm in some categories but was not
statistically significant once adjusted for age and gender of respondents. These results should be
interpreted with caution due to the criticism they received. Residents were experiencing health
problems at the time of this study, and it was only later discovered that portal emissions had been
occurring contrary to the conditions of approval for the tunnel.
The NSW Health has commissioned a study in response to community and local council concerns
regarding potential adverse health effects of the recently opened Lane Cove tunnel. The Air
Quality and Respiratory Health Study is monitoring changes in traffic patterns and resulting health
implications for residents as a result of the tunnel commencing operation. The study is assessing
the health of 2000 residents in three locations near the tunnel and one control region away from
the tunnel. The results of the study will be available in mid 20094.

6.7

STUDIES ON HEALTH OUTCOMES AND COMMUNITY TRAFFIC
EXPOSURE

A selection of epidemiological studies on adverse health outcomes and traffic exposure that
appear similar to the road tunnel scenarios are presented. The Californian studies on lung
development and distance from a freeway are highlighted because they are likely to be
transferable to the mix of traffic, including HDVs found in Australian tunnels.

Gauderman et al (2002)
Air pollution (measured by residence vicinity to freeway) impairs lung development of children
living in southern California. Reduced lung function development in childhood is proposed to
translate into lung function deficit throughout life. Reduced lung function later in life has been
described as second only to the exposure to tobacco smoke as a risk factor for death.

Gauderman et al (2004)
The results of this study indicate that current levels of air pollution have chronic, adverse effects
on lung development in children from age 10 to 18 years, leading to clinically significant deficits
in attained FEV1 (the forced expiratory volume in the first second) as children reach adulthood.
A linear concentration-response relationship was observed between the proportion of children
under 18 years of age with an FEV1 of < 80% of predicted and long-term exposure to PM2.5.
This exposure was determined through monitoring in each of the 12 communities from which
the cohort was recruited. This is highly relevant to communities living near tunnels and stacks if
these produce deterioration of the quality of the urban air compared to general levels of current
air pollution. Associations for the effect were seen with NO2 and PM2.5, both of which
are components of tunnel emissions.

McConnell et al (2006)
A cohort study of children from 13 schools, recruited in 2003, was conducted to assess the
relationship between localised traffic exposure and history of wheeze and asthma. Eligible
children, 5341 of 8193, participated through completion of a questionnaire. Residence within
75 m of a major road was associated with an increased risk of lifetime asthma (OR 1.29, 95%
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CI 1.01 to 1.86), and recent wheeze (OR 2.74, 95% CI 1.71 to 4.39). These are important findings
if transferable as a risk to children with residential proximity to tunnels and their approach roads.
Transferability of the results from a single study is limited. The study response rate was 65%,
which indicates a possibility of some bias in results if respondents differed from nonrespondents.

Gauderman et al (2007)
This prospective study followed 3677 children (average age 10 years), with annual lung function
measurements, for eight years. Children who lived within 500 m of a freeway had significantly
reduced eight-year lung function compared with those who lived at least 1500 m from a freeway:
FEV1 deficit of 81 mL; maximum midexpiratory flow rate deficit of 127 mL. Subgroups of children
with no asthma and no active tobacco use also showed this significant association between
residential distance from a freeway and lung function. However, nonfreeway road distance was
not associated with reduced lung function, which suggests the risk was associated with features
of the emissions from a freeway. This is a relevant study for road tunnel risks in a residential
neighbourhood, if the emission characteristics of busy freeways and tunnels are similar (see
Chapter 4).

Sandstrom and Brunekreef (2007)
This commentary in the Lancet, in response to the publication of the cohort study by Gauderman
et al (2007), noted various study limitations and discussed the need to determine which trafficrelated components are responsible for specific health effects. ‘The roles of fuels, engines, exhaust
gases, and particles (as well as components of road and vehicle wear) demand much attention to
reduce the biomedical consequences of traffic pollution.’ They commented on research that has
associated diesel exhaust with inflammatory effects in the bronchial wall together with adverse
functional consequences.

6.8

STUDIES ON CELLULAR AND BIOMARKER EXPERIMENTS
RELATED TO TRAFFIC EXHAUST

A single publication was identified reporting experimentally observed effects in cells and trafficassociated toxic materials from a road tunnel. There have been a number of studies of people
exposed to traffic exhaust including police officers, street vendors and traffic wardens.

Hetland et al (2004)
This study investigated the potency of different size fractions of urban ambient air particles to
induce release of inflammatory cytokines in the human alveolar cell line A549 and in primary
rat type 2 cells. A mineral-rich ambient air PM10 sample collected in a road tunnel was used
as a source of exposure. The road tunnel sample was from Norway in winter and is described
as coarse material formed through abrasion of the road surface with studded tyres. Hence any
differentiating toxicity features of the road tunnel particulate are not transferable to an Australian
situation. However, the results from this study are of value in interpreting the applicability of the
results from the Svartengren et al study (2000) which subjected asthmatic subjects to tunnel air in
winter in Sweden, where PM is similarly mineral rich.

Tomei et al (2001)
Urinary markers for benzene and PAH exposure were elevated in traffic policemen in Rome (Italy)
compared to office workers, but the numbers were small and related to one exposure location. It
is not possible to infer from this study that people exposed to traffic in an Australian tunnel will
show measurable urinary markers for benzene because the exposure times are different.
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Riediker et al (2004)
North Carolina State Highway Patrol troopers took part in a study among healthy young
nonsmoking men to assess effects of PM2.5 in vehicles during a nine-hour shift. Physiological
monitoring and monitoring of PM2.5 in the vehicles was carried out and associations with fixed
ambient and roadside PM2.5 were investigated. The in-vehicle exposure was generally lower than
the concentrations recorded at the outdoor fixed sites. This is not unexpected because the vehicles
spent only a limited period of each shift in busy traffic and the vehicle envelope provided partial
filtering of particles from outdoor sources. Mean nine-hour exposure was 24 µg m–3 of PM2.5.
A few hours after exposure, undesirable effects were seen in vagal activity (ectopic beats),
peripheral blood inflammatory markers (C-reactive protein) and coagulation markers (fibrinogen).
Despite the lower in-vehicle concentrations, these effects were more strongly associated with
in-vehicle PM2.5 than external PM2.5. The largest effect on heart-rate variability was seen on waking
the morning after the in-vehicle exposure. This study is significant in terms of road tunnels
because it heralds cardiovascular effects that involve inflammation, coagulation and cardiac rhythm
among a group at otherwise low risk for such outcomes. While the measured exposure was to
PM2.5, this arose in a setting of exhaust and highway air exposure within a vehicle and hence
reproduces some of the aspects of combined pollutant exposure that might arise in a tunnel.

Cebulska-Wasilewska et al (2005)
City policemen were studied to examine the effects of air pollutant exposure on lymphocytes as
an indicator of mutagenic potential of the exposure. The results showed no statistical differences
between levels of exposure or between nonsmokers and smokers. The paper discusses the results
in terms of PAH exposure but the exposure was actually to urban traffic, which was not measured.

Ruchirawat et al (2005)
People susceptible to traffic congestion in Bangkok, including street vendors and children at two
high-exposure schools were studied. Exposures were measured for PAHs and benzene. Urinary
1-hydroxypyrene (1-OHP) and t,t-muconicacid (t,t-MA) were measured as health endpoints
and showed elevations among exposed groups compared to controls. The presence of altered
urinary markers (1-OHP and t,t-MA) for carcinogen exposure indicates the potential for increased
carcinogenic risk as a long-term outcome.

6.9

HEALTH EFFECTS ASSOCIATED WITH SPECIFIC POLLUTANTS

6.9.1

CARBON MONOXIDE

CO becomes a danger to human health when there is a combustion source in an inadequately
ventilated space. Underground tunnels and car park buildings are classic situations for public health
risk, but improvements in vehicle engines have led to marked reductions in CO from exhaust
(Section 4.2). Another demonstrated public health risk arises from tobacco smoking in an enclosed
space, particularly in a motor vehicle, where there is also an additive risk from exhaust gases.
The health risks of CO have been included in the WHO ambient air quality guideline review
(2000). CO binds with haemoglobin to form COHb, which reduces the oxygen-carrying capacity
of the blood and impairs the release of oxygen to the tissues. The risks are particularly significant
in pregnancy. Raised COHb levels are associated with risks of abnormal heart function and risks
for vehicle accidents, possibly through short-term reversible neurological effects.
Excessive CO within a tunnel is dangerous, especially for people with ischemic heart disease and
pregnant women. Tunnel design has traditionally been directed at ensuring concentrations remain
below recommended short-term guidelines. Outside the tunnel the risk of excess exposure is
greatly reduced (see Chapter 5).
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6.9.2

NITROGEN DIOXIDE

Oxides of nitrogen are especially important with regard to road tunnels because concentrations
can become significantly elevated in poorly ventilated environments (see Chapters 2–3). Risks
for elevations of NO2 in the community nearby tunnels and stacks also require management.
The recent update summary from the WHO air quality guidelines (2006) reiterates that NO2 is
associated with various adverse impacts on health, including increased respiratory symptoms in
children, onset of respiratory symptoms among infants and increased bronchitic symptoms for
children with asthma. Other demonstrated effects among people with asthma include direct effects
on lung function and increased bronchial responsiveness at levels of 200 µg m–3 and above.
A concern about NO2 exposure is whether short exposures to concentrations within a road
tunnel can be sufficient to produce adverse effects. The recent WHO global update for ambient
air guidelines (WHO 2006) indicates that there are few studies of short exposures (30 minutes
or less) to NO2 at concentrations expected in tunnels (100–400 ppb). Svartengren et al (2000)
found significant increases in airway resistance and increased late-phase reaction to allergen
challenge for subjects exposed for 30 minutes to tunnel air with > 160 ppm NO2. Bylin et al (1988)
exposed people with mild asthma to controlled concentrations of NO2 for 30 minutes. There
was a significant increase in histamine reactivity after exposure to 270 ppb NO2, and a tendency
to increased reactivity with exposure to 140 ppb and 540 ppb. In another experiment, Bylin
et al (1985) exposed mild asthmatic and normal subjects to NO2 for 20 minutes. After exposure
to 480 ppb there was a significant increase in reaction to histamine in the asthmatic subjects.
Histamine reactivity was not tested at lower concentrations. Airway resistance increased after
20 minutes exposure to 240 ppb NO2 and decreased after exposure to 480 ppb. Other investigators
have used NO2 concentrations greater than 500 ppb. Of most relevance to tunnel exposures is the
work of Barck et al (2005), who exposed people with mild asthma to 500 ppb for 15 minutes on
one day and repeated the exposure twice on the following day. Inflammatory markers increased in
reaction to pollen challenge. None of these NO2 exposure studies include people with moderate to
severe asthma. It is possible to infer that in congested situations, or where an event delays traffic in
a tunnel, there are risks of adverse effects among those with asthma.

6.9.3

PARTICULATE MATTER

The recent global update summary from the WHO air quality guidelines (WHO 2006) summarises
adverse effects due to PM of size 10 µm or less (PM10).
The range of effects is broad, affecting the respiratory and cardiovascular systems and
extending to children and adults and to a number of large, susceptible groups within
the general population. The risk for various outcomes has been shown to increase with
exposure and there is little evidence to suggest a threshold below which no adverse
health effects would be anticipated. In fact, the lower range of concentrations at which
adverse health effects has been demonstrated is not greatly above the background
concentration. The epidemiological evidence shows adverse effects of particles after
both short-term and long-term exposures.

Particulate matter in tunnels is usually raised compared with urban air and can become highly
elevated (see Section 4.2). The main issue for tunnel health effects is the significance of an
elevated exposure if it is only brief. This is an area of considerable uncertainty. Particulate matter
in tunnels contains substances that are directly toxic or carcinogenic, in which case brief but
repeated exposures can add to lifetime risk. Examples of known or suspected carcinogens present
in road tunnel particulates are soot and PAHs (see Section 6.9.9).

6.9.4

DIESEL EXHAUST

Diesel engines and petrol engines produce different mixtures of combustion products. In particular,
the diesel engine emits high particulate mass emissions, including fine and ultrafine components.
Health effects from these are discussed in Section 6.9.5. Diesel exhaust consists of a complex
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internally and externally mixed aerosol system based on semivolatile organic compounds and
soot. Diesel exhaust hydrocarbons and other organic compounds include volatile and nonvolatile
components existing in both gas and particulate phases. These include substances that are toxic
or carcinogenic and can be problematic when they undergo photochemical reactions or oxidise
to form irritant substances. Diesel exhause is also a source of PAH, soluble organic fraction,
aldehydes, SO2, nitrous oxide and metal oxides. Although not prominent components of diesel
exhaust, benzene and formaldehyde are classified as carcinogens (see Sections 6.9.9 and 6.9.10).
Diesel exhaust is carcinogenic in its own right. The United States Office of the Environmental Health
Hazard Assessment lists ‘Diesel exhaust’ as a toxic air contaminant with a chronic inhalation risk
reference exposure level of 5 µg m–3 and cancer unit risk (increased risk per µg m–3) of (3 × 10-4 µg
m–3)–1 over 70 years (300 cancers per million per 1 µg m–3 increased exposure).

6.9.5

ULTRAFINE PARTICLES

The epidemiological associations between ambient levels of PM and adverse health effects are
not explicable in terms of the toxicity of the various chemical compounds contained within PM
(Valberg 2004). Morawska et al (2004) recently reviewed the literature on ultrafine particulate and
health effects. At that time there was a relatively small number (eight) of epidemiological studies
on this topic; most were conducted in the European ULTRA program. Primary adverse health
outcomes were an overall increase in daily mortality, adverse respiratory health outcomes (similar
to those seen with fine particle effects), possible increased cardiovascular disease mortality,
increased asthma symptoms, possible inflammatory events in the lung with a cumulative effect
over five days following exposure, and increased cardiovascular morbidity among those with
chronic heart diseases. The acute effects for asthma were more severe for adults than children.
The effects identified for ultrafine particles remain similar to those recognised for PM in general.
As yet there is no consensus on which a PM marker is a good indicator of potential health effects.

6.9.6

SULFUR DIOXIDE

The recent update summary from the WHO air quality guidelines (2006) summarises adverse
effects from SO2. It refers to controlled experiments with exercising asthma sufferers indicating
that some experience changes in lung function and respiratory symptoms after periods of
exposure as short as 10 minutes. This is directly relevant to transit time through a busy tunnel.
A protective guideline of 10 minutes at exposures of 500 µg m–3 is therefore recommended.
Concentrations of SO2 within tunnels are not routinely measured but where measured, are well
below this level.
Recent epidemiological studies are discussed in the WHO review update which recommends
moving towards a lowered guideline exposure for a daily averaging time. This recommendation
is relevant to communities living near tunnels if ambient air is affected by tunnel traffic. Health
effects associated with ongoing exposures to SO2 include all-age mortality, childhood respiratory
disease, and hospital admissions for cardiac disease. There remains uncertainty about the extent
to which these adverse outcomes are due to SO2 alone or to a mixture of pollutants, including
PM and O3.

6.9.7

OZONE

Ozone concentrations are not elevated in road tunnels, however the following studies are
presented for reasons of completeness.
In a recent review of mortality associated with O3, Levy et al (2007) discuss the commissioning in
2003 by the United States EPA of three independent reviews (Bell et al 2005, Ito et al (2005), Levy
et al (2005). A contextual factor for the studies was a lack of clarity over whether mortality effects
are caused by O3 itself or by association with temperature changes or other pollutants, especially
particulate levels or sulphates. Levy et al (2007) conclude that reductions in O3 exposure will lead
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to reductions in premature mortality. The relevance to road tunnels is that quantifiable effects
were shown to be associated with increases in one-hour exposures to elevated O3 levels and with
a short lag time before death.
Levy et al (2005) found a mean estimate of 0.21% increase in daily mortality per 10 µg m–3
increase in one-hour maximum O3 exposure. Analyses by Ito et al (2005) and Bell et al (2005)
were remarkably consistent with these findings. When expressed in a comparable manner, the
three studies suggest a 0.4% increase in short-term mortality for each 10 ppb increase in one-hour
maximum O3. Most of the risk is in the warmer seasons and there is a probable lag time of up to
two days from exposure.
A registry of acute myocardial infarction in Toulouse, France was used to investigate various
environmental factors associated with air pollution (Ruidavets et al 2005). The only risk factor to
show a strongly positive association was O3, with a lag of one to two days, and with a RR = 1.09
(95%CI, 1.03–1.15, p = 0.004) in people aged 55 to 64 for an O3 increase of 5 µg m–3 and a greater
risk among those without prior heart disease, RR = 1.14 (95%CI, 1.06–1.23, p = 0.0007).

6.9.8

LEAD

Since alkyl lead is no longer added to petrol as ‘anti-knock’ in Australia (and diesel fuel never
contained lead additive), the possibility of lead exposure in tunnels is small. In motor vehicle
exhaust from leaded petrol, more than 90% of the emission is inorganic lead and the residual
organic lead compounds decompose within hours or days to lead oxide. Meta-analysis of 17
published studies from five continents found strong linear relationships between blood lead
concentrations in the population and the average concentration of lead in the air and in gasoline.
Australia initiated a successful program in the early 1990s for removal of lead in petrol. The
associated decline in vehicle-associated lead exposure is mentioned in earlier chapters. Lead
can persist in the environment near a busy road, following past deposition, but direct exposure
through inhalation of traffic exhaust is no longer likely with these changes in fuels.
According to a comprehensive review of health outcomes associated with lead, the IARC found
that: organic lead compounds are not classifiable as to their carcinogenicity to humans (Group 3)
and inorganic lead compounds are probably carcinogenic to humans (Group 2A). The effects
of lead exposure include increased risk of minor congenital abnormalities, intrauterine growth
retardation, spontaneous abortion, delivery complications, delays in physical and mental
development, lower intelligence quotient levels, shortened attention spans, impaired hearing,
and increased behavioural problems. Fetuses at any stage of development and children under
the age of six years are at the greatest risk of adverse health effects. This increased vulnerability
is due to the fact that the brain and central nervous system is still developing. Recent studies
have shown that even low levels (< 5 µg dL–1) of lead exposure can result in intelligence quotient
deficits (IARC 2006).

6.9.9

BENZENE

In Australia, benzene content in petrol has ranged from 1–5% v/v. Under the Fuel Quality
Standards Act 2000, the maximum concentration was lowered to 1% from 1 January 2006.
Benzene in petrol engine exhaust is a combination of unburned benzene from the fuel and
benzene produced through incomplete combustion of petrol. One of the situations for highest
exposure concentrations is inside a petrol vehicle, especially if someone is smoking. Public
exposure to benzene in Australia is reviewed by NICNAS (2001) who reported the highest
concentration of benzene in urban air in Australia of 7–38 ppb from the Sydney Cahill tunnel at
peak hour in 1991. Clearly, public concerns about benzene risks associated with road tunnels
have a firm basis, although the 1991 concentrations predated the reduction in benzene in petrol.
Benzene is classified as carcinogenic to humans (Group 1) by the IARC, a category that is used
when there is sufficient evidence of carcinogenicity in humans. Benzene is a cause of leukemia in
humans. The adverse effects of benzene have been reviewed by WHO (2000); the most significant
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effects include haemototoxicity, genotoxicity and carcinogenicity. These effects may be relevant
for road tunnel users with repeated intense exposures over time, but may also be relevant to
residential exposure risks in the vicinity of tunnels.
The WHO review preferred a model for risk estimate that gave equal weight to concentration and
duration of exposure. Hence the accumulation of dose becomes the determinant of cancer risk.
WHO (2000) proposed that the concentrations of airborne benzene associated with an excess
lifetime leukemia risk of 1 in 10 000, 1 in 100 000 and 1 in a million are, respectively, 17, 1.7 and
0.17 µg m–3. NICNAS (2001) also regarded benzene as a genotoxic carcinogen and assessed the
additional lifetime risk for leukemia as 0.2 in 1000 at an exposure level averaging 48 ppb over
40 years. Based on 1996 incidence figures for Australia, the lifetime risk for leukemia of any cause
is 8.5 per thousand population.
Risks from chronic exposure to benzene can include bone marrow depression (leucopenia,
anemia or thrombocytopenia). Brief intense exposures to polluted air in a road tunnel are unlikely
to exceed the threshold to produce these effects.

6.9.10 FORMALDEHYDE
Formaldehyde is ubiquitous. It is released as a product of metabolism and produced in the course
of both natural processes and human activities that involve the combustion of organic materials,
for example bush fires, tobacco smoking and motor vehicle fuel combustion.
In 2004, a working group convened by the IARC Monographs Programme concluded that
formaldehyde is carcinogenic to humans. They determined that there is sufficient evidence that
formaldehyde causes nasopharyngeal cancer in humans, limited evidence for cancer of the nasal
cavity and paranasal sinuses and ‘strong but not sufficient evidence’ for leukemia. A review by
NICNAS (2006) considered formaldehyde to have weak genotoxic potential and concluded,
based on the available nasopharyngeal cancer data, that formaldehyde should be regarded as
carcinogenic to humans following inhalation exposure. This finding is not relevant to road tunnels
as it depends on exceeding a concentration threshold unlikely to be encountered in road tunnels.
Apart from the carcinogenic risk, formaldehyde is toxic. Eye, nose and respiratory tract irritation
occur above levels of 0.5 ppm. There is limited evidence that formaldehyde may elicit a
respiratory response in some very sensitive individuals with bronchial hyperactivity. Formaldehyde
is a sensitiser but the available human and animal data indicate gaseous formaldehyde is unlikely
to induce respiratory sensitisation. The issue relevant to road tunnel exposure is that direct
irritation may occur.

6.10

CONCLUSIONS

6.10.1 LIMITATIONS OF RESIDENTIAL EXPOSURE INFORMATION
In order to assess the potential health effects on communities living around road tunnels, accurate
estimates of any increased exposure to air pollutants due to the road tunnel are required. As
detailed in earlier chapters, the available information suggests that, with the exception of homes
near tunnel portals where there are significant emissions, any exposure to tunnel air pollutants is
unlikely to be significantly above background levels.

6.10.2 LIKELIHOOD OF HEALTH EFFECTS
There is a possibility of short-term effects for tunnel users in busy traffic and a smaller risk of
health impacts in the residential neighbourhood. Characteristics of the air within a tunnel most
likely to affect users are particulate matter, including coarse, fine and ultrafine particles, carbon
monoxide and NO2.
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For tunnel users, possible effects include immediate or delayed aggravation of asthma. Accrued
effects from repeated tunnel use might include small increases in lifetime risk of cancer and
potential for increased bronchitic events or respiratory infection. NO2 appears to be a key pollutant
for which guidelines and controls are needed, both as an air quality indicator and a health risk.
People who live near tunnels or their stacks may be at risk if the presence of the tunnel alters
the ongoing quality of the neighbourhood ambient air. Risks to cardiorespiratory health may
arise if there is exposure to contaminated air from road traffic emissions, including tunnel
emissions. Important indicators of this risk are NO2 and particulate levels. A particular concern
is the association between impaired lung development in children and emissions from traffic.
Particulates and volatile compounds including benzene may produce an increased lifetime risk
for cancer.

6.11

RECOMMENDATIONS FOR HEALTH MONITORING

6.11.1 RESIDENTIAL EXPOSURE
There is currently no useful indicator for monitoring health in people residentially exposed to
tunnel emissions.
There is as yet no confirmed evidence that people in Australia living near tunnels or their stacks
experience increased exposure to pollutants. However, residents near the M5 East tunnel and
stack have consistently reported increased levels of dust fallout since the tunnel opening. Pollutant
exposure levels for people living near tunnel portals or stacks should be investigated further.
Nitrogen dioxide and PM are important indicators for tunnel effects on residential air quality, and
represent aspects of the pollutant mix that are likely to be associated with adverse cardiopulmonary
effects. Benzene concentration measurement is recommended as a useful exposure determinant.
Despite recent reductions of benzene in petrol, it is a carcinogen, is relatively simple to model and
measure, and is an indicator for the presence of VOCs from traffic pollution.
If public concern remains high, without confirmation of elevated exposures, further investigations
will no doubt be requested. Studies of daily irritant symptoms or minor respiratory morbidity
may be more practical than attempts to measure major health outcomes. Minor symptoms arise
more commonly in the population and their monitoring may clarify whether any small differences
in exposure among localities are occurring, and whether these are associated with any adverse
health patterns. However, results from minor morbidity surveys are also more subject to reporting
bias than medically diagnosed events and can present difficulties in interpretation.

6.11.2 MONITORING FOR OUTCOMES AMONG TUNNEL USERS
Monitoring implies ongoing regular ascertainment of an adverse event. Usually an outcome event
becomes suitable for monitoring if it is clearly linked to the situation targeted in the monitoring.
Human health event monitoring is not recommended at this time for tunnel users:
UÊ

There is insufficient evidence to be able to attribute events such as asthma attacks, angina or
acute respiratory infection directly to a tunnel exposure.

UÊ

Adverse cardiopulmonary health outcomes, while clearly associated with exposures to high
levels of traffic emissions in urban settings, are not individually attributable in a manner usual
for monitoring emission events.

UÊ

Case ascertainment would be highly problematic for outcomes that often present to primary
health care providers, or are self-managed at the time of occurrence.

UÊ

Current cancer risks can only be inferred using risk-factor-based estimations and exposure
measurements. The timeframe for development of cancers implies that studies of cancer
presentations are largely investigations of historic causation events.
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Instead of monitoring per se, another approach to adverse health outcome measurement could be
considered such as carefully designed study(ies) to determine the extent to which major morbidity
is associated with tunnel use including monitoring for trends. Such studies might consider the
following factors:
UÊ

Major morbidity, for example hospital presentation with cardiac or respiratory events, is
associated with greater accuracy of diagnosis than minor morbidity.

UÊ

Possible recruitment of people with asthma, which is a relatively common condition, to
investigate patterns of exacerbation with or without tunnel use.

Another type of effect measurement uses questionnaires of common symptoms such as odour,
cough and upper respiratory irritation. Such questionnaires were the main way that differences
in health experience among residents were investigated in the Sydney M5 tunnel work. However,
this approach requires a comparative or trend study design among a group in the community and
is not suitable for individual event monitoring.
Approaches may be limited in power by the small proportion of all city residents who
regularly use tunnels and/or the small size of exposure elevation above the background
urban environment, once total daily exposure is accounted for. The above aspects and other
methodological issues warrant consideration before public expectations can be raised about the
benefits of research.
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7

AIR QUALITY AND HEALTH RISK MANAGEMENT

This chapter looks at how various factors affect air quality and can be managed to reduce health
risk. It considers tunnel ventilation design and operation, visibility criteria and PM, exposure to
NOx, traffic emission and control, advice to tunnel users and protection of ambient air quality.

7.1

TUNNEL VENTILATION DESIGN AND OPERATION

7.1.1

IN-TUNNEL CONCENTRATION LIMIT VALUES FOR HEALTH PROTECTION

The key way to manage air quality within and near road tunnels is the setting of in-tunnel
concentration limits which must be achieved and maintained by ventilation systems. The key
international body that provides advice on such issues is PIARC, which recommends a range
of limits (see Table 7.1 below). The ‘normal’ CO operation limit of 100 ppm is based upon the
WHO 15-minute guideline of 87 ppm. Limits for visibility are also provided, but for the purpose
of safe driving rather than health protection. National agencies around the world have either
adopted or adapted the PIARC recommendations. For example, a 15 minute limit of 87 ppm
is applied in Sydney tunnels, 100 ppm at the tunnel midpoint in Norway, and 120 ppm in the
United States.
CO has been chosen as a criterion of air quality; it is a traffic-dominated pollutant and is the
only pollutant with WHO health-based guidelines with a relevant exposure time (15 minutes).
However, since the adoption of this criterion, CO emissions have dramatically fallen. In the
meantime NO2 (and PM in some locations) have become the dominant traffic-related pollutants
of concern. PIARC have not released definitive recommendations for NO2 in tunnels and there
are scientific and technical challenges in managing compliance with NO2 limits (due to its
nonlinear processes and difficulties in monitoring, discussed further below). Nevertheless, some
bodies have declared limit values for NO2 (as shown in Table 7.2), but the variation between
the limits speaks for itself. The Norwegian NPRA has a limit of 1.5 ppm at the tunnel end and
0.75 ppm at its midpoint (NPRA 2004). As described in Chapter 4, exceedences of this limit have
been observed but not acted upon because of the absence of NO2 sensors in the tunnel.
TABLE 7.1

PIARC recommended in-tunnel pollutant limits

Carbon monoxide concentration
Design year
1995

2010

Traffic situation

ppm

ppm

Fluid peak traffic 50–100 km h-1

100

70

Daily congested traffic, standstill on all lanes

100

70

Exceptional congested traffic, standstill on all lanes

150

100

Planned maintenance work in a tunnel under traffic

30

20

Closing of the tunnel

250

200

ppm = parts per million
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TABLE 7.2

Various limit values for in-tunnel nitrogen dioxide

Limiting concentration

Notes

Belgium

0.5 ppm

< 20 minutes

France

0.4 ppm

15 minutes

Norway

0.75 mg m–3 (~0.4 ppm) at midpoint
1.5 mg m–3 (~0.8 ppm) anywhere

PIARC

1 ppm

Proposal

Sweden, Belgium

0.2 ppm

One hour, same as WHO ambient guideline of
110ppb (200µg/m3)

ppm = parts per million

We have noted comments and unstated assumptions in the literature that NO2 and visibility are
only relevant where large numbers of HDVs use a tunnel; otherwise the CO criteria are thought to
be sufficient (Chow and Li 1999). However, it has been proposed that enforcement of an NO2 limit
rather than a CO limit should protect tunnel users from all pollutants (Jacques and Possoz 1996).
Recent rapid reductions in emissions per vehicle, and the unfortunate increase in primary NO2
emissions, as reported by Carslaw (2005) for example, indicate that air quality management of
tunnels cannot rely on consideration of any single pollutant. The lack of WHO guidelines for
exposure of less than an hour for NO2 or PM does not mean that there are no relevant health effects
from those exposures. We found very little evidence in the literature of the success or otherwise of
implementation of NO2 limits, other than to note that management of NO2 is very dependent upon
problematic monitoring technology or reliable modelling of in-tunnel NO2, currently an active topic
of engineering research. However, NOx gas detoxification in conjunction with ESP technology is in
use in several long tunnels in Japan and Norway, and evidence on the effectiveness of such systems
would be useful in addressing similar issues in Australian tunnels. Future emissions reductions may
again shift the focus of concern to a different pollutant, and any management strategies that are
intended to be generally applicable on a long-term basis should be sufficiently flexible and holistic
to be able to accommodate such changes without compromising performance.

7.1.2 DESIGNING FOR THE WORST CASE
As noted in Chapter 4, the anticipated CO concentration depends upon vehicle emission and
ventilation rate, both of which are related to vehicle density and speed. As shown in Table 7.1,
this is taken into account in the PIARC recommendations by providing different guidelines as a
function of speed. However, in most tunnels, only a single guideline has been implemented for a
given exposure duration. It is prudent for design modelling to include predictions for a range of
traffic speeds. Low speeds down to zero may be the most important in terms of the likelihood of
guideline exceedence. An audit conducted by the New South Wales Department of Planning (NSW
Planning 2005) noted that failure to model the effects of emissions from traffic travelling between
0 and 20 km h–1 was one of the failings of the design of the M5 East tunnel in Sydney. It was
reported to the auditors that this was because the tunnel design was to rely on traffic management
to prevent such traffic speeds occurring (discussed further below).
In Victoria, new tunnel emissions are assessed according to Schedule A of the State Environmental
Protection Policy (SEPP) which requires consideration of the worst case for normal operating
conditions. In the Eastlink tunnel in Melbourne (currently under construction), a series of model
runs suggested that a 20 km h–1 congested case (0600–0900) represented a more likely case than a
10 km h–1 case (Thiess John Holland 2006).
In Sweden, the effects of congestion are modelled through appropriate choice of low-speed
emission factors. However, the requirements for ventilation during congestion are assumed to be
more than adequately catered for in the criteria designed to cope with fire and smoke, which pose
more demanding constraints.
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7.1.3

SENSITIVITY TO TRAFFIC DATA, HDVS AND CHOICE OF EMISSION
FACTORS

For a given tunnel, the factor which most strongly determines its air quality is the rate of emission
into its volume. If we assume that tunnel length, gradient, the local traffic fleet and fuel are fixed,
then emission is most strongly controlled by the level of traffic and the proportion of HDVs, and
good ventilation design rests on good traffic data and accurate emission factors.
The experience of the controversies surrounding the tunnels in Sydney, especially the M5 East,
has provided an expensive (financially and politically) illustration of the crucial importance of
the selection of accurate emission factors at the design stage. Williams et al (2000) noted that
the widely used PIARC emission data (largely based on limited chassis dynamometer tests)
underestimated PM10 emission from Australian diesel vehicles by approximately half. Manins
(2007) found wide disparity between emission factors applied for the Australian fleet in design
and environmental impact modelling for recent Australian tunnels. Crucially, he found that
emission factors for PM10 estimated from measurements made in the M5 East tunnel were higher
than the factors used in modelling in all Sydney tunnels (M5 East, Cross City and Lane Cove) by
a factor of two. Accurate traffic prediction is also a crucial element. Traffic in the M5 East tunnel
swiftly exceeded the design assumption after opening in December 2001. Annual growth of 0.9%
was predicted in the first 10 years. Actual growth was 22% from February 2002 to Feburary 2003
(~70 000 to ~85 000 vehicles), with a further 16% growth from December 2002 to December 2003,
leading to a flow of 95 000 vehicles by February 2004 (Manins 2005) and over 100 000 by 2006
(Manins 2005). Conversely, Manins (2007) reports a huge overestimation in traffic flow in the
Cross City tunnel (30 000 vehicles actual compared to an estimated 90 000 or 112 000 vehicles
after one year. This is undoubtedly partly related to toll avoidance and a reversal of surface road
changes designed to feed traffic into the tunnel. Nevertheless, the tunnel design is now locked
into the assumption of far more traffic than the ventilation was designed for. It is no surprise that
the CO concentrations reported inside the tunnel are very low. Yet the Cross City tunnel has a
relatively expensive (to both build and operate) ventilation system in which emissions are vented
via a stack at one end only (the design changed from the simpler arrangement of a stack at each
end after community objections). This required the construction of a separate, parallel ventilation
tunnel. Management of air quality in and near tunnels is very dependent on the selection of
emission factors and traffic predictions at the design stage.
Emission factors for many pollutants are much higher for HDVs compared to LDVs (see Chapter 4).
This is especially true for PM10, PM2.5, EC and NOx. Concentrations of these substances in tunnels
are sensitively dependent on the contribution of the heavy duty fraction of the fleet, especially if
that fraction is likely to include poorly maintained gross polluters, trucks operating at high load
or trucks operating on poor quality fuel. It has been shown in Sydney that accurate prediction
of HDV patronage is crucial to the successful design and operation of tunnel ventilation (Manins
2007). In particular, on most major roads, the fraction that HDVs represent of all traffic varies
during the day, and varies also between weekdays and Saturdays and Sundays; a variation by up
to 30% would not be surprising. It is crucially important that this temporal variation in fleet mix is
considered and predicted as accurately as possible at the design stage, rather than relying on the
application of a constant or two-value fleet profile (Manins 2005).

7.1.4

VENTILATION CONTROL AND TUNNEL CLOSURE—THEORY AND ISSUES

Once the ventilation system has been designed to prevent a certain concentration limit being
breached, and the tunnel is built, there are limited opportunities to make changes. Limit values are
also used in the management of the ventilation system. If the limit value is breached or likely to
be breached, additional forced ventilation should be activated. However, this is not as simple as it
sounds. A ‘live’ system will continuously monitor CO and/or visibility in the tunnel (preferably at
multiple locations). Once a decision to activate extra ventilation is made there can be a significant
time delay before the extra fans reach full speed. A simple system that switches the additional
thrust on and off in response to threshold levels is liable to be unstable, rapidly switching fans
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on and off in an uneconomical way. Changes in ventilation induce pressure changes in the tunnel
that can have unpredictable effects on airflow and concentrations in other parts of the tunnel,
especially in complex tunnels with curves, changes in gradient and branches. Experience in
ventilating complex mineshafts has shown that a stable system is preferable to an optimal one
(Jacques and Possoz 1996). Achieving a stable system can require complex airflow monitoring and
computer modelling.
A system that reacts to changes in concentrations in the tunnel has a number of disadvantages.
As it reacts to past events (changes in emission or airflow due to localised congestion, for
instance, leading to localised rises in concentration), it is always trying to ‘catch-up’ and this
timelag can lead to inherent dynamic instability. Such a system is also dependent upon monitor
data which is prone to inaccuracy (see below). An alternative approach is not to react, but to
anticipate. Such a system does not rely (entirely) on monitoring concentrations, but instead
models those concentrations as, or preferably before, they happen, based on traffic data. At
a basic level, this traffic data can be average traffic counts (preferably long term to establish
variability). A more sophisticated system will make live observations of traffic flow. The predictive
ability of the system is improved if traffic flow data upstream of the tunnel is available, giving vital
extra minutes to calculate the expected emissions and concentrations in the tunnel, and to bring
fans up to speed if necessary in advance of the predicted limit breach. Such a system requires a
significant cost in terms of design and testing. However, in the case of a relatively polluted tunnel
in which extra ventilation is regularly required, this is compensated by a lower operational cost in
terms of energy saved from unnecessary fan operation.

7.1.5

VENTILATION CONTROL AND TUNNEL CLOSURE—PRACTICE

We found many examples of tunnels with optional forced ventilation systems in which busy traffic
leads to high concentrations of NO2 without the forced ventilation being activated. This has been
due to CO remaining below the locally specified limit value and the absence of NO2 monitoring
as part of the ventilation control system. In some cases the fans are automatically operated during
peak periods as a preventative measure (eg Craeybeckx tunnel, Antwerp; Shing Mun, Hong Kong;
Klaratunnel, Stockholm). Active ventilation control is entirely dependant on the accuracy and
reliability of the monitoring equipment and the skill of the operators in interpreting the data. The
possibility of monitor malfunction must be a serious consideration in reactive ventilation control.
Filtration technologies, in operation in several tunnels in Japan, Norway, Vietnam and Hong
Kong, can address these issues. ESPs have been reported to remove up to 90% of PM, and can be
accompanied by NOx gas detoxification systems to remove NO2. These systems improve tunnel air
quality, external air quality or both.
Evidence of 10 exceedences of the CO guideline in the M5 East tunnel (87 ppm averaged over
15 minutes) was found by auditors between 5 March 2002 and 13 May 2003 (NSW Planning 2005).
On four occasions traffic congestion was cited as the cause (including one vehicle breakdown
incident and one flood). Five incidents were related to malfunctions of airflow sensors, and one
incident related to incorrect operation of the ventilation system during a shutdown of the stack for
maintenance work.
Several guidelines decree when a tunnel should be closed to traffic due to excessive levels of air
pollutants. For example, in Norway, tunnels should be closed if CO in the tunnel midpoint exceeds
100 ppm for more than 15 minutes. Indrehus and Vassbotn (2001) reported that NO2 levels reached
dangerously high levels in at least one tunnel, without triggering a closure, because the 100 ppm CO
concentration was not reached, and monitoring of NO2 was not part of the tunnel’s control system.

7.1.6

IN-TUNNEL MONITORING

The interior of road tunnels presents a challenging environment for the measurement of air
quality. Optical surfaces that are essential for measurements of opacity, and which are also
essential elements of the chemi-luminescence instruments generally used to measure NO2, are
exposed to a very dirty, dusty and sooty environment for long periods of time. Tunnels are often
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cleaned using jet sprays including strong solvents or acids. Hence monitors require high levels
of maintenance, protection and regular calibration. However, maintenance of any kind in a road
tunnel is difficult and expensive due to the need to greatly reduce pollutant concentrations when
personnel are likely to be spending prolonged periods of time in the tunnel (see Table 7.1).
Monitors are generally not designed for use in tunnels and are usually deployed and operated by
nonspecialists. As concentrations can vary significantly with depth into the tunnel, and potentially
across the cross-section, the choice of monitor location is crucial.
The issue of the representativeness of the monitor can be overcome to some degree by using
multiple monitors through the tunnel; control systems should not rely on a single monitor,
especially considering the maintenance, reliability and accuracy issues. The M5 East tunnel
contains four CO monitors in each tube. The Cross City tunnel contains a total of 18 CO monitors.
The Shing Mun tunnel contains 10 sets of CO, NO, NO2 and visibility monitors (Yao et al 2005).
Data should always be validated by regular calibration. We have noted an eight-month calibration
schedule in the Bomlafjord tunnel in Norway (Indrehus and Aralt 2005).
To illustrate some of these issues it is interesting to consider two studies that have compared
independently monitored data with data from the tunnel’s own monitoring systems. Permanent
CO sensors will often be located in the roof of the tunnel. In the case of any potential negative
vertical concentration gradient, roof-mounted CO sensors will under-represent the concentration
at exposure heights (typically 1 m for cars, or 1–3 m for other vehicles). This possibility was
studied by HKPU (2005) in the Shing Mun and Tseung Kwan O tunnels in Hong Kong. CO and
NO data from the tunnel company were compared to that gathered by monitoring conducted
by the research team at 1.5 m height above the roadway. Small differences were measured in
the Tseung Kwan O tunnel, but in the Shing Mun tunnel mean exposure-height concentrations
were 1.8 times higher than the tunnel company’s data in the northbound tube in winter, 1.6 times
higher in the south tube in summer and 3.5 times higher in the south tube in winter. There were
insufficient data in the report to assess the degree to which this discrepancy could be explained
by other factors (eg sensor accuracy, lateral location, averaging time, etc).
A comparison between CO concentrations measured from the roof of a moving vehicle and
from tunnel company monitors was made in the M5 East tunnel in Sydney (SESPHU 2003).
Of 32 eastbound transects in the morning, only measurements from one of eight fixed monitors
showed a correlation with mobile measurements. All eight monitor values were highly correlated
with mobile values on westbound journeys. The highest correlation was for one sensor and
eastbound afternoon journeys, with the following relationship: monitor value = 1.36 × mobile
value + 20.02.
In September 2002, the NSW Department of Infrastructure, Planning and Natural Resources
requested that they be notified of any exceedences of 200 ppm of CO as a three-minute average
at any monitor. In order to provide such information, the operating scales of CO monitors in the
M5 East tunnel were reset in July 2003 from 0–100 ppm to 0–300 ppm. This change potentially
reduced the accuracy of the data from the monitors, from ±8 ppm to ±24 ppm, although this
conclusion is dependent upon a disputed interpretation of manufacturer’s data (NSW Planning
2005). A comparison between one of the CO monitors and an infra-red absorption instrument was
conducted between 1 April 2004 and 5 April 2004. If the infra-red instrument is assumed to have
been accurate, then it gave readings between –5 ppm and +1 ppm of the monitor value. In-tunnel
monitors are more prone to drift errors than those in nontunnel environments. Consequently, the
maintenance schedule was amended for monitors in the M5 East tunnel, requiring monitors to be
removed and calibrated every six months, protection of the monitors during tunnel wall washing
(followed by another calibration) and weekly checks by comparison with the nearest monitor.
Airflow sensors are critical items in a ventilation system. Of 10 exceedences of the CO limit value
in the M5 East tunnel identified by auditors in 2002–03, five were due to malfunction of airflow
sensors (NSW Planning 2005).
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7.1.7

ENVIRONMENTAL APPROVAL, CONDITIONS AND LICENCING

Tunnel air quality and health risks can be managed through a legal framework. These frameworks
are notably different in Victoria and New South Wales.
In Victoria, the City Link and Eastlink tunnels are Scheduled Premises under Environment
Protection Scheduled Premises and Exemptions Regulations requiring works approval and
licencing by EPA Victoria. Works approval depends on the applicant demonstrating that the
emissions comply with the State Environmental Protection Policy—Air Quality Management, or
SEPP (AQM) (or in the case of City Link, SEPP (the Air Environment)). The SEPP requires all
sources of emissions in Victoria to be managed to ensure that the beneficial uses specified in
the SEPP are protected. These include protection of the life, health and wellbeing of people. All
emissions must be controlled by the application of best-practice emissions management or, in the
case of Class 3 indicators (such as benzene), to the maximum extent achievable. Modelling of
residual emissions remaining after the application of appropriate emission controls must be done
in accordance with Schedule C of the SEPP (AQM) and must include background concentrations.
Schedule A of the SEPP (AQM) establishes design criteria that are used in the assessment of the
design of new sources of emissions such as the tunnel ventilation stacks. Predicted maximum
ground-level concentrations arising from residual emissions plus background in the source vicinity
are assessed against the design criteria. Concentrations are specified for Class 1 pollutants (NO2,
CO and PM10), Class 2 pollutants (formaldehyde and PM2.5 on the basis of toxicity, and xylenes and
toluene on the basis of odour) and Class 3 carcinogenic pollutants (benzene, 1,3-butadiene and
PAHs as BaP). If design criteria are exceeded, and no further emissions controls can be applied,
then an impact assessment is required to ensure that the beneficial uses are protected.
Schedule B of the SEPP(AQM) sets intervention levels to be used in the assessment of local
or neighbourhood air monitoring. An intervention level is numerically greater than the design
criteria for a given contaminant as it does not apply to an individual source but to all sources of
the contaminant within a defined area. The requirements for in-tunnel air quality are specified
in the works approval and licence. Works approval and licence also require an environmental
improvement plan which specifies management and monitoring and reporting post-opening. The
licence also specifies mass discharge limits that have been set to ensure that under the approved
design the design criteria in the SEPP (AQM) are not exceeded. The licence discharge limits are
subject to licence fees. Emission of Class 3 indicators attracts a higher licence fee. Breaches of
licence limits and conditions incur enforcement action and may lead to prosecution under the
provision of the Environment Protection Act 1970.

7.2

VISIBILITY CRITERIA AND MANAGEMENT OF PARTICULATE
MATTER IN TUNNELS

7.2.1

IN-TUNNEL VISIBILITY GUIDELINES

In addition to the widely adopted CO guidelines, limit values for visibility in tunnels are also
provided. The visibility guidelines are strictly intended to manage safety by ensuring that vehicles
have enough visibility to able to respond to an incident on the road ahead. However, the visibility
in a tunnel is directly related to the presence of particles large enough to scatter visible light. This
essentially means particles of diameter greater than 0.4 µm and especially dark particles, such as
soot. Such particles have known effects on human health, so monitoring visibility also provides
the potential for an alternative assessment of the air quality and health risk within a tunnel.
This assessment is limited by the short duration of exposure in tunnels compared to the longer
exposure times for which the health effects of particles are established. However there is no
safe minimum threshold for particles, and so visibility cannot reliably be used as a criterion for
health risk.
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Visibility guidelines are expressed in terms of the extinction coefficient in units of m–1. PIARC
(2000) provides these subjective impressions of different values:
UÊ

0.003 m–1

clear air

UÊ

0.007 m

haziness

UÊ

0.009 m–1

foggy

UÊ

0.012 m–1

uncomfortable, yet will allow a vehicle to stop safely.

–1

The commonly applied visibility limits are listed in Table 7.3.
TABLE 7.3

PIARC recommended in-tunnel visibility limits

Visibility
Extinction

Transmission

coefficient K

(beam length: 100 m)

km–1

%

0.005

60

Daily congested traffic, standstill on all lanes

0.007

50

Exceptional congested traffic, standstill on all lanes

0.009

40

Planned maintenance work in a tunnel under traffic

0.003

75

Closing of the tunnel

0.012

30

Traffic situation
Fluid peak traffic 50–100 km h

–1

Source: PIARC (2004)

7.2.2

ESTIMATING PARTICLE CONCENTRATIONS FROM VISIBILITY MONITORS

As visibility monitors respond to the presence of PM there has understandably been some interest
in using these monitors to provide PM10 data. Manins (2005) reports on the estimation of PM10
from measurements of in-tunnel visibility. He states that PIARC (1995) provides a conversion
factor to derive PM10 concentrations from turbidity:
UÊ

1000 µg m–3 = 0.0045 m–1.

The NSW RTA reported to a parliamentary inquiry (NSW Parliament 2002) that visibility in the
M5 East tunnel in the first year of operation was generally below 0.005 m–1 with a maximum
of 0.0068 m–1. Data from the M5 East tunnel was used to test the relationship with PM10. An
approximately linear relationship was found, but with an offset, such that
UÊ

1000 µg m–3 = 0.0025 m–1

UÊ

2320 µg m–3 = 0.0045 m–1

The consequence is that the PIARC factor underestimates PM10 concentrations derived from
visibility in this tunnel by a factor of approximately two. Manins (2005) argued that this
discrepancy is due to the relatively high proportion of gross emitting HDVs in the Australian fleet,
whose emissions are biased towards larger particles.
The Norwegian authority (NPRA 2004) presents a different approach to the management of
visibility. It sets a guideline limit for a maximum visibility-reducing particle content of 1.5 mg m–3.
This content can be estimated as follows:
UÊ

Pvis = pvis (Mt + 0.08 M1) khh × ks × L [mg h–1]

UÊ

where Pvis = quantity of soot produced in the tunnel [mg h–1]

UÊ

pvis = basic value for soot production per heavy vehicle determined at 750 mg h–1 [mg veh·km–1]

Air quality and health risk management | 109

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

UÊ

Mt = traffic volume, heavy vehicles [veh h–1]

UÊ

Ml = traffic volume, light vehicles, [veh h–1].

UÊ

khh = correction factor for height above sea level for tunnels > 400 m asl

UÊ

ks = correction factor for driving uphill (an approximately linear relationship with % gradient
so that emission increases by 43% for each 1% of gradient up to 6%). ks = 0.5 is used for
downhill gradients

UÊ

L = tunnel length [km].

The formula estimates that LDVs emit 8% more visibility-reducing particles as HDVs.
The Norwegian guideline also states that the limit value is half (ie 0.75 mg m–3) at the tunnel
midpoint. In tunnels where PM has a significant EC component, drivers will complain about poor
visibility at levels below 0.75 mg m–3 (Indrehus and Aralt 2005).
In Norway, ventilation control using direct monitoring of visibility (ie extinction coefficient,
expressed in m–1) was found to be inaccurate and led to inappropriate activation of fans (Indrehus
and Aralt 2005). The NPRA West Region installed aerosol optical scattering monitors in some
tunnels, giving an output in µg m–3, derived through application of a calibration. Wedberg (2000)
compared the output of such a sensor to a gravimetric PM10 instrument over six days in the
Nygaard tunnel in Bergen (860 m long, 12 500 vehicles per day). The installed sensor in this
tunnel was used as part of a control system to trigger the operation of an ESP filtration system.
A strong correlation was found between the two instruments in the range 50–300 µg m–3
(agreement within ±10%). Disagreement occurred when the pavement was wet, with the optical
monitor over-reading by approximately 40%. This was attributed to the formation of a mist of
spray droplets generated by vehicle tyre contact with the road, especially behind large vehicles.
Such a mist will scatter light, but the particles involved are probably too large to penetrate into
the gravimetric monitor. This effect could be adjusted for by recalibration of the monitor, but it
was felt that this was not required due to the relatively low aerosol concentrations during rainfall
events. This study estimated that LDVs contributed only 1% of the emission of visibility-reducing
particles in summer, indicating that visibility monitors may be heavily biased towards the impact
of HDV emissions.

7.2.3

THE USE OF VISIBILITY OR AEROSOL MONITORS IN VENTILATION
CONTROL

The existence of limit values for CO and visibility means that measurements of either or both
can be used to control ventilation. For example, the Central Artery tunnel in Boston uses only
CO monitors to meet both CO and visibility guidelines (Betchel/Parkers Brinkerhoff 2006). This
may be due to the relatively low contribution of diesel-engined vehicles and HDVs on this route.
Measurements of visibility are directly used in ventilation control in many tunnels, including the
Kingsway tunnel, Liverpool (Imhof et al 2006) and the Tauerntunnel, Austria (Schmid et al 2001).
Optical aerosol monitors have been installed in some Norwegian tunnels for ventilation control.
The Bomlafjord tunnel in Norway is a 7.9 km long subsea tunnel. It has a single bidirectional
tube and carries approximately 2500 vehicles per day. Despite low emission levels, such a tunnel
has significant ventilation demands due to its length, significant gradients (maximum 8.5% for the
Bomlafjord), the inability to vent midlength and the lack of piston effect. In the Bomlafjord tunnel,
a longitudinal system was installed with axial fans triggered initially by CO and NO measurements
monitoring. In the first year of operation the operational cost of the ventilation system was
deemed to be very high and multiple complaints of poor visibility were made, despite limit
values not being exceeded. In the light of long-term CO emission reductions, and the difficulties
in measurement of NO and NO2 in tunnels (discussed further below) a new control system
was implemented using optical particle monitors. The system included four steps of increased
ventilation triggered at 75, 150, 225 and 300 µg m–3.
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The effectiveness of this arrangement to protect users from high concentrations of CO and NO2
was the subject of a six-week monitoring study in 2001–02 by Indrehus and Aralt (2005). They
found that the optimisation brought about a 15% decrease in electrical consumption. During
this period the NPRA limit for aerosol (0.75 mg m–3 at the midpoint) was not breached (mean at
the two monitors nearest to the midpoint was 66.5–99.4 µg m–3 with a maximum of 673 µg m–3).
The CO concentrations were far below the limit of 100 ppm at the midpoint (mean at the two
monitors nearest to the midpoint was 3.6–12.6 ppm with a maximum of 47.4 ppm). The success
of the ventilation scheme in protecting users from NO2 was assessed by converting the limit value
for NO2 (1.5 ppm, or 0.75 ppm at the midpoint) into an equivalent limit for NO, based on the
assumption of a NO2:NOx ratio of 0.1. There is some uncertainty on what this ratio should be as
it varies between tunnels because of differences in length, ventilation, background oxidants and
emissions (see Section 4.2). Nevertheless, with a ratio of 0.1 it was found that the NO (and by
implication NO2) limit values were not breached; however, NO came closer to breaching the limit
than CO.

7.2.4

TUNNEL FILTRATION BY ELECTROSTATIC PRECIPITATION

Electrostatic precipitator (ESP) technology has been installed in a number of tunnels in Japan,
Spain and Norway with the intention of specifically addressing the need to meet visibility limits
(except in the 24.5 km Laerdal tunnel in Norway where ESP technology has been installed
with the explicit intention of managing air quality and minimising health risks to users as well
as maintaining visibility). ESP technology is potentially appropriate in situations where particle
emissions are especially high relative to gaseous emissions. However when used in conjunction
with NOx gas detoxification systems, it can also be used in situations with high gaseous emissions
and VOCs, such as tunnels with very high emissions of soot from HDVs. ESPs are also appropriate
where an increased supply of fresh air is unavailable or especially expensive to provide. Unlike
the general ventilation controls discussed above, ESP filtration controls particulate concentrations
only, leaving gaseous concentrations unaffected. Thus, in particle-dominated tunnels where
the visibility limit is more likely to be breached than the CO limit, ESP technology provides the
possibility of maintaining air quality without the extra operational cost of increasing the ventilation
rate. ESP technology also potentially provides additional benefits by reducing the emission of
PM into the external environment. The environmental benefits of ESP technology should always
be balanced against its environmental costs, including energy costs and treatment and disposal
of the collected particulate mass. Experimental evidence from Norway shows that a 50% saving
can be achieved using ESP filtration compared with conventional ventilation (EPA Victoria 2006).
Estimates from Japan are that ESP technology costs at least 30% less than conventional ventilation
operational costs (EPA Victoria 2006).
The use and status of ESP technology around the world has been reviewed by Child and
Associates (2004), and our review found no further new information. In June 2006, Child (pers
comm) provided further information to NSW RTA on the progress of the filtration installations in
Madrid. He noted:
In my view, changes in circumstances—in particular the proposed use of air treatment
technology in the Madrid Calle 30 project—now provide a sound basis for a further
evaluation of the use of appropriate air treatment technology in the M5 East Tunnel as
generally described below. It is my recommendation that the NSW RTA considers the
installation of an air treatment system able to process 200-250 cubic meters per second
of tunnel air at the western end of the M5 tunnel.

The significance of this suggestion is that such an installation would remove the necessity to
vent unfiltered air from the portal at Bexley North and meet, in part, the demands of the local
community (which also wants the same degree of treatment at the Marsh St end of the tunnel).
There is no evidence on the effect of ESP technology on external air quality. It is therefore
suggested that evidence from existing operational ESP and NOx gas detoxification systems be
analysed. ESP systems are generally used on an as needed basis, with those used for external air
quality being used more extensively than those used to improve in-tunnel visibility.
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ESP technology has been in use in Japen for 25 years, with approximately 40 tunnels using the
technology, seven in urban areas. Seven tunnels in Norway use ESP technology, and have done
for six years. Of those seven, six were installed to improve in-tunnel visibility, with only one
being installed to improve external AAQ. More recently, ESPs have been installed in Madrid,
Vietnam, Korea and Italy. Based on this widespread use over the last 25 years it is assumed
that there are sufficient data to conduct an analysis of the effect of ESPs on external air quality.
The analysis should be used to inform debate on the relative benefits and costs of the systems
compared to ventilation cost saving and potential health and environmental benefits.

7.3

MANAGING EXPOSURE TO OXIDES OF NITROGEN

7.3.1

MONITORING OXIDES OF NITROGEN

Several studies have noted the particular difficulties involved in the reliable and accurate monitoring
of NO and/or NO2 in road tunnels. Jacques and Possoz (1996) noted that the chemiluminescence
method, used routinely in ambient monitoring stations around the world, is accurate only up to
1 mg m–3 (approximately 500 ppb).
…its implementation as a practical measurement technique results in a very
sophisticated and expensive instrument that must be handled with care. To our
knowledge no such devices have ever been specially designed to be installed in the
adverse environmental conditions that exist in a tunnel… The full scale measurement
range is programmed to be 1 ppm.

Indrehus and Aralt (2005) noted that chemiluminescence monitors demand a very high degree
of maintenance due to their exposure to high aerosol levels, resulting in a high cost that needs
to be justified. An alternative is to use electrochemical sensors, but these have very low accuracy
(of the same order as the NO2 in-tunnel limit values). A low-maintenance open-path optical
technique (DOAS, or differential optical absorption spectroscopy) is employed to monitor NO
at two locations per tube in the M5 East tunnel, but this method also has a low accuracy in this
enviroment, especially in optically turbid conditions.

7.3.2

MODELLING NO2 FOR VENTILATION CONTROL

As NO is routinely measured in a number of tunnels, its relationship with NO2 (NO2:NO ratio)
can be used to estimate NO2 concentrations in a tunnel. Several studies have sought to find
indicative or maximum values of NO2:NO (or NO2:NOx) for a range of tunnels. The general
consensus has been that a value of 0.1 or 10% provides a conservative estimate of NO2 (PIARC
2000). The variability in this ratio as a function of location in the tunnel, tunnel length, ventilation
scheme, time of day and traffic flow was presented in Chapter 4. We found that a value of 10%
is appropriate and conservative for most busy long urban tunnels. The true NO2:NOx ratio is
generally higher in shorter tunnels, but concentrations in such tunnels will generally be lower
anyway. In long tunnels with slack airflow, a value of 10% may be too low, as in the Hoyanger
tunnel (Indrehus and Vassbotn 2001). As the true ratio and its variation are dependent on a
number of factors, some of which are hard to predict, we recommend that NO2 and NO (and
preferably airflow and CO) are measured using a reliable and accurate method on a campaign
basis in any tunnel before an NO2:NO ratio or protocol for managing NO2 is implemented.
Such a campaign measuring NO2 and NO using a DOAS method was conducted in the M5
East tunnel in 2004 (Holmes Air Sciences 2005). The NO2:NO ratio based on 1 minute averages
was below 6% for 80% of the time, below 9% for 95% of the time and below 10% for 98% of
the time. The 2% of values in which the ratio was above 10% occurred late at night at low NO
concentrations, and it was concluded that a ratio of 10% would be appropriate and conservative
for this tunnel. We agree with this conclusion.
Due to the technical limitations in measuring NO2 or NO in tunnels, several studies have
considered the practicality of modelling NO and NO2 concentrations on the basis of CO and/or
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aerosol monitoring. Indrehus and Aralt (2005) presented a model to predict NO concentrations
in the Bomlafjord tunnel in Norway, based on data from both CO and aerosol monitors. The
resulting predictions were compared with six weeks worth of monitored NO data at four locations
in the tunnel. A correlation of 0.807 was found between modelled and measured concentrations,
reducing to 0.771 if only the aerosol data was used. The model was found to under-predict at
high concentrations. It was concluded that CO monitoring was required in addition to aerosol
monitoring in order to predict NO and NO2 concentrations.
Any system to manage in-tunnel user exposure using conventional NO monitors has a number
of weaknesses which could compound to make such a system impractical. Firstly, the NO
monitors have inherent uncertainties, including issues of reliability and representativeness.
Estimation of NO2 from NO using a fixed ratio is likely to be inherently conservative, although a
dynamic ratio dependent on other data is likely to be more accurate. Relating fixed-point data to
variations within the tunnel is highly location and tunnel dependent and will introduce further
errors, especially if a simplified conservative approach is taken. Further degrees of uncertainty
are introduced if the effects of tunnel networks are considered, or if it is believed or found
that the NO2:NO ratio is likely to vary significantly in extreme conditions. Such a system can be
implemented, but care must be taken to avoid the compounding of conservative steps leading to
an excessively conservative system.

7.4

TRAFFIC AND EMISSION CONTROL

Alternative approaches to controlling tunnel air quality involve limiting emissions by controlling
the traffic flow. Variables that are amenable to control include:
UÊ

minimum or maximum speed limits (gas emissions will generally be reduced at higher speeds,
although resuspension of particles may be increased)

UÊ

vehicle emission control (eg vehicles not meeting specified emission standards can be barred
from the tunnel)

UÊ

fleet mix (eg HDVs could be barred from the tunnel)

UÊ

traffic flow (could be regulated by traffic signals on entry)

UÊ

flow reduction (on-ramps or individual lanes can be closed to reduce the number of vehicles
in the tunnel)

UÊ

redistribution of emissions in time (for example HDVs can be restricted to certain times of the
day when their impact will be lessened, eg night or outside peak traffic periods).

Many road tunnels, especially in Australia, are tolled or form part of toll roads and networks. Several
of the variables listed above can be influenced by differential and variable tolling. This tolling needs
to be carefully reviewed so that it is a) effective, and b) used primarily as an air quality or traffic
management tool rather than a revenue-generation tool (ie high emissions generate increased toll
revenue). This may be offset by the savings made in ventilation costs if in-tunnel concentrations
are reduced. Where electronic tags are used, new or renewed tags could be made conditional upon
vehicles meeting emission standards, which could include testing. This condition could be applied
selectively to those parts of the fleet contributing disproportionately to poor air quality.
The Environmental Management Plan (Operation Stage) of the M5 East tunnel (as approved in
December 2001) states that traffic management is the primary tool for managing air quality in the
tunnel in the case of congestion, supported by ventilation responses. As noted above, low traffic
speeds, perhaps as a result of congestion, lead to higher emissions and reduced piston effect, thus
giving rise to a worst-case scenario for in-tunnel air quality. The Incident Response Plan of the
M5 East tunnel notes that if traffic speeds fall below 20 km h–1, only one lane should remain open
in order to limit the number of vehicles in the tunnel and hence reduce emissions. Although this
should be effective in maintaining CO concentrations below the appropriate guideline, it can have
the undesirable effect of worsening congestion further upstream.
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The plan was later revised in light of operational experience following tunnel opening. It was
found that the automated system to increase airflow in the event of an incident did not react
quickly enough to maintain sufficient airflow.
As noted above, HDVs have a disproportionately large effect on air quality, especially through
PM (resuspension, soot and ultrafine particles) and NO2. Concentrations of these pollutants are
sensitively dependent on the number, speed and variation in emissions of HDVs. This is becoming
increasingly true as emission controls are more widely applied to vehicles. Therefore, any controls
that focus on HDVs are likely to have a large effect. In the 2004 study in the Caldecott tunnel
(cited by Phuleria et al 2006), HDVs constituted 3.8% of traffic in Bore 1, but were responsible
for the emission of 36% of the particles.
Systems are commonly installed to improve safety in tunnels by reducing the causes of accidents
and fires. These are often caused by congested traffic, so measures to reduce congestion will also
lead to improvements in air quality. An increasingly common example is the use of variable signs
at some tunnels. These allow the posting of variable speed limits, plus advance warnings of lane
closures. These measures allow a smoothing of traffic flow near capacity-saturation conditions
and prevent the development of congestion. In some cases these systems have been retro-fitted
to existing tunnels. Unfortunately, as they have not been installed specifically for the purposes of
air quality, we are not aware of any assessment study of their effectiveness in reducing pollutant
concentrations.

7.5

ADVICE TO TUNNEL USERS

The NSW RTA has distributed a brochure Staying Safe in Sydney’s Road Tunnels that provides
advice about closing the cabin, and specific advice for people with asthma. The brochure and
other material can be downloaded from their website.5
The environmental impact statement for the North–South Bypass tunnel (Brisbane) cites the M5
East studies of SESPHU (2003) to conclude that:
…exposures [to NO2] previously reported to be associated with increased inflammatory
response to allergens in asthmatics may be encountered if the vehicle cabin is not
closed [in prolonged transits].
It is therefore concluded that, for this project, traffic management programs will be
required to be implemented to ensure that prolonged exposure (>15 minutes) is not
experienced by any motorist. In the event that those circumstances are not possible,
then motorists who may be susceptible to asthmatic symptoms should be advised,
via the tunnel communication system, to close their car windows while they wait.
(SKM Connell Wagner 2005)

7.6

PROTECTING AMBIENT AIR QUALITY

7.6.1

TECHNICAL OBJECTIVES

The air quality impact of road tunnels upon their neighbourhoods is modelled for all new projects.
Good practice in terms of managing nearby air quality should include follow-up activities to a)
ensure compliance, and b) update or correct emissions data, or correct for unexpected effects
beyond the capability of the modelling to describe, for example, the weather. These activities
should include some monitoring. The most important aspect of any assessment is the clear and
unambiguous statement of air quality objectives. Primarily this means an assessment
of whether local air quality standards are likely to be, or are being, breached close to the tunnel.
The second and much more challenging objective is to assess whether any such breaches are
5

http//:www.rta.nsw.gov.au
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being directly caused by emissions from the tunnel. This may be important if breaches from
‘any source’ are occurring with equal magnitude over a wide area such as to eliminate the
tunnel as the cause. An even more demanding objective is to assess the variability of effects
over space and time, and between different members of the potentially affected population.
Dilution, meteorology and the interaction between meteorology and topography will cause spatial
variation in concentrations of not only tunnel-sourced pollutants, but also other local sources and
‘background’ pollutants. A true assessment of this variability requires data on the variability in
pollutants from all sources at the same or similar spatial and temporal resolution. Such a detailed
assessment is technically and financially demanding but practically achievable.

7.6.2

TUNNEL-RELATED AMBIENT MONITORING

In many cases, existing monitors near the tunnel are used to assess the impact of the tunnel,
whereas in others new monitoring stations are installed. For example, five new monitoring sites
were installed around the M5 East tunnel, four around the Cross City tunnels and three around
the Lane Cove tunnel in Sydney, and two each (one for each stack) for the City Link and EastLink
tunnels in Melbourne. A new monitor was also installed next to one of the busiest portals of
the Sodra Lanken tunnel in Stockholm. Monitoring can include continuous monitoring of criteria
pollutants, but can also include passive sampling campaigns, as in the Sodra Lanken and Norra
Lanken tunnels in Stockholm, and the Lane Cove Tunnel Air Quality and Respiratory Health Study
(Woolcock 2006). If monitoring identifies significant deviation in behaviour from that predicted by
the modelling, then further modelling may be required (following an examination of the causes
of the deviation). The influence of meteorology and local effects will be crucial. Monitors should
be sited carefully so that they accurately represent exposure-relevant locations without being
overinfluenced by local effects. Better representativeness, and comparison with modelling, can
be achieved if monitors are sited in areas with low spatial concentration gradients. These can be
assessed by either dispersion modelling or a campaign using a dense network of passive samplers,
or preferably a combination of both methods. Monitors should not be located in sites that present
known difficulties for dispersion modelling, or are subject to local influences of a scale that falls
between the grid spacing used in the available and appropriate models.

7.6.3

ASSESSMENT OF BACKGROUND

Monitoring in areas expected to be influenced by the tunnel should not be considered in
isolation. It has been repeatedly noted that exceedences of air quality standards in areas close
to tunnels can be caused by background sources that affect the whole city (eg the influence of
bush fires causing high PM10 values to be registered by the monitors near road tunnels in Sydney
and Melbourne). Although the PM10 peak may be caused by background sources, the duration,
magnitude and spatial extent of the exceedence may be influenced by the presence of the tunnel
and its emissions.
Assessment of background concentrations, to which tunnel contributions may be added, is an
inexact science—even agreed definitions of ‘background’ do not exist—and approaches and
viewpoints are continually evolving. This is particularly the case when future background is being
estimated on the basis of emission predictions and past meteorology, and in road-based projects
where the opening of a new road inevitably induces a redistribution of traffic that is not always
easy to predict, leading to a redistribution of local emission sources. We have discussed whether
increased local surface traffic emissions arising as a result of tunnel opening should be considered
as background (Section 5.4) and the use of a network of local monitors to assess background
post-opening (Section 5.5.4).
The first recommendation made in the review of dispersion modelling for the M5 East tunnel
(Williams et al 2000) was that ‘a revised procedure [was necessary] for combining background
concentrations with the plume footprint to account for variability in background concentrations’.
They discussed the problems that can arise when modelled hourly concentrations with large
inherent uncertainties are summed with background concentrations derived from actual monitored
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values for the corresponding hour or day. They argued that background values that were more
an indication of typical values or ranges for that time of day, day of the week and time of year
are more appropriate, a view which we support. The issue was explained very clearly by Manins
(2005) in his review of modelling for the Lane Cove tunnel:
In accounting for the background concentrations, the [original modelling] report
presents a Level 1 (add plume impacts to background maxima) and a Level
2 (add plume impacts to hour-by-hour background levels) assessment. EPA
NSW (2001) approved assessment guidelines require a Level 2 assessment in
situations where it is likely that the proposal could exceed air quality standards.
However, in my view a Level 2 assessment only gives a semblance of greater
accuracy and reduced conservatism…. In the present case, the increments made
by the Tunnel vent emissions to air pollution concentrations are almost always
small, and the Level 1 assessment already demonstrates compliance with the
standards. Thus a Level 2 assessment is unnecessary and unduly complicates
the report presentation without adding anything that could not have been done
in the context of a Level 1 presentation.
DEC NSW (2004) seems to believe that a Level 2 assessment is more accurate
and less conservative. However, it can be shown that only when the mean
of the background concentrations is much larger than the mean of the
concentrations due to the plume, do the predicted peak values sum in a
linear fashion. If the means are similar then the predicted peak values can
be significantly smaller than the combination of the two independent peaks.
Thus the Level 2 assessment procedure is inherently overly conservative—a
characteristic that is not intended by the regulators.
We support these comments.

7.6.4

MODEL SELECTION, OPERATION AND VALIDATION

We have noted above our concerns regarding the capability of models like TAPM to accurately
predict dispersion on ranges of 100–1000 m due to insufficiently fine resolution. Tunnels are often
in areas of complex topography and in such cases steady-state Gaussian models are generally
not recommended. The steady-state assumption is also particularly inappropriate for receptors
close (order of 100 m) to a point source. The literature on modelling of dispersion from road
tunnels provides a fairly comprehensive consideration of the various weaknesses of dispersion
models. Many sensitivity studies on the effect of different modelling or data input options have
been reported, and model validation and intercomparison is a very active area of research in the
air quality and academic communities. Issues that affect the predicted concentration magnitudes
(such as emission data) are important for the prediction of breaches of air quality standards.
Issues that affect the spatial distribution of effects are important for exposure assessment and
the siting and representativeness of monitors. The key issue is the potential effect of model
uncertainty on predicted population exposure. In most cases, the predicted exposure is so small
(or negative in comparison to a pre-tunnel or no-build case) that model uncertainties will have
small or insignificant effects on exposure.
Wind tunnel modelling is often used to validate dispersion modelling in a range of scenarios.
Wind tunnel dispersion modelling from the M5 East tunnel stack was conducted before opening.
A review of the modelling (Williams et al 2000) found that the modelling produced good
repeatable results, but that the reliability of the modelling at low wind speeds was questionable,
a well-established problem with wind tunnel modelling (Schatzmann et al 2001). This is crucial as
low winds are more strongly associated with atmospheric stability and weak dispersion giving rise
to maximum ground-level concentrations. Monitoring has also shown that wind speeds are lower
in the valley containing the tunnel stack than on the plateau above (Barnett et al 2003). It was
concluded that it was not possible to use the wind tunnelling results to assess the claim that the
numerical modelling results were conservative.
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7.6.5

MODELLING OF STACK EMISSIONS

Several studies have highlighted the dependence of model output, in the case of stack emissions,
on the correct description of stack emissions and plume rise. In the pre-opening case, stack
emission rates need to be calculated from estimated vehicle emissions and mass balance, and
are thus dependent upon the accurate prediction of traffic flow and composition, and a realistic
representation of the planned operation of the ventilation system. Post-opening modelling
is dependent upon the accuracy of measured stack emissions, which are always prone to
uncertainties. Williams et al (2000) modelled the effect of heat transfer through the walls of the
ventilation tunnel on the temperature of vitiated air in the M5 East tunnel. They found that for
a well-mixed flow of 800 m3 s–1, the air reached the temperature of the rock after about 600 m
of passage through the ventilation tunnel. This distance would be shorter for lower airflows.
The significance of this finding is that a large thermal difference may exist between the plume
emitted at the stack and the surrounding air in winter, especially in the mornings when air
temperatures are minimal and tunnel emissions peaking. This would give rise to significant
thermal buoyancy that would influence plume dispersion and should be considered in modelling.
In a review of modelling for the Lane Cove tunnel, Manins (2005) made a similar observation
that initial modelling had assumed no thermal gradient between the stack plume and ambient
air, whereas he predicted a beneficial extra thermal plume rise which would reduce ground-level
concentrations below those modelled without this effect.

7.6.6

PORTAL VERSUS STACK EMISSIONS—DESIGN

In urban locations, it is often felt that portal emissions are not acceptable because of the localised
effect of such a powerful point source of air pollutants. Polluted air can be discharged through a
ventilation stack at a height. The rationale is that by the time the stack plume reaches the ground it
will be so diluted as to minimise its effect on the exposed population. Stack construction (and the
extra ventilation ducting, instrumentation and control systems) represent an increased capital cost;
there is also an operational cost. These costs are greater if the ventilation stack is some distance
from the tunnel bores (eg ~1 km in the case of the M5 East tunnel). Design options include:
UÊ

stack emissions only, with optional portal emissions

UÊ

portal emissions only, with optional stack emissions

UÊ

combined portal and stack emissions.

In the M5 East tunnel, the 4 km length and anticipated high traffic led to an initial design
incorporating three stacks. Community opposition forced a change in the design that was never
tested through consultation. The final design was altered to a single stack with limited portal
emissions at an increased construction cost of $30 million and an additional $1 million per annum
in ventilation costs. However, the Department of Planning rejected this proposal, requiring a
system which ‘avoids’ portal emissions. This led to what was to become the problematic Planning
Condition 71:
The ventilation system for the main tunnel…must be designed to avoid air emissions
through the portals as far as is practical.

Controversy has surrounded this condition due to the words ‘designed’ and ‘as far as is practical’.
Firstly, this condition can be interpreted as not applying to operation, only to the design stage.
The ambiguity of ‘as far as is practical’ has been seen by some as a licence to allow portal
emissions at will.

7.6.7

PORTAL VERSUS STACK EMISSIONS—OPERATION

The revised Environmental Management Plan (Operations Stage) of the M5 East tunnel, released
in August 2002, addressed the poor performance of the previous procedure for dealing with
congestion incidents by allowing portal emissions (despite Planning Condition 71) instead of by
improved traffic management and increased airflow.
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From May 2003 to June 2004 auditors found that portal emissions were ‘a relatively common
occurrence’ (NSW Planning 2005). Reasons for portal emissions being activated included
‘ventilation trials’, ‘fine tuning’, a malfunction not being repaired for 23 days due to a delay in the
supply of spare parts, incorrect operation of jet fans and a faulty CO monitor. The largest tunnel
emission in terms of volumetric flow occurred in the morning of 8 October 2003 following vehicle
breakdowns in both tubes.
An important consideration in the decision to allow portal emissions is the possibility that such
emissions (generally required to maintain acceptable air quality inside the tunnel) will lead to a
breach of ambient air quality standards outside the tunnel. Maintaining a balance between inside
and outside air quality is difficult to achieve in a location where ambient air quality is close to,
or already breaches, local air quality standards, and is complicated by the different nature of
in-tunnel and local exposure (different populations and different timescales of exposure). It is
plausible, for instance, that occasional portal emissions could be allowed for a short period (eg an
hour or two) in order to help clear tunnel air in the case of severe congestion, without causing a
breach of the one hour NO2 standard outside the tunnel. The effect of longer duration emissions
needs to be assessed against the incremental resulting daily exposure to PM10 or PM2.5. Persistent
or continuous emissions will need to be assessed against the probability of exceeding both these
standards, and the annual standards for PM10, PM2.5 and NO2.
Modelling these effects requires portal emission rate data, which are not always available. In
modelling the effect of portal emissions from the M5 East tunnel, Hibberd (2006) noted that NOx
emission data were not directly available. Modelling proceeded by assuming that NOx emission
from the stack was also representative of portal emissions. This was an imperfect but reasonable
assumption to make in this case and was supported by data showing that portal emissions peak at
high traffic flow, during which time NOx concentrations in the stack and portals should be similar.
However, such an approach involves significant uncertainties and in general it is recommended
that direct measurements of portal concentrations are made if portal emissions are likely.
Once such portal emissions are in operation, compliance should be assured through the use of
monitors (at least PM and NO2) at an exposure-relevant location at the tunnel portals. An ideal
ventilation control system would use live data from these monitors to adjust and control the tunnel
fan system to minimise any effect of tunnel emissions on population exposure to air pollutants.
Sturm et al (2004) report on an example of such a system in Austria (Kalvariengürtel, Graz). The
location of the tunnel exit near tall residential buildings prevented the use of stacks. The tunnel is
relatively short (600 m) with low traffic compared to many of the tunnels covered in this review
(12 000–14 000 day–1). In such a case in-tunnel concentrations are relatively low, so the key air
quality issue is the venting of polluted air, especially NOx, at the ground-level portals in a built-up
area with existing high NO2 levels. In this case a system was deployed based on CO and visibility
inside the tunnel, but powered ventilation was discontinued—reducing portal emissions—if NO2
levels outside the tunnel exceeded 150 µg m–3 as a 30-minute average.

7.6.8

RISK MANAGEMENT GUIDELINES

As outlined in earlier chapters, the traffic emission exposure context is steadily, even rapidly,
changing due to advances in motor vehicle emission controls. Against this changing exposure
background, expert review groups have contributed to international efforts to prepare ambient air
quality guidelines for protection of human health. These guidelines have been adopted in many
countries including Australia, following national expert and regulatory consultation. The relevant
ambient air guidelines in Australia are listed and their applicability to road tunnels discussed in
Chapter 8.
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8

CONCLUDING DISCUSSION AND RECOMMENDATIONS

A draft version of this chapter was presented to attendees of the NHMRC Air Quality in and
around Traffic Tunnels Workshop hosted by NHMRC in Canberra on 15 May 2007. The draft
served as a catalyst for debate leading to a consensus in some areas and disagreement in others.
In response to this debate, the report on workshop discussions is included in Appendix G. As
a result of extra submissions made to us subsequent to the workshop, this chapter has been
extensively rewritten. The comments below remain the opinions we have reached as a result of
the review and workshop, but are also intended to reflect the weight of opinion we noted from
workshop attendees.
In the following discussion we cover some of the key issues regarding external and internal
tunnel air quality and health that were identified in the review, and were the focus of debate at
the workshop.
We would first like to comment on how difficult it was to obtain data about some Australian
tunnels, especially where private operators were involved. In some cases this hindered or delayed
our analysis. Such an approach to data management is unhelpful and contributes to the mistrust
that has arisen in some cases between tunnel operators and relevant government agencies on the
one hand, and the general public and concerned community groups on the other.
In the majority of cases, road tunnel ventilation system design and operation is based on
protecting tunnel users from short-term exposure measured against the WHO short-term air
quality guidelines for CO. Emissions from the tunnel into the ambient atmosphere are managed
with reference to the ambient air quality guidelines (WHO or local), principally for NO2 and PM10
in urban areas. These two requirements may result in conflicting actions: venting tunnel air to
reduce concentrations inside versus reducing venting (at least at ground level) to protect external
air quality.
The former approach—managing internal CO concentrations—has a longer history. The design
stage usually includes an assessment of external impacts, but we have shown how modelling
uncertainties and emission evolution demand a continuous management system which should
include monitoring and, in some cases, updated modelling. If nearby breaches of ambient air
quality standards are sensitive to small changes, or a clear risk to a population is identified, then
an effective management system should provide for feedback from the external monitoring back
into the ventilation control system in the same way that internal monitoring does.

8.1

EMISSION REDUCTIONS ARE THE KEY TO MANAGING AIR QUALITY

The overwhelming consensus of the workshop attendees, and of NIWA, is that the most effective
way to manage air quality both in and around tunnels is through vehicle fleet emission reductions.
This means tackling the causes of poor air quality rather than dealing with the effects. Monitoring,
standard-setting, experimental studies, enhanced ventilation and tunnel filtration all become less
urgent if the ambient air is not seriously polluted in the first instance. The recent success of the
European Auto-Oil Programme (the Euro-I to V emission standards and associated reductions in
fuel sulfur content) has shown that emissions from a vehicle fleet can be reduced by more than
half in a decade. Australia lags substantially behind the European Union in the adoption of proven
emission reduction technology, and fleet turnover is slower here. Accelerated introduction of new
vehicle technologies and replacement or retrofitting of technology to old vehicles is likely to be
the most effective means of reducing the health risk associated with road tunnels in Australia.
This should be supported by enforcement of emission standards through regular testing of the
current fleet and maintenance to prevent emission deterioration.
Secondly, it was widely appreciated at the Workshop that free-flowing tunnels are not only the
most effective for transport, but also the least problematic in terms of air quality and health impacts.
Congestion not only leads to more emissions, a larger number of vehicles and exposed persons in the
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tunnel and longer exposure times, it also introduces further uncertainties in quantifying the pollutant
concentrations and personal exposures, making health-based air quality management more difficult to
achieve. However, the effect of tunnel traffic management on the surrounding surface road network
cannot be ignored, especially if tunnel management results in vehicles, especially trucks, being
diverted into busy or congested unsuitable residential roads much closer to sensitive populations.

8.2

IN-TUNNEL AIR QUALITY

8.2.1

NITROGEN DIOXIDE IN TUNNELS

In every documented example we found, road tunnel ventilation is designed to keep CO
concentrations below a certain health-based limit, and, by definition, protect against CO-related
health impacts, as long as the system operates correctly. Protection for tunnel users against the
health effects of other pollutants is less clear, mainly because of the large uncertainties in the
effects of such short-duration exposures.
Vehicle emission factors for CO have fallen in the last two decades. This has permitted the
construction of longer tunnels without a commensurate increase in ventilation demand and cost.
However, emission factors for NO and PM10 have fallen less rapidly (and direct emission of NO2
may be rising) so that these pollutants now constitute a larger proportion of tunnel air relative
to CO than before. This means that the concentrations of NO2 and PM that correspond to a CO
concentration likely to trigger an increase in ventilation are likely to be higher than they were in
the past. This is especially true for tunnels that are more sensitive to HDV emissions (eg higher
HDV use, gradients and low fuel quality). We have noted one example of a tunnel in which
very high levels of NO2 were allowed to build up without management intervention due to
nonexceedence of the CO limit (Indrehus and Vassbotn 2001, see Chapter 4). In normal operation
this is more likely to apply to tunnels with poor airflow (long, bidirectional tunnels), but may also
apply in other longitudinally ventilated tunnels if congestion events reduce airflow without CO
levels rising sufficiently to trigger extra ventilation. Whether this commonly occurs is unknown
due to the lack of NO2 monitoring or the absence of a tested and verified method for modelling
of NO2 in tunnels. It is not yet clear whether this is an issue in Australian tunnels.
However, concentrations of NO2 which do or could arise in Australian tunnels present cause for
concern. Within a tunnel, brief but intense exposures to NO2 and PM may aggravate asthma. The
key tunnel exposure study of Svartengren et al (2000) showed a significantly increased allergenic
response in asthmatics after exposure for 30 minutes to NO2 at levels > 300 µg m–3 (160 ppb), a
concentration which could be experienced in a single transit of at least one Australian tunnel. A
precautionary approach might be to consider an interim NO2 limit of a similar magnitude, perhaps
adjusted for more typical shorter tunnel transits. The concentration within vehicles relative to the
tunnel air has to be considered. We have shown how tunnel pollutants are trapped inside vehicles
if the windows are closed, extending exposure times well beyond tunnel transit times, while
reducing concentrations below what is actually observed in the tunnel. We therefore argue that 15
or 30 minute exposure limits are appropriate.
The workshop delegates supported the development of a NO2 exposure limit for tunnel users, but
accepted that a separate process needs to be established beyond this review to develop such a limit
(such as the NEPM development process). More than one delegate described NO2 as ‘the new CO’.

8.2.2

PARTICLES IN TUNNELS

Compared to NO2, the issue of protecting users from the effects of PM was more controversial,
reflecting the relative lack of scientific data and consensus regarding the short-term effects
of particulate pollutants, and the uncertainty in their toxicity and toxicological mechanisms.
Although we can measure PM10 in tunnels, it is unclear if this measure corresponds well, or at
all, to any toxic effect on tunnel users. More research needs to be done before we can begin to
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relate measurable properties of an aerosol (eg turbidity, black carbon mass, PAH content, total
number concentration, specific surface area, hygroscopicity, etc) to quantifiable health endpoints.
Those studies that have been conducted have involved exposure times of hours. We suspect that
particles pose a potential risk, but we are a long way from being able to quantify that risk or
define exposure limits. However, it is a common observation that motorists start to experience
adverse health effects when particle levels exceed 500 µg m–3. This level may suggest a suitable
starting point, and is similar to that identified by Svartengren et al (2000).
The interaction between road traffic pollutants, especially in terms of the effect on living tissue,
remains a major area of uncertainty. It has been suggested that the effect of NO2 is greater in the
presence of inhalable particles, and thus any exposure limit for NO2 needs to also consider PM
levels. This requires further research. An ideal experiment would be a chamber study in which
the relative concentrations of NO2 and PM could be varied, but this apparently simple design
becomes hugely complicated when one considers the multivariant nature of the particles found
in road tunnels. In the simplest terms, we have identified two road tunnel particle climates,
one dominated by soot particles with adsorbed organic compounds and biased towards ‘larger’
particles (most numerous around ~100 nm in diameter and most mass in particles ~0.5 µm in
diameter), and one dominated by organic nucleation mode ultrafine particles (most numerous
around 20–30 nm in diameter). Whether these two different particle populations present different
additive and interactive effects when inhaled with NO2 needs to be studied. Finer particles, those
containing substantial semivolatile components, cannot be captured in a tunnel for later study in
the same way that solid (soot or mineral) particles can, and so such experimental studies must
be conducted wherever such particle mixtures can be generated. ‘Real-world’ exposure studies
in tunnels, or similar high exposure locations, greatly reduce the opportunities to control the
exposure leading to interesting and indicative, but far from comprehensive results, such as in the
Svartengren tunnel exposure study (Svartengren 2000). Generating realistic traffic exhaust aerosols
in the laboratory is not yet a practical possibility. Aerosols generated artificially do not represent
the complex composition of the real world aerosol. Aerosols fed directly from a test vehicle to
an experimental chamber will not have undergone the processes of interaction that take place
inside a road tunnel, and are also very difficult to control. These problems are seen even more
in in vitro studies where storage of the particulates prior to dose is usually required. Wittmaack
(2007) has recently noted the wide range in toxicity encountered in particles generated from the
same material but using different techniques. Further uncertainty exists regarding the rate at which
inflammation and other biological responses develop, due to experimental limitations regarding
the limited number of biopsies, bronchoalveolar lavages, blood samples or animal models in a
study. In summary, reproducing a realistic aerosol in controlled conditions is not yet possible
and is a major obstacle to furthering our understanding of both the direct effects of short-term
exposure to particles and the role co-exposure of NO2 plays in those effects.

8.2.3

EMISSION FACTORS

A simple scaling of CO emission factors or concentrations is not possible for PM10 or NO2. In
the case of PM10, the emission processes for coarse particles are significantly different from fine
particles, and the toxicities of the different fractions of PM10 are highly variable (yet poorly
established). In particular, vehicle emission factors for coarse particles are poorly established
in general, especially in road tunnels where deposition is highly significant. The nonlinearities
inherent in atmospheric nitrogen chemistry and its dependence on fresh air supply make
prediction of the ratio of in-tunnel NO2 to CO a complex issue which needs to be assessed in
detail for each individual tunnel.
Air quality management is sensitively dependent upon the selection of emission factors, which
need to be as accurate and representative as possible. Many studies have shown that emission
factors derived from dynamometer studies can differ very significantly from the ‘real-world’
factors measured in tunnels. Tunnel air quality management procedures are largely implemented
in response to congested traffic, but there remain major scientific uncertainties regarding the
emission behaviour of congested traffic, and this is an area of current active research.
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8.2.4

EXPERIMENTAL STUDIES ON TUNNEL USERS

In light of the small identified risk to tunnel users, it would be advantageous to investigate if a
health deficit could be observed. Whether or not such a study should be conducted is dependent
on whether a suitable and practical endpoint can be identified. Beyond the usual issues of
controlling for confounding influences, the key issues that must be addressed are:
UÊ

the large differential exposure between test and control

UÊ

the ability to attribute the exposure, or part of it, to tunnel use rather than time spent on
surface roads

UÊ

high-quality exposure characterisation.

A focused study could involve a detailed study of a small number of subjects along the lines of
previous work by Svartengren (2000), but in an Australian tunnel. The key aspects of the subject’s
exposure are NO2 concentrations and some measure of PM. We suggest both mass-based and
number-based measurements of PM inside the vehicle. Both are needed as their ratio can vary,
and this ratio may be crucial in terms of health effects. Repeated exposure to ultrafine particles
over a few days has a greater effect than a single day’s exposure (Peters et al 1997), indicating the
value of a study of repeated exposure periods. Data of at least a one-minute time resolution are
required as the short-term concentration variability is likely to be high, and the time spent in the
tunnel is relatively short. Data collected from the e-Tag when vehicles enter and exit motorways
(used in New South Wales and Victoria) could be used to identify periods when the subject is in
a major tunnel; global positioning system data could indicate periods in nontolled tunnels and
traffic conditions in general. Susceptible and healthy subjects could be compared. The value of
such a study would be greatly enhanced if in-vehicle concentrations could be supplemented
by concentrations external to the vehicle and reported by the tunnel’s monitoring system. If the
relationship between fixed monitored concentrations and in-vehicle concentrations (and possibly
vehicle speed) can be established, then exposure can be estimated for other subjects whose
travel patterns could be monitored via e-Tag, global positioning systems or diaries. Appropriate
endpoints could include measures of lung function tests, heart rate variability, and levels of
appropriate biomarkers and inflammation from blood samples or bronchoalveolar lavage. Very
careful consideration should be paid to the time gaps between peak exposure and sampling as
this can have a strong influence on the results and conclusions drawn.
Additional reseach is also recommended on the effectiveness of exposure mitigation strategies,
such as closing the vehicle cabin while in road tunnels. There is a lack of knowledge both in
regard to this behaviour by tunnel users and its effect on exposure to tunnel pollutants and
reduction in any health effects.

8.2.5

SETTING EXPOSURE LIMITS FOR TUNNEL USERS

Our review has identified that the most important effect of pollutants related to road tunnels is
acute exposure to NO2 and PM in severe congestion events. We found insufficient epidemiological
or toxicological evidence on the effects of specific levels of these pollutants in the relevant
timeframes to make recommendations regarding specific exposure limits. The key issues of very
short duration exposures, the regular repetition of such exposures, and the interaction between
biological responses to NO2 and particles remain major gaps in our understanding of the effects of
exposure to traffic pollution. At this stage, in the absence of further data, we recommend that the
WHO one-hour NO2 limit value of 200 µg m–3 should be used as the basis of management of risks
to health.
Overall, the risk to human health posed by road tunnels appears to be small relative to the risks
posed by exposure to road traffic emissions in general. Concern was expressed at the workshop
that any health-based management measures applied to road tunnels in Australia should be
relative to the risk. Many potential measures may conflict with other requirements
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for a sustainable, healthy community and global environment. Restricting traffic in the tunnel
and portal emissions are two examples of actions which may improve in-tunnel air quality
but compromise external air quality. Furthermore, mechanical tunnel ventilation, pumping air
through ventilation stacks and tunnel air filtration all involve significant energy costs and hence
greenhouse gas emissions. Over-ventilation is not necessarily desirable.
The ‘precautionary principle’ was cited by a number of workshop attendees. This principle is
generally taken to mean that if a risk to health is identified but cannot yet be fully quantified or
its toxicological mechanism explained, then a mitigating action (which may mean forming and/or
enforcing an exposure limit) should be adopted despite the remaining scientific uncertainties, as
a precaution. The adoption of PM10 standards around the world are widely seen as being based
on the precautionary principle due to the substantial uncertainties regarding the toxicological
mechanisms behind the effects of PM10. There is widespread support among workshop attendees
and in the wider tunnel management community for an exposure limit for NO2 in tunnels but no
consensus on what that limit should be has been reached. The precautionary principle would
dictate that this lack of consensus, arising from gaps in the toxicological and epidemiological
literature, should not prevent the setting of a limit, at least on an interim basis. Even greater
uncertainty exists surrounding the effect of particles and the best way to quantify that risk. Many
years of research are probably needed to clarify the relationship between particle dose and
biological or public health response, yet some workshop attendees still felt, on the basis of the
precautionary principle, that the growing toxicological evidence for a significant effect of these
particles justified some sort of practical action based on whatever limited data are available.
A high level of protection from the effect of particles, and indeed all road vehicle pollutants, is
provided through a combination of the existing CO and visibility limits. However, we advise that
a stronger level of protection will be provided through the addition of an NO2 limit. Development
of this limit must take into account the potential for this limit to protect against exposure to PM,
and especially the possibility that co-exposure to NO2 increases the response to particles, and
vice versa. Thus particular attention must be paid to different outcomes from studies that report
exposure to NO2 only, and those that report co-exposure to PM. Close attention must be paid
to the nature of that PM, ie whether it is ‘realistic’ in terms of road tunnel aerosol, or artificially
generated. A clear starting point should be the Svartengren et al (2000) study that showed
undesirable effects in asthmatics after a 30 minute exposure to an average 313 µg m–3 of NO2 in
the presence of 170 µg m–3 of PM10 (probably dominated by road dust generated by studded tyre
use) and 95 µg m–3 of PM2.5.
Any standard that is set to cover tunnel users cannot consider road tunnels in isolation. Exposure
occurs in vehicles that use the tunnels as a small part of, usually, a much longer journey. We
have shown how exposure to tunnel air is not restricted to the time spent in the tunnel. Such
a standard will potentially have implications and applications beyond the management of road
tunnels. We recommend that these implications are thoroughly considered as part of the standardsetting process, including a detailed consideration of communication with the public of the need,
use, scope and purpose of such a standard.

8.2.6

RECOMMENDATIONS

We recommend development of a health-based exposure limit for NO2 and PM as a precautionary
interim measure appropriate to both average and above average tunnel transit times in order to
capture normal and congested conditions.
This process should consider interactions with co-exposure to other tunnel pollutants.
Particulate matter levels should be monitored with a view to reduction, as current levels of PM in
some tunnels in Australia are in excess of 1000 µg m–3 which is clearly dangerous to health.
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In order for progress to be made in developing a more definitive NO2 and PM limit we
recommend the following:
UÊ

The health effects of exposure to tunnel air and its components at the relevant timescales
(minutes) need to be determined from experimental studies. The relative importance
of different indicators of in-tunnel air quality (eg NO2, particulates) in predicting
pathophysiological or health effects should be explored. If possible, such studies should
include sensitive individuals (eg those with asthma), and be extended to cover repeated
exposure (eg to mimic exposure of taxi drivers repeatedly using tunnels). In-tunnel exposures
should be compared to nontunnel exposures.

UÊ

A practical and reliable method for monitoring NO2 concentrations in road tunnels needs to
be developed. Development should be supported by studies using accurate measurement
techniques and world’s best practice to measure in-tunnel concentrations of NO and
components of PM in Australian tunnels, updating and extending the studies already
conducted. These should cover the widest possible range of traffic densities, HDV use, and
congested conditions, and be subject to peer review and publication in the open academic
literature. Such studies would validate in-service vehicle emission factors.

UÊ

A practical method needs to be developed for predicting tunnel users’ exposure to NO2.
Development should be supported by a comprehensive study of AERs in Australian vehicles in
the context of vehicle ventilation, driver behaviour and pollutant retention after tunnel transits.

8.3

EXTERNAL AIR QUALITY

8.3.1

AIR QUALITY MANAGEMENT IN AUSTRALIA

The National Environment Protection Council was established to harmonise approaches to
environmental management in Australia. The council makes NEPMs; two NEPMs relate to air
quality: the Ambient Air Quality NEPM and the Air Toxics NEPM. These NEPMs establish a
nationally consistent framework for the monitoring, reporting and assessment of regional air
quality and contain national air quality standards for a range of common pollutants. NEPMs
are implemented through state and territory legislation. The NEPM standards and monitoring
investigation levels for air toxics are listed in Table 8.1. Exceedence of levels requires further
investigation of the cause.
Table 8.1

Relevant standards from the National Environment Protection (Ambient Air Quality) Measure

Maximum concentrationa
Averaging period

1 year

NO2

0.03 ppm

24 hours

1 hour
0.12 ppm

CO

9.0 ppm

PM10

50 µg m

PM2.5b

8 µg m–3

Benzene

0.003 ppm

Benzo(a)pyrene

0.3 ng m–3

Toluene

0.1 ppm

Formaldehyde
Xylenes

8 hours

–3

25 µg m–3

1 ppm
0.04 ppm

0.2 ppm

0.25 ppm

CO = carbon monoxide; NO2 = nitrogen dioxide; PM2.5 = particles of less than 2.5 µm; PM10 = particles of less than 10 µm;
ppm = parts per million
a
Italics indicate NEPM for air toxics, where values are ‘investigation levels’ rather than standards.
b
PM2.5 is an advisory reporting standard.
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NEPM standards are not intended for individual source control such as emissions from tunnel
ventilation stacks. State legislation, such as environment protection policies in Victoria, contain
the relevant objectives and statutory frameworks for the assessment of air quality around tunnels.
NEPM standards are not designed or used for this purpose.
In terms of the NEPM (and equivalents abroad), we find that, except in the very localised cases
of tunnel portals, the effects of emissions from a road tunnel on the air quality in its surrounding
community are very small in comparison to other sources (especially local surface roads) and in
comparison to the ability of monitoring to identify the effect. The failure of monitoring studies to
distinguish tunnel emissions from background sources may be because the techniques used are
too insensitive to detect a small signal hidden in a large background, or the signal is not there.
Either way, we conclude that the spatial variability in pollutant concentrations in a city district
containing a road tunnel is generally smaller than the spatial variations across the city due to
variations in emission strength, density, and the interaction between local winds and topography.
We would therefore not expect to find any detectable localised greater effect on the health of
residents living in the vicinity of tunnels when judged using the air quality standards.
The NEPM standards for particles are expressed as PM10 and PM2.5. However, PM10 is not
necessarily the most appropriate way of measuring the effect of particulate road vehicle emissions
in an urban community. Due to the numerical dominance of low-mass, potentially more toxic
ultrafine particles in road traffic exhaust, PM10 may under-represent traffic exhaust, and especially
its toxicity, particularly when there are large local contributions from other sources related to less
fine particles, such as sea salt. The very low PM10 signal measured or modelled in a community
and attributed to road tunnel emissions, although not surprising, does not rule out an effect on
health in that community by particles from the tunnel. A focus on PM2.5 measurements would
remove some of the problems associated with nontraffic sources; PM1 and PM0.1 would be even
better. Modelling and monitoring these measures, or similar ones which focus on particles emitted
from traffic exhaust, would be better suited to identifying a tunnel impact on local air quality.
However, we are many years from being able to set standards for smaller fractions.
Particle number concentrations or other measurements which more clearly represent ultrafine
particles, will show more clearly the relative contributions of emissions from traffic in a tunnel
and on local surface roads. This is more likely to be the case in peak events. The modelled
high percentile NOx concentrations in the vicinity of the M5 East tunnel (Hibberd 2006) suggest
to us that number concentrations of particles could be enhanced by some thousands per cm3
in high emission or poor dispersion conditions, whereas ambient concentrations tend to be in
the low tens of thousands per cm3, representing a not insignificant enhancement. If such values
are realistic (we have found no data to indicate one way or the other), the expected effects of
such an event on health in the community cannot yet be estimated due to our current lack of
epidemiological data on ultrafine particles, and it may affect too small a population for such
effects to be observable. We must assume that the one hour NO2 standard affords some protection
against the effects of ultrafine particles (and traffic-derived air toxics) on the community, but we
recommend that further research is sorely needed in this area, including modelling and monitoring
of particle number concentrations near road tunnels.
A frequently cited limitation of monitoring particle number concentrations is the high degree of
spatial variability over tens and hundreds of metres, so that a fixed point measurement cannot
be taken as representative of a concentration over a wider area. Although this is true, techniques
exist at a research level to extend the spatial applicability of fixed-point data through geographic
information science (GISc) techniques and semimobile surveys (eg Identification and Verification
of Ultrafine Particle Affinity Zones in Urban Neighbourhoods—a current study funded by the
Natural Environment Research Council in the United Kingdom). We recommend that such
techniques be applied to provide ultrafine particle exposure assessment for an epidemiological
study of residents potentially affected by a road tunnel.
The many outstanding scientific questions about aerosol dynamics and transport mean that
modelling the dispersion of ultrafine particles is not yet performed except as research. Workshop
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delegates were not in agreement about the need to monitor ultrafine particle concentrations,
with some noting that there were no standards against which to evaluate measurements. It is
the lack of such monitoring data that prevents any standard being devised. However, a majority
who commented supported monitoring. Monitoring of ultrafine particles near a road tunnel will
provide evidence as to whether monitoring of PM10 and PM2.5 is adequate to protect public health.
Such monitoring could also support badly needed epidemiological studies into the effects of
exposure to these particles.
Current ideas about ambient air quality standards in the United States and United Kingdom are
moving towards further consideration of exposure, rather than just ambient concentrations. A
given concentration of, for example, PM10 is not equally important in all situations. Instead, it is
proposed that air quality management focus more on those times and places where large numbers
of the population are likely to be exposed. This approach is proposed as an option for inclusion
in the Ambient Air Quality NEPM. A good example is the dispersion modelling of impacts from the
M5 East tunnel reported by Hibberd (2003, 2006) in which modelling was split into day and night
periods to split exposure assessment between people assumed to be present in the domain all day,
and those present in the domain during day or night only. Population-weighting of concentration
data around the Sodra Lanken tunnel was illustrated in Section 5.5.3, where geographic information
system data was used to show how areas of worsened air quality were biased towards low
population districts and vice versa. Future approaches may also incorporate a fuller consideration
of the variation in population susceptibility. NIWA fully supports this approach and advocates
its adoption in Australasia. No zero-effect threshold has been observed for PM10 or PM2.5. The
Global Update of the WHO ambient air quality guidelines (WHO 2005) stated that ‘Countries are
encouraged to consider adopting an increasingly stringent set of standards [for PM].’ This should be
borne in mind in any case where air quality in or around tunnels meets current standards.

8.3.2

ASSESSING IMPACTS ON HEALTH IN THE COMMUNITY

For people living near tunnel portals, particulate and NO2 exposure may be the most critical
in terms of general health. If VOC (eg benzene) exposure is increased, then there will be an
associated increase in the lifetime risk for cancer. Other carcinogens may also be increased
through road tunnel exposure, but we recommend that a focus on benzene (which is relatively
simple to model and measure), together with particulate monitoring (not necessarily PM10) will
also provide an indication of whether exposure to other substances of concern is increased.
There is no routine monitoring or data collection to monitor the health of people living near
tunnels or regularly using tunnels. Focused health studies should be considered, but have to
overcome several problems. Workshop delegates were split as to whether air quality data were a
more practical proxy for health outcomes than trying to measure outcomes directly. A number of
key recent health studies have shown strong associations between a variety of measures of vehicle
pollution such as proximity of residence to traffic, number of vehicles per day on nearby roads
and proximity to motorways (Hoffman et al 2006, McConnell et al 2006, Gauderman et al 2007,
Tonne et al 2007). None of these studies directly compared individual exposure to air pollution
and the various traffic measures. Using geospatial data (residence location with respect to local
traffic flow) to predict health outcomes is always subject to doubts regarding causality. Such
an approach also assumes that residential proximity to traffic is a better approach to exposure
assessment than air quality monitoring, but such an assumption is based on assuming a single
monitor in a fixed location. More sophisticated approaches that utilise multiple monitors, mobile
or roving monitoring, GISc modelling based on land-use or socio-economic data, advanced
dispersion modelling and personal monitoring, and ideally a combination of some or all of these
(as in the Air Quality and Respiratory Health Study) greatly enhance exposure assessment.
Modelling can improve the insufficient range of exposure provided by conventional monitoring,
but the modelling needs to be verified. A large spatial variation can be provided if large numbers
of passive samplers are deployed, and this may be appropriate for longer term studies in a
community. However, long-term studies will inevitably study an exposure that is dominated by
the road network as a whole and to which the tunnel contributes a very small fraction.
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Any exposure variation detected through passive sampling may represent gradients related to
sources other than the tunnel. Relating observed health endpoints to exposure to the tunnel
would be extremely ambitious. Studies of shorter term effects which may be associated
with plume strike may not be possible due to the random and unpredictable nature of this
phenomenon, posing a major obstacle to exposure assessment.
In the case of road tunnel exposures, workshop delegates were clear what the measurable
health endpoints should be. The population potentially affected by the external impact of a road
tunnel is generally not large enough to consider traditional morbidity outcomes. Some delegates
at the workshop supported consideration of more subtle endpoints such as those being used
in the Air Quality and Respiratory Health Study (respiratory symptoms, lung function and lung
inflammation).
Road tunnels convert a line source (the road) into one or a few point sources (portals, stacks).
This represents a redistribution of pollutants, generally reducing concentrations over a large area
while increasing concentrations in a small area around the point sources. In the hypothetical case
of an even population distribution (and an immobile population) over the district, a road tunnel
asks a few people to bear a greater health burden on behalf of the majority who benefit from
better air quality. This may seem unacceptable, especially if those living near the point sources
do not gain as much from the transport benefits of the tunnel. However, this is not the case if the
point sources (and their ‘impact zones’) can be located in areas of reduced or zero population
density, or dispersion can be designed in such a way that the increased burden is negligibly small.
This should be the goal of good tunnel design.

8.3.3

IDENTIFYING TUNNEL-ORIGINATED AIR

Identifying tunnel emissions within an atmosphere containing emissions from many other road
traffic (and other) sources is hampered by the fact that tunnel emissions are almost chemically
identical to surface road emissions, preventing direct identification of tunnel-sourced air at a
receptor. However, research has hinted that there may be some subtle differences between tunnel
air and the air it mixes with; the tunnel can act as a concentrating volume. In tunnels where
soot emission rates are above a certain threshold, there is an increased probability of particles
and gases interacting leading to enhanced condensation of semivolatile compounds onto sootbased particles, leading to a subtly different aerosol. Aerosol transformation in such scenarios is
still a very active area of research and its implications for particle toxicity and health have barely
begun to be studied. We are not aware of any studies that have compared the detailed chemical
and physical composition in a tunnel, near a tunnel and in other urban locations. The only other
ways in which tunnel air is compositionally different to ambient air are the low NO2:NOx ratio
and low levels of O3. However, the reaction of NO with O3 is fast enough that we expect the NO2:
NOx ratio in the tunnel emission plume to revert to an ambient value within seconds of emission.
In summary, we know of no airborne substance which may be used as a marker of road tunnel
emissions. This problem can be partly overcome by the use of artificial tracer releases, which can
support modelling in sensitive or controversial locations.

8.3.4

SUB-HOUR IMPACTS, ODOUR AND ANXIETY

Transient processes on timescales of less than an hour are considered in various state government
documentation such as the SEPP (AQM) in Victoria and the guideline for modelling of air emissions
in NSW. Such processes, for example plume looping, which was mentioned in Chapter 5, are
inherently difficult to identify in monitoring. Nearly all conventional modelling approaches are
not designed to look at any period shorter than an hour. At best, such modelling will identify
the probability of such a process occurring, and will thus show smooth contours which fail to
highlight how such an impact would actually be concentrated in a small area. The health effects
of such transient exposures to particles are still effectively unknown. However, the major impact
of such events is likely to be the detection of odour, annoyance due to that odour, and anxiety
arising from that annoyance. This may be especially significant if, as has been reported, initial
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detection of odour leads to an increased sensitivity to subsequent detection. The design process
is generally not structured to protect against such effects, and they generally come to light, not
as part of any scientific or environmental assessment, but from self-reporting in the community
amongst groups who may be predisposed to anxiety regarding the anticipated effect of tunnel
emissions in their neighbourhood. According to some workshop delegates and subsequent
submissions, this aspect of the environmental management of road tunnels is sometimes not
handled as well as other aspects and can be the source of mistrust between communities and
professionals. Where community members feel that their concerns are not being addressed, and
that they have no influence over their own exposure, then the subsequent anxiety and stress can
be as detrimental to health as the actual emissions.
Assessment of odour effects is less well developed than general air quality. Response to odour is
highly variable between individuals, (susceptibility to pollutants such as NO2 also varies between
individuals) but response to odour also has a significant emotional component, such that one
person’s response can differ from one day to the next. This subjectivity means that an objective
(chemical) measure is only a crude indicator of the likelihood that odour will lead to annoyance
or stress in an individual. We are left with the choice between a ‘scientific’, measure that poorly
represents impact, or a subjective measure (self-reporting) that cannot be quantified and suffers
from the weaknesses and uncertainties associated with a ‘nonscientific’ method (principally
incomplete reporting). A combination of the two should be applied where an odour assessment
is to be made. In general, more attention should be paid to this issue, and especially to risk
communication and the minimisation of community anxiety at an early stage in tunnel design
and operation.

8.3.5

STACKS AND PORTALS

In order to manage in-tunnel air quality, it may be necessary to increase the rate of removal
of pollutants to the external atmosphere. This can be achieved by increasing stack emissions,
or in the absence of this option, increasing portal emissions. In the case of the M5 East tunnel,
monitoring has shown that portal emissions have not compromised external air quality; however,
these portal emissions have mainly occurred at times of low tunnel usage. Portal emissions may
not be necessary if the tunnel were not dependent upon a single stack. A second stack may seem
more expensive, but this is compensated for by reductions in the cost of pumping air around
the system to the single stack or using a separated ventilation duct, as in the case of the Cross
City tunnel. A second stack also introduces an alternative when one stack is nonoperational. In
general a stack will distribute the health burden of tunnel emissions. However, if the residential or
workplace population near the portals is close to zero, then portal emissions may be preferable to
stack emissions in a residential area. In the case of the M5, both the portals and stack are located
in residential areas and so a third option should be considered. If tunnel emissions are treated to
remove dangerous pollutants, increased portal and/or stack emissions would be a viable option.
The cost, benefit and practicality of all options should be investigated.
Monitor failure and malfunction should be expected and planned for so as to minimise data
gaps. Monitoring to identify the magnitude of plume impacts relative to other sources need not
be NEPM-compliant (eg optical or condensation particle counters for fine and ultrafine particles).
Some of the analysis techniques employed with monitored data have not been sensitive enough
to detect the expected small plume impacts. Better methods should be explored, such as analysis
of the timing of peaks across monitor networks or analysis of wind roses of standard deviation to
identify plume meandering.

8.3.6

PORTAL ZONES

In the 100–200 m zone around tunnel portals where emissions are permitted, a significant,
measurable impairment of air quality might be expected, but this will be highly localised and
vary with time, depending upon meteorology, so that the impacted zone will not appear merely
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as a circular zone around the portal. The impact of portal emissions on health depends on the
sensitivity of the population. While health studies are unlikely to yield meaningful results in such
small populations, the precautionary principal dictates that any incremental exposures to air
pollutants above background should be minimised.

8.3.7

RECOMMENDATIONS

In terms of existing or conventional techniques for assessing external air quality we make the
following recommendations:
UÊ

Environmental impact assessment should include induced emission changes arising from
changes to surface traffic as well as emissions from the tunnel itself.

UÊ

Air quality monitoring is an essential component of environmental management of a road
tunnel in the early stages after opening (perhaps the first two years). However, beyond that
period, monitoring is less important, although it could become important if emission from the
tunnel rises significantly. Monitoring data should be used to verify and improve dispersion
modelling so that modelling can become the principle means of environmental management if
or when monitoring is removed.

UÊ

Monitors should be sited, where possible and practical, in locations relevant for exposure,
representing a relatively high predicted ground-level impact, high frequency of plume impact
and low average spatial concentration gradients (in terms of both tunnel and background
contributions), as predicted by dispersion modelling and ideally verified by passive sampling
campaigns.

UÊ

At least two monitors are preferred to increase the likelihood that at least one is upwind of the
tunnel emission point source(s). This allows determination of ‘background’ air quality and the
composition of the air entering a tunnel.

UÊ

We are not convinced that long-term monitoring of PM10 is useful for the purposes of
managing the impact on a community of a road tunnel alone, as opposed to the road
network in general. CO and NOx are more robust indicators of effects on traffic impacts. The
one hour NO2 WHO guideline, used in conjunction with WHO annual guidelines for PM2.5
and NO2 should provide adequate protection of health until scientific developments allow the
development of a more robust standard for road traffic emissions that includes the effects of
pollutant interaction.

UÊ

Further study should investigate the impacts of tunnels on the indoor air quality of residences
near portals or stacks. This should include study of the health effects resulting from any
increased exposure to pollutants.
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APPENDIX A

SEARCH STRATEGY

The search strategy for the Systematic Literature Review to Address Air Quality in and around
Traffic Tunnels (Phase 1) was prepared for the Commonwealth of Australia (as represented by the
National Health and Medical Research Council) by Ian Longley (National Institute of Water and
Atmospheric Research Ltd, NIWA, Auckland) and Francesca Kelly (Environ Medical Services Ltd,
Auckland), 14 March 2007.
The strategy consisted of three elements:
UÊ

identifying relevant research and summarising the datasets it contains

UÊ

appraising the quality and coverage of each study, using a standardised system

UÊ

synthesising key high quality studies supported by secondary studies.

The search addressed the following questions:
UÊ

What are the typical concentrations of key pollutants in road tunnels, and what are the major
causes of variation between tunnels?

UÊ

What are the typical temporal patterns in pollutant concentration variability within a road
tunnel, and what are the principle causes?

UÊ

What are the typical pollutant concentration increments in the vicinity of urban road tunnels,
both modelled and measured?

UÊ

What are the adverse health effects associated with typical exposure to key pollutants in road
tunnels?

UÊ

What health outcomes (both theoretical and observed) have been associated with urban road
tunnel usage or determined in the vicinity of urban road tunnels?

UÊ

What guidelines for road tunnel air quality management have been implemented around the
world? Is there any measure of how successful they have been?

The data and studies sought included:
UÊ

long-term monitoring data from within road tunnels

UÊ

short-term monitoring and measurement within road tunnels, generally arising from academic
research studies

UÊ

modelled predictions of concentrations within road tunnels made as part of environmental
impact assessments and resource consents

UÊ

measurements made within vehicles operating in road tunnels

UÊ

research studies into environmental impacts on neighbourhoods surrounding urban road
tunnels

UÊ

general physical data and traffic data for the tunnel

UÊ

health effects of key pollutants present within road tunnels

UÊ

amount of key pollutants to which road tunnel users are typically exposed

UÊ

short-term and long-term health outcomes associated with road tunnel use for the general
population and for those who are particularly vulnerable

UÊ

any quality-adjusted life years or disability-adjusted life years indicators relevant to short-term
or long-term health outcomes.

Some tunnels have been extensively studied, and these were targeted through direct contact with
the study teams as a priority. These tunnels included:
UÊ

Söderledstunnel, Stockholm (University of Stockholm, Karolinska Institute)

UÊ

M5 East, Sydney

UÊ

Eastlink tunnels, Melbourne.
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Furthermore, several cities have extensive road tunnel networks, or are planning them. Part of the
search concentrated on these tunnels and cities:
UÊ

Hong Kong

UÊ

Oslo

UÊ

Stockholm.

Specific data sources used were:
UÊ

Web of Science

UÊ

Science Direct

UÊ

NIWA Library

UÊ

conference proceedings (eg International Symposium on the Aerodynamics and Ventilation
of Tunnels)

UÊ

websites and direct contact with relevant environmental protection agencies (EPAs) and
regulatory bodies

UÊ

direct contact with research institutions

UÊ

National Transportation Library (United States)

UÊ

International Tunnel Association

UÊ

World Road Association.

Specific health data sources used were:
UÊ

Medline

UÊ

Pubmed

UÊ

World Health Organization (WHO)

UÊ

International Agency for Research on Cancer (IARC)

UÊ

websites and direct contact with relevant EPAs and regulatory bodies

UÊ

direct contact with research groups.

An initial search identified some key papers, tunnels, institutions and relevant individuals. This
sparked a secondary search, in which citations were followed, bibliographies screened for further
studies and further work of key authors searched for, as well as similar articles to the initial
papers. This led to further search iterations in the same way.

Study screening
All studies, reports and papers identified were screened for the presence of the following data:
UÊ

dates for all measured data

UÊ

duration of data

UÊ

time resolution of data

UÊ

pollutants reported

UÊ

concentrations in or near tunnels and background

UÊ

meteorological data

UÊ

physical tunnel data (length, bore)

UÊ

description of ventilation and filtration regime

UÊ

traffic data (volume, fleet composition, speed, occurrence of congestion and variability in
each).
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Health effect studies and reports were also screened for the presence of the following information:
UÊ

type of study (clinical, epidemiological or experimental)

UÊ

size and characteristics of the study population

UÊ

length of the study

UÊ

numbers of repeat of the study

UÊ

experimental conditions

UÊ

exposure data

UÊ

methods used to assess and analyse health outcomes

UÊ

type and extent of health outcomes

UÊ

mechanism of action responsible for the health outcomes

UÊ

limitations of the study.

Quality of studies was evaluated using the following criteria:
UÊ

how recent the data were

UÊ

whether the publication was peer-reviewed

UÊ

how often the publication had been cited

UÊ

whether measurements were made using standard or referenced methods

UÊ

whether the data were quality assured

UÊ

how extensive the data were (pollutants, resolution, duration, supporting concurrent data, etc)

UÊ

whether the study included two or more concurrent in-tunnel, tunnel vicinity and background
concentrations (such studies were considered to be stronger)

UÊ

whether the study reported direct traffic emissions (NOx, CO, PM10), especially multiple
pollutants, or indirect pollutants (NO2, O3, SO2)

UÊ

whether the study reported the response of concentrations to changes in traffic flow.

Quality of health-outcome studies was evaluated using the following criteria:
UÊ

how recent the study was

UÊ

whether the publication was peer-reviewed

UÊ

journal the study was published in

UÊ

how often the publication had been cited

UÊ

how large the study was

UÊ

whether the study population, health outcomes, and exposure were well assessed and defined
by the authors

UÊ

the statistical significance of the data

UÊ

whether the study design or analysis dealt with confounders.

This screening stage was summarised in a table of all identified studies.
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Melbourne

Melbourne

Perth

Sydney

Sydney

Sydney

Melbourne

Brisbane

Brisbane

Brisbane

Brisbane

City Link
Burnley

Domain

Northbridge

M5 East

Cross City

Lane Cove

Eastlink

North–South
Bypass

Airport Link

Northern Link

East–West Link

5000

3000

5000

5000

1510

3600

2100

4000

1600

1600

3500

1700

2280

Length
(m)

2/3

2

3

2/3

2

2

3

3

3

2/3

2

L, 3S

L, 2S

L, 2S

L, 2S

L, 1S

L, 1S

?

L, 1S

L, 1S

L, 2S, P

S-T

Lanes/ Ventilabore
tion type

COf, NO,
NO2g, visibility

COf, NO, NO2,
visibility

COe, NO,
visibility

COc

COc,d

COc, NO

?

COa

COa

?

?

Internal
monitoring

93 000
(predicted)

96 000
(predicted)

80 000
(projected)

80–110 000
(expected)

30 000

90 000

82 000

45 000

55 000

60 000

87 000

Indicative daily
traffic flow

~9% (4)b

~6%(4)b

~5%(4)b

~4%(4)b

~5%

~9%b

17%

17%

% HDVs

Connect East

Connector Motorways

BHBB Joint Venture

BHBB Joint Venture

Baulderstone Clough
Joint Venture

Translink Operations
Pty Ltd

Translink Operations
Pty Ltd

Airport Motorway
Limited

Sydney Harbour Tunnel
Company

Operators

No portal emissions

Portal emissions not
permitted

Tolls, no portal
emissions, 3.25%
gradient

Tolls, Occasional
portal emissions
permitted

Occasional portal
emissions

Tolls. Portal emissions
are the norm; stacks
are used in extreme
congestion

Tolls

Notes

HDV = heavy-goods vehicle; L = longitudinal, S-T = semi-transverse, P = portal emissions
a
e
limit 150 ppm peak, 50 ppm over 15 minutes, 25 ppm in excess of 2 hours
limit of 50 ppm over 15 minutes, 25 ppm in excess of 2 hours, 150 ppm short-term peak
b
f
estimated or predicted, rather than observed
limit of 70 ppm as a peak
c
g
limit of 87 ppm over 15 minutes, 50 ppm over 30 minutes
limit of 1 ppm average
d
limit of 200 ppm over 3 minutes, anywhere in the tunnel

Proposal

Proposal

Proposal

Underconstruction

Underconstruction

2007

2005

2001

2000

2000

2000

1999

Sydney

Eastern
Distributor

Date
opened

1992

City

Sydney Harbour Sydney

Tunnel
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APPENDIX B ROAD TUNNELS IN AUSTRALIA
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Tunnel
Landy
Cross Harbour
Cheung Tsing
Eastern Harbour
Lion Rock
Kai Tak

Plabutsch
Craeybeckx
Cassiar
Sepulveda
Grand Mare
Tseung Kwan O
Shing Mun
Zhujiang
Kingsway
Bomlafjord
Hoyanger
Söderled
Caldecott

Washburn

References

Brousse et al (2005)

Chan et al (1996, 2002), Mui and Shek (2005)

Chan et al (2002)

Chan et al (2002)

Chan et al (2002), Mui and Shek (2005)

Chow and Chan (2003)

Colberg et al (2005), Imhof et al (2006)

De Fre et al (1994)

Gerlter and Pierson (1996), McLaren et al (1996)

Gillies et al (2001)

Gouriou et al (2004)

HKPU (2005)

HKPU (2005), Cheng et al(2006), Ho et al (2007)

Huang et al (2006)

Imhof et al (2006)

Indrehus and Aralt (2005)

Indrehus and Vassbotn (2001)

Johannson et al (1996, 1997), Gidhagen et al (2003),
Kristensson et al (2004)

Kirchtetter et al (1999), Gross et al (2000), Allen et al
(2001), Geller et al (2005), Phuleria et al (2006)

McGaughey et al (2004)

Houston

Oakland

Stockholm

Norway

Norway

Liverpool

Guangzhou

Hong Kong

Hong Kong

Rouen

Los Angeles

Vancouver

Antwerp

Graz

Hong Kong

Hong Kong

Hong Kong

Hong Kong

Hong Kong

Paris

Country or
city

895

1100

1500

7500

7860

2483

1238

2600

900

1600

582

730

1600

9757

1300

1400

2100

1600

1848

1360

Length
(m)

ST

T

L

L

L

ST

L

L

L

L

L

T

L

T

L

ST

ST

Ventilation
type

150 000

72 000

45 000

53 000

66 000

40 000

50 000

25 000

70 000

23 000

58 000

88 000

71 000

57 000

120 000

220 000

Daily traffic
(number of
vehicles)

7

5

7

18

33

26

12

5

10

20

18

13

16

8

20

10

15

HDV
(%)

1971

1990

1990

1992

1987

1982

1967

1989

1997

1972

1997

Date
opened

2

2

2

3

2

2

2

3

2

5

2

2

2

3

2

4

Lanes/
bore

Bi-directional

4.2%
gradient, 3
bores (each
with 2 lanes)

Bi-directional

Bi-directional

ESP

Also known
as the
‘airport
tunnel’

Notes
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APPENDIX C DETAILS OF THE NON-AUSTRALIAN TUNNELS
REFERRED TO IN THIS REPORT
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Croix Rousse
Fort McHenry
Tuscacora
Gubrist
Tauerntunnel
Sodra Lanken
Tingstad
Svartdals
Bryn
Vålerenga
Ekeberg

Thiais
Klaratunnel
Lundby
Tai Lam
Tate’s Cairn

PIARC (2000)

Pierson et al (1996), Sagebiel et al (1996), Zielinska et
al (1996)

Pierson et al (1996), Sagebiel et al (1996), Zielinska et
al (1996)

Satehelin et al (1995, 1998), Weingartner et al (1997),
Colberg et al (2005), Stemmler et al (2005)

Schmid et al (2001)

SLB (2006)

Sternbeck et al (2002)

TØI (2004)

Tonneson (2001)

Tonneson (2001), TØI (2004)

Tonneson (2001), TØI (2004),

Touaty and Bonsang (2000)

Westerlund and Johansson (1997)

Wingfors et al (2001), Sternbeck et al (2002),
Colberg et al (2005)

Yao et al (2005)

Yao et al (2005)

Hong Kong

Hong Kong

Gothenburg

Stockholm

Paris

Oslo

Oslo

Oslo

Oslo

Gothenburg

Stockholm

Nr Salzburg

Zurich

Pennsylvania

Baltimore

Lyon

4000

3700

1221

600

1400

700

500

1391

500

3620

6400

3268

1623

2332

1753

Length
(m)

L

ST

L

ST

L

L

L

L

L

L

L

L

L

ST

ST

Ventilation
type

ESP = electrostatic precipitator; HDV = heavy-duty vehicle; L = longitudinal; S-T = semitransverse; T = transverse

Tunnel

References

Country or
city

63 000

45 000

25 000

60 000

75 000

64 908

64 000

45 000

12 000

45 000

10 000

60 000

Daily traffic
(number of
vehicles)

13

30

14

7

14

14

14

10

12

18

5

HDV
(%)

1991

1998

1996

1994

1989

2000

1993

1957

1952

Date
opened

2

3

2

2

2

2/3

3

2

2

2

2

4

Lanes/
bore

Fitted
with ESP,
operational
during traffic
peaks

Bi-directional

Notes
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APPENDIX D

MELBOURNE CITY LINK TUNNELS

The Melbourne City Link (MCL) comprises:
UÊ the Southern Link, which links the West Gate Freeway and the South Eastern Freeway, and
includes two tunnels:
UÊ the Burnley (eastbound) tunnel, which is 3.4 km long
UÊ the Domain (westbound) tunnel, which is 1.6 km long
UÊ the Western Link, which links the Tullamarine Freeway and the West Gate Freeway.
The two unidirectional tunnels of the Southern Link are designed to carry about 99 000 vehicles
per day. Both tunnels are located in mixed-use zones that combine industrial and residential use.
Vehicle exhaust and air from each tunnel is discharged from a ventilation stack near the tunnel’s
exit—the Domain’s stack is located in Southbank; the Burnley’s stack is in Richmond. The Burnley
tunnel also has a ventilation shaft at Swan Street, Olympic Park, midway along the tunnel, to
supply additional ambient air during peak traffic loads.
Pollutants emitted from the tunnels are identical to those emitted from similar surface roads. They
include NO2, CO, PM10, PM2.5, 1,3-butadiene, benzene and formaldehyde.

D1

ENVIRONMENTAL REGULATION

The ventilation system used in the MCL tunnels is scheduled under the Environment Protection
(Scheduled Premises and Exemptions) Regulations 1995, because it reaches the threshold of
> 500 kg CO/day discharged from each stack. Therefore, the system was subject to works
approval by Environment Protection Authority (EPA) Victoria, in accordance with Section 19A
of the Environment Protection Act 1970. The tunnel ventilation systems currently also require a
licence from EPA Victoria.
In the works approval application, the applicant must demonstrate that the emissions from the
ventilation system comply with the State Environment Protection Policy (The Air Environment),
referred to as the ‘Air SEPP’.6 At the time of the application for the MCL, there were no healthbased objectives established for PM10 or PM2.5 in the Air State Environment Protection Policy
(SEPP), and no national standards. Twenty-four-hour objectives for PM10 of 50 µg m–3 and for PM2.5
of 25 µg m–3 were adopted as design criteria for the project. A health risk assessment was also
conducted, acknowledging that no threshold for adverse health effects from exposure to particles
has been observed in epidemiological studies. This assessment helped to determine whether the
design of the ventilation system was sufficient to provide the beneficial uses identified in the Air
SEPP—in particular, protecting ‘life, health and wellbeing of human beings’. All other pollutants
were assessed against the Air SEPP and were found to meet the objectives specified.
As part of the works approval application, extensive air dispersion modelling was conducted for each
tunnel. Modelling was conducted in accordance with the requirements of the Air SEPP, using the
regulatory model AUSPLUME. The modelling looked at worst-case emission scenarios under normal
operating conditions; that is, congested traffic conditions with the tunnel at maximum capacity.
A large receptor grid was used for the modelling, which included sensitive locations, such as the
nearest houses and schools. For the Domain tunnel, modelling also included elevated ‘flagpole’
receptors, to assess the potential impact on apartments in the vicinity of the proposed Grant St stack
in Richmond, as the areas has a significant proportion of high-rise apartment buildings.
The SEPP required background data to be included in the model. In the case of PM10 and PM2.5,
this involved a daily time-varying background, for which existing ambient air quality in the area
were used. The data were not modified to account for changes in ambient air quality due to
redistribution of traffic once the tunnels were in operation. This approach builds conservatism
The SEPP (The Air Environment) was split into two policies in 1999—SEPP (Ambient Air Quality), referred to as the SEPP(AAQ), and SEPP
(Air Quality Management), referred to as the SEPP(AQM), following the making of the Ambient Air Quality NEPM in 1998. The SEPP (AAQ)
adopts the Ambient Air Quality NEPM in Victorian legislation. The SEPP (AQM) provides the statutory framework for the management of air
quality in Victoria. The SEPP (AQM) was revised in 2001 and contains objectives for both PM10 and PM2.5.
6
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into the assessment, because it effectively assumes the tunnels represent an additional source of
pollution. Meteorological and emissions data for the full year of 2001 was used to predict the full
years modelling for 2011.
The results of the modelling indicated that the existing air quality in the area dominated the predicted
combined ground-level concentrations of all pollutants. This is shown in Table D1 for the Burnley
stack. The Burnley stack was expected to give rise to the maximum potential impact given that it was
the longer of the two tunnels and the ventilation stack was proposed at 20 m high compared with
46 m for the Domain stack. The Domain stack is higher due to the proximity of high-rise apartments.
Table D1
Contribution of background levels to the maximum likely ground-level
concentration

Pollutant

Averaging
time (hours)

Maximum likely
ground-level
concentration (µg m–3)

Contribution from
background (µg m–3)

Proportion from
background (%)

CO

1

6.33

6.11

97

8

3.12

2.95

95

1

0.0623

0.0610

98

24

0.031

0.030

97

PM10

24

40.3

38.9

97

PM2.5

24

24.0

23.6

98

NO2

CO = carbon monoxide; NO2 = nitrogen dioxide; PM2.5 = particles of less than 2.5 µm; PM10 = particles of less than 10 µm

Figure D1, below, shows a time-series plot of 24-hour average PM10 concentrations. The plot
includes the:
UÊ background
UÊ contribution from the ventilation system
UÊ total for the receptor predicted to experience the maximum likely ground-level concentration
in the vicinity of the Burnley ventilation stack; the figure shows the relative contribution of
background and ventilation system emissions at this receptor.
Figure D1 shows that the emissions from the ventilation stack were predicted to be small (< 3%
of the combined PM10 levels predicted) in that area, under the design put forward in the works
approval application.
Figure D1
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AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

Dispersion modelling was used to assess emissions from major roads in the vicinity of the Burnley
ventilation stack, using the US Caline4 model. Eighteen road links were used to approximate the
geometry of roads in the area. The diurnal traffic density along each link was estimated from the
project scope and technical requirements.
Lane width for all road links was assumed to be 3.5 m. The road links used in this simulation are
indicated in Figure D2. Receptor locations were assigned at approximately 100 m intervals over an
800 m × 800 m area, centred on the Burnley vent. The nearest receptor to the road was 50 m from
the road centreline. Crosses mark the receptor locations used in this simulation.
Caline4 was modified to accept a full year of meteorological data. The Paisley 1992 meteorological
data file, used in the AUSPLUME vent simulations for the works approval, was also used for this
Caline4 simulation.
Maximum 24-hour average PM10 concentration contours are shown in Figure D2. The maximum
predicted concentration of PM10 due to major road emissions during 1992 was 20.9 µg m–3. These
maximum average concentrations would not necessarily occur at the same time or location as
the maximum contribution from the Burnley ventilation stack. The meteorological conditions
that give rise to maximum concentrations near surface roads (ground-level sources) are calm,
stable conditions. In the case of elevated sources, such as the vent stack, such conditions do
not force the plume to the ground; therefore, the impact of the vent emissions at ground level
is minimal under calm, stable conditions. For example, a maximum predicted impact of 26.2 µg
m–3 due to Burnley ventilation stack emissions was predicted to occur with meteorology similar
to that occurring on 11 November 1992. Under these conditions, the maximum 24-hour average
concentration predicted by Caline4 due to neighbourhood road emissions was 3.5 µg m–3.
Figure D2

PM10 background concentrations due to emissions from major roads
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Background concentrations of pollutants are generally higher close to major roads. However,
highest concentrations are likely to occur when the ventilation system makes a relatively small
contribution. The location of predicted maximum likely ground-level concentrations is also
different for the two sources—major roads and ventilation systems. The contribution from
major roads not in the immediate vicinity of the stacks is included in the background pollutant
contribution. The emissions from nearby major roads were predicted to not have a significant
impact on the predicted maximum ground-level concentrations.
Modelling was also run for discrete receptors elevated above ground level (flagpole receptors) in
the vicinity of Grant St. These receptors were specified for the Guilfoyle and Sovereign apartment
blocks, on the building face closest to the ventilation stack, at each floor level and on the eastern
face of the Sovereign building. Several modelling options were run to determine the impact of
surrounding buildings on the dispersion of emissions from the ventilation stack. The effect of
airflow around the buildings was found to be significant and this worst-case scenario was factored
into the design of the ventilation stack and subsequent design making.
All predicted maximum likely concentrations occurred when taking account of the building wake.
The results of this modelling are shown in Table D2.
Table D2

Predicted maximum likely concentrations Grant St, elevated (flagpole) receptors

Indicator

Averaging time (hours)

Design ground-level
concentration

Predicted concentration

CO

1

30 ppm

6.33 ppm

8

10 ppm

3.24 ppm

1

0.15 ppm

0.07 ppm

24

0.06 ppm

0.03 ppm

PM10

24

50 µg m–3

39.7 µg m–3

PM2.5

24

25 µg m–3

24 µg m–3

NO2

CO = carbon monoxide; NO2 = nitrogen dioxide; PM2.5 = particles of less than 2.5 µm; PM10 = particles of less than 10 µm;
ppm = parts per million

As part of the works approval assessment, EPA Victoria conducted a health risk assessment,
evaluating the public health risk from PM10 and PM2.5 emissions from the MCL ventilation stacks
(Denison and Dawson 1998). The assessment considered estimates of:
UÊ

particle levels that would be present in the absence of the tunnel

UÊ

the incremental increase in particle levels due to the tunnel

UÊ

local population statistics

UÊ

appropriate dose–response relationships for the selected indicators of morbidity and mortality.

Only the ventilation stack located in Richmond was considered. This stack serves the longer of the
two tunnels. It was therefore predicted to have the highest emission rates for all the pollutants; in
consequence, ground-level concentrations of particles were predicted to be greatest in the vicinity
of this ventilation stack. Modelling conducted by EPA Victoria as part of the works approval
assessment found no significant overlap of emissions from the two ventilation stacks. The method
was based on that used by the United States Environmental Protection Agency (US EPA) in its risk
assessment for particulate matter in Philadelphia and Los Angeles (Abt Associates 1996).
The principal conclusion from the Denison and Dawson (1998) study is that—in terms of acute
and chronic mortality and morbidity—the emissions from the MCL tunnel ventilation systems
were predicted to have a minimal impact on public health in the defined area. As the predicted
contribution from emissions from MCL ventilation stacks are only 2.5% of background levels
for PM10 and 3.5% for PM2.5, the risk posed by these emissions is minimal when compared with
the existing risk from background levels of these pollutants. In all cases, the number of people
142 | Appendixes

AIR QUALITY IN AND AROUND TRAFFIC TUNNELS

adversely affected by the emissions from the MCL tunnels ventilation stacks was predicted to be
very small.
Three national and international peer reviewers, as well as the Victorian Department of Human
Services, reviewed the health risk assessment. The reviewers all concluded that the methodology
used was suitable and agreed with the conclusions of the assessment.
Works approval for the construction of the MCL tunnels was issued by EPA Victoria in July 1997.
The tunnels were constructed and operate under EPA Licence EA41502. The licence requires intunnel and in-stack monitoring of pollutants. No portal emissions are allowed except under defined
situations, including emergency situations. Licence discharge limits have been set, based on the
worst-case emission design used in the works approval application, and the results of the dispersion
modelling, which showed no adverse impact on air quality in the surrounding environment.
A high level of conservatism was built into the modelling and assessment of the emissions from
the ventilations stacks for the MCL tunnels. However, the approval for the Burnley tunnel required
it to be built with foundations that would allow the stack to be increased in height to provide
greater dispersion of emissions. Thus, if monitoring programs demonstrated that the tunnels
were affecting local air quality, the height of the stack could be increased. The approval also
required space to be made within the ventilation stack for the retrofitting of air pollution control
equipment, should equipment become available that would demonstrably reduce emissions
from the stack. Such equipment was not available at the time of the assessment, a conclusion
supported by the Administrative Appeals Tribunal and an independent government inquiry
(Bongoirno 2000). Subsequent air quality monitoring has shown that there is no demonstrable
impact on local air quality from the emissions from the stacks at either location (see Section D5).
The issue of works approval was subject to third-party appeals in the Administrative Appeals
Tribunal. A local group and the City of Yarra challenged EPA Victoria’s decision based on concerns
about the potential risk to health of the local community in Richmond. The tribunal heard evidence
from all parties and ultimately upheld EPA Victoria’s decision to issue works approval.

D2

OPERATION OF THE MELBOURNE CITY LINK TUNNELS

The MCL tunnels were constructed in accordance with the works approval conditions and were
opened in 2000. The ventilation systems for the Burnley and Domain tunnels are designed to
deal with normal operation (ie normal traffic flow) and incident scenarios such as a vehicle fire.
A complete description of the systems is beyond the scope of this document. Accordingly, the
information that follows relates to normal operation of the ventilation systems.

D2.1

BURNLEY TUNNEL

The Burnley tunnel is 3.4 km long and 65 m deep in the deepest section. The grade at the exit is
greater than 5%, which places extra load on vehicles climbing out of the tunnel.
Traffic travels from east to west and causes air to travel longitudinally down the tunnel. This
phenomenon is known as the ‘piston effect’. The length of the tunnel is insufficient for the piston
effect to adequately ventilate the tunnel at all times. Therefore, 36 jet fans located within the
tube provide forced ventilation and control the velocity of air within the tunnel; four of the fans
are reversible.
Air is extracted from the tunnel through the Burnley ventilation stack, which is approximately
20 m high, and is partitioned into a primary and secondary stack. Extraction is achieved using
axial fans, of which there are four in the primary stack and six in the secondary stack.
Fresh air can also be introduced into the tunnel through the Swan St shaft. There are three axial
fans in the shaft, of which two can be used at any one time. The design of the tunnel is shown in
Figure D3.
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Figure D3

Diagrammatic representation of the Burnley tunnel

Burnley ventilation stack
Swan St Shaft

JFE 1-17

Primary Stack

Secondary Stack

JFE 18-36

The various fans are controlled by the ventilation control algorithm that resides within the plant
control and monitoring system. The function of the algorithm is to maintain the air quality within
defined limits and to ensure a net inflow of air into the exit portal. It achieves this using pollutant
concentration and air velocity data from sensors within tunnels. Sensors located at each portal
record portal air flux, speed and direction, to ensure there are no portal emissions under normal
operation of the tunnel ventilation system.
Experience has shown that if the ventilation system for the Burnley tunnel is operated in a
manual mode using the fans in the secondary stack, tunnel longitudinal air speed (and hence air
extraction capacity) can be substantially increased. This reduces electricity use and associated
greenhouse gas emissions. Burnley tunnel is currently being operated in this manner. Even in
manual mode, all monitoring alarms are presented to the operator, who takes action in response
to the alarm in question.

D2.2

DOMAIN TUNNEL

The Domain tunnel is 1.6 km long and 25 m deep in the deepest section. Traffic travels from
west to east, again causing air to travel longitudinally down the tunnel. In contrast to the Burnley
tunnel, the short length of the Domain tunnel means that there is more than enough piston effect
to adequately ventilate the tunnel. However, at times this effect is excessive and must be reduced.
The tunnel contains 12 reversible jet fans located within the tube to control the velocity of the air.
Most of the time, these fans operate in reverse to reduce the longitudinal air speed.
Air is extracted from the tunnel through the Grant St ventilation stack, which is approximately
46 m high, using axial fans. There are five axial fans in the ventilation chamber of which four are
available for use at any one time. The design of the tunnel is shown in Figure D4.
Figure D4

Diagrammatic representation of the Domain tunnel

Grant Street
ventilation stack

JFN 1-12
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Control of the various fans is performed by the ventilation control algorithm that resides within the
plant control and monitoring system. This algorithm performs the same function and uses the same
types of data as the Burnley tunnel. Also, as with the Burnley tunnel, sensors located at each portal
ensure there are no portal emissions under normal operation of the tunnel ventilation system.
The ventilation system in the Domain tunnel is usually operated in a manual mode to improve
ventilation efficiency, as with the Burnley tunnel.

D3

VENTILATION SYSTEM DESIGN PROCESS

When designing tunnels that are longitudinally ventilated and have zero portal emissions,
it is usual practice to construct at least one ventilation stack per tunnel. However, various
configurations can work in practice. Two key issues relate to vehicles emissions in and around
zero portal emission tunnels—in-tunnel air quality and ambient air quality, both of which are
discussed below.

D3.1

IN-TUNNEL AIR QUALITY

To determine the appropriate scale for the ventilation system, simulations should be undertaken
using appropriate emission factors and expected traffic volumes and traffic mix. Any errors in
these initial estimates will manifest themselves in the final design. For example, underestimation
of traffic figures or emission factors will generally lead to tunnel ventilation system design that has
little or no excess capacity; overestimation of traffic and emission factors will lead to an excess in
ventilation capacity.
Another critical issue for in-tunnel air quality is the cross-sectional area of the tunnel. The
governing standards advise that tunnel air speeds should be limited to below 10 m s–1. If an
air speed greater than 10 m s–1 is required to ventilate the tunnels, then the efficiency of the
ventilation system will suffer because of excessive frictional losses induced by the tunnels walls.
Also, at air speeds greater than 10 m s–1 there can safety concerns with increased tail winds in
the tunnel.
Although air speeds in excess of 10 m s–1 are not specifically prohibited, the standard implies that
tunnels requiring air speeds significantly in excess of that figure are poorly designed.

D3.2

AMBIENT AIR QUALITY

When designing a tunnel exhaust system, the goal is to locate the exhaust point so that any
exhaust air reaching a sensitive receptor is extremely dilute. The Burnley and Domain tunnels
achieved this by using ventilation stacks.
The rate at which pollution is generated (the mass rate) is determined by the number and mix
of different vehicles, and by the rate at which each vehicle produces the pollutant species in
question. This rate is determined from the emission factors.
The mass rate will, in practice, exhibit a diurnal variation; however, it is customary to use the
worst case when designing a ventilation stack.
Once the maximum mass rate for a pollutant species has been identified, air dispersion modelling
is undertaken (using a model such as AUSPLUME) to establish two critical design parameters—
namely, ventilation stack height and exhaust air speed.
System performance is validated after construction using an ambient air monitoring program.
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D4

WASTE DISCHARGE LICENCE EA41502—TUNNEL VENTILATION

The Burnley and Domain tunnels are Schedule 1 Premises for the purposes of the Environment
Protection Act 1970. A works approval was obtained for the construction of both tunnels.
Subsequently, a licence was issued for the Domain tunnel, which opened on 16 April 2000. The
licence was amended to include the Burnley tunnel, which opened on 22 December 2000. There
have also been amendments in relation to maintenance activities.
The waste discharge licence has been issued to Translink Operations Pty Ltd (TLO) by EPA Victoria.
It deals principally with the operation of the Burnley and Domain tunnels (in terms of in-tunnel
air quality) and discharges from the ventilation stacks. The licence has associated fees (payable by
TLO) based on the mass discharge rate. Fees are higher for pollutants that are Class 3 indicators
and are specified in the SEPP. Benzene is a Class 3 indicator under the SEPP.
The licence specifies the conditions for the discharge of waste to the environment. It lists:
UÊ

the mass rate discharge limits

UÊ

the requirements for implementing an environment management plan

UÊ

the operating requirements for key plant items, to ensure protection of the environment under
both normal and abnormal conditions

UÊ

the scope of the performance monitoring program required to demonstrate environmental
performance and specifies the arrangements for submission of performance monitoring reports
and other reports to EPA Victoria.

Lane closure and traffic restrictions in the tunnel are required under the licence if in-tunnel air
quality or licence limit for mass discharge exceed the specified limits.
A plan of the premises, including discharge points, is also included in the licence. The waste
discharge licence includes quality control and quality assurance measures for the ventilation stack
monitoring program.
The waste discharge licence requires that TLO accurately measure and record emissions from the
Burnley and Domain tunnel ventilation stacks at all times, in accordance with the EPA Victoria
publication, A guide to the sampling and analysis of air emissions (EPA Victoria 2002c). The guide
must be followed for the sampling and analysis of CO, NOx and NO2, particles as PM10 and PM2.5,
temperature and velocity. These data on the ventilation stacks must be made available upon
request from any authorised officer of EPA Victoria. The stack-monitoring program must also be
operated in accordance with the quality control and quality assurance measures for the ventilation
stack monitoring.
The licence originally required that ground-level air quality must be measured and recorded at all
times at the monitoring stations, in accordance with A guide to the sampling and analysis of air
emissions (EPA Victoria 2002c). This must be done on a continuous basis for CO, NO2 and PM10
and PM2.5.
Two monitoring stations were installed, one in the vicinity of the Burnley stack and the other
in the vicinity of the Domain stack. Meteorological data—including wind speed, wind direction
and temperature—must be accurately measured and recorded at all times, and made available
on request from any authorised officer of EPA Victoria. This requirement for a ground-level
monitoring program was removed after the five-year monitoring program demonstrated that no
adverse impact from the ventilation stacks had been detected in the surrounding environment (see
Section D6). Stack emissions are still monitored on a continuous basis.
All air monitoring reports supplied under the licence to EPA Victoria must be signed by the
director or person concerned in the management of the licence holder, who is nominated to verify
the truth or correctness of any reports supplied to the organisation under the licence. Monitoring
must be conducted by a laboratory accredited by the National Association of Testing Authorities
and checked by an independent auditor.
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The licence holder must make available to EPA Victoria traffic data relating to the numbers of
vehicles of different classes using the tunnels upon request.

D4.1

ISSUES AFFECTING IN-TUNNEL AIR QUALITY

The licence requires in-tunnel monitoring of CO at four locations along the length of the tunnel.
Monitoring is conducted continuously and recorded at one-minute intervals. In-tunnel air quality
objectives were set by EPA Victoria and are listed in Table D3.
Table D3

In-tunnel objectives—carbon monoxide

Carbon monoxide exposure

Concentration (ppm)

Peak

150

Tunnel average for 15 minute exposure period

50

Tunnel average for continuous exposure in excess of 2 hours

25

ppm = parts per million

EPA Victoria derived these objectives using the Coburn–Foster equation, linking exposure to CO
to carboxyhaemoglobin (COHb) levels in blood. The target COHb level was 2.5–3% in the initial
calculations. Although travel time through the tunnel is less than five minutes, objectives were set
for longer time periods to allow for conditions whereby people may be in the tunnel for longer
periods (eg if an accident occurred and blocked traffic). The final in-tunnel objectives listed in
Table D3 were obtained by applying a safety factor to the values derived to maintain a COHb
level no greater than 2.5%, to ensure that any sensitive individuals in the tunnel at any time would
have an additional margin of safety from exposure. The objectives used in MCL and listed in
Table D3 are more stringent than the World Road Association (PIARC) objectives for in-tunnel air
quality and the 15-minute World Health Organization guideline for CO of 90 ppm.
The peak value in Table D3 applies to any reading that occurs at any time within the tunnel. The
objective for exposures in excess of two hours was derived to protect maintenance workers who
might be in the tunnels for extended periods of time. This objective is more stringent than the
current eight-hour Worksafe standard of 30 ppm. If in-tunnel monitoring indicates that any of these
objectives may be exceeded and no additional fan capacity is available, then traffic restrictions or
lane closures are required, to ensure that in-tunnel air quality remains within the licence limits.
The MCL tunnels perform much better than the design specifications require, with mass discharge
rates much lower than the licence limits. No breaches of the licence limits have been recorded
since the tunnels opened. The first annual review of in-stack monitoring found that discharges
were well within licence limits, with median mass rate discharge typically no greater than 10% of
the licence limits, and maximum hourly flows within 20–40% of the limits for gases and 30–50%
for particles (Victoria EPA 2002b). In a second review (Victoria EPA 2004) covering a further two
years of operation, the reported values were average hourly mass discharge rates no greater than
15% of licence limits, and maximum flows less than 40% of limits for gases and 60% for particles.
The vast majority of complaints about in-tunnel air quality that Transurban receives relate to visible
pollution arising from truck exhaust. It is not uncommon for heavy vehicles to struggle when
travelling out of the Burnley tunnel due to the steep grade, and thus to produce excessive smoke.
A section of the truck population is poorly maintained, overloaded or otherwise incapable of
travelling at an appropriate speed with the loads that are being carried. Often these vehicles produce
excessive smoke. This is the same for surface roads as it is for the tunnels. These trucks slow traffic
in the tunnel and can lead to sporadic periods of poor visibility within the tunnel near the exit.
A number of actions are in place to address emissions from diesel trucks and, in particular,
poorly maintained vehicles. These include implementation of the Diesel National Environmental
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Protection Measure (NEPM), introduction of new design rules and fuel-quality standards, road-side
testing of in-service vehicles, reporting of smoky vehicles and enforcement action. However, some
poorly performing vehicles remain in service and can adversely affect air quality both in tunnels
and in the vicinity of surface roads.

D5

AMBIENT AIR QUALITY MONITORING

Under the requirements of the works approval and licence, ambient air quality monitoring was
required before and after construction of the MLC tunnels. The monitor stations were installed at
Grant St, South Melbourne (Domain tunnel) and Madden Grove, Richmond (Burnley tunnel) (see
Figure D5). Monitoring of PM10 began in April 1997, three years before the opening of the tunnels.
EPA Victoria also operates a fixed-site air monitoring station in Lord St, Richmond, about 1 km
from the Burnley stack, monitoring for PM10, PM2.5, CO and NO2.
The licence requires that the results from the continuous monitoring of the tunnel emissions be
reported in real time on the TLO website. Where possible this is linked to EPA Victoria’s website.7
Results for EPA Victoria’s ambient monitoring program are also available via its website.
Figure D5

Map of Melbourne’s City Link tunnels and air quality monitoring sites
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EPA Victoria has conducted a number of reviews of the monitoring data collected for the MCL
tunnels, as well as surveillance on stack emissions against the licence discharge limits.
Ambient data collected before the opening of the tunnels showed that patterns of PM10 and PM2.5
levels at Madden Grove and Grant St were similar to those recorded at other air monitoring
stations within the EPA Victoria monitoring network, although the actual values were higher at
Madden Grove and Grant St. Pollutant levels are inherently higher at inner city locations than
in suburban locations, particularly when the sites are located near major traffic routes. As the
Grant St and Madden Grove stations are located close to major traffic routes on surface roads,
the higher levels recorded at these locations were expected. However, the day-to-day variation
in pollution levels follows the same trend as that observed at other sites.
During 1998–99, peak levels at both Madden Grove and Grant St were found to be significantly
higher than those observed at other locations within the network, but were well within the licence
requirements. Site visits by EPA Victoria officers found that local construction activities were
affecting the particle levels recorded at these sites, rather than emissions from the ventilation stacks.
7

http://www.epa.vic.gov.au
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The impact of emissions from the MCL tunnels ventilation stacks was analysed primarily by
comparing the data with those from other Melbourne monitoring sites in the EPA Victoria
network. These comparisons were done to determine whether:
UÊ

levels or trends in air quality at the MCL sites differed from those observed elsewhere in
Melbourne

UÊ

local air quality differed before and after the opening of the tunnels

UÊ

intervention levels in SEPP (air quality management—AQM) had been exceeded.

Intervention levels in the SEPP (AQM) are used to assess whether there are local air pollution
problems that might represent an unacceptable risk to human health. They are used as trigger
levels that, if exceeded, initiate further investigation or action to improve air quality. They apply
primarily at ‘hot-spots’ rather than at locations considered to be representative of regional air
quality that are assessed against the ambient air quality (AAQ) standards in the SEPP (AAQ) and
NEPM (AAQ).
The first annual post-opening review in 2002 (Victoria EPA 2002b) found that:
PM levels…are similar to the EPA network medians. No change has been detected in
10
the levels relative to the EPA network post-opening of the tunnels.

Some studies suggest that, at Grant St, the difference between median PM10 concentrations from
the tunnel monitor and the network has reduced since opening compared with pre-opening by
3–5 µg m–3. This fall appears to reflect reductions at the tunnel sites, rather than increases at the
network sites. Such a reduction was not observable in PM2.5. The review went on to state:
Whilst exceedences of the PM objective (50 µg m–3) at both Madden Grove and Grant
10
St have occurred, elevated PM levels are observed in the EPA network when this
10
occurs. These results tend to indicate that City Link emissions are not the primary
source of the particle levels monitored.

It then notes the same conclusion for PM2.5, and also states:
CO [and NO2] levels monitored at Madden Grove and Grant St are similar to the EPA
network medians, and well within [Victoria State Environment Protection Policy]
objectives. The analysis of air quality data has detected no impact of the emissions from
the City Link project on local air quality.

A second review (EPA Victoria 2004) covered another two years of data (March 2002 to February
2004 inclusive). During this period, the Madden Grove site in Burnley had been shut down
(November 2003) when the operators (TLO) lost tenure on the site. The second review came
to the same main conclusions as the first review. Overall, the PM10 and PM2.5 levels at the MCL
sites were about 20% higher than those recorded at other sites in the Melbourne air monitoring
network. This difference was also observed before the opening of the tunnels, indicating that the
emissions from the ventilation stacks were not significantly affecting local air quality. As a result, it
was concluded that reviews could be made less frequently.
Several exceedences of the Victoria PM10 intervention level of 60 µg m–3 (and 36 µg m–3 for PM2.5)
had been observed at Grant St and Madden Grove. These exceedences were related to identified
external sources (bushfires, fuel reduction burning and dust storms). Significant bushfires were
experienced in Victoria in 2003 that affected Melbourne’s air quality. This led to exceedences of
air quality objectives and intervention levels across the entire network. In addition, a large dust
storm arising from prolonged drought conditions also affected air quality in Melbourne during
March 2003.
Monitoring of NO2 showed that no exceedences of the intervention levels were recorded at any
time at any station and the data from the MCL sites followed the same trends as other monitoring
stations in Melbourne. The NO2 levels were higher at the City Link sites reflecting their inner city
locations and proximity to major surface traffic routes.
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Carbon monoxide levels were also well within intervention levels at all monitoring stations,
including MCL, and followed a similar trend across the network. Maximum levels recorded at all
stations were similar to those recorded at the MCL sites (EPA Victoria 2004).
Short-term measurements were also made in December 2000 to March 2001, at the base of
the Burnley tunnel stack, using a mobile laboratory. The main aim was to investigate whether
downwash in the wake of the stack could be observed. This can occur during periods of high
winds when the stack emissions cannot escape the ‘cavity zone’ in the lee of the stack structure.
It can potentially drag almost undiluted tunnel emissions to ground level at the base of the
stack, and for typically a few tens of metres downwind. There are houses within this radius
of the Burnley stack, and modelling suggested a risk of elevated concentrations there. Further
measurements were made by TLO for a year (1 June 2001 to 31 August 2002). It was concluded
that such downwash, although predicted in numerical modelling, was not observed on-site
(Victoria EPA 2002a, 2003) confirming the conservative nature of the modelling that had been
conducted as part of the works approval assessment process.
Supplementary monitoring was commissioned jointly by the City of Yarra and the City of
Stonnington, representing the communities potentially affected by the tunnel emissions (City of
Yarra and City of Stonnington 2002). This monitoring was conducted independently of EPA Victoria.
Monitoring began early in 2000, the year of tunnel opening, and ceased in 2002. Levels of CO and
PM10 were measured at three sites near the Burnley tunnel stack—one 250 m from the stack in the
location predicted by modelling to receive the maximum impact; the others at 400 m and 650 m from
the stack. The method used to measure PM10 deliberately did not comply with Australian standards.
The express intention was to detect short-term impacts (in the order of minutes), which standard
techniques such as filter sampling are not capable of doing. The output of the optical instrument
used (TSI DustTrak) was not true PM10, but the objective of identifying the tunnel stack emissions
could still be achieved by correlating rises in one out of the three monitors with periods when
that monitor was downwind of the stack. During two years of monitoring, no impact of the stacks
was detected. The choice of methods for monitoring PM10, especially when using air quality as an
indicator of health risk, is discussed further in Section 7.6. This monitoring was established with the
intent of measuring the impact of the stacks, but was unable to detect such an impact.
In summary, monitoring appears to show that the Burnley and Domain tunnel stack emissions
have minimal impact on their surrounding communities in terms of long-term measures of air
quality. The difference between the measured concentrations of PM10 near the stacks and at other
locations in urban Melbourne is of a similar order to the accuracy of the instrumentation employed.
The data presented are not sufficiently sensitive to determine whether there has been a localised
improvement or worsening of air quality as a result of traffic being diverted into the tunnels.

D6

SUMMARY

The experience with MCL tunnels has demonstrated that rigorous assessment during the design
phase of the tunnel is critical to the successful operation of the tunnels in terms of both in-tunnel
and external air quality.
The level of conservatism built into the modelling during the design stage and works approval
application, including the use of worst-case scenarios, has been reflected in the results of
monitoring air quality while the tunnels are in operation. Mass emission rates were well below
the licence limit and effects on ambient air quality could not be detected. The use of conservative
in-tunnel limits for CO to trigger management responses (eg increased ventilation and traffic
restrictions) ensures that in-tunnel air quality will not, under normal operating conditions, affect
the health of tunnel users or workers within the tunnel.
Regulation of the operation of tunnels by licensing and the requirements for monitoring (in-stack,
in-tunnel and ambient air), provide an ongoing mechanism to minimise the effect of exposure to
air pollution from the tunnels on human health, and to ensure that performance of the tunnels is
transparent and accountable.
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virtual impactors with PUF
cartridges
Lo-vol samplers

DOAS
Not stated
DNPH
Microvol/Hi-vol and PUF
SUMMA
Heavy metals

Chemiluminescence
UV fluorescence
IR
Flame ionisation
Sample bags
Hi-vol samplers

Filter samples
Chemi-luminescence
Gas filter correlation

Filter samples, 10-stage
cascade impactor

Sampling techniques

Particle nsd

CO
Particle nsd
PM10, PM2.5, metals
EC, OC
NO3-, SO42- CIEC, OC

EC, OC, SIO2, AL2O3,
NO3-, SO42-, CINH4+, NH3, speciated
VOCs

CO, NO, NO2
PM10, PM2.5
Carbonyls
PAHs
VOCs
Teflon filters

NO, NO2
SO2
CO
NMHC
VOCs
PM10

PM2.5
NO, NO2, NOx
CO

PM10, PM1.9
NO3–, SO42–, Cl–
NH4+, NH3
EC, OC elements

Measured
parameters

Filter weighing
XRF
Thermal-optical
Ion chromatography

Filter weighing
GC-MS
GC-FID
GC-ECD

HPLC
PIXE

Filter weighing

Filter weighing
Ion chromatography colrimetry
Thermal-optical
Neutron acivation

Offline analysis
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APPENDIX E FIXED-POINT MEASUREMENT CAMPAIGNS INSIDE
ROAD TUNNELS REFERRED TO IN THIS REPORT
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Caldecott

Shing Mun
South
Shing Mun
North
Tseung Kwan
O

Shing Mun

Plabutsch
Kingsway

Hoyanger

Bomlafjord

Caldecott

Gross et al (2000)

HKPU (2005), Wang
et al (2006)

Ho et al (2007)

Imhof et al (2006)

Indrehus and
Vassbotn (2001)

Indrehus and Aralt
(2005)

Kean et al (2001)

1999

2001/02

1994
1995

2001
2003

2003/04

2003/04

1997

1999

Tuscacora

Grosjean et al
(2001)

1996

2002

Sepulveda

Gillies et al (2001)

Year

Gouriou et al (2004) Grand Mare

Tunnel

Study

2 hours
(peak),
8 weekdays

6 nonconsecutive
weeks

20 days
25 days

7 days
6 days

4 months
each in
summer/
winter

4 months
each in
summer/
winter

3 hours
each over
4 consecutive
days

10 hours

3 days

17 × 1 hour
periods over
5 days

Duration of
campaign

Entrance, and exit

4 sites along length

2 km from
entrance

Mid-point
Exit and entrance

686 m and 1286 m
from entrance

350 m from exit
(South)
686 m from exit
(North)
256 m from exit
(TKO)

Eastern exit

Inlet and outlet

Mid-point

Unclear

Measurement
location

DNPH

Electrochemical cell
Back-scatter

IR absorption
Chemi-luminescence

SMPS
TEOM
Chemi-luminsescence

DNPH

Filter sample
AVOCS
PUF
DNPH
Pulsed fluorescence
Chemi-luminenscence
Gas filter correclation

ATOFMS

DNPH-coated cartridges

ELPI

Med-vol samplers

Sampling techniques

Carbonyls

CO, NO
AEROSOL

CO
NO, NO2

Particle nsd, PM10/PM2.5
NOx

carbonyls

PM25, PM composition
VOCs
PAHs
Carbonyls
SO2
NO, NO2
CO

Single particle
aerodynamic diameter
and composition

Carbonyls

Particle nsd

PM10, PM2.5
Elements
NO3-, SO42-, CIEC, OC

Measured
parameters

LC-DAD-APCI-MS

HPLC

Filter weighing, XRF, anion
chromatography, colorimetry,
atomic absorption
spectrophometry, thermal/
optical
GC-MSD/FID/ECD, HPLC/UV
HPLC

LC-DAD-APCI-MS

Filter weighing
XRF
Ion chromatography
Thermal-optical

Offline analysis
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Kaisermuhlen

Washburn

Caldecott

Fort McHenry

Tauerntunnel

Gubrist

Lashober et al
(2002)

McGaughey et al
(2004)

Phuleria et al (2006)

Pierson et al (1996)

Schmid et al (2001)

Staehelin et
al (1995,8),
Weingartner et al
(1997)

Gubrist

Söderleds

Kristensson et al
(2004)

Stemmler et al
(2005)

Tunnel

Study

2002

1993

2007

1992

2004

2000

2002

1998/09

Year

27 days

7 days
(incl. 7 × 1 hr
samples)

Unclear

11 x 1 hr
periods

6 hours each
on 4 days

2 × 2 hr
samples,
4 days

19 days

2 months

Duration of
campaign

Hi-vol sampler

Chemi-luminescence
Canister

Filter sampling

Hi-vol samplers, TEOM
Chrompack
DNPH
Filters, PUF
DMPS
Chemi-luminescence
NDIR

Sampling techniques

200 m from
entrance and
100 m from exit

Entrance and exit

3.2 km from
southbound
entrance

Canisters
DNPH
TEOM
Photoemission
DMA + CPC
Aethalometer
epithaniometer

UV fluorescence, NDIR
Chemi-luminescence, FID
DNPH

Ends and mid-point Bag samplers
Canister
DNPH

50 m from exits

50 m from north
entrance

Approx. mid-point

370 and 965 m
into northbound
tube

Measurement
location

VOCs

NO, NOx, CO, HC
Aldehydes
PM3
pPAH
particle nsd
EC
surface area

SO2
CO
NOx
NMVOC
Carbonyls
BTX

CO, NO, NO2
NMHC
carbonyls

EC
PAHs

NOx
CO, HC

EC, OC
Ions
metals

PM10
BTX
Aldehydes and ketones
PAHs
Elements
Particle nsd
NOx
CO
EC, OC

Measured
parameters

GC-MS

FID, GC-MS
ion chromatography

HPLC
FID

NDIR chemi-luminescence

GC-FID

Thermal/NDIR
Ion chromatography
ET-AAS

GC/FID
HPLC
GC/MS
PIXE

Offline analysis
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Tingstad
Lundby

Lundby

Sternbeck et al
(2002)

Wingfors et al
(2001)

2000

1999
2000

Year

4×2–
4 hr samples

5 hours per
tunnel

Duration of
campaign

200 m from
entrance and exit

50 m (Lundby
150 m) from exit
and entrance

Measurement
location

Hi-vol sampler

Filter samples

Sampling techniques

PM10, PM2.5, PM1
HC
PAH

TSP, PM10, metals

Measured
parameters

Filter weighing
GC-FID
GC-MS

Offline analysis

ATOFMS = aerosol time of flight mass spectrometer; AVOCS = ambient volatile organic canister sampler; BTX = benzene, toluene, xylenes; DMA + CPC = differential mobility
analyser + condensation particle counter; DMPS = differential mobility particle sizer; DNPH = 2,4-dinitrophenylhydrazine; DOAS = differential optical absorption spectroscopy;
EC = elemental
carbon; ECD = electron capture detection; ELPI = electrical low pressure impactor; ET-AAS = electro-thermal atomic absorption spectroscopy; FID = flame ionisation detector;
GC-ECD = gas chromatography—electron capture detector; GC-FID = gas chromatography—flame ionisation detector; GC-MS = gas chromatography—mass spectrometry;
HPLC = high performance liquid chromatography; IR = infrared; LC-DAD-APCI-MS = liquid chromatography with detection by diode array ultraviolet spectroscopy and by
atmospheric pressure negative chemical ionisation mass spectrometry; MOUDI = micro-orifice uniform deposit impactor; NDIR = nondispersive infra-red; NMHC = nonmethane
hydrocarbon; nsd = normal-size distribution; OC = organic carbon; PAH = polycyclic aromatic hydrocarbon; PIXE =particle induced x-ray emission; PUF = polyurethane foam
plugs; SMPS = scanning mobility particle sizer; SUMMA = type of canister used to sample VOCs; TEOM = tapered element oscillating microbalance; TKO = Tseung Kwan O tunnel;
UV = ultraviolet; VOC = volatile organic compound; XRF = X-ray fluorescence.

Tunnel

Study
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APPENDIX F STUDIES IDENTIFIED BUT NOT INCLUDED IN
THE REPORT
Authors

Reference

Title

Reason for exclusion

Bari and Nasr (2005)

Tunnelling and Underground
Space Technology 20:281–290

Simulation of smoke from a
burning vehicle and pollution
levels caused by traffic jam in
a road tunnel

Deals with emergency (fire)
scenario only

Barrefors (1996)

The Science of the
Total Environment
189/190:431–435

Air pollutants in road tunnels

Very limited data, out of date

Ballesteros-Tajadura et al
(2006)

Tunnelling and Underground
Space Technology 2121–28

Influence of the slope in the
ventilation semi-transversal
system of an urban tunnel

Deals with emergency (fire)
scenario only

Bellasio (1997)

Atmospheric Environment
31(10):1539–1551

Modelling traffic air pollution
in road tunnels

Discusses an emission
modelling approach—
not sufficiently relevant

Bring et al (1997)

Tunnelling and Underground
Space Technology
12(3):417–424

Simulation and measurement
of road tunnel ventilation

Model of air flow in
Söderledstunnel

Dimashki et al (2000)

Atmospheric Environment
34:2459–2469

Measurements of nitro-PAH in Nitro-PAH a highly specific
the atmospheres of two cities noncarcinogenic pollutant
not specified in contract
or requested by Working
Committee

Funasaka et al (1998)

Environmental Pollution
102:171–176

Characteristics of particulates
and gaseous pollutants in a
highway tunnel

Too much missing data,
including identification of
studied tunnel, traffic data

Jamriska et al (2004)

Environmental Science and
Technology 38:6701–6709

Diesel bus emissions
measured in a tunnel study

Bus-only emissions too
specific for our brief

John et al (1999)

Atmospheric Environment
33:3367–3376

Comparison of emission
factors for road traffic from
a tunnel study (Gubrist
tunnel, Switzerland) and from
emission modelling

No new data other than
those presented elsewhere

Katestone Group, (2003)

Report from Katestone
Environmental to Pike Pike
Fenwick

Review of Lane Cove tunnel
PM10 impact issues

Reports on very specific
technical issue of losses of
semi-volatiles in TEOMs, and
consequences of incorrect
PM10 data on impacts
assessment

Katolicky and Jicha (2005)

Journal of Wind Engineering
and Industrial Aerodynamics
93:61–77

Eulerian–Lagrangian model for
traffic dynamics and its impact
on operational ventilation of
road tunnels

Tunnel-specific study
into rationalisation of fan
requirements in Prague
tunnel—too specific, did not
inform our review

Martins et al (2006)

Environmental Science and
Technology 40:6722–6729

Emission factors for gaspowered vehicles traveling
through road tunnels in Sao
Paulo, Brazil

Emissions are uniquely specific
to use of ethanol as fuel in
Sao Paolo—not relevant in
Australia

Tunnel-specific and not
sufficiently relevant

We have no further
comments to make
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Authors

Reference

Title

Reason for exclusion

Swietlicki et al (1999)

Aerosol Science
30(S1):S49–S50

Road tunnel measurements
of submicrometer particle
size distributions, elemental
composition and gas phase
components

Vague or momentary data

Wang et al (2006)

Environmental Science and
Technology 40:6255–6260

Low molecular weight
dicarboxylic acids, ketoacids,
and dicarbonyls in the fine
particles from a roadway
tunnel: possible secondary
production from the
precursors

Very specific compounds
not mentioned in contract
or requested by working
committee
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APPENDIX G AIR QUALITY IN AND AROUND TRAFFIC TUNNELS
WORKSHOP
This appendix provides a report of discussions held at the Air Quality in and around Traffic
Tunnels Workshop, held on 15 May 2007.

G1

BACKGROUND

The National Health and Medical Research Council, in collaboration with the Australian
Government Department of Health and Ageing, commissioned New Zealand’s National Institute
of Water and Atmospheric Resources (NIWA) to conduct a systematic review of national and
international literature and practices in relation to air quality in and around traffic tunnels. The
draft report produced by NIWA was circulated to participants to stimulate discussion ahead of
the workshop.
The aim of the workshop was to discuss best practice for managing air quality in and around
traffic tunnels in Australia, by drawing on the varying experience and expertise of participants.

G2

RECOMMENDATIONS

The workshop discussions centred on standard setting, tunnel management and research, and the
resulting recommendations are outlined below:

G2.1

RECOMMENDATION ONE—STANDARD SETTING

Establish an evidence-based 15-minute standard for NO2, using a health risk assessment approach,
considering:
UÊ

health effects from NO2 and its interaction with other pollutants, such as particulate matter (PM)

UÊ

the difference between tunnel air and other exposure; for example, from portals and stacks

UÊ

tunnel design and planning; for example, the ability to reduce the volume of traffic when
emissions are high (eg in Melbourne City Link)

UÊ

improved vehicle standards, including the introduction of cleaner fuels and retrofitting older
vehicles with pollution-reduction devices

UÊ

exposure factors, such as time in tunnel, multiple trips and external exposures

UÊ

responsibility for regulation, audit and methods of enforcement.

G2.2

RECOMMENDATION TWO—TUNNEL MANAGEMENT

Tunnel operators should aim for lowest possible emissions, and regulators should encourage zero
portal emissions, travel demand management and filtration equipment. Data accreditation could
be incorporated into regulations for operators collecting monitoring information. It was noted that
Victoria has a good model of regulation and licensing.

G2.3

RECOMMENDATION THREE—RESEARCH

Studies are needed to demonstrate links between pollutants and adverse health effects. Once
a relationship is established, air pollution should be monitored and thresholds established.
Monitoring can then be used to inform estimates of related health problems.
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Suggested areas of research include:
UÊ

health impacts of acute periods of high-concentration exposures and repeated short-term
exposures; it was suggested that the e-tag system be used to facilitate this

UÊ

monitoring to determine whether the tunnel has reduced traffic in urban areas.

It was agreed that tunnel emissions be considered as part of the larger problem of urban
air pollution. It was suggested that emissions be treated at the source, with design issues,
management techniques and removal coming after.

G3

PRESENTATION ON KEY ISSUES

Dr Ian Longley and Dr Francesca Kelly of NIWA presented the key issues identified in the draft
report, Systematic Literature Review to Address Air Quality in and around Traffic Tunnels.
NIWA outlined the scope, content and main findings of the report, and posed the following
questions in relation to health outcomes:
UÊ

Can morbidity be quantified?

UÊ

Can those people at risk be identified?

UÊ

What can be done to monitor adverse health outcomes?

UÊ

Which pollutants cause the problems?

UÊ

How can risk be prevented?

The presentation also raised the issues of exposure of tunnel users, vehicle emission reductions,
protecting against the effects of pollutants, NO2 exposure, reduction in emissions from travel
speed and the effect of congestion on CO2 levels.

G4

DISCUSSION ON PRESENTATION

Comment: Setting in-tunnel NO2 exposure limits requires good emission data as well as regular
review of data and collection mechanisms.
Comment: At present, the monitoring systems for the emissions of the M5 tunnel do not indicate
an impact on the population; however, there is a strong publicly perceived impact. Studies have
not shown conclusively that air quality is being altered. If there is no change in exposure then it is
difficult to maintain the change in outcome.
Question: Are the right things being measured?
Response: People in the vicinity of the M5 were asked to collate a diary of their experiences and
any adverse reactions to emissions. These data have been analysed and form the stimulus for
further health studies based on the close correlation of the reported impacts.
Comment: A change of fleet is a complex issue as this changes the nature of particulates and their
interaction in the tunnels. The key issue is that complex interactions occur in tunnels and, for all
new vehicles, air quality impact depends on exact emissions from these vehicles, which is one
area that needs to be explored further.
Question: European Smoke Emergency Management Control—is this also a requirement in Australia?
Response: The consultants were not tasked to review smoke and fire management, and could not
directly comment on this question. They did note that in these circumstances, ventilation systems
can operate in reverse, encompassing significant engineering factors, which enable the two
objectives of air quality and fire safety to be met.
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It was noted that air quality in longitudinal ventilation tunnels was managed by flow at 4 m s–1
and that, in other tunnels, 10 m s–1 air flow was required to manage quality. It was acknowledged
that a certain flow of air is required so that smoke and heat do not come back into the tunnel.
Question: NO2 concentrations can increase if the air flow is 1 m s–1. How strong a measure is this
and if the ratio was increased would this significantly prevent increases in NO2?
Response: The consultants noted that there is very little data on NO2 emissions and therefore little
evidence to back up this threshold; however, high NO2 levels do not occur with a 2 m s–1 air flow.
Question: Would there be value in translating the emission rates in Europe to the Australian
situation?
Response: In general there are a greater number of diesel vehicles in Europe and emissions also
depend on the age and technology of the vehicles. Calculations need to be based on the right
emission factors and broken down effectively.

G5

SMALL GROUP DISCUSSIONS

The three questions below were posed for small group discussion:

G5.1

QUESTION ONE—HOW CAN WE MONITOR EFFECTIVELY THE HEALTH
OF TUNNEL USERS AND THOSE LIVING OR WORKING NEAR TUNNEL
PORTALS OR VENTILATION STACKS?

It was suggested that a risk management approach, with an emphasis on vehicle standards, be
used to quantify the extent of risk of vehicle emissions and identify how to reduce the risks in
priority order.
Based on the inability of routine monitoring data to quantify the relationship between health and
air quality, monitoring should be project based, measuring specific endpoints, with a focus on
subtle health effects, such as quality of life as well as traditional health indicators. As two-thirds of
the health costs incurred below 50 microgram standards are over-the-counter medications, health
impacts could be audited using pharmacy sale data. In addition, records and statistics on hospital
admissions could help determine health impacts.
Monitoring of health indicators is required where adverse health effects are expected, and such
monitoring data should be made available to the public. Continuous measuring of particles would
be preferred as levels of particles are frequently underestimated, and it is associated with the
minister’s condition of approval.

G5.2

QUESTION TWO—WHAT LEVELS OF POLLUTANTS ARE TUNNEL
USERS AND THOSE LIVING OR WORKING NEAR TUNNEL PORTALS OR
VENTILATION STACKS EXPOSED TO?

It was proposed that financial incentives be provided to operators of tunnels with low levels
of emissions, encouraging efficient system design and subsequent reductions in the impact on
ambient air quality. It was also noted that ventilation increases greenhouse gases and greenhouse
energy, and this impact could be reduced by effective system design.
The community’s perception of odour as a pollutant was raised. It was advised that toxicological
investigations be conducted to capture air odour and categorise it properly, particularly to
determine whether the odour has the impact or whether there is also a related health impact.
Stacks should be designed such that odour is undetectable.
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Equipment that is certified by the National Association of Testing Authorities is required to measure
CO2, NO2, NO, PM10 and CO. However, certification is expensive to obtain and as such is often
only applied in a minimal sense.
Tunnel design should take into account motor vehicle emissions, air quality standards and the
application of appropriate technologies for removing pollutants. Risk communication is imperative at
the primary stage of tunnel development, to reduce community outrage and perceived health burden.

G5.3

QUESTION THREE—HOW IMPORTANT IS STANDARD SETTING FOR AIR
QUALITY IN AND AROUND TRAFFIC TUNNELS?

It was noted that the precautionary principle should be applied in relation to standard setting and
regulation. The standard-setting process needs to be rational, the level of uncertainty acknowledged,
and action be taken on what is proven and reasonable. Value judgements should be applied when
risk cannot be quantified precisely and available data used until better data is available.

G6

CONCLUDING REMARKS—PROFESSOR MICHAEL MOORE

We have come here today to debate how the recent Australian move to the use of transport
tunnels might be contributing to improvement of the health of tunnel users and those living next
to tunnels.
Health outcomes are generally difficult to measure therefore the focus is on monitoring of
pollutants. There are dual responsibilities—the Government regarding the regulatory process,
individuals in respect of their contribution to pollution and modification of behaviour to minimise
this. Different to investigation of health outcomes which gave guidance on the likely exposures
to given concentrations of pollutants, the NHMRC needs to know how it can contribute to the
resolution of the research especially in respect of exposure-dose-response relationships. There
is a need to fill in the knowledge gaps. Current guideline values are not helpful and there is a
pressing need to develop shorter term guideline values for say 15 minutes with NO2 being the
new CO. We also need to re-evaluate the extensive data-sets measured on a very short time base
in some of the new tunnels, including the transects of the tunnel.
Congestion management is critical since it increases both pollution and exposure time. The
consideration of health outcomes we need to remember is that although we can sum the effects
of individual compounds it is much more appropriate to look at mixtures. All potential health
outcomes are always a result of mixture exposure.
The issue of low sulfur diesel fuel determines the level of uptake of new technologies. The
adoption of both heavy and light diesel engine technology is behind that already in place in
Europe. We note differences in the regulatory environment from state to state and that a process
of continuous improvement would serve the population best. This regulatory process needs to
include appropriate enforcement measures.
Critical to pollution is the type of fuel and we currently focus on diesel and petrol but have not
mentioned possible future changes to hydrogen and electricity.
We are very appreciative of the time committed by all present from all sections of health,
environment and transport across the Commonwealth. This is not the end of the process. All
of today’s discussions have been recorded and will be utilised along with submitted material in
the enhancement of the preliminary document you have already seen. We are working to tight
timelines and need to have submissions in by Thursday, 17 May 2007 as the Committee will be
working with the Consultants in integrating this new approach into the text. We expect to have
the process completed in June 2007 for final review before submission to the Minister. None of
this would have been possible without the unstinting support of all participants and for that I
thank you on behalf of the NHMRC and the Committee. We look forward to corresponding with
you over the next month.
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G7

COMMENTS RECORDED BY GROUPS

G7.1

QUESTION ONE—HOW CAN WE EFFECTIVELY MONITOR THE HEALTH
OF TUNNEL USERS AND THOSE LIVING OR WORKING NEAR TUNNEL
PORTALS OR VENTILATION STACKS?

Table one
1.

Should we be monitoring (health/air)?
UÊ
UÊ

UÊ

2.

3.

4.

5.

monitor air quality in tunnel
investigate health effects (targeted)
– short-term vs long-term exposure
– pre-, pen-, post-tunnel behaviour advice
ultrafines, value of monitoring, characterise (unknown)

Odour
UÊ

monitor and characterise, see if health effects

UÊ

driver of perception

UÊ

need toxicological studies (mixtures)

Tunnel design and management (effective measure of reduction)
UÊ

remove vehicles from roads

UÊ

source control

Clean up/monitor Australian fleet
UÊ

badly characterised—old vehicles

UÊ

consistency between states

Prospective risk communication
UÊ

more short-term NO2 exposure studies

Table four
1.

What we know, what we don’t know, what we need to know

2.

Costs versus benefits (health risk versus health impact)

3.

Weighted average (pollutant × people)

4.

Quality of life factors
UÊ

is any form of monitoring able to suitably address these concerns?

UÊ

use of other instruments eg planning policies

UÊ

benefits and impacts

Table seven
1.

External
UÊ

too much noise for long term indicators

UÊ

value in prospective one-off studies looking at irritative symptoms

UÊ

value in long-term studies into health effects of traffic-generated pollutants
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2.

Internal
UÊ

value in a health commuter study of repeated short-term, high-concentration exposure to
complex mix of pollutants in tunnels

UÊ

value in routine sentinel health study? linked to e-tag

UÊ

value in pollutant in tunnel indicator NO2?

G7.2

QUESTION 2—WHAT LEVELS OF POLLUTANTS ARE TUNNEL USERS
AND THOSE LIVING OR WORKING NEAR TUNNEL PORTALS OR
VENTILATION STACKS EXPOSED TO?

Table two
1.

Best overall—reduce vehicles emissions and use

2.

Ambient air dilemma—no change versus community concern

3.

Measure—CO, NO2, NO, PM2.5, PM10, ultrafines, benzene, volatile organic compounds (VOCs),
biologicals

4.

UÊ

ensure data used are valid

UÊ

seek Australian Standard methods and National Association of Testing Authorities (to
ensure that pollutants are measured in a consistent way nationally)

Establish vertical gradients, breathing zone versus roof instruments
UÊ

5.

ambient—monitoring stations at compass points

Establish guidelines for tunnels eg NO2, PMs—5 mins – 15 mins. Maybe low levels 99%
compliance
UÊ

consider synergy eg NO2/PMs

6.

Note NO2 instruments now available for tunnels (eg for Lane Cove tunnel)

7.

Request NO2 transect data for M5 from the road traffic authority

Table five
1.

Ventilation stacks
UÊ

designed, operated with contingencies in place

UÊ

unlikely impacts to air quality around the stack—neighbourhood due to air flow, dispersion
and dilution

10/15 metres/second
Continuous stack outside

Inside (continuous)

NO plus NO2
PM10/PM2.5
CO, CO2 (greenhouse and calibration)

Visibility
NO
CO

UÊ

pollutants and health, car exhaust leads to NO2, PM, PAH, CO

UÊ

visibility (safety)

2.

Where are the Australian data? Needed to inform second draft. Change in fleets/fuels/types of
vehicles/AQ (air quality) policy

3.

Too many variables from one country to another, one tunnel to another. Therefore need
better focus on in-tunnel and stack values. These should be the same.
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4.

Health-based guidance value, standard. Is CO levels adequately protective of health?

5.

OH&S—peak maintenance workers. OH&S data to inform public health decisions.

6.

NO = 10ppm, NO2 = 1.0ppm (Permanent International Association of Road Congresses)

7.

Transurban—controlling on NO drives control of ventilation

8.

CO—150 ppm—peak (1 min), 50 ppm—15 min, 25 ppm greater 2 hours

9.

Risk management—do not allow congestion in tunnel (fire measures plus decrease in
AQ issues). Need more enforcement of emission. Standards to also reduce AQ impacts,
maintenance of fleet.

10. Portals and in-tunnel focus for research? Feeder roads within a 300 m radius should also be
considered
11. Mixtures too hard (put more focus on getting single pollutant decisions right)

G7.3

QUESTION 3—HOW IMPORTANT IS STANDARD SETTING FOR AIR
QUALITY IN AND AROUND TRAFFIC TUNNELS?

Table three
1.

2.

3.

Usefulness of standards
UÊ

standards required to allow tunnels to be designed to ensure human health protected

UÊ

standards for inside and outside

UÊ

For outside—current process National Environmental Protection Measures (NEPMs)

UÊ

For inside use similar health-based process as NHMRC document on setting health-based
AQ standards

UÊ

Need for shorter term standards for in tunnel, considerations:

UÊ

tunnel length/time exposure

UÊ

multiple tunnel exposure

UÊ

outside exposure

UÊ

System of enforcement to ensure compliance (eg Victorian model)

Pollutants
UÊ

Have outside standards:

UÊ

NEPM (9AIR)

UÊ

PM10, PM

UÊ

CO, NO2

UÊ

NEPM (AIR Toxics)—benzene, toluene, xylene (BTX) ; formaldehyde; polycyclic aromatic
hydrocarbons; new fuels E10?

UÊ

Inside tunnels:

UÊ

as for outside

UÊ

ultrafines—particle number? (Is it possible? Where is standard set at?)

2.5

need shorter term

Interaction of pollutants is important, difficult to assess, and needs to be taken into account
when setting standards
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4.

Air monitoring requirements:
UÊ

Continuous, desirable—[outside, in-tunnel, in stack]—may be difficult for air toxics

UÊ

Quality data—quality assurance systems required

UÊ

Peak concentrations in tunnel

UÊ

Multipoint monitoring

UÊ

Display next to real-time (internet)

Table six
1.

2.

3.

4.

Usefulness of standards
UÊ

health protection

UÊ

design—NO2 the ‘next’ standard, the ‘new’ CO, developments in Europe, monitoring +
goals

UÊ

PM—less well understood, short term

Monitoring
UÊ

Internal—argument for NO2 in tunnel

UÊ

External—current status discernable, future near roads

Tunnel operation, optimal flow:
UÊ

health

UÊ

traffic

UÊ

financial

UÊ

design greater than 20 km h–1

UÊ

education—windows

Tail pipe

Hierarchy of treatment: source, design, management, removal
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GLOSSARY
Advect

Horizontal movement of a mass of fluid.

Aerosol time-of-flight mass
spectrometer

Used to measure continuously the aerodynamic size and chemical composition of
individual particles in the fine fraction (0.2–2.5 µm) of the atmospheric aerosol.

At-grade section of a
motorway

Section of road on the same level as another at the point of crossing.

Australian design rule (ADR)

A series of specifications and performance requirements for motor vehicles which
have been prepared to reduce the possibility of accidents, mitigate the effects of
accidents and reduce the undesirable effects of motor vehicles on the environment
by limiting noise and pollutants.

Benzene

An aromatic hydrocarbon with the formula C6H6 which is a natural constituent of
crude oil; a colourless and flammable liquid which is an important industrial solvent
and has been used as an additive in motor fuels; also a carcinogen.

Carbonyl group

A functional group composed of a carbon atom double-bonded to an oxygen
atom; the term can also refer to carbon monoxide as a ligand in an inorganic or
organometallic complex.

Carboxyhaemoglobin

A compound formed from carbon monoxide bonding with haemoglobin; it can
reduce the oxygen carrying capacity of blood.

Condensation particle
counter (CPC)

Instrument used to measure the total number concentration of particles.

Conjugated dienes

Alkenes with two double bonds alternating with a single bond, (C=C-C=C).

Diesel exhaust particles

Fine particles emitted when an engine burns diesel fuel and suspended in the air.
Diesel exhaust is produced when an engine burns diesel fuel. It is a complex
mixture of thousands of gases and fine particles (commonly known as soot) that
contains more than 40 toxic air contaminants.

Dispersion model

Use of mathematical algorithms to simulate how pollutants in the ambient
atmosphere disperse and, in some cases, how they react in the atmosphere. The
dispersion models are used to estimate or to predict the downwind concentration
of air pollutants emitted from sources such as industrial plants and vehicular traffic.

Electrostatic precipitation

A filtration process that uses a particulate collection device to remove particles
from a flowing gas (such as air) using the force of an induced electrostatic charge.

Electrostatic precipitator (ESP) Electrostatic precipitators are highly efficient filtration devices that minimally
impede the flow of gases through the device and can easily remove fine particulate
matter such as dust and smoke from the airstream.
Exceedence

The amount by which something, especially a pollutant, exceeds a standard or
permissible measurement.

Forced ventilation

Process of mechanically moving air inside a structure; fans or blowers can be used
to provide fresh air when the forces of air pressure and gravity are not sufficient to
circulate air through a structure.

Gaussian plume model

The most accepted computational approach to calculating the concentration of
a pollutant at a certain point. The model describes the transport and mixing of
pollutants and assumes that dispersion in the horizontal and vertical direction will
take the form of a normal Gaussian curve with the maximum concentration at the
centre of the plume.

Greenhouse gas

Components of the atmosphere that contribute to the warming of the earth’s
surface. Some greenhouse gases occur naturally in the atmosphere, while others
result from human activities such as burning of fossil fuels. Greenhouse gases
include water vapour, carbon dioxide, methane, nitrous oxide and ozone.

Groundstrike

Pollution leaking to the ground from a stack.

Heavy-duty vehicle

A vehicle with a gross vehicle mass of more than 4.5 tonnes.
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Heavy-goods vehicle

A large road vehicle intended to carry goods and with a maximum laden weight in
excess of 7.5 tonnes.

Inversion

A deviation from the normal change of an atmospheric property, such as
temperature, with altitude.

Katabatic flow

A cold flow of air travelling down a topographic incline.

Lagrangian particle model

Independence of particle motions. Each particle moves along its trajectory in the
spatial domain by the effect of the sum of a deterministic velocity and a stochastic
term, due to the effect of air turbulence. At each time step the new particle
velocity is computed and the updated particle position in the spatial domain is
obtained.

Light-duty vehicle

Motor vehicle with a gross vehicle weight of 4000 kg or less.

Longitudinal ventilation

A system that creates a uniform longitudinal flow of air (constant airflow velocity)
along the length of the tunnel. Fans are mounted on the tunnel ceiling above the
traffic area. Clean air enters the tunnel from one portal and gets gradually polluted
with substances emitted by vehicles, and reaches the tunnel exit with a higher
concentration of pollution (the concentration of toxic substances increases in the
direction of the airflow linearly).

Measured transact

A continuous measurement of pollutant concentrations made from a normal
vehicle moving through the tunnel.

Natural ventilation

See Passive ventilation

Nonmethane volatile organic
compound (NMVOC)

Organic chemical compounds, excluding methane, such as benzene, xylene,
propane and butane that under normal conditions can vaporise and enter the
atmosphere. NMVOCs are mainly emitted from transportation, industrial processes
and use of organic solvents.

Off-ramp

A segment of road with one or two lanes, used by traffic to move from a freeway
to a smaller road (also called an exit ramp).

Optical particle counter

Instrument that measures light scattered by particles typically greater than 0.05 µm
in diameter.

Particulate matter
(particulates)

Complex mixture of extremely small particles and liquid droplets suspended in a
gas, ranging in size from less than 10 nanometres to more than 100 micrometres in
diameter. Particle pollution is made up of a number of components, including acids
(such as nitrates and sulfates), organic chemicals, metals, and soil or dust particles.

Passive ventilation

Unassisted airflow. Power is generated when heated air rises up through ventilation
ducting and out of a structure, creating negative pressure and new, ‘fresh’ air enters
the structure through vents or poorly sealed areas. Passive ventilation is extremely
dependent on the weather.

Piston effect

Vehicles moving through a tunnel induce their own airflow in the same direction.
This phenomenon is known as the ‘piston effect’ and is the basis of passive
ventilation.

Pollution rose

A diagram that indicates the frequency and intensity of pollution from different
directions for a particular place.

Portal

Entrance to a tunnel.

Portal emissions

Emissions of pollutants that leave the tunnel via the entrance (rather than via a
chimney stack or other ventilation mechanism).

Residence time

The average time a substance spends within a specified region of space, or how
fast something moves through a system in equilibrium. A common method for
determining residence times is to calculate how long it would take for a region of
space to become filled with a substance.
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Semitransverse ventilation

In a semitransverse ventilation system, fresh air is added equally along the tunnel
through out of an air supply duct, but there is no air extraction. The fresh air is
supplied transversely while the polluted air flows longitudinally to the two ports.
In the case of fire, smoke can be extracted through the duct out of the tunnel. The
main disadvantage of such a ventilation system is that it is not possible to control
the longitudinal airflow.

Stack

See Ventilation stack

Termolecular

A reaction involving three molecular entities.

Toluene

An aromatic hydrocarbon; a clear, water-insoluble liquid with the typical smell of
paint thinners that is widely used as an industrial feedstock and as a solvent.

Tracer-release experiment

Investigation of circulation and dispersion through the use of controlled releases of
sensitive tracers into a system.

Transverse ventilation

Fresh air is supplied or extracted through purpose built ducts along a tunnel. There
are two ducts and air flows from one of the ducts through slots or ports into the
traffic section while polluted air is withdrawn through the other duct. The ducts
may be above or below the roadway but usually fresh air is input near the roadway
and the vitiated air is exhausted along the tunnel ceiling. In ideal case there is no
longitudinal airflow.

Urban canopy

The buildings, trees and other objects composing a town or city and the spaces
between them.

Ventilation stack

A chimney-like space included in the tunnel design to expel vehicle emissions
mixed with air in the tunnel.

Vitiated air

Air from which oxygen has been removed; mainly nitrogen containing a reduced
percentage of oxygen

Volatile organic compound

Carbon-based compounds such as aldehydes, ketones, and hydrocarbons that have
high enough vapour pressures under normal conditions to significantly vaporise
and enter the atmosphere.
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