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Executive Summary

This Report is designed to provide assistance éd\ibw Zealand Transport Agency (NZTA), based
upon scientific evidence, in setting guidelinesdarquality in road tunnels. An accompanying répor
reviews actual air quality in the existing Statgivay tunnels against the guidelines recommended in
this report. It also discusses the practical ingtians of implementing such guidelines.

We briefly review the scientific evidence for thifeets of exposure to road traffic emissions in the
context of members of the public using typical roaehnels, and occupational exposure (e.g.
maintenance staff). Most of the health evidencenmigg exposure to traffic emissions is based on
ambient exposure lasting hours, days or longer,thadcsignificance of exposure lasting minutes or
even seconds remains a major gap in scientific kesye. The best understood pollutant for these
timescales is carbon monoxide, although adversetsfarising from nitrogen dioxide and particulate
matter are suspected and should be consideredibRogidfects include aggravation of asthma,
immediately or over subsequent hours, and riskes a@drdiovascular event within a few days. Accrued
effects from repeated tunnel use might include kmeateases in lifetime risk of cancer and potdntia
for increased bronchitic events or respiratorydtite.

Air quality in the outdoor environment around tuhpertals and stacks in New Zealand is subject to
the National Environmental Standards for Air QualiHowever, globally agreed or consistent
guidelines for usénside road tunnels do not exist either in New Zealandmund the world. Air
quality in road tunnels has conventionally fallémough a gap between the realms of ambient air
quality and occupational exposure management inatiannel is neither fully indoors nor outdoors,
that exposures usually last only a few minutesess land protection is required for all potentia@ras
including children, pregnant women and other vidbér sub-groups, not just fit and healthy adults.

Conventionally, road tunnel air quality has beemaged upon the basis of a maximum carbon
monoxide exposure limit, usually expressed as taeimmum concentration of the gas permitted within
the tunnel averaged over 15 minutes. This apprbasha long history and is proven to be relatively
simple to implement.

We have reviewed the scientific basis of such agragrh. As a consequence we recommend that a
CO guideline equivalent to the World Health Orgatia’s 15-minute ambient air quality guideline
87 ppm be adopted by NZTA to provide protectiomfrthe acute effects of CO exposure for all
tunnel users.

In the past a carbon monoxide guideline has beed tsprovide protection from the adverse effects
on health of the full range of constituents of rdsaffic air emissions. Two recent trends have
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combined to threaten that protection. Firstly, eoiss of carbon monoxide have fallen faster than
emissions of other harmful pollutants, especiakydes of nitrogen from which the toxin nitrogen
dioxide (NQ) forms, so that there is relatively more N@nd particulate matter) per CO in tunnel air
than was previously the case. Secondly, healttarelséhas indicated toxic effects at lower exposures
to NO, than previously thought, especially when inhalédngside airborne particulate matter.
Adverse respiratory effects, especially in asthosathave been observed in studies of exposures to
levels likely to be found in some road tunnels. fBhie also evidence that road tunnel air exposuiee i
risk factor for adverse cardiovascular effects uinerable individuals. Consequently, a guideline
based on CO alone can no longer be considereddamatically provide commensurate protection of
tunnel-user’s health.

We recommend that, in addition to carbon monoxédg, adopted guideline also considers the more
demanding requirement to protect users from thebooeal effects of N@and particles. However, the
current state of health research prevents us fp@uifying an exposure limit for particles at thige.
Recommendations are made for a nitrogen dioxiddeyjne, but this is based on more uncertain
science than is the case for CO. We recommendthigaguideline proposed by the World Road
Congress (PIARC) of 1 ppm not to be exceeded moa@ 2 % of the time be adopted. More
demanding N@limits have been adopted in France and Hong Koitlg tire most demanding limits
proposed in Sweden. These are based on a precayt@pproach in view of evidence that asthmatics
are more susceptible to NQHowever, this is based on evidence based on axg®mef 30 minutes or
more and, unlike for carbon monoxide, the signiima for much shorter duration exposures is
currently unknown.

The New Zealand Workplace Exposure Standards (WHEB)y to occupational exposure within
tunnels. These Standards are less stringent tllaNBS or WHO ambient air quality guidelines as
they are intended to apply to the typical healttiylaworkforce, not the whole population. We findl n
basis to challenge the WES for short-term exposufzO (200 ppm as a 15-minute average), which is
widely adopted around the world for occupationglasure in road tunnels. An 8-hour time-weighted
average limit of 30 ppm also has a long history snidely adopted (e.g. in the UK, Germany and
Sweden). We also find no basis to challenge thidedine and recommend it is adopted by NZTA.
The World Road Congress (PIARC) has recommendesblaction in the 8-hour limit to 20 ppm,
however the lack of justification provided by PIARE€aves us unable to determine whether the
recommendation is based on medical evidence or otiresiderations, and we are therefore unable to
endorse the recommendation on scientific grounds.

There is no internationally agreed short-term (ibee average) occupational exposure limit for,NO
in the same way as there is for 1-hour ambient sx@s. Occupational NQimits vary between
countries and determining bodies, and have tendeth&nge with time. On a precautionary basis,
therefore we recommend that NZTA adopt the NIOSHtidhal Institute for Occupational Safety and
Health) Recommended Exposure Limit (REL) of 1 pmmad 5-minute average.

Guidance for the Management of Air Quality In RGathnels in New Zealand v
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The 8-hour occupational CO guideline recommendediges more than adequate protection against
benzene exposure, relative to the New Zealand 8 Waukplace Exposure Standard which applies in
all road tunnels. Lack of vehicle emission factfns formaldehyde, styrene and toluene prevent us
from determining if the CO guidelines provide patien with regards to the WHO short-term
exposure guidelines for these substances. Howeler,limited data available suggest that the
emission reductions achieved for CO have genebafn achieved also for other toxic species. Thus,
we have no evidence to suggest that a CO guidelimsnot provide similar protection for these
species.

Vehicle emissions are rapidly changing, but préaicturrent trends even a few years into the future
is problematic. Health science is also making ragadances and the effects of brief exposures and
exposure to multiple pollutants in traffic exhaasé very active areas of research. For both these
reasons we strongly recommend that any guidelideptad are made subject to review at least every
decade.

Road tunnel ventilation design demands a degrdetafe-proofing, hence the need to predict future
emissions. A New Zealand-based modelling tool &ilakle to predict the anticipated future changes
in emissions. However, this capability is basedjoite uncertain assumptions about the future vehicl
fleet. More fundamentally it is not intended foegicting emissions on specific roads. We recommend
that a modelling approach is augmented by a progewf long-term emissions monitoring in State
Highway tunnels. This is achieved by supplementmtunnel air quality monitoring with airflow,
traffic and ambient air quality monitoring. Thislhgenerate tunnel-specific data as well as feeding
back valuable information to national emissionkiag and modelling.

An exposure management approach (which appliesgaigeline to individuals using the tunnel
taking into account the duration of their exposuagher than applying solely to the tunnel air) may
offer potential energy savings from reduced vetititg the opportunities for which are greatest in
shorter tunnels. Such an approach requires thatismom speed can be assured. That speed is tunnel-
dependent. Exposure management depends upon parzateins which can be specified with
acceptable confidence for CO, but their applicgbith NGO, guidelines is more uncertain.

Decreasing the rate of infiltration into a vehidabin can greatly reduce concentrations inside the
vehicle. Setting air vents to ‘recirculate’ befagatering the tunnel is a highly effective mitigatio
measure for individuals, but only if the vents aeeopened once the tunnel transit is complete.
However, tunnel ventilation systems should be dexigto the worst-case for exposure, which is low
speeds and fully-open vehicles. Whether a vehilencis open or sealed, the main determinant of the
impact of carbon monoxide on health is the lendttinge spent in the tunnel.

How such guidelines are implemented is not obviolikis Report describes how pollutant
concentrations vary within the tunnels volume amel consequences for monitoring. It also describes
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how nitrogen dioxide concentrations in particukary in a complex way that makes implementation
of a NG, guideline more complex than for CO. This complexian be addressed by well-designed
observational campaigns which are highly recommetiide NO, guideline is to be implemented.

Report limitations

This Report does not recommend any guidelinesddiqulate matter. The current state of knowledge
on the effects on human health of short-term exmogarder of minutes) to airborne particulate
matter, and repeated exposure, as would be expeden repeated passage through a road tunnel, is
insufficiently established to propose a guidelinghés time. We have found no evidence of such a
guideline existing anywhere else in the world. Tisisalso true for other toxic species present in
vehicle exhaust, such as PAHs or benzene.

This Report does not explicitly cover visibility igelines. This is because such guidelines are
conventionally aimed at a safety objective. Howewes do review some limited research into the
potential use of visibility monitoring (which is gonon in many tunnels) to support compliance with
air quality guidelines (for CO and NP This Report also does not cover subjective nesge to
tunnel air, such as subjective responses to hateisible smoke, or adverse reactions to odour.

Guidance for the Management of Air Quality In RGathnels in New Zealand vii
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Summary of NIWA’s recommended guidelines for Occuptional Safety for the protection of
healthy adults working in a tunnel:

Contaminant Threshold . Averaging notes
concentration | time
CcO 200 ppm 15 minutes equivalent to NZ Workplace Standard
CcO 30 ppm 8 hours widely adopted abroad, PIARC 1995 recommendation
NO; 1 ppm equivalent to NIOSH Recommended Exposure Limit

Summary of NIWA’s recommended guidelines for all na-occupational users:

Contaminant Threshold Averaging notes
concentration time
CcO 87 ppm 15 minutes equivalent to WHO ambient guideline, widely adopted in
Australia
NO; 1 ppm PIARC proposal

Other road tunnel air quality guidelines adopted etewhere (Occupational Safety guidelines in

bold italics):
Contaminant Threshold . Averaging notes
concentration | time
CcO 20 ppm 8 hours PIARC recommendation from 2010
CcO 35 ppm 8 hours US (NIOSH) Recommended Exposure Limit
CcO 100 ppm 15 minutes PIARC
CcO 70 ppm 15 minutes PIARC from 2010
CcO 100 ppm 5 minutes Hong Kong
NO; 1 ppm 5 mins Hong Kong
NO; 0.4 ppm Unspecified Norway
NO; 0.2 ppm 1 hour Sweden, Belgium
NO; 0.11 ppm 1 hour WHO ambient guidelines, NZ National Environmental
Standard (ambient)
NO; 0.5 ppm 20 mins Belgium
NO; 0.4 ppm 15 mins France from 2010

Guidance for the Management of Air Quality In RGathnels in New Zealand
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Other Specific Recommendations:

* Due to the substantial remaining uncertaintiesndigg the health effects of brief exposure to
NO,, the emissions, determinants and levels of, NOState Highway road tunnels, and
technical challenges in monitoring BNOwe recommend that an NOguideline be
implemented for the purposes désign only (rather than compliance monitoring) at this
stage.

« We recommend that a research programme be condtwtddtermine the nature of NO
emissions and resulting N©@oncentrations and NONO, ratios in New Zealand tunnels, and
their determinants. This is required to facilitatee implementation of a NOguideline,
determine how demanding such a guideline woulddbetter quantify the risks arising from
road vehicle emissions, and specify mitigation@pdiwith greater certainty and confidence.

+ Before such research can be conducted we recomthand NGQ/NO, concentration ratio of
0.1 be assumed in tunnels, rising to 0.2 within 206f the tunnel ends.

«  We recommend that NZTA supports scientific researth the health impacts of brief
exposures to vehicle emissions, and especiallycpéate matter.

« We recommend that any guidelines adopted are redewm a decadal basis in the light of
new emission trend data, forecasts and new hesddarch.

« We recommend that permanent internal monitoringnbkided as part of any tunnel design
and that no system should rely on a single monitor.

* We highly recommended that a tunnel’'s ventilatigstem’s performance is checked by
monitoring at least once, and preferably on attleatecadal cycle.

« A pre-deployment study is recommended to assisharacterising the representativeness of
any permanent monitor.

« We recommend the instigation of a long-term progrenof vehicle emissions monitoring
based in New Zealand's State Highway road tunrelgfiorm future demands on tunnel
ventilation and feedback into tracking emissiomdéi®at a national scale.

Guidance for the Management of Air Quality In RGathnels in New Zealand ix
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Abbreviations
AER air exchange rate
AQNES air quality national environmental standards
CFK Coburn-Forster-Kane model
CO carbon monoxide
COHb carboxyhaemaoglobin
D.CO pulmonary diffusive capacity
HCV heavy commercial vehicle
HDV heavy duty vehicles
HGV heavy goods vehicles
I/O indoor/outdoor ratio
LDV light duty vehicles
LGV light goods vehicles
NIOSH National Institute for Occupational SafetydaHealth
NMHC non-methane hydrocarbons
NO nitric oxide
NO, nitrogen dioxide
NOy oxides of nitrogen (NO + N
NZTER New Zealand Traffic Emission Rates
PAHSs polycyclic aromatic hydrocarbons
PIARC Permanent International Association of RGatigresses
PM particulate matter
ppb parts per billion
ppm parts per million
RSD remote sensing device
STEL short-term exposure limit
TWA time-weighted average
UFP ultrafine particles (generally particles smathan 0.3um)
ULSD ultra low sulphur diesel

Guidance for the Management of Air Quality In RGachnels in New Zealand 1
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VEPM
VFEM
VKT
VOCs
WHO

alveolar ventilation rate

blood volume

Vehicle Emissions Prediction Model
Vehicle Fleet Emission Model
vehicle-kilometres travelled

volatile organic compounds

World Health Organisation
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Introduction

1.1 Overview
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NZTA manage four major road tunnels: the Terraa lslh Victoria tunnels
in Wellington, the Lyttelton tunnel near Christcblurand the Homer tunnel
which provides access to Milford Sound. A numbeneiv tunnels are under
construction or proposed.

Air quality limits for use in tunnels can vary agesult of their objectives.
These objectives can be characterised as a) mangasafety, b) protecting
health, and c) protecting wellbeing.

In this context, maintaining safety means ensutiveg the tunnel is safe to
pass through. The objective is that tunnel uselisnat develop any adverse
symptoms as a result of using the tunnel. Thisaivie is conventionally met
by limiting the exposure to carbon monoxide (CO).

Safety is also maintained through the implemematd visibility limits,
although this is intended to be independent ofgaality impacts associated
with visibility-reducing particles.

Protection of health is a broader objective. THigective seeks to prevent
adverse effects on people’s health as a resulsiofjua road tunnel. Meeting
this objective requires a consideration of the @ffeof exposure to particles
and nitrogen dioxide (N£).

Protecting wellbeing encompasses the safety andthhedjectives, but
additionally considers whether using a road tunsidikely to be considered
an unpleasant experience by the user. These outcamee related to the
perception of air quality which has strong linkstlwiodour, noise, the
appearance of visibly smoky plumes and generatlyaed visibility.

Historically, road tunnel air quality has been dated using limits on the
allowable concentrations of carbon monoxide. Reamtreasing trends in
emissions per vehicle, achieved through technohbgiadvances have
translated into a decreased net ventilation denmandvehicle. Thus, it has
become possible for ventilation energy demand tordmuced for some

Guidance for the Management of Air Quality In RGachnels in New Zealand 3
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tunnels, whilst allowing more traffic for the sawentilation demand in other
tunnels.

* Reduced mechanical ventilation will in most casesam lower energy
demand. The balance between protecting the hedltturmel users and
minimising energy demand for ventilation is paméflected in the choice of
how stringent an in-tunnel concentration limit shidle.

* Health-based limits are generally based on idangfythe lowest-observed
adverse effect level (LOAEL). However, not all pmrs have the same
threshold of response to a given concentrationadiifant, and this implies
that if these more vulnerable people are to beredfeprotection, more
stringent limits are required.

1.2 Purpose of this Report

This report was initially commissioned by Trans#éWZealand. Transit New Zealand
amalgamated with Land Transport New Zealand in 2@0&rm the New Zealand

Transport Agency (NZTA). This report has now bewalfsed for the Highways and
Network Operations group of NZTA.

NZTA is conducting a review and update of the managnt of their existing tunnels
which will inform and set policy to cover new tutmealso. As part of the update,
NZTA has commissioned NIWA to produce two reporithwhe aims of providing
advice on the management of air quality both witltiad tunnels and the impact that
tunnel emissions have on their immediate surrowgglimovering both existing and
new tunnels.

The reports are:

1. A review of the setting of air quality managemeuidglines and systems for
road tunnels, and their implementation.

2. Scoping Assessments of the Mt Victoria, Terracettdlypn and Homer
tunnels, including scopes for detailed assessment.

This Report is the first of those two reports.deks to assist NZTA in the setting of
Guideline values for air quality concentration lisnfor application to the interior of
road tunnels operated by NZTA. It is intended teniafy the key questions which

Guidance for the Management of Air Quality In RGachnels in New Zealand 4
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must be answered in order to implement guideliaged, provides options from which
solutions may be selected.

1.3 Scope of this Report

This Report consists of

« adiscussion of the objectives and constraint®af tunnel air quality limits
(this chapter),

« an overview of the composition of road vehicle adtgchapter 2),

e an overview of the principle known effects of endas on human health in
the context of road tunnel users (chapter 3),

* areview of the air quality standards, guidelined targets currently in force
in New Zealand in general, and applied in road élmraround the world
(chapter 4),

* a discussion of the options for limits for carboomnoxide (chapter 5) and
nitrogen dioxide (chapter 6) and their basis,

* areview of the significance and implications ofewt and future changes in
vehicle emissions (chapter 7),

e adiscussion of the implications of applying linfid¢ monitoring (chapter 8),

e an introduction of an alternative approach to impating guidelines —
exposure management — and the consequences ofirgddipls approach
(chapter 9)

* adiscussion of the complications involved in inmpéating a nitrogen dioxide
limit (chapter 10),

e adiscussion of the use of monitoring for feedbaatt control and interactions
with external air quality, energy demand and tcaffianagement (chapter 11).

This Report does not explicitly review road tunmibility guidelines, as these are
not conventionally considered to relate to air iudhnd by implication respiratory or

Guidance for the Management of Air Quality In RGachnels in New Zealand 5
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cardiovascular health), but to safety of tunnelrsiselowever, visibility may act as a
proxy for contaminated air and this is considerefly in chapters 10 and 11.

Furthermore, this report does not cover subjectresponses to the tunnel
environment, including odour.

1.4 Project Objectives

Table 1.1 below states the originally agreed ptopigectives and which sections of
this report relate to each objective.

Guidance for the Management of Air Quality In RGachnels in New Zealand
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Table 1.1: Objectives of this report, and sectionhich relate to those objectives

Objective

Report sections

Review the air quality Standards, Guidelines, Targets and Limit Values
which are relevant to road tunnels, covering ambient air, occupational
exposure and those commonly adopted for road tunnel management
around the globe, providing detail on the basis for each (e.g. health or
otherwise) and any established uncertainties.

Chapters 4,5 and 6

Review how different approaches are implemented and enforced and
highlight known shortcomings and benefits of each, including conflicts
and co-benefits with other considerations (including energy use)

Chapters 8, 9, 10, 11

Provide guidance on the development of approaches to manage air
quality in new and updated tunnels

Chapters 8, 9, 10, 11

Reporting will be formatted so as to provide scientific advice to support
decision-making by NZTA. It will offer a range of alternative strategies
ranging from the simple but effective, to good practice and best
practice. It may make scientific recommendations but will not make
policy recommendations.

Whole report

The Study will cover...

Occupational exposure of maintenance staff inside the tunnels

42,44,46,59,6.4

Consideration of protection of pedestrian tunnel users from poor air
quality

9.3,9.6,12.1

Effects of ventilation stack/portal discharges on local ambient air
quality.

Removed from scope

Consideration of protection of vehicle occupants from poor air quality.

9.6

An indication of the implications of air quality management for traffic
management and vice versa.

9.3,11.5

Emerging best practices at the forefront of technology

7.7,738,9, 10,11

1.5 Context —road tunnels in New Zealand

NZTA manage four major road tunnels: the Terracd 8t Victoria tunnels in
Wellington, the Lyttelton tunnel near Christchurand the Homer tunnel which
provides access to Milford Sound. A number of nemntls are under construction or
proposed (see Table 1.2). The Waterview tunnel @oskible Waitemata Harbour
tunnel will be unprecedented in New Zealand inrtteigth, complexity and potential
environmental/public health impact. Due to the mnflengths of these tunnels, data
from much longer tunnels in the world (10 km+) acd considered in this Report.

Guidance for the Management of Air Quality In RGachnels in New Zealand 7
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Table 1.2: Current and future road tunnels on StateHighways in New Zealand

Date of Opening Length / m
Mt Victoria 1931 623
Homer 1953 1270
Lyttelton 1964 1945
Terrace 1978 460
Johnstone’s Hill Estimated 2009 380
Victoria Park From 2014 440
Waterview From 2015 ~ 3km
Waitemata Harbour Feasibility Study Up to 9 km

1.6 Obijectives for AQ limits

Air quality limits for use in tunnels can vary asresult of their objectives. These
objectives can be characterised as

a) maintaining safety

b) protecting health, and

c) protecting wellbeing.

In this context, maintaining safety means ensutimgt the tunnel is safe to pass
through. The objective is that tunnel users will develop any adverse symptoms as a
result of using the tunnel. Such an objective eslab the potential physiological
reactions of the body to exposure to the air palitg which may be present in the
tunnel as the result of a single passage throughtuhnel in its normal use. This
objective is conventionally met by limiting the @gure to carbon monoxide (CO).
This is mainly because the body reacts very rapilli€O exposure in a way that is
relatively well understood and quantifiable. Safetyalso maintained through the
implementation of visibility limits, although this intended to be independent of air
quality impacts associated with visibility-reducipgrticles.

Protection of health is a broader objective. THigective seeks to prevent adverse
effects on people’s health as a result of usingga tunnel. The distinction with safety
arises due to the possibility of health effects alihido not produce identifiable

Guidance for the Management of Air Quality In RGachnels in New Zealand 8
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symptoms or are delayed such that the effect caeasily be related back to the
tunnel. This objective also seeks to consider fifecenot just of a single passage
through a tunnel, but repeated tunnel use overxéanded period of time. Meeting
this objective requires a consideration of the atffeof exposure to particles and
nitrogen dioxide (N@. In principle, it also includes considerationdafvelopment of
cancers as a result of exposure to carcinogenigpoands within vehicle exhaust;
however, in practice, it is not practical to mandge contribution of road tunnel
exposure in isolation to vehicle exhaust exposuigeneral.

Protecting wellbeing encompasses the safety antthhebjectives, but additionally
considers whether using a road tunnel is likelyb® considered an unpleasant
experience by the user. Thus, adoption of such hbjective could require a
consideration of anxiety and stress. These outcamerelated to the perception of air
quality which has strong links with odour and noiEkere is no established means of
quantifying the effect of these factors on feeliof@nxiety in road tunnels arbey
are therefore not covered in this Report However, perceptions of air quality are
related to reduced visibility arising from haze ah$t, and the appearance of visibly
smoky plumes, and thus visibility limits can be dige also meet a ‘wellbeing’
objective.

1.7 Energy and sustainability issues

Historically, road tunnel air quality has been feged using limits on the allowable
concentrations of carbon monoxide. Recent decrgaends in emissions per vehicle,
achieved through technological advances (desciibetiapter 7) have translated into
a decreased net ventilation demand per vehicles,Thuhas become possible for
ventilation energy demand to be reduced for sonmmeis, whilst allowing more

traffic for the same ventilation demand in othemrtels. Maximum tunnel length is
constrained by ventilation and the maximum allowaddilflow consistent with safety.

Emission reduction trends have eased those camtstraiowing longer tunnels for a
given ventilation capacity.

Reduced mechanical ventilation will in most caseaimlower energy demand. Where
this energy is sourced from non-renewable meangdtieced demand translates to
reduced greenhouse gas emissions. This will beceted with reduced emissions of
toxic air pollutants also. These positive outcorfinesr minimising ventilation demand
act as a counterbalance to the desire to providenman ventilation to provide the
best possible air quality for tunnel users. A soluwvhich balances these needs should
always be sought.
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Despite the potential for adverse health effedtsray from use of road tunnels as well
as effects on those living in the vicinity of pdstand associated stacks, road tunnels
offer the potential for a general improvement inquiality, especially in urban areas.
Road tunnels remove traffic underground leadingdi@ntially reduced emissions and
concentrations at ground-level. Local roads carebeed of traffic, or congestion can
be reduced. Tunnels have the potential to removesans from sensitive residential
locations to less harmful locations. However, @lisays needs to be balanced against
potential adverse effects caused by redistribudfamaffic and congestion and induced
traffic. On the whole a tunnel is unlikely to beegpivocally ‘good’ or ‘bad’ for air
quality — the most likely result is an improvemémt some and worsening for others.
One of the over-riding objectives in road tunnesige should be to maximise the
positive impacts and minimise the negative.

1.8 How demanding should air quality exposure limits b&

The balance between protecting the health of tumisers and minimising energy
demand for ventilation is partly reflected in tHeoe of how stringent an in-tunnel
concentration limit should be. From a public hegtint of view we wish to reduce
exposure as much as is possible, and apply the strdsjent appropriate limits. Our
bodies can generally tolerate a certain level oftnemntaminants, and health-based
limits are generally based on identifying the low@sserved adverse effect level
(LOAEL). However, not all persons have the sameghold of response to a given
concentration of pollutant, and this implies tHathese more vulnerable people are to
be offered protection, more stringent limits arguieed. Furthermore, adoption of the
‘protecting health’ objective (see above) is mommdnding than the ‘maintaining
safety’ objective.

More stringent limits, however, can require highates of ventilation. It must be
remembered that ventilation does not destroy pailist— it merely changes the rate at
which they are displaced from the internal to thxemal atmosphere. Increased
ventilation reduces internal and external concéintig, but can increase the spatial
extent of the external impact, especially if venteda stack.
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2. Road tunnel air pollutants

2.1 Overview

« Emissions of air pollutants into road tunnel aie arincipally exhausts from
vehicle tailpipes, but also include vehicle weandorcts (such as dust from
brakes and tyres) and resuspended dusts.

« The major polluting tailpipe emissions are the gas&rbon monoxide (CO)
and nitrogen dioxide (N which largely forms indirectly from emissions on
nitric oxide, NO), particles consisting mostly ¢émental carbon (soot) and a
wide range of complex organic compounds; and a wadege of toxic, irritant
and carcinogenic compounds.

* Emission of lead compounds from the tailpipe hased to be a concern.

* Recent technological advances have led to a geredtattion in the amount
of CO, elemental carbon, and toxic organic compsurging emitted from the
average vehicle.

* However, these emission reductions have not bedohet by comparable
cuts in emissions of oxides of nitrogen (NO+NEO,).

* Concentrations of pollutants in urban tunnels >ni lkng will exceed those
outside the tunnel by perhaps 10 — 100 times fdiugamts with few non-
traffic sources, such as carbon monoxide. For rsoltirce pollutants, such as
PM,, the ratio may be typically 1 — 10 times. Becaab¢hese large ratios
internal concentrations are typically not signifidg influenced by external
conditions, except in very short tunnels. A possigkception is the potential
for ambient ozone concentrations to influence mel levels of nitrogen
dioxide, although this relationship is poorly urgteod.

2.2 Vehicle emissions in tunnels - overview

From an air quality point of view a road tunnel ¢@nviewed as a chamber in which
the emissions from a section of road, which woubdnrally be dispersed into the
atmosphere along the whole length of the road fiestecollected rather than being
instantly dispersed before being released at oefew points. Compared to a surface
road the air quality as experienced by road userslatively poor whereas the impact
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on local residents is redistributed so that contateid air is more concentrated near
the points where tunnel air is released into theeged atmosphere.

Air pollutants emitted from road vehicles are gafigmapidly dispersed from the road
by the wind and diluted by mixing with fresh air bye process of turbulence. The
interior of a road tunnel is generally sheltereahfrthe wind and although there will
still be turbulence there is only a limited suppfyfresh air to dilute the polluted air.

In a given timeframe a certain mass of pollutanis ve emitted into the tunnel air

which depends upon

1. the number of vehicles in the tunnel, and
2. the emissions per vehicle (or emission characiesisf the fleet).

The emissions per vehicle are highly variable arnlll depend upon vehicle age,
speed, size, fuel type, engine specifications, pther factors even harder to quantify
such as state of maintenance, engine temperatdrdrauing style. Further influences
may include correct tyre pressure and gradienttherroad. Not only are emissions
highly variable within a given vehicle fleet, bugcent technological advances have
meant that they are rapidly evolving.

Nevertheless average fleet emission characteristans be, and are routinely,
estimated. Broadly speaking emissions will be higlee an older vehicle fleet, a
higher proportion of heavy duty vehicles (HDVs)hilpclimbing and in congested
conditions.

2.3 The composition of road vehicle emissions

The composition of the atmosphere inside a roadduis enhanced by road traffic
emissions such that concentrations of pollutametigases and particles can be orders
of magnitudes greater than what is typically presenthe ambient atmosphere.
Emissions are principally exhausts from the ta#piput also include vehicle wear
products (such as dust from brakes and tyres). cléshialso resuspend dusts from
surfaces in the tunnel by both direct frictionahtaxt of the tyres with the road and
indirectly through the action of turbulent gustageated by moving vehicles.

Chemically, these emissions can be characterisdthésng a range of reactivities.
Within the timescale that these substances remiimnwhe tunnel atmosphere, many
vehicle emissions are effectively chemically in€arbon monoxide is a key example
whose chemical atmospheric lifetime is on the oadenonths, far longer than the few

Guidance for the Management of Air Quality In RGachnels in New Zealand 12



—NIWA_—

Taihoro Nukurangi

minutes that air remains inside a tunnel. Otheedlly emitted species are more
reactive so that some proportion of these emissigitisbe transformed into other

substances before leaving the tunnel. This is #se ¢or nitric oxide which will be

rapidly converted into nitrogen dioxide if an oxid@uch as ozone is present.

Physically, emissions can usually be characterigedeither gases or particles.
However, tailpipe emissions defy usual classifmagi Vehicle exhausts are between
50 °C and 100 °C hotter than the ambient air amdefore, the plume cools very
rapidly, providing conditions that favour gas-taide processes such as nucleation
(new particle formation) and condensation onto gxisting particles. Fresh vehicle
emissions contain particles that span a rangezeEsibut its population is typically
dominated, as nhumber concentration, by particlekersize range 10 - 100 nm, which
is comparable to the size of small viruses. Pagiah this range are known as ultrafine
particles (or UFP). UFP are emitted directly, omiothrough nucleation of rapidly
cooling volatile and semi-volatile compounds in thganding exhaust plume. UFP
will then commonly grow by condensation of furtlsemi-volatile material and by the
coagulation brought about by collision. Shortlyeafteaving the tailpipe (order of a
few seconds) the rate of the processes of condensand coagulation are greatly
reduced by plume dilution. Whereas nearly all tlasegpus material emitted from
vehicles will be removed from the tunnel via thertpls, the ventilation system
(possibly including stacks) and inside vehicle nabsome particles will be deposited
to the tunnel surfaces.

2.4 The origin of road vehicle emissions

Tailpipe emissions arise because of the procesomibustion. Ideally this process
oxidises hydrocarbons, which are the core constitagfossil fuels, to carbon dioxide
and water. Two factors guarantee that there wilekia products: the presence of
other compounds in the combustion chamber (fueltimdd and nitrogen from air
among many others) and the inherent inefficiencycaihbustion in even the best
performing engines giving rise to incomplete contims The major products of
incomplete combustion are the gas carbon monoxigenental carbon (soot) and a
wide range of complex organic compounds, such bBgydic aromatic hydrocarbons
(PAHSs) which are emitted in gas and particle phaaed a wide range of toxic, irritant
and carcinogenic compounds. A few of these substahave occupational exposure
limits associated with them, and fewer still haveb#gent air quality guidelines. For
example, the WHO ambient air quality guidelinesarolbenzene, 1,3-butadiene and

! :Size’ is used here in a descriptive sense ascpestvary in shape. In air quality management
the size is usually taken to mean aerodynamic demnalthough other formulations of ‘size’
can be used (Hinds, 1999).
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PAHSs (represented by one PAH compound — benzo@)gyrfor their carcinogenic
effects and formaldehyde, toluene and styrenehfeir annoyance or sensory effects.
Tailpipe emissions also include particles of unburel and vehicles also emit
droplets of lubricating oil, partly through thelpape (Fraseet al, 1998, Kirchtetteet
al., 1999). Relatively small amounts of toxic orgaracs derived from evaporation of
fuel (McLarenet al, 1996). PAHs and some other organic compoundsakse
emitted from road bitumen.

Removal of lead from petrol has meant that emissibtead compounds from the
tailpipe has ceased to be a concern. More recesulghur levels in petrol and diesel
fuel have been progressively reduced. Fuel sulfg@ads to both the emission of toxic
sulphur dioxide gas, but also sulphuric acid pbasiavhich promote the formation of
ultrafine particles. The effective operation of tmardate traps (which are generally
required for diesel vehicles to meet the Euro IMssion standard) requires sulphur in
fuel to be at 10 ppm or less (generally termeddllitow Sulphur Diesel). Diesel
vehicles operate at a higher temperature which ldhaa principle, lead to more
complete combustion. However, this is compromisgdthe greater compositional
complexity of diesel fuel, such that diesel exhasisiiso generally more complex with
typically a higher load of soot and PAHs than pegsdhaust (e.g. Alleret al, 2001,
Laschobeet al.,2004, Phuleriat al, 2006).

As well as improving fuels, recent technologicalvaates have focussed on
improving combustion so as to reduce harmful emissiAs will be demonstrated in
more detail below, this has led to a general redndh the amount of CO, elemental
carbon, PAHs and other toxic organic compounds ¢heimitted from the average
vehicle. One consequence is that non-fuel relateidstons, including lubricating oil,

are becoming relatively more significant.

However, the CO, PAHs and other organic compoumaisston reductions have not
been matched by cuts in emissions of oxides obgetin (NO+NG=NO,). Nitrogen is
not normally present in fossil fuels. Nitrogen and/gen are highly stable molecules
that, at ambient temperatures, co-exist withouttieg and together form ~ 99% of
the atmosphere. However, internal combustion esgaperate at temperatures higher
than 800C and at those temperatures nitrogen aygkoxdo combine. Thus, vehicles
emit the products of this combination in two formsostly nitric oxide (NO) with
some in the form of nitrogen dioxide (NOAIlthough both potentially toxic, NOs
much more potently so and is the form for which eembair quality guidelines exist,
including a National Environmental Standard in NEealand. Both forms are also
quite reactive, such that most emitted NO is cameeinto NQ (the chemistry of
NO,, and its relevance to road tunnels is discussesbine detail in section 9.1). As
the reaction between nitrogen and oxygen is a immaf combustion temperature,
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regardless of fuel content, efforts to increase lmastion efficiency by increasing
combustion temperature will tend to increase, M@issions. This conundrum has led
to NG, emissions and NQOexposure becoming increasingly important issueairin
quality management.

Road dusts are generally (but not entirely) madefuygarticles much larger than those
emitted from the tailpipe. These particles are pneidantly of a size larger thanuin.
They are described as coarse or super-micron learti®koad dust also contains
particles larger than 10m but these are generally considered less signtfifca air
quality purposes as their atmospheric residence tsnimited (their weight brings
them to the surface relatively quickly) and theyemlly do not penetrate far in the
human respiratory system. The toxicity of road dasthe subject of some debate.
Although road dusts contain organic compounds (stiolg cellular, plant and soil
matter, and pavement material), they also contamueh higher proportion of heavy
metals (derived from brake pads, tyres and otheeniads used in the construction of
vehicles) and minerals (local dusts, pavement nadhind salt).

2.5 Road tunnel atmospheric composition compared to amént air

Road tunnel air is naturally enriched in those grxes emitted by road vehicles,
compared to ambient air. The degree of this enrgtirdepends upon the length of the
tunnel, the number of vehicles and the strengtlthefr emissions, and the rate of
ventilation. However, as a first approximation, centrations of pollutants in urban
tunnels > 1 km long will exceed those outside thel by perhaps 10 — 100 times for
pollutants with few non-traffic sources, such afoa monoxide. For pollutants with
multiple sources, such as RMwhich has major industrial, domestic and natural
sources) the ratio may be typically 1 — 10 timescdise of these large ratios internal
concentrations are typically not significantly urhced by external concentrations,
except in very short tunnels.

In a few subtle ways the atmosphere in a road tumag be different to the ambient
air. Firstly oxidants, such as ozone and free mdsionay have much lower
concentrations due to reduced sources (low light) imcreased sinks (depositional
surfaces), although there is only limited evidemgesupport this. The chemicals
control the rate of several relevant chemical ieast especially those controlling
concentrations of N Also the constant flow of vehicles and the camieed nature
of a closed tube may enhance turbulence that resdsproad dust such that dust
levels are generally higher than on the open roatlagain there are only very limited
observational data to confirm this.
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3. General health effects of road traffic air pollutarts

3.1 Overview

e Our scientific knowledge regarding the effects @fd vehicle emissions on
human health is far from complete. It is a rapigtgwing and evolving field
of research.

« Health effects can be classified as ‘acute’, ‘dethgicute’ and ‘chronic’.

« The mechanisms of carbon monoxide uptake in they lzodl some of the
resulting effects, at least the short-term effeats, relatively well understood
and this sound knowledge base provides the foumuldtir the extensive use
of carbon monoxide limits in road tunnels.

* In the context of road tunnel users, an acute effeagne that we might expect
to observe after a single passage through a tuifnlle effect is manifest
within minutes of exposure than it is likely théeteffect can be causally
ascribed to the tunnel exposure.

« Uptake of carbon monoxide by blood haemoglobirafsd leading with little
delay to hypoxia, with neurological effects beirgpde most likely to be
experienced or noticed by normal healthy subjects.

« The heart is exceedingly sensitive to hypoxia. Bsltave shown that chronic
angina patients will suffer symptoms sooner if esgubto CO during exercise.

e There are very limited data on the immediate amegponse to short (minutes)
exposure to particles.

« ‘Delayed acute’ effects refers to effects are nmpament until some hours
post-exposure.

e Little is currently known about the short-term et of particle exposure,
especially exposures of a few minutes duration. &oesearch has indicated
possible ‘delayed acute’ effects (hours after slkeapgosures), however these
studies do not yet amount to a sufficient undeditanto either inform short-
term exposure limits for particles, nor an evaluatof the risk presented by
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the kind of short occupational exposures or brigiosures experienced by
road tunnel users.

« “Chronic effects” arise from repeated long-term @sqre, typically of the
order of years. In the road tunnels context chraffects may arise from
regularly repeated passage through a tunnel, ogquémt occupational
exposure.

» Serious chronic health effects have been relatedtyenide poor air quality.
For road tunnels this means that there is the gatdar effects on the health
of regular tunnel users that may not become méarafescute effects, but will
arise as the development of long-term illness. preblem for air quality
management is that it will not be possible to trdeecause of such an illness
to the tunnel, and the tunnel alone is unlikelybt the sole cause of the
illness. The size or probability of such an effextalso very difficult to
quantify or predict.

* The same problem arises in the case of the develoipaf cancers as a result
of exposure to the carcinogens in vehicle exha@sfposure to these
compounds will arise fronall exposure to traffic emissions and thus the
impact of the time spent in a tunnel cannot be rsepd.

e In summary, potential health risks arising from @yre to in-tunnel air
include aggravation of asthma, immediate or ovdrsequent hours, and
exacerbation of cardiovascular disease within howurdays. Accrued effects
from repeated tunnel use might include small ineeeain lifetime risk of
cancer and potential for increased bronchitic eventespiratory infection.

3.2 Vehicle emissions as a toxic mixture

Our scientific knowledge regarding the effects @&d vehicle emissions on human
health is extensive, yet far from complete. It impidly growing and evolving field of
research. As discussed in chapter 2 the composifonehicle exhaust is highly
complex, not just in terms of chemically speciesf hlso in terms of physical
characteristics. Exhaust contains solids, liquidsl gases of varying solubilities
existing in internal and external mixtures. Someponents are known carcinogens,
others established irritants. The toxicity of otlwmmponents is suspected but not
proven. One of the greatest knowledge gaps andipgequestions is the effect of this
combined exposure to multiple pollutants simultarsyp Do the components of
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vehicle exhaust act separately and independentlyo some exacerbate the effects of
the others? Is the whole greater than the sumegpaints?

There is some experimental toxicological data thaygests that these synergistic
effects do occur (e.g. Straetlal, 1998). In most of the rest of this report wellsha
considering one pollutant at a time. However, tisat result of the bulk of our
knowledge at this time being restricted to the @fef single pollutants. However, it
should be borne in mind that these single pollstavitl be acting as proxies for a
large range of co-pollutants and their combined@§.

Experimental toxicological studies could, in pripiei, tease apart the independent and
synergistic effects of the individual componentsvehicle exhaust. Such studies,
however, if they were truly comprehensive, wouldnh&or undertakings and would
be necessarily limited by ethical considerationsde&miological studies of effects of
traffic in the community are also necessarily lgditto consider exposure to vehicle
exhaust as it exists in all its complexity. As gt mot practical to measure every
component individually these studies rely on measents of one or a few pollutants
(usually NQ, PM,o or PM, 5, and occasionally CO or one or more organics sggto
represent all traffic emissions. These studies lhaen crucially valuable in advancing
our understanding of the impact of air pollutionf they are only able to draw limited
indicative conclusions and are unable to unlock tthecological mechanisms that
explain observed links between traffic emissiors ilness.

The most pertinent example of this is the conclusioone may draw from
epidemiological studies based on Nabservations. A number of studies have shown
an association between B@©oncentrations in residential areas, either measor
modelled, and a number of adverse health impagt$, as reduced lung development
in children (e.g. Gaudermaat al, 2007). However, it is repeatedly noted that
although these studies could indicate a directaldirk between N@ exposure and
the observed effects, it is more likely that N® acting as a proxy for either another
component of vehicle exhaust, or the combined etdé¢he components of vehicle
exhaust. Thus, in setting the long-term Nfdideline (annual mean of 4@ ni®), the
WHO made it very clear that ...

“Numerous epidemiological studies have used nitmod®xide as a marker

for the air pollution mixture of combustion-relatpdllutants, in particular

traffic exhaust or indoor combustion sources. lesthstudies, the observed
health effects might also have been associated witter combustion

products, such as ultrafine particles, nitric oxie® or benzene.”
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“If ... nitrogen dioxide is monitored as a marker tbe concentrations and
risks of the complex combustion-generated pollutioixtures, an annual
guideline value lower than 4@y m°*should be used instead.” (WHO, 2006)

For example, some studies have identified that Nénsitises those with allergic
asthma to the effects of allergens, including pkesi (e.g. Svartengrest al, 2000).
However, the degree to which the size, composiiod physico-chemical nature of
the particles is significant for this combined effés yet unclear. Svartengren al.
(2000) suggested that an increased particle comdiemt may reduce the NO
concentration required to elicit the same orderesponse, indicating that N@nd
PM are inter-dependent and setting guidelines fachecannot be considered in
isolation. However, we have insufficient data aegent to describe this inter-
dependence adequately and must rely on indepegdefalines for the time being.

The issue is further complicated by the reactivitpitrogen oxides and their different
emission sources. CO, black carbon, volatile oammpounds, PAHs and other
particulate components have a common source (ineyengombustion) such that
emissions per vehicle of each have broadly faltemnison (see chapter 7), and we
would expect them to dilute at the same rate imnael such that their concentrations
would exist in consistent ratios. This is not tse for NG, such that the ratio of NO
concentrations to particles, or any other pollutar@asure, is likely to be variable
within a tunnel, between tunnels, and with timeatirscales (see chapters 7 and 9).

However, despite these limitations some of thethealpacts of vehicle emissions are
relatively well-established. The mechanisms of carmonoxide uptake in the body

and the resulting effects, at least the short-tefifiects, are extensively understood and
this sound knowledge base provides the foundatortife extensive use of carbon

monoxide limits in road tunnels.

3.3 Immediate acute effects

In the context of road tunnel users, an acute efieone that we might expect to
observe after a single passage through a tunrble éffect is manifest within minutes
of exposure than it is likely that the effect cam dausally ascribed to the tunnel
exposure.

Uptake of carbon monoxide by blood haemoglobirafEd leading with little delay to
hypoxia, with neurological effects being those niketly to be experienced or noticed
by normal healthy subjects. Carboxyhaemoglobin (6PDldvels of 20 — 40 % are
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associated with vividly experienced neurologicd¢ets such as headaches, dizziness,
weakness, nausea, confusion, disorientation ancteheats in fine motor control. At
levels approaching 50 % collapse and coma may auditevels above 50 % can lead
to unconsciousness, cardiac arrest and death. ddhe gurges itself of CO naturally
over a time scale of hours (see chapter 5). It deaserally been thought that the
adverse effects will cease once COHb levels ard bacormal. However, some
recent evidence has suggested the possibility meguersistent symptoms remaining
(including headache, lethargy and lack of concéintta2 — 40 days after exposure
Townsend & Maynard, 2002).

The heart is exceedingly sensitive to hypoxia. Ag pf the natural defence against
cellular hypoxia a compensatory increase in corpridood flow may occur with
associated tachycardia. If blood flow cannot megtgen demand, angina or other
cardiovascular symptoms may be experienced. Sthdes shown that chronic angina
patients undertaking exercise whilst exposed towilDexperience debilitating chest
pain much sooner than without CO exposure, or coatptd healthy subjects (Allred
et al, 1989). This and other studies have not ideutifirether CO exposure alone
would cause chest pain (i.e. without exercise),thist cannot be ruled out in a more
susceptible subjects than those used in theseimgeal studies.

The potential exists for the appearance of immedsimptoms in asthmatics as a
result of NQ exposure. Experimental studies have indicateci&sffat concentrations
over 200pg m?®, but for exposure times of 1 hour or more, leadioghe WHO
settling on this level for a 1-hour exposure guiel The effects of NOexposure at
shorter timescales are essentially unknown, andcethadology for translating the 1
hour limit to shorter exposures is not yet estallis

There are very limited data on the immediate respda short (minutes) exposure to
particles. Nemmaet al (2002) found that a radio-labeled ultrafine aelashaled by

5 healthy volunteers passed rapidly into the blstcbam, as radioactivity was
detected in the blood after 1 minute, with leveisiaining raised for at least an hour.
This reveals the potential for an immediate respansthe cardiovascular system.
However, more recently this has been disputed hdu experimental studies which
found that most ultrafine particles are retainedhim lungs (e.g. Moélleet al, 2008).
The effects of this retention or the effect of #meall amount that does translocate to
the bloodstream and other organs is still an afeato/e research.
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3.4 Delayed acute effects

Some effects arising from air pollution exposure aot apparent until some hours
post-exposure. The pro-inflammatory state obsete&vartengreret al (2000) in
subjects exposed to N@nd particles in a road tunnel persisted for @vépurs — in
fact the duration of the state is unknown but cdagdas long as 24 hours.

Little is currently known about the short-term etfeof particle exposure, especially
exposures of a few minutes duration. This is padtle to the predominant research
focus on exposure to city-wide air pollution epiesdiasting several hours to days and
giving rise to breaches of 24-hour RMtandards and increases in mortality. Several
studies have shown that short-term exposure toeldieshaust can lead to an
inflammatory response in the lungs detectable énbflood without decrement in lung
function (e.g. Salviet al, 1999), such that the impact would not be notgdhe
subject. This lack of awareness may also apply le increased bronchial
responsiveness experienced by allergic asthmatitseguent to NOexposure, due to

a similar lack of observed effect on lung function.

Effects subsequent to inflammation, especially ie tardiovascular system, have
been observed in individuals in experimental stdieshort-term particle exposure.
For example, Broolet al (2002) observed vasoconstriction, likely to bet pd an
immune response, in healthy subjects exposed tqug5®° of particles and 12Qg
m* of ozone for two hours. The PM exposure would betunusual for some busy
tunnels, but such levels of ozone are highly uhfike road tunnels.

Another recent study highly relevant to road tuanslthat of Riedikeet al (2004).
North Carolina State Highway Patrol troopers toaktpn a thorough study among
healthy young non-smoking men to assess effed®vifin vehicles during a 9 hour
shift. Physiological monitoring was undertaken amwnitoring of PMs in the
vehicles, although associations with fixed ambiantl roadside PM were also
considered. The in-vehicle exposure was generalyet than the concentrations
recorded at the outdoor fixed sites. This is naxpected as the vehicles spent only a
limited period of the shift driving in busy traffi@and due to the partial filtering of
particles of outdoor source afforded by the vehawelope. Mean 9-hour exposure
was 24ug m* of PM,s.

A few hours after exposure undesirable effectseammsvagal activity (ectopic beats),
peripheral blood inflammatory markers (C - reacfwetein) and coagulation markers
(fibrinogen). Despite the lower in-vehicle concatitns, these effects were more
strongly associated with in-vehicle RMhen external. The largest effect on heart-rate
variability was seen on waking the morning after itnvehicle exposure. This study is

Guidance for the Management of Air Quality In RGachnels in New Zealand 22



—NIWA_—

Taihoro Nukurangi

significant in terms of road tunnels, because italis cardiovascular effects that
involve inflammation, coagulation and cardiac rimgtlamong a group at otherwise
low risk for such outcomes. While the measured supowas to P, this arose in a
setting of exhaust and highway air exposure withivehicle and hence reproduces
some of the aspects of combined pollutant expdasiatemight arise in a tunnel.

3.5 Chronic effects

The term “chronic effects” applies to the effects tbe body of repeated long-term
exposure, typically of the order of years. In tbhad tunnels context chronic effects
may arise from chronic exposure, for example thieava-day travel of a commuter,
or the more regular passage through a tunnel thgtha experienced by professional
drivers.

Detailed studies of acute effects of air pollutexposure have indicated that city-wide
air pollution episodes tend to result in an incegsumber of vulnerable individuals.
Longer-term cohort studies have revealed that perdiving in more polluted
environments are more likely to suffer long-teringks as a result, even if pollution
levels are at relatively low levels (e.g. Docketyaé, 1993, Pope, 2000). For road
tunnels this means that there is the potentiakffacts on the health of regular tunnel
users that may not become manifest as acute effmdtsvill arise as the development
of long-term iliness. The problem for air qualityanagement is that it will not be
possible to trace the cause of such an illnesddotunnel, and the tunnel alone is
unlikely to be the sole cause of the illness. Tiae er probability of such an effect is
also very difficult to quantify or predict.

One of the most significant studies of recent yeiarghe Southern California
Children’s Health Study (Gaudermanal, 2007). This study’s power and impact has
arisen from its size and scale, following over 3@bildren in two cohorts over 8
years each. The study compared long-term exposureaffic pollutants between
children living in differently exposed communitiewer several years. The study
found that children living in the more polluted coemities (in terms of highway
emissions) were significantly more likely to suffieom stunted lung development.
The lungs stop developing around age 20. Gauderarah colleagues found
significant lung function deficits in the cohorts @age 18 that were unlikely to be
reversed. This deficit would be a strong predicfochronic respiratory illness later in
life and lead to more severe symptoms if a perserewto develop an acute disease-
related airway obstruction. These results translatest clearly to residential
communities affected by road tunnel portals andssésut could also equally apply to
children who are repeatedly and regularly exposeqsbtiuted road tunnel interiors.
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Associations between air pollution and asthma lteen difficult to isolate and prove
or disprove. However, in recent years progressbieas achieved through improved
assessments of exposure to traffic emissions asseppto air pollution in general.
McConnell et al (2006) found that residence within 75 m of a majoad was
associated with an increased risk of lifetime astlumrecent wheeze in a large cohort
(over 8000 subjects) of first graders (aged 5 in Bouthern California. However, the
association was not observed for children who mdeettheir residence after the age
of 2, suggesting that exposure in the first 2 yeatde are crucial in the development
of asthma. In the Netherlands, Brawtral (2002) found wheezing, asthma, ENT
infections and flu in a birth cohort by age 2 assmd with modelled traffic air
pollutants outside the place of residence. Theng@st association was for asthma
diagnosed before age 1.

Chronic effects also include the development oteasas a result of exposure to the
carcinogens in vehicle exhaust. These carcinogeiade organic compounds, such
as benzene and 1,3-butadiene, but also heavy metiaig in wear products. The most
difficult issue with regards to carcinogenic efteis that exposure to these compounds
will arise from all exposure to traffic emissionsdathus the impact of the time spent
in a tunnel cannot be separated. Furthermore, epidegical studies have been
equivocal on a link between vehicle air pollutioxpesure and the development of
cancers. The WHO review (WHO, 2000) considers bemze genotoxic carcinogen
and preferred a model for risk estimate that gaygakweight to concentration and
duration of exposure. Hence the accumulation ofdmscomes the determinant of
cancer risk, such that risk is greater for repeatetiregular tunnel users.

The implications for road tunnels from these firgdirabout ultrafine particulate relate
to the presence of adverse effects across sizaghlkk groups in the community and
the very high concentrations that can arise in aciosed tunnel for the ultrafine
particles. However, the current state of knowledggarding ultrafine particles
prevents the adoption of any guideline value oo-sdfect threshold.

3.6 Risks to health of tunnel users — summary

For tunnel users, possible effects include aggiavaif asthma, immediate or over
subsequent hours, and risks of a cardiovasculantevghin a few days. Accrued
effects from repeated tunnel use might include kimakeases in lifetime risk of
cancer and potential for increased bronchitic esyentespiratory infection.
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4. Existing regulatory frameworks and applied limits

4.1 Overview

e Air quality limits applied inside tunnels arouncetivorld have generally been
based upon either occupational exposure limitsti(pdarly those developed
by NIOSH in the US) or ambient air quality guideln(particularly those of
the World Health Organisation), but it is worth ingtthat there is no global
agreement on which should apply.

* New Zealand’s National Environmental StandardsAwrQuality (AQNES)
apply to ambient air, but explicitly dwot apply inside tunnels. However, the
New Zealand Workplace Exposure Standards applytopational exposure
within tunnels. These Standards are less strintpamt the AQNES or WHO
ambient air quality guidelines as they are intenttedpply to the typical
healthy adult workforce, not the whole population.

» The WHO Guideline states that concentrations of &@raged over a 15
minute period should not exceed 100 mg (87 ppm), the exposure at this
level should not persist beyond 15 minutes, andishaot be repeated within
8 hours.

e It is not uncommon for the WHO 15 minute guidelfoe CO (87 ppm) to be
used as a criterion for assessing short term exposu motor vehicle
pollution, including indoor garages and is appliedoad tunnels in Australia.

e The Permanent International Association of Road gtesses (PIARC)
recommends a range of in-tunnel air quality limitkeir ‘normal’ operation
limit of 100 ppm of CO is based upon the WHO 154ménguideline of 87

ppm.

e Some national bodies have adopted or adapted thir@Precommendations
or the WHO guidelines directly, whereas elsewhbey thave been adopted
for individual tunnels. Some jurisdictions have pial more stringent
guidelines (such as Hong Kong which has a CO IlwhittO0 ppm over 5
minutes). In the recently built tunnels in Austaalhe WHO CO guideline has
generally been adopted as the basis for in-tun@eli@its set on a case-by-
case basis as part of the Conditions of Approvatéeh scheme.
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* A number of countries have taken a different apgnphasing in-tunnel limits
on the widely adopted 200 ppm short-term occupatiimit for CO, rather
than ambient guidelines.

* There is substantial evidence of the impact of exp® to particulate matter
on human health for exposures of hours, days asy&he risk is particularly
associated with ultrafine particles. However, therér less evidence on the
effects of the very short exposures likely to octuroad tunnels, and this
evidence is insufficient at present to inform anydgline or standard. Nor is
there any existing guideline for exposure to uiltvaf particles for any
exposure duration.

« Anin-tunnel limit that is related to air quality that of reduced visibility due
to particulates. Loss of visibility is not relatduolectly to effects on health, but
has indirect effects, such as driver stress, akaggiresenting a hazard to safe
driving. PIARC recommends a set of 5 in-tunnel hilgly limits
corresponding to 5 traffic conditions.

4.2 Occupational exposure limits

Occupational exposure limits around the world hawegide variety of nomenclature,
such as WELs (workplace exposure limits), MALs (imaxm exposure limits), RELs

(recommended exposure limits), STELs (short-terrposure limits), and so on.

Despite the variety of names, however, two keysface pertinent to this study: for
most substances two exposure limits generally exisine as an 8-hour average,
intended to represent a typical workday exposurel as a 15-minute average,
intended to protect against peak short-term expgssurhe 15-minute STEL is of
interest to us as it approximately represents thercof exposure duration for tunnel
users?

Numerous bodies and agencies around the world $&81.§ but there is wide
agreement. One of the key organisations whichisetsl which tend to be adopted
around the world is the National Institute for Opgational Safety and Health
(NIOSH), part of the United States federal govemntiseDepartment of Health and
Human Services. For carbon monoxide the NIOSH I&utei STEL of 200 ppm

2 Urban tunnels are typically < 2km in length. Passthrough a 2 km tunnel at an average 40
km/h will take 3 minutes. Passage through a 5 kmméliwould take 15 minutes at an average
speed of 20 km/h.
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seems to have been adopted universally. Fog, N@vious limits of 5 ppm or higher
have generally been replaced by more stringentdjmsuch as the NIOSH REL of 1

ppm.

4.3 WHO ambient air quality guidelines

The World Health Organisation first published airatity guidelines for ambient
situations in 1987. These guidelines were aimedpalication in Europe, but were
widely adopted globally as the basis of nationad docal guidelines. The Second
Edition was published in 2000. In 2005 a Global adtedreconsidered guidelines for
ozone, particulate matter and nitrogen dioxide he tight of new research and
consideration of global application.

The relevant guidelines for the road tunnel congetlisted in table 4.1.

Table 4.1: WHO ambient air quality guidelines of rdevance to road tunnels

Pollutant Limit Averaging period
co 100 mg m™ 15 minutes
Formaldehyde 0.1 mg m* 30 minutes
NO; 200 pg m™ 60 minutes
Styrene 70 ug m* 30 minutes
Toluene 1ugm? 30 minutes

For particulate matter, WHO regard 24 hours a steonh exposure and have
established guidelines of $@ m®and 25ug ni*for 24 hour average PMand PM s
respectively. However, WHO makes it abundantly rcteat the PM guidelines are not
based on zero-effects thresholds (such threshelds hot been observed), and efforts
should always be made to reduce PM concentratismsueh as is practicable. There
are no standards for assessing exposure to higisle¥ particulate matter at time
scales less than 24 hours.

The WHO Guideline states that concentrations of &@raged over a 15 minute
period should not exceed 100 mg® rihe exposure at this level should not persist
beyond 15 minutes, and should not be repeated rwighihours. An additional
Guideline is set of 60 mg Trfor 30 minutes (WHO, 2000). While the WHO criteria
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have been established for the general populatienrisk to smokers may be greater
than allowed for in the guidelines. Because smoigng voluntary activity, guidelines
for contaminants including CO were developed to tgmb non-smokers from
environmental exposure (WHO, 1999).

4.4 New Zealand regulations and guidelines

4.4.1 New Zealand workplace exposure standards

New Zealand workplace exposure standards (WEShdectime weighted averages
(TWA), ceiling limits and short term exposure lim{STEL, applicable to 15 minute
exposure). Where no STEL exists, using a TWA mistip by a factor of 3 is

recommended for 15 minute occupational exposurisliiDoL, 2002). MfE suggest

that WES’ may be used in place of ambient air duaduidelines for general

population assessment criteria where none exisg(4006). To do this, WES should
be divided by a factor of 40 to provide protectifor sensitive members of the
community because occupational criteria are esfaddi to protect healthy workers
(MfE 2006).

Appropriate WES, as documented by OSH New ZealabdlL( 2002), for
contaminants that may be of concern in road turinelade the following:

CO (15-minute STEL) = 200 ppm
NO, (15-minute STEL) =5 ppm

Benzene (8-hour TWA) = 5 ppm

4.4.2 New Zealand ambient air quality standards, guidelies and targets

In New Zealand, the Ministry of Environment deveddpair quality guidelines which

were informed by the WHO guidelines (MfE, 2002).eTResource Management
(National Environmental Standards Relating to Gertair Pollutants, Dioxins and

Other Toxics) Regulations 2004 as amended in 20QBbduced the National

Environmental Standards for Air Quality (AQNES)stéd in Table 4.2. These
Standards explicitly apply anywhere:

“(a) that is in an airshed; and
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(b) that is in the open air; and

(c) where people are likely to be exposed to thearainant.
Areas which ar@ot in the open air and where the standardeat@apply include:

* inside a house
« inside tunnels

« inside vehicles.” (MfE, 2005)

Table 4.2: National Environmental Standards for Air Quality (New Zealand)

Contaminant Threshold concentration Permissiblesxc

Carbon monoxide 10 mg n? as an 8-hr One 8-hour period in a 12}
running mean month period

Nitrogen dioxide 200pug m®as an 1-hr Nine hours in a 12-month
mean period

Ozone 150ug m* as an 1-hr No exceedences allowed
mean

PMyo 50 pg m* as an 24-hr One 24-hour period in a
mean 12-month period

Sulphur dioxide 350ug m®as an 1-hr Nine hours in a 12-month
mean period
570ug mi° as an 1-hr No exceedences allowed
mean

General ambient air quality management is the msipidity of Regional Councils.
Several councils have adopted air quality limitattiare more stringent than the
AQNES. These limits are described as ‘targets’ #mr intention is to provide
councils with adequate time to respond if breadi¢be AQNES are likely now or in
the future. The target value is 66 % of the AQNEBESai least Auckland, Waikato,
Canterbury and Otago.
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4.5 |s atunnel indoors or outdoors?

We have noted that the AQNES very explicitly rutag their application for the
purposes of the RMA to road tunnels. The WHO gingsl are generally interpreted
to apply indoors and outdoors as the guidelinegpasgdly look at dose-response
relationships only, as long as exposure is appatglyi quantified.

It is not uncommon for the WHO 15-minute guidelfoe CO to be used as a criterion
for assessing short term exposure to motor vepialeition, including indoor garages
(e.g. Papakonstantinat al 2003) and is applied to road tunnels in Australia

To determine what air quality criteria (if any) applied to similar environments to
road tunnels, local authorities were contacted mjomNew Zealand cities. This
included environmental health officers, buildingspectors and/or planners at
Auckland City Council, Hamilton City Council, Watigton City Council and
Christchurch City Council. These representativesewasked what air quality
guidelines were applicable in environments sucleradosed bus stations, car parks
and train stations.

Invariably the response was that Regional Counedee responsible for monitoring

air quality, although this advice would appear ® iisguided because Regional
Councils do not have a mandate concerning indoomaality. One council also

advised that they relied upon air conditioning camips to install ventilation systems
in these buildings and the Council requirementsewgatisfied if a certificate was

produced to show that a system had been instdllegladvice given was that property
owners were responsible for any air quality motmigrafter commissioning of the

building.

A common response from Local Authorities was thetupational guidelines are
appropriate in these environments and OSH is resiplenfor this. However, this is
not appropriate in the case of carbon monoxideadtlin road tunnels as vulnerable
members of the population, who are not always eepgedco be protected by
occupation guidelines, are likely to be exposedaa road tunnel.
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4.6 PIARC recommendations air quality in road tunnels

The World Road Association (PIARC) is a non-poiditicand non-profit making
association. It was granted consultative statuseéoEconomic and Social Council of
United Nations in 1970. PIARC'’s stated mission uigiels

e identifying, developing and disseminating best ficacand giving better
access to international information,

» developing and promoting efficient tools for deasrsimaking on matters
related to roads and road transport.

To achieve these aims, PIARC creates and coordinderhnical Committees,
including C.5 which deals with road tunnel openasio This committee regularly

publishes Technical Reports, which, in recent ydzage included:

1996:Road Tunnels: Emissions, Environment, VentilatiReport 05.02.B

2000:Pollution by Nitrogen Dioxide in Road TunneReport 05.09.B

2004: Road Tunnels: Vehicle Emissions and Air Demand Ventilation Report
05.14.B

2008:Road tunnels: a guide to optimising the air qualitpact upon the environment
.Report 2008R04

The key opportunity to manage the air quality withind around road tunnels is the
setting of the in-tunnel concentration limits to ieth ventilation systems must be
designed and subsequent operation can be aimeditdain. The key international

body that provides advice on such issues is PIAR@rranent International

Association of Road Congresses), which recommemndsge of limits (see Table 4.3
below). The ‘normal’ operation limit of 100 ppm tssed upon the WHO 15-minute
guideline of 100 mg M (i.e. 87 ppm).
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Table 4.3: PIARC recommended in-tunnel pollutant Imits

CO-concentration

Traffic situation Design year
1995 2010
ppm ppm

Fluid peak traffic 100 70

50 - 100 km/h

Daily congested traffic, 100 70

standstill on all lanes

Exceptional congested traffic, 150 100

standstill on all lanes

Planned maintenance work 30 20

in a tunnel under traffic

Closing of the tunnel 250 200

4.7 Ambient-based approaches

Some national bodies have adopted or adapted B recommendations or the

WHO guidelines directly, whereas elsewhere theyehasen adopted for individual

tunnels. For example, the French Ministry of Hedlds effectively adapted the 30
minute WHO Guideline in its ruling that CO concerions in French tunnels should
not exceed 50 ppm at any point in normal operat@mn]150 ppm in emergency

situations (referred to in CETU, 2003). In Hong i§oA one of the most densely
tunnelled cities in the world with 17 km of new hats opening between 1989 and
2007 - a CO limit of 115 mg th(i.e. 100 ppm) with a 5 minute averaging period ha
been established as one of three Tunnel Air Quélitidelines (HKEPD 1995). The

5-minute averaging time is highly significant asniakes this guideline considerably
more stringent than the WHO 15-minute average.

In the recently built tunnels in Australia the WHZID guideline has generally been
adopted as the basis for in-tunnel CO limits sea@ase-by-case basis as part of the
Conditions of Approval for each scheme. In additiothe 15-minute 87 ppm limit an
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additional limit of 200 ppm as a peak measured asvanute average has also been
implemented in the Cross City tunnel.

4.8 Occupational-based approaches

A number of countries have taken a different apgnpaasing in-tunnel limits on the
widely adopted 200 ppm short-term occupationaltlifai CO, rather than ambient
guidelines.

Norway has an extensive network of mostly alpinenals. The Norwegian Public
Road Administration (NPRA) has established 15-marimits for the end and middle
of tunnels of 200 ppm and 100 ppm respectively (NPRO04). Similarly an N©
limit of 1.5 ppm is set for the tunnel end and Opgin for the middle of the tunnel.
Both NPRA limits for CO and N@are based on providing an acceptable working
environment for maintenance workers.

The UK also bases its limits on the 200 ppm ocaapa€O limit, but within an
exposure-management framework described below.

4.9 Exposure-based approaches

All of the examples cited above employ a hazardagament approach in which the
air quality limits apply to the concentrations agasured within the tunnel air,
regardless of the presence or absence of trafbidsevs, pedestrians, vehicle speed or
volume.

We believe that the UK is unique in having takeneaposure-based approach to in-
tunnel air quality limits. Such an approach is lblasa strictly applying limits to
exposure of individuals, rather than just air conicions. At the foundation of the
UK approach is the occupational CO limit of 200 pasa 15-minute average, which
is applied to mean no person using the tunnel shbelexposed to a level of CO,
averaged over 15 minutes, above 200 ppm. The Ukhigsgwo tunnels longer than 2
km (both under the River Mersey with lengths < 4) keuch that tunnel transit times
are generally well below 15 minutes. This suggelstd the demand placed on a
ventilation system could be excessive. Exposurea thigher concentration than
specified in a 15-minute limit may be allowed ifngpensated by shorter exposure
duration. This can be shown to be true for carbonaride using the CFK model (see
chapter 5). Its applicability for NQOs essentially unknown but plausible and the UK
approach applies the same methodology fop Bi@l CO.
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Further details and the implications and data requents involved in establishing an
exposure-based approach to air quality managemennnels are discussed in detalil
in chapter 9.

4. 10Particles

It is not practical to regulate the thousands @t millions) of individual chemical
compounds that may be present in the atmospheparticle form. Insteadambient
regulation and monitoring is generally based onRMg, metric. PM, is effectively
the mass concentration of all particles with arodgmamic diameter smaller than 10
pm.

However, nearly all of our knowledge on the headtfects of particle inhalation
relates to longer exposure times than occur indlsprtypically hours, days and years
leading to effects on a few individuals amongsgdapopulations. This research has
led to the adoption of 24-hour Rpstandards for ambient air, such as New Zealand's
National Environmental Standard.

The effects on human health of short-term expogorder of minutes) to airborne
particulate matter, and repeated exposure, as wbalcexperienced in repeated
passage through a road tunnel, are insufficierdtatdished to propose a guideline.
We have found no evidence of such a guideline iagisinywhere else in the world.
This is also true for other toxic species presantdhicle exhaust, such as PAHs or
benzene.

There is substantial scientific evidence that eypmgo elevated levels of particles
derived from road vehicle tailpipe emissions isisk ffactor for exacerbations of
cardiovascular disease (including mortality), anddancer. There is also substantial
evidence for effects on respiratory health. Howgvkee causal pathways linking
exposures to these effects are still active ardagesearch. Although it is
toxicologically plausible that very brief exposurts very high levels of vehicle-
related particulates (as is the case in a roadetymoses a risk to health, there is
currently insufficient scientific understanding goantify any risk and there are no
associated guidelines.

Road traffic particulate emissions are predomiryaintithe form of ultrafine particles.
The current state of knowledge regarding ultrapaeticles is currently insufficiently
developed to lead to any guideline value or zefeetfthreshold for this sub-set of
particulate matter.
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As a first approximation it is reasonable to assunat particle species and metrics
(e.g. PM,, PAHS, black carbon, etc.) and other key toxiceggsuch as benzene) are
non-reactive (i.e. there is no direct evidence fraad tunnels to assume otherwise),
and therefore levels within and between tunnely wrala similar way to CO. For this
reason, a CO guideline provides a potential indicabf the possible relative risk
from particle exposure.

4.11Visibility

An in-tunnel limit that is related to air qualitg ithat of reduced visibility due to
particulates. Loss of visibility is not related etitly to effects on health, but has
indirect effects, such as driver stress, as wejprasenting a hazard to safe driving.
The visibility guidelines are strictly intended toanage safety by ensuring that
vehicles have enough visibility to able to resptmé@n incident on the road ahead of
them. However, the visibility in a tunnel is dirgctelated to the presence of particles
large enough to scatter visible light. This essdigtimeans particles of diameter
greater than 0.44m. As noted elsewhere in this report, such paditiave known
impacts upon human health, and so monitoring \iibalso provides the potential
for an alternative assessment of the air quality lagalth risk within a tunnel. This
assessment is limited by the short duration of sup® in tunnels compared to the
longer exposure times for which the health effeftsarticles are established.

Visibility guidelines are expressed in terms of éx¢inction coefficient in units of th
PIARC (2000) provides these subjective impressaindifferent values as they apply
to road tunnels:

e 0.003nmt clear air
e 0.007 Mt haziness
« 0.009 M foggy

« 0.012nm uncomfortable, yet will allow a vehicle to stogdedg.

The commonly applied visibility limits are listed Table 4.5.
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Table 4.5: PIARC recommended in-tunnel visibility imits

Visibility
Traffic situation Extinction Transmission
coefficient
K (beam length: 100 m)
m* %
Fluid peak traffic 0.005 60
50 - 100 km/h
Daily congested traffic, 0.007 50
standstill on all lanes
Exceptional congested traffic, 0.009 40
standstill on all lanes
Planned maintenance work 0.003 75
in a tunnel under traffic
Closing of the tunnel 0.012 30

4.12EXxisting regulations — summary

In New Zealand, the National Environmental StansldNES) apply everywhere that
iIs outdoors and where people are likely to be exppa® the contaminant. These
Standards do not apply inside tunnels or vehidRegjional Air Quality Targets also
apply to outdoor locations which are sometimes (mitalways) more stringent than
the NES.

The New Zealand Workplace Exposure Standards agplgccupational exposure
within tunnels. These Standards are less strintpamt the NES or WHO ambient air
quality guidelines as they are intended to applheotypical healthy adult workforce,
not the whole population.

Around the world different ambient and occupatiotiatits have been applied
inconsistently to the interior of road tunnels. Thest commonly applied limits have
been 15-minute average CO limits based mostly thelean occupational limit of 200
ppm, or the WHO Ilimit of 87 ppm. The UK has implerted an exposure-
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management approach in which an exposure limmaisstated to a sensor limit which
allows higher in-tunnel concentrations in shortemniels based on the assumption of
shorter exposure duration. Visibility limits ares@aladopted in many tunnels for the
purposes of safety, but which also provide someatity protection.
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5. Carbon Monoxide — toxicity and exposure limits

5.1 Overview

« The action of carbon monoxide (CO) in the body tarthe oxygen transport
in the blood and delivery to the organs. Adver$eat$ of carbon monoxide in
the body have been related to the degree to whigéplaces oxygen in the
blood stream. This is conventionally assessed psreentage of the total
haemoglobin that exists as carboxyhaemoglobin, 60Wb. Various health
effects have been associated with different leotldood %COHb.

e CO exposure limits are set on the basis of a gooreting %COHb limit.
Commonly, occupational exposure limits have be¢tased on a 5 % COHb
limit (e.g. NIOSH, Australian and New Zealand). Aietit guidelines, such as
those of WHO, have been based on a 2.5 or 2 % didtitb

« A5 % COHb limit appears to be the highest accdetitnit for the protection
of health of tunnel users. The question of whetloeadopt a 2.5 % limit
requires a consideration of whether it is belieteat the target groups it
protects are exposed in a tunnel. The cardiovasa&iffacts at 2.5 — 5 %
COHb are partly related to exercise-induced angind, it may be argued that
such persons will not be exercising within a tunkliwever, as WHO makes
clear, the vulnerable group includes those witbriand/or undiagnosed heart
disease and their lack of awareness of their owrditon may make them
more vulnerable. Furthermore, we must assume tbagawith this group,
pregnant mothers are users of road tunnels. Feetreasons we recommend
that a 2.5 % or lower limit is adopted for roadrtals in New Zealand.

e 9%COHDb limits can be translated into CO exposureitdinif various
physiological parameters are known, or assumedrati@mmend a CO limit
which is based upon physiological parameters thawige protection for all
potential users of a road tunnel.

* We propose that a CO limit of 87 ppm averaged d%eminutes, i.e. equal to
the WHO ambient guideline, would appear to proyideection for all typical
tunnel users, including walkers and cyclists farséhtunnels that permit them,
based on a COHb limit of 2.5 %. This limit would m®re than adequate to
protect healthy non-smoking adults in vehicles.
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* We accept that an 87 ppm (15-minutes) guidelinedor is less demanding
than a number of guidelines adopted for road tunakdewhere in the world,
specifically the 70 ppm recommendation from PIARrG 2010), the 50
ppm limit in France and the 100 ppm (5 minutes)dgline in Hong Kong.
However, we find no sounchedical evidence for recommending a guideline
more demanding than the WHO limit at this time.

e An occupational safety limit of 200 ppm averageérol5 minutes appears to
have been universally adopted. We consider itsnsfie basis to be
appropriate for road tunnel exposure, and see meoreto challenge the
widespread adoption of this limit.

« An 8-hour time-weighted average limit of 30 ppmoales a long history and
is widely adopted internationally. We consider #sientific basis to be
appropriate for road tunnel exposure, and see meoreto challenge the
widespread adoption of this limit. We note that R recommend a
reduction in the limit from 30 ppm to 20 ppm frond1®D. However, this
recommendation appears to not have any supportingndentation. We are
therefore unable to comment on whether this rednds based on medical
evidence or other considerations.

* A CO limit may be used as a proxy for all otheevant air pollutants on the
assumption that if CO concentration limits are hotached then potential
limits for other substances will not be breachdatezi CO is appropriate for
this on the basis of a) its well-established linkserious acute health effects,
b) vehicle emission factors for CO being relativedll-constrained, allowing
prediction at design stage, ¢) CO being unreaativkis context.

* However, the use of a CO limit as a single proxpravide protection within
all appropriate limit values for other substancas & number of weaknesses,
including a) relatively poor emission data for atlsibstances (including
NO,), b) the assumption that locally-relevant and smteuemission data are
available, c) emission factors and their ratiog.(€0O/NQ) are not constant
with time (see chapter 7), d) it is vulnerablewdden changes in health-based
limits arising from continuous improvements in sitiic understanding of the
effects of pollutants, and e) it is very sensitigehe correct characterisation
of the number and nature of heavy duty diesel Vesigsing the tunnel.
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The action of CO in the body arises from its mudbhér binding affinity to
haemoglobin than oxygen. Thus the formation of @gyhaemoglobin preferentially
to oxyhaemoglobin limits the oxygen transport ia blood and delivery to the organs.

Adverse effects of carbon monoxide in the body haeen related to the degree to
which carbon monoxide has replaced oxygen in tremioglobin molecules in the
blood stream. This is conventionally assessedpes@ntage of the total haemoglobin
that exists as carboxyhaemoglobin, or %COHb. Varibealth effects have been
associated with different levels of blood %COHbmsoof which are listed in Table

5.1.

Table 5.1: Some effects on health associated withiffdrent levels of blood %COHb, adapted

from HPA, 2006

Carboxyhaemoglobin  in | Signs and symptoms

blood (%)

<2 No significant health effects

2.5-4.0 Decreased short-term maximal exercise duration in young healthy
men

2.7-5.2 Decreased exercise duration due to increased chest pain (angina)
in patients with ischaemic heart disease

2.0-20.0 Equivocal effects on visual perception, audition, motor and
sensorimotor performance, vigilance and other measures of
neurobehavioural performance

4.0-33.0 Decreased maximal oxygen consumption with short-term
strenuous exercise in young healthy men

20-30 Throbbing headache

30-50 Dyspnoea, dizziness, nausea, weakness, collapse, coma

> 50 Convulsions, unconsciousness, respiratory arrest, death
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5.3 Zero-effects threshold

CO exposure limits are set on the basis of a gooreting %COHb limit. Commonly,
occupational exposure limits have been set basedf6 COHb limit (e.g. NIOSH,
Australian and New Zealand). Ambient guidelineghsas those of WHO, have been
based on a 2.5 or 2 % COHD Ilimit.

The choice of a CO limit for road tunnels is inigigbased upon the selection of the %
COHb limit. The rationale for a 5 % limit derive®m the fact that neurobehavioural
effects and developmental toxicity effects in peophve not been reported below
COHb levels of 5%. The rationale for a 2.5 % linkdrives from the observation of
effects in some vulnerable groups. In particulanscstudies found that patients with
angina pectoris experienced reduced time to oristavcise-inducedchest pain after

of exposure to CO leading to %COHb levels of 2.5.9-% (WHO, 2000). From a

review of the effects of smoking exposure on isoiaedisease patients Mennear
(1993) set a lower limit of 2.5% as a conservasistimate for a zero-effects threshold.

A 2.5 % limit is also intended to provide extra feion for pregnant mothers and
foetuses. This is because pregnancy leads to semleandogenous production of
COHb so that an equal exposure to environmenta@Olead to higher %COHb
levels in a pregnant mother than in a typical noegpant woman by 0.7 — 2.5 %.

Consequently, the WHO states:

“To protect non-smoking, middle-aged and elderlypydation groups with
documented or latent coronary artery disease freoteaischaemic heart
attacks, and to protect the foetuses of non-smdkinggnant women from
untoward hypoxic effects, a COHb level of 2.5% dtmot be exceeded.”

Allred et al (1989) reported effects in exercising patient€@Hb levels as low as

2%. This result was disputed by Mennear (1993), wdrgued that the gas
chromatography method used to measure %COHb wagurse. However, it

remains that 2 % COHb corresponds to the lowestrobd effect level reported in the
literature. Consequently, a 2 % limit has been ssb@as the basis of ambient CO
limits in the UK and Canada.

A significant knowledge gap remains regarding tliiects of %COHb levels in
children, and the appropriateness of adult-basei Walues. Much less experimental

% ‘Nonsmoking’ has been specified because smokgresexthemselves to much higher levels
of carbon monoxide leading to higher %COHb levedHO (2000) reports up to 10 %).
Raising the limit to the level experienced by snmiekgould deny protection to non-smokers.
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data on children exist, partly because of the diffy in obtaining measurements of
children’s blood. Children will not be pregnanteanuch less likely to be smokers,
and much less likely to suffer from coronary artdisease. On the other hand, their
organs are in a developmental stage and will nog¢ssarily respond to raised %COHb
in the same way as adults. As discussed in mowal detlow, children are known to
take up CO into their blood faster than adults, amy have higher baselines (%
COHb levels pre-environmental exposure).

The WHO air quality guideline documentation makeseference to whether the CO
guideline provides protection for children. An exdeve review of the effects of CO
on children also found no evidence of whether a%.£OHb limit was appropriate
for children (Kleinman, 2000).

5.4 Adopting a %COHb limit for road tunnels

In-tunnel CO limits applied in road tunnels havestbéased on different %COHb
limits. The United Kingdom, France and Norway hawtunnel CO limits based upon
a 5 % COHb limit. The United States and Austrakavén adopted a 2.5 % limit, as
have the WHO for the ambient air quality guidelines

A 5 % COHb limit appears to be the highest accdetéimit for the protection of
health of tunnel users. The question of whetheadopt a 2.5 % limit requires a
consideration of whether it is believed that thgea groups it protects are exposed in
a tunnel. The cardiovascular effects at 2.5 — 5016 are partly related to exercise-
induced angina, and it may be argued that suclopensill not be exercising within a
tunnel. However, as WHO makes clear, the vulnergoteip includes those with
latent and/or undiagnosed heart disease and thelkr ¢f awareness of their own
condition may make them more vulnerable. Furtheemmase must assume that along
with this group, pregnant mothers are users of rnomtels. For these reasons we
recommend that a 2.5 % or lower limit is adoptadré@d tunnels in New Zealand.

5.5 CFK model and predicting %COHb

The key to implementing a CO limit that restridte level of %COHb in the blood is
a description of the way the body produces and vesiaCOHb in response to
environmental exposure and endogenous productiarch Sa description was
developed in the 1960s. The Coburn-Forster-KaneKjG#guation (Coburret al,
1965), although recognised as imperfect, providesetical and reliable way to relate
CO exposure to %COHb in the blood, and thus tréamsda%COHb limit to a CO
exposure limit.
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A variety of versions or formats of the CFK modeisg although the choice of
version will not change our results and conclusiarthis context. One such version is
shown below.

d[CoHy _ 1 ( PCO [COHH Pcozj
—— =5 Voo t B

dt V, B [O,Hb] M
Where
ﬂ: 1 +i_

D,CO V,

Thus, the CFK equation is a differential equatiankihg the rate of change in
[COHD], the volume of CO per volume of blood, wRCO, the partial pressure of
CO in inhaled air. The equation consists of threens representing (left to right)
endogenous production, exogenous production andv&nof COHb. The dependent
parameters describe the existing fraction of caybagmoglobin, [COHb]/[gHDb],
and a range of physiological parameters which gotiee rate of gas exchange in the
body.

These parameters are:

Vs: the blood volume,

Vco the rate of endogenous CO production,
D.CO: the pulmonary diffusing capacity for CO,
Va: the alveolar ventilation rate

Furthermore, three constants are included:

PO, the average partial pressure of carbon mongXideé mmHg),
M: the Haldane coefficient (218),
P.: the pressure of dry gases in the lungs (713 mimHg
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McCartney (1990) conducted a sensitivity study étedmine which parameters were
most important for a range of exposure times. FFoexposure time of 15 minutes the
rate of COHb uptake is most sensitive to the blamiume and external CO
concentration, such that faster COHb generationadhieved for higher CO
concentrations and lower blood volumes. Followihgse parameters, the alveolar
ventilation rate is the next most sensitive. COHisponse has a relatively low
sensitivity to initial %COHb and pulmonary diffugicapacity.

5.6 Physiological parameters for the CFK model and theivalues

5.6.1

To use the CFK equation to convert %COHb limit® @O exposure limits we need
to select values for the physiological paramet&aentific knowledge about what
some of these values should be is limited.

Blood volume

Average human blood volume can be expressed ascéidn of body weight, such
that:

Vg = 80 mL / kg of body weight for children,

Vg = 70 mL / kg of body weight for adults (Coburn,7D9

Extensive body weight data are available from thatioshal Center for Health
Statistics in the United States (www.cdc.gov/ncissummary of some key data is
presented in Table 5.2.

Table 5.2: Median body weight from US data, and eshated blood volume

age Median Body weight / kg Estimated blood volume / mL
male female male female

2 7.8 7.2 620 580

5 18.5 18 1500 1400

10 32 33 2600 2600

20 71 58 5700 4600

Adult 86 74 6900 5900
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5.6.2 Alveolar ventilation rate

We will estimate alveolar ventilation rate with tsienple formulae:
V, = alveolar volume x breathing frequency,

where alveolar volume = tidal volume — dead spadere,

dead space volume = 2.2 x body weight (Numa & Ned896),
tidal volume = breath volume / breathing frequency.

Thus, alveolar ventilation rate is a function oé&th volume and breathing frequency,
which are dependent upon age, sex and activity,oanblody weight, which is also a
function of age and sex.

We adopt values of breath volume and breathingugrqy from a large observational
study (Adams, 1993). In Table 5.3 we have estimttedlveolar ventilation rate for a
range of hypothetical persons which are relevantdad tunnels.

Table 5.3: Estimated alveolar ventilation rate fora range of hypothetical persons

subject Activity Breath Breathing Va/ mlmin™
volume / || frequency /[
min™ min™

Adult male Driving 10.8 16.8 7 600

Adult male Passenger 9.8 16.2 6 800

Adult female Passenger 8.2 17.6 5300

Older adult male Walking at 3.3 mph | 33.4 225 29 000

Young adult male Running at 5 mph 55.9 34.6 50 000

5 yr old child Resting 8 20 7 200

A higher alveolar ventilation rate implies a fastensfer of CO to the blood and a
faster production of COHb. This means that persaai&ing, running, or engaged in
any strenuous activity whilst exposed to elevatmals of CO are more at risk. A
child’s smaller breath volume is partially compersafor by the higher frequency of
breaths.
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Pulmonary diffusing capacity

Data on the variability of the pulmonary diffusingpacity are limited. It is known to
increase linearly with exercise, be lower in pessaith pulmonary hypertension and
vary slightly with age (in adults) and height. Somgicative values are given in Table
5.4.

Table 5.4 Some indicative values for the pulmonargiffusing capacity (mL CO (min mmHg)™)

5.6.4

(from Huang et al., 2007 and Mitchellet al., 1998)

At rest During exercise
6 — 9 years 15 17
30 yr old male 30.1 38.2
30 yr old female 225 26.2
65 yr old male 25.3 324
65 yr old female 20.6 25.4

Initial (baseline) COHb concentration

Exposure to CO inside the tunnel will raise the aamiration of COHb in the blood
above that which was present before the subjeetr@mtthe tunnel. This level is the
baseline. It is governed by the endogenous praotuctite in the body and by the net
exposure to environmental CO in the hours precedimying at the tunnel. The
endogenous production rate varies between indilsduiais higher for those with a
condition that stimulates CO production (such aantetoma, anaemia, thalassaemia).
It is also higher for pregnant mothers. Both endogs production and baseline
concentrations can be raised at high altitude. Fdseline COHb will also be higher
for smokers. Conventionally, smoking exposure isinduded in the derivation of a
CO exposure limit and we follow that conventioneéhdPregnant mothers are offered
protection by the adoption of a 2.5 % COHb limggsabove). As far as the literature
allows us to check, other limit-setting agenciesopda ‘typical’ endogenous
production rate of 0.007 mL mifn We find no reason to adopt, nor any evidence to
support any other values, and so retain this value.

To simulate pre-tunnel exposure we will use the @&giation to predict the %COHb
production arising from typical urban ambient carications of CO. In 2006, the
annual mean CO concentrations recorded by permanenitors run by Auckland

Regional Council were typically 0.2 — 0.5 ppm atdtions representative of
residential areas. Adopting values of the CFK patans which represent a mostly
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sedentary adult we arrive at a baseline COHb le¥/€l.26 % for an exposure to 0.2
ppm and 0.30 % for an exposure to 0.5 ppm. We finergropose adopting a baseline
value of 0.3 % for application to in-tunnel CO limi

5.7 Formulation of CO limits

In the documentation supporting declaration of cartmonoxide air quality standards
and guidelines around the world, for both ambierd accupational applications, the
related %COHDb is usually, but not always statede Vhlues of the physiological
parameters adopted are often not quoted. TablksEs@&he values we have been able
to source. The values for the NIOSH 15 minute oatiopal limit are representative
of an adult undertaking strenuous activity in aatigely polluted environment, as
appropriate for an occupational limit. However efatively high limit of 200 mg
arises due to the limit being based on a 5 % CQirtlet as the limit is not expected to
apply to pregnant mothers or coronary heart dispatants.

NIOSH recommends alternative values should be egjflithe nature of the
occupational exposure warrants it. For instancleiegaof the pulmonary diffusing
capacity and alveolar ventilation rate may be $etefrom the list reproduced in
Table 5.5.

Table 5.5: values of the pulmonary diffusing capaty and alveolar ventilation rate for use in the
CFK equation based on level of activity of an occugiionally exposed adult, from

NIOSH

Level of activity DL.CO / mL (min mmHg)™* | Va/mL min™
Sedentary 30 6 000

Light 40 18 000
heavy 60 30 000

Although we have not been able to source the valsesl in the derivation of the
WHO guidelines, the guidelines do state that tleegtdlerm CO limits:

“have been determined in such a way that the C@Mil lof 2.5% is not
exceeded, even when a normal subject engageshtrolignoderate exercise”.
(WHO, 2000)

This implies that values similar to those specitigdNIOSH for light activity (Table
5.5) were adopted.
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Table 5.6: Values of CFK model parameters adopteadhithe formulation of some CO exposure limits

Body Occupational CO limit / ppm Averaging %COHDb limit | Vg / mL Va/ mL min* D.CO / mL (min | [COHb]o

or ambient time / min mmHg)‘1
NIOSH occupational 200 ppm 15 5% 5500 30 000 60 0.75 %
USEPA occupational 420 ppm 10 4% 5500 13 000 30 0.75%
AEGL-2
Canadian ambient 30 ppm 60 2% unspecified 18 000 unspecified unspecified
EPA
us EPA | Ambient 35 ppm 60 25% 5500 20 000 30 0.5%
(1980)
WHO ambient 87 ppm 15 25% unspecified unspecified unspecified unspecified
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5.8 Recommendations for a road tunnel CO limit for NewZealand

We recommend that a CO limit be chosen which isetbaspon physiological
parameters that provide protection for all poténtisers of a road tunnel. Thus, in
order to achieve a stringent limit, a blood voluafes 500 mL has been adopted, in
agreement with all other assessments identifiedlahle 5.7, despite this probably
being below the average adult volume.

Table 5.7: Alternative 15-minute CO limits derivedfrom protection of a range of subjects

subject %COHb | Vg /mL Va / mL| D.CO/mL | [COHb]o CO limit /

limit (min min* mg m>
mmHg)™*

Driving 25% 5500 7 600 30 0.3% 320

adult

Driving 25% 5500 7 600 30 0.75 % 256

adult

Driving 2.0% 5 500 7 600 30 0.75 % 184

adult

Child 25% 1400 7 200 15 0.3% 110

passenger

(5 yrs)

Child 25% 1400 7 200 15 0.5% 102

passenger

(5 yrs)

Adult, light | 2.5 % 5 500 20 000 40 0.3% 157

exercise

Adult, 25% 5500 30 000 40 0.3 % 128

walking

Adult, 25% 5500 50 000 40 0.3 % 105

running or

cycling

From this exercise we note that a CO limit of 8 /npgveraged over 15 minutes, i.e.
equal to the WHO ambient guideline, would appeamptovide protection for all

typical tunnel users, including walkers and cysli&tr those tunnels that permit them,
based on a COHb limit of 2.5 %. This limit would bere than adequate to protect
healthy non-smoking adults in vehicles, for whord & COHb level is a safe level
not associated with any adverse effects. l.e.dhisip could probably be exposed to

Guidance for the Management of Air Quality In RGachnels in New Zealand 49



—NIWA_—

Taihoro Nukurangi

over 600 ppm for 15 minutes without adverse eff€be appropriateness of a 100 mg
m’® limit for the protection of children must be judgeith caution due to the lack of
evidence supporting a 2.5 % COHD limit for zereeet$ in children.

We accept that an 87 ppm (15-minutes) guidelineCor is less demanding than a
number of guidelines adopted for road tunnels digeevin the world, specifically the
70 ppm recommendation from PIARC (from 2010), t@eppm limit in France and
the 100 ppm (5 minutes) guideline in Hong Kong. ldeer, we find no sound
medical evidence for recommending a guideline more denmanitian the WHO limit
at this time.

5.9 Recommendations for a road tunnel Occupational Safg CO limit for New Zealand

An occupational safety limit of 200 ppm average@ro¢5 minutes appears to have
been universally adopted. Its basis is indicatethenchoice of parameters shown for
the NIOSH limit in Table 5.6. We find those paraemstto be appropriate, the
resulting limit to offer adequate protection, anek sno reason to challenge the
widespread adoption of this limit.

An 8-hour time-weighted average limit of 30 ppmoalsas a long history and is
widely adopted (e.g. in the UK, Germany and Swedka, NIOSH Recommended
Exposure Limit is 35 ppm). It is based on CFK moplatameters which we find no
basis to challenge. We note that PIARC recommeretiaction in the limit from 30
ppm to 20 ppm from 2010. However, this recommendatioes not have any
supporting documentation to justify it. We find selves, therefore, unable to
comment on whether we believe this reduction i2téam medical evidence or other
considerations.

5.10Rationale for use of CO as a proxy for all tailpipeemissions

Although multiple concentration or exposure lim@lwes (ambient and occupational)
exist covering the air pollutants which may be fdum road tunnels the bulk of these
pollutants are all released from the same sourdbe—traffic within the tunnel.

Although the relative proportions of, say, benzand carbon monoxide emitted from
two different vehicles will vary, taking the traffifleet using any given tunnel as a
whole these relative proportions will tend towaeds average fleet emission profile.
This profile will be tunnel-specific, but if the mbf vehicles (sizes, ages, HDV mix,
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etc) is typical then the tunnel profile will tenomtards the national emission profile.
For example, the New Zealand Traffic Emission Rateslel (NZTER) estimates the
mean emission factors for petrol cars within thevNEealand fleet in 2008 in free-
flowing (central urban) traffic are 5.5 g Knfor CO and 0.69 g kihfor NO,. This
shows that for any given distance driven (e.g.lémgth of a tunnel) the emission of
CO is ~8 times greater than the emission of, MQerms of magdsWhen emitted into
a closed volume, such as a tunnel, this should ritesirthe resulting air concentration
of CO due to cars in the tunnel alone (i.e. negigcbackground contributions from
outside the tunnel) will tend to 8 times the cortcaion of NQ.

This indicates that if the relevant emission fadimr more than one substance is
known then one needs to know only the in-tunnekeatrations of any one of those
substances in order to estimate the concentratainshe others, provided the
background concentrations are known (unless theyeahown to be negligible).

l.e.

Ai = ((Bi - Bb) EFAJ +Ab
EF,

B
Where
A, = internal concentration of substance A
B; = internal concentration of substance B
A, = background concentration of substance A
B, = background concentration of substance A
EF. = emission factor of substance A

EFg = emission factor of substance B

* The recently released Vehicle Emission Predictidodel (VEPM) predicts higher CO
emissions and lower N@missions at lower speeds, so that CO emissi@ngraater than NO
emissions by a factor of 14 at 50 km/h.
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For example, if the background concentrations i@@ug m° of CO and 1Qug m?®
of NO, and the in-tunnel concentration of CO was 5060m°, then, given the 2008
emission factors quoted above, the in-tunnel canggon of NQ can be estimated
thus:

= ((5000— 100)@j +10
55

= 625ug m°.

This approach provides one basic rationale for eympg a limit for a single pollutant
in tunnels, as only one need be monitored for trecentration of other pollutants to
be calculated from it. The objective then is taesethe most appropriate pollutant to
regulate.

5.11Rationale for use of carbon monoxide

The choice of which single proxy pollutant to useir quality regulation of tunnels is
informed by other considerations, primarily praglity and the scientific robustness
of the known health impacts of that pollutant. Bigtally, carbon monoxide has been
chosen. Carbon monoxide (CO) has several advantages

There is a very well-established body of scientifimwledge linking short-
term exposure (order of minutes) to several set@adth impacts,

« Road vehicle exhaust is its dominant ambient sousceh that in-tunnel
concentrations are generally very high compared hackground
concentrations (often by orders of magnitude), subht background
concentrations can be generally disregarded (witlingplicit cost saving as
external monitoring is not required),

« Vehicle emission factors for CO are relatively wehstrained,

¢ On the time-scales relevant to road tunnels Chénically unreactive and
conserved, unlike several other traffic pollutatikg NO.
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Thus, until very recently, road tunnel ventilatisystems have been designed so that
CO concentration limits are not breached on theststdnding/assumption that if this
goal is achieved, potential limits for other substs will not be breached either.

5.12ls CO an adequate proxy for benzene?

As noted in section 4.4 above, a Workplace ExpoSiemdards for benzene is in
force in New Zealand, and explicitly applies instdanels. The standard is 5 ppm as
an 8-hour time-weighted average. The equivalent gii@leline recommended by

NIWA is the NIOSH 8-hour guideline of 30 ppm. Apjiy the same approach as for
NOx above we estimate the probable concentratidrenkene in a road tunnel if the
concentration of CO equals 30 ppm.

EFbenzenej + benzen@

benzene= [(COI —COD) EF
Cco

Where
benzenge= internal concentration of benzene
CQ = internal concentration of CO = 30 ppm (= 35 migy m

benzeng = background concentration of benzene, for whieh egtimate a typical
value of 1ug m?®

CGO, = background concentration of CO, which is negligicompared to 30 ppm

EF . : o :
ﬁe = emission factor mass ratio of benzene to CQOs Téiio is not readily
(o{6]

available from observational data in New Zealane therefore estimate this as the
product of the published estimate of the fleet-agerfraction of total VOCs (volatile

organic compounds) emitted from vehicle tailpipssbanzene of 0.07 (MfE, 2008)

and the fleet-average emission ratio of VOCs to &Opredicted by the VEPM

emission model (0.08 at an average speed of 40°%km/h

® This relatively low speed gives a conservativeltaglative to higher speeds.
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Hence,

benzene= ((35)007* 008)+ 0.001= 020 mg ni® = 0.06 ppm

Thus, when the air in the tunnel is sufficientiyntaiminated to breach the 8-hour CO
guideline, levels of benzene are still 83 timesdowhan the 8-hour benzene guideline.

The same approach cannot be applied to other micstassociated with vehicle
emissions for which short-term WHO guidelines apply. formaldehyde, styrene and
toluene, because vehicle emission factors or eomgssitios are not available for New
Zealand.

5.13Where and when a single proxy may be inadequate

The use of a CO limit as a single proxy to provmletection within all appropriate
limit values for other substances has a numberagdinweaknesses:

1. It assumes that the appropriate national fleet ®omsfactors are known, but
for many substances these data are subject todagetainty or is effectively
unknown. Even the better-constrained emission facpmssess significant
uncertainty.

2. It assumes that national emission factors and flgedracteristics are
applicable in specific tunnels. Advice and datasexb correct for local
variations (reviewed below in chapter 7 and covened forthcoming report
from NIWA) but this is also subject to uncertaistyd is dependent upon the
quality (or even existence) of local data.

3. It assumes that the emission factor ratios (e.g/NCX) are constant with
time. It is well-established that this is not sspecially over the previous and
forthcoming decades when major changes in engatetdogy are leading to
a significant evolution in the composition of vdhicexhaust (see a full
discussion in chapter 7).
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4. It is vulnerable to sudden changes in health-balgads arising from
continuous improvements in scientific understandiofy the effects of
pollutants.

5. Itis very sensitive to the correct characterisatb the number of heavy duty
vehicle vehicles using the tunnel, the quality béit emissions (which is
partly related to fuel quality, but also age aradesbf maintenance).

5.14Carbon monoxide limits — summary

A carbon monoxide limit can be set on the basishef relatively well understood
toxicology of that compound. Basing the limit ocarboxyhaemoglobin limit of 2.5
% (or 2 %) provides protection for all non-smokiadult tunnel users, including
pregnant mothers and coronary disease patients.

This may be translated into a carbon monoxide liafit87 ppm as a 15-minute
average which will protect non-smoking tunnel ugessn a COHb level above 2.5 %
in the case of light to moderate activity. It isallikely to provide protection for
children travelling in vehicles.

A carbon monoxide limit alone, however, may notvmle adequate protection to
tunnel users from the effects of nitrogen dioxidgarticles. The former use of CO as
a proxy for all harmful traffic emissions in roathnels is no longer appropriate.
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6. Nitrogen dioxide — toxicity and exposure limits

6.1 Overview

* NO;, is associated with the various adverse impactheaith. These include
important effects among children: increased respiyasymptoms, onset of
respiratory symptoms among infants, increased mitocsymptoms for
children with asthma.

« The WHO has published two guidelines regarding ahand 1-hour exposure
to NO,. No guidelines exist for shorter ambient exposures

e There is no internationally agreed short-term (liBute average)
occupational exposure limit for NOn the same way as there is for longer
ambient exposures. Occupational Nnits vary between countries and
determining bodies, and have tended to changetimith

¢ In the US, ACGIH and NIOSH have recommended a dieom exposure
limit (STEL) of 5 ppm. This value has subsequeiiien adopted in many
other countries, including Japan, Australia and Néealand. However,
NIOSH also state a recommended exposure limit (REL) ppm.

* With the coincidence of new health research daaNIOSH 1 ppm REL and
the rise of N@ emissions relative to CO from road vehicles, insssl
attention has been paid to Nibnits in tunnels.

* The Permanent International Association of Road gtesses (PIARC) has
recommended a limit value for road tunnels of 1 gwaraged over the length
of the tunnel not to be exceeded more than 2 %eofime. No averaging time
was specified.

* Recently experimental studies of short-term expestw tunnel air have been
conducted in Sweden showing adverse health effelitaving exposures to
160 ppb of NQ@ over 30 minutes. However, they were based on sengll
numbers of subjects; have yet to be repeated aadiriplications for
development of ill-health are unknown. A report tfte Swedish Road
Administration argued that a precautionary appraadgiht be to consider an
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NO, limit corresponding to half this concentration (@0b) or half this time
(15 minutes). We have found no evidence of thiomeoendation having
been adopted in Sweden or anywhere else. Nevesthdteseems plausible
that, if such experimental data are corroboratb@, argument for such
demanding guidelines may become stronger in thedut

* International precedent permits a wide choice whelecting an N@Iimit.
We believe that a value of 5 ppm should be constl&zo high, as it is above
the NIOSH recommended exposure limit for occupatigrurposes, and has
been abandoned by the UK Health & Safety Execubeeause it gave
insufficient protection. A 1 ppm limit, based orettNIOSH REL could be
adopted, with the knowledge that such as valuebegn recommended by
PIARC for use in road tunnels. However, whilstppears that a 1 ppm limit
gives sufficient protection to healthy individuallere is now some evidence
that it does not provide full protection for asthits and sufferers from
chronic obstructive pulmonary disease. To protechsndividuals within a
road tunnel, a precautionary approach would sughasta 0.4 ppm limit is
appropriate, as adopted in France. We also notetlihee is some argument
for a limit as stringent as 0.2 or 0.1 ppm to pdeva factor of safety, although
such a limit has yet to be adopted.

6.2 Effects of NO, on the body

The recent update summary from the WHO Air QudaBtyidelines (released 2006) re-
iterates that N@is associated with the various adverse impactherith. These
include important effects among children: increasespiratory symptoms, onset of
respiratory symptoms among infants, increased Iwitasymptoms for children with
asthma. Also other demonstrated effects among pewjth asthma include: direct
effects on lung function, increased bronchial respaeness at levels upwards of 200
Hg m® (0.11 ppm), or above 1900 ug®nil.01 ppm) in non-asthmatics (Folinsbee,
1992)

6.3 Ambient NO, guidelines and standards

The WHO has published two guidelines regarding {@mgy and short-term exposure
to NO.:
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40 ug m® (21 ppb) as an annual mean,
200ug m* (106 ppb) as a 1-hour mean.

The 1-hour guideline is largely based on the ols@m of increased bronchial
responsiveness amongst asthmatics following skari-exposures above 2@ m?*
(WHO, 2006). The guideline is thus intended to mevprotection for those
individuals found to be most susceptible to shentat NG exposure: asthmatics. This
1-hour mean guideline has been adopted as one eofAih Quality National
Environmental Standards (AQNES) in New Zealandhwitexceedences allowed in
12 months.

In New Zealand, a further air quality guidelinesgifor intermediate exposure:

100pug m* (53 ppb) as a 24-hour mean.

6.4 Occupational short-term NO, exposure limits

There is no internationally agreed short-term (ibute average) occupational
exposure limit for N@ in the same way as there is for longer ambienbsxes.
Occupational N@ limits vary between countries and determining bediand have
tended to change with time.

In the UK a limit of 8 ppm was introduced in 2008duced to 5 ppm in 2002. The
limit was withdrawn in 2003 as it was felt thaditd not provide adequate protection,
and a new limit is due to be announced soon.

In the US, ACGIH and NIOSH have recommended a dieom exposure limit

(STEL) of 5 ppm. This value has subsequently befpt@d in many other countries,
including Japan, Australia and New Zealand. HoweWdtOSH also state a
recommended exposure limit (REL) of 1 ppm.

6.5 NO; limits applied in tunnels

Unlike with CO, the WHO guideline for NQrannot be directly or simply applied to
the case of the interior of road tunnels, due t® ittappropriateness of the 1-hour
averaging time. With the coincidence of new headdearch data, the NIOSH 1 ppm
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REL and the rise of NDemissions relative to CO from road vehicles, iasesl
attention has been paid to Nibnits in tunnels.

The Permanent International Association of Roadgesses (PIARC) reviewed the
evidence and recommended a limit value for roadélsof 1 ppm averaged over the
length of the tunnel not to be exceeded more théf @f the time (PIARC, 2000).
This was stated as applying to “healthy people&edaon the Folinsbee (1992) study.
In order to protect others, PIARC made no recomragod other than to defer this
decision to local bodies. No averaging time wa<i§igel. It is our opinion that this
recommendation was based on minimal health evidelNegertheless, the PIARC
recommendations are generally the default referémceoad tunnel design and are
generally adopted in the absence of alternativeisekample, the North-South Bypass
Tunnel in Brisbane is Australia’s first tunnel tonsider an N limit where the
PIARC recommendation will be adopted.

Table 6.1 lists the few alternative Bl@mits which have been adopted at a national
level for road tunnels around the world.

Table 6.1: Various limit values for in-tunnel NO, applied around the world

Limiting concentration notes
PIARC 1 ppm proposal
Hong 1 ppm 5 minutes
Kong
Norway 0.4 ppm at mid-point
0.8 ppm anywhere
0.22 ppm if pedestrians or cyclists use tunnel
Sweden, 0.2 ppm 1 hour, same as WHO
Belgium ambient guideline
Belgium 0.5 ppm < 20 minutes
France 0.4 ppm (from 2010) 15 minutes

A review in Sweden (Sandstroet al, 2003) considered recent experimental studies.
In particular, it reports an experimental study26fadults with mild asthma sat in a
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stationary car inside the Soderledstunnel in Stolckhfor 30 minutes during peak
hour (Svartengrent al, 2000). The exposures within the car were desdras: NQ
range 203 — 46Qg mi°, PMyo range 103 — 61@g m*® and PM; range 61 — 218g mi

®_ It may be significant that P)lis much higher than PM indicating the presence of
a large concentration of coarse particles. Thisgrgent took place in winter 1997/8,
when pollen levels were low, but the widespreadafsgtudded tyres generally leads
to a large emission of coarse road dust. Smelliaitdnt symptoms were reported
within the tunnel, but no symptoms from increasieday resistance. Once out of the
tunnel an allergen challenge test measured an eedamsponse, but there was no
statistically significant difference from similaesults on a control day. Later in the
evening after the tunnel exposure more asthma sympivere reported than for a
control period, using the same subjects but wibanrair exposure.

The study concluded:

“It is thus reasonable to assume that exposure fmoHutants for half an hour
in a road tunnel can increase the bronchial regptmallergens several hours
after the exposure in individuals with allergiclast. The findings suggest
that exposure to car exhaust initiates a pro-inftatory or inflammatory
process in the bronchial mucosa. This state psr&ist4 h and gives an extra
impetus to the allergic reaction with accompanyuhgterioration of lung
function. Such an interpretation, implying a prdammatory effect of
exposure to N@and patrticles, is supported by data obtained mdaruand
animal exposure experiments. If this interpretai®orrect, it is also likely
that the inflammation increases bronchial resp@msgs to not only allergens
but also non-specific agents such as cold air abdcdco smoke, as well as
exercise. The increase in bronchial responsivenmesthe present study
occurred without changes in lung function during@sure or in the interval
before allergen exposure. There are other studiesrting similar findings
with no observed effect on lung function during Néxposure, but which
induced an increase in airway responsiveness totagéke histamine,
methacholine or ozon&his makes it difficult for the exposed individualto
be aware of the risk.”[Our emphasis

This study presents an interesting and relevanpeoison with previous studies of the
influence of NQ exposure on allergen response conducted in trerdtdyy in the
absence of above-ambient levels of particulate enafor instance, Stranet al
(1998) exposed 16 subjects with mild asthma to @0 of NO, followed four
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hours later by exposure to Birch or Timothy pollexpeatedly over four days.
Compared to a control with zero MNGexposure, the asthmatic response was
significantly increased. This study involved Néxposure duration of 30 minutes each
time. The lower N@ concentration in the Svartengren tunnel studyciugis that a
lower NG, concentration may elicit the same order of respdnsthe presence of a
raised particulate concentration.

In summary, this key tunnel exposure study obseaveignificant increased allergenic
response in asthmatics after exposure tg BiQevels > 30qug m* (160 ppb) which
could be experienced in a single transit of mamnéls around the world. In that
study exposure lasted 30 minutes. The differencéisa NQ limits listed in Table 6.1
appears to relate to the uncertainty regardingidnaficance of exposures at this level
and for this duration, but especially the much s&oexposures (a few minutes)
typically experienced in most road tunnels. The @sle experimental studies were
based on very small numbers of subjects, haveoyes repeated, and the implications
for development of ill-health are unknown. A repad the Swedish Road
Administration argued that a precautionary approadght be to consider an NO
limit corresponding to half this concentration (@@b) or half this time (15 minutes)
(Sandstronet al, 2003). We have found no evidence of this reconttagon having
been adopted in Sweden or anywhere else. Nevesthateseems plausible that, if
such experimental data are corroborated, the angufoesuch demanding guidelines
may become stronger in the future.

6.6 NO, limits — options for NZTA

International precedent permits a wide choice wkelecting an N@ limit. We
believe that a value of 5 ppm should be considayednigh, as it is above the NIOSH
recommended exposure limit for occupational purpoaed has been abandoned by
the UK Health & Safety Executive because it gavaufficient protection. A 1 ppm
limit, based on the NIOSH REL could be adoptedhwtite knowledge that such as
value has been recommended by PIARC for use in naakls. However, whilst it
appears that a 1 ppm limit gives sufficient pratecto healthy individuals, there is
now some evidence that it does not provide fultgmtion for asthmatics and sufferers
from chronic obstructive pulmonary disease. Togubsuch individuals within a road
tunnel, a precautionary approach would suggestal@ad ppm limit is appropriate, as
adopted in France. We also note that there is somament for a limit as stringent as
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0.2 or 0.1 ppm to provide a factor of safety, aliio such a limit has yet to be
adopted.

On a practical level, we note that a limit of Ophpmay offer the added advantage of
keeping NO concentrations sufficiently low to preweéhe production of nitrogen
dioxide in a tunnel through the termolecular reactf NO with oxygen (see section
9.1), leading to a more stable control of in-tunN€),. This assumption is based on
very limited foreign observations and requires naetailed observational research to
be verified.
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7. Recent and future trends in vehicle emissions ancheir implications
for road tunnel guidelines

7.1 Overview

e Technological advances over the last few decade® thed to a rapid
reduction in the average emission of pollutants ymdicle. However, these
reductions have not applied to the different congmts of vehicle exhaust at
equal rates. In particular, in the context of rtathels, reductions in emission
of carbon monoxide (CO) have been achieved attarfaate than reductions
in oxides of nitrogen (N@. This is significant as changes in the emission
ratios between pollutants (particularly the )XGD ratio) changes the ability
of one guideline to provide proxy protection agaigsidelines for other
pollutants.

« For the purposes of this report, the UK emissioatalthse was used to
analyse trends in emission factors and ratios ftben last decade on the
assumption that they are indicative of trends exNlew Zealand fleet over the
next decade.

e Accurate determination of the emissions from hedwty vehicles is crucially
important to the success of an air quality assessraad tunnel design.
Unfortunately, data for HDVs are harder to obtamd ayenerally subject to
more uncertainty. In New Zealand the situation &lmworse by the presence
of a large number of diesel HDVs in the fleet boNerseas to unknown (or
no) emission specifications. Predicting the fleehover impact on emissions
in New Zealand is much harder due to the lack ofvkedge about the
emission standard of the existing fleet, and uagares regarding the nature
of the imported car market.

« The net effect of the changes in N&nhd CO emissions is that in the decade
since 1996 fleet-averaged emission factors in tehble fallen by over 80 %
for CO, but only ~ 60 % for NQ Crucially for road tunnels this means that
the NQ/CO emission ratio has approximately doubled frogbQo 0.5 (or 0.6
to 1.5 for motorways) in one decade.
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«  The PMYCO ratio has followed the same general risingdras the NQ/CO
ratio, whereas the VOC/CO ratio rose initiallylz¢ same time only to peak in
the early 1990s. The steepest rise in each ratgarben the late 1980s
consistent with the widespread penetration of thwag catalysts into the
vehicle fleet.

« The data from VEPM indicate that the NZ fleet, @armis of emissions, is
approximately a decade behind the UK. It followatthas newer vehicles,
built to Euro 1I, lll and IV or equivalent standargenetrate the New Zealand
fleet over the next decade, the fleet-average @mnidsends in New Zealand
are likely to follow similar trends as experiencedthe UK over the last
decade — although probably not at the same rais.rate will be dependent
upon the rate of fleet turnover, the timing of atilmp of new emission
standards, and the timeline for improving fuel sipeations in New Zealand.

« These general trends describe ‘average’ trafficamerage’ roads. For any
specific road, the emission rates, and the,/8O emission ratios, are
sensitive to the fleet mix, driving conditions awmdhicle speeds. This is
particularly relevant for NQbecause its emissions are dominated by HDVs
and highly dependant on vehicle speed, and thusearsitive to the correct
description of the number of HDVs and vehicle spee@ny road of interest.

* A rapid increase in the NANO, emission ratio has been reported across
Europe, probably related to new emission technekgi

* NO, ‘effective emissions’ (i.e. concentrations arisidigectly from vehicle
emissions or indirectly from the oxidised emissiofidNO) in a road tunnel
may still be roughly estimated by assuming an,/NOy ratio of 0.1, whilst
bearing in mind that this ratio is tunnel-specditd may be rising with time.
To retain conservatism a ratio of 0.2 should prbpak considered. We hope
that the uncertainty surrounding this importantoras reduced in the near
future by gathering detailed in-tunnel observations

* Recent research has lowered the acceptable exposocentrations for NO
during the same period that reductions in,N@issions have failed to keep
up with faster reductions in CO emission.
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* The consequence is that for a given in-tunnel C@centration the NQO
concentration derived from vehicle emissions hagentlean doubled over the
last three decades. Once MNQO, ratio rises are considered, the NO
concentration has increased even more.

e It can clearly be concluded that whereas a CO lwhi87 ppm alone did
provide sufficient protection against the effedtdN®, in the past, that is not
necessarily the case now and increasingly so ine¢he future.

« An occupational limit of 30 ppm of CO (as an 8 hauerage) provides more
than adequate protection against the New Zealandkméze Exposure
Standard for benzene.

7.2 The significance of vehicle emission trends and riats

As will be detailed below, technological advancesrdhe last few decades has led to
a rapid reduction in the average emission of palfitg per vehicle. However, these
reductions have not applied to the different congmbs of vehicle exhaust at equal
rates. In particular, in the context of road tusnebductions in emission of carbon
monoxide (CO) have been achieved at a faster hate teductions in oxides of
nitrogen (NQ). We shall express this in the form of the JNTID emission ratio. This
allows us to consider CO as a reference specieshwisi appropriate due to the
convention to use CO guidelines to provide protecto tunnel users from all vehicle-
related pollutants. Recent research has lowereddteptable exposure concentrations
for NO, during the same period that reductions in,N@issions have failed to keep
up with faster reductions in CO emission. Assuniiii@, represents a fixed proportion
of NO,, the NQ/CO ratio indicates the N{roncentration that would be present in a
tunnel for any given CO concentration, once baadkgdolevels are considered, have
increased in time. However, we have also indicdtedr NO,/NO, ratios may be
increasing also.
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7.3 Vehicle emissions — general features

7.3.1 Variability in emissions

Emissions from vehicles are complex and difficaliquantify. For any given vehicle,
emissions will vary with engine and vehicle speackeleration, driving style, fuel
quality, road surface roughness and gradient aaig sif maintenance. Variability
between vehicles can be attributed to the sameesalmit also differences in the
emission standard that the vehicle was built t@f§), the vehicle’s history and age.
Emission databases try to capture the key featofebis variability, but it must
always be kept in mind that emission databaddsestrepresent an average but are
rarely able to capture the effect of the most pimity vehicles. The limiting
practicalities of measurement also cast doubt beer well emissions data can even
represent the average. Consequently, emissionréacépresent a major cause of
uncertainty in all air quality assessments rel&etlaffic emissions, including in road
tunnels.

7.3.2 Dynamometer, remote sensing, tunnel, chase and litailpipe studies.

There are five key methods for measuring emissfoor® road vehicles. The core
method is the use of dynamometer tests, runningcheshthrough a typical “drive
cycle” and collecting the exhaust stream for analysth a bank of instruments. This
approach has the advantage of a high degree afotlability and the relative ease of
direct quantitative measurement of exhaust comipasiMost emission databases are
based largely or entirely upon dynamometer studdysmiamometer studies cover a
wide range of driving cycles and need to be repka@onsequently, their major
weakness is that they are costly and time-consumpiiaging practical limitations on
the number of vehicles that can be sampled. Fr@setimeasurements, extrapolations
are made to the whole fleet, or to particular sdeeaRecent studies, however, show
that such methods tend to under-estimate real-warigsions. This may be due to a
number of possible factors such as: not adequetphgsenting a true drive cycle, not
estimating emissions properly, or not accountingalb vehicles. However, the main
reason is that the bulk of emissions generally cdroen a small proportion of
vehicles known as the “gross emitters” and it fidilt to capture the effect of gross
emitters adequately in a selected dynamometengegtogramme.
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One alternative method is remote sensing (RS),hichwvehicle exhaust plumes are
sampled optically as they drive past a sensor oroamside. NIWA has been
pioneering the use of RS emissions monitoring invNEealand and has amassed a
significant database. Remote sensing has the ab@if measuring real vehicles as
driven by their normal drivers on real roads. TR monitoring takes less than one
second per vehicle and up to 3000 vehicles caratmpled each hour. This compares
to approximately 30 minutes to complete a singl€4Bl set up and test. The open
path monitoring is also unobtrusive because thereoi physical connection to the
vehicle and no specific behaviour is required & triver. The RS monitoring is
therefore very cost effective — typically $2-3 pehicle.

The weaknesses of this approach are the limitenbeu of pollutants which can be
measured and difficulties in verifying the accuraof the measurements. The
methodology assumes all plumes will intersect teanb (not the case for raised
exhausts as on some HDVs), and that the measureiterdllows observation of a
vehicle sample locally (or nationally) represemtatiof the fleet (e.g. not biased
towards one type of vehicle). One measuremenissaéso unlikely to allow thorough
investigation of the effect of speed, acceleratgrmadient, road surface, etc. The RSD
measures a vehicle’s emissions at one point in t(@enerally under slight
acceleration) and provides little detail on how #missions from an individual may
vary under differing driving conditions. The moniteg sites used in NIWA
campaigns were single lane on- or off-ramps, orwag streets. For this reason the
emissions monitored will reflect driving conditiotigat predominate on these types of
roadway and will not be entirely representative emfissions generated on other
roadway types, e.g. at busy intersections.

A tunnel presents an opportunity for measuring ayeremissions from the fleet that
use it. This is because the tunnel acts as a dleatrdilution chamber. If the airflow

through the tunnel is accurately measured thenntmease in concentration of any
substance between the entrance and the exit dutimel (assuming no air enters or
exits the tunnel elsewhere, or those separate aoetsmonitored) can be directly
related to the rate of emission from vehicles witkine tunnel. This approach is
subject to some uncertainties regarding the reptaeeness of measurements of
airflow and concentration. It also requires dethifilata regarding the ventilation flow
rate and the traffic using the tunnel (type, speaalybe origin). The data obtained are
specific to the tunnel, i.e. specific to the veditieet that use it and the fuel that fleet
uses, whether it has gradients and what the trafficlitions are like. This approach
works best when these issues are well-constraiegd (o congestion at any time,
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relatively constant vehicle speed, constant vdigdarate). Tunnel emission studies
are well-suited to studies of long-term emissi@ntis where a campaign is repeated
some years after an initial one so that changebeaserved.

Two further approaches to characterising emisstamashase and live-tailpipe studies,
although data from these techniques have not bgethin this Report. Concerns over
capturing the real difference between dynamometme ccycles and the way real
people drive real vehicles can be partly addressechase studies. An instrumented
vehicle literally chases a target vehicle samplitsgexhaust plume. This has the
advantage of being able to collect a great dedbtd about individual vehicles, but is
limited in the number of vehicles that can be s&u@ind is not as easily repeatable as
the other methods. This method is principally uisethe research community but the
data are generally considered insufficiently roldosbe included in general emission
databases. A variation on the chase study is ¥@hécle to be instrumented to sample
its own exhaust. Such systems are also generaélg osly as research systems.
However, this research is increasingly being ugedomplement dynamometer data
and to generate more representative emission dagsiba

7.3.3 Gross emitters and heavy-duty vehicles

Generally, an accurate prediction of vehicle eroissifrom any given road is
dependent upon the correct description of emissimnm gross emitters- the few
vehicles that emit the most pollution.

Figure 7.1 shows the contributions of the vehitdetfas observed in a NIWA remote
sensing campaign, to the cumulative total emissibhe measured vehicles are sorted
by descending emissions. The cumulative total eamss (the vertical axis) is
normalised to the total emissions from all the mead vehicles. The skewed
distribution is demonstrated by the curvature @& lihe (an even distribution would
lead to a straight line, and a normal distributioisymmetrical curve).
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Figure 7.1: Relative fleet cumulative contributionto total emissions. Source: Bluett and Dey,
2006. On-Road Measurement of Vehicle Emissions irhé Wellington Region.
NIWA report number CHC2007-123.

Figure 7.1 indicates that ‘most polluting’ 10 % iedes are responsible for about 35 %
of NO emissions, 45 % of uvSmoke emissions and & % of CO and
hydrocarbon (HC) emissions. On the other hand, dleanest 50 % of the fleet
contribute only between 5 % and 10 % of the tataiksions for each pollutant.

Between vehicle classes heavy-dudiesel vehicles (HDVs) may be considered gross
emitters. Accurate determination of their emisdxtors is crucially important to the
success of an air quality assessment and tunnigidé$nfortunately, data for HDVs
are harder to obtain and generally subject to mapertainty. This is due to any sub-
class of the fleet representing a small sampleebfcles, leading to inherently larger
statistical uncertainties. Dynamometer testing oDMd requires a specialised
installation which is less common, and HDV testisighore expensive than car or van

® Heavy-duty refers to vehicles with a gross vehinkess greater than 3,500 kg
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testing. Consequently, less HDV dynamometer datést,exurther increasing
uncertainties. In New Zealand the situation is madese by the presence of a large
number of diesel HDVs in the fleet built overseasunknown (or no) emission
specifications.

7.3.4 Emissions in congestion

The nature of real-world vehicle emissions in catge traffic is a developing area of
research. Existing emission databases are gen¢oallgrude to predict emissions in
congestion, partly because it is unclear which measf congestion to use, and a
general lack of emission factors for congestedimlyivEuropean databases (more
detail below) indicate that emissions of some ptatits from vehicles are highly
sensitive to speed, such that the net emissionaongested road is dependent on the
proportion of these vehicles on the road. Howeserissions at low speed are as much
related to acceleration as speed itself, and aegistiatabases do not properly
distinguish between congested driving which is stmoand that incorporating stop-
start driving. Recent and future research datairdemnded to provide some further
insights, but care must be taken over such dathegsare inevitably location-, and
thus fleet-specific.

7.3.5 Official emission inventories in EU and US.

Globally, the most detailed emission databases ctwom the European Union,
especially the United Kingdom, and the United State

The UK national databaseniw.naei.org.uk provides vehicle emissions for 7 vehicle
classes, and for each of the prevalent emissiordatds (pre-Euro, Euro I, Euro I,
Euro Il and Euro V). Data for cars are also brokiown by engine size (2 classes for
diesel and 3 for cars). Formulae are then providedcach of these sub-classes to
derive emission factors for CO, NG°M and other pollutants as a function of vehicle
speed. Cold-start weightings are also provided e as factors for calculating
emissions from previous years and forecasting taréuyears to account for age and
maintenance factors and changes in fuel quality.tiAs builds up to a formidable
database of 85 emission factors per contaminanggserper speed. Implementation of
the database requires equally detailed data oprénealence of each of the 85 sub-
class of vehicles on the roads now, and in thedéufuforecasts are required.
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For the purposes of this report, the great valudn@fUK database is that it allows the
investigation of trends which may be compared ts¢hin New Zealand. Much of the

data that are commonly used in New Zealand for @oms assessment and prediction
are based upon the UK database.

7.3.6 NZTER and VEPM

The New Zealand Traffic Emission Rates databasgni®utput of the Ministry of
Transport's Vehicle Fleet Emission Model (VFEM).igimodel was published as part
of the Ministry’s Vehicle Fleet Emission Control r&egy in 1998. It provides
emission factors of CO, NOPM and VOCs for a road as a function of a giveetf
mix, for four classes of road (Central Urban, Sblam; Rural Highway and
Motorway) and for five driving conditions (Idle, ©@oStart, Free Flow, Interrupted
and Congested). It also provides estimates forsyaprto 2021 based on expected
technological improvements. There is no explicingideration of speed. It is the
primary vehicle emissions modelling tool used in ®ir the last 5 years.

Auckland Regional Council has recently developedehicle Emissions Prediction
Model (VEPM). This model is intended to supersed@ ER. VEPM is based upon a
combination of EU, Japanese and Australian databaseprovides year-specific
emissions for CO, CONO,, PM and VOCs as a function of a particular fleét end
speed.

Intercomparison of these databases with each @hdrexternal sources of data,
including NIWA’s remote sensing data, will be coarin a forthcoming NIWA
Report. At this point we will merely note that VEP&mission factors are generally
lower than in NZTER, especially for NGmissions from heavy duty vehicles. A
preliminary NIWA remote sensing campaign indicatedt the NZTER HCV NQ
factors, especially pre-1999, are probably overedes (Bluett & Fisher, 2004).
NIWA intend to conduct further research in the niedure to refine these data and
provide further detail.

7.3.7 Non-tailpipe emissions

Vehicle emissions include not only emissions frdma tailpipe, but also evaporative
emissions and resuspended road dust. Evaporatigsiens are primarily associated
with volatile organic compounds, but the quantitessitted are low compared to
tailpipe emissions. For example, McLartal. (1996) decomposed emissions of non-
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methane hydrocarbons (NMHC) into direct tailpipe @vaporative emissions in the
Cassiar tunnel near Vancouver. For benzene, 71 %hef measured tunnel
concentration was related to combustion emissi®ngp to unburned fuel and 2 % to
evaporative losses. Emissions of evaporative eamssare poorly quantified and not
included in this analysis due to our focus on grmesds. Similarly, emissions of
resuspended road dust are poorly constrained arsdtaue area of current research.
Furthermore, the impacts of such dust on healtidesmuted and difficult to quantify,
especially in the context of road tunnel exposars] as such they are not included in
this analysis.

7.3.8 Technological innovation in emission control

Improvements in engine and exhaust technology hesteto dramatic changes in

vehicle emissions in the last two decades. The dtnpiathese changes is most clearly
seen in the change in the trend of total emissimr all vehicles. Figures 7.5 — 7.7

show that the rising trend in total emissions uthté 1990’s has turned to a falling
trend since then, despite continual rises in tdffiw (figure 7.2).

In Europe, Japan and the United States a seriemsmgdsion standards have been
adopted which have been highly successful in redudhe net emission from
vehicles. Each standard has been made possibleebgetvelopment of one or more
new technologies. The Euro | standard for petralires (introduced 1994), for
instance, was largely made possible by the introolucof three-way catalytic
converters. Further improvements were achievedaramp in vehicles built in the
1990s, by a combination of electronic managemempraved fuel quality and lean-
burn technology, all aimed at improving the effimg of combustion and thus
reducing emissions of volatile organic compound&t and carbon monoxide. The
Euro IV standard (introduced in 2005 for HDVs) reqd a large cut in PM emissions
from heavy duty vehicles from 100 mg/kWh (Euro fit) 20 mg/kWh. Similarly in
2005 the Japanese standard for HDVs fell from 18gkwih to 27 mg/kWh. These
reductions have largely been achieved through itiegf of particulate traps to
tailpipes, but the reduction is dependent uponube of ultra low sulphur diesel
(ULSD). From September 2009 Euro V and the cornedimgy Japanese standard will
ensure a similarly large reduction in PM for diesafs, both requiring a limit of 5
mg/kWh.
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Reductions in NQemissions have also been achieved, but at a slatethan PM.
Exhaust Gas Recirculation (EGR) reduces, M@ission by reducing the temperature
of combustion. The introduction of ULSD has enabtbd additional use of NO
catalytic reduction by burning extra fuel in a Nap. Japanese standards for,NO
from HDVs have been consistently ahead of Eurogtamdards by about 3 years. The
2005 Japanese standard for heavy-duty diesels ofg&kWh, equivalent to the
forthcoming Euro V standard (from 2008), is met thyo®y the introduction of
Selective Catalytic Reduction (SCR). This technglarffers a similar dramatic
reduction in NQ emissions as particulate traps offer for PM reidacthowever with
the shortcoming of an increase in ammonia emissiéndapanese standard of 0.7
g/kwh for HDVs and 0.08 g/kWH for diesel and petoairs will be introduced in
2009. European petrol cars already meet this stdrn@@a Euro IV) whereas a Euro
VI standard is also proposed (effective from 2048 HIDVs and 2014 for LDVSs)
which will require further NQ reductions from diesel vehicles to below the 2009
Japanese standards (0.4 g/kwWH for HDVs and 0.0&ky/ffor cars).

7.3.9 The significance of emission trends for road tunnsl

Due to the use of CO as a proxy for all trafficlptants, the change in CO emission
relative to other traffic pollutants is of crucialportance to road tunnels. Specifically,
due to concerns noted above about the effects of M@ are most interested in
changes to the N@CO emission ratio. Although most NQ@rises from the rapid
conversion of NO to Ng some NQ is directly emitted. Data regarding this
partitioning between NO and NOn the tailpipe are rare, and emissions data are
usually reported as NQithe sum of NO and N The significance of assumptions
regarding NQ partitioning is covered in more detail below.

7.4 Emission trends in UK and EU fleets

7.4.1 Traffic and vehicles in the UK and NZ — similarities and differences

Due to the European Auto-Oil Programme, and egentaineasures in the US, and a
higher vehicle turnover rate, we consider the hyesis that vehicle emissions have
fallen in advance in Europe and the US comparddeis Zealand. Consequently, past
trends in these countries may be seen as indicatipessible trends in New Zealand
into the future, although differences in the Nevaldad fleet must be borne in mind.
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Firstly, figure 7.2 illustrates that traffic raté¢KT) have been growing continuously
and remarkably uniformly in the EU, US, AustraliadaNew Zealand, at a rate of
around 2 % per year. Figure 7.3 shows that the mtmber of cars registered grew
faster in the UK up to the 1980s, but the rate mwgh has been similar in both
countries in the last two decades. Of particultergst are the differences in the fleet
composition between New Zealand and the UK. Fomgta, 22 % of the UK cars in
2006 were diesel powered, compared to only 8.5 9%lef Zealand cars (LTNZ,
2007). Furthermore, the average vehicle engineisidew Zealand in 2006 was 2.2
litres (MfE, 2007) and the distribution of enginees is clearly biased towards larger
sizes in New Zealand compared to the UK (figurg.7.4

This has implications for comparing emission dasalsaas the UK database reports
emission factors for three size classes of pettnl < 1.4 litres, 1.4 — 2.0 litres and >
2.0 litres. Whereas approximately half of all cardoth countries fit in the middle
range, the larger category accounts for only 13f%e UK fleet but almost 40 % of
the NZ fleet, including a very significant proporti of vehicles over 3 litres. In terms
of emissions, the relatively high emissions frorasth large engine vehicles may be
under-represented in the UK database. This is aatelrecause the VEPM emission
factors are based upon its UK counterpart and Speédor UK-relevant engine size
classes which are then mapped onto the New Zedlleetl leading to the possibility
of it under-representing the emissions of largegbetrs.

(UK data from Transport Statistics 2007, DepartmainTransport. NZ data from
Land Transport New Zealand.)
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Figure 7.2: Total vehicle kilometres travelled (VKT) in 5 regions (normalised to year 2001).
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Figure 7.3: Number of cars registered (thousandshiNew Zealand and the UK by year (LTNZ,
2007, DfT, 2007).
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Figure 7.4: Distribution of car engine sizes in thdJK and New Zealand in 2006 (DfT, 2007,
MoT, 2007).

7.4.2 Fleet turnover

Key factors in the trends of emissions are the edtevhich people replace older
vehicles with newer ones, where they source thasgen vehicles from and the
emission standards of those new vehicles. Thederfaare influenced by economic
factors (personal wealth, the cost of new, usedianmbrted vehicles) and cultural
factors. Amongst the EUI5the average vehicle age is approximately 7 years
(Eurostat, 2003) compared to 12 years in New Zeal@dfE, 2007). Studies by
NIWA found median ages of vehicles monitored on thad side to 9.2 years in
Auckland and 9.3 years in Wellington (Bluett & D&@06).

There are a number of reasons that may explain tiley monitored fleet is
significantly newer than the average age of theckelleet. Newer vehicles tend to be

" The EU15 are those states which were membersedEtinopean Union before its expansion
on T May 2004. They are: Austria, Belgium, Denmark, |&inl, France, Germany, Greece,
Ireland, Italy, Luxembourg, Netherlands, Portu@dain, Sweden and the United Kingdom.
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driven a greater number of kilometres each yeam ttaolder vehicles. Hence they
have a greater chance of driving through a momi¢psite than older vehicles that do
less kilometres. Another possible explanation &t the two monitoring campaigns
were undertaken in cities, where the average agelitles may be lower than the
country wide average that includes smaller towrtsranal areas, where older vehicles
may be more commonly used.

Figure 7.5 shows the projected number of cars mgéetie Euro standards in the UK
and its evolution as more new vehicles complyindhwmnore recent standards
penetrate the market.

The result of this fleet turnover in the UK, anchidarly across the EU and the US is
that total emissions of traffic pollutants havddn| despite the increase in traffic, as
shown in figures 7.6 and 7.7. Predicting the fteetover impact on emissions in New
Zealand is much harder due to the lack of knowleatygut the emission standard of
the existing fleet, and uncertainties regardingrthteire of the imported car market.
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Figure 7.5: Predicted evolution of composition of W car fleet by emission standard over this
decade as a result of fleet turnover (assumes nowatandard introduced beyond
Euro IV). (Data: UK Department for Transport).
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Figure 7.6. Total CO emissions from road transportnormalised by year 2001.
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Figure 7.7 Total NO, emissions from road transport, normalised by yeaP001.
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The staggered introduction of emission standardsuirope, which primarily tackled
the products of incomplete combustion first, legteeduction in carbon monoxide in
advance of reductions in N@nd PM, as shown in figure 7.8.

CO /Mt

2 ——NOx
o-CO + 10

0 T T T T
1980 1985 1990 1995 2000 2005 2010

Figure 7.8: Total CO and NQ, emissions from road transport in the EU15.

7.4.3 Major trends in UK emission factors

Carbon monoxide

In 1996, petrol cars were responsible for 88 % Ofénissions on urban roads and 75
% on motorways. In the 10 years from 1996 to 2a0é, UK national emission
database reports that there have been major redaq80 %-+) in the emission factors
of CO from petrol cars, LGVs and buses, explaitimgreduction in total emissions in
this period. However, in 2006, petrol cars stilhtrdouted similar proportions to total
CO emissions from roads as 10 years before, dtreetobeing the dominant source of
CO.
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Oxides of nitrogen

The evolution of NQ emissions is more complex. Emission factors favigeduty
vehicles (in 1996 and now) are an order of mageitbhdhher than for light-duty
vehicles. In 1996 the higher number of cars melhat on urban roads petrol cars
made a higher contribution (56 %) to total road,N@issions than HGVs (22%)n
the following 10 years NQemissions from petrol cars fell by ~ 80 %, butyooy 40

— 50 % from HGVs (Figure 7.9). The net result what tby 2006 petrol cars and
HGVs are reported to have a similar fleet-weightedrage emission per kilometre
travelled on urban roads (Figure 7.9).

Further, as N@Qemissions are greater at higher speeds, thetshHGV dominance
was advanced on motorways. In fact, HGVs,Nfissions already exceeded those
from cars in 1996, with HGVs contributing approxiedst one third of all motorway
NO, emissions by 2006.
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Figure 7.9: UK emission factors for NQ for the two largest contributors to total NO, emissions
(“Artic HGVs” = articulated heavy goods vehicles).

8 The remaining 22 % was due to buses (11 %), liglids vehicles (8 %) and diesel cars (3
%).
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Figure 7.10: Evolution of the contribution to total NO, emissions on central urban roads (UK) of
the four highest contributing vehicle classes.

NO,/CO emission ratio

The net effect of the changes in N&nd CO emissions is that in the decade since
1996 fleet-averaged emission factors in the UK Hallen by over 80 % for CO, but
only ~ 60 % for NQ (Figure 7.11). Crucially for road tunnels this megahat the
NO,/CO emission ratio has approximately doubled fro@5Go 0.5 (or 0.6 to 1.5 for
motorways) in one decade (figure 7.12).
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Figure 7.11 Evolution of fleet-weighted CO and NQemission factors on UK urban roads and
motorways (Motorway data for CO is not shown as iiis very similar to urban
road data).
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Figure 7.12 Evolution of UK fleet-averaged NQCO emission ratio for urban roads and
motorways.
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7.4.4 Other emissions and broader European and Americanrénds

Similarly to what the UK NQ/CO emission ratio shows, the emissions of otladfidr
related pollutants have changed at different rdtea CO emissions. Data from the
European Union show that despite continuous ineseas total vehicle kilometres
travelled, theotal emission from road traffic peaked in 1984 for AO89 for VOCs,
1992 for NQ and 1993 for Plyy. We can divide total emissions by total vehicle-
kilometres travelled (VKT) to derive an estimatetbé& average total emissions per
kilometre driven across the whole EU15. For thisasuge emissions (per VKT)
peaked for VOCs in 1976, for CO in 1977 for Ni® 1985 and for PM in 1992. l.e.
any rise in total emissions since these dates baga caused by rises in traffic rather
than emission rates per vehicle. From the early6 182005, total emissions per vkt
in the EU15 have fallen fastest for VOCs (averadeé Per year), followed by CO (7
% per year), NQ (6 % per year) and PM (5 % per year). The consequence for
emission ratios is shown in figure 7.13. In gendralan be seen that the R¥CO
ratio has followed the same general rising trendhasNQ /CO ratio, whereas the
VOC/CO ratio rose initially at the same time onty geak in the early 1990s. The
steepest rise in each ratio began in the late 188@sistent with the widespread
penetration of three-way catalysts into the vehildet which aim to convert CO and
hydrocarbons into carbon dioxide and water. By ¢ne of this decade these data
indicate that VOC emission reductions will have gt#uwp with CO reductions such
that the VOC/CO ratio will have returned to theckiof values apparent in the 1970s,
but that the NQ/CO and PMyCO ratios, whilst levelling off, will have substzaily
increased since the 1970s.

The situation is more uncertain when consideringrbgarbons. Several tunnel studies
from the US show that the NMHC/CO emission raticréased by 60 % between the
early 1990's and the early 2000’s (Gertler and deiey 1996; Sagebieit al, 1996;
Gertleret al, 1997; Kirschstetteet al, 1999; Kearet al, 2000 and McGaughest al,
2004). For total HCs, results from a large scalaate sensing campaign in several
cities in the US show that the emission ratio iasegl more than 100 % in the same
period, indication that methane emissions havebeen reduced in the same way as
other hydrocarbons. However, both ratios (HC/CO [dMHC/CO) show a very large
scatter in time and the indicated trends are itisdieanly (figures 7.14 and 7.15).
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Figure 7.13 Trends in ratios of total emissions fnm road vehicles per total vkt in the EU15.
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Figure 7.14 Evolution of fleet-averaged HC/CO emigsn ratio from remote sensing studies in
several cities in the US.
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Figure 7.15 Evolution of fleet-averaged NMHC/CO enssion ratio from tunnel studies in the US.

Long-term reductions in measured emission factaasehbeen reported where
measurements have been repeated in the same tomelyears apart. Schnad al.
(2001) reported major reductions of emission factoeasured in the Tauerntunnel in
Austria between 1988 and 1997 (see figure 7.16)udling an 85 — 87 % fall in CO
emissions per km. Stemml&t al. (2005) reported falls in benzene and toluene
emission per km in the Gubristtunnel (Zurich) of%0and 76 % respectively between
1993 and 2002.
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Figure 7.16: Changes in road tunnel emission facter between 1988 and 1997 in the
Tauerntunnel, Austria (from Schmid et al., 2001).

7.5 New Zealand trends

The relative lack of data regarding the New Zealfledt, its origin and emission
standards of individual vehicles make tracing stiehds as discussed above for the
UK and EU15, much more difficult and uncertain. 8all illustrate similar trends as
identified in the NZTER emission database but tiertsomings of that database must
be borne in mind.

By comparing emission factors for the respective &€l NZ fleets it is possible to
crudely estimate “how far behind” the NZ fleet is terms of emissions. Using
NZTER ‘free flow’, ‘central urban’ factors and coaming with UK and VEPM factors
for a speed of 40 kn*hwe find the following equivalences:

« An average NZ petrol car in 2008 has equivalentediissions to an average
UK petrol car in 1998 (using NZTER) or 1996 (uswigPM).

« An average NZ petrol car in 2008 has equivalen Bi@issions to an average
UK petrol car in 1999-2000 (NZTER) or 2001-2002 @&/¥&).
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A similar comparison cannot be given for HGV enussi. This is because each
database classifies heavy duty vehicles differgfetly. VEPM and NZTER by weight,
but in different bands, and the UK by articulatedigid) and with greater emissions
arising from fewer vehicles estimation of fleet eages are more uncertain. Also,
NZTER'’s predictions of NQemissions from HCVs are several times higher than
those from VEPM.

We must reiterate that this is a crude assessmmehisahighly dependent upon the
accuracy of both databases. In general, the datalfioth NZTER and VEPM indicate
that the NZ fleet, in terms of emissions, is apprately a decade behind the UK. It
follows that, as newer vehicles, built to Eurolll,and IV or equivalent standards
penetrate the New Zealand fleet over the next decte fleet-average emission
trends in New Zealand are likely to follow simileends as experienced in the UK
over the last decade — although probably not atsdmae rate. This rate will be
dependent upon the rate of fleet turnover, thengymof adoption of new emission
standards, and the timeline for improving fuel sipeations in New Zealand.

For example, new emission standards in New Zealalidequire that by 2009 all
new and newly imported used vehicles to be comphidth Euro IV or equivalent
standards This represents an attempt to accelerate emissieduction in New
Zealand as the equivalent introduction of Euro Iguld be only four years after its
introduction in Europe in 2005.

Despite NZTER’s weaknesses, it can still be usettadoe recent trends in CO and
NOy emissions. Based on a simplified fleet mix assuonp{80 % petrol cars, 15 %
diesel LCVs and 5 % large HCVs) and using ‘freenfldactors NZTER reports a
decrease in fleet-averaged emission factor by thueeters since 1980 for CO and by
a half for NQ. This means that the N@O ratio has doubled in the same time frame,
with an upward trend expected to continue over rie&t decade (Figure 7.17).
Predictions of absolute values should not be raligoh, due to the errors inherent in
our simplified fleet assumption, the inaccuracie®NZTER and especially the known
over-prediction of NZTER for NQemissions from HDVs.

Running a similar prediction with VEPM (Figure 7)1&sults in lower absolute
values of the N@CO ratio, but similar trends with growth in theiogpeaking around
2013 — 2014. NIWA'’s initial remote-sensing campaigiBluett & Fisher, 2004)

° The exception being used light petrol vehiclesviibich a Euro Ill standard will be required
from 2009 and Euro IV from 2012.
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indicated that NZTER over-estimates CO emissioosfipetrol cars manufactured

before 2002, with the error increasing for oldehigkes, whilst also suggesting that
NZTER significantly over-estimates N@missions from heavy duty vehicles. The
consequence for the tend in the QD ratio is similarly to predict lower absolute
values, especially in the past, but the same gemaraasing trend with a potentially

more rapid increase in recent years.

More recent remote-sensing data captured by NIWA t@ast some doubt as to
whether absolute NGemission factors are falling in New Zealand, aggssted in the
UK and EU databases, and in NZTER. This is indtdig results from sampling of
NO emissions only from petrol vehicles in 2003 &@@D5 during which time a
significant rise in NO emissions was observed (lKes& Bluett, 2007). At the time
of writing it is unclear if this was a ‘real’ inaige or an artefact of the experimental
design or instrumentation.

Intercomparison between emission factors, and thieseved from remote sensing
campaigns in New Zealand, will be treated in moeetd in a forthcoming NIWA
report.

1.6 - —&—urban e
=@ motorway 4

1980

1985 1990

1995

2000 2005

2010

2015

2020

Figure 7.17: Trend in NO/CO fleet-averaged emission ratio on New Zealand aals (assuming
‘free flow’) as predicted using NZTER.
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Figure 7.18: Trend in NQ,/CO fleet-averaged emission ratio on New Zealand aals as predicted
using VEPM.

Note that the discussion above concerned ‘avetsaféic on ‘average’ roads. For any
specific road, the emission rates, and the/RO emission ratios, are sensitive to the
fleet mix, driving conditions and vehicle speedhisTis particularly relevant for NO
because its emissions are dominated by HDVs arfdyhilppendant on vehicle speed,
and thus are sensitive to the correct descriptiothe number of HDVs and vehicle
speed on any road of interest. This is illustratedrigure 7.19 showing the trend
predicted by NZTER for three different proportionislarge HCV (all other traffic
assumed to be petrol cars).
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Figure 7.19: Hypothetical trend in corridor-averaged NO,/CO emission ratio for petrol cars plus
three different proportions of large HCV, derived from NZTER.

Other local variations may apply which could benffigant. For instance, the Mount
Victoria tunnel carries a much larger than normalpprtion of taxis due to it being
the principal route linking the city centre (andahuwf the surrounding country) with
the airport. The fleet mix in the Homer Tunnel iscalikely to be significantly
different to that on urban roads, while the Lytialtunnel near Christchurch carries
high levels of HDVs to service the container antkboading facilities at the port.

Using NZTER, higher N@CO emission ratios are found using the ‘free fldéactors
than the ‘interrupted’ factors, with ‘congestedttiars giving the lowest ratio. This
reflects the fact that CO emission factors gengrialtrease with congestion as NO
emission factors decrease.

In summary, higher N@CO ratios are related to free-flowing motorwayshwiigh
proportions of heavy duty vehicles. Lower NOO ratios are related to urban roads
with congestion and low proportions of HDVSs.
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7.6 Partitioning of oxides of nitrogen

Interpreting the significance of NGemissions, their reduction, and the increasing
trend in NQ/CO emission ratios requires an understanding ®fathy NQ emissions
are partitioned between the less-toxic compoundaR@the more toxic NO

Conventionally in air quality assessments it isuassd that when NQOis emittedat
the tailpipe it is overwhelmingly in the form of NO, but qudgtng this proportion
for traffic in general is difficult due to the sci@y of experimental data.
Conventionally, values such as 5 % have been assufmost three decades ago,
Hilliard & Wheeler (1979) reported values of 2 9bfor non-catalyst petrol cars, but
more recent data suggests that more recent veleiglepped with three-way catalysts,
and more recent emission-reduction technology meye hmuch higher ratios. For
instance, Soltic & Weilenmann (2003) investigateadssions from Euro 1l vehicles,
observing ratios of 2 — 8 % (with one outlier abd@%) from cars, rising towards 20
% at cold start and 10 — 40 % from light-duty trsick

If ozone is present (as it generally is in the @nbair) some of the NO will rapidly
react to form N@, such that the N&NO, concentration ratio will rapidly rise as the
exhaust plume dilutes and disperses. At roadsideitoring stations when traffic is
busy NQ/NOy concentration ratios are typically 10 — 30 %, wlitkver values for
higher NQ concentrations. A value of 20 % is sometimes astbph air quality
assessments at locations in the range 20 — 50m dranajor road (e.g. MfE, 2008),
although adopting a single ratio that applies btimes does not adequately describe
the complexity of nitrogen chemistry and can leadignificant errors.

The net N@ NO, ratio from a stream of traffic may be estimateaahfrmeasurements
of NO, and NQ inside a road tunnel, if the concentrations areected by removal of
external background concentrations. There have mearkably few examples of this
reported in the open literature. Measurements énséd short road tunnel in
Birmingham (UK) conducted in 1992 and 1993 (not# the Euro | standard for cars
and HGVs only came into force in 1992) indicatatea NG/ NO, emission ratio of 3
— 8 % with the higher values observed during ttaffongestion (Harrison & Shi,
1996). Measurements in longer tunnels are more koabgd, and discussed further in
chapter 9.

More recent research has investigated the vatabilithe NQ/ NO, emission ratio as
a function of traffic. Carslaw & Beevers (2005) suarised dynamometer
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measurements by Lathagh al (2001) to show how the NODNO, emission ratio for
London traffic in 2001 varied with vehicle type asgkeed. The ratio was shown to be
a minimum at speeds above 60 ki Whilst peaking at low speeds for petrol cars and
at 40 — 50 km t for diesel LGVs, buses and HGVs. For the mean banfleet,
NO,/ NO, was estimated as 10 — 12 % below 50 kh'fetlling to below 5 % above
80 km h'.

Subsequently, UK research has identified a recadt rapid rise in the NZNOy
emission ratio, rising from 5 — 7 % in 1997 andcréag 30 % by 2006 (Carslaw,
2005, Abbott, 2005, Carslaet al, 2007, AQEG, 2007). This rise has been attributed
principally to the penetration of Euro Il light gudiesel vehicles fitted with oxidation
catalysts and the fitting of regenerating particéps to buses. However AQEG noted
that these explanations do not seem sufficieneszbe all of the observed trends. A
similarly rapid increase in the NOIO, emission ratio has been observed at a
motorway monitoring site in Switzerland (Huegl al, 2006) and analysis from
other European sites is beginning to confirm threesrend.

Secondly, in certain limited conditions (very hijf© emissions coupled with poor
ventilation) another chemical reaction can be gigd in which NO can oxidise to
NO, without the need for ozone, by reacting directlthvaxygen. This is a high-order
reaction and can, in principle, lead to rapid pagun of NG, within a road tunnel.
However, this event can only be described in pplecias there are hardly any
documented instances of it happening (due to tte¥ceness of in-tunnel NO
measurements), and it may be limited to very losgvéral km) tunnels.. This
possibility is discussed in more detail in chaf@er

In summary, N@ ‘effective emissions’ (i.e. concentrations arisidgectly from
vehicle emissions or indirectly from the oxidisedigsions of NO) in a road tunnel
may still be roughly estimated by assuming anMOQ, ratio of 0.1, whilst bearing in
mind that this ratio is tunnel-specific and may bsing with time. To retain
conservatism a ratio of 0.2 should probably be icemed. We hope that the
uncertainty surrounding this important ratio isueged in the near future by gathering
detailed in-tunnel observations.
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7.7 Predictions of future emission trends in NZ

7.7.1 Indications from the UK and EU15

We have indicated how New Zealand vehicles arevatpnt to UK vehicles 6 - 12
years ago in terms of emissions on average. Cuarahjproposed emission standards
in New Zealand are intended to follow the developt®én Europe such that we may
expect broadly similar emission trends here inrée decade to those experienced in
the UK and EU15 over the previous decade, albeibhacessarily at the same rate.

The most pertinent trend is the impact of the miesént vehicles meeting Euro 1V
and in some cases Euro V standards. Euro V eslye@aid the proposed Euro VI
standard) is intended to allow Nf2ductions to ‘catch up’ with the CO, PM and VOC
reductions already achieved. Figure 7.20 predibts itmpact of penetrations of
standardsup to Euro IV only on the crucial NQJCO ratio. The ratio is seen to peak
in 2007 or 2008 before falling again. Predictesdsin total emissions per vkt in the
EU15 (see figure 7.13 above) lead to a forecasesdk pn NQ/CO (and PMy/CO)
around 2012 to be followed by a gradual fall. la MZTER data (figure 7.17) the NZ
NO,/CO ratio appears to be rising towards 2020. Beybat] however, any prediction
would be uncertain and speculative at this poist.nated above, the consequence of
this cannot be clearly judged until we have battEarmation on which to predict any
changes in the NEZNO, ratio.
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Figure 7.20: Predicted evolution of the UK fleet-agraged NQ/CO emission ratio.

7.8 Consequences of emission evolution for road tunnair quality limits

From around 1985 it appears that penetration ofteetviology vehicles into the New
Zealand fleet has begun to raise the averagg/Q emission ratio. The rate of
increase in that ratio has been subsequently aatielg; and is predicted to continue
to do so until around 2015. Data from Europe sugtied the rise may be temporary.
Newer technologies aimed at ensuring ,Ngnission reductions catch up with CO
reductions may halt the NAZO ratio rise some time beyond 2020. Beyond that a
reduction is predicted, but forecasts on this toaks are quite uncertain as they
depend upon predictions of fleet technology mix &mthover, plus the introduction
and effects of future emission standards (suchuas ¥ and VI).

The focus on the N@CO ratio arises from the convention to use in-&ir®O limits
to provide protection to tunnel users from all oiirelated pollutants. Recent
research has lowered the acceptable exposure domttams for NQ during the same
period that reductions in N@missions have failed to keep up with faster rédns

in CO emission. Assuming NQepresents a fixed proportion of NQhe NGQ/CO
ratio indicates the NOconcentration that would be present in a tunnebfty given
CO concentration, once background levels are cereil] have increased in time.
However, we have also indicated how DD, ratios may be increasing also.

The consequence is that for a given in-tunnel Caxentration the NOconcentration
derived from vehicle emissions has more than daubleer the last three decades.
Once NQ/NOy ratio rises are considered, the Nédncentration has increased even
more.

To illustrate this, consider a hypothetical tundesigned in 1980 with an ambient CO
concentration limit of 87 ppm, based on the WHO @mibguideline. We assume
background concentrations are negligible for CO @®d ppm for N@ What would
the NG concentration be if the CO limit were reached?d etpply two sets of
assumptions. The first assumptions would be whag heve been acceptable for
1980, i.e. a relatively low N@CO ratio of 0.0, and a NGINO, ratio of 0.03". The
second set of assumptions could be described adeimgessimistic”, i.e. a higher

9value adopted from observational data (1980/MitVictoria tunnel, see Task 2 report
1 value adopted from observational data (1980/MitVictoria tunnel, see Task 2 report
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NO/CO ratio of 0.15 and a N@NO, ratio of 0.13% The resulting N@®
concentrations would be:

. EF
NO,, =|| (COi-COb)—=-ox NO, +NO,,
EF., |NO,

1980 assumptions Modern assumptions

NO,, = (((100-0)* 008)* 003)+ 002= 014ppm | NO, =(((100-0)* 015)* 015)+ 002=1.2ppm

If NO, limits were set at 1 ppm or higher this would haw#icated that the CO limit
was the more stringent in 1980, but no longer.dfagsume that a N@O ratio of 0.1
represents a best estimate for the current vahea, the guideline of 1 ppm of NG
reached before 87 ppm of CO if OO is greater than 0.019, or MO, is greater
than 0.19 if the N@CO ratio is 0.1. Unfortunately there is considégalncertainty
regarding the N&NO, ratio in tunnels. Nevertheless, it can clearlycbacluded that
whereas a CO limit of 87 ppm alone did provide isight protection against the
effects of NQ in the past, that is not necessarily the case amavincreasingly so in
the near future.

Recommendation A CO Iimit for in-tunnel concentrations does nptovide
sufficient protection to tunnel users from the imfsaof nitrogen dioxide. We
recommend that a separate and additiona} N@it is also adopted. It is unclear if
both limits will still be needed beyond 2020. Aspaecautionary measure we
recommend that both limits be adopted on the assomphat both will still be
required beyond 2020, but that the limits be re@@wn a decadal basis in the light of
new emission trend data, forecasts and new hesddarch.

Chapter 10 will consider how an NQimit might be adopted and practically
implemented alongside a CO limit.

2 Based on increase predicted by VEPM emission mqdles ‘pessimistic’ margin

¥ Based on assumption of NQroduction from termolecular reaction with oxygan
anticipated NQ levels based on Indrehus & Vassbotn (2001) anihoreased direct NO
emission
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We highly recommended that a tunnel’s ventilatigatam’s performance is
checked by monitoring at least once and preferablgit least a decadal cycle.

A post-opening campaign of monitoring can verify etlfer the system is
functioning within acceptable limits, whether adjuents are necessary, or
whether the ventilation is excessive permitting thessibility of energy

savings.

Long-term changes in traffic and emissions, whigreronly estimated at the
design stage, may be evaluated from real data dhdprevide the best
information for ventilation upgrades also providimgluable NZ-specific
information for the design of future tunnels.

The issues of monitor representativeness, failureinaccuracy can be
overcome to some degree by using multiple monitorsugh the tunnel —
ideally, control systems should not rely on a snghonitor, especially
considering the maintenance, reliability and accyissues.

8.2 Rationale and objectives for monitoring

Once in-tunnel concentration or exposure limits seé and the ventilation system
designed so that the limits will not be breache ihighly recommended that the
system’s performance is checked by monitoring dheetunnel is opened to traffic.
The design procedure is based on emissions estimdtieh are inherently uncertain,
and is sensitive to traffic predictions which magyib error. A post-opening campaign
of monitoring can verify whether the system is fumaing within acceptable limits,

whether adjustments are necessary, or whetheretudation is excessive permitting
the possibility of energy savings. Ideally, moningr for the purpose of verifying the
efficacy of the ventilation design should be conddcaccording to the following

criteria;

Temporal resolution at least as fine as the avegatiine of the applied limit
(e.g. 15 minutes) and preferably much finer (e.gnidute).
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e Monitoring should be conducted throughout the dagtihours during that
traffic peaks, and preferably continuously (24 lsoar day). Continuous
monitoring is required if the ventilation rate issigned to vary during the
day.

« Monitoring should cover whole weeks, as traffic ditions are often
substantially different on Sundays, Saturdays aesdkdays (and may differ
between weekdays also).

e If only a single monitor is used, it should be lechat or as near as practical,
the location of expected maximum concentrations (edow).

¢ Multiple monitors are preferred (see discussiomm!

We recommend that permanent monitoring be inclaepart of the tunnel design. In
this way compliance with the requirement of accelgtair quality may be monitored
in all conditions, including congested, accidemtsor external air quality episodes,
ventilation malfunction, etc. Long-term changegraffic and emissions, which were
only estimated at the design stage, may be evaldaien real data and will provide
the best information for ventilation upgrades afsoviding valuable NZ-specific

information for the design of future tunnels.

A more advanced system will utilise live monitorirdpta as a feedback into
ventilation control, or traffic management. In thigse, very fine temporal resolution is
required, as well as a high degree of accuracy raultiple monitors to provide a
continuous, reliable service, with consequent de&wamn maintenance and
calibration.

8.3 In-tunnel monitoring

8.3.1 Air quality monitoring in a hostile environment

The interior of road tunnels present a challengingronment for the measurement of
air quality. Optical surfaces that are essentiahfieasurements of opacity, and which
are also unavoidable elements of the chemi-lumarese instruments generally used
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to measure N@ are exposed to a very dirty, dusty and sootyrenwment for long
periods of time. Tunnels are often cleaned usingspgays often including strong
solvents or acids. Hence monitors require highlgewé maintenance, protection and
regular calibration. However, maintenance of amdkn a road tunnel is difficult and
expensive due to the need to greatly reduce coratimts when personnel are likely
to be spending prolonged periods of time in thenélin Analytical measurement
techniques for atmospheric gases and particlegemerally not designed for use in
tunnels and are usually deployed and operated ispecialists.

8.3.2 Sensor limits and representativeness

As concentrations can vary significantly with nost depth into the tunnel (see
section 8.3 below), but potentially across the smection, the choice of instrument
location is crucial.

To illustrate some of these issues it is intergstm consider two studies that have
compared independently monitored data with daten ftioe tunnel’s own monitoring
systems. These permanent CO sensors are someticaésd in the roof of the tunnel.
In the case of any potential negative vertical emi@tion gradient, roof-mounted CO
sensors will under-represent the concentratiorxpbsire heights (typically 1 m for
cars, or 1 - 3 m for other vehicles).

This possibility was studied by HKPU (2005) in tBking Mun and Tseung Kwan O
tunnels in Hong Kong. CO and NO data from the tlicoenpany were compared to
that gathered by monitoring conducted by the reteam at 1.5 m height above the
roadway. Small differences were measured in theiigé&wan O tunnel, but in the
Shing Mun tunnel mean exposure-height concentratizgre 1.8 times higher than the
tunnel company’s data in the northbound tube intavirl.6 times higher in the south
tube in summer and 3.5 times higher in the southe tin winter. There were
insufficient data in the relevant report to asdéssdegree to which this discrepancy
could be explained by other factors (e.g. sensouracy, lateral location, differences
in averaging time, etc.).

A further study compared in-tunnel roadside CO measents with those measured
externally on a vehicle passing through both ttebRtsch tunnel (near Graz, Austria)
and the Mersey Kingsway tunnel in Liverpool, UK (Ber et al., 2004). This study
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concluded that the CO concentration measured @uteel vehicle was typically 50 %
higher than that measured at fixed points at thedlroadside. In the UK exposure-
management approach (see chapter 9 for more JefadsCO exposure limit (200
ppm) is translated into a sensor limit using, int,pan assumed relationship between
what a fixed sensor in the tunnel detects and wWigatoncentration actually is on the
carriageway at a height that air enters a vehiakenc This factor is taken to be 3 — 6
based on studies outside of tunnels, leading Bosatt@l (2004) to suggest that the
current factors used in the UK are excessively evadive.

8.3.3 Accuracy and reliability

A comparison between CO concentrations made omotbfeof a moving vehicle and
tunnel company monitors was made in the M5 Eashguim Sydney (SESPHU,
2003). Out of 32 eastbound transects in the morailg one fixed monitor out of 8
had a correlation with mobile measurements. All 8nitor values were highly
correlated with mobile values on westbound journ@y® highest correlation was for
one sensor and eastbound afternoon journeys, wélagonship of

Monitor value = 1.36 x mobile value + 20.02.

This 20.02 ppm offset is highly significant if teensor is supposed to be representing
exposure of persons in the tunnel, and cannotrbglgiaccounted for.

In September 2002 the NSW Department of Infrastinect Planning and Natural
Resources requested that they be notified of angedences of 200 ppm of CO as a 3
minute average at any monitor in the M5 East tunhelorder to provide such
information in July 2003 the operating scales of @@nitors were reset from 0 — 100
ppm to 0 — 300 ppm. This change potentially redubedaccuracy of the data from
the monitors, although this conclusion is dependgoin a disputed interpretation of
manufacturer’s data. Auditors considered that amyureduced from £8 ppm to +24
ppm, although this was disputed by the tunnel dpesgNSW Planning, 2005). An
intercomparison between one of the CO monitors andinfra-red absorption
instrument was conducted ovet-1 5" April 2004. If the IR instrument is assumed to
have been accurate, then it gave readings betweepm and +1 ppm of the monitor
value. It was noted that in-tunnel monitors are enmrone to drift errors than in non-
tunnel environments. Consequently, the maintenasuateedule was amended for
monitors in the M5 East tunnel requiring monitayde removed and calibrated every
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6 months, protection of the monitors during tunmell washing (followed by another
calibration) and weekly checks by comparison wliid mearest monitor.

Airflow sensors are critical items in a ventilatisypstem. Evidence of 10 exceedences
of the CO guideline in the M5 East tunnel (87 ppreraged over 15 minutes) was
found by auditors betweer{'®arch 2002 and 13May 2003 (NSW Planning, 2005).
On five occasions malfunctions of airflow sensoraswcited as the cause. Four
incidents were related to traffic congestion (oebigle breakdown incident and once
due to flooding), and one incident related to imecr operation of the ventilation
system during a shutdown of the stack for mainteaavork.

The issue of monitor representativeness, failurénaccuracy can be overcome to
some degree by using multiple monitors throughttimmel — ideally, control systems
should not rely on a single monitor, especiallysidering the maintenance, reliability
and accuracy issues. For example, the 4 km M5tHagsel in Sydney contains 4 CO
monitors in each tube. The Cross City tunnel costa total of 18 CO monitors
throughout the tunnel system. The Shing Mun tucnoatains 10 sets of CO, NO, NO
and visibility monitors (Yaeet al, 2005). Data should always be validated by regula
calibration. In the literature we have noted an @sth calibration schedule in the
Bomlafjord tunnel in Norway (Indrehus & Aralt, 2005

8.4 Tunnel ventilation schemes and concentration variaibty

8.4.1 Air quality variability in tunnels and implications for limit implementation

Once one or more limits are set for concentratiohpollutants within tunnels they
need to be implemented. A key decision is whethgplementation will include
enforcement and whether it will include a feedbdokp in which measured
concentrations control or inform the operation afcamanical ventilation or traffic
management. Both enforcement and feedback-coniitbreguire monitoring of in-
tunnel concentrations. This is far from straightdfard as these concentrations are
highly variable in space and time. This chaptel giile a brief, general overview of
those variabilities to help identify the implicat®for monitoring and implementation.
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8.4.2 Passive and reactive species

As noted in chapter 2, the constituents of vehitdaust are a highly complex
mixture. Within this mixture are substances whicke aore and less chemically
reactive. The presence of a large particulate commpomixed with rapidly cooling
and condensing vapours means that an exhaust pisina¢so likely to undergo
physical transformations, such as interactions eetwgases and particles. For the
purposes of limit implementation, however, we arengrily concerned with carbon
monoxide and nitrogen dioxide, whilst we also wishe mindful of the impacts of all
particles and toxic gases.

On the timescale on which any parcel of air remamsa road tunnel, carbon
monoxide is effectively inert. Thus we may assuha all of the CO injected into the
tunnel air volume will dilute with the entrained hient air and then be removed from
the tunnel along with that air. CO is describedhis manner as ‘conservative’ (i.e.
total mass emitted is conserved) or ‘passive’. ddién dioxide, however, is mostly
emitted as nitric oxide (NO) which then forms NBoth NO and N@are chemically
reactive on the relevant timescale. This makeddesfeNO, much more unpredictable
and the consequences of this are explained inogedil below. As a first
approximation it is reasonable to assume thatgdarsipecies and metrics (e.g. BM
PAHSs, black carbon, etc.) and other key toxic gésesh as benzene) are non-reactive
(i.e. there is no direct evidence from road tuntelassume otherwise), and therefore
behave in a similar way to CO.

Concentrations just outside tunnel portals arelamo those in the ambient (roadside)
air. Concentrations inside the tunnel are highes thuthe reduced opportunity for
mixing and dilution with ambient air. However, thencentrations gradient between
inside and outside, and the variability along thenel length is dependent upon the
way in which the tunnel is designed and ventilated.

8.4.3 Tunnel ventilation schemes

In-tunnel concentrations and the emission fromttimmel openings will depend upon
the rate of ventilation. This rate will vary withanrange that is unique for each tunnel
and is effectively constrained at the design stdbeee basic options exist:

a) passive ventilation
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b) longitudinal ventilation
c) transverse ventilation (including semi-transverse)

Vehicles moving through a tunnel induce their owinfl@w through drag (‘traffic-
induced turbulence’). In the immediate vicinity tfe vehicle this induces mixing
which helps to disperse exhaust emissions. In whrt tunnels (< 300 m) this
induced airflow is generally assumed to be suffitieo entrain enough air from
outside the tunnel to sufficiently dilute the vdai@missions within the tunnel to
levels below the relevant concentration limits.

In a longer tunnel, the movement of vehicles thiodbge tube induces a more
organised airflow in the direction of vehicle matid his phenomenon is known as the
‘piston effect’ and it is the basis of passive Vatibn. Passive ventilation requires no
installation other than the tunnel itself, makingilower cost option than having to
install mechanical ventilation. The piston effeconly effective if all of the traffic is
proceeding in the same direction, and this is theciple reason why most road
tunnels longer than a few hundred metres have tvest one for each direction of
travel. The inevitable consequence is that contataedh air is transported to both
tunnel exits leading to two emission point soureghin the tunnel’s surrounding
community, although this can be avoided by havimgreechanically extracted to an
alternative vent or stack.

Longitudinal ventilation refers to installationsvhich the piston effect is boosted or
assisted by fans increasing the ventilation ratee (digure 8.1). The word
‘longitudinal’ refers to the general direction oiluting airflow along the tunnel’s
length. This arrangement represents both a caguitd] plus an operational cost which
needs to be justified. Longitudinal ventilationvisry common for tunnels over a few
hundred metres. A major advantage of longitudiraltNation is that operational costs
can be reduced by not running the fans when unieds{se. passive) ventilation is
sufficient to maintain adequate air quality.

Transverse ventilation consists of a system toveelifresh air and remove
contaminated air at points along the full lengththad tunnel (figure 8.1). Commonly
fresh air enters via the roof and contaminatedeaives through the floor, hence the
use of the word ‘transverse’ to describe the dioacdf airflow across the bore of the
tunnel, perpendicular to vehicle motion. Howevergts a fully-transverse system is
not so common (examples include the Lion Rock tynheng Kong, Plabutsch
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tunnel, Graz, Central Artery and Ted Williams tulsneBoston, Caldecott tunnel,

Oakland and the Tauerntunnel, near Salzburg). Mfiem semi-transverse ventilation
is employed. This involves either the provision foésh air or the removal of

contaminated air only, with the former being mooenmon. Air enters or exits the

tunnel at a separate opening, stack or stacks Hsasvéhe tunnel portals, and the
system can be designed so that no air leaves gidutimel portals. Such a system
demands a much larger capital investment due toettien ventilation shafts and

equipment. One published estimate suggests thailatemm represents 30 % of the
total costs of a semi-transverse tunnel comparéd-td.0 % for a longitudinal tunnel

(CETU, 2003). Electrical power consumption for mgjmnels can be of the order of
megawatts per km (Jacques & Possoz, 1996). Theomméntal gains in ventilating

tunnels should ideally be balanced against therenwiental costs in terms of energy
consumption.

- L 2

(b1)

(b2)

Figure 8.1 lllustration of the air flow in a) longitudinal, bl) transverse and b2) semi-transverse
ventilation systems. Blue represents fresh air, redsitiated air (from CETU,
2003).
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The selection of ventilation system is a complegie®ering process, but in broad
terms, more complex systems have been applied rigetotunnels. A guidance

document produced by the French Centre for Tunmeti€& (CETU) reports that

longitudinal systems are generally used where remuicongestion is not expected
and transverse systems where it is. Table 8.1 bslmws some of the recommended
maximum tunnel lengths for each system found iar@e of literature.

Table 8.1: Recommended tunnel length limits by veitation type

Tunnel length

Natural < 300 myy3

Longitudinal < 600 mpy

(uni-directional only for urban or high-traffic | <500 mp3

tunnels)
Any length with mass extraction
Recommended for uni-directional non-urban
tunnels > 500 myg

Semi-transverse <1000 mpy
< 1500 mpzy

Transverse > 1500 myy

i El-Fadel & Hashisho, 2001
121 ASHRAE

(5 CETU, 2003

Recently longitudinal systems have been installedioing, busy urban tunnels.
Examples include the M5 East (Sydney), Cross CRydfey), Tate's Cairn (Hong
Kong) and Shing Mun (Hong Kong) tunnels, all ovekrd long and opened since
1990. This has been made possible by the genemgitésm reduction in vehicle
emissions and the use of mass-extraction ventilaystems and ventilation stacks.

High levels of pollutant emissions from the portafdong, busy tunnels may not be

acceptable if the portals are in residential aréashis case, fans can direct most of
the tunnel air out of a separate ventilation sttckn elevated height rather than out of
the portals at ground level.
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8.4.4 The ‘piston effect’ and the operation of longitudiral ventilation

The size of the piston effect of air flow inducedvehicles in the tunnel is a complex
function of traffic volume, speed, fleet mix ane ttunnel dimensions. It is, however,
limited and its effect diminished in longer tunnbisincreased pressure losses due to
friction, etc. It is recommended by CETU that agtocity is limited to a maximum of
8 m ¢! in a bi-directional tunnel and 10 m' sn a uni-directional tunnel for the
purposes of pedestrian safety and to allow forcéffe smoke removal in the case of a
fire. If one has a fixed upper concentration lingitdesign to, this effectively puts a
limit on the tunnel length, unless multiple oppaoities for air exchange, other than
the portals or a single stack, are introduced ¢odiésign. In the case of low traffic in
the tunnel a minimum air flow (provided either paeskly or mechanically if
necessary) should be included in the design so asge with the transient effects of
gross polluting vehicles or tunnel road blockage.

8.4.5 \Variation in concentrations along passively or longudinally ventilated uni-
directional tunnels

The concentration of any traffic-related pollutatt any point in a uni-directional
longitudinally or passively ventilated tunnel ispdadent upon the cumulative
emissions from the tunnel entry up to that poist, ihe concentration increases with
distance along the tunnel. In the simplest noti@ask of a passively ventilated tunnel
with evenly distributed emissions, no entrainmehtfresh air and no pollutant
removal mechanisms, the concentration of CO, HM@d PM will increase linearly
with depth into the tunnel (CETU, 2003, Chang & Rud990). Entrainment and
removal (such as deposition) will cause conceminatito level off near either end.
Transect studies, a continuous measurement oftpotlconcentrations made from a
normal vehicle moving through the tunnel (e.g. SEH894, 1995, SESPHU, 2003),
confirm this general picture (see figure 8.2 beloRgpeated measurements made at
100 m and 1000 m into the 1500 m long SdderledsiumnStockholm consistently
show large concentration increases at 1000 m cadp&s 100 m. This study
indicated that the average concentration duringuasect of this tunnel is similar to
the concentration at one third to one half deptlinictv in this case can be
approximated by the mean of the 100 m and 1000luesa
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8.4.6 Variation in concentrations along semi-transverse o transverse ventilated
tunnels

In theory the concentrations in a semi-transvens@dl should increase initially and
then level off as the accumulation of emissionsasntered by dilution by the fresh
air injected along the tunnel length. This theaadtisituation is described by the
model of Chang & Rudy (1990). The difference betwsemi-transverse, longitudinal
and natural ventilation for a hypothetical tunnet@ding to Chang & Rudy (1990) is
shown in figure 8.2.

5
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Figure 8.2: Variation in concentration of a conserative species with zero ambient concentration
with depth of hypothetical tunnels with three diffeent ventilation schemes.

Very few data exist to verify this model. In onady transects were made through the
Lion Rock tunnel in Hong Kong. This tunnel has yulfansverse ventilation and a
high traffic flow of ~ 95 000 vehicles per day. tle transect concentrations of CO
concentrations were approximately constant aloeguhnel length, except in the first
50 metres of the tunnel where they were up to 10@§ler (Chow & Chan, 2003).
This may have been due to traffic congestion amrdaitceleration of vehicles away
from the tunnel toll plaza.
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8.4.7 Bi-directional tunnels

Bi-directional tunnels have a single tube and tkatilation capacity of the piston
effect is lost. In such tunnels longitudinal meabahventilation is inefficient as it has
to push against the traffic moving in one directibransverse ventilation is favoured.
In theory concentrations will be reasonably cortstaith depth, but in reality an
external wind or pressure gradients are likely imshthe internal airflow in one
direction leading to an increase in concentratwvards one end of the tunnel.

8.5 Monitor location and representativeness — summaryrad recommendations

Accurate monitoring of CO, NO, visibility and esply NO, in a road tunnel are
very challenging. Calibration and maintenance muol® must be demanding and
rigorously followed in order that the monitoringrist rendered ineffective. NGnay
be estimated indirectly through its relationshighaiNO, CO and/or visibility. Such
relationships are complex and such a system istivestl using live data once a tunnel
and monitoring system is already operational.

Whether monitors are placed near the roof of adlyrat the sides or near the floor
may make a significant difference to the conceminat reported. The monitors are
ideally intended to represent the concentratiothencarriageway at a height of up to
1 metre, i.e. the height at which air typicallyemstmost vehicle cabins. Efforts should
be made to characterise any consistent differemtesd®en concentrations in this
‘exposure zone' and those reported by the moniitqgrersistent differences are found
NZTA may wish to consider a conversion of the aialify limit into a ‘sensor limit’
(i.e. if the sensor consistently under-represeoteentrations in the exposure zone by
half, the sensor limit should be half the expodiumit). This step must not be taken
lightly as it must be shown that a reduction intpetion of tunnel users does not occur
as a result.

A summary of the dependence of concentrations pthdas a function of ventilation
follows:

e Longitudinal, uni-directional tunnels: CO rises lwitlepth initially linearly,
and then the rate of rise falls and concentratlemsls off at a peak, which
will occur in the second half of the tunnel. Nises less steeply than CO, and
may actually fall in the first half of a long (>kPn) tunnel. Peak CO and NO
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concentrations will both occur in the second hdlftlme tunnel, but not
necessarily at the same point.

* Longer tunnels with congestion or poor airflow: Nf@ay rise rapidly and
locally if NOy exceeds a few ppm.

e (Semi-)Transverse, uni-directional tunnels: CO gisess steeply than in a
similar longitudinal tunnel and level off sooneedaR concentrations occur in
the second half of the tunnel. Insufficient datartake conclusions regarding
NO, (probably dependent on rate of ozone injection).

* (Semi-)Transverse, bi-directional tunnels: CO reédy uniform along depth,
but slightly higher towards downwind end.

A survey of concentration variation can be undestaik an existing tunnel which is to
have a monitoring system retrofitted and this ghhj recommended. In a new tunnel,
it is recommended that numerical modelling be eygiioto predict the likely spatial
variation in concentrations. It needs to be madarcivhether the location is being
chosen so as to be representative of the peakerage concentration in the tunnel.
The peak is in many ways simpler to interpret,thatlocation of the peak may not be
consistent (especially in a bi-directional tunnéf).many cases the location of any
monitor is dictated by logistical practicalities this case it is important to survey
how the concentrations at this location relatediocentrations elsewhere in the tunnel,
and whether the relationships are consistent grivesome predictable way.
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9. An exposure-management approach for tunnel users

9.1 Overview

Exposure management for road tunnels is a moreniadly demanding

approach to tunnel air quality management whichsibject to more

uncertainties than the conventional ‘hazard managé&napproach. However,
it offers the potential advantage of energy saviiigs reduced ventilation,
the opportunities for which are greatest in shottemels and those with a
higher minimum speed.

Whereas hazard management applies an air qualiiglqe to the tunnel air,
exposure management applies any guidelinimdoviduals using the tunnel,
who, in most cases, will be exposed for less tfamihutes.

Exposure management is based primarily on concepbgnition that
exposure to a higher concentration of carbon matefbdr a shorter period
can have an equivalent effect on the body (reptederby blood
carboxyhaemoglobin levels) as exposure to a lowacentration for a longer
period.

The same assumption has been applied to exposuahey pollutants,

although this is based on weaker scientific eviderithis means that the
implications of permitting elevated levels of othmilutants (on the basis of
shorter exposures) on the health of tunnel usaraatabe specified. This is
one reason why an exposure management approachbeagjected on

precautionary grounds.

This means that a given air quality guideline agplas a personal exposure
limit may translate to a higher sensor limit (iparmissible concentration in
the tunnel air) if it is possible to confidentlyegify a maximum probable
exposure duration (i.e. journey time through thentl). This may be assisted
if a minimum speed limit can be successfully impdened and enforced in the
tunnel.

The restriction on infiltration of air into a vehléccabin reduces occupant
exposure relative to pollutant concentrations alicated by tunnel sensors.
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However, tunnel ventilation management systems imeistesigned to protect
the health and safety of all users. Consequeniyetkira protection cannot be
assumed as some tunnel users will not have theegiimt of a cabin
(motorcyclists, occupants of open-top cars, catth wiindows fully down,
etc.).

» For individual drivers and passengers, closingalehwindows, switching off
a vehicle’s ventilation fans, and especially segttime its vents to ‘recirculate’,
are very effective in reducing internal concentnasi in a vehicle cabin to a
small fraction of the concentration inside the ®inand is probably the most
effective action individual tunnel users can tadedducing their exposure to
air pollutants in a tunnel.

* Tunnel ventilation systems should be designeddontbrst-case for exposure,
which is low speeds and fully-open vehicles. Whetheehicle cabin is open
or sealed, the main determinant of the impact dfaamonoxide on health is
the length of time spent in the tunnel.

9.2 What is exposure management?

It is the convention to manage air quality insidad tunnels on the basis of a hazard
management approach. This means that a ventilatrgarion for design (and
operation if a variable ventilation system is iflet) is based on maintaining a certain
level of acceptable air quality represented byraceatration limit (typically of carbon
monoxide). The ventilation is intended to preveollytant concentrations exceeding
the limit at all times. A vital part of such an guality limit is the specification of a
timescale, usually stated as an averaging time.ekample, NIWA recommend a
carbon monoxide limit of 87 ppm as a 15-minute ager which is the same as the
ambient air quality guideline of the World Healthrg@nisation (WHO, 2000) and
based upon the same principles.

A potential criticism of such an approach is thiatcan be unnecessarily over-
demanding on ventilation if persons are not expdsedhe full 15 minute period.
This is because the CO limit is inherently an expesguideline. The guideline is
based on limiting the build up of carboxyhaemogholi the blood of an exposed
person to below 2.5 % as a result of their exposui@arbon monoxide in the tunnel.
That physiological response occurs in responseoth the concentrations that the
tunnel user is exposed to and to the durationaifélkposure. The consequence is that
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exposure to a higher concentration for a shortepgecan have an equivalent effect
on the body (represented by blood carboxyhaemaglebils) as exposure to a lower
concentration for a longer period.

For a road tunnel this means that a given fixedrim@l air concentration does not
present an equal risk to all users. Rather, tistis dependent upon the duration of
exposure. That duration depends upon tunnel leagth vehicle speed (as well as
trapping of air in a vehicle cabin, discussed bgldwer a given concentration (e.g. the
87 ppm CO guideline) the total exposure, and héeedth risk, is lower for a shorter

tunnel or for faster speeds, both leading to sholieation of exposure.

An exposure management approach seeks to explicéthage the risk associated with
exposure of tunnel users, rather than just the emination of pollutant in the air
within the tunnel. Implementation depends upondi@ing theexposure limit, i.e.
the air quality guideline as applied to any induatls personal exposure, regardless of
the vehicle they are in or the speed they are ltiageat, into asensor limit, i.e. the
maximum allowable concentration in the tunnel aected by a fixed sensor which
will ensure compliance with the exposure guideforeall exposed individuals.

Predicting exposure of tunnel users moving at geaf speeds in a range of vehicles
through a variable pollution field is considerabigore complicated than the

conventional hazard management approach. Exposus@agement is more

technically demanding and subject to more uncditgirthan hazard management.
Implementation of exposure management must, thereddfer significant advantages

over hazard management to justify its adoption.

The carboxyhaemoglobin limit upon which CO concatitn limits are based is
implicitly an exposure limit. There may also be guutal energy savings to be made
by avoiding the over-ventilation of short tunnels.

The success of such a system is entirely depengiemt the assurance of maximum
exposure duration. This has significant implicasidor occupational exposure, where
exposure times are likely to be much longer thamitutes. However, a degree of
freedom is permitted by the fact that the CO gugsl for occupational exposure are
less stringent than for the public, e.g. 200 ppmmared to 87 ppm over 15 minutes
(the rationale for this is explained in chapterlbjunnel maintenance is to be carried
out it is necessary that the implementation of eaxgosure management system for
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public users does not lead to CO levels exceeditigerethe 15-minute or 8-hour
occupational exposure guidelines.

In applying an exposure management approach tfewvolg factors need to be taken
into consideration:

1. The variability in vehicle speeds and journey tindlesough the tunnel, and
determining factors (such as probability and timaigcongestion, gradients,
etc.),

2. The difference between concentrations where a fireditor is located and
concentrations on the carriageway where air eat@ehicle cabin,

3. The difference between concentrations inside arididria vehicle, i.e. the
partial ‘protection’ of a vehicle occupant from sigie pollutant concentrations
due to limited infiltration of air,

4. The variability in this infiltration rate (due tdeakiness’ of vehicle design,
opening of windows, operation of vents, fans anaanditioning).

Each of these points is discussed in detail below.

9.3 Exposure as a function of speed and length

Exposure duration is a function of journey speed tmnel length. Figure 9.1 shows
how exposure to a given average concentration ifocamonoxide and the duration
of that exposure are related for a given physialaigiesponse (i.e. predicted rise in
blood carboxyhaemoglobin from a baseline of 0.2%he threshold level for adverse
health effects of 2.5 %, based on typical physiaaigparameters). Firstly this figure
illustrates that the carboxyhaemoglobin responselépendent upon some age-
dependent physiological parameters (principallyoblvolume) and on activity rate
(which determines the rate at which CO passesthoblood stream). The NIWA
recommended CO guideline for tunnels (and the Widdient air quality guideline
for CO) is based on the target of preventing bl@idHb exceeding 2.5 % for any
person who is likely to be exposed (with some etioap, such as smokers — see
chapter 5 and WHO (2000) for further details). e tcase of a road tunnel this
translates to a guideline of 87 ppm as a 15-miraverage in order to provide
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protection for children using the tunnel as vehp#ssengers. If a tunnel is open to
pedestrians, then the same guideline applies. Adtilers (and passengers) have a
slower response to carbon monoxide exposure thamers (because of their lower
breathing rate and volume) and children (who have@maller blood volume) and
therefore can tolerate higher concentrations (aqmately 3 times higher for 15-
minutes exposures) for the same impact.
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Figure 9.1. Relationship between mean CO concentiah and exposure duration giving rise to
equivalent effect on health (i.e. rise in blood cémoxyhaemoglobin from baseline
of 0.3 % to threshold level for adverse health eff# of 2.5 %). Note log-log scales.

What figure 9.1 also shows is that where exposuratmns are considerably shorter
than 15 minutes, much higher concentrations th@nppin of CO may be tolerated as
they lead to the equivalent physiological respoR®e.example, exposure to 100 ppm
for 15 minutes is equivalent to an exposure to P@dn for 3 minutes. In a
hypothetical tunnel in which exposure durationslads than 3 minutesould be
assured the 15-minuteexposure limit of 100 ppm would translate to an equivalent
sensor limit of approximately 500 ppm. In this case, the 10t pimit applied in a
hazard management mode would be 5 times more dénggiiéin necessary.
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The key to implementing an adjusted sensor limsigldeon this approach is being able
to confidently specify a maximum probable expogiueation. For a given tunnel this
corresponds to the minimum probable speed. Thenpateenergy savings from
reduced ventilation are greatest in shorter tunant$ for a higher minimum speed.
Where road tunnels are closed to pedestrians alidtsythe minimum speed might be
specified with ease or it might vary systematicalith time of day. In tunnels where
congestion results in a more unpredictable patiéstop-go pulsing traffic there may
be more uncertainty in the minimum speed or exgoduration and the advantages of
exposure management may be lost. Similarly, ifranéliis open to pedestrians, the
range of possible exposure durations is longerraace randomly distributed over a
wider rangelf the minimum speed cannot be confidently assessedn exposure
management approach based on higher sensor limitompensating for shorter
exposures cannot be confidently implemented.

On the other hand, exposure management may beeasgiss minimum speed limit
can be successfully implemented and enforced irtuheel. This may require traffic
management measures upstream of the tunnel enttauicthis is highly desirable in
any tunnel due to avoiding the increased emissimm congestion, increasing the
inter-vehicle separation, which influences infilioan of pollutants into vehicle cabins
(see below) and increasing ventilation by the gmseffect’.

The success of such a system is entirely depengiemt the assurance of maximum
exposure duration. This has significant implicasidor occupational exposure, where
exposure times are likely to be much longer thammltutes. This would require an
alternative or additional ventilation regime.

There are currently insufficient health and biongatiresearch data to develop a
comparable relationship between exposure concemtrahd duration as illustrated in

figure 9.1 for other pollutants, such as nitrogéoxigle or particulate matter. This

means that the implications of permitting elevaiebls of other pollutants (on the

basis of shorter exposures) on the health of tunsets cannot be specified. This is
one reason why an exposure management approachemnajected on precautionary
grounds.

9.4 Relating sensor data to road-level concentrations

There are limited data available on the relatiomdigtween concentrations measured
by fixed tunnel sensors, which will necessarilyifsalled closed to the walls, roof or
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floor of the tunnel, and concentrations on the vamdat a height where air typically
enters a vehicle cabin. Fixed measurements camrnmigde in this zone when vehicles
are moving. Measurements can, instead, be condutted moving vehicles.
However, the problem then becomes that only briehsnrements can be made that
will be more representative of an average alorength within the tunnel rather than a
point measurement as in the case of the fixed seReo instance, an instrument that
reports concentrations with a 1-minute resolutiondata that are averaged up to 1
minute) will have been carried 500 m — 1 km in tiirae at typical road tunnel speeds.

Boulteret al (2004) report on such measurements made in th&kmllong Plabutsch
tunnel in Austria and the ~2.5 km long Kingswayrtehin the UK. At the time of the
experiment the Plabutsch tunnel was a bi-directionmnel with transverse
ventilation. This leads to an expectation thatytatt concentrations do not vary too
much along the tunnel’s length and that a singlesse mid-tunnel is reasonably
representative of the whole tunnel on average.riguan experimental campaign 2-
minute average CO concentrations at a single ingumonitor were compared to the
average of 2-minute average CO concentrations me@sutside a moving vehicle
along the whole tunnel length. It was found thatsknsor under-represented the road-
level concentration by about 50 %, i.e. concerdrstimeasured outside the vehicle
were 50 % higher than those registered by the feetsor. The Kingsway tunnel has
two uni-directional tubes with semi-transverse ilatibn, leading to significant
concentration gradients along the tunnel’s lengtimfirmed by monitoring. Journey
times are typically of the order of 2 minutes. Digrthe campaign, CO concentrations
were measured at various points along the tube. @herage vehicle-based
concentration was approximately 50 % higher than dkierage of the fixed point
concentrations, a result consistent with the figdifrom the Plabutsch tunnel.

Another study compared measurements made from angeehicle with those made
by a fixed instrument inside the M5 East TunnelSydney (Holmes Air Sciences,
2005). This study focussed on NO and NfDd did not include observations of CO.
The M5 East tunnel is 4 km long and heavily tr&id such that congestion regularly
occurs within the tunnel. 80 transits of the tunmete conducted in each tube over 39
days at different times of the day. Unlike in thiidses cited above, the fixed
instrument (a DOAS, or Differential Optical Absdgust Spectroscopy device) was
deliberately located at a point where maximum N@ &0, concentrations were
expected, i.e. near one of the tunnel's permaneméss (designated CP2) near the
exit of the westbound tube. However, the data cegtdirom the tunnel's sensors
during the campaign indicate that this assumptiay nmot have been correct. During
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the morning and mid-day periods the CP2 sensortegh@oncentrations within £25
% of the average of all sensors in the westboubd for both NO and N In the
afternoon periods, the CP2 sensor data were ugitne® higher than the average for
all westbound sensors. The afternoon periods weaeacterised by regular congestion
indicated by a more than doubling in average joytitae compared to other periods.
However, the accuracy of the CP2 sensor was nottexp

With a large dataset it was possible to analysestagstics of the ratio between the
fixed data and the average transit data for.NKbie assumption that the DOAS was
located at a point representative of maximum cotmagans in the tunnel (despite
evidence to the contrary from the permanent sehamears to be supported by this
comparison. This analysis showed that on ~98 % ranfsits the moving NO
concentration was lower than that measured by tOA® at the fixed pointThe
average fixed point NOwas larger than the transit peak 30-second averagg of
the time.

Extensive experiments in two tunnels in Hong Kowogsidered this issue (HKPU,
2005) but compared the tunnel company’s fixed peenasensors with the output of
additional campaign measurements. The campaignuregasnts were made in access
tunnels at a height of 1.5 m above the roadwaycamipared with the nearest roof-
mounted permanent sensors in the Tseung Kwan Gshimgy Mun (northbound and
southbound tubes) tunnels. This study highlighteches significant problems with
inaccuracy in the permanent sensors, partly cabgettift. In general, average road-
level concentrations of CO exceeded those recdogidtie fixed sensors by less than
50 % in the Tseung Kwan O tunnel, and between BD1&9 % in the Shing Mun
tunnel, with the exception of the southbound tubewinter, when road-level
concentrations exceeded roof level by a factor.6f Bhere were insufficient data in
the relevant report to assess the degree to whistdiscrepancy could be explained
by other factors (e.g. sensor accuracy, lateratioo, averaging time, etc.).

Data were also gathered for NO, which is also nooed routinely in these tunnels.
The results were much less consistent. Concentsat road level exceeded those
reported by the fixed monitors on average by eofa@nging from 2 to 30. The linear
correlation between the measurements was good @ Shing Mun tunnel
(southbound) in summer but very poor in winter.haligh it is possible that these
differences may be in part explained by variationgitrogen compound emissions
and chemistry it is likely that unreliable and ioaate sensors played a larger role.
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It is difficult to generalise these relationshipgedto the lack of data, and the large
number of influencing and confounding variablesns®e reliability and accuracy is a
major issue preventing confident conclusions belngwn in many cases. Beyond
instrumental issues, the variability in concentmataround the tunnel’s cross-section
is related to the degree of mixing of exhaust pleim€&his mixing is strongly
influenced by traffic-induced turbulence and whius depend upon traffic volume,
speed, the number of tall vehicles, and the tugeeimetry (shape, cross-sectional
area, vertical and lateral clearance). A consequ@fichis is that the ratio between
sensor data and road-level concentration couldutte gependent upon exact sensor
location.

Implementation of an exposure-management approachny given tunnel would

benefit from an observational campaign to consttherelationship between road-
level and sensor data. Road-level data are mosly ezeptured by instruments

mounted on a moving vehicle, although a large numolbéransits encompassing the
full spectrum of expected traffic conditions is seumended (not just during the
daytime — concentrations can peak at night if Vatndin is operating at a reduced or
zero flow). More sophisticated technigues involvingmote sensing could, in
principle, be applied to this problem.

In conclusion, there is a tendency in the repodath towards a general finding that
road-level concentrations are 50 % higher thangltserved by a fixed sensor. In the
interests of conservatism a value of 100 % couldpy#ied. However, we recommend
that tunnel-specific data (quality assured for ghHevel of accuracy) are gathered to
better constrain this factor.

9.5 An example — the UK approach (DMRB)

The UK has implemented a national exposure manageapproach for road tunnels.
This approach is detailed in the Design ManualRoads and Bridges document BD
78/99 (Highways Agency, 1999). In the case of cartimnoxide, it provides for the
implementation of a single guideline to three caddsinnels of differing lengths. The
base guideline adopted is based on the occupatompalsure limit of 200 ppthas a
15-minute average. This exposure limit is translatea ‘sensor limit’ for each case,

% This more than twice the NIWA-recommended CO empodimit of 87 ppm (100 mg ).
This is because it is an occupational limit basedaocarboxyhaemoglobin limit of 5 %,
appropriate for healthy adult workers, but not [dewg full protection for pregnant women or
those susceptible to heart disease, for which &lifit is adopted.
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I.e. the concentration measured by a sensor iedtafl the tunnel that must not be
exceeded in order to keep user’'s exposure witldregposure limit.

The translation combines two factors. The firsamsincrease in the permissible in-
tunnel concentration for shorter tunnels basedhenshorter exposure duration. To
provide a conservative factor of safety it is assdiat all vehicles travel at 10 km h
', The second factor allows for in-vehicle concetiires being 3 — 6 times greater than
those measured externally to a vehicle, e.g. bynadl sensor. The resulting sensor
limits are listed in Table 9.1 For example, maintay CO concentrations, as
measured by in-tunnel sensors, below 100 ppm shensdre that no tunnel user is
exposed to a level of CO equivalent (in terms abocayhaemoglobin response) to
200 ppm over 15 minutes, even though they will rallyrspend less than 2 minutes in
the tunnel. A similar translation is performed 80 and NQ using the equivalent
UK occupational exposure limifsof 35 ppm and 5 ppm respectively.

Table 9.1: Sensor limits for CO applicable in the W (Highways Agency, 1999)

Tunnel length / m Sensor limit / ppm
CO/ ppm NO2 / ppm

<500 100 4

500 — 1000 50 3

1000 - 2500 35 1.5

> 2500 Derived from first | Derived from first
principles principles

It may be noted that the UK example leads to selimaits which are more demanding
than a hazard management limit would imply (200 pprnthe UK case, or 87 ppm
following NIWA’s recommendation) for tunnels longran 500 m. However, it has
been noted that some of the factors used in datergithe sensor limits may be over-
conservative and lead to excessive demands onlatértii In particular, it has been
noted experimentally that the factors relating @mtiations inside a vehicle to that
outside are based on ambient roadside measurematiter than in-tunnel

measurements. Observations in three European sifBellteret al., 2004) suggest

!> These limits have since been withdrawn as occopatilimits in the UK. Their use as the
basis of the DMRB tunnel sensor limits is undeligevat the time of writing.
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that the current factors may be 2 — 4 times togelgiand hence sensor limits 2- 4
times higher could be tolerated).

9.6 In-vehicle exposure

9.6.1 Cabin protection and air quality management

Except in cases where pedestrians and cyclistpemitted to use a road tunnel,
exposureof the public to pollutants inside road tunnels occurs withwehicle cabin.
This cabin is partially sealed to external air wittffiltration restricted by openings
including windows, vents and bodywork leaks. Altgbuhighly variable, this
restriction introduces a lag in the response arivdl concentrations to rapid rises in
external concentrations as occurs when a vehidlersea road tunnel. Consequently,
internal concentrations of vehicle pollutants witla vehicle cabin will generally be
lower than the concentrations outside the vehiGleus true exposure to those
pollutants will be lower than that predicted by g the person is exposed to
external road-level concentrations.

The management of air quality in a tunnel must &ged upon the protection of the
most vulnerable. In the case of cabin protectibe, most vulnerable are those who
have none — e.g. pedestrians, cyclists, occupdnt®rovertible or open vehicles —
followed by those who have limited protection —.etlgpse who choose to travel
through a tunnel in a vehicle with the windows apen

For those travelling in vehicles with a partially well-sealed cabin, the reduced
exposure in the tunnel may be offset by the extgregosure post-tunnel caused by
the retention of some of the tunnel air that pextett into the cabin. The air restriction
now limits the infiltration of cleaner air so thair of tunnel origin, with elevated
concentrations of pollutants, remains trapped i \khicle cabin for an extended
period. Thus exposure to tunnel air persists fonestime after the vehicle exits the
tunnel.

The following section considers how much extra gcbon is provided by a vehicle
cabin whilst in the tunnel (and thus how much lowee exposure is compared to that
assumed in an air quality management scheme) andvhat degree this is
compensated by post-tunnel exposure to trapped air.
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9.6.2 Vehicle infiltration

The peak concentration arising inside a vehiclé passes through a tunnel, and the
time it takes for contaminated air to be replacesitjunnel, are both dependent upon
the air exchange rate (AER) of the vehicle. The ABRurn, is determined by

a) whether the windows are opened or closed,

b) the operation of the vents and air conditioning,

c) the leakiness of the bodywork,

d) the speed of the vehicle,

e) the external wind speed and level of air turbulence

Limited experimental data exist reporting air exu rates of moving vehicles.
While stationary, rates of 1 — 4 hduhave been measured in cars with windows
closed rising to 13 — 26 hwith windows open (Parkt al, 1998). There are fewer
data for moving vehicles. However, @ttal.(1994) reported rates of 1 — 2 miat 20
mph with the driver’s window open, the passengeitsdow open 3 inches and other
windows closed. Rodest al. (1998) reported rates of 13.5 — 39 &t 55 mph with
windows closed and vents on low. Zaual. (2007) estimated rates of 1 — 2 fhin a
car with windows closed, but various ventilatiortisgs during freeway driving in
Los Angeles, averaging 50 — 60 mph. Batterraaal. (2006) reported 1.5 mimin a
car at 100 km hunder ‘low-to-medium’ vent conditions. A study AERs in a horse
trailer (Purswellet al., 2006) indicated a maximum AER of 1.42 thiat 97 km R
with all windows and vents open. Research condudtgdNIWA in Auckland
(Longleyet al, in preparation) found that air exchange ratea tgpical car were of
the order of 1 mif, but that this rate could be increased by an coflenagnitude if
windows were opened and decreased by almost am ofdeagnitude if the vents
were closed and air recirculated.

In summary it appears that for road tunnel usenrgelricles with small cabins values
of 1 — 2 min* may be typical, perhaps biased towards lower galuteere driving with
closed windows is more common.
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In extensive controlled tracer studies in schoadsuexchange rates of 0.2 — 0.8 in
have been measured at 40 kitvith windows closed and 1.6 — 5 riiwith windows
open (Fitzet al., 2003). Experimental studies on in-service busaténUK have led
to estimated rates of 0.14 rlifwindows closed) and 0.35 minwindows open)
(Longley & Leavey, in preparation). These values substantially lower than those
above for smaller cabins, and presumably reflextdhger volume of air to be mixed.

In summary, the more sealed a vehicle cabin islatlver its air exchange rate will be.

A lower AER implies a slower internal response hiarges in external concentrations,
inevitably leading to lower internal concentratiomsilst inside a tunnel, but a longer
persistence of contaminated air within the vehifier leaving the tunnel. In the

following hypothetical case studies we investigdme effect of two scenarios which

might be considered typical — a relatively wellisdavehicle (windows and vents

closed) with an AER of 0.2 minand a relatively leaky vehicle (vents open, fans o
maybe a window slightly open) with an AER of 2.thi

9.6.3 Effect of air exchange rate on indoor/outdoor ratic

The indoor/outdoor ratio (or I/O ratio) describdse textra degree of protection
afforded to vehicle occupants by the vehicle cadma the resistance it offers to
infiltration of external contaminants. It can bepegximately predicted if the external
concentration and air exchange rate are specifietth@ basis of an infiltration model.
The simplest model is a first-order model in whithe change in internal
concentration in a given time step is directly pmdjenal to the difference between
internal and external concentrations and the aghamge rate. For the following
examples we will assume that upon entering the dutime external and internal
concentrations are zero.

If we assume that AER is linearly proportional fmeed (there is some evidence to
show that this is approximately true — see AERrefees above) then, according to
this simplified model, the I/O ratio at any poinitlwn a tunnel is independent of
vehicle speed. This is because the decreasedratifith into a slower vehicle is
compensated for by the extra length of time sperthe tunnel. Thus, the I/O ratio
becomes a direct function of the constant of pridpaality between AER and speed,
i.e. it depends upon the porosity or ‘leakinessthaf vehicle cabin. Figure 9.2 shows
two scenarios intended to be representative ofetiés of a wide range of typical
vehicles and indicates that vehicle leakiness hasjar impact on 1/0. After 500 m,
the 1/O ratio is approximately 0.1 for the sealethicle and 0.5 for the leaky vehicle.
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After 2 km concentrations in the leaky vehicle wbdde more than 90 % of the
external concentrations in the tunnel air, wheagentrations in the sealed vehicle
would still be less than a quarter what they artsida the cabin. If we break the
assumption that AER is directly proportional to ee (provisional NIWA data
suggest a power law, such that AERW wheren < 1), then speed becomes a minor
determinant of 1/0, such that slower speeds wabléo slightly higher I/O ratios due
to higher exchange than that predicted by the ptmpality assumption.

09 _ -_ Ieaky
— well-sealed

0.8
0.7 A
0.6 A
0.5 ~

I/0O ratio

0.4 A
0.3 A
0.2 A
0.1 A

0 T T T T
0 500 1000 1500 2000 2500

distance / metres

Figure 9.2: Dependence of I/O ratio on distance trzlled along a tunnel, based on constant
external concentration, zero initial concentration,a simple first-order infiltration
model and vehicle AER directly proportional to vehcle speed for two cases
(leaky: AER =2 min™* at 100 km h!, sealed: AER = 0.2 mift at 100 km hY).

The conclusion to be drawn from this is that thalisg of a vehicle cabin can be
remarkably effective in reducing the true exposaireoad tunnel usernahilst inside
the tunnel. Simply closing windows, closing vents (set toinadate) and switching
off ventilation fans can reduce internal concerdgret in a vehicle cabin to a small
fraction of the concentration inside the tunnelisTgmin, however, must be considered
in the context of the trapping of tunnel air in thehicle cabin and subsequent post-
tunnel exposure, as discussed below.
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9.6.4 Post-tunnel exposure

After exiting the tunnel the tunnel air trappedtle vehicle is gradually replaced by
‘fresh’ air. For illustrative purposes we will asse that the removal is described by
the same first-order model as pollutant infiltratidVe initially model the effect of
passage through a 2 km long tunnel with constantextrations along its length. If
we furthermore assume that vehicle AER is a dilieeiar function of vehicle speed
then we can make the following broad conclusiomstl that for the ‘leaky’ vehicle
internal concentrations return to close to zercaimilar timescale that the vehicle
spent in the tunnel, independently of speed. Fa Healed’ vehicle, internal
concentrations fall to 10 % of the peak value (Wh&lower than in the ‘leaky’ case)
approximately after a period 10 times the time sperthe tunnel. l.e. if the tunnel
passage took 2 minutes, then tunnel air could dggpéd in the vehicle for around 20
minutes after it left the tunnel (albeit at reducamhcentrations). A longer initial
tunnel transit leads to a proportionally longerigerof post-tunnel exposure. It is
worth remarking that for a typical tunnel of lendth- 4 km length, this retention of
pollutants extends the exposure duration of theupacts towards the order of 15
minutes, i.e. the averaging time of conventionarsterm exposure limits, including
that recommended for road tunnels in New Zealand.

We can judge the biological significance of thissglunnel exposure (for carbon
monoxide only) using the Coburn-Forster-Kane mddepredict the effect on blood
carboxyhaemoglobin. We model the effects of pasaing constant speed through a
tunnel containing a constant CO concentration d pPm throughout. The CFK
model parameters are set for a typical driving adith baseline %COHb set to 0.3
%.

We firstly consider thegpeak %COHb response as a result of this transit and the
subsequent trapping of CO in the cabin post-turatelf is the peak which determines
the health effects. The modelling firstly showstth@ak %COHb is directly related to
tunnel length. Figure 9.3 illustrates the modeltsdiction of the effect of vehicle
speed for three vehicle infiltration scenarios\Jell-sealed’, a ‘leaky’ and an ‘open’
vehicle with 1/0 = 1) for passage through and beyar? km tunnel. This shows that
the totally open case encompasses the other cksébe open case there is no
retention of pollutants and so no post-tunnel expmsyet the higher exposure in-
tunnel more than compensates for this. Above 30HKthe result is relatively
insensitive to speed, but the effects of total sxpe tocarbon monoxide onlyare
progressively worse at speeds below 30 KimAislow-moving totally open vehicle is
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therefore the worst-case for total exposure, judgettrms of carboxyhaemoglobin
response, if one assumes that post-tunnel vehpdedsis the same as within the
tunnel. In that sense, vehicle infiltration andlpiadn retention need not be considered
for tunnel management purposes as an assumptidnathaehicles are open is
conservative.

1.00%

open
— leaky
0.80% - —sealed

0.90% -

0.70% -

0.60% - \

0.50% - ~
0.40% - =S

peak %COHb

0.30% -
0.20% -
0.10% -

0.00% T \ \ \
0 20 40 60 80 100

average speed / km h*

Figure 9.3: Peak %COHDb reached, as predicted by th€FK model, by an adult in vehicles with
three different air exchange rates as a function ofverage speed through a
hypothetical 2 km long tunnel.

The high sensitivity to low speeds is useful fomagement purposes. Vehicle speed,
in many tunnels, is less variable and more amen@bt®ntrol, than the ventilation
properties of vehicles. However, this is less wtiarban tunnels where the journey of
any given vehicle post-tunnel may vary more thathancase of a motorway or rural
tunnel. Exposure management requires predictabilftyexposure, and figure 9.3
shows that the effect of total CO exposure, reprteskeby the peak COHb response, is
relatively predictable for all vehicles, regardlegsair exchange rate, if a minimum
speed of approximately 30 krit lsan be assured.

Nevertheless there are many simplifying assumptionkis analysis which may need
to be re-examined in the case of specific individuanels. The assumption that an
open vehicle represents the worst-case is invalitiat the case where vehicle speed
falls after exiting the tunnel. In this case, aicamulated in the vehicle during the

Guidance for the Management of Air Quality In RGachnels in New Zealand 124



—NIWA_—

Taihoro Nukurangi

tunnel transit is removed from the cabin post-tirate slower rate, thus prolonging
exposure.

Figure 9.4 shows the time series of %COHb responaevell-sealed, leaky, and open
vehicle from the same modelling exercise, assuraingnstant speed of 30 k. At
this speed the passage through the tunnel takeimutas, and the end of the tunnel
can be observed in the sudden change in slopeifogen’ line. A fourth scenario is
included; “sealed-leaky’. This is intended to dészra passage through the tunnel
under ‘sealed’ conditions, but changing to ‘leakghditions at the tunnel exit. This
could be represented by opening the driver's win@ma switching on the fan. This
scenario shows a dramatically lower exposure amdempuent %COHb response. A
more dramatic reduction can be achieved by settingvehicle vents to ‘recirculate’
(with windows also closed) whilst in the tunnel, lasg as the vents are re-opened
upon exiting. This re-opening is crucial as otheenvthe small amount of pollution
which did penetrate the vehicle will be retainedhia cabin for a considerable length

of time.
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0.50% -
o 0.45% -+ open
5 o ——— — leaky
% i / — — sealed
S 0.40% + / — sealed-leaky

0.35% - /
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Figure 9.4: predicted %carboxyhaemoglobin responseresulting from passage through a
hypothetical tunnel in three cabins: sealed, leakgnd open (no cabin, see text for
further explanation).
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9.7 Summary and conclusions

Exposure management for road tunnels is more teaynidemanding and subject to
more uncertainties than a more conventional ‘hazar@nagement’ approach.
Implementation of exposure management must, thereddfer significant advantages
over hazard management to justify its adoption.ef kdvantage is potential energy
savings from reduced ventilation, the opportunif@swhich are greatest in shorter
tunnels and those with a higher minimum speed.

We recommend air quality guidelines based upon ithH#® averaging times. Whereas
hazard management applies an air quality guidelmehe tunnel air, exposure
management applies any guideline to individualagighe tunnel, who, in most cases,
will be exposed for less than 15 minutes. The pafiti concentrations they are
exposed to will usually differ from the concentoais measured by tunnel sensors due
to local spatial variability in concentrations atite partial protection provided by
vehicle cabins.

Exposure management is based primarily on the retog that exposure to a higher
concentration of carbon monoxide for a shorterqaedan have an equivalent effect
on the body (represented by blood carboxyhaemaglebils) as exposure to a lower
concentration for a longer period. The same assompias been applied to exposure
to other pollutants, although this is based on weakientific evidence. This means
that a given air quality guideline applied as aspaal exposure limit may translate to
a higher sensor limit (i.e. permissible concentrain the tunnel air) if it is possible to
confidently specify a maximum probable exposureation (i.e. journey time through
the tunnel). This may be assisted if a minimum dpkmit can be successfully
implemented and enforced in the tunnel.

The second principle of exposure management iseibegnition that because tunnel
sensors cannot be located at the point where t@renehicle cabins (where pollutant
concentrations are generally higher) they genenatiger-represent concentrations at
the most exposure-relevant part of the tunnel. @leee limited observational data
regarding this issue, but there is a tendency énréported data towards road-level
concentrations being 50 % higher than those obdebye a fixed sensor. In the
interests of conservatism a value of 100 % couldpy#ied. However, we recommend
that tunnel-specific data (quality assured for ghHevel of accuracy) are gathered to
better constrain this factor.
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The UK has implemented a national exposure manageapproach for road tunnels.
The approach has been considerably conservativehasdnot addressed the third
principle described below, i.e. infiltration intelvicle cabins.

The restriction on infiltration of air into a veleccabin reduces occupant exposure
relative to pollutant concentrations as indicatgdtimnel sensors. However, tunnel
ventilation management systems must be designedbtect the health and safety of
all users. Consequently this extra protection cabeoassumed as some tunnel users
will not have the protection of a cabin (motorcgtdi occupants of open-top cars, cars
with windows fully down, etc.).

When a vehicle with a partially or well-sealed cabkits a road tunnel it retains some
of the tunnel air that penetrated into the cabhmusTexposure to tunnel air persists for
some time after the vehicle exits the tunnel. & Wehicle maintains a constant speed
then the total effective exposure of the occupahts vehicle with a partially or well-
sealed cabin is still lower than the case of alljotapen vehicle. Consequently,
pollutant retention need not be considered in expose management in this case
as an assumption that all vehicles are open is carsative.

This assumption may be invalidated if vehicle spgeast-tunnel are lower than in the
tunnel itself. A longer initial tunnel transit lemdio a proportionally longer period of
post-tunnel exposure, and it is vehicle speed wiscthe strongest determinant of
physiological response to CO exposure (assumingnatant speed both within the
tunnel and post-tunnel), with a stronger responstosver speeds. This is unlikely to
occur as exposure management must be designec @ssbhmption of the minimum
average speed in the tunnel (e.g. 10 khirhthe case of the UK’s DMRB approach),
but could be significant if a tunnel with a relaiy high minimum speed delivers
traffic into a congested link or network.

Another exception could occur in the case of midtijmnnels. If a vehicle enters a
second tunnel before the concentrations of poltatam the cabin has sufficiently

decayed following passage through the first tuifiie decay time is tunnel length and
speed dependent and vehicle dependent, but isatlypiens of minutes) then exposure
in the second tunnel is cumulative on top of theosxre arising from the first tunnel.

A third exception could occur when a vehicle makmestiple trips through the same

tunnel with the time gap between trips being shdten the decay time for CO in the
cabin.
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Nevertheless, simply closing vehicle windows, shiitg off ventilation fans, and
especially setting the vents to ‘recirculate’, isry effective in reducing internal
concentrations in a vehicle cabin to a small fractof the concentration inside the
tunnel, and is probably the most effective meangddicing the risks to the health and

safety of individuals.

In summary, tunnel ventilation systems should bsigieed to the worst-case for
exposure, which is low speeds and fully-open veBicWhether a vehicle cabin is
open or sealed, the main determinant of the impacarbon monoxide on health is
the length of time spent in the tunnel. Decreasinggrate of infiltration into a vehicle

cabin can greatly reduce concentrations inside \idleicle. Setting air vents to
‘recirculate’ is a highly effective mitigation maas for individuals, but only if the

vents are re-opened once the tunnel transit is Eep
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10. Implementation and enforcement of a NQ limit

10.10verview

Levels of NQ in a tunnel, and variation along its length, aesyvhard to
predict because they are influenced by the comf@er poorly understood)
influences of ambient ozone, entrainment of ambééntventilation rates and
the significance of several chemical reactionsiimel air.

Prediction of in-tunnel N@levels in response to N@missions is difficult to
predict, and probably tunnel-specific. However, aewview of available
observational data suggests that the,/NO, ratio recommended by PIARC
(2000) is generally conservative. However, we haeted exceptions to this
rule, such that N&NO, may be higher a) when there is a high proportibn o
heavy duty vehicles, b) in long tunnels with wealkflav, c) during
congestion, d) in short tunnels and e) approactingel portals.

Implementation of a monitoring compliance guideliioe NO, is especially
technically challenging. NOmonitors typically demand a very high degree of
maintenance, which can only be relaxed at the esgpeha considerable loss
of accuracy.

The main alternative to direct monitoring is to ritonit indirectly via an
algorithm which relates NOto monitored CO, NO concentrations and/or
visibility. This approach is highly dependent ugwmving credible data to base
the algorithm upon, ideally real tunnel-specificsetvations (our current state
of knowledge, and the tunnel-specific nature ofdberminants of NOmean
that theoretical data alone is highly unlikely ® dufficient). Without tunnel-
specific data these ratios can be estimated usimgseén databases or other
relevant sources, although such an approach idy litee have significant
uncertainties and should not be relied upon alone.
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10.2Nitrogen chemistry in tunnels

10.2.1 Sources and emission control of N©

NO and NQ (together considered as NGre derived from combination of the two
major components of air (N and O) in the high terapges of internal combustion
engines. Most NQis emitted as nitric oxide (NO), which then inditg forms
nitrogen dioxide (NG through reaction with ozone on a timescale obsds:

NO +Q; - NG, + O

NO can also be oxidised to NQ@hrough the free radical-catalysed oxidation of
volatile organic compounds (VOCSs):

NO + X0, - NO, + XO

These indirect links between emission of NO ancceatrations of N@are crucial as
the formation of most of the NArom vehicle exhausts requires an oxidant — either
ozone or free radicals in the presence of VOCs.n®zentering a tunnel will be
rapidly depleted. There is no shortage of VOCsehisle exhaust, but free radicals
are largely produced by photochemical mechanisrdshane a very short atmospheric
lifetime. Thus they are unlikely to be entrainedrywealeeply into a tunnel, nor
generated photochemically within the tunnel. Alsgive mechanisms exist, but the
presence and activity of free radicals in road @sis unknown. The consequence is
that the level of N@in a tunnel is limited by the availability of oxidts from the
outside air. Tunnel length and ventilation schemeome the crucial variables.

10.2.2 Impact of ventilation on nitrogen chemistry

The dependence of the transformation of NO tg, Nfon the presence of ozone (or
oxygen in extreme cases — see section 10.2.6 betgulies that the rate of ventilation
plays an additional and complex role other thantjus dilution of pollutants. Shortly
beyond the entrance to the tunnel ozone is enttairen the external air into the
tunnel and provides for an initial ozonation of N@the case of a longitudinal tunnel
this ozone will be rapidly depleted by this processthat the ozonation reaction
becomes progressively less active along the tuheedith. Thus a decreasing
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proportion of the emitted NO is converted into N&y this reaction:®We may expect
NO; to still rise along the tunnel’s length due todigect emission, and a reduced rate
of NO conversion due to the remaining ozone, batNIK;, / NO; ratio will fall along
the tunnel’s length (evidence is provided below)thie tunnel is long enough for
oxidants to be largely depleted then, in the absent any NQ production
mechanism, the NZNO, ratio should tend towards the average emissioo mathe
vehicle fleet.

In the case of a semi-transverse or transverseskdiresh air and fresh ozone is being
injected along the length of the tunnel. In thisecaew oxidants may be entering the
tunnel at all points and will not be so rapidly d#ed. In principle this allows a
greater rate of ozonation leading to potentiallyhier NQ concentrations and a higher
NO, / NO ratio. In practice, however, the variation of NKQ, and Q along the
tunnel length is hard to predict due to

=

variations in external levels of ozone,

N

variations in ventilation rates,

w

varying degrees of entrainment of air through thieagce,

B

other reactions and processes, such as reactitimfreg radicals.

10.2.3 Transect observations of NQin a simple urban tunnel

Transects of Ng@ NO, and CO were conducted (3 each way) in winter 18883
summer 1994 in the Soéderledstunnel, Stockholm,5akin long tunnel which is
naturally ventilated in most cases, and has moelerdigh traffic flow (SEHA, 1994,
1995). Data from the 1993 study are reproducedyimd 10.1. Peak concentrations of
NO, and CO were observed towards the tunnel exit. has a fairly steady rise in
NO, concentration with depth that was not significartifferent from the profile of
CO or NQ. These data indicate that the rate of oxidatiahrdit significantly vary
along the tunnel length.

'® However, the tunnel contains high concentratioh&@Cs and this provides a potential
alternative conversion route from NO to N@a free-radical catalysed VOC oxidation. Studies
have shown that HOcan be produced in vehicle exhausts due to a dieeaction between
NO, and conjugated dienes which may be present inusth&hi & Harrison, 1997). The
reaction is relatively slow and we are not awararf studies of the action and strength of this
reaction, or the presence of free radicals, in toadels.
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Figure 10.1: Average variation (over three journeyysin CO and NO, concentrations measured
from a moving vehicle in the 1500 m long Soderledstnel, Stockholm (SEHA,
1994).

10.2.4 Detailed observations of nitrogen chemistry from 2ong tunnels

Five transects of NO, NCand Q were measured in the Tai Lam (northbound and
southbound) and Tate’s Cairn tunnels in Hong Koagwken September 2004 and
May 2005 (Yaoet al, 2005). Both tunnels are nearly 4 km long, but Tla¢ Lam
tunnel has lower traffic overall, but a larger podpn of HDVs including vehicles
originating or fuelled in mainland China.

In each transect concentration of NO peaked ins#mond half of the tunnel with
maximum concentrations of around 1 ppm in the TamL northbound, and
approaching 3 ppm in the other tunnels, which haigher emissions (figure 10.2,
left). Ozone was rapidly depleted with depth intalinels, although never reaching
zero (figure 10.2, right). The Tai Lam tunnel isnééransverse so it is possible that
fresh ozone-laden air is injected along the tusnkdhgth. The data appear to show
lower concentrations of ozone in the first halfttoé Tai Lam tunnel compared to the
Tate’s Cairn, although concentrations increase twersecond half. As well as fresh
ozone input from the ventilation system the inceeas O; towards the end of the
tunnel may also be due to entrainment. The coragotrof ozone in the Tate’'s Cairn
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tunnel did not recover in this way, except in tiralf 800 m or so approaching the
exit.

As a result, NQwas found to initially fall due to dilution of emined air. Beyond
about 1500 m depth direct emission and transfoonadf NO overcame the dilution
and NQ rose. In the mid-sections NO and Nf@dse rapidly even thoughsQvas a
minimum. These rises can be attributed to accuipualatf emissions and a low rate of
oxidation. However, in the latter section of thertals NO fell while NQ continued to
rise, suggesting that conversion was progressisterfahan accumulation. This is
partly explained by the slight rise in ozone instBection, but the amount of ozone
was insufficient to explain the size of the riseNi@®,. A secondary process must have
been acting to increase M@ this degree. Free-radical catalysed VOC oxidats
possible (but no data were collected to indicats) thbut the high concentrations of
NO, especially in the Tate’s Cairn and Tai Lam hbound tunnels, does not rule out
that direct reaction of NO with oxygen (see sectdh.6 below) may have been
become significant in the final kilometre of thésenels.

The mean and maximum observed concentrations @@ @ver 5 trips) are presented
in Table 10.1.

Table 10.1 Mean and maximum concentrations observad the southbound tube of the Tai Lam
tunnel (Hong Kong) as observed by Yaet al. (2005)

NO, / ppb NOx / ppb
Mean 52 1331
Maximum 82 2720
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Figure 10.2: transect profiles of NO and NQ (left), NO, / NO, and O; (right) from the Tate’s

Cairn and Tai Lam tunnels, Hong Kong (from Yaoet al., 2005).

10.2.5 Transect observations of NO and N@in the more complex M5 East tunnel

At 4 km long Sydney’s M5 East tunnel is similarlémgth to the Tai Lam and Tate’s
Cairn tunnels but carries a greater volume ofitrafk simple linear relationship with

depth along the tunnel is not expected in the MSt Hae to its unusual venti

lation

layout in which fresh air is injected and vitiatait removed near the mid-point of
both tubes. Tunnel air is not released at any efpbrtals as air is transferred from

near the exit of one tube to near the entrancehef dther at both ends

. The

consequence is that one may expect a ‘sawtoothseéid profile, with maximum
concentrations recorded near the tunnel mid-positlyefore the air exhaust point.
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160 transects were performed (80 in each directioegording vehicle-exterior
concentrations of NO and N@but not ozone), in an intensive six day studthie M5
East tunnel in Sydney in March/April 2004 (Holmes Aciences, 2005). Transects
were restricted to three daytime periods (6am — Y9dmm — noon and 3pm — 6pm).
Concentrations were reported as 30 second averdfjdtsan average transit time of
5.2 minutes this typically provided on the orded 6fdata points per transect.

As expected, maximum concentrations of NO and Wére recorded on approach to
the exhaust points. Average concentrations of N@hatexhaust points were in the
range 4 — 5 ppm (westbound) and 4 to just over @ fgpastbound) — significantly
higher than in the Tai Lam and Tate’'s Cairn tunn@ge above). Average
concentrations of NOat the exhaust points were in the range 0.2 —
(westbound) and 0.2 — 0.35 ppm (eastbound). Althdbhgre was significant random
variation in profiles between transects on différdays, on average the expected
‘sawtooth’ profile was observed in all three timeripds in both eastbound and
westbound tubes, although the pattern was sligitigrer in NQ than NO.

34 individual profiles were presented in the Repdnt general NO frequently
exceeded 4 ppm at one or several points alongdhsect, but rarely exceeded 8 ppm.
NO, reached ~0.4 ppm at some point of the transect3nut of the 34 presented
profiles, and significantly exceeded 0.4 ppm onr&ifes. A maximum of ~ 0.8 ppm
was recorded.

10.2.6 Potential for excess chemical production of N®

If concentrations of NQare high enough (~ 2 ppm) then a secondary (tecutr)
reaction with oxygen may become significant:

2NO+Q - 2NG,

This reaction is second order with respect to N, there is no shortage of oxygen in
any tunnel, and thus it could lead to rapid Nt@oduction when NO is high. In theory,
this might occur in longer tunnels or when air flawthe tunnel is insufficient to

dilute NO emissions, and is another reason why MGikely to be higher near the
tunnel exit. In many tunnels ventilation is provddey the movement of the vehicles
themselves, so in congested conditions, N@ission is higher and the air flow is
reduced leading to a ‘worst case’ scenario fop.NO
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The activation of the termolecular oxygenation @ Nas been cited to explain severe
NO, episodes in ambient air (e.g. the London smogépief December 1991, Bower
et al, 1994), but its occurrence in road tunnels mayabve, and probably limited to
very long or poorly ventilated tunnels. Howeves, titue prevalence is unknown due to
the fact that N@is rarely monitored in tunnels.

One study that may have observed this reactionronguand its consequence for air
quality management is that of Indrehus & Vassb@®04). NQ and NQ (as well as
CO) were measured in the 7.5 km Hoyanger tunn&ldrway for 20 days in spring
1994 and 25 days in spring 1995. Traffic flows r@latively low in this tunnel (means
of 28.9 h' in 1994 and 18.9hin 1995) and this meant that a bi-directional gesi
was more economical. Ventilation here is nominaliwen naturally by the pressure
differences associated with the portals being f&er@int altitudes. The piston effect is
negligible due to the low traffic travelling in opging directions in the same tube. A
longitudinal system is installed to be triggered ®@ concentrations exceeding a
certain level. The Norwegian Public Roads Admiaistm decrees that road tunnels
should be closed if the concentration of CO attthenels mid-length exceeds 100
ppm for longer than 15 minutes (NPRA, 2004). Thisely occurred in the Hoyanger
tunnel, yet users regularly complained of poorbiiy and foul odours. Unlike most
relevant authorities worldwide the NRPA has alspasein-tunnel pollution limit for
NO,, of 0.75 ppm at the tunnel midpoint and 1.5 pprthattunnel ends. Like CO, if
this limit is exceeded for more than 15 minutestthmel should be closed. However,
NO, was not routinely monitored as CO monitoring isrenceliable (see chapter 8)
and, to quote Indrehus & Vassbotn:

“...the CO concentration has been assumed to be timesmaice of poor air quality.”

Their study set out to investigate if the N@uideline was being exceeded, and why,
by installing monitors in the tunnel 2 km from osrd.

The monitoring revealed that the 1.5 ppm Nighit was exceeded 17 % of the time in
1994 and 1.3 % of the time in 1995. The differemeay in part be due to the

significant reduction in traffic in 1995 due to tbenstruction of a new road, and will

otherwise be due to random variation in ventilatansed by meteorology. The wind
speed within the tunnel varied between 0 and 2in $oth directions (which may be

compared with the values of 2 — 6 th sin one consistent direction typical in busy
uni-directional urban tunnels). The highest N@lues were all associated with the
lowest wind speeds. A reduced conversion of NO ©, Nh an ozone-limited
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atmosphere was observed with increasing, NP to a value of ~ 1 ppm. Oxidation
was at a minimum at 2 ppm of NONhen air flow was generally less than 1 ™ s
NO often rose above 5 ppm despite the relatively ti@ffic flow, due to the lack of
ventilation. Above this level there was an indioatiof an extra source of NO
consistent with the activation of oxidation withygen. These high values had not
been observed by the control system, which onlyitoeed CO. CO remained below
its 100 ppm limit throughout (the maximum obserwedue was 58 ppm), so the
tunnel had remained open despite NiGing to a maximum of 5.87 ppm, far above its
limit value. In this study a rough calculation stemirthat at an air flow of 0.5 m's
with 6 ppm of NO and an initial 1.5 ppm of MQhe air would remain in the tunnel
for 4.1 hours before exiting, in which time oxidati of NO with oxygen would
produce a further 1.3 ppm of NQ.e. nearly doubling the N&oncentration.

Whether this is common around the world, or wheiharccurs in New Zealand’s
tunnels is unknown due to lack of data. Nevertlsglése data from Indrehus &
Vassbotn (2001) indicate the potential for largeréases in N@in a tunnel where NO
exceeds a threshold which cannot be specified avithcertainty at this point, but is in
the region of 2 — 5 ppm. This could correspondntdN®, concentration of around 0.1
— 1 ppm (assuming a NIO ratio between 5 and 20 %, see section 10.3). We ha
noted above how such concentrations have also tesgrved in busy tunnels with
good airflow (Tai Lam, Tate’s Cairn and M5 East)val as in the low-traffic, low-
airflow Hoyanger tunnel. Pending any more detaiddervations, which we highly
recommend, we suggest that the unpredictable atehfaly harmful effects of the
termolecular reaction could be minimised by adaptiban in-tunnel N@limit of 0.4
ppm or lower so as to prevent the reaction frordileato excess N&production.

10.3Predicting NO, concentrations from NQ, data

10.3.1 Overview

The most direct way to predict NQzoncentrations in a tunnel is to combine a
NO./NOy ratio with NQ, concentration data, if available, or Né&missions data. NO
concentrations within the tunnel can be estimatatia NQ, emissions are known,
along with the air flow rate and the backgroundéemal) concentrations (which, as a
first approximation, can be estimated). The valihe NO/NO, ratio varies between
tunnels, varies with traffic flow and fleet mix, dinaries along the tunnel length. The
more accurately all of these variabilities can herdified the more accurate the
prediction of NQ concentrations will be. However, this is very daiiag in terms of
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monitoring and N@in particular is difficult to monitor accuratelgdide tunnels (see
below). The simplest approach is to use a singlsewative N@NO, ratio. PIARC
(2000) reviewed the small amount of internationatadavailable at the time and
recommended a value of 0.1, or 10 % be adoptechvBele briefly review more
recent data and consider whether this is apprepratd how real NENO, ratios
differ.

10.3.2 NO,/NO ratio in simple tunnels

Variation of NQ/NO, with depth can be constructed from the transextias in the

Sdderledstunnel (Stockholm), reported above (SEH#94, 1995). In both winter
1993 and summer 1994 surveys the /WD, ratio fell from over 10 % externally to
approximately 6 % along most of the length of th@nel. When corrected for
background contributions this corresponds to arreqmate emission ratio of 5 %
inside the tunnel. This indicates that the ratextlation did not significantly vary
along the tunnel length.

10.3.3 NO,/NOy ratio in long or complex tunnels

Very low NG, / NG ratios (a minimum of 2 %) were observed deep s 4 km
long Tai Lam tunnel (Hong Kong) in the transectdgtof Yaoet al (2005) (figure
10.2). The low rate of NO oxidation mid-tunnel sagts that the N&Y NGO, ratio in
this section should resemble the ratio of N® NQ, in the vehicle exhaust. NO
emissions were higher in the Tai Lam southbounduses of high-sulphur fuel is
believed to be higher and emission standards gigneraer on average in this tube.
This will lead to higher direct NO emissions pehiete, but not N@ In the Tai Lam
northbound and the Tate's Cairn the NO NGO, ratio in the mid-section was
considerably higher (~ 6 %), so that both tunnebdmeand maximum N©O
concentrations were higher (maxima of the orderl160 ppb in the Tai Lam
northbound and 200 ppb in the higher-traffic Tate&rn tunnel.).

During the intensive six day study in the busy 4 llemg M5 East tunnel in Sydney
(Holmes Air Sciences, 2005) most of the transeta gaesented were indicative of a
NO./NO, ratio of 5 — 6 %, with slightly higher values nélae fresh air entry points of
the tunnel where concentrations are lower. ThedsgNQ concentration observed
lasted for over a minute, peaking at above 0.8 pphnis was towards the end of a
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westbound transit (31March 2004) at around 16:17. Congestion was ineithy the
long transit time in this case (in the 10 — 15 rt@suband) and corresponded to a peak
in NO (~ 12 ppm). The values here indicate &M ratio slightly raised above the
typical daytime value for this tunnel of 5 — 6 %hi§ may be attributable to an
additional source of N©Obecoming activated in these conditions, but thisre
insufficient evidence to assess this propositios.tile NQ/NOy ratio deep inside the
tunnel is expected to be an indicator of the, MO, emission ratio, then temporary or
localised changes in this concentration ratio nelect changes in the emission ratio
(see chapter 7). Thus, N@©@oncentrations may increase beyond what may pestlic
by assuming a constant WO, ratio in the case of congested conditions.

In an accompanying part of this study measuremaintdO and NQ were also made

using an open path UV monitor (OPSIS R600 DOASated near in-tunnel monitor

CP2. This monitor is located near the westbound godtal, which was considered
likely to record the highest concentrations of N@®the tunnel due to the gradient of
the exit ramp. Clear and consistent diurnal pastemere observed matching traffic
flows. Weekday concentrations were higher than wedk despite similar traffic

volumes, however heavy duty vehicle flows were bighn weekdays. The daytime
NO,/NO ratio derived from this instrument was typigal 5 % (most values within 3

— 7 %). At night some higher values were found,stgient with lower emissions and
a lower likelihood of oxidant depletion. In totalnaaximum of 2 % of values were
above 10 % and all values were below 20 %. Thed ¥&lues in which the ratio was
above 10 % occurred late at night at low NO comregions, and thus it was concluded
that a ratio of 10 % would be appropriate and coagive for this tunnel.

In the study in the 7.5 km long Hoyanger tunnet(ghus & Vassbotn, 2005) the
NO,/NOy ratio decreased with increasing N@p to a value of ~ 1 ppm consistent with
a reduced conversion of NO to BN an ozone-limited atmosphere (figure 10.3). The
minimum ratio was approximately 10 %, albeit witater in the range 2 — 20 %.
Above this level there was a clear increasing trentlO,/NOy indicating an extra
source of N@ consistent with the activation of oxidation withygen. At 5ppm NG

the ratio was approximately 12 — 15 %.
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9.0 —

Figure 10.3: NG/NOy ratio as a function of NQ, concentration in the Hoyanger tunnel, Norway,
as observed by Indrehus & Vassbotn (2001).

In summary, we find that the 10 % ratio recommeniofe@®IARC (2000) is generally
conservative. However, we have noted exceptiotisisarule, such that NENO, may
be higher in the following cases:

Where the N@NO, emission ratio is high due to penetration of new
technology vehicles or a high proportion of HDVeg<hapter 7),

* Inlong tunnels (few km) with weak airflow,
e During congestion,
e In short tunnels (< 500 m),

* Approaching tunnel portals.

10.4NO and NO, monitoring

Several studies have noted the particular diffiesltinvolved in the reliable and
accurate monitoring of NO and/or N@n road tunnels. Jacques & Possoz (1996)
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noted that the chemi-luminescence method, usednadytin ambient monitoring
stations around the world, is accurate only uppi@reximately 500 ppb.

“ ...its implementation as a practical measuremectirigjue results in a very
sophisticated and expensive instrument that musiibeled with care. To our
knowledge no such devices have ever been spediedligned to be installed
in the adverse environmental conditions that arist tunnel...The full scale
measurement range is programmed to be 1 ppm.”

Indrehus & Aralt (2005) note that chemi-luminesamngonitors demand a very high
degree of maintenance due to their exposure todegbsol levels, representing a high
cost that needs to be justified. An alternativeoisise electrochemical sensors, but
these have very low accuracy (of the same ordémeaBlQ in-tunnel limit values). A
low-maintenance open-path optical technique (DOAS, differential optical
absorption spectroscopy) is employed to monitordti@ locations per tube in the M5
East tunnel (Sydney), but this also has a low ayurvith respect to the job it is
required to do, especially in optically turbid cdrahs.

10.5Managing NO, and CO via CO monitoring

One option for implementing a NQguideline but avoiding problems with NO
monitors is develop an algorithm which relates,N®@CO concentrations. If this can
be shown to be reliable then B@oncentrations can be estimated from CO
measurements. The NQuideline value can also then be translated tori@sponding
CO limit. This will be relatively simpler to achievn a shorter tunnel in which the
conversion of NO to NQis less likely to be limited and in a tunnel whmore
predictable traffic flow (e.g. busy, but carryingstly a local fleet of regular users).

As a simple illustrative example, assume that kbetfaveraged emission factors for a
given tunnel are 5 g kinfor CO and 1.2 g kihfor NQ,, giving a NQ/CO ratio of
0.24. Background concentrations are assumed to dogigible. Furthermore we
assume a N@NO, ratio of 0.1. If a N@ guideline of 0.4 ppm (0.75 mg napplies,
then the CO concentration in the tunnel correspanth the NQ limit being reached
would be given by

(MJI(NOX /CO), - [o._75j/(024)
NO, / NO, 01
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= 27.2 ppm (showing in this hypothetical examplat tthe NQ limit is three times
more demanding than a 87 ppm CO limit)

This approach is highly dependent upon the accusgeesentation of the NMIO,
and NQ/CO ratios. Without tunnel-specific data theseositnust be estimated using
emission databases or other relevant sources. Mukburces are recommended due
to the large uncertainties involved. The simplggiraach is to assume that MO,
and NQ/CO are both constant, but this could lead to langers. In practice, these
ratios will be sensitive to the traffic fleet miné any changes in flow, such as speed
changes and any incidents of congestion. In the oagredictable patterns (such as
diurnal patterns) diurnally varying values of th©JNO, and NQ/CO ratios should
be applied. The factors used should be chosen sprapresent the actual traffic fleet
mix and flow in the tunnel, including predictiongo the future. We recommend that
this emission modelling include alternative scemmsuch as to establish the range of
likely values.

In the case of an opened and operating tunnel vemgly recommend that such
approximations are not relied upon. These estinstiesld be verified or adjusted on
the basis of observed values obtained from an stemmonitoring campaign, which
includes simultaneous measurements of externabbagkd concentrations.

10.6Managing NO, and CO via CO, NO and visibility monitoring

Due to the technical limitations in measuring N® NO in tunnels, several studies
have considered the practicality of modelling N@ &0, concentrations on the basis
of CO and/or aerosol monitoring. For example, @btiwerosol monitors have been
installed in some Norwegian tunnels for ventilatmmmtrol. The Bomlafjord tunnel in

Norway is a 7.9 km long sub-sea tunnel. It hasmglsibi-directional tube and carries
approximately 2 500 vehicles per day. Despite thelevel of emission, such a tunnel
has significant ventilation demand due its longgtln significant gradients (max 8.5
% for the Bomlafjord), the inability to vent midrgth and the lack of piston effect. In
the Bomlafjord tunnel a longitudinal system wastalied with axial fans triggered

initially by CO and NO measurements monitoring.the first year of operation the
operational cost of the ventilation system was dskmo be very high and multiple
complaints of poor visibility were made, despitaiti values not being exceeded. In
the light of long-term CO emission reductions, #mel difficulties in measurement of
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NO and NQ in tunnels a new control system was implementeagusptical particle
monitors. The system included four steps of in@dagentilation triggered at 75, 150,
225 and 30Qug mi°.

A model was devised to predict NO concentrationth@Bomlafjord tunnel, based on
data from both CO and aerosol monitors (Indrehu#\ré&lt, 2005). The resulting
predictions were compared with 6 weeks worth of nooad NO data at four locations
in the tunnel. A correlation of 0.807 was foundvwe#n modelled and measured
concentrations, reducing to 0.771 if only the aerasta were used. The model was
found to under-predict at high concentrations. dsweoncluded that CO monitoring
was required in addition to aerosol monitoring ey to predict NO and NO
concentrations.

The effectiveness of this arrangement to proteetsusom high concentrations of CO
and NQ was analysed by Indrehus & Aralt (2005). They fbtinat the optimisation
brought about a 15 % decrease in electrical consampDuring this period the
NPRA limit for aerosol (0.75 mg that the mid-point) was not breached (mean at the
two monitors nearest to the mid-point were 66.®-4g i with a maximum of 673
ng m3). The CO concentrations were far below the linfit®0 ppm at the midpoint
(mean at the two monitors nearest to the mid-pwiate 3.6 — 12.6 ppm with a
maximum of 47.4 ppm). The success of the ventitaBoheme in protecting users
from NGO, was assessed by converting the limit value for, KICb ppm, or 0.75 ppm
at the mid-point) into an equivalent limit for NCaged on the assumption of a
NO,/NO, ratio of 0.1. There is some uncertainty on wha thtio should be as it is
variable between tunnels due to the influence ofytle, ventilation, background
oxidants and emissions. Nevertheless, with a cdtib1 it was found that the NO (and
by implication NQ) limit values were not breached, but by a smatiargin than for
CO.
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11. Feedback and control

11.10verview

Monitoring data can be used in a feedback looputty for partly control
ventilation. In such a system desirable (and cfisttve) dynamic stability is
best achieved with an element of ‘prediction’ rathean just ‘reaction’.

In some sensitive locations venting of road tunagl into the external
environment may compromise local air quality. Thigpact will be very
dependent on local topography, existing air qualitgd the nature of the built
environment. In such sensitive environments it rhaynecessary to monitor
or model the local impact. These data can thenskd in a feedback loop as
another variable to be considered in ventilationtic.

Further reduction of the air quality impacts of unrtel may be achieved
through traffic management. Generally, congest®m iworst-case scenario
within a tunnel due to high emissions, an increasgdber of vehicles in the
tunnel volume, a reduced traffic-induced airflondatine potential for the

initiation of a chemical reaction which producesass nitrogen dioxide. A
number of traffic management options have beeadisthich can contribute

to air quality management.

11.2Feedback to ventilation control

Once the ventilation system has been designecetgept a certain concentration limit
being breached, and the tunnel is built, there lenited opportunities to make

changes. The second use of the limit values i©iegnnhanagement of the ventilation
system.

The existence of limit values for CO and visibiliyeans that measurements of either
or both can be used to control ventilation. Fornepie, the Central Artery tunnel in
Boston uses only CO monitors to meet both CO ansibility guidelines
(Betchel/Parkers Brinkerhoff, 2006). This may beedto the relatively low
contribution of diesel-engined vehicles and heawpds vehicles on this route.
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However, measurements of visibility are directlydisn ventilation control in many
tunnels, including the Kingsway tunnel, Liverpodimfof et al, 2006) and the
Tauerntunnel, Austria (Schmét al., 2001).

In simple terms, if the limit value is breachedlikely to be breached, additional
forced ventilation can be activated. However, tkisiot as simple as it sounds. A
‘live’ system will continuously monitor CO and/orstbility in the tunnel (hopefully at
multiple locations). Once a decision to activateaxentilation is made there can be a
significant time delay before the extra fans refudh speed. A simple system that
switches the additional thrust on and off in reggoto threshold levels is liable to be
unstable, rapidly switching fans on and off in whgt is uneconomical. Changes in
ventilation induce pressure changes in the turtmal ¢an have unpredictable effects
on air flow and concentrations in other parts a tonnel, especially in complex
tunnels with curves, changes in gradient and bmsclExperience in ventilating
complex mineshafts has shown how a stable systemmefgrable to an optimal one
(Jacques & Possoz, 1996). Achieving a stable systamrequire complex air flow
monitoring and computer modelling.

A system that reacts to changes in concentrationthe tunnel has a number of
disadvantages. As it reacts to past events (chaimgemission or air flow due to
localised congestion, for instance, leading to lised rises in concentration) it is
always trying to ‘catch-up’ and this time lag caad to inherent dynamic instability.
Such a system is also dependent upon monitor daitzhvis prone to inaccuracy (see
above). An alternative approach is not to react,tbwanticipate. Such a system does
not rely (entirely) on monitoring concentrationsutbinstead models those
concentrations as or preferably before they happased on traffic data. At a basic
level these traffic data can be average traffict®(preferably long-term to establish
variability). A more sophisticated system will malkee observations of traffic flow.
The predictive ability of the system is improvedrdffic flow data from upstream of
the tunnel are available, giving vital extra miraute calculate the expected emissions
and concentrations in the tunnel and to bring fgm$o speed if necessary in advance
of the predicted limit breach. Such a system regua significant cost in terms of
design and test. However, in the case of a relgtipelluted tunnel in which extra
ventilation is regularly required this is compeeshby a lower operational cost in
terms of energy saved from unnecessary fan oparatio

We have found one example of a tunnel with an ogtidorced ventilation system in
which busy traffic leads to quite high concentnasioof NGQ without the forced
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ventilation being activated (Indrehus & Vassbot@QP). This has been due to CO
remaining below the locally specified limit valuedathe absence of N@®nonitoring
as part of the ventilation control system. In sotases the fans are automatically
operated during peak periods as a preventative uregg.g. Craeybeckx tunnel,
Antwerp; Shing Mun, Hong Kong; Klaratunnel, Stockhp

11.3Air filtration and treatment

Filtration or other treatment of tunnel air to reramr reduce pollutants is not widely
implemented, but this may change due to recenntdopical improvements. Use of
electrostatic precipitation (ESP) to remove pafétes has been applied most widely
in Japan. Norway is the only other country withngigant application of ESP, where
road dust emission from studded tyre use is a ntgose of reduced visibility, but it
is not regularly operational (Child & Associate€)02). Filtration is expensive to
install and operate, and especially to retrofiexesting tunnels, and is therefore only
likely to be cost-effective for severely polluteghbels or operation at peak traffic
periods. Technology to reduce B tunnel air is at a relatively earlier stage of
development and adoption. Two rival systems wiltdled in the ventilation stacks
of the 11 km Central Circular Shinjuku Tunnel inkjo due to open in 2008.

11.4Consequences for external air quality

A small amount of the particulates emitted fromiekds inside a road tunnel will be
deposited to surfaces. However, the majority of pheticles, along with the trace
gases, that are emitted by vehicles will eventudléy vented into the external
atmosphere (in the absence of in-tunnel filtratndenoxification) via the tunnel
portals and by any exhaust stacks which may bedfiis part of a ventilation system.
Once vented the vitiated air will rapidly mix witfiesh’ air and dilute and disperse
leading to a rapid drop in concentrations relatteeinside the tunnel. This is
particularly the case in which stacks are usedhichvpolluted air is released above
the height of most exposed individuals, above ladadtacles which may provide
shelter from winds or induce downdraughts, and #&eight at which winds will
normally be stronger leading to more effective disfon.

However, stack and especially portal emissionslead to highly localised ‘hotspots’
of increased concentrations. It is quite possibé toad tunnel emissions can lead to
localised breaches of the National Environmentah&ards for Py} and NG around
stacks and portals, as well as exceedences of Reghir Quality Guidelines or
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Targets. This is critically important if these Itioas coincide with residences,
businesses or any other land-use in which peogdikely to be exposed. Tunnels
commonly pass under hills, and those hills canterkeal airflow patterns, including
sheltering, induced downdraughts and valley-ineersi which locally inhibit
dispersion and further lead to local air qualitpliems which would be exacerbated
by a road tunnel emission. And in some locatioesisé buildings, and especially tall
buildings may further worsen dispersion charadiessvhilst increasing exposure. In
such cases the local built or natural topography meduce the effectiveness of a tall
stack.

In such locations where venting of internal tunael may compromise external air
quality in an exposure-sensitive environment goaa¢ needs to be taken over the rate
of tunnel ventilation. In these locations we recosnioh that dispersion modelling is
first employed to identify potential problems awddtions of possible ‘hotspots’. We
also recommend that post-opening, air quality nooiniy should be conducted in the
identified locations for at least a year. Afterttiperiod sufficient data should have
been collated to a) identify and implement any seagy mitigation options, b)
validate (and adjust if necessary) the dispersiadating such that modelling can
henceforth replace the monitoring, or c) satisfypalties that there is no external air
quality issue related to the tunnel.

In particularly sensitive or difficult locations entilation control system could be
employed which would use live data from these etkemonitors to adjust and
control the tunnel fan system to prevent breachstaadards outside the tunnel.

Sturmet al (2004) and PIARC (2008) report on an example umfhsa system in
Austria (Kalvariengirtel, or City Tunnel Graz-NoriGraz). The city of Graz is in a
deep alpine valley and is prone to very low winéexs and consequent RMand
NO, air quality problems. The location of this urbamrel exit near tall residential
buildings prevented the use of stacks. The tursetlatively short (600 m) with not
especially high traffic. In such a case in-tunnehaentrations are relatively low, so
they key air quality issue is the venting of padditair, and especially NQat the
ground-level portals in a built-up area with exigtihigh NQ levels. In this case a
system was deployed that was based on CO andliysibside the tunnel, but would
discontinue powered ventilation - reducing portatissions - if NQ measured
immediately outside the tunnel portals rose abd&@uly mi° as a 30 minute average.
However, if the internal N©Oconcentration rose above 80§ m? then the ventilation
would enforce an airflow of 5 m's
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11.5Consequences for traffic management

Alternative approaches to controlling tunnel aialify involve limiting emissions by
controlling the traffic flow. Variables that are anable to control include

a) Minimum or maximum speed limits (gas emissions géherally be reduced
at higher speed, although emissions of,Md@d resuspension of particles may
be increased),

b) vehicle emission control (e.g. vehicles not meetsgecified emission
standards can be barred from the tunnel),

c) fleet mix (e.g. HGVs could be barred from the tupne
d) traffic flow (could be regulated by traffic signada entry),

e) flow reduction (on-ramps or individual lanes can dlesed to reduce the
number of vehicles in the tunnel),

f) redistribution of emissions in time (for example ¥&can be restricted to
certain times of the day when their impact willlbssened, e.g. night-time or
outside peak traffic periods).

Many road tunnels, especially in Australia, ardethl or form part of toll roads and
networks. Several of the variables listed above lmainfluenced by differential and
variable tolling. This needs to be carefully revglso that it is a) effective, and b)
made clear whether it is used primarily as an aality or traffic management tool or
a revenue-generation tool so as to identify paaérgonflicts (i.e. high emission
vehicles could generate increased toll revenuejs Way be offset by the savings
made in ventilation costs if in-tunnel concentrasicare reduced. Where electronic
tags are used new or renewed tags could be madiitiooal upon vehicles meeting
emission standards, which could include testings Tould be applied selectively to
those parts of the fleet contributing disproporéitaty to poor air quality.

Traffic management can be a primary tool for mamgghir quality in a tunnel,
especially in the case of congestion, supporteddntilation responses. Low traffic
speeds, perhaps as a result of congestion, ggnéealll to higher emissions per
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kilometre and a reduced piston effect, thus givisg to a worst case scenario for in-
tunnel air quality.

For example, the Incident Response Plan of the & finnel (Sydney) notes that if
traffic speeds fall below 20 kmi'tonly one lane should remain open, so as to lineit t

number of vehicles in the tunnel and hence redutiesions. Although this should be
effective in maintaining CO concentrations belove #ppropriate guideline, it can
have the undesirable effect of worsening congedtiaimer upstream. The Plan was
later revised in light of the experience of opematfollowing tunnel opening. It was

found that the automated system to increase aitifioiive event of an incident did not
react quickly enough to maintain sufficient airflow

HDVs have a disproportionately large impact onaiality, especially through PM

(resuspension, soot and ultrafine particles) and,.NConcentrations of these
pollutants are sensitively dependent on the nundped and variation in emissions
of HDVs. This is becoming increasingly so as emisstontrols penetrate the car
fleet. Therefore any controls that focus on HDMs ldeely to have a large impact.

More commonly systems are installed to improve tgaife tunnels by reducing the
causes of accidents and fires. These are oftemddayscongested traffic, so measures
to reduce congestion will also lead to improvementsir quality. An increasingly
common example is the use of variable signs at dameels. These allow the posting
of variable speed limits, plus advance warning&oé closures. Both measures allow
a smoothing of traffic flow near capacity-saturaticonditions and prevent the
development of congestion. In some cases thesensyshave been retro-fitted to
existing tunnels. Unfortunately, as they have negrbinstalled specifically for the
purposes of air quality, we are not aware of angessment study of their
effectiveness in reducing pollutant concentrations.

Several guidelines exist that decree when a tusimalild beclosedto traffic due to
excessive levels of air pollutants. For exampld\amway tunnels should be closed if
CO in the tunnel mid-point exceeds 100 ppm for ntben 15 minutes. It has been
noted (Indrehus & Vassbotn, 2001) that N&vels can reach dangerously high levels
in at least one tunnel without triggering a closurieoth because 100 ppm of CO was
not reached, and because monitoring of,N@s not part of the tunnel’'s control
system.

Guidance for the Management of Air Quality In RGachnels in New Zealand 149



J— NIWA -

Taihoro Nukurangi

11.6Feedback and control — summary

Monitoring data can be used in a feedback loopilty br partly control ventilation. In
such a system desirable (and cost-effective) dynatability is best achieved with an
element of ‘prediction’ rather than just ‘reaction’

In some sensitive locations venting of road turaielinto the external environment
may compromise local air quality. This impact wie very dependent on local
topography, existing air quality and the naturetlod built environment. In such
sensitive environments it may be necessary to miomit model the local impact.
These data can then be used in a feedback loapoéisea variable to be considered in
ventilation control.

Further reduction of the air quality impacts ofiariel may be achieved through traffic
management. Generally, congestion is a worst-ceseaso within a tunnel due to

high emissions, an increased number of vehiclethéntunnel volume, a reduced
traffic-induced airflow and the potential for thetiation of a chemical reaction which

produces excess nitrogen dioxide. A number ofiraflanagement options have been
listed which can contribute to air quality managame
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12. Conclusions

This Report is intended to assist NZTA in settingdglines for air quality in road
tunnels in New Zealand. We have reviewed the raleembient and occupational
guidelines for general use, and the guidelines tedofor road tunnels in other
countries. The National Environmental StandardsAor Quality in New Zealand

quite explicitly apply to all locations outside untel in which people are likely to be
exposed. They do not, however, apply inside tunnels

Table 12.1 below summarises the objectives of mmél air quality guidelines, the
type of health risk they relate to, and the poliitand averaging time that most
practically represents that risk.

Table 12.1: Summary of the possible objectives ofidtunnel air quality guidelines, the time-
frame of associated health risks, the pollutant orindicator best suited to
representing that risk and comments on whether suifient information exists to
recommend a related guideline

Objective (see | Health risk type | Pollutant/indicator | comments
section 1.6) (see chapter 3)
Safety Immediate-acute CO, visibility CO guidelines recommended
Health Delayed-acute NO;, particles NO; guidelines recommended,
Insufficient data to set particles
guidelines
Chronic NO2, particles, | Insufficient data to set long-term
benzene tunnel-specific guidelines for
NO2 & particles.
CO guidelines provide
occupational  protection  for
benzene
Wellbeing Anxiety & stress Visibility, odour Unquantifiable at present

We conclude that in setting guidelines NZTA aresthavith a number of key choices,
which are presented below.
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12.1Carbon monoxide guidelines

Carbon monoxide limits have been set around thédvasrd are the conventional tool

for managing road tunnel air quality. Due to tmigernational precedent, the relatively
high level of understanding of the effects of carlbmonoxide exposure, the relevance
of the rapid physiological impact of these effadct®xposure times in tunnels and the
proven practicality of CO monitoring in tunnels, wi&ongly recommend that a CO

limit be adopted as a guideline.

What that limit should be depends upon the marfisatety required and assumptions
about whom the limit is protecting. We recommenatk t limit corresponding to the
World Health Organisation’s ambient air quality deline of87 ppm averaged over
15 minutes be adopted. This limit is designed to ensure ttie level of
carboxyhaemoglobin in the blood of non-smoking elnrsers does not exceed 2.5 %
as a result of a single passage through a tunm. dorresponds to the generally
accepted lowest observed adverse effect level (UQAfd provides protection for
the general healthy population, but also more qigde tunnel users, such as
coronary patients and pregnant women. It also alltaw an increased rate of COHb
production in the body associated with light atyivsuch as walking, steady running
or cycling in adults. Effects of raised carboxyhagiobin on children are poorly
understood, and we cannot guarantee that childikrbevoffered the same level of
protection by this limit. However, the guideline C@lue will also keep the
carboxyhaemaoglobin levels in children riding in iads through a road tunnel below
2.5 % also. This limit is similar to the 100 ppmii recommended by PIARC. The
reduction in that limit to 70 ppm appears to beebagn achievability rather than any
new evidence on the effects of CO on the body. 8fbes we cannot recommend it on
the basis of scientific evidence alone.

We find no basis to challenge the widely adoptecupational safety guidelines for
CO of 200 ppm as a 15-minute average and 30 ppam &shour average. Although
the PIARC recommendation of a reduction in the 8rhlamit to 20 ppm may be
laudable, the lack of justification provided by RR& leaves us unable to determine
whether the recommendation is based on medicakepwva or other considerations,
and we are therefore unable to endorse the recodatien on scientific grounds.

Recent rapid reductions in CO emissions from roelicles have meant that a CO
limit is not as demanding upon ventilation as kdiso be. Thus, more stringent CO
limits could be adopted than have been hithertdhaut necessarily additional
ventilation demand. NZTA could consider adoptingnare stringent CO guideline
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than the WHO value. This might be considered appatgin the case of children

having pedestrian or cycling access to a tunnelWwdder, our review of the current

state of knowledge suggests that setting a limithenbasis of this purpose could not
be justified scientifically.

12.2Nitrogen dioxide guidelines

Recent technological changes have reduced CO emss§iom road vehicles faster
than emissions of oxides of nitrogen (N@onsisting of nitric oxide and nitrogen
dioxide) such that the ratio of N@ CO in road tunnel air has increased over the la
decade or more. In the meantime, research hasasingdy related a range of adverse
health effects to exposure to nitrogen dioxideeemsgsly when mixed with particles, as
occurs in road traffic exhaust. A range of diffdraitrogen dioxide exposure limits
exist in the occupational, ambient and road tucoatexts. The trend in emissions has
meant that, if applied to road tunnels, N{dnits are gradually becoming more
demanding upon ventilation than CO limits.

Much of the research on nitrogen dioxide and pagicas focussed on longer
exposure times than occur in tunnels, and partigun long-term chronic exposure
amongst people living close to major highways.sltuinclear how much of this
research relates to exposure during single shadages through most road tunnels,
except that we must conclude that a risk to heddés exist. The research is certainly
relevant, however, where repeated tunnel usagéeady,| such as experienced by
commuters or professional drivers who use tunnels cegular basis.

Thus, we conclude that a strong rationale exigtshi® adoption of a nitrogen dioxide
guideline in New Zealand road tunnels to providetifie protection of health of tunnel
users.

However, this need for a NQyuideline must be considered in the context of the
greater difficulty in setting, implementing and erting such a guideline compared to
CoO.

Whereas there is widespread agreement on appmpdét limits for short-term
exposure, the same cannot be said fop,N@th limits ranging from 0.11 ppm to 8
ppm noted in this Report. This represents the impteta state of knowledge in terms
of the effects of short-term exposure, and repeshedt-term exposure to NCand its
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especially complex interaction with exposure taipkes. We must expect that it could
be decades before such knowledge gaps are sairdfantsolved.

Implementation and enforcement of a N@uideline are further complicated by the
chemical reactivity of oxides of nitrogen which reakoncentrations of NQOin a
tunnel difficult to predict. Monitoring is impedeby technological difficulties in
obtaining accurate and reliable measurements irurmet environment and by
uncertainties regarding the ability of a measurdnena point to represent the
concentration variability within the tunnel voluméle have briefly reviewed some
approaches which may be adopted to deal with sdrifeese difficulties. In summary,
however, implementation and enforcement of a,Niit is more technically
demanding and complex than for a CO limit.

Considering the evidence, we recommend that g dgu@@leline is adopted. This would
bring New Zealand in line with many other countriasound the world. We
recommend that the Permanent International Asgoniabf Road Congresses
(PIARC) recommendation, i.4. ppm to be exceeded no more than 2 % of the time,
be adopted in New Zealand. This guideline is bagezh protection of healthy non-
asthmatic subjects. We recognise that experimeatédlence exists (including
experiments involving human volunteers in busy roaanels) that asthmatics are
susceptible to an observable adverse responsevés mncentrations than this. This
is reflected in the adoption of more stringent gliftes for ambient exposure (WHO)
and the guideline of 0.4 ppm as a 15-minute aveesgadopted for road tunnels in
France. However, this is based on a precautionppyoach to evidence based on
exposures of 30 minutes or more and, unlike fdb@amonoxide, the significance for
much shorter duration exposures is currently unknowny nitrogen dioxide
guideline adopted should be reviewed within a deaduk to the rapidly developing
health research literature and rapidly evolvingielehemissions.

12.3Implementation

We recommend that implementation of an air qualilydeline is supplemented by

continuous, permanent monitoring to at least engshet the objectives of the

guidelines are being met. Monitoring is also reggiivhere feedback to mitigation

measures (ventilation control or traffic managementnstalled. We recommend that
an experimental study is conducted to determinespiaial representativeness of the
monitoring installed, by comparing measured conegioihs at exposure-relevant
locations through a tunnel to those reported byp#renanent monitors.
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An exposure management approach (which appliegaidgline to individuals using
the tunnel taking into account the duration of ttteiposure, rather than applying
solely to the tunnel air) may offer potential enesgvings from reduced ventilation,
the opportunities for which are greatest in shawenels. Such an approach requires
that a minimum speed can be assured. That speathngl-dependent. Exposure
management depends upon parameterisations whichecapecified with acceptable
confidence for CO, but their applicability to M@uidelines is more uncertain.

Pollutant retention in a vehicle post-tunnel need normally be considered in

exposure management in this case as an assumptbralt vehicles are open is

conservative. This assumption may be invalidatedeliicle speeds post-tunnel are
lower than in the tunnel itself. This is unlikely bccur in most cases but could be
significant if a tunnel with a relatively high mmum speed delivers traffic into a
congested link or network.

Tunnel ventilation systems should be designed eéontbrst-case for exposure, which
is low speeds and fully-open vehicles. Whether lsicke cabin is open or sealed, the
main determinant of the impact of carbon monoxidehealth is the length of time
spent in the tunnel. Decreasing the rate of iafiitm into a vehicle cabin can greatly
reduce concentrations inside the vehicle. Settingemnts to ‘recirculate’ is a highly
effective mitigation measure for individuals, butlyif the vents are re-opened once
the tunnel transit is complete.

The complexity of nitrogen chemistry in tunnelsdathe uncertainties regarding
emissions of oxides of nitrogen (and nitrogen garting in particular) lead us to
recommend that implementation of a Nguideline should not be undertaken without
experimental campaigns to improve our knowledgthenNew Zealand context. The
design and scope of these campaigns would depemd tipe nature of the
implementation (e.g. direct monitoring, or using N@GD,, CO or visibility as proxies)
but would generally consist of detailed, intensigampaigns to establish key
relationships between NOand other measures, and the variability in those
relationships, and to establish the location antureaof peak concentrations,
including studies to establish if the termoleculeaction of NO with oxygen (see
chapter 9) is leading to rapid N@roduction anywhere in the tunnel.

All of the suggested NOguidelines are likely to be more demanding on ilagidn
than the recommended CO guideline of 87 ppm, atthothis is specific to the
emissions in any given tunnel. The Nguideline could be implemented by adopting a
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correspondingly stringent CO guideline. This wodlépend upon the satisfactory
development of a robust relationship between CO ld@d concentrations which
would be specific to a given tunnel. This relatimpswould be expected to change
over the years such that a regular review, invghandetailed monitoring campaign,
would be required.

12.4Particles and other toxic species

The effects on human health of short-term expogorder of minutes) to airborne
particulate matter, and repeated exposure, as wbaldexperienced in repeated
passage through a road tunnel, are insufficiergtpldished to propose a guideline.
We have found no evidence of such a guideline iegisinywhere else in the world.
This is also true for other toxic species presantghicle exhaust, such as PAHs or
benzene.

The 8-hour occupational CO guideline recommendexiges more than adequate
protection against benzene exposure, relative éoN\iw Zealand 8-hour Workplace
Exposure Standard which applies in all road tunrielsk of vehicle emission factors
for formaldehyde, styrene and toluene prevent wsnfrdetermining if the CO
guidelines provide protection with regards to thel@/short-term exposure guidelines
for these substances. However, the limited datdadd@ suggest that the emission
reductions achieved for CO have generally beeresedialso for other toxic species.
Thus, we have no evidence to suggest that a CCelgudddoesot provide similar
protection for these species.

Safety in road tunnels is maintained partly throtigh implementation of visibility
limits, although this is intended to be independanair quality (i.e. health) impacts
associated with visibility-reducing particles. PIBRecommends a set of 5 in-tunnel
visibility limits corresponding to 5 traffic conéins. Howeverperceptionof poor air
quality may be related to reduced visibility argsifrom haze and dust, and the
appearance of visibly smoky plumes. We have rewietws examples of Norwegian
tunnels in which CO guidelines were not exceededugers regularly complained of
poor visibility.

Visibility monitoring (which is installed as parf the permanent ventilation system in
many tunnels worldwide) provides tipptential for an alternative assessment of the
air quality and health risk within a tunnel, indlngl an indirect means of assessing
levels of NQ. However, the relationships between visibility, @ NQ are likely to
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be quite specific to traffic characteristics andrtel geometry and ventilation, i.e. they
are probably quite tunnel-specific and need to bterchined empirically through
observation.
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13. Detailed Recommendations

13.1Guidelines

« We strongly recommend that a CO limit be adoptedh agiideline for all
tunnel users.

* We recommend that a carbon monoxide guideline et to the World
Health Organisation’s ambient air quality guidelwfe87 ppm averaged over
15 minutes be adopted.

* We recommend that a separate and additionallN@ is also adopted.

We recommend that the PIARC recommended nitrogaxid# limit of 1 ppm
not to be exceeded more than 2 % of the time bptado

* We recommend that a nitrogen dioxide guideline .df om as a 15-minute
average be considered on a precautionary basietidp extra protection for
asthmatics.

* We recommend that the New Zealand Workplace ExgoStandards (WES)
for CO (200 ppm as a 15-minute average) be adofiiedbccupational
exposure of staff.

*  We recommend that the NIOSH Recommended Exposung (REL) for CO
(30 ppm as an 8-hour average) be adopted for otionphexposure of staff.

«  We recommend that the NIOSH Recommended Exposurit (REL) for
NO; (1 ppm as a 15-minute average) be adopted forpaticnal exposure of
staff.

« We are unable to recommend any guidelines for gestiat this time, due to
the international lack of health-based evidencéherrisk posed by very brief
exposures (seconds to minutes) as apply to roactlsinsers.

e This report has not explicitly reviewed visibilitgyuidelines as these are
devised and implemented for the purpose of maimgitunnel user safety,
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rather than protecting health. However, we havéllgbted some instances
where visibility monitoring can be used to providdirect information about
in-tunnel air quality in general, and MCGoncentrations specifically.

* We recommend that observational research be caedlictdetermine if the
rapid and possibly unobserved production of nitrogeoxide via the direct
reaction between nitric oxide and oxygen is a $iggmt issue in New
Zealand’s tunnels and whether compliance with aiipeNO, limit would
prevent it.

* Due to the substantial remaining uncertainties ngigg the health effects of
brief exposure to N§) the emissions, determinants and levels of MC5tate
Highway road tunnels, and technical challenges onitoring NQ ,we
recommend that an NQ@uideline be implemented for the purposes of desig
only (rather than compliance monitoring) at thegst.

 We recommend that any guidelines adopted are redem a decadal basis in
the light of new emission trend data, forecastsraawd health research.

13.2Implementation

* We highly recommended that a tunnel’s ventilatigatem’s performance is
checked by monitoring at least once, and preferablyat least a decadal
cycle.

* We recommend that permanent internal monitoringnbkided as part of any
tunnel design. No system should rely on a singlaiton

* Numerical modelling and/or a pre-deployment stuglgecommended to assist
in characterising the representativeness of anygeent monitor.

*» We recommend that a research programme be condtwtddtermine the
nature of NQ emissions and resulting N€oncentrations and NONO, ratios
in New Zealand tunnels to facilitate the impleméntaof a NQ guideline
and to better quantify the risks arising from roashicle emissions, and
specify mitigation options with greater certainbydaconfidence.
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* We recommend that the relationship between coretamis of CO, NO, N©
and measurements of visibility are investigatedspecific New Zealand
tunnels to further investigate the viability of mgivisibility monitoring to
inform air quality assessment and better integvaibility (safety) and air
quality management.

+ Before such research can be conducted we recomnierida NGQ/NO,
concentration ratio of 0.1 be assumed in tunnegg to 0.2 within 200 m of
the tunnel ends.

13.30ther matters

¢ In the case of a tunnel with a low level of traffianinimum air flow should
be included in the design so as to cope with thasient effects of gross
polluting vehicles or tunnel road blockage.

* Long-term changes in traffic and emissions havieetestimated at the design
stage of a tunnel ventilation system, or its upgrafstimates will be
substantially supported by a programme of long-temissions monitoring in
existing (and future) road tunnels, which we stigngcommend. This is
enabled by an enhanced approach to in-tunnel nrorgtdi.e. incorporating
monitoring of airflow, traffic characteristics amanbient air quality). Such a
programme would also feedback into national vehatgission assessment
and forecasting.
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