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Abstract

Research was carried out into the relative exposure o f commuters to air pollutants in 

D ublin between four modes o f transport. These differences were determined 

experim entally by simultaneously sampling the personal exposure o f comm uters to VOCs 

and PM 2 5 in cars, buses, on bicycles and on foot. Over 400 samples were recorded from 

January 2005 to June 2006 along two different commuter routes (Route 1 and 2) and the 

resulting dataset revealed statistically significant differences between exposure 

concentrations in the modes o f  transport. The Car commuter was found to have the 

highest exposure to VOCs followed by the bus, cyclist and pedestrian, while the bus had 

the highest exposure to P M 2 . 5  followed by the car, cyclist and pedestrian. Using a 

num erical lung model to predict the internal deposition and absorption o f these harmful 

pollutants revealed that for PM 2 5 the cyclists had the highest uptake due to their elevated 

breathing rates, followed by the bus, pedestrian and car. For VOCs the car was found to 

have the highest uptake, owing to its high exposure concentration and long duration of 

exposure, followed by the cyclist, pedestrian and bus. Samples were recorded using 

m obile sam pling equipm ent and analysed using gas chromatography for VOCs and 

gravim etric analysis for P M 2  5 .

The dataset comprised the exposure concentration o f five VOCs and PM 2 5 as well as a 

num ber o f  meteorological and traffic variables. The dataset was com prehensively 

analysed using statistical methods. Trends were revealed such as increases in 

concentrations during evening rush hour compared to m orning rush hour; higher VOC 

em issions with cold tem peratures compared to warm or mild conditions; the degree o f 

difference between the modes o f  transport was generally greater on Route 2 than on 

Route 1; evidence o f non-transport sources contributing to the PM 2 5 concentration.

Investigations o f intra-mode variability were also carried out whereby the im portance o f 

roadside positioning was found for the pedestrian, with lower exposures found for 

pedestrians at increased distances from the traffic compared to pedestrians close to  the 

traffic. Reduced exposure for car commuters who maintain a larger inter-vehicle spacing



o f 2m compared to Im in idling traffic was found. Lower exposure for car com m uters 

and cyclists in suburban areas were found compared to inner city commuting.

Numerical analysis o f the data using computational fluid dynamics (CFD) was 

successfully carried out using the commercial CFD software Fluent 6.2. 3D m odels o f  

Route 1 were constructed which allowed the prediction o f the personal exposure o f  

commuters to air pollutants based on the meteorological conditions o f  wind speed, wind 

direction and temperature. M odels o f  intra-mode variability for the pedestrian and car 

comm uter were also constructed in 3D which provided insightful graphical findings on 

the dispersion o f  air pollutants in each o f  these microenvironments.
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Glossary of Terms

A
Acinar
The region o f the lungs containing the alveoli and intersistal regions 

D
Diffusivity
The diffusivity o f a solute defines the rate o f transfer o f the solute in a given fluid 
under the driving force o f a concentration gradient. The mass transfer process is called 
diffusion.

E
EAD
Equivalent aerodynamic diameter o f a particle 

Expectorated
The scientific term describing the process o f spitting from the mouth.

II
Henrys Law Constant
Henry's Law Constants characterize the equilibrium distribution o f dilute 
concentrations o f volatile, soluble chemicals between gas and liquid.

M
M acrophages
immune system cell which defend the alveoli from foreign bodies 

Mucociliary blanket
A  layer o f mucous covering most of the surface o f the lungs which is constantly 
carried towards the mouth and acts as an immune defence system.

P
Partition Coefficient
In the fields o f organic and medicinal chemistry, a partition coefficient is the ratio o f 
concentrations o f a compound in the two phases o f a mixture of two immiscible 
solvents at equilibrium. Hence these coefficients are a measure o f differential 
solubility o f the compound between these two solvents.

Phagocyte
When a macrophage, eliminates a foreign particle/body in the alveoli. Also see 
macrophages

PM
Particulate matter 

UFPM
ultra fine particulate matter, particles less than 1 |im in diameter

XXV
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1. Introduction  

1.1 Aims and Objectives

In the area o f  transportation research and policy, much w ork  has gone into the 

discouragem ent o f  the use o f  private cars due to problem o f  congestion, pollu tion  and 

unsustainability, while public transport, walking and cycling have been promoted. 

M any  factors form part o f  the com m uters choice o f  transport mode such as travel 

time, w eather conditions, affordability, comfort, privacy etc. O ne factor, sparsely 

publicised, and which, in general, the average com m uter would have little know ledge 

of, is the differences in air pollution exposure between these transport m odes and the 

possible  health effects th e reo f

This study aims to quantify whether significant differences in air pollution exposure 

exist between the major com m uter m odes available in Dublin by investigating the 

actual uptake o f  pollution by com m uters in the m icroenvironm ent o f  their chosen 

transport mode, investigations are also made into reducing air pollution exposure 

within the same transport m icroenvironments by adopting different routes, driving 

styles or habits. Computational Fluid D ynam ics (C FD ) is also used to investigate the 

dispersion o f  these pollutants along the selected routes in Dublin. Formally, the 

prim ary aim s o f  this study are as follows:

•  To determine the difference in air pollution concentrations between m odes  o f  

transport in Dublin.

•  To determine the differences in uptake or dose received by the average 

com m uter between m odes o f  transport in Dublin

•  To investigate the determinants o f  air pollution concentrations in m odes  o f  

transport in Dublin.

•  To investigate the dispersion o f  air pollutants in transport m icroenvironm ents  

using Computational Fluid Dynamics.
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1.2 Overview of research programme

The research programme involved an extensive review o f  literature in the areas o f  

personal exposure sampling, air pollution epidemiology, Computational Fluid 

Dynamics m odelling and human respiratory tract modelling.

Following this review, a campaign o f air quality sampling, simultaneously com paring 

various modes o f transport, was carried out over an 18 month period (January 2005 -  

June 2006). During this campaign a total o f  780 samples were obtained; 390 sam ples 

o f volatile organic compounds (VOC) and 390 samples o f  particulate m atter (PM 2 .5 ). 

Various influencing factors such as meteorological conditions, traffic congestion data, 

journey time etc were also recorded with each sample. Samples taken within m odes, 

totalling 160 samples (80 VOCs and 80 PM 2 5 ), were also obtained. These included 

comparisons o f  comm uter exposure between the urban and suburban conditions, 

between cars in congested traffic where various distances are maintained to the car in 

front and between pedestrians commuting at a larger distance from the roadside.

Following the air quality monitoring phase o f  the research programme, the collected 

data were analysed for significant differences in concentrations between m odes o f  

transport and for relationships between exposure concentrations and their 

hypothesised determinants. Simple and M ultiple regression models were constructed 

as a means o f statistical prediction o f  exposure concentrations. Principal com ponent 

analysis o f the data was also carried out to investigate the inter-relationships betw een 

the numerous variables recorded.

In order to estimate the uptake o f air pollution o f commuters, a human respiratory 

tract model was required, which was developed from a previous researcher’s w ork for 

specific use in this project. The data were entered into the chosen human respiratory 

tract model to estimate the deposition and distribution o f  particles in the lungs as well 

as the absorption and distribution o f  VOC gases in the lungs.
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C om puta tional Fluid Dynamics was also used to predict the dispersion o f  pollutants 

in transport microenvironments. This method allowed 3D visualisation o f  the 

d ispersion o f  the pollutants in various scenarios from which observations were made.

1.3 Thesis Outline

C hapter 2 contains a literature review o f  the key areas o f  this project. These include: 

co m m u tin g  in the urban environment and specific to Dublin addressing transport 

m odes  and com m uting  patterns in the city; traffic derived air pollutants (prim ary and 

secondary) and their sources, chemical and physical properties and health effects; 

exposure  physiology addressing the main routes o f  exposure to air pollution, the 

physiological differences between m odes o f  transport and the main principles o f  air 

pollution toxicology; air pollution epidemiology addressing the evidence to date  on 

the effects o f  various types o f  air pollutants on morbidity and mortality rates; 

determ inants  o f  air pollution in the transport m icroenvironm ent such as 

meteorological conditions, traffic volumes, traffic speeds, idle times etc; and human 

respiratory tract modelling and CFD  m odelling addressing previous work carried out 

in both areas and assessing the m ost suitable models for this study.

C hapter 3 outlines the methodology adopted for air quality sam pling during the study. 

This chapter describes the processes and apparatus used, as well as the quality control 

procedures and calibration experiments carried out. Chapter 4, numerical m odelling, 

outlines the hum an respiratory tract model adopted as well as the various CFD 

m odels  w hich  were used to predict pollutant dispersion. Chapters 5 and 6 outline the 

results o f  the experimental m onitoring for each mode o f  transport considered and  for 

each mode com parison undertaken and outlines the results o f  statistical analyses 

carried out on the data. Chapter 7 exam ines the possible determ inants o f  pollutant 

exposure concentrations recorded in Chapter 5 using further statistical analysis o f  the 

data. Chapter 8 discusses the results o f  the CFD modelling o f  the experimental data.
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Finally, Chapters 9 and 10 present a discussion o f the project and the conclusions 

drawn from the data and analysis. Supplementary data are also presented in the 

Appendices following the main body o f  the thesis.
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2. Background

This chapter contains the literature review undertaken as part of this research project 

in the areas relating to air pollution exposure in commuter transport.

2.1 Traffic Air Pollutants and Health Effects

There are two main groups o f air pollutants, primary and secondary pollutants. 

Primary pollutants are those which are emitted directly from vehicle’s engines such as 

volatile organic compounds (VOCs), carbon monoxide (CO) and particulate matter 

(PM), and as such they are likely to be at their highest concentrations in or near 

traffic, with levels falling off rapidly as one moves away from the source (Taylor and 

Fergusson, 1997; Ning et al., 2005; McNabola et al, 2006b). As a result, primary 

pollutants are particularly relevant to commuter exposure as commuting by some 

modes o f transport obviously necessitates being very close to the source o f these 

pollutants.

Secondary pollutants are those which are created from primary pollutants through 

chemical and photochemical reactions in air. Secondary pollutants include 

compounds such as ground level ozone (O 3), nitrous oxides (NO^), sulphur oxides 

(SOx), etc. These compounds are not directly emitted by combustion sources. For 

example, concentrations of ozone are not particularly elevated in the presence of 

traffic generated pollutants, indeed ozone may in fact be reduced by some pollutants 

and one would therefore not expect to fmd the highest concentrations o f ozone in or 

near vehicles (Taylor and Fergusson, 1997). Secondary pollutants are therefore not 

the main focus o f this project (although they can have significant adverse health 

effects) since they are not directly related to traffic emissions and depend on a 

number o f environmental factors for their formation (Carsten et al, 2004).

The most famous air pollution incident historically is the London smog o f 1952 

where an estimated 4000 people died in a matter of days as a result of air pollution 

due to coal burning (Bell et al, 2004). In more recent times however, the most 

significant problems within air pollution result from vehicular exhaust emissions.
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particularly in the urban environm ent (Taylor and Fergusson, 1997). Furtherm ore, 

with increasing numbers o f  private cars on the roads and the ever increasing dem and 

for travel at peak times, the problem o f vehicle exhaust emissions is becoming ever 

more pertinent. The proportion o f  commuters using the private car in the greater 

Dublin area has increased from 64% in 1991 to 72% in 1997 and the average journey  

times for private car commuters has increased from 31 m inutes in 1991 to 43 m inutes 

in 1997 (DTO, 2001). This study aims to focus on traffic derived pollutants only i.e. 

pollutants emitted from vehicle exhausts, which are considered to be m ost relevant to 

the commuter. This study also aims to focus on those pollutants which have been 

proven to exhibit significant adverse health impacts and are directly emitted from 

road transport, as opposed to pollutants which are not harmful to human health in the 

concentrations typically experienced by comm uter or pollutants which are indicative 

o f the presence o f other more harmful compounds. However, by m easuring harm ful 

VOCs in the course o f this project, other non-harmful VOC pollutants were also 

collected and have been reported as they act as indicators o f  other more harm ful 

compounds or o f  other sources.

The Irish Air Quality Standards Regulations 2002 (S.I No. 271 o f  2002) specifies six 

air pollutants which are given statutory limit values. These pollutants (as listed 

below) are known to cause harm to human health and the environm ent as a whole (S.l 

No. 271 o f  2002).

• benzene,

•  carbon monoxide,

•  lead,

•  nitrogen dioxide and oxides o f  nitrogen (NOx),

• particulate matter,

• sulphur dioxide.

These six pollutants are also cited in the Dublin regional air quality m anagem ent plan 

with particular reference to benzene, particulate m atter and NOx as “'warranting
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reduction in the Dublin area ” (Dublin City Council, 2004) and these six pollutants 

are discussed in detail in the follow ing subsections.

E pidem iology is defined as the study o f  the distribution and determinants o f  disease, 

other health related states and events in specified populations and the application o f  

this study to the control o f  health related problems (Gordis, 2000). In the field o f  air 

pollution, epidem iology uses statistical data on rates o f  mortality and morbidity in 

com bination with recorded levels o f  air pollutants. Observations can then be made 

about increases in total mortality in association with concentrations o f  ambient 

pollutants using statistical tools. Many epidem iological studies have been carried out 

in the area o f  air pollution and in terms o f  this project, they can be readily split into 

tw o groups, as follows:

• Volatile Organic Carbon (VOC) studies

•  Particulate Matter (PM) studies

A s a number o f  VO Cs such as benzene and 1,3 butadiene are known carcinogens 

(W HO et a i ,  2000; Hughes et a i ,  2001), these studies deal with the relationship  

between the probability o f  contracting cancer and ambient levels o f  VOCs. H ence, 

only chronic epidem iological studies have been carried out on VOCs due to the 

effects being chronic in nature.

Particulate matter studies deal with the relationship between premature death and PM 

concentrations. A s there is no proven link between cancer and PM, these studies deal 

in actual number o f  deaths i.e. a given increase in PM 10/PM 2 .5  is correlated with an 

increase in the number o f  deaths/hospitalisations (Dockery, 2001). The studies that 

have been carried out for PM exposure include chronic (> lyr in duration) and acute 

(5-7 days in duration) studies, showing the long and short term health effects o f  PM 

on humans (Oberdorster et a i ,  1995; Seaton et al., 1995; Schwartz et a i ,  1996; 

M ichaels, 1998; Peters et a i ,  1999; M ichaels and Kleinman, 2000; Oberdorster, 

2000; Pope, 2000; Dockery, 2001).

1
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2.1.1 Volatile Organic Compounds

Organic compounds are present in the atmosphere as a resuh o f human activities, 

arising mainly from motor vehicle exhaust, evaporation o f  petrol vapours from motor 

vehicles, solvent usage, oil refining, industrial processes, petrol storage and 

distribution, among many others. Natural biogenic processes also contribute 

significantly to the ambient concentrations (Hester and Harrison, 1995). It has been 

estimated that approximately 60% o f VOCs present in the urban atmosphere in 

Dublin originate from transport sources (O ’Mahony et al., 2000).

The general category o f  VOCs includes non-methane hydrocarbons, halocarbons and 

oxygenates. The term volatile organic compound refers to those organic compounds 

present in the atmosphere as gases but which, under normal conditions o f  temperature 

and pressure, would be liquid or solid (Hester and Harrison, 1995). Non-methane 

hydrocarbons have received much attention in the field o f  air pollution due to their 

transformations in photochemical reactions in the environment as shown in Equation

2.1  .

VOCs + NO + O2 + Sunlight => mixture o f O3 , HNO3 , organics. (2.1)

VOCs in the atmosphere are attacked primarily by the hydroxyl radical 0 H ‘. This 

results in the formation o f  other radicals which act as oxidants. These secondary 

radicals then can react with the primary emission NO, oxidising it to NO 2 . These 

secondary radicals can also react with NOx in the presence o f sunlight to form ozone  

(as shown above). VOCs are o f  concern in a number o f  different areas as follows:

• Depletion o f  the Ozone Layer

• Formation o f  ground level Ozone

• Toxic/Carcinogenic health effects

• Global warming

• Accumulation and persistence in the environment
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Depletion o f the ozone layer (by destruction o f O3 through reaction with hydroxyl 

radical, NO and chlorine, primarily from CFCs), Global Warming and the formation 

of ground level ozone, all of which VOCs play an important role in, are not the focus 

o f  this study as they are not specific to commuter exposure to air pollution and so will 

not be discussed further. Two VOCs, benzene and 1,3 butadiene, are known to be 

leukaemia inducing agents in humans (Hester and Harrison, 1995) and are widely 

reported for their carcinogenic, mutagenic and genotoxic health effects (WHO et a l, 

2000 & 2001). Benzene, as stated above, is a compound o f specific focus for the 

regulatory authority in Dublin and internationally. 1,3 butadiene is not specified in the 

statutory regulations as a shortage of specific data exists for this chemical (Taylor and 

Fergusson, 1997) and no EU or WHO limit value has been set for this compound to 

date. However, it is classed as ''likely to he carcinogenic to humans" (WHO et al., 

2000) and is considered an important compound within the scope of this study.

Benzene

Benzene (CeHe), is a colourless liquid at room temperature and has a high vapour 

pressure. It exists predominantly as vapour in the urban environment. The major 

source o f benzene is exhaust emissions, particularly petrol engined vehicles, the 

evaporation losses from motor vehicles, as well as losses during handling and 

distribution o f petrol (WHO et a l, 2000). Depending on meteorological conditions, 

the half life o f benzene ranges from a few hours as a result of rainfall (see Section 

2.5.1 for details) to a few days as a result of degradation from hydroxyl radicals. 

Inhalation exposure (see Section 2.4) accounts for 99% of the exposure o f the general 

public. It is estimated that the average daily intake of benzene is 180-1300iig/day in 

the USA and other countries (WHO et a l, 2000). Cigarette smoking can increase this 

intake by up to 1800|j,g/day and passive smoking can increase the intake by 50|xg/day 

(WHO et a l, 2000). There are two types of air quality controls on VOCs: one 

specifies the threshold, below which no significant health effects will occur; the 

second control is the stochastic level above which the risk of health effects increases 

(i.e. the probability of contracting cancer increases). No safe threshold value has been
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specified by the WHO for benzene, but its stochastic limit value has been set at a 

5|xg/m^ or 1.5ppb average over 24 hours, in the statutory regulations for air pollution 

(S.I No. 271 of 2002), where an average 24 hour exposure o f 5)a,g/m  ̂ over 74 years is 

associated with a 1 in 1 million chance of contracting cancer.

It has been estimated that 30% of the daily intake o f benzene is acquired by spending 

one hour travelling in a car in urban areas (WHO et al, 2000). Inhaled benzene is 

estimated to be 50% absorbed by the body, 30% retained in the lungs and the 

remaining 20% exhaled as unreacted benzene, however this can be shown to vary 

depending on respiration rate, among other factors (ICRP et al, 1994; McNabola et 

al, 2006a), as discussed in Sections 2.3 and 2.7. The average half life o f absorbed 

benzene in the body is 28 hours which can also be shown to vary (ICRP et al, 1994).

Benzene is a carcinogenic, mutagenic but not tetragenic VOC (i.e. it causes cancers 

and mutations in organisms including humans but does not affect the offspring o f the 

exposed organism). It has also been linked to adverse health effects on the blood 

(leukaemia), bone marrow and immune system (WHO et al, 2000). The International 

Agency for Research in Cancer (lARC) has classed benzene in Class 1 i.e. clearly 

proven to be cancerous to humans. An individual exposed to Ippm o f benzene over 

40 years would have an increased risk ratio o f 1.7 and the risk o f contracting 

leukaemia associated with a concentration o f benzene of 0.17|Jg/m^ has been 

calacuiated as 1 in 1 million (Guerra et al, 1995; WHO et al, 2000). Benzene 

toxicity has been found to be increased by the presence o f ethanol, although ethanol is 

not associated with transport emissions. However the toxicity is reported to be 

reduced by toluene which is a traffic emission (Plappert et al, 1994). A study on mice 

and rats exposed to concentrations o f 900ppm and 300ppm of benzene developed 

anaemia after 4-8 weeks (depending on the concentration), whilst those who were co

exposed to benzene and toluene did not. Co-exposure was also found to reduce 

genotoxicity of benzene on DNA, in the liver and Bone marrow (Plappert et al, 

1994). It should be appreciated that seldom in practice are receptors exposed to a 

single compound under normal environmental conditions, rather a diverse mixture o f
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com pounds and so laboratory research carried out using single compounds should be 

viewed accordingly.

One w ay o f  assessing the impact o f a pollutant in terms o f health is the specific risk 

factor (SRF). This is defined by the WHO as the probability o f  contracting a tum our 

when exposed to l|.ig/m^ o f  a substance over an average lifetime o f  74 years and is 

shown in Equation 2.2 .

SRF = Po(R-l)/X  (2.2)

Po is the reference mortality rate for the population in question, R is the relative risk 

factor (num ber o f actual death / number o f expected deaths), X is the average 

exposure level jj.g/m^ over an average lifetime calculated from X = (LM C x 8 x 240 x 

Na)/(24 X 365 X 70). LMC (lifetime mean concentration) is the average exposure level 

weighted on an 8 hour working period and Na is the number o f  exposure years. The 

SRF for benzene is currently 53 x 10'^ and for CO is 4 x 10'^ but these can vary 

according to stricter guidelines / better technology (i.e. improvements in instrument 

resolution) etc.

A study in M ilan from 1920 to 1988 estimated that the average benzene concentration 

for that period was 12.5jxg/m^ and that the average population in that period was 

around 1.25 million. Using the current SRF for benzene o f  53 x 10'^, the num ber o f 

tum ours per annum, during that period, amounts to an average o f  12. If  the period was 

reduced to more recent years (1968-1993) that figure increases to 30 tum ours per 

annum, based on an increased average concentration o f 25^g/m  , which would 

account for 10% o f the 300 leukaemia deaths annually in the city (Guerra et al ,  

1995).

1, 3 Butadiene

1,3 butadiene (butadiene) is a product o f incomplete combustion resulting from both 

natural processes and human activity. At room tem perature it is a colourless
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flammable gas with a mild aromatic odour. It enters the environment from exhaust 

emissions from petrol and diesel engined vehicles, combustion o f biomass and 

industrial processes. Butadiene is not a persistent pollutant in the atmosphere i.e. once 

it is released into the atmosphere it is oxidised rapidly with photochemically produced 

hydroxyl radicals. It therefore has a dependence on sunlight for its removal although 

at night butadiene can be degraded by nitrate radicals. It has a half life o f a 0.24-1.9 

days depending on sunlight and other weather conditions (Hughes et a i, 2001). In 

winter the residence time may be 10-30 times greater than in summer and as a result, 

in certain winter meteorological conditions, an overlap o f butadiene from the previous 

day is possible, resulting in a net accumulation of concentrations (Hughes et a l, 

2001).

1, 3 butadiene is of low acute toxicity, but has been shown to induce various cancers 

from long term exposure as well as various adverse health effects to the blood and 

bone marrow (WHO et a i, 2001). It has been shown to be carcinogenic and 

mutagenic but not tetragenic (WHO et a l, 2001). An lARC working group convened 

in 1998 has classified butadiene as probably carcinogenic to humans based on lim ited  

evidence o f carcinogenicity to humans and sufficient evidence o f carcinogenicity in 

experimental animals. The available toxicological and epidemiological evidence 

shows that 1, 3 butadiene is both carcinogenic and genotoxic and an increase o f 

1.7mg/m^ or 0.77ppm in long term exposure, results in a 1% increase in mortality. No 

statutory threshold or stochastic limit value has currently been specified in Ireland for 

butadiene, however the UK National Air Quality Strategy has set a stochastic limit o f 

2.25}xg/m^ annual running mean.

Given their abundance in the urban transport microenvironment and their significant 

adverse health effect from chronic exposure to low levels, both benzene and 

butadiene are considered important pollutants to be measured for comparisons 

between modes of commuter transport in Dublin.
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2.1.2 Traffic Markers

VOCs harmful to the human health such as benzene or 1,3 butadiene (as described 

previously) are a major concern. However, other compounds in the VOC family are 

more directly linked to vehicular emissions such as ethylene and acetylene. These 

compounds may give a clearer comparison of modes of transport and help to identify 

whether the source o f harmful VOCs (for example, benzene) is likely to be from 

traffic or otherwise.

Ethylene, C2H4, is the simplest alkene hydrocarbon, it typically forms 7.2% by weight 

o f the exhaust o f a conventional petrol engined vehicle and 12% for a diesel engined 

vehicle (Ahlvik et al., 1997). In a study on the source apportionment of non-methane 

hydrocarbons ethylene was found to be 100% explained by exhaust emission in 

summer and autumn, 96% in spring and 13% in winter (Borbon et a l, 2003).

Acetylene, C2H2, is the simplest alkyne hydrocarbon, it typically forms 4.5% by 

weight o f the exhaust o f a conventional petrol engined vehicle and 4%> for a diesel 

engined vehicle (Ahlvik et al., 1997). In a study on the source apportionment o f non

methane hydrocarbons acetylene was found to be 100% explained by exhaust 

emissions in summer and autumn, 83%> in spring and 6 8 %) in winter (Borbon et al., 

2003).

Alternatively compounds such as ethane, associated with natural gas leakage in urban 

areas would also aid the comparison of modes of transport as a non-traffic marker as 

it would not be expected to vary across modes of transport due to traffic volumes, idle 

time or other determinants o f traffic air pollutants. Ethane, C2H6, is the most 

concentrated non-methane hydrocarbon in the urban atmosphere and originates 

substantially from anthropogenic pollution sources and has a relatively long lifetime 

of 23 to 93 days (Jacobson, 2002). A study into the source apportionment o f non 

methane hydrocarbons in the urban environment found ethane to have various 

suspected sources that dominated their concentrations but primarily natural gas 

leakage (Borbon et a l, 2003).
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It has been found by previous investigators that ratios between certain volatile organic 

compounds in traffic emission gave indications about the nature o f  the surrounding 

pollution. The ratio between m+p xylene and ethylbenzene was suggested to give an 

indication o f  the age o f the pollution. Should the ratio between the two pollutants be 

fairly constant it would indicate that the pollution was emitted into the atm osphere 

only a short time ago. As time passes the two compounds would degrade at differing 

rates, with a ha lf life o f  approximately 12 hours for m+p xylene and 1.6 days for 

ethylbenzene. Therefore, a lower ratio o f m+p xylene to ethylbenzene would indicate 

that the pollutants were in the atmosphere for longer (O ’Donoghue, 2005).

The ratio between propene and 1,3 butadiene is suggested to give an indication o f  the 

source o f the pollutants. A ratio o f between 0.2 and 0.3 has been found in several 

studies to indicate that the pollution has originated from transport sources. H igher 

ratios closer to 1.0 would indicate that the pollutants come from other sources 

(O ’Donoghue, 2005).

Finally, the presence o f  catalytic converters has been shown by investigators to  be 

discernable from the ratio between ethylene and acetylene. A ratio close to 1.0 w ould 

indicate that little catalytic converter activity had occurred to the sample w hereas a 

value closer to 3.0 would indicate that a significant amount o f  catalytic converter had 

occurred (O ’Donoghue, 2005).

2.1.3 Carbon Monoxide

Carbon monoxide (CO) is a colourless, odourless gas that can be poisonous to 

humans in high concentrations. It is a product o f  the incomplete com bustion o f  

carbon-containing fuels (like petrol or diesel in the transport m icroenvironm ent) and 

is also produced by natural processes or by biotransformation o f  halom ethanes w ithin 

the human body. With external exposure to additional carbon m onoxide, subtle 

effects can begin to occur (such as reduced oxygenation o f the blood), and exposure 

to higher levels can result in death.
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The health significance o f carbon monoxide in ambient air is largely due to the fact 

that it forms a strong bond with the haemoglobin molecule, forming 

carboxyhaemoglobin, which impairs the oxygen carrying capacity o f the blood (Raub, 

1999). The affinity o f human haemoglobin for carbon monoxide is roughly 240 times 

that for oxygen (Raub, 1999). The most significant health effect of CO exposure at 

high concentrations is that it can cause death from CO poisoning. However, these 

high levels are not typically encountered in the western urban transport 

microenvironment and so are not relevant to this study.

Previous assessments of the cardiovascular effects o f carbon monoxide have 

identified what appears to be a linear relationship between the level of 

carboxyhaemoglobin in the blood and decrements in human maximal exercise 

performance, measured as maximal oxygen uptake. Exercise performance 

consistently decreases at a blood level o f about 5% carboxyhaemoglobin in young, 

healthy, non-smoking individuals (Raub, 1999).

It is unlikely that carbon monoxide has any direct effects on lung tissue except for 

extremely high concentrations associated with carbon monoxide poisoning. Human 

studies on the effects of carbon monoxide on pulmonary function are complicated by 

the lack o f adequate exposure information, the small number of subjects studied and 

the short exposures explored. Community population studies on carbon monoxide in 

ambient air have not found any significant relationship with pulmonary function, 

symptomatology and disease (Raub, 1999).

The statutory limit value for CO in Ireland is a mean lOmg/m^ over an 8 hour period 

(S.l No. 271 of 2002), the limit value also recommended by the WHO. 80% o f CO 

emissions in Ireland originate from transport sources with the highest emission rates 

occuring at low average speeds typical o f those in an urban environment where 

frequent stops, starts, acceleration and deceleration occur (O’Mahony et al, 2000). 

The highest indoor carbon monoxide concentrations are associated with combustion 

sources and are found for example, in enclosed parking garages, service stations and
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restaurants. The lowest indoor carbon monoxide concentrations are found in homes, 

churches and health care facilities.

During typical daily activities, people encounter carbon monoxide in a variety o f 

microenvironments ; while travelling in motor vehicles, working at their jobs, visiting 

urban locations associated with combustion sources, cooking and heating with 

domestic gas, charcoal or wood fires, as well as in tobacco smoke. Overall, the most 

important carbon monoxide exposures for a majority o f individuals occur in the 

vehicle and indoor microenvironments (Raub, 1999).

Evaluation of human carbon monoxide exposure situations indicates that occupational 

exposures in some workplaces or exposures in homes with faulty or unvented 

combustion appliances can exceed 110 mg/m^, often leading to carboxyhaemoglobin 

levels o f 10% or more with continued exposure. In contrast, such high exposure 

levels are rarely encountered by commuters in the urban transport microenvironment. 

For more usual exposures at the low exercise levels such as cycling or walking, the 

resulting carboxyhaemoglobin levels most typically remain 1-2%. These levels can 

be compared with the physiological norm, which is estimated to be in the range o f 

0.3-0.7% carboxyhaemoglobin (Raub, 1999).

Studies of human exposure have shown that motor vehicle exhaust is the most 

important source o f elevated outdoor carbon monoxide levels. In Hong Kong, the 

motor vehicle interior was found to have the highest average carbon monoxide 

concentration (averaging 10-29 mg/m^) of all transport microenvironments (Chan et 

ai,  1999). Furthermore, commuting exposures have been shown to be highly 

variable, with some commuters breathing carbon monoxide in excess o f 40 mg/m^. In 

Mexico City the car commuter’s exposure was also shown to be higher than the bus 

or tram (Fernandez-Bremauntz and Ashmore, 1994)

In terms o f the scope of this research project CO does not demonstrate the same 

potential adverse health impacts as other traffic air pollutants (e.g. benzene) in the 

relatively low (in terms of health impacts) concentrations typically experienced by
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com m uters in the urban transport environment. At levels typically experienced by the 

urban commuter measurem ents o f CO would serve more as a surrogate indicator of 

m ore harmful pollutants. Therefore, CO has not been given priority for m easurem ent 

during this research project over traffic air pollutants whose health effect at low levels 

are clearly detrimental to human health.

2.1.4 Lead

Lead in its elemental form is a bluish grey soft metal. Air pollution o f  the 

environm ent by lead occurs by industrial processes such as the smelting and refm ing 

o f  lead but also, more importantly in the scope o f  this project, it occurs by the burning 

o f  petroleum  fuels with lead additives. The statutory limit value for lead in Ireland is 

an annual mean o f  0.5|xg/m^. The lead emitted by traffic is m ainly inorganic lead 

derived almost exclusively from alkyl lead added to petrol (Dobson et a l, 1989). 

Lead is emitted as fine particles which can be readily deposited into the lungs and 

subsequently absorbed into the bloodstream and lead concentrations have been shown 

to be highest in plant and animal life close to or on roadways with high density traffic 

volum es.

Exposure to lead in animals has been shown to induce malignant and benign tum ors 

in rats and mice but has not been shown with sufficient evidence to be carcinogenic to 

hum ans. Lead exposure has also been shown to have adverse effects on the nervous 

system, causing hyperactivity, cerebrovascular disease, chronic nephritis and other 

psychological disorders (Dobson et a l, 1989).

Since the ban o f the sale o f leaded petrol on the 1̂ ‘ o f  January 2000 and its prior 

phasing out o f the vehicle fleet, concentrations o f lead in the Irish transport 

environm ent have fallen to very low levels. This compound was not cited as 

"warranting reduction" in the Dublin Regional Air Quality M anagem ent Plan. The 

latest EPA roadside urban m onitoring results for Dublin give a mean lead 

concentration 0.006)j,g/m^ compared to the mean concentrations in the early nineties 

of 0.25|ig/m^ prior to the ban (M cGettigan et a l, 1993; EPA, 2005).
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Lead could certainly be considered as a traffic air pollutant with adverse health effect 

to commuters in low level concentrations. However, given the fall in lead 

concentrations in recent years, it has not been considered as a compound which 

should be given priority for monitoring for the scope of this project, as levels are now 

so low in the transport environment that it is assumed that very little comparisons 

could be made between modes o f transport.

2.1.5 Nitrogen Oxides

Nitrogen dioxide (NO2) and nitric oxide (NO) are collectively referred to as nitrogen 

oxides (NOx). NO is a primary pollutant emitted by vehicular exhaust and may be 

subsequently oxidised to NO2 . Nitrogen dioxide is involved in the creation o f ground 

level ozone when it is reduced to NO, and NO is involved in the destruction of 

ground level ozone in the reverse reaction. Approximately 50% of NOx present in the 

atmosphere is associated with transport sources in Ireland (O’Mahony et a l, 2000). 

The current statutory limit value for nitrogen dioxide is a 1 hour mean o f 200iig/m^ 

and an annual mean of 40(xg/m^. Like benzene, nitrogen dioxide is cited in a number 

of studies as warranting reduction in the Dublin area and requiring further monitoring 

in the future (DTO, 2000; O ’Mahony et a l, 2000). Nitrogen oxide is not given any 

statutory limit value as it is not linked to harmful health effects w'hereas nitrogen 

dioxide is linked to harmful health effects and as a result has received much more 

attention in literature (Taylor and Fergusson, 1997).

Nitrogen dioxide is reported most notably as having adverse effects on the body’s 

defence against infectious pulmonary disease, lung metabolism/biochemistry, lung 

function and lung structure (Graham et a l, 1997). NO 2 has not been shown to be 

carcinogenic to humans. Healthy subjects can detect the odour of NO 2 , in some cases 

at concentrations below 188fig/m^. NO2 causes decrements in lung function, 

particularly increased airway resistance in resting healthy subjects at 2 hour 

concentrations as low as 4700 |ag/m^ Exposure to NO2 results in increased airway 

responsiveness to bronchoconstrictive agents in exercising healthy, non-smoking
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subjects exposed to concentrations as low as 2800 (ig/m^ for 1 hour or longer. 

Exercise during exposure increases the total uptake and alters the distribution o f the 

deposited inhaled material within the lung. The relative proportion of NO 2 deposited 

in the lower respiratory tract is also increased by exercise. This may increase the 

effects o f the above compounds in people who exercise during exposure (Graham et 

a l, 1997).

Most o f the indoor epidemiological studies showed increased lower respiratory 

morbidity in children associated with long-term exposure to NO 2 with mean weekly 

NO 2 concentrations in bedrooms being reported predominantly between 15 and 

122|ig/m^. There is some evidence that the duration of respiratory illness may be 

increased at higher ambient NO 2 levels. A major difficulty in the analysis o f outdoor 

studies is distinguishing possible effects o f NO2 from those o f other associated 

pollutants (Graham (?/a/., 1997).

2 .1.6 Sulphur dioxide

Sulphur dioxide (SO2) is a colourless gas that can be detected by taste by most people 

at concentrations in the range o f 1000 to 3000 |ig/m^ (0.35-1.05 ppm). At higher 

concentrations (above about 10,000 |ig/m^; 3.5 ppm), it has a pungent, irritating 

odour. It dissolves readily in water to form sulphurous acid (H2 SO3), and in pure 

solutions this is slowly oxidised to sulphuric acid by the oxygen from the air. Several 

processes, including photochemical reactions in the presence of hydrocarbons, 

catalytic oxidation in the presence o f particulate matter containing iron or manganese 

compounds, and reaction with ammonia, lead to the transformation o f sulphur dioxide 

to sulphates or sulphuric acid (Ferris et a l, 1979).

Sulphur dioxide occurs naturally in the atmosphere however, in the urban 

environment anthropogenic sources include domestic fuel burning, motor vehicle 

emissions as well as industrial sources. It is, however, only a minimal part of 

automotive emissions but it can react and may have a synergistic effect with other 

pollutants such as ozone, leading to reduced pulmonary function. Inhaled SO 2 is
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absorbed into the nose and upper respiratory tract where it is an irritant, it then enters 

the lungs where it can be absorbed into the body or bloodstream. M ost studies on both 

man and animals have indicated that 40 to 90% or more o f inhaled sulphur dioxide is 

absorbed in the upper respiratory tract. Taken into the blood stream, it appears to be 

widely distributed throughout the body, metabolized, and excreted via the urinary 

tract (Ferris et a l ,  1979).

Studies have been performed in terms o f  both short and long-term exposures and in 

relation to changes in the incidences o f mortality and morbidity. In m orbidity studies 

concerned with short-term exposure to sulphur dioxide the lowest concentrations (24 

hour mean) at which adverse effects were noted were 200|ig/m^. In long-term  

exposure studies the effects were noted at annual mean concentrations o f  60-140 

|ig /m ^ Increases in mortality were reported in relation to episodes o f  high pollution 

with 24 hour mean concentrations o f the order o f 500 |ig/m^ (Ferris et al., 1979).

The statutory limit value for sulphur dioxide in Ireland is an hourly m ean 

concentration o f  350^g/m^, a daily mean o f I25|ig/m^ and an annual mean o f  

20|o,g/m (S.l No. 271 o f 2002). Concentrations o f sulphur dioxide in Dublin were not 

cited as warranting reduction in the Dublin regional air quality m anagem ent plan 

unlike the more problematic pollutants in the city such as benzene and particulate 

matter (DTO, 2001).

2.1.7  Particulate M atter

Particulate matter in the atmosphere is characterised by its equivalent aerodynam ic 

diam eter (EAD) which, for a particle o f  any shape or density is the equivalent 

diam eter o f a sphere o f  unit density 1 . 0  g/cm*, exhibiting the same aerodynam ic 

behaviour as the particle itse lf This is commonly reported as PMio or PM 2 5 (and less 

commonly PMj 0 and smaller) where the subscript 1 0 , 2.5 or 1 denotes the size range 

o f the particulate matter, i.e. all particles less than 10, 2.5 or 1 m icrom etres in EA D  

would form part o f the mass o f PMio, PM 2 5  or PM]. Coarse particles or inhalable 

particles refer to those in the range o f PMio. Fine or Respirable particles refer to those
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in the range o f PM2 5 and uitrafine particles are those less than Ifxm in aerodynamic 

diameter, in the range o f  PMi.

PMio is currently the only particulate matter size specified in the statutory regulations 

2002 (S.I No. 271 o f  2002) and has an associated limit value o f  50|ig/m^ mean in 24 

hours and 40|ig/m^ mean annually and 40 -  50% o f  urban PMio levels are believed to 

originate from diesel transport sources (Taylor and Fergusson, 1997). The primary 

particles emitted from such diesel engined vehicles are ultra-fine carbon particles 

created during the combustion process. They become coated with organic compounds 

(such as PAHs shown to be carcinogenic) and sulphates in the atmosphere and they 

then grow rapidly by a process o f nucleation, coagulation and hygroscopic growth 

(Oberdorster et al ,  2000). Large increases in PM concentrations can be associated 

with lung cancer and heart disease. Small increases at low/moderate levels, such as 

those commonly experienced during a commuter journey, also show adverse health 

effects. For example, an increase in the death rate o f  0.5-1.5% can be shown per 

lOiag/m^ o f PMio, with hospital admissions in the US exhibiting similar correlation 

(Pope et ah, 2000).

The typical ailments that have been associated with PM include: asthma, chronic 

obstructive pulmonary disease (COPD), cardiovascular disease and other respiratory 

ailments. These ailments can be split into two categories o f  health effects related to 

particulate air pollution: respiratory effects and cardiovascular effects. Acute 

exposure to PM can be correlated w'ith a decrease in lung function and an increase in 

lower respiratory tract ailments such as coughing with a lag time o f up to seven days 

widely observed (Pope et a l ,  2000). Chronic exposure to PM can be correlated with 

chronic cough, bronchitis, chest illness, cardiopulmonary mortality (Pope et al ,  

2000). Studies carried out in 6 cities in the US showed that a 10(ig/m^ increase in 

PM2.5 correlated to a 1.7% increase in mortality, a 3.3% in COPD deaths, a 4% 

increase in pneumonia deaths and a 2 . 1% increase in isochemic heart disease deaths 

(Schwartz et al ,  1996). Respiratory deaths as a category (COPD, pneumonia & 

influenza) accounts for 8.5% o f  the total deaths in the US each year, cardiovascular
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deaths however account for 39.5% o f  the total deaths. Thus, the actual numbers o f  

cardiovascular deaths attributable to PM are far greater than the respiratory deaths, 

even though the rates are lower for cardiovascular deaths as indicated above (Dockery 

e t a l ,  2001).

A link between both Respiratory and Cardiac ailments and deaths is clearly 

established (shown above), however, what is not well understood is the causation 

behind this link i.e. the biological mechanism(s) that result in the death or 

hospitalisation o f  a person exposed to particulate pollution. A few investigators have 

tried to establish links between well known indicators o f  cardiac deaths and PM  

pollution. Some authors report a correlation between increased pulse rate and PM]o 

levels (Peters et a l ,  1999). One study examined some 2681 men and women between 

the ages o f 25-64 for increases in resting heart rate during an air pollution episode 

(Peters et a l ,  1999). An elevated resting heart rate is a recognised risk factor for all 

causes of mortality, including cardiovascular mortality. During an air pollution 

episode, SO2 and total suspended particles (TSP) levels were substantially higher than 

normal. Higher heart rates were observed in both men and women, with women 

having slightly larger increases than men. An increase o f  70|o,g/m  ̂ o f  SO 2 

corresponded to a 1.75 bpm increase in heart rate whilst an increase o f  75)o,g/m  ̂ TSP 

corresponded to a 1.12 bpm increase in heart rate. In addition, those who lived inside 

the city limits showed slightly larger effects than those outside due to background 

levels (Peters et al., 1999).

The standard deviation o f  the interval between normal heart beats (SDNH), the daily 

average pulse rate and its standard deviation were measured in a pilot study o f  7 

subjects. During an air pollution episode where PMjo was recorded at 147)u.g/m^, the 

SDNH was found to decrease in all subjects with increasing levels o f  PM. Thus it was 

concluded that PM is associated with decreased heart rate variability, i.e. the ability o f  

the heart to respond to outside stresses (Dockery et a l ,  2001).
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A study o f myocardiac infarctions (MI, a blockage in the heart) was carried out into 

causes o f  increased risk o f occurrence, such as stress, anger, exercise etc. The authors 

carried out a similar study into the MI in terms of PM. A direct (within 2hrs) and 

delayed (within 2 days) increase in the risk of an MI occurring was found (Dockery et 

a l ,  2001), which suggests that there is more than one mechanism for PM to cause MI. 

Other studies have shown a link between inflammation in the lungs and cardiac 

events, showing an increase in C-reactive protein (CRP). Recent studies show that 

CRP, a marker for cell damage and inflammation, increases the risk o f a sudden 

cardiac death (Ridker et a l ,  1999).

Some authors suggest that polycyclic aromatic hydrocarbons (PAHs) which can be 

attached to particles could lend some explanation to the causation behind the health 

effects o f PM (Edwards, 1983). PAHs are ubiquitous environmental contaminants, 

formed by the fusion of benzene rings and released during the incomplete combustion 

o f most fuels and are generally associated with the submicron-sized particles with 

average diameter less than 10|im. The presence of particle-adsorbed PAHs in 

vehicular exhausts is of major importance because several exhibit mutagenic and 

carcinogenic properties, such as the human carcinogen benzo(a)pyrene listed by the 

USEPA with a relative index o f carcinogenity o f extremely high (USEPA, 1995). It 

should also be noted that interesting research has been carried out investigating the 

analysis o f  PAH isotopic ratios for source apportionment of PAH in environmental 

samples, including emissions from petrol and diesel-engined vehicles (O ’Malley et 

al,  1994; McCrae et al,  1999).

The air quality standards that are applied to particulate air pollution place a limit on 

the value o f a given size range (only for PMio in the Irish regulations) in any 24 hour 

period. However, epidemiological evidence suggests that this 24 hour average is not 

representative of the actual exposure experienced during one hour peaks. These peaks 

can reach very high levels without breaching the 24 hour limit. The epidemiological 

evidence also shows that the health effects o f PM depend on the one hour peak 

values, experienced in rush hour traffic for example, rather than the 24 hour averages
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(Michaels, 1998; Michaels and Kleinman, 2000). These 24 hour averages are more o f  

a surrogate indicator o f  these brief one hour peaks.

The American air quality standard for PMio is 150|j,g/m^ and 65p,g/m^ for PM2.5 over 

any 24hr period (Michaels et al ,  1998). However, recent studies have shown 

significant elevations o f  morbidity and mortality in levels well below the 150fj.g/m^ 

mean standard (U.S EPA et a l ,  1995). Data sets were examined by one author across 

several major cities in which the 24 hour average level was below the ISO^ig/m^ 

standard but 1 -hour peaks had relatively high values, for example data sets were 

found in various cities with 1-hour peaks for 150-500(ig/m^ (Michaels et al ,  1998). In 

one incidence in Belgium a 15 minute peak o f 2000|o.g/m^ was measured. The 

London smog incident o f  1952 during which 4,000 people died over a period o f  10 

days was estimated to have PMio levels in the region o f l,200|j.g/m^.The short 

episodes analysed by Michaels et al,  (1998) were found to be between 0.1 and 1.6 

times the London smog episode with at least 15% o f the data sets at or above 0.5 

times the London smog levels. In an incident in Arizona, 300 people required 

emergency medical aid after fine dust was blown up into the air during an open air 

festival attended by 40,000 people. This pollution episode however only registered a 

31)j,g/m^ across a 24 hour average (Michaels et a l ,  1998). This all demonstrates how  

one hour peak values o f particulate matter experienced by commuters during rush 

hour can cause significant adverse health effects. This finding has particular relevance 

to a study o f  this nature, showing that measurements o f fine particulate matter over 

short periods would be useful in terms o f  the health impacts on commuters.

The particle size o f  PM air pollution is also an important factor. Studies have shown  

that ultrafine particles (UFPM) -  those o f  AED o f  less than 0.1 |im - are more toxic  

than larger particles (Oberdorster et a l ,  1995; Seaton et al,  1995). It was shown from 

the London smog episode that PM at relatively low concentrations (<100fig/m^) had a 

considerably higher death rate than when the concentrations went above 1 0 0 |J.g/m .̂ 

This apparent contradiction is due to the fact that, as the concentrations o f  particles 

increased, they aggregated, forming larger less harmful particles. This occurs by
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nucleation and coagulation as shown in other studies in relation to 

diffusion/dispersion (Chan and Kwok, 2000). Therefore, at lower concentrations less 

aggregation occurs and UFPM is more prevalent causing a higher death rate in the 

exposed population. It is suggested that UFPM may be more toxic due to a larger 

surface area, hence more rapid chemical reactions with cells can occur and because of 

its deposition properties, it penetrates deeper into the lungs (ICRP et al, 1994; 

Oberdorster et al, 2000). Chronic exposure studies on animals show that UFPM can 

produce the same amount of tumour induction as fine PM with only one tenth o f  the 

concentration (particles less than l.Ofim in diameter)( Lee et al, 1985; Heinrich et al, 

1995). UFPM was also reported to have a greater inflammatory response than fine 

PM, recalling that inflammation of the lungs is linked to sudden cardiac death, as 

highlighted above.

Another study looking at Teflon UFPM (approximately 18nm in size at a 

concentration of 50)ig/m^) found it to be extremely toxic at an exposure time o f 15- 

20mins. However, if the particles were allowed to age before exposure (i.e. allowing 

some aggregation to occur) for 3-4 minutes, their size increased to lOOnm and less 

toxic effects were observed (Oberdorster et al, 2000). As in other studies (Pope et al, 

2000) an adaption to the particulate matter was also reported for UFPM. This 

adaption was evident for various size ranges of PM whereby the lungs seemed to 

develop a degree of immunity to PM, i.e. the subjects are not affected as severely by a 

certain level of PM after a number of days of repeated exposure. This adaption did 

not seem to be permanent, wearing off once exposure stops, nor was it suggested that 

this adaption is in any way a healthy development and may, in fact, be an indication 

of the development o f underlying cancers (Pierson et al, 1986)

It is also reported that UFPM is more difficult to flush out once it has been deposited 

in the lungs. Macrophages do not seem to be able to phagocyte the UFPM as 

efficiently as the larger particles. It is hypothesised that the UFPM enters the 

interstitial regions, blood stream and lymphatic system. A recent study showed that
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approximately 8 % of UFPM deposited in the lungs was subsequently found in the 

liver after 6  hours (Oberdorster et a l, 2000).

It is therefore clear that UFPM is most harmful when it is ‘fresh’ and is more harmful 

to those without a recent exposure history or to compromised organisms (aged, 

asthmatics etc). This is considered important in terms o f commuter exposure since in 

congested idling traffic there is little time for the emissions o f UFPM from exhausts 

to age before being potentially inhaled. The intake of the ventilation system o f most 

cars is located close to the exhaust of the car in front in heavy traffic situations and 

therefore UFPM produced by exhaust could possibly have a faster route to those in 

cars than those in other modes (McNabola et a l, 2006b).

2.1.8 Summary

In summary, the pollutants considered most significant for monitoring in Dublin are 

those considered most detrimental to human health, namely benzene, 1,3 butadiene 

and particulate matter (specifically fine particulate matter PM2 .5 ). Furthermore these 

pollutants are considered to give a broad representation o f vehicular emissions in the 

transport microenvironment, VOCs such as benzene and butadiene coming from 

petrol engined vehicles and PM2 5 coming from diesel engined vehicles.

This combination o f pollutants may also give an interesting comparison between 

modes of transport (bus passengers on diesel engined transport, car commuters being 

in primarily petrol engined vehicles, cyclists and pedestrians being located closer to 

buses than cars etc). Other VOCs more strongly linked to traffic sources such as 

acetylene and ethylene will also be considered as indicators. Ethane could be 

considered as an indicator o f emission originating from other sources. The 

relationships between pollutants like benzene and butadiene and the traffic marker 

may give an indication of the extent of their contribution from traffic sources.
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2.2 Com m uting in tfie Urban Environm ent

M odern urban life necessitates commuting for the majority o f  people who work 

outside the home. The greater Dublin area had a population o f  1.46 million in 1999 

with population growth expected to reach 1.75 million in 2016. The Dublin transport 

office (DTO) estimated the rush hour demand for travel at 283,000 person trips, an 

increase o f  64% in demand since 1991. Car ownership is estimated at 23%  o f the total 

population (DTO, 2001).

The modes o f  commuter transport in Dublin city and their percentage modal split are 

shown in Table 2.1 (DTO, 2004). It should be noted that for journeys w ithin the 

greater Dublin area (GDA) there is a higher percent usage o f private cars.

The bulk o f  the increase in demand for travel has been mostly accounted for by the 

private car commuter (DTO, 2001). Public transport in Dublin accounted for over

80.000 trips per day in 2004, while walking and cycling together accounted for over

98.000 trips per day in the same year.

% of

GDA Pedestrian Cyclist Bus Train Car Other

ublin City 197,095 43,966 12,100 39,167 7,671 84,266 9,925

32.0% 22.3% 6.1% 19.9% 3.9% 42.7% 5.0%

Dublin 460,466 62,657 19,311 72,907 22,026 256,270 27,295

Region 73.5% 13.6% 4.2% 15.8% 4.8% 50.9% 5.9%

GDA 624,071 76,933 21,326 81,194 28,482 372,872 43,264

100.0% 12.3% 3.4% 13.0% 4.6% 59.7% 6.9%

Table 2. 1 Dublin city and environs transport modal split (DTO, 2004).

It is therefore clear that the four modes o f  transport, the private car (42.7%), the bus 

(19.9%), the pedestrian (22.3%) and the cyclist (6.1%) account for the m ajority o f 

comm uters in Dublin city. Hence, these four modes accounting for 91%  of
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commuters in Dublin city, have been investigated, within the scope o f this project, for 

their differences in air pollution exposure and uptake.

For comparison purposes the modal split o f commuters in London in 2004 was found 

to be; 42% for the car, 18% by bus, 2% by bicycle and 21% by foot (Mayor o f 

London, 2005). The cyclist in Dublin represented a slightly higher percentage o f 

commuters than in London but all other modes were similar. In Hong Kong the modal 

split o f  commuters in 2005 was found to be; 48.7% by car, 14.6% by bus with 

pedestrians and cyclists not reported (Department o f Transport Hong Kong, 2005). 

The car commuter in Hong Kong again represented a similar proportion o f 

commuters as in Dublin, the bus commuter represented a slightly lower percentage.

2.2.1 Commuting by Private Car

The private car is the most popular mode o f transport used by commuters in Dublin. It 

is also, however, one o f the slowest modes of transport within the city centre as well 

as the most expensive means of commuting. A recent study in Dublin into the 

commuting speed o f cyclists and car drivers in Dublin found that anywhere within 

17.5 km (75 minutes commuting time) o f the city centre that the cyclist travelled 

quicker than the car driver on some o f the main arterial commuter routes in the city 

(Mulhern and Gill, 2005).

A study in Birmingham showed concentrations o f benzene inside the cars to be over 2 

times the concentration immediately outside (Leung et a i, 2000). In a study o f levels 

o f BTEX (a grouping o f VOCs: benzene, toluene ethylene and xylene) and particulate 

matter for car drivers and cyclists, the exposure was found to be typically 3 - 4  times 

higher in the car than on the bicycle (Rank et a l, 2001). Equally a study o f benzene 

and particulates in Yorkshire, England shows the car to have 4 times the exposure 

level o f the bicycle for benzene and over 7 times the exposure level for particulates 

(Kingham et a l, 1998). In a one day study of human exposure to benzene across six 

European cities the car commuter in Dublin was found to have a higher exposure o f  

approximately 1.25 ppb than the pedestrian, bus and cyclist all with approximately
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0.75 ppb. The car commuter in Dublin was, however, exposed to lower 

concentrations o f benzene than any o f the other cities with exposures of 

approximately 3.0 ppb in Madrid, 1.5 ppb in Ljubljana, 5.4 ppb in Bucharest, 1.5 ppb 

in Lisbon and 1.5 ppb in Brussels (Ballesta et ah, 2006).

2.2.2 Commuting by Bus and Public Transport

Commuting by bus in Dublin represents over 19% of all journeys in the city. There 

are 117km of bus corridors shared over nine routes (DTO, 2004). The 

microenvironment of the bus is more complicated than that of a car with it typically 

having two floors. The bus has a low flow environment but could be considered more 

turbulent than a car given the movement of passengers, the sequential opening/closing 

o f doors at the front and middle o f the bus and the boarding and alighting of 

passengers. These factors would be less prevalent on the upper floor o f the bus. 

Indeed, in a study of buses in Hong Kong (Chan et a i, 2002) the level o f PMio on the 

upper floor was found to be 25% less than on the lower floor. Greater distance from 

the traffic (i.e. greater body height) and vertical dispersion are also believed to 

contribute to this reduction in levels (Taylor and Fergusson, 1997; McNabola et a i, 

2006b). A recent study in Dublin found levels o f benzene to be 36% higher on buses 

than on bicycles (O’Donoghue et a l, 2007). The one day study o f human exposure to 

benzene across six European cities found that the bus commuter had a lower exposure 

o f approximately 0.75 ppb than the car commuter with 1.25 ppb in Dublin, while the 

pedestrian and cyclist had similar exposures to the bus commuter. The bus commuter 

in Dublin was also exposed to lower concentrations of benzene than any o f the other 

cities with exposure o f approximately 2.4 ppb in Madrid, 1.25 ppb in Ljubljana, 4.6 

ppb in Bucharest, 1.5 ppb in Lisbon and 1.25 ppb in Brussels (Ballesta et al., 2006).

2.2.3 Commuting by Bicycle

Commuting by bicycle in Dublin represents 6.0% of journeys under 2 miles and 8.4% 

of journeys under 4 miles (DTO, 2004). A cyclist survey undertaken by the DTO in 

November 2004 of all inbound cyclists crossing the canal cordon as well as roads 

approaching from the east and west (i.e. all approaches to the city centre) recorded a
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total o f 4,620 cyclists between the hours of 07:00 and 10:00, a drop of approximately 

2% in cyclists from 2003. Dublin city has currently 85km of cycle lane, split between 

on-road, off-road and on-carriageway cycle lanes (DTO 2004), whilst there are a total 

of 3,252 parking spaces for cyclist in the Dublin area.

The cyclist has been considered in fewer previous studies found in literature than 

other modes, all o f which reported the exposure o f the cyclist to be lower than that the 

car and bus commuter for various pollutants (Kingham et al, 1998; Adams et a l, 

2001; Rank et al, 2001; Kaur et al, 2005; O ’Donoghue et al, 2007). However, only 

one of the studies (a pilot study carried out for this project) considered the higher 

breathing patterns of the cyclists compared to the other modes and found it to result in 

a higher inhaled mass of VOC than those on the bus (O’Donoghue et a l, 2007). 

Meteorological conditions were relatively constant throughout this pilot study which 

favoured the bus commuters and the measure of inhaled mass reported is only an 

estimate of absorption in the lungs. In the study of benzene concentrations for various 

modes of transport across six European cities the cyclist was found to have a lower 

exposure o f approximately 0.75ppb than the car commuter with a concentration o f 

1.25 ppb. The cyclist in Dublin was also found to have lower exposure to benzene 

than in any o f the other cities with exposure of approximately 1.15 ppb in Ljubljana 

and 1.5 ppb in Brussels (Ballesta a/., 2006).

2.2.4 Commuting by Foot

Commuting by foot in Dublin represents 65.2% of all journeys under 2 miles and 

38% o f all journeys under 4 miles (DTO, 2004). A pedestrian survey undertaken by 

the DTO in November 2004 o f all inbound pedestrians crossing the canal cordon as 

well as roads approaching from the east and west (i.e. all approaches to the city 

centre) recorded at total o f 16,259 pedestrians between the hours o f 07:00 and 10:00, 

an increase o f approximately 2% in pedestrians from 2003. However, in one sense all 

commuters and all city dwellers/workers are pedestrians at some point throughout 

their day. Therefore air pollution exposure findings for pedestrians are relevant to 

everyone who resides in the urban environment. South Dublin has 188 pedestrian
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crossings split between traffic signals and zebra crossings. A survey o f  waiting times 

at traffic signal in Dublin revealed the average waiting time to be 1 min 50 sec with 

the maximum and minimum values being 4 min 13 sec and 1 min 33sec respectively  

(DTO , 2004).

The pedestrian is located on the roadside o f  the transport microenvironment, which is 

a predominantly turbulent environment and has been w idely reported to have the 

low est exposure o f  all roadway transport modes (Taylor and Fergusson, 1997; Kaur et 

a l ,  2007). In a study in Hong Kong the roadside levels o f  PMio were reported to be 

an average o f  129)o.g/m^ in the central district (Chan et a l ,  2000). In a study o f  

pedestrian exposure to PM2.5 in London pedestrians were found to have an average 

exposure concentration o f  37.7fj,g/m^ and the position on the footpath (c lose to the 

traffic or close to the buildings) was found to have an impact on the exposure 

concentration (Kaur et al., 2005). The pedestrian is considered to be better positioned  

for maximum dispersion o f  pollutants before exposure than other modes. In the one 

day study o f  human exposure to benzene across six European cities the car commuter 

was found to have a higher exposure o f  approximately 1.25 ppb than the pedestrian 

with 0.75 ppb in Dublin. The Pedestrian in Dublin was also exposed to lower 

concentrations o f  benzene than any o f  the other cities with exposure o f  approximately 

3.4 ppb in Madrid, 1.25 ppb in Ljubljana, 4 .6  ppb in Bucharest, 1.25 ppb in Lisbon  

and 1.5 ppb in Brussels (Ballesta et ah,  2006). Table 2.2 shows a summary o f  

exposure levels found on various modes o f  transport in various studies around the 

world.
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Author(s) Pollutant Bus M inibus Taxi Train Subway Car Bike Ferry

Gomez et 
a l, 2003

Benzene
(^g/m^)

20.4 23.8 “ 13.6 ” “ “

O ’Donoghe 
et al., 2007

Benzene
(^g/m^)

7.5 - - - 5.5 •

Rank et al., 
2001

TSP “ “ " “ 75 1.7 "

Benzene
(^ g W ) ■ ■

— “
■

14.4 2.8
■

Lau et al., 
2003

Benzene
(^ig/m^)

6.1-
4.8

5.9 5.9 3.0-3.8 3.6 - - 2.1

Kingham et 
al., 1998

Benzene
(Hg/m^)

21.2 - 12.9 108 26.5 “

TSP 5.3 - - - 7.6 6.3 -

Adams et 
a l, 2001

PM25
(fxg/m^)

36 - 10 44 42 40 -

Chan et al., 
2002

PMio
(Hg/m^)

24 7 30 30 25 - 15

PM2.5
(ug/m^)

93 97 46 33 “ -

Leung et 
al., 1999

Benzene
(^ig/m^)

“ " ■" 86.7 “

Table 2.2 Comparison o f Modes

2.3 Com m uting Physiology

Prior to investigating the differences in exposure concentrations between the four 

nominated modes o f transport, it is important to highlight the differences in the 

physiological parameters between them. Commuters travelling by private car, bus or 

by any other motorised transport could be considered to be in a state of rest, that is, 

they would be in a seated position and their breathing rates would be normal. A 

pedestrian commuting to work on the other hand could be considered to be 

performing a light form of exercise and would therefore have a slightly elevated 

breathing rate. Furthermore a cyclist could be considered to be performing a 

mild/heavy form o f exercise and be breathing at a higher rate again depending on 

his/her cycling speed. These elevated breathing rates would result in relatively higher 

volumes o f air being inhaled over the duration o f the commute and thus potentially a
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higher dose or total uptake of pollution than those commuters in at rest conditions 

even if  the exposure concentration is lower. In a study by Salma et al. (2002), into the 

effects o f physical exertion on particle deposition, particles smaller than 0.3|o,m were 

found to have decreased deposition linearly with increasing respiration. This is 

because particles of this size are deposited primarily by Brownian motion and with 

increased breathing rates the particles have less time to diffuse. Conversely, more of 

these particles reach the acinar region of the lungs (see Glossary o f Terms) and hence 

deposition here increases with breathing rate. The deposition of particles larger than 

O.Vfim was found not to change with physical exertion. Light exertion, such as that of 

the typical cyclist, was found to cause the largest deposition in the extrathoracic 

region o f the lungs and hence the smallest deposition for other regions. The 

extrathoracic region is the most common site for the development of tumours in the 

lungs (WHO ef al, 2000; Salma et al,  2002).

The maximum tracheobronchial deposition size was found to be 4|o.m for sitting and 

2|u,m for light exercise and 3jj.m for heavy exercise. The increase in the max 

deposition size from light to heavy exercise was found to be due to a decrease 

percentage o f nose breathing. The nose provides a filtering mechanism for particles as 

well as more surface area and obstacles than the mouth. The maximum size for acinar 

deposition remains at approximately 2)Lim regardless of respiration rate (Salma et al, 

2002). Physical exertion was found to play a more important role in particle 

deposition than the size distribution as can also be seen from the ICRP lung model 

(see Sections 2.7 and 4.1) (ICRP et aL, 1994; Salma et al, 2002; McNabola et al, 

2006a).

j The absorption of gases in the lungs can be shown to be affected by respiration rate

1 (see Section 4.1). The main factors which influence the regional deposition of a gases
i
! are its reactivity and it solubility. Gases with high partition coefficients will be

I  absorbed quickly into the lung wall, for example, acetone or butadiene would all be

almost entirely absorbed in the extrathoracic regions (ICRP et al,  1994; McNabola et 

al, 2006a). With increasing respiration rates, the aforementioned gases would be

? - ? 9

!
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carried in larger amounts to the acinar regions o f the lungs. Gases which are less 

reactive/soluble like benzene are affected such that more of the inhaled gas is exhaled 

at higher respiration rates. However, this is complicated by the fact that more o f  the 

gas will be inhaled at higher respiration rates, as discussed in Section 2.7.

Breathing rates, volumes and frequencies have been reported to be lower at all levels 

o f activity for female than for males. Similarly children have also been reported to 

have lower values of all breathing parameters than adults and these values decrease 

with decreasing age. Differences in breathing rates have also been reported for 

different ethnic backgrounds. The Lung capacity of the average Chinese or Indian 

were found to be lower than the lung capacity o f the average African-American, 

Japanese or African by up to 0.8 L for men or 0.5 L for women (ICRP et a i ,  1994).

Hence, the breathing parameters o f the commuter are an important factor to consider 

when investigating air pollution. In terms o f establishing the true commuter exposure 

to various compounds the use of a human respiratory tract model to estimate the 

actual uptake o f pollution within the lungs has been employed in this work in order to 

more fully understand the comparison between modes o f commuter transport.

2.4 Exposure Toxicology

The 3 routes o f exposure in which a pollutant can enter the body are as follows:

•  Inhalation

• Dermal

• Ingestion

Inhalation is probably the most common route of exposure considered in terms o f air 

pollution, being the most obvious route. Somewhat less obvious is dermal exposure 

from toxic aerosols, gaseous pollutants and particulate matter, depositing on the skin 

and being absorbed. Finally, ingestion exposure could be considered relevant to air 

pollution in the transport environment when considering for example that some o f the
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particles/gases that are deposited in the lungs are subsequently exhausted by the 

mucociliary blanket and swallowed. This could be considered a secondary route as 

the pollutant would have first to be inhaled, deposited or absorbed and then 

swallowed.

In nearly all cases, inhalation (as opposed to skin exposure or ingestion) is the 

quickest and most direct route that a chemical can have to enter the circulatory blood 

system. Furthermore, its counterparts are difficult to monitor and may be negligible in 

comparison (Cherrie et a l, 1995).

Contaminant gases breathed into the lungs may also enter the blood and be distributed 

to other areas o f the body, and may adversely affect some internal organs or tissues. 

Such adverse health effects to organs or tissues resulting from contaminants being 

carried to them by the circulatory blood system are called systemic health effects.

2.4.1 The Lungs

Human beings have a great deal more lung surface than skin surface area. It has been 

estimated that the average adult has approximately 2 square metres o f skin surface 

area and about 70 square metres of lung surface area (Williams et al., 1985). This 

large surface area o f the lungs facilitates the exchange o f oxygen from the 

atmosphere, through the alveoli to the blood. The blood then carries the oxygen to 

other cells in the body.

The lungs also facilitate the removal of carbon dioxide brought by the blood to the 

alveoli. This removal of carbon dioxide from the body occurs through diffusion o f  the 

carbon dioxide from the blood. The carbon dioxide diffuses out through the alveoli 

wall (alveolar septum) and is then within the air spaces (alveolar space) o f the lungs, 

from where the person breathes out the carbon dioxide air mix within the lungs into 

the atmosphere. The alveolar septum is a thin walled membrane and often only one 

cell thickness separates the air in the lungs from the blood in the tissues o f the lungs. 

This thin lung membrane not only allows the ready passage of oxygen and carbon 

dioxide, but may also allow many other gases, including common transport air
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pollutants, ready passage to the blood. The large surface area o f the lungs that is 

constantly coming in contact with air from the surrounding atmosphere when 

breathed in, combined with the possible ready passage of gases to the blood, make 

inhalation an extremely important route of exposure to chemical substances. The 

chemical properties and physical size o f contaminants breathed in help to determine 

which particular regions of the respiratory tract the contaminants may come into 

contact. Also, the region o f the respiratory tract with which an inhaled contaminant 

comes into contact will, in turn, help determine the possible health effects to the 

person exposed.

Gaseous Uptake

The water solubility o f a gas is an important factor in determining the extent to which 

a gas will be absorbed into the lungs or exhaled. The solubility of a gas is dependent 

on its overall mass transfer coefficient and Henry’s law constant. The solubility o f  a 

gas decreases with increasing Henry’s law constant and with decreasing overall mass 

transfer coefficient (see Glossary). Gases (such as ammonia and hydrogen chloride) 

that are highly water-soluble dissolve readily in the moisture associated with the 

mucous membrane o f the nose and upper respiratory tract. When the exposure 

concentration o f any o f these highly water soluble gases is low, relatively little o f 

these gases will reach the lungs as they will be caught in the mucous membrane 

defence mechanism o f the upper respiratory tract (ICRP et al, 1994).

When the exposure concentration of these gases is high, the mucous membrane o f the 

upper respiratory sites may not be able to dissolve all o f the soluble gases that are 

breathed in. In such cases, these gases may reach the lungs including the associated 

alveoli (Williams et al, 1985). Gases that are not very water soluble (relatively 

insoluble), such as nitrogen dioxide and phosgene (which can be formed from the 

burning o f PVC), are not removed by the mucous membranes o f the upper respiratory 

tract, as the mucous membranes cannot readily dissolve these gases (Williams et a l, 

1985).
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PM  Uptake.

There is a relationship between the equivalent aerodynamic diameter o f a particle in 

the air and whether the particle is likely to be breathed in (or inhaled) in the first 

place. The proportion or fraction o f particular sized particles in the air likely to be 

breathed in is known as the 'inspirable' fraction and may also sometimes be referred 

to as the 'inhalable' or 'total inhalable' fraction. The inspirable fraction o f particles that 

are in itia lly  breathed in may be further divided into 'respirable' and 'non-respirable' 

fractions.

The British Medical Research Council (BMRC) curve (see Table 2.3) is a widely 

accepted convention and defines respirable particles as being less than 7^m (EAD). 

Particles less than 0.5|im may not settle in the lungs and a significant proportion o f 

these smaller particles may be breathed out. The respirable fraction is composed o f 

very fine particles, which are able to reach the lower bronchioles and alveoli region o f 

the lungs. Particles less than l\m \ in equivalent aerodynamic diameter (EAD) that 

may reach the lower bronchioles and alveolar region are called 'respirable'. However, 

researchers commonly refer to particles o f lOjim (EAD) or less as 'respirable'.

Inspirable Mass Fraction Respirable Mass Fraction

EAD, Microns Inspirability % EAD, Microns Respirability %

0 100 0 100

10 73 1 98

30 52 2 92

60 34 3 82

100 20 4 68

185 0 5 50

6 28

7 0

Table 2.3 The British Medical Research Council (BMRC) Respirable Dust Curve 

[ B MRCe t a l ,  1952).

Large particles (i.e. > lOfim EAD) may deposit on the mucous membrane o f the 

ipper respiratory tract, which has thousands o f fine hair-like structures called cilia
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associated with it. These hair-like structures move rhythmically several hundred tim es 

a second and help propel the viscous mucous layer (with the inhaled particles) 

towards the mouth. The particles and mucous are then swallowed or expectorated. 

The cilia in the tracheobronchial region beat upward towards the mouth while the 

cilia in the nasopharyngeal region beat downward toward it, hence providing a 

secondary route to ingestion exposure (see Section 2.4.3). Figure 2.1 shows the 

m ucociliary blanket, with the upper 'gel" layer being a very viscous and th ick  

mucous, whilst the 'sol' layer is a thin and aqueous layer that permits the cilia to beat 

freely and help propel the more viscous, upper gel layer, with any associated 

contaminants, towards the mouth (W illiams et al ,  1985).

Representation of the Mucociliary Blanket
G el----

Fig 2.1 the M ucociliary Blanket

Pseudo-stratified ciliated cells (mucociliary cells) line m ost o f the respiratory tract 

including the nose, larynx, trachea and the bronchi. The mucociliary cells are present 

in the respiratory system down to the level o f  the terminal bronchioles and are not 

present in the alveoli. The mucociliary cells are an important clearance and defence 

mechanism that helps protect the respiratory system against air pollutants (W illiam s 

e t a l ,  1985).

The alveolar m acrophages in the lungs are cells that are able to move about and 

engulf (phagocytise) contaminants. These phagocytic cells can move to surround and 

engulf germs, viruses, chemicals or other contaminants. Once the m acrophage has 

engulfed the contam inant within the alveoli, it can:
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• Migrate to the bronchioles where the mucociliary system (which does not extend 

into the alveoli) carries it up the walls o f  the respiratory system to be swallowed or 

expectorated.

• Pass through the alveolar membrane wall into the lymph vessels associated with 

the blood capillaries.

• Be destroyed by the contaminant, and break-up.

The macrophage contains powerful enzymes, which are normally used to destroy 

engulfed bacteria, viruses and some other contaminants. If  the macrophage does 

break-up it may release the powerful enzymes onto the lung tissue. This may damage 

the lung tissue, after which repair may follow with the formation o f  scar tissue. If 

damage is extensive, it may result in the formation o f  significant scar tissue being 

formed and then result in lung function being adversely affected.

2.4.3 Dermal Exposure

Chemical exposure through the skin is the second route for pollutants to enter the 

body. The skin has several functions, it protecting against physical injury, providing 

some protection for the body against many pathogenic microbes and chemical agents, 

restricting fluid and water loss and helping to prevent excessive water absorption by 

imparting water resistance to the skin. Intact skin is an effective barrier against many 

chemicals and the stratum corneum layer located on the surface o f  the skin is the most 

effective part o f  this barrier. The stratum corneum can be attacked directly by alkalis 

and offers minimal protection against lipid soluble materials such as organic solvents 

(such as hydrocarbons). Limited chemical absorption may occur through the hair 

follicles and the sebaceous glands; however, the main pathway for skin absorption is 

through the epidermal cells (Williams et a l, 1985).

Whether a toxic substance upon the skin is actually absorbed through the skin 

depends on a number o f  factors including:

• Water or lipid solubility o f  the substance.

• Thickness o f  the skin, particularly the thickness o f  the stratum corneum.
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A chemical agent may penetrate the skin, enter the blood and then act systemically, 

for example, tetraethyl lead (in leaded petrol). Repeated skin exposure to coal tar may 

result in skin cancer. Leukaemia, or white blood cell cancer, is associated with dermal 

or inhalation exposure to benzene. Therefore, the levels of benzene and 1,3 butadiene 

absorbed through the skin would also contribute to the total exposure to an air 

pollutant in the surrounding environment.

2.4.3 Ingestion

The digestive or gastrointestinal (GI) tract includes the mouth, pharynx, oesophagus, 

stomach, small intestine and large intestine (Van De Graff and Fox, 1986). Although 

ingestion occurs through the mouth, the absorption o f chemicals through the wall of 

the digestive tract can occur anywhere along its length. However, the major site for 

absorption along the digestive tract is the small intestine (Ottoboni, 1986).

The small intestine is where most absorption occurs. However, the relevance o f the 

GI as a route o f exposure in terms of air pollution in the urban environment is that all 

pollutants that are deposited in the mucociliary membrane are subsequently 

swallowed or expectorated. Very few individuals would sequentially expectorate the 

constantly flowing mucociliary blanket, instead it is mostly swallowed (ICRP et al., 

1994).

Thus, some o f particles/gases deposited into the mucociliary blanket may eventually 

be swallowed. These particles/gases may then enter the bloodstream through the 

process o f digestion but in a less rapid manner than directly through the lungs, hence 

contributing to the overall amount of toxic compounds in the body and increasing the 

risks o f cancers etc.

2.4.4 Relevance in the Urban Transport Environment

O f the three exposure routes, inhalation exposure is widely accepted to be the 

dominant route in air pollution from urban transport. Dermal exposure may occur
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from gases and vapour being absorbed through the skin, but the significance o f  the 

amount o f  gas/vapour absorbed would be negligible (Cherrie et a l ,  1995).

Therefore, for the purposes o f  this project the primary route o f  exposure to be 

considered will be inhalation exposure, whilst GI exposure could be considered as a 

secondary indirect route o f  exposure.

2.5 Determinants of Air Pollution

The urban transport environment can be split into several microenvironments 

according to the different modes o f  transport and can be considered at different 

scales. The urban environment can be examined on a large scale such as the urban 

street canyon, dual carriageway or motorway. It can also be examined on a much 

smaller scale such as the internal workings o f  a vehicle’s ventilation system. The 

main parameters that differ between the microenvironments o f  the urban transport 

environment are listed below and discussed in detail in the following subsections. 

These parameters can be seen as determinants o f  air pollution and have differing 

degrees o f  influence in different transport microenvironments and have been grouped 

according to; meteorological conditions; vehicle type, speed and position; and 

ventilation and miscellaneous. These main parameters, as well as some other 

microenvironment specific parameters, are discussed in the following sub-sections.

2.5.1 M eteorological Conditions

A major group of factors influencing the dispersion and emission o f  pollutants in the 

urban transport environment are meteorological conditions:

• A m bient temperature -  an important factor; when a vehicle is started and the 

temperature is too low or too high, emissions from that vehicle increase (Fedoruk 

et al., 2003).

• W ind Speed -  dictates the amount o f  dispersion taking place in a given 

microenvironment, particularly in a temperate climate like Dublin, i.e. from the
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low flow environment o f a car cabin to the high flow, turbulent environment o f  a 

cyclist (Adams et a l, 2001).

• Wind direction -  determines the flow field in which pollutants disperse. In the 

urban environment this can give rise to vortexes developing in street canyons 

which impact on the dispersion of pollutants (Buckland et a l, 1999; Scaperdas et 

al., 1999; Gidhagen et a i, 2004).

• Sunshine hours -influence the decay o f VOCs such as benzene and 1,3 butadiene. 

It will also have an influence on the production of ground level ozone as well as 

evaporative emissions due to increases in temperature

• Stability Index -  also influences the dispersion of air pollutants. A stable 

atmosphere resists the vertical motion o f air, an unstable atmosphere enhances the 

vertical motion of air. Hence, stable atmospheric conditions give rise to higher 

levels of pollutants.

• Rainfall -  noted to have a scavenging effect on air pollution reducing the 

concentration.

Meteorological conditions are one o f the most important factors in the dispersion and 

emission of traffic related air pollutants. The most influential factor in a temperate 

climate (such as Ireland’s) is the wind speed as factors such as humidity and 

temperature do not reach the same extremes as in some warmer climates and hence 

their influence is reduced.

Wind speed & Wind Direction

Unique to the urban environment, a street canyon is formed by the wind in streets, 

around tall buildings with no spaces in between and the adjoining buildings on either 

side o f the street. The combination o f large quantities o f vehicle emissions and 

reduced dispersion in this environment can lead to high levels o f pollution (Buckland
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et al, 1999). The wind passing over the street canyon can do so at any angle to the 

street. However, the two worst case scenarios which are often considered are, a) the 

wind is perpendicular to the street and, b) the wind is parallel to the street. When the 

wind is perpendicular to the street a secondary current may be created in the street 

canyon as shown in Figures 2.2 and 2.3. As a consequence of this secondary current 

flow, pollutant concentrations are higher on the leeward side o f the road that on the 

windward side, since the wind direction at street level travels from the windward to 

the leeward side of the street. Therefore pollutants emitted evenly across the road will 

then to be carried to the leeward side from where they will disperse vertically. 

(Buckland et al, 1999; Scaperdas et al, 1999; Gidhagen et al, 2004)
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Fig 2.2 Relationship between position on road and exposure level (Taylor and 

Fergusson, 1997).
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Fig. 2.3 Street canyon (wind direction perpendicular to street)

Turbulent mixing caused by traffic is shown reduce the localised concentration of 

pollutants in the street canyon (Buckland et ai, 1999; Gidhagen et al, 2004). With 

increasing traffic speed comes increased turbulence, thus reducing pollutant 

concentrations. It has be shown that an almost linear relationship between the two 

parameters exists independent o f wind direction, wind speed etc (Buckland et al, 

1999). When the wind direction is parallel to the street canyon, an increase in canyon 

height can be associated with an increase in pollutant concentrations. This is due to 

the long path for the plume of emissions to travel before the top o f the canyon is 

reached. Concentrations for both parallel and perpendicular wind directions can be 

shown to reduce with increasing canyon width and in all cases, the higher the wind 

speed, the lower the concentrations. Strong linear association between air pollutants 

and wind speed has been shown in previous studies (Adams et al, 2001b).

Important properties of a street canyon, in terms o f the secondary flow, are its height 

and width and in particular the height to width ratio, which will dictate the

2-40



Chapter 2 -  Background

fundamentals o f flow inside the street canyon. If the height to width ratio is greater 

than 1.3, then more than one current could be created in the canyon as shown in 

Figure 2.4 (Chan et al,  2002), with the effect of reversing the concentration 

difference between the leeward and windward sides or the street. Alternatively, if  the 

street canyon is wide relative to its height (less than 1.3) no main secondary flow will 

be created (McNabola et a l,  2006b).

A___________________ Prevailing Wind Direction______________

Widif. W

Wind Ward 9de. 
Hgh Concentration

Second aw S treet 
Canyon HowHeight H

Fig 2.4 Height to width ratio o f a street canyon.

Temperature and Sunshine

Ambient temperature is reported to have an impact on benzene emissions in relation 

to cold start emissions when the engine has yet to reach steady state conditions, hot 

emissions when the engine is above 70°C and evaporative emissions at refuelling 

stations (Guerra et al,  1995). In a study on VOCs inside cars, high temperatures in 

the cabin (up to 60°C) were found to increase levels of benzene by over seven times 

the level in moderate (15-20°C) temperature conditions (Fedoruk et al, 2003). 

Sunshine is linked to temperatures and as such is associated with increased levels of
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air pollution due to rising temperatures as well as due to its part in the photochemical 

production o f ground level ozone. Studies in climates similar to Dublin such as 

London in the United Kingdom (Adams et al, 2001b; Keatinge and Donaldson, 

2001) have found that cold temperatures (falling from 15 to 0°C) are associated with 

increased levels of air pollution and increased death rates. However, such increased 

death rates have been shown to be purely associated with the cold temperatures 

meaning that an increase in death due to air pollution cannot be definitively 

concluded (Keatinge and Donaldson, 2001). Increased temperatures and sunshine in 

the form o f a heat wave in the Netherlands in 2003 was reported to have resulted in 

increased concentrations of particulates and ozone which resulted in an excess o f 600 

deaths over a 2 week period (Fischer et al., 2004).

Sunshine was shown to be important in the creation of ground level ozone and the 

destruction of the ozone layer (see Section 2.1.1) and is also linked to temperature 

increases to a certain degree. In a principal component analysis o f meteorological 

data and traffic air pollutants in Delhi, India, increases in sunshine were shown to be 

associated with increases in traffic pollutant concentrations during late spring but 

very little association was found during winter (Nagendra and Khare, 2003).

Rainfall

Rainfall is reported to have a scavenging effect on air pollutants, with heavy rainfall 

particularly reported to reduce particulate air pollution by up to 10% (Chate and 

Pranesha, 2004). Increases in rainfall were reported as having a negative correlation 

with the concentrations of benzene in a study o f traffic related emissions in Bangkok 

(Leong et al, 2002). Rainfall during specific commuter traffic times occurs on a very 

seldom basis, however, according to recent studies in Ireland, cyclists were found to 

get wet between 0.4 and 0.6% of trips in Dublin (Keegan, 2005) and so it may not be 

that relevant in terms o f commuter exposure. The effect of rainfall may be more 

relevant on background concentrations than on exposures during a commute, with the 

background concentrations being reduced as a result o f a rainfall event (Leong et a l,
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2002; Chate and Pranesha, 2004). Rainfall is also noted for its roll in the production 

o f ‘acid rain’ through reactions with carbon monoxide and nitrous oxides.

Stability Index

The stability index is a scale o f  7 degrees o f  atmospheric stability from very stable 

(Index A) to very unstable (Index G). As described, above stable atmospheric 

conditions resist the vertical motion o f  air and hence limit dispersion resulting in 

higher exposure concentrations. An experimental investigation into the effects o f  

stability on the dispersion o f  pollutants found that stable conditions were associated 

with longer residence times for the pollutant in the wake o f  a building i.e. less 

dispersion and higher exposure concentrations for commuters in the urban 

environment (Mavroidis et a l, 1999). Atmospheric conditions in Ireland are 

predominantly neutral at Stability Index D at approximately 75% o f  the time, with 

extremely stable and unstable conditions, A and G, accounting for less than 1% 

(Budd, 2004). In a study into elevated pollution episodes in four European cities, 

atmospheric stability was found to be among the best meteorological predictor 

variables and was predominantly stable during the pollution episodes (Kukkonen et 

a l,  2005). In a principal component analysis o f  meteorological variable and traffic air 

pollutants in Delhi the decreases in the stability index (i.e stable conditions) were 

shown to be associated with increases in air pollutants (Nagendra and Khare, 2003). 

The most dramatic influence o f  weather conditions upon air quality is reported to be 

during thermal inversions occurring over a city (warm, still polluted air being trapped 

by a layer o f  colder air above) and such incidences tend to be responsible for the most 

elevated levels of pollution in many cities (Taylor and Fergusson, 1997).

2.5.2 Vehicle Type, Speed and Position

Factors influencing the travel time and speed o f  travel are important in the emission 

o f  and exposure to traffic air pollutants.

• Idle time or Travel time -  an important characteristic o f  transport 

microenvironments since the longer a vehicle is sitting still in traffic the higher 

the exposure level will be within that vehicle (Kaur et a l, 2006; McNabola et a l,
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2006b). Typically a bus will have a lower travel time and idle time than a car 

travelling on a busy route provided there are bus lanes whilst a cyclist will be 

quicker than a bus or car over shorter distances etc. Idle time can be expressed as 

a ratio o f time spent sitting still or moving slowly to total travel time.

• Driving Conditions -  also influence the amount o f pollutants emitted from a 

vehicle. Heavy traffic conditions where frequent acceleration, deceleration, 

starting, stopping and idling etc dominant increase emissions (O’Mahoney et a l, 

2000). Driving at constant speeds tend to produce lower emissions. The idle time 

or idle ratio is a good measure of this factor.

The speed o f a vehicle is important in that it determines the journey time which, 

clearly determines the uptake o f pollutants into the lungs (ICRP et a l, 1994; 

McNabola et a l, 2006a). The average speed of a car in urban traffic conditions is 

generally considered low, being typically reported as 10-20km/h on average 

(Buckland et a l, 1999; Rank et al, 2001; McNabola et a l, 2006b) in European 

Cities. A recent study in Dublin found the average speed of the car driver in rush hour 

periods to be 8-18km/h depending on the route in question (Mulhern and Gill, 2005). 

This would result in a higher duration of exposure over the same distance travelled by 

a faster mode such as a bus, train or bicycle. Thus, as well as experiencing higher 

reported exposure concentrations while travelling by car, the dose o f 

deposited/absorbed pollutants would also be higher as a result o f longer trip duration.

The idle time o f a vehicle refers to the amount o f time spent in motionless idling 

conditions. A vehicle could spend a large percentage of the travel time o f a commute 

travelling a very short distance in congested conditions and then travel relatively 

quickly over a longer distance for the remainder o f the journey. Here the idle time 

would be high and so too, the exposure would be expected to be high. Conversely, a 

vehicle travelling the same journey at a more constant rate would have a lower idle 

time and hence it would be expected to have a lower exposure. Stop/start conditions 

as would be experienced by commuters with high idle times induce higher exhaust

2-44



Chapter 2 -  Background

emissions (O’Mahony et a l, 2000) whereas driving at a constant and reasonable 

speed produces lower emissions (Bailey et a l, 1989). Future work should address this 

relationship between exposure concentrations and idle time in quantitative terms. In a 

study of VOCs inside cars, levels of benzene while idling were found to be over three 

times the levels while driving under normal conditions (Fedoruk et a l, 2003). Time 

spent waiting at pedestrian crossings and intersections for pedestrians and time spent 

waiting at traffic lights for buses, cars and cyclists were all shown to be associated 

with increases in pollutants measured by real time sensors in London, UK (Kaur et 

a l, 2006).

Factors influencing the height and position of a vehicle with respect to the centre of 

the road (see Figure 2.2) are important in determining how high an exposure could be 

expected.

• Vehicle/Body Height -  this parameter describes the height o f the vehicle i.e. 

where the driver/passenger is sitting in relation to the road. This also generally 

governs where the ventilation intake lies. The closer the intake is to the 

surrounding vehicles exhaust outlets the higher the exposure will be (McNabola et 

a l, 2006b). In the case of pedestrians and cyclists, this refers to their head height.

• Vehicle/Body Position -  this parameter describes the position of the commuter on 

the road. As shown below the general tendency is that the closer the commuter is 

to the centre line o f the road the higher the exposure to air pollution.

The position and height of the vehicle as shown previously in Figure 2.2, is an 

important factor in relation to the pollutant exposure. The further away from the main 

body o f traffic a commuter is and the higher up, less exposure would be expected. It 

has been shown that 80% of PM at a distance o f 5m from a roadside originates from 

transport sources compared to only 40% of PM at a distance o f 200m from a roadway 

(Wrobel et al., 1999). Urban commuters travelling by car are typically positioned in 

the lanes o f traffic closest to the centre o f the road, with the main body o f traffic and
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have a low body height on the road as compared to other modes. A typical car has a 

ventilation inlet located at the front o f the vehicle at approximately the same height as 

the exhaust o f the preceding vehicle. Furthermore, its small clearance off the ground 

leaves little room for the vertical dispersion o f emissions. A study in Hong Kong 

showed that the PM concentration decreases with height (Chan and Kwok, 2000), 

implying that the coarser material dispersed faster than the finer material. Another 

study by Oberdoster et al. (2000) into the pulmonary effects o f fine particles found 

that the sooner a receptor is exposed to fine PM after it has been emitted, the more 

toxic it is (as described in Section 2.1.7). Therefore, a car would be more susceptible 

to higher exposure concentrations than a bus whose body height is higher. Numerical 

and experimental investigations into the dispersion of idling exhaust plumes found 

the concentrations to be at their highest within 2m of the exhaust, beyond which they 

fell rapidly (Ning et a l, 2005; Dong and Chan, 2005; McNabola et a l,  2006b). A 

number o f studies have considered trams, light rail, heavy rail and subways and it has 

generally been found that the railway transport has the lowest of all exposure due to 

its distance from the roadway (Kingham et a l, 1998; Adams et a l, 2001b; Chan et 

al, 2002; Lau et a l, 2003).

2.5.3 Ventilation and Miscellaneous

Commuting practices such as the ventilation mode o f the vehicle and other 

miscellaneous factors also influence exposure concentrations.

• Ventilation mode -  this parameter describes how the vehicle is ventilated, by a 

fan, air conditioning, open window etc.

• Vehicle Age -  the age o f the vehicle and its level o f maintenance are important 

factors which influence the exposure to air pollution. Older vehicles generally 

have higher emissions, particularly ones without a catalytic converter. 

Furthermore they may leak emissions from their own exhaust into the cabin o f  the 

vehicle (Duffy et a l, 1997; Fedoruk et a l, 2003).
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•  Breathing rate -  is different according to the different m odes o f  transport. 

Cycling for exam ple involves more physical exertion than sitting as a passenger. 

This is an important characteristic as it has a big impact on absorption/deposition  

o f  pollutants (; M cNabola et al., 2005a; O ’Donoghue et a l ,  2006; M cNabola et 

al., 2006a).

•  Fleet Composition -  using the urban roadways influences the exposure o f  

commuters to air pollutants. A  fleet o f  older vehicles would be expected to have 

higher em issions than a younger fleet. The proportion o f  diesel vehicles and petrol 

vehicles influences the concentration o f  individual pollutants such as particulate 

matter and VOCs. Recent research in Ireland has shown 85% o f  veh icle to be 

petrol engined (O ’D onoghue et al., 2006).

Ventilation

Commuting practices such as leaving w indow s open or closed, turning the ventilation  

system  on low or high, having the air conditioning on or o f f  etc influences the air 

pollution concentration inside the cabin o f  a vehicle. The air speed inside a car can be 

considered a low  flow  environment with the actual speed controlled by the ventilation  

or air conditioning system . Ventilation system s have been reported as having little or 

no effect on reducing VOCs i.e. the filters provide little or no protection against 

gaseous chem icals like benzene and 1,3 butadiene (D uffy et a l ,  1997). Numerical 

investigations o f  ventilation rate have, however shown an influence on VOC exposure 

concentrations by altering this parameter (M cNabola et a l ,  2006b) Air conditioning  

system s however are reported to give a reduction in incoming VOC em issions. Table 

2.4 is a summary o f  findings for different ventilation modes inside cars. The 

ventilation mode on buses was found to influence levels o f  pollutants present 

whereby buses which were not air conditioned were found to have 1.5 tim es the level 

o f  air conditioned buses for PMio and 1.8 times the level for PM 2 5 (Chan et a l ,  

2002).
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Author(s) Pollutant Vents Vents AC Vents On

Open Closed on Window Open

Duffy et Benzene 21 21 15

al, 1997 (ppb)

Butadiene 7.4 5.6 5.6

(ppb)

Fedoruk TVOC 114 85 156

et a l, (fj,g/m^)

2003

Table 2.4 Contrast of various pollutants inside cars according to ventilation Mode 

Refuelling

Another miscellaneous but important factor reported in many other studies is that 

refuelling stations are particularly hazardous with respect to pollutant exposure, 

particularly when the station itself is being refuelled by a tanker. All the fumes inside 

the storage tanks under the station escape and recovery systems have little effects on 

benzene levels. These levels are reported as being very high compared to the normal 

levels and may reach up to 6000|a.g/m^ in some cases (Guerra et a l, 1995). Hence the 

filling station is effectively the most dangerous threat to a commuter in the urban 

transport environment in terms o f acute VOC emissions. In terms o f the four modes 

being considered in this project neither the pedestrian, cyclist or the bus commuter 

would be expected to be exposed to these kind of conditions. Private car commuters 

on the other hand would be likely to be exposed to these kinds o f concentrations on a 

weekly or biweekly basis. Acute emissions to VOCs on the other hand are not 

addressed by the statutory limit values for harmful VOCs such as benzene due to its 

carcinogenic effects being related to chronic exposure, however no safe threshold 

value could be specified.

Vehicle Age

In a study into the levels of benzene and butadiene inside cars and buses in Sydney 

the age o f the car was found to be a significant factor. Levels in an older vehicle

2-48



Chapter 2 -  Background

(1982) were found to be twice as high as levels in the newer vehicles (1995) (Duffy et 

al, 1997). Table 2.5 lists typical finding o f studies in the area o f car commuter 

exposure to air pollutants. Higher concentrations in older vehicles have been 

attributed to leaking exhaust systems and old and ineffective seals on doors and 

windows.

Author(s) Pollutant New Car Old Car

D\x^^y et al, 1997

Fedoruk et al, 2003 

Rank et al, 2001

Benzene(ppb) 22,1 48.1

Butadiene (ppb) 5.5 11.5

Benzene (|ig/m^) 1.0 13.9

Benzene (|ig/m^) 14.4

TSP (^ig/m') 75.0

Table 2.5 Comparison o f car commuter exposure between old and new vehicles.

Aspiration Efficiency

Aspiration efficiency is a factor which affects the concentrations o f particles passing 

through orifices due to forces o f inertia and gravity, it does not affect gaseous 

pollutants. The Aspiration Efficiency, A, has been defined as the efficiency with 

which particles are transported from the ambient environment into the inlet o f a 

sampler and is expressed as the ratio of the concentration entering the cross sectional 

area o f the inlet, C, to that in the undisturbed upstream air Co, A = C/Cq (Kramer et 

al, 2004). For example when one is breathing in air with an aerosol o f a certain 

concentration present, the concentration entering the mouth is not necessarily the 

same as the ambient concentration. This concept applies to any orifice such as the 

mouth or the inlet o f a sampling device etc. The aspiration or sampling efficiency 

(when referring to a sampling device) is dependent on the size o f the aerosol, the 

breathing or sampling rate and the wind speed and direction in the surrounding 

environment, as these factors influence the trajectory of the particle. A larger particle 

will be influenced more by gravitational forces than a smaller lighter particle. In a 

higher ambient wind speed a particle will have a larger inertial force than in a low 

wind speed requiring more external force to be applied to alter its trajectory into the
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lungs o f  a receptor. The higher the breathing rate the larger the external force on 

particles becomes.

A num ber o f  experiments have been carried out to investigate the aspiration 

efficiency o f the human head (Vincent et a l ,  1990; Aitken et a l ,  1998). These 

experiments are all carried out in wind tunnels with mannequin heads under varying 

wind speed, orientation o f  the head, breathing rates etc. The difference between the 

aspiration efficiency o f  the nose versus the mouth has been reported as negligible in 

many studies o f  this kind as well as the difference in efficiencies for varying facial 

features.

Figure 2.5 shows the results o f some o f these experiments: at higher wind speeds (~ 

8m/s) there is an increase in the efficiency o f  the aspiration o f the larger particles and 

a decrease in the efficiency o f  the smaller particles. This could be an important factor 

considering that it is recognised in other studies that the PM levels drop at higher 

wind speeds resulting in a lower exposure. Combining this lower exposure with a 

decreased efficiency o f  smaller PM might decrease further the actual exposure at 

higher wind speeds. Aspiration efficiency for larger particles has been found to 

increase when the person is at rest (Vincent et a/., 1990). In recent experiments w ith 

the head at right angles to the wind it was found that at higher wind speed (~9m /s or 

20mph) intense secondary currents are created in the mouth causing re-entrainm ent o f  

collected particles. All experiments carried out at low to moderate wind speeds are in 

agreement in showing a decrease in aspiration efficiency to about 0.5 with increasing 

diameter.
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Fig 2.5 Aspiration efficiency for at a) at rest, b) normal work and c) hard work,

(Armbruster et a/., 1982).

This param eter has been accounted for in the Lung model used in this project (see 

Section 4), the formula for the aspiration efficiency r|i o f  a particle based on particle 

size and the windspeed is given below, this formulae is used as an ‘environm ental or 

pre-filter’ in the model.

Hi = 1 - 0.5(1 - {7.6x10'^  ̂+ 1}'') + 1x10'^ (2.3)
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Where dae is the aerodynamic diameter o f the particle and U is the wind speed. It can 

be seen that the model gives lower deposition of particles for higher values o f particle 

EAD and wind speed.

2.6 Dispersion M odelling in Air Pollution

Mathematical models are widely used in air pollution studies to predict values o f 

pollutants near highways or point sources (for example Caline 4, COPERT II etc). 

The majority o f these models use the Gaussian dispersion model from a line or point 

source and are the most frequently used models due to their simplicity and direct 

applicability (Kukkonen et al, 2001). A more complex but flexible approach to the 

problem of air pollution dispersion is to use Computational Fluid Dynamics (CFD). 

This modelling method allows the prediction o f fluid flow (as well as the dispersion 

of pollutants therin) to almost any fluid-related engineering problem. In this study the 

aspects relevant to air pollution dispersion are used to examine flow fields and predict 

values at street level and it has also been used to examine the differences in transport 

modes.

Many studies have been carried out using CFD to predict the dispersion o f pollutants 

in urban street canyons (Gidhagen et al, 2004, Wright and Easom, 2004) and CFD 

has also been used to predict the dispersion of vehicular exhaust plumes in various 

traffic conditions (Kim et al, 2001; Chan et a l, 2002; Ning et al., 2005; McNabola et 

al., 2006b). The k-e turbulence model is the most commonly reported model used in 

the prediction o f various categories o f air pollution dispersion models in CFD and has 

been shown to give good agreement with measured experimental values (Ning et a l, 

2005; McNabola et al, 2006b). However, other models have also been used 

successfully, such as the large eddy simulation model (LES), to predict the dispersion 

of exhaust plumes from vehicles (Dong and Chan, 2006). Different categories o f the 

k-s turbulence have also been used such as the renormalized group (RNG) model and 

the realizable k-e turbulence model which are extensions o f the standard k-e 

turbulence model (Ning et al, 2005). These models are discussed in detail in Section 

4.
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2.7 Human Respiratory Tract M odelling

Literature on the area o f computer models of the human respiratory system revealed a 

number of approaches to the problem. Models o f the human lungs have many 

applications in the medical and pharmaceutical fields as well as in the area o f air 

pollution and radiological protection. The use of CFD to model flow and reactions in 

the lung is widely reported (Gemci et a l ,  2003; Boyle, 2004). CFD models vary from 

simple 2D models with symmetrical shape (real lungs are not symmetrical) to 3D 

models based on accurate measurements. Figure 2.6 shows a complex CFD model of 

air flow in the lungs.

Fig. 2.6 CFD model of the human respiratory tract (Boyle, 2004).

However, even the most complex 3D CFD models do not represent the entire 

population. The geometry, volume and surface area of each lung varies from person 

to person. Therefore the results o f absorption and deposition from a CFD model are 

not readily transferable to the entire population exposed, but do give an indication of 

the general trends of deposition of particles and the absorption o f gases.

Another more representative method developed by Hofmann and co-workers is the 

Monte Carlo lung deposition model. This model uses Monte Carlo simulation to
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randomly select a pathway through the lungs and predicts the deposition o f  particles 

along these pathways. This model, like most models in the area, is based on a study 

by Raabe et al. (1976) whereby casts o f  the lungs o f three Caucasian males o f  a 

similar height were obtained. This early investigation developed an idealized m odel 

o f tracheobronchial bifurcation and measured it extensively in a num ber o f  m am m als 

as shown in Figure 2.7. The idealized lung bifurcation consisted o f three tubes, the 

parent tube, the major daughter and the minor daughter. The param eters m easured for 

each bifurcation were the length and diam eter o f  the parent, and the angles between 

the vertical and each daughter tube. The resulting dimensions form the basis for the 

Monte Carlo model. The geometrical data was used to develop means and 

distributions for the diameters and lengths o f  tubes at each stage o f  the lungs, for the 

branching angels to the major and m inor daughters and for the ratio o f  parent cross 

section to major daughter and minor daughter cross section. Using these data the 

Monte Carlo method randomly generates the geometry o f the lungs from the m ean 

and distribution data. The route o f a single particle o f given size is then tracked 

through the lungs until deposition or exhalation. This process is subsequently 

repeated for each particle inhaled to give an overall deposition in a random ly 

generated lung. The resulting deposition is therefore representative o f  the larger 

population rather than specific to any set dimensions. However, this model does not 

consider the absorption o f gases and vapour into the lungs which form a m ajor part o f  

air pollution for the urban commuter and therefore would only give partial 

information on the actual uptake o f  pollutants (Koblinger et al., 1985, 1990; Salma et 

al., 2002; Hofmann et al., 2002).
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Fig. 2.7 Tracheobronchial bifurcation (Raabe et al .,1976).

A third model which is representative of the entire population and accounts for gases 

as well as particles has been developed by the International Commission on 

Radiological Protection (ICRP) called the Human Respiratory Tract model for 

Radiological Protection. This model predicts the deposition of particles and 

absorption for various degrees o f physical activity, for both males and females of 

varying height, weight age etc. This model, also based on the tracheobronchial 

geometry data of Raabe et al, (1976), was considered the best model available and is 

adopted in this project for the purposes of dose estimation from measured exposure 

levels. The model itself is discussed in more detail in Section 4.

2.8 Sum m ary of Literature Review

The literature review identifies a number o f important pollutants emitted from 

commuter transport in terms o f adverse health effects ( P M 2  5 ,  benzene and butadiene)
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and in terms o f source apportionment (ethylene, acetylene and ethane) which are 

intended to be monitored for the purposes o f this study. PM 2.5 was selected to  be 

monitored rather than PMio due to the health significance o f  smaller particles as 

outlined in Section 2.1.7. The literature review has also identified the m ost im portant 

modes o f transport in Dublin city accounting for the majority o f  comm uters, nam ely  

the car, bus, cyclist and pedestrian and the physiological differences between these 

different modes. The importance o f considering the deposition o f particles and 

absorption o f  gases has been highlighted and it is intended to model these factors 

using a mathematical model o f the lungs.

The factors affecting the exposure concentrations o f  com m uters such as 

meteorological conditions and traffic volumes but also the idle time have also been 

outlined in the literature review. These factors are intended to be recorded together 

with exposure concentrations during the project.

The literature review has also outlined the CFD models used to predict the 

concentrations o f pollutants in urban street canyons and from exhaust plum es as well 

as models for the prediction o f the uptake o f  pollutants in the lungs. It is intended to 

investigate the nature o f  these models further in this project and use them to m ake 

predictions, based on calibrated models from the extensive sampled data.

Hence, the review o f the literature has helped to decide those m odes o f transport to be 

examined, the pollutants and determinants to be monitored therein and the approach 

to further analysis o f  the exposure concentrations into estimates o f  lung uptake.
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3. Air Quality Sampling

The air pollutants measured during this research project are particulate matter (PM 2 5) and 

VOCs. Two separate methods o f  sampling and analysis are therefore required for these 

two pollutant groups, details o f  which are given below.

3.1 Volatile Organic Carbons

Sam pling o f  gaseous air pollutants like VOCs, can be carried out in a number o f  different 

m ethods depending on whether the sampling is static or mobile, som e o f  which include 

the follow ing:

• Steel Canisters

•  Bag Sampling

•  Continuous Sampling

•  Absorption Tubes

Steel Canisters are com m only used in the sampling o f  urban transport air pollution. For 

exam ple, studies in Hong Kong, Sydney and M exico on various volatile organic 

com pounds in the urban transport environment used stainless steel canisters to obtain 

sam ples (D uffy et  a i ,  1997; Lau et al., 2003; Gomez-Perales el a l ,  2004). The stainless 

steel canisters com m only consist o f  6-1 SUM M A polished passivated stainless steel (Lau 

et a l ,  2 003) as shown in Figure 3.1.

Fig 3.1 Stainless steel, portable sampling, canister
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The canisters can be fixed or portable depending on their size. The canisters are 

evacuated prior to sampling and consequently fill at a constant rate until atmospheric 

pressure is reached over the sampling period. This flow rate can be adjusted to suit a 30 -  

60 minute commuting time. Before sampling each canister is cleaned by repeatedly 

filling and emptying the canister with zero air and duplicate samples can also be taken to 

reduce error. The canisters are portable and do not require any pump or tubing to be taken 

with them unlike other methods. Samples are then taken to a Gas Chromatograph system 

and analysed (see Section 3.1.4).

Bag sampling is similar in concept to the steel canister and is used to sample gaseous 

emissions. This method is primarily aimed at portable sampling but large capacity bags 

could be used for fixed site monitoring. The bag material consists o f Tedlar (polyvinyl 

fluoride) which is resistant to gas permeation and unreactive with gases o f interest 

(O’Donoghue et al, 2007). The bag is placed inside a vacuum chamber with its inlet 

connected to the outside environment, a portable pump is used at a constant flow rate to 

evacuate the chamber thus filling the bag at that flow rate as shown in Figures 3.2 & 3.3. 

Again the samples are then taken to a Gas Chromatography system for analysis (see 

Section 3.1.4). This method of sampling has been recently developed at Trinity College 

Dublin and has been used in a number o f studies on the air pollution exposure o f  

commuters in various modes of transport and of indoor personal exposure (O’Donoghue 

et al., 2005, 2007; McNabola et al, 2005a, 2005b, 2006a, 2006b). This method o f 

sampling will be used for the purposes of VOCs sampling in this project.

Vacum Chamber

AirSarrple

PunnpVacumOut

Fig. 3.2 Bag sampling schematic
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Fig. 3.3 SKC Bag Sampling Kit

The flow rate is adjustable so that the 1 litre bag is approaching full at the end o f  the 

com m uter journey. The bags must also be cleaned before each sample is taken by 

repeatedly filling and emptying the bag with zero air as was the case for the steel canister

Continuous M onitoring can be applied to both fixed and portable monitoring. Fixed site 

continuous m onitoring is carried out by various investigators as well as by many local 

authorities in cities across the world (Duffy et a l,  1997; Lau et a l,  2003; Gom ez-Perales 

et al., 2004; O ’Donoghue et al.,2005). Data from continuous m onitors are comm only 

used to obtain ambient concentrations in the urban environment for studies o f comm uter 

exposure. The location o f the continuous monitor for urban background concentrations is 

typically at a short distance from a major road. Roadside concentrations are also collected 

by continuous monitors located on footpaths, data which are com m only used to 

determ ine pedestrian exposure levels. The location o f  roadside m onitors is considered 

important particularly in street canyons since the effects o f the wind speed and direction 

on the flow field in a street canyon can cause the continuous m onitor to underestim ate the 

level o f  roadside exposure (Scaperdas et al., 1999). Continuous m onitors have also been
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used as part of epidemiological studies o f the health effects o f air pollution (Pierson et 

o/.,1986; Guerra et a/., 1995; Peters et a/., 1999; Pope et al, 2000; Oberdorster et al,  

2000; Dockery et al, 2001). Portable continuous monitors consist o f commercially 

available devices which sample as well as analyze air pollution. These devices can be 

used to sample and analyse specific gases such as CO, NOx etc.

Sorbent tubes, as shown in Figure 3.4 , operate by adsorbing the target pollutants onto a 

sorbent material inside the tube. The pollutant compounds which are trapped on sorbent 

can then be removed during analysis by thermal or solvent desorption. A wide range o f 

sorbent materials are available for varying chemical compounds such as Tenax, charcoal, 

silica gel, glass bead etc. The correct sorbent material is selected on the basis o f its 

affltiny for the pollutant compounds of interest.

Fig. 3.4 sorbent tubes

Gas chromatography (GC) is used to analyse the concentration of various gases from a 

sample and is the method used in almost all literature reviewed where VOCs are being 

investigated (Duffy et al, 1997; Kingham et al, 1998; Leung et al, 1999; Rank et a l,  

2001; Fedoruk et al, 2003; Gomez Perales et al, 2004; McNabola et al, 2005a, 2005b, 

2006a, 2006b; O’Donoghue et al, 2005, 2007).

The Russian botanist M.S. Tswett is generally accepted as having discovered 

chromatography. He used a column of calcium carbonate to separate green leaf pigments 

into a series of coloured bands (Poole et al, 1991). The area o f chromatography that is 

relevant to the field o f air pollution is gas chromatography, which is essentially a method 

o f separation of a mixture of chemicals into its individual components (Miller et al.

3-4



Chapter 3 -  A ir Quality Sampling

1987). The components to be separated are distributed between two phases, the stationary 

and the mobile phase. In gas chromatography the mobile phase is an inert gas (commonly 

called the carrier gas) such as helium, nitrogen or hydrogen, its sole purpose being to 

carry the analyte vapours through the columns, as shown in Figure 3.5 .

The stationary phase can be either a porous, granular powder packed into a tube/column 

or a thin layer on the walls o f a tube/column. The columns/tubes themselves are usually 

made o f stainless steel, copper or glass. There are several types o f columns and carrier 

gas but their primary function remains the same; as the analyte is carried along the 

column its components are distributed between the two phases by sorption and desorption 

processes. Therefore, at any given time some components are moving along the column 

in the mobile phase and others are not moving at all in the stationary phase. This results 

in each component having a different migration rate through the column called retention 

times. Figure 3.6 shows the principle o f sorption/desorption between the two phases.

Sample

Flow or pressure 
controller

Data station 
(recorder)

Injection 
port or valve

Column Detector

Carrier gas

Fig. 3.5 Gas Chromatography schematic (M iller et a l ,  1987)
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0

A
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Fig. 3.6 Sorption/desorption

Once a component passes through the column it reaches the detector, for which again 

there are several available. Two commonly used types are the thermal conductivity 

detector (TCD) and the flame ionisation detector (FID) (O’Donoghue et al, 2005). The 

TCD detects the components according to the thermal conductivity and change in 

temperature of the component in question, the FID burns the component in an oxy- 

hydrogen flame, creating ions which constitute a small current, thus detecting the 

component. Figure 3.7 and Table 3.1 shows typical gas chromatographs and their 

components.
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PLOT Column BP 1 Column

No. Component No. Component

1. ethane 27. n-hexane

2. ethylene 21:1 trans-2-hexene

3. propane 29. cis-2-hexene

4. propylene 30. methylcyclopentane

5. iso-butane 31. 2,4-dim ethylpentane

6. n-butane 32. benzene

7. acetylene 33. cyclohexane

8. trans-2-butene 34. 2-methylhexene

**iso-butene 2,3-dim ethylpentane

9. 1-butene 3-methyIhexane

10. cis-2-butene 37. 2,2, 4-trimethyl pen tane

11. cyclopentane 38. n-heptane

12. isopentane 39. m ethylcyclohexane

13. n-pentane 40. 2,3,4-trimethyl pen tane

14. 2-methyl-2-butene 41. toluene

15. cyclopentene 42. 2-methylheptane

16. trans-2-pentene 43. 3-methylheptane

17. 3-m ethyi-l-butene 44. n-octane

18. 1-pentene 45. ethylbenzene

19. cis-2-pentene 46. p-xylene

20. 2,2-dimethylbutane 47. styrene

21. 3-methylpentane 48 o-xylene

22. 2,3-dimethylbutane 49 n-nonane

23. 2-methylpentane 50 isopropylbenzene

24. isoprene 51. n-propylbenzene

25. 4-methyl-1-pentene ••a-pinene

26. 2-m ethyl-l -pentene 52. 1,3,5-trimethylbenzene

Table 3.1 Chromatograph components
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3.1.1 Sampling Method and Equipment

The sampling method chosen for the purposes of this research project was the bag 

sampling method. This method, as described above, is a simple method of sampling 

aimed primarily at mobile sampling (O’Donoghue et a i, 2007). The apparatus comprises 

a compact and light weight SKC Vac-U-Chamber (simply a vacuum chamber with an air 

inlet and suction outlet) and a compact light weight SKC universal pump as shown 

previously in Figure 3.3. The sample vessel, a tedlar bag with a one litre capacity, is 

placed inside the chamber and fills at a constant flow rate over the sampling period. The 

flow rate (or sampling rate) is adjusted to ensure the bag is more than 50% full at the end 

of the sample. This is necessary as the method of analysis requires a minimum o f 0.41 of 

air per sample. Once the sampling is complete the bag, which has a valve on its inlet is 

sealed and analysed within 24 hours. Figure 3.8 shows a 1 litre sampling bag and Figure 

3.9 shows the sampling bag valve.

Fig. 3.8 SKC, Tedlar, 1 litre sampling bag

Fig. 3,9 bag valve
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3.1.2 Personal Exposure Sampling

Personal exposure sampling in the urban commuter environment was carried out for 

VOCs during peak traffic conditions, between the hours o f 08:00-09:00 and 17:00 and 

18:00, Monday to Friday. Figure 3.9.1 shows a typical traffic flow profile for Route 1 

with a sharp peak during the morning rush hour and a wide peak during evening rush 

hour (incoming and outgoing traffic are separated by the River L iffey as described later 

in Section 3.4). Samples were always carried out simultaneously in parallel w ith another 

mode o f transport, i.e. a direct comparison was always being made between two modes. 

Exposure concentrations were also measured in modes o f transport only, i.e. on the bus 

only for bus passengers, in the car only for car commuters, not including walking to bus 

stops from bus stop etc. thus giving a direct comparison o f modes o f transport only.

2000 T

Outgoing Traffic: 
Evening Peak

1800 -
Incoming Traffic: 

Morning Peak

1600

1400 •

1200

o 1000 • .

800 '

600

400 '

200 -

2 3 4 6 6 7 a 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (houis)

Fig. 3.9.1 Typical traffic flows on Route 1

For the car commuter the VOC sampling equipment was located inside the vehicle on the 

passenger side with the inlet o f the sample placed at breathing level. The samples were 

carried out in one o f two vehicles, a 1994 Landrover Discovery and a 1993 Nissan 

Vanette. Both vehicles were diesel engined and each one was used on a different route
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(see Section 3.4). The windows were always fully closed and the ventilation rate set to 

the lowest value. M eteorological data were recorded by the Kestrel portable weather 

monitor (see Section 3.3 for details). In the case o f the car comm uter the Kestrel was 

attached to the exterior o f  the vehicle to monitor outside meteorological conditions. The 

Kestrel monitored data at 10 second intervals from the start o f  the com m ute to the end 

sim ultaneously with the sample. For the bus commuter a seating position was chosen at 

random on the lower floor o f  the bus. The sample was again recorded with the sampling 

inlet in the breathing zone o f  the commuter. As the buses were public buses, w indow 

opening or ventilation rates were not controlled as for the car. This however would reflect 

realistic sam pling conditions for bus comm uter as windows would be opened during 

warm weather and ventilation rates changed beyond the control o f the individual 

passenger.

For the pedestrian and cyclist the sample was recorded travelling along the centre o f  foot 

/cy c le  lane on the side o f  the road nearest the traffic, i.e. always on the left hand side in 

the direction o f  travel o f  the traffic. The sampling inlet was again placed in the breathing 

zone o f  the pedestrian and cyclist, this was achieved by placing the sampling equipm ent 

in a satchel for the pedestrian carried on the commuters chest and by placing the 

equipment on the handle bars o f  the bicycle for the cyclist. The Kestrel was attached to 

sampling equipm ent for the pedestrian and attached to the bicycle for the cyclist.

During all samples the date, tim e o f departure, mode and duration o f exposure were 

noted. The date and tim e were later used to gather meteorological data from the regional 

monitoring station (see Section 3.3) and traffic data from the local authority induction 

loops.

3.' .3 Sample Vessel preparation

In order to ensure the accuracy and precision o f  results and given that the sampling bags 

are not single use vessels, the bags require some initial preparation prior to sampling. 

This process involves flushing the bags with zero air up to 15 times to ensure that the 

concentrations o f VOCs in the vessel are reduced to negligible levels. This m ethod of
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quality control for this sampling method was also confirmed by a previous investigator 

(O ’Donoghue et a i ,  2005). A known concentration o f calibration gas, com prising a 

mixture o f  VOCs at specified concentrations, was drawn into a sam pling bag. The 

contents o f  the bag were then analysed and the bag was flushed with zero air (this 

involves filling the bag once with zero air and emptying it). The contents o f the bag w as 

then analysed again and this process was repeated until the level o f  pollutants in the bag 

had reduced to negligible concentrations. In order to verify that the m ethod o f flushing 

the sampling bag with zero air reduced concentrations sufficiently, some experim ents 

were carried out. Figure 3.10 and Table 3.2 show the concentrations o f  benzene, 1,3 

butadiene and other relevant VOCs in the bags against the num ber o f  times the bag w as 

flushed with zero air. The graph and table show that for these compounds o f interest 

flushing the sampling bag with zero air up at least 8 times reduces the concentration to 

negligible levels.

10 -

-S— Benzene
-  -  1.3 Butadiene
-  — Ethane
•  -  Ethylene 
 Acetylene

uc
oo

—

150 2 4 8 10
No of flushes

Fig. 3.10 VOC concentrations vs. no. o f flushes
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No. o f  Benzene Butadiene Ethylene Acetylene Ethane

flushes (ppb) (ppb) (ppb) (ppb) (ppb)

0 6.07 5.67 8.94 8.17 11.39

2 0.79 0.05 0.50 0 1.27

4 0.58 0.02 0.58 0 1.00

8 0 0 0.42 0 0.92

10 0 0 0.46 0 0.55

15 0 0 0.15 0 1.00

Table 3.2 VOC concentrations vs. no of  flushes data

3.1.4 Gas Chromatography Analysis

The method o f  analysis for this research project is gas chromatography using a mobile 

online hydrocarbon monitoring laboratory. This mobile unit’s primary purpose is as a 

fixed site monitor which can be transported to various locations, as shown in Figure 3.11.

I Fig. 3.11 Mobile online hydrocarbon monitoring unit.

I

I The unit comprises an air sampler, an automatic thermal desorption unit (Perkin-Elmer 

I ATD 400), an Autosystem GC, a 900 series interface and Perkin-Elmer Turbochrom

3-13



Chapter 3 -  A ir Q uality Sam pling

W orkstation V 6 .2 .1 softw are. The air sam pler draws air from an inlet on the ro o f o f  the  

laboratory at an adjustable flow  rate (typ ica lly  set to 10 m l/m in). The air sam pler a lso  

accom m odates an internal valve w here a bag sam ple m ay be attached so that air is drawn  

from the bag rather than the am bient environm ent. F igure 3 .12  sh ow s a sam pling bag  

attached to the air intake line inside the laboratory.

Fig. 3 .12  Sam pling bag and air intake line.

The A T D  4 0 0  (see  Figure 3 .13 ) draws in 400m l o f  the sam ple, w hich is first dried using  a 

nafion drier to rem ove the m oisture in the sam ple by o sm osis. The sam ple p asses into a 

co ld  trap at -30°C  w hich  is packed w ith sorbent material d esigned  to trap hydrocarbons in 

the range C 2-C 10. The trap is then heated to 300°C  to desorb the com pounds w hich  pass in 

a stream o f  inert gas (helium ) to the GC for separation.
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Fig. 3.13 Perkin Elmer ATD 400 

The Auto system GC contains two capillary columns, which identify two different sets of 

compounds. The sample passes through the columns and the compounds are detected by 

two flame ionisation detectors burning air and hydrogen. Figure 3.14 shows the Auto

system GC and the two columns inside, Figure 3.15 shows the flame ionisation detectors.

Fig. 3.14 Auto-system GC and capillary columns
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Fig. 3.15 Flame ionisation detectors

The 900 series interface converts the analogue response o f  the flame ionisation detectors 

to a digital signal which is then sent to the PC and interpreted into chrom atographs by the 

Turbochrom software. The interface also takes information on sequences (i.e. how m any 

samples to perform, the names o f data files, the method o f  analysis etc) from the PC 

initially.

3.1.5 Duplicates and Field Blanks

Use o f the bag sampling method compared to using the online sampling m ethod from the 

ambient environm ent was also carried out for quality control purposes. Bag sam ples w ere 

taken from the ambient environment in parallel to the online hydrocarbon m onitoring unit 

at the same location as the online sampling inlet. The results were then com pared for 

systematic errors in the bag sampling method. The bags samples were taken beside the 

online monitoring unit’s external air sampling inlet and samples were recorded for 40 

minutes at lOml/min for both the bag samplers and the online hydrocarbon m onitoring 

unit. Figures 3.16 to 3.20 show the results o f  the experiments for benzene, 1,3 butadiene 

and other relevant VOCs and the correlation coefficients and coefficients o f  variability 

for each compound are presented in Table 3.3.
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Benzene 1,3 Butadiene Ethane Ethylene Acetylene

Correlation 0.95 0.93 0.99 0.90 0.95

98% 97% 99% 94% 97%

Table 3.3 Bag sampling vs online sampling data

The criteria o f acceptability in carrying out this measure o f method accuracy is an 

agreement between the two sets o f values o f ±10% for fixed site sampling and an 

agreement o f ±25% for mobile sampling (O’Donoghue et al., 2005). Therefore all 5 

compounds are within the bounds o f acceptability and the method has been shown to be 

accurate in its measurement o f the concentration o f these hydrocarbons.
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Fig. 3.16 Bag sampling vs online sampling for benzene
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Fig. 3 .18  B ag  sampling vs  online sampling for ethane
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Fig. 3.19 Bag sampling vs online sampling for ethylene
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Fig. 3.20 Bag sampling vs online sampling for acetylene
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Duplicate samples (i.e. two bags carried in parallel) were carried out in all modes o f 

transport to be investigated to quantify the repeatability o f results for benzene and 1,3 

butadiene and other relevant VOCs. Samples were carried out in parallel for a typical 30 

minute commute, the results o f which are presented in Table 3.4 and Figures 3.21 to 3.26.

Benzene 1,3 Butadiene Ethane Ethylene Acetylene

Correlation 0.99 0.86 0.99 0.90 0.99

95% 96% 99% 88% 92%

Table 3.4 VOC repeatability experiments

For duplicate samples measuring the precision o f a sampling method the criterion o f 

acceptability is ±25% (O’Donoghue et a l ,  2005). Thus the samples taken are all well 

with the bounds o f acceptability. The standard seems quite flexible on precision but the 

author was satisfied by the performance o f the 5 compounds.
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Fig. 3.21 Benzene repeatability experiments
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Fig. 3.22 1,3 butadiene repeatability experiments
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Fig. 3.23 Ethane repeatability experiments
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Fig. 3.24 Ethylene repeatability experiments
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Fig. 3.25 Acetylene repeatability experiments
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Field blanks were carried out by filling a prepared sampling bag with zero air and 

analysing it. Table 3.5 shows the mean results o f  20 field blank samples for the 5 VOCs. 

The mean concentrations in most cases were negligible with the exception o f ethane with 

a mean concentration o f Ippb which should be subtracted from all sample data to reduce 

errors.

Benzene 1,3 Butadiene Ethane Ethylene Acetylene

M ean (ppb) 0 2 0  0!00 0 9 9  0 0 3  OOl

St. Dev. 0.26 0.01 1.13 0.08 0.05

Table 3.5 field blank samples for VOCs.

3 .1.6 Validation o f  results

In order to validate results, samples were taken using a calibration gas, this gas contains a 

mixture o f 30 compounds to a specified concentration, certified by the National Physics 

Laboratory with accuracy as shown in Table 3.6.

Component Concentration (ppb) Uncertainty (ppb)

Benzene 5.75 0.18

1,3 Butadiene 5.82 0.12

Ethane 8.73 0.17

Ethylene 4.56 0.09

Acetylene 9.68 0.19

Table 3.6 Calibration gas, concentrations and accuracy

The chrom atograph produced for each sample comprised a series o f peaks along a 

baseline as a response to the quantity o f  each pollutant present (see Figure 3.7), the larger 

the area under the peak, the higher the concentration o f the pollutant in question. These 

areas were noted for each compound and divided by a response factor to give the 

concentration o f the pollutant in ppb. These response factors were initially determined 

and continuously adjusted by carrying out a calibration test. Here, since the concentration 

o f each compound was known the area produced divided by the known concentration
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produced the response factor. Calibration gas samples were carried out throughout the 

sampling period on a weekly basis and response factors for each compound are adjusted 

accordingly.

3.2 Particulate matter

Sampling o f particulate air pollutants has been carried out in other air pollution studies by 

a number of different methods, some of these methods commonly reported include the 

following;

• Filtration

• TEOM

• Light Scatter

A commonly reported method o f sampling for particulates is the use of size selection 

filter media. A vacuum pump is used to draw air over a filter at a certain flow rate, 

particles in the air are then collected on the filter media which can later be analysed by 

gravimetric analysis. Depending on the flow rate, the filtration method can be either 

portable (high flow rate) or fixed (low flow rate). A higher flow rate is needed for a 

portable sampler in commuter exposure studies as the sampling duration is typically less 

than 1 hour (Adams et ai,  2001a) and therefore a higher flow rate is needed to obtain a 

detectable change in mass on the filter media. Fixed site monitors can operate at a lower 

flow rate as the sample is usually taken over 24 hours (Adams et al, 2001a).

The filter media consists of a fibrous material, a wide range o f which are available. For 

example, reticulated polyurethane (foam) can be used. Foam filter media can be designed 

to sample a particular characteristic size of PM (see Section 3.2.1) and a number o f foam 

filters can be placed in series each having a smaller size selection acting like sieves to 

simultaneously sample various sizes of PM (Vincent et a l,  1993). Foam filter media 

sampling has been reported to operate more efficiently when the foam has been covered 

in an oil based solution which reduces re-suspension o f particles and bounce-off (Vincent 

et al, 1993; Adams e/a /., 2001a).
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A study in London by Adams et al. (2001a), used foam filtration in the developm ent o f  a 

high flow  personal sampler (HFPS) for transport microenvironments for PM 2 5 - The 

authors outline how conventional low flow  samplers are not suitable for the transport 

environment due to the short sampling period. Only a small change in mass is generally 

obtained under such low flow s over 30 minutes -  1 hour which cannot typically be 

accurately measured on a microbalance. In order to obtain a measurable sample the 

weight change would have to be o f  the order o f  10 micrograms for most microbalances. 

A ssum ing the concentrations o f  interest are at or above 20 micrograms and a journey  

time o f  30 minutes then a flow  rate o f  16.71/min is needed i.e. much higher than the usual 

2 -  41/min. This method o f  sampling is considered very cost effective.

An exam ple o f  fixed site monitoring using filtration media is the partisol. This com m only  

used device (Adams et al., 2001a) draws air across a filter media which is sequentially  

replaced. The sequence o f  filters can then be gravimetrically analysed to give average 

concentrations o f  particulate matter.

The next method o f  sampling is the TEOM, which is also a filter based device. It is the 

only filter based device which measures the mass o f  particles suspended in gas streams in 

real tim e using a highly sensitive mass transducer. Figure 3.26 show s a schem atic o f  the 

operation o f  a TEOM.
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Fig. 3.26 TEOM Flow system schematic

The TEOM is used by local authorities in countries across the world to continuously 

monitor particulate matter levels in the atmosphere (Ayers et al, 2004). Their use in the 

urban transport environment is somewhat limited due its fixed site nature, however it is 

commonly used for ambient and roadside measurements (Adams et al, 2001a). It has 

also been shown that it would be possible to use the TEOM for size distributions o f PM
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with 3 separate size selective inlets (as opposed the usual one), allowing the TEOM  to 

periodically switch between inlets to get data on 3 sizes.

Finally, the Light Scatter method uses laser photometry to continuously m onitor particle 

concentrations, size distribution, count etc. Portable particulate samplers have been used 

in studies in Hong Kong, which operate using a light scatter method to detect various PM 

m ass concentrations (Chan et a l, 2002). Figure 1 2 1  shows a DustTrak continuous 

particulate monitor.

Fig. 3 2 1  DustTrak PM Monitor

Sam ples o f  PM obtained using a filter based sampling method must be subsequently 

analysed (with the exception o f  the TEOM). The method o f analysis used is termed 

gravim etric analysis which involves the conditioning and weighing o f  samples.

Samples are first pre-conditioned, which involves establishing set environm ental 

conditions o f  tem perature and relative humidity in the weighing room. These conditions 

must be constant during the initial weighing (before any particles are collected) and 

during the final weighing (after the particles have been collected). By doing this, 

buoyancy effects which would introduce errors into the change in mass, are minimised. 

Changes in weight on the filter due to moisture content are also minimised. An ionising 

blower is also commonly used to eliminate electrostatic bias effects (Adams et al., 

2001a).
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The weighing itself is done using a 6 -figure microbalance. The samples are always 

handled with non-serrated tweezers to avoid contamination and are also equilibrated in 

the weighing room, for 24 hours prior to weighing. 5 figure microbalances may also be 

used for fixed site monitoring applications where the flow rate is lower and the mass 

change is large.

3.2.1 Sampling Method & Equipment

The method o f sampling selected for this project is the porous foam filtration method 

which has been developed by a number o f research groups between 1966 and 1993 

(Roessler, 1966; Brown, 1980; Gibson and Vincent 1981; Vincent et a l, 1993; Wake and 

Brown 1991). The principle behind this method is that particles are drawn through the 

foam at a given flow rate. Larger particles are trapped within the foam and only the 

smaller particles pass through and are subsequently trapped on a filter paper. In this 

manner the foam plug acts as a sieve and can be designed to only allow a specific size 

range of particles pass through onto the filter paper such as PMio or PM2.5 etc. The foam 

referred to in this method comprises reticulated polyurethane with a structure consisting 

of a matrix of bubbles which create a three dimensional lattice connected by short 

elements o f  approximately triangular cross section (Vincent et a l, 1993). Figure 3.28 

shows a typical microscopic view of the reticulated polyurethane foam.

Fig. 3.28 microscopic view o f foam.
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A cylindrical plug of this foam media can be characterised by a number of geometrical 

properties, these are:

• Nominal porosity, Pq, commonly expressed by the manufacturing term, pores per 

inch (ppi)

• Volume fraction, or packing fraction, a, the proportion of the volume o f the 

cylinder occupied by solid material.

• The effective fibre width or diameter, df.

• The thickness o f the cylinder

• The diameter o f the cylinder.

Work by Vincent e/ ai, (1993) developed a semi empirical mathematical model to design 

the porous foam plug to desired particle size ranges. Given the random structure and flow 

field within the foam a full theoretical model was not possible, instead a semi empirical 

model was created based on the large amounts o f experimental data from previous studies 

as shown in Equation 3.1. Inertia and gravity are regarded as the primary mechanisms 

for the deposition of particles within the foam plug, whilst other mechanisms such as 

diffusion and interception are neglected in the model.

Ypred = adf=  54.86St^ *̂̂  + 38.91Ng® '̂*° (Vincent et ai, 1993) (3.1)

Where, the inertial component St = daê  y* U / 1 Srjdf and the gravitational component 

Ng = daê  y* g / 18r|U. U is the velocity of air entering the foam plug, dae is the particle 

aerodynamic diameter, y* is the density of water and r\ is the viscosity o f air at standard 

temperature and pressure. The model was based on four experimental data sets, carried 

out to investigate the penetration of various size ranges of particles in porous foam of 

varying properties. Cumulatively the penetration was measured for particles in the range 

1 to 20|j.m for foam porosity in the range of 10 to lOOppi and for sampling velocities in 

the range o f 1 to 200cm/s. The above model fits the data sets well when U was low for 

values o f  high U the model failed to fit the data (Vincent et al, 1993).
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The personal sampler used in this project is the conical inhalable sampler (CIS) as shown 

in Figure 3.29. The sampling efficiencies o f  various samplers have received much 

attention in the literature. For example, a study comparing the CIS (or GSP as it is 

sometimes referred to in the literature) with 7 other commercially available personal 

aerosol samplers found the CIS to be the most efficient sampler within the range o f  wind 

speeds tested (Kenny et a l ,  1997). The sampler has an 8 mm diameter inlet and increasing 

in a cone shape to 30mm immediately in front o f where the filter paper is housed. The 

sampler holds 37mm diameter filter paper in a 25mm deep cylindrical section behind the 

inlet cone. The 37mm filter papers used are GF/A glass micro-fibre filters suitable for 

PM2 5 sampling (Adams et a l ,  2001).

Fig 3.29 Conical inhalable sampler

In order to obtain a measurable sample on a 6 -figure microbalance, a weight change o f  at 

least lOfig would be required in every sample. If it is assumed that the average 

background concentration in the urban environment o f  PM2 5 is 20^g/m^ and given that 

the average commute would last between 30 and 60 minutes, a flow rate o f  ImVhr or 

278cmVs is required. Given the diameter o f  the sampling inlets as outlined previously is 

8 mm, amounting to an area o f 0.502cm^, this equates to an air flow velocity o f  553 cm/s. 

However, as outlined above the semi empirical model developed by Vincent et al. (1993) 

does not perform well for high sampling velocities as would be the case for a flow rate o f  

ImVhr and therefore the model could not be used to design a foam plug for high flow rate 

sampling, a problem that was previously identified in a similar study by Adams et al. 

(2001a). Here the semi empirical equation is used to make an initial estimate at the foam  

plug design and experimental procedures were then used to refine the design.
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Experiments were carried out on the CIS in a calm air chamber with a test aerosol 

com prising particles in the range 1 to 24(xm in diameter. By varying parameters such as 

thickness, diameter and porosity o f  the foam and the flow  rate, the final design for a 

porous foam plug for PM2 5  sampling at a flow  rate o f  ImVhr was achieved with a 

thickness o f  10mm, diameter o f  25.4m m  and a porosity o f  84ppi. Figure 3.30 sh ow s the 

dso cut point for the design with varying flow  rates.

3,5

2.5

2.0
10 11 12 13 14 15 16 17

Fig 3.30 dso cut point for foam design (Adams et a i ,  2001).

This high flow  rate is achieved using a Caselia Vortex Ultra flow  pump which is a battery 

operated portable device. Figure 3.31 shows the Caselia pumps.

M  filHlfiKii

Fig 3.31 Caselia Vortex Ultra flow  pumps.
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Fig. 3 .32  PM 2.5 sam pling equipm ent, (a) CIS cone & inlet, (b) filter paper cassette, (c )  

37m m  diam eter filter paper, (d) filter paper & cassette, (e) porous foam  cassette, (f)  

porous foam  & cassette, (g) porous foam  plug, (h) assem bled  sam pler, foam , filter and  

cassettes, (i) d isassem b led  CIS.

In sum m ary the m ethod o f  sam pling for PM 2 5 com prises a conical inhalable sam pler  

containing a size  se lec tiv e  porous foam  plug designed  for PM 2 5 sam pling at a high f lo w  

rate o f  Im^/hr and a 37m m  diam eter G F/A  g lass m icro-fibre filter paper, connected  to a 

C asella  vortex ultra flo w  pump. Figure 3 .32  sh ow s the entire PM 2 5  a ssem b ly  w ith the  

exception  o f  the sam pling pump.

3.2.2 Personal Exposure Sampling

Personal exposure sam pling for PM25 is carried out in the sam e fashion and in 

conjunction w ith the VO C sam pling (refer to Section 3 .1 .2 ). The sam pling inlet w a s  

placed in the breathing zon e in each m ode and the portable sam pling pum ps w ere carried  

in a satchel in all cases except for the car com m uter w here it w as placed on the p assen ger  

seat.
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3.2.3 Air Flow

In order to obtain a PM 2 5 sample using the porous foam plug as described above, a flow 

rate o f  Im^/hr is required and any deviation from this flow rate would result in a different 

cut point in the foam plug (see Figure 3.30). Therefore the flow rate o f  the Casella vortex 

ultra flow pum ps were calibrated prior to sampling to ensure the correct cut po in t was 

achieved. An incorrect flow rate would also result in errors in the volum e o f  air sampled 

and hence the exposure concentration.

3.2.4 Gravimetric Analysis

T he m ethod o f  analysis for filtration is termed gravimetric analysis and is s im ply  the 

accurate  w eighing o f  very small masses. Filter papers are initially w eighed p rio r  to 

sam pling  and then subsequently weighed again after sampling. The figure o f  interest is 

the change in weight o f  the filter paper due to the particles trapped on it during sampling. 

The w eight o f  these particles divided by the volume o f  air sampled gives the 

concentration o f  particulate m atter in fig/m^. The masses in question w ould  be expected  

to be in the range !-100|a,g in the urban transport environm ent for com m uters. T herefore  a 

m icrobalance capable o f  weighing changes in weight o f  l | ig  or less is desirable and in 

this research project, a Cahn C33 six figure microbalance was used, as show n in Figure 

3.33.

Fig. 3.33 Cahn C33 microbalance.
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The maximum load measurable on this microbalance is 250mg and masses can be read to 

an accuracy or ±l|J.g (note; a typical 37mm filter paper weighs 57-61mg). The accuracy 

of the balance was tested using a calibration weight whereby the mass o f the weight was 

recorded a number o f times and the mean and standard deviation was derived from the 

data; Figure 3.34 shows a histogram of the recorded values with a mean of 102.475mg 

and a standard deviation o f 0.64pg. This demonstrates that on this microbalance masses 

can be read to an accuracy o f ±0.64)j,g, more accurately than ±1 )J.g requirement.

1 4 -  j-------------------- 1

1 2 -

1 0 -

8 -

f i -

102.473 102474 102,475 102.47CS 102.47

C alibration  W eigh t (mg)

Fig. 3.34 Histogram of microbalance accuracy

Electrostatic effects

Glass micro-fibre filters are non conductive and will hold any static charge collected on 

them, if static charge is not controlled in the weighing room, the analysis can be strongly 

unreliable (Koistinen et a l, 1999). Static charge may be reduced or controlled by the use 

o f ionising blowers, ionising bars or alpha radiation sources.

An alpha radiation source Polonium 210 was used which emits alpha particles that travel 

at high speed over short distances. These particles collide with the static charge in the air 

or on the filter paper and ionise them, thus neutralising the charge. Table 3.8 shows the 

standard deviation in |ig of the calibration weight, some filter paper and some field blanks 

before and after a Polonium 210 source was introduced to the weighing room.
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Weighed object Static uncontrolled (f.ig) Static controlled (jig)

37mm filter 2.3 2.0

Calibration weight 2.0 0.6

Field Blanks 16.2 5.4

Table 3.8 Effects o f  Polonium 210 on standard deviation o f  microbalance readings.

Buoyancy

Considering that the typical change in weight on the filter paper is very small, the effect 

o f  buoyancy on the particles in the weighing room is an important factor and needs to be 

considered. Archimedes principle states that when a body is wholly or partly immersed in 

a fluid (air in this case), it experiences an up-thrust or buoyant force equal to the weight 

o f  fluid it displaces. The weight o f  air displaced is normally negligible for most 

engineering applications, however since the change in weight on the filter is so small the 

buoyancy o f  air must be considered. This factor depends on the air pressure, temperature 

and relative humidity and may be calculated according to the Equation 3.2 (Koistinen et 

a l ,  1999).

Ab =  V f X ( p a 2 - p a i ) x  10  ̂ (3 .2 )

Where Ab is the buoyancy correction in fxg, pa2 is the air density (kg/m^) during post 

weighing, pai is the air density (kg/m^) during pre weighing and Vf is the filter volume.  

The air density is calculated according to Equation 3.3:

3 .484P -  (0 .002527  -  0 .02058)i? //
p a = -------------- ^ ^ ------ (3.3)

2 7 3 .2 + r

.Where P  is the atmospheric pressure in kPa, T is the temperature in degrees Celsius and 

RH is the relative humidity in %. Table 3.9 shows effects o f  temperature, pressure and 

relative humidity in the weighing room on the microbalance readings. Changes in weight  

due to changes in air buoyancy can be as high as 10-I5|jg
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AP (mm Hg) ARH (%) AT (“C)

+ 30 + 2 0 + 2

Corresponding change in balance reading (pg)

37mm filter paper -5.9 +0.25 +1.1

47mm filter paper -7.1 +0 .32 +1.3

Table 3.9 Effects o f changes in temperature, pressure and relative humidity on buoyancy 

correction, (here P = 740mm Hg, T = 20°C and RH = 40%). (Koistinen et a l, 1999).

3.2.5 Filter preparation & equilibration

Filters were carefully prepared and equilibrated prior to and after sampling using the 

following procedure:

• First inspect each filter for tears, holes or any manufacturing imperfections

• Label each filter clearly

• Record the filter number, relative humidity, temperature, date and time and the 

beginning o f equilibration.

• Equilibrate each filter for at least 24 hours. The equilibration room must be held 

at constant relative humidity between 30% and 40%, with variability not more 

than ±5%. The equilibration room must be held at a constant temperature between 

20°C and 23°C with variability not exceeding ±2°C.

In order to ensure the change in weight on the filter measured on the microbalance is not 

due to moisture collected in the atmosphere, the filters must be equilibrated in the 

weighing room before and after sampling, thus ensuring no change in moisture content on 

the filter between pre and post weighing. Weighing the filter was carried out according to 

the following procedure as set out by Koistinen et al., (1999).

• The microbalance is first calibrated using the calibration weight.

• The microbalance is then allowed to stabilise at w'hatever reading (the weight o f  

the weighing pan) for at least 2-3 minutes.

• Once stabilised the microbalance is zeroed by pushing the tare button.
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• The filter paper is removed from equilibration after at least 24 hours and is 

exposed to the alpha emitting source to remove static charge from both sides of 

the filter at a distance o f 5 -10mm.

• The filter is placed on the weighing pan and the microbalance is allowed to 

stabilise at a figure for 2 -  3 minutes.

• The relative humidity, temperature and pressure in the weighing room are 

recorded for the air buoyancy correction.

• The weight is recorded and the filter re-weighed up to at least 3 times (where the 

three weights must be within 5|j.g of each other to be valid).

• The average of the three weights gives the final weight.

Weighing and equilibration were carried out in this way both before and after sampling 

has taken place. The resulting change in mass was adjusted for buoyancy and field blank 

errors (see Section 3.2.7) and divided by the volume of air sampled to give the value of 

P M 2 . 5  concentration recorded.

3.2.6 Foam Plugs

The porous foam plugs were prepared for sampling as described fully in Adams et al. 

(2001a), the plugs were also thoroughly rinsed in distilled water to remove any loose 

particles trapped within the foam from the atmosphere or from being cut during 

manufacture. The plugs were washed with detergent to remove any manufacturing 

impurities and then dried at 50“C. The foam plugs are then stored in a suitable controlled 

environment to reduce the risk o f contamination from dust particles in the atmosphere.

3.2.7 Duplicates & Field Blanks

In order to investigate any systematic errors present in the process of filter preparation, 

equilibration and analysis a number of field blanks were taken. For example, previous 

investigators using gravimetric analysis for P M 2 5  found a mean increase in weight of 

5 .lug, a weight that was subsequently subtracted from the final change in weight for all 

filters (Koistinen et a l, 1999). Field blanks were carried out by preparing, equilibrating 

and weighing filters as normal. The filters were placed in the filter cassettes and
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assembled in the CIS but no air was sampled through the filter. Any weight change 

recorded on such a filter would be partially due to the systematic errors in the weighing 

process, the mean weight change on field blanks during the sampling period being 

5.31|o,g. One field blank was taken for every sample to ensure that any error variation was 

accounted for.

Duplicate samples were also taken to investigate the repeatability o f experimental PM 2 5 

measurements in each o f the microenvironments tested. The microenvironments o f the 

car, bus, pedestrian and cyclists can be split into low flow (car and bus) moderately 

turbulent (pedestrian) and turbulent (cyclists) environments. Experiments were carried 

out using two high flow PM2 5 samplers simultaneously in each of these environments. 

Figure 3.35 shows the results o f the duplicate experiments for buses and cars where there 

was little or no turbulence (average wind speeds were less than 0.5m/s). Here the 

correlation between the two samplers was found to be 97.44% on a straight line through 

the origin accounting for 97.96% of the variance, well within the mobile sampling 

precison standard (see Section 3.1.5) of ±25% as set out by O’Donoghue et al. (2005).
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Fig. 3.35 Low flow environment PM2 5 duplicates.
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Figure 3.36 show s the correlation between sam ples taken as a pedestrian; the two 

samplers were attached to the left and right lapels o f  the commuter, average daily wind 

speeds in the range 4.2 -  8.2 m/s were encountered. The correlation between the two 

samplers w as found to be 88.5%  with a straight line through the origin accounting for 

96.9%  o f  variance. The precision achieved for the pedestrian was lower than for the car 

and bus commuters above, but still falls within the standard. Similar findings were 

reported elsew here for this sampling method, with lower precision in more turbulent 

environm ents than in indoor environments (Adams et a l ,  2001c).
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Fig 3.36 Pedestrian PM2 5 duplicates.

Duplicate sam ples were carried out for cyclists in a similar manner to pedestrians, the 

two samplers were attached to the left and right lapel o f  the cyclist, average daily wind  

speeds in the range o f  4.5 - 9.3 m/s were encountered on the b icycle and the average 

speed w as 12 km/h. The correlation between the two samplers on the b icycle was found  

to be 70%  with a straight line through the origin accounting for 90% o f  variance. Again  

in a more turbulent environment than the pedestrian the precision between the two  

samplers was lower. Similar findings were also reported for the cyclists by previous 

investigators using this method, w'here a precision o f  59% was achieved between paired
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samples (Adam s et a l ,  2001c). Both o f  these values fall outside the ±25%  precision  

standard but it is felt that this lack o f  precision between the samplers is due to the nature 

o f  the turbulent environment in which the cyclist is breathing rather than due to an 

inaccuracy in the method as in calm air almost 100% precision was achieved. Therefore 

the duplicate experiments (as shown in Table 3.10) show that the samplers have good  

repeatability but that the more turbulent the environment the more difficult it becom es to 

get a repeatable sample.

Cyclist______________Car/bus_____________ Pedestrian
A B A B A B

135.36 74.74 2.59 2.57 148.32 142.51
182.06 142.07 10.38 8.65 172.40 161.02
84.89 56.57 21.49 20.83 190.72 164.27
80.71 46.31 20.05 16.64 233.14 197.46
117.22 70.41 34.13 31.12 82.51 65.30
155.89 87.78 42.31 39.67 102.07 94.07
159.32 109.56 51.29 55.12
196.33 142.83 42.50 40.24

Table 3.10 Duplicate experiments for PM2 S sampler.
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Fig. 3.37 C yclist PM 2 5 duplicates
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3.2.8 M ethod Comparisons

In order to ensure the accuracy o f the measurements taken, the high flow personal PM2 5 

sampler was compared to other methods o f  personal sampling. A number o f samples 

were taken running the high flow personal sampler simultaneously with a Metone 

AEROCET 531 laser portable particle sampler, as shown in Figure 3.38. Using a laser- 

diode based optical sensor the Metone uses light scatter technology to detect the size and 

number o f  particles greater than 0.5|xm in diameter. This information is then converted 

into particle masses using a mass-density conversion factor.

ftLw ocr:! 531

Fig. 3.38 Metone GT-521 laser particle sampler.

The results o f  the comparison experiments are shown in Table 3.11 and Figure 3.39 and
 ̂ 2

the correlation between the two samplers was shown to be 0.94 with a R = 90%. The two 

mobile samplers are therefore in agreement to ±6%, well with the ±10% accuracy criteria 

described in Section 3.1.5 (O’Donoghue et a l ,  2005).
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Fig. 3.39 Metone sampler vs. high flow sampler.

Sample Nr Metone (ug/m^) High flow (ug/m^)

1 38.62 38.67

2 32.14 27.26

3 32.14 37.20

4 60.67 68.07

5 27.31 26.00

6 73.85 68.84

7 22.00 19.28

8 20.39 22.67

Table 3.11 Metone sampler vs high flow sampler data 

3.3 Meteorological & Other Data
M eteorological conditions have been shown by numerous investigators to  have an 

influence on air pollution exposure concentrations (see Section 2.5) and therefore it is 

important to take account o f  these conditions during sampling. The m eteorological 

variables were recorded by two methods; at the fixed regional weather station in Dublin 

airport and by the Nielsen Kellermann, Kestrel 4000, portable weather meter, carried by 

the comm uter during each sample

3-42



Chapter 3 -  A ir Quality Sampling

3.3.1 Regional Weather Data

The regional weather station for Dublin, operated and m aintained by the Irish 

M eteorological Service, is located some 10km from the city centre at Dublin Airport. The 

weather station recorded hourly values o f wind speed, wind direction, tem perature, 

pressure, relative humidity, sunshine etc. Wind speed was measured in knots (to the 

nearest whole num ber) based on an hourly average, at a height o f 10m above ground 

level and converted to m/s, wind direction was recorded to the nearest 5 degrees as an 

hourly average and temperature was measured in degrees Celsius also as an hourly 

average. As the dates and times o f  each air quality sample were recorded, the 

corresponding regional weather data were therefore obtained and matched to the air 

quality data once they became available.

3.3.2 Personal Weather Data

The personal weather data or localised weather data for the individual com m uter were 

also recorded during each sample, using a Nielsen Kellermann, Kestrel 4000, portable 

weather meter, as shown in Figure 3.40. This device takes continuous m easurem ents of 

meteorological data every 10 seconds, storing up to 252 measurements. The Kestrel takes 

readings o f  current, maximum, minimum and average wind speeds, air, water and snow 

tem perature, wind chill, relative humidity, dew-point, heat stress index, barom etric 

pressure, altitude and wet bulb temperature; all o f  which can be plotted on a time series 

display.

Fig 3.40 Nielsen-Kellerm ann, Kestrel 4000, pocket weather tracker.
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Using the Kestrel PC interface, the recorded weather data were downloaded in M icrosoft 

Excel spreadsheet format after each sample for further analysis. Figure 3.41 shows a 

typical wind speed graph taken from the Kestrel while attached to a car and w hile 

attached to a bicycle.

The wind speed measurements were taken during sampling for pedestrians, cyclists and 

motorized transport and are considered as relative wind speed values. The Kestrel 

actually m easures the wind speed in the local microenvironment plus or m inus the speed 

at which the commuter is travelling. Hence, the data can be used to calculate the speed o f  

a com m uter given the absolute value o f  wind speed at that time.

Fig 3.41 Kestrel relative wind speed readings, (a) cyclist (b) car.
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Furtherm ore the relative w ind speed has been used to determ ine a m easure o f  idle tim e in 

term s o f  traffic m ovem ent by adopting a convention w hereby any w ind speed recorded  at 

or below  2.2 m /s (or 5 m ph) represents a period w here the traffic is not m ov ing  or 

m oving  at a very slow  pace for the cyclist and car com m uter. For the pedestrian  a low er 

value o f  0 .4m /s o r Im ph was adopted due to the slow er pace o f  the pedestrian . S um m ing 

each o f  these poin ts resu lts in an estim ated figure for idle tim e. H ow ever, this does not 

take into account the effect the local w ind speed has on the reading, w hich  has been 

accounted  for as follow s. T aking  the plot o f  relative w ind speed (as show n above), and 

given  the actual d istance traveled  by the com m uter and the am ount o f  tim e taken , the 

base o r local w ind speed can be calculated accord ing  to Equation 3.4 :

[ 1 0 ( Y  f ; ) - / ) ]
=   ̂ (3.4)

W here Vb is the base w ind speed in m /s, Vj is the relative wind speed m easured at every  

10 second interval in m /s, D is the distance traveled  by the com m uter in m and T is the 

tim e taken to com m ute the distance. T he value for base wind speed can then  be 

subtracted  from each relative w ind speed data  point and, as defined above, the  cum ulative 

ad justed  idle tim e can be calculated from  the data. The idle tim e ratio statistic has also 

been derived from  these data as the ratio o f  tim e spent idling to the overall jo u rn ey  tim e. 

T ypical idle tim e values for car com m uters have been found to be approxim ately  50%  o f  

total travel time.

3.3.3 Physiological Data

Physiological breath ing  param eters for a cyclist w ere recorded for use in the hum an 

resp iratory  tract m odel experim ent described in Section 5. B reathing rate, b reath ing  

frequency  and total volum e for a range o f  d istances (1 to 10 m iles) and a range o f  speeds 

(5 to 17.5 m ph) w ere recorded. These experim ents w ere carried out using the M etam ax 

breath ing  apparatus in the T rinity C ollege D ublin, Physiology laboratories on an exercise  

b icycle as show n in F igure 3.42 .
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Fig. 3.42 Metamax breathing apparatus and bicycle

These breathing parameters were used for the estimation of the deposition o f particles 

and absorption of gases in the lungs for the cyclist. Data for the car commuter, bus 

commuter and pedestrian were taken from experiments carried out by previous 

investigators (ICRP et al,  1994) and both sets o f data are listed in Sections 4.1 and 7.10. 

Figure 3.43 shows the results o f breathing rate experiments carried out against time 

where the cycling speed was increased every 5 minutes.

c
E
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>
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.S?* . p  .'§>

time (s)

Fig. 3.43 Breathing rate vs. time at increasing speed
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3.4 Route Selection
The city o f Dublin is located on the eastern coast o f  Ireland and hence com m uters may 

approach the city centre from 3 main directions, the north, south and west. Two routes 

were selected on criteria that the samples would be taken along routes which are 

representative to a large proportion o f the commuters in inner-city Dublin, and that the 

routes would encompass the heaviest traffic conditions in the city.

The first route selected. Route 1 approaching from the north is a 2.5km route from the 

city centre in the direction o f  the N3 Navan road, a major comm uter corridor into the city. 

The Route carries an average o f 30,000 vehicles per day (DTO, 2004) and is unique in 

that incoming and outgoing traffic is divided by the river Liffey for a large portion o f  the 

overall distance creating two lanes o f  traffic in each direction, as well as a bus lane and 

cycle lane. This route is considered one o f the busiest sections o f roadway in the capital 

at peak times and is consistently congested. The geometry o f the street does not lend 

itse lf to the creation o f  typical street canyon vortices as its overall width is typically o f 

the order o f 70m wide compared to its 20m height.

The second route, Route 2, approaching from the west is a less consistently heavily 

trafficked route o f  distance 3.1km in the direction o f the N4, with sections o f the route 

closer to the city centre carrying up to 40,000 vehicles per day and other portions closer 

to the end o f  the route carry only 20,000 vehicles per day (DTO, 2004). This is also a 

m ajor corridor into the city and again there are two lanes o f traffic, bus and cycle lanes 

although not along the entire route. The geometry o f this route is more typical o f  urban 

street canyon conditions with the height o f buildings, at approximately 20m, exceeding 

the w idth o f  the street at approximately 17-20m. The two routes are shown in Figure 

3.44.
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Fig. 3.44 Sampling Routes.

3.5 Experim ent Design
The experimental measurements o f commuter exposure to air pollution were required to 

address the relative exposure between 4 modes o f transport on 2 routes. Since each 

sample was to be carried out simultaneously between two modes to obtain a direct 

comparison (see Section 3.1.2) this amounted to 6 possible combinations between the 4 

modes (i.e. bus vs. cyclist, bus vs. car, car vs. pedestrian, etc). An experimental design 

was therefore carried out to give an indication o f the number of samples required for each 

comparison on each route (12 comparisons in total).

Using the mean and standard deviation data from the only other experiments published 

where the high flow personal sampler was used (Adams et al, 2001c) the experimental 

design was carried out. The calculations were based on achieving a comparison between 

two modes with a 95% confidence interval o f 2^g which resulted in the number o f  

samples required per comparison being 12, which was rounded up to 15 samples per 

comparison. The experimental data used however were carried out over a much shorter 

period o f 2 weeks compared to the 18 month sampling period in this project and therefore 

the mean and standard deviation data obtained here differed from that of Adams et al,

(2001c).
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In total 390 samples were carried out across the two routes and 6  comparisons amounting 

to approxim ately 45 to 50 samples per mode on each route. A further 80 intra-mode 

comparison samples were also collected as detailed in Section 6 . Sam pling began in 

January 2005 and ended in June 2006.

3.6 Summary of Air Quality Sampling

In summary, the pollutants PM 2 5 , benzene, 1,3 butadiene, ethylene, acetylene and ethane 

are to be measured for reasons set out in Section 2, using two sampling methods. Nam ely 

gas chrom atography for VOCs and foam filtration for PM 2 5 . Both m ethods were shown 

to have satisfactory repeatability and accuracy in their measurements.

An experimental design was carried out for two selected routes in the city based on the 

data o f  sim ilar studies to form a sampling plan for the project.
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4. Numerical Modelling

N um erical modelling in this project was carried out in three ways: first to address the 

absorption and deposition o f  pollutants in the lungs through the use o f  a semi 

empirical human respiratory tract model; second to examine the d ispersion o f  

pollutants, using Com putational Fluid D ynamics (CFD), in street canyons and in 

idling traffic as measured during the experimental phase o f  the project; and th ird ly  to 

exam ine the inter-relationships between the variables m easured using statistical 

analysis. T he human respiratory tract model w as developed into com puter code by  the 

author, based on the equations published by the ICRP as described in Section 4.1. The 

use o f  CFD , statistical analysis and hum an respiratory tract m odelling  provides a 

n um ber o f  useful insights into the exposure o f  com m uters to air pollutants as detailed 

in Sections 5, 6, 7 and 8. The following Section addresses the m echanics  o f  and 

theory  behind the three types o f  numerical modelling.

4.1 Human Respiratory Tract Modelling

A bsorption  o f  harmful V O C s like benzene and 1,3 butadiene into the lungs will differ 

betw een both chemicals due to their differing chemical and physical coefficients such 

as diffusivity in air and water, mass transfer coefficient and partition coefficient. 

S ince butadiene has a very high partition coefficient it would be expected to  be 

absorbed very quickly in the lungs and in fact is almost entirely absorbed in the 

extra thoracic  region. Benzene on the other hand has a smaller partition coefficient 

and is therefore mostly absorbed in the alveoli or not at all, with a significant fraction 

being exhaled. In the different m odes o f  transport used in com m uting  different 

breathing rates apply which have an effect on the absorption/deposition rate. A lso  

there are different exposure concentrations which will have an effect on the 

concentration gradient between the lungs and inhaled air.

The ICRP (International Com m ission for Radiological Protection) hum an respiratory 

tract model w as published in ICRP publication 66 in 1994. The model consisted  o f  

seven parts which form a com plete model o f  the human respiratory system, as 

follows:
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• M orphometric Model

• Physiological Parameters

• Radiation Biology

• Deposition Model

• Gases and Vapour

• Clearance Models

•  Dosimetry

The sections on Radiation and Dosimetry are specific to exposure to radioactive 

pollutants and, as such, are not relevant to this research project. The clearance m odel 

is also considered not relevant to the research project as it does not differ betw een 

modes o f  transport.

4.1.1 M orphometric M odel

The characteristics o f air drawn into the lungs and exhaled air are greatly influenced 

by the morphology o f  the respiratory tract, which causes numerous changes in 

pressure, flow rate, direction and humidity as air moves into and out o f  the lungs. 

These changing characteristics and the varying tissue surfaces encountered by 

inspired and expired air greatly influence the rates and sites o f deposition and 

absorption o f  particles and gases. Hence, the morphology and the dim ensions o f  the 

structure o f the respiratory tract are essential elements in the estimation o f  uptake o f  

pollutants in the lungs (ICRP et a l, 1994). The M orphometric model is based on the 

original tracheobronchial geometry data o f Raabe et al. (1976) as outlined in Section 

2.7. The lung model splits the respiratory system into 5 separate com partm ents as 

shown in Figure 4.1.
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Fig. 4.1 Compartments o f the ICRP model (ICRP et al,  1994).

The overall model produces a cumulative absorption or deposition for a given 

concentration over a given exposure period in each o f the 5 compartments, which are 

as follows:

• Extrathoracic One (ETi) -  anterior nasal passages

• Extrathoracic Two (ET2) -  from the nose and mouth to the larynx

• Bronchial (BB) -  the trachea and bronchi

• Bronchiolar (bb) -  the bronchioles and terminal bronchioles

• Alveolar/Interstitial (AI) -  the alveoli and interstitial tissues
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4.1.2 Physiological Parameters

The uptake of pollutants is determined to a great extent by breathing characteristics 

and by certain respiratory parameters (ICRP et a l, 1994; McNabola et a l, 2006a; 

O ’Donoghue et a l, 2007). Table 4.1 shows the ventilation rates for male and female 

workers. The model also provides reference values for the general population based 

on height, weight and age as well as for variations between ethnic groups.

Sleep Sitting/At rest Light Exercise Heavy

Exercise

Male Female Male Female Male Female Male Female

Breathing Rate (m^/h) 0.45 0.32 0.54 0.39 1.5 1.25 3 2

Frequency (min'') 12 12 12 14 20 21 26 33

Volume (m^) 625 444 750 464 1250 992 1920 1364

Table 4.1 Breathing Parameters for reference workers (ICRP et al., 1994).

As can be seen from Table 4.1, there are four general levels of activity dealt with by 

the model however, obviously these general values can be replaced by any more 

specific values. The models values for ‘at rest/sitting’ were used for the prediction o f  

absorption/deposition for the car and bus commuter and ‘light exercise’ was used for 

the pedestrian. Breathing parameters obtained experimentally (as detailed in Sections

3.3.3 and 6.15) were used for the cyclist.

4.1.3 Deposition Model

The deposition model predicts the deposition o f particles of a given concentration 

over a given exposure period for each of the five lung regions. This portion o f the 

model is based on the concept of a series o f filters, i.e. the lung is represented by nine 

filters in series (see Figure 4.2). Each filter has an efficiency, t], associated with it, 

calculated from a number of semi empirical formulae developed by various 

investigators and compiled by the ICRP. This efficiency together with the volume o f 

air O and volumetric quotient ^ is used to calculate the deposition fraction in each 

filter DEj using Equation 4.1.
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DEj = DEj .1 n i { ( ( y i r V - V  , for j=1 ,N  (4.1)

The concentration o f particulate matter in the air together with the breathing 

parameters, wind speed and exposure duration are used to calculate the amount that 

enters the lungs Iq. The deposition fraction applied to Iq in each region allows the 

amount o f particles deposited and exhaled etc to be assessed.
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Fig. 4.2 Lung Deposition Model
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Typical examples o f the output for inhalation, deposition and exhalation o f PM 2.5 at 

different exertion rates can be seen in Sections 5, 6  and 7, for example Figures 5.13 to 

5.15.

4.1.4 Gases and Vapours

The gases and vapours model operates by calculating the absorption o f  gas in each 

compartm ent using the Equation 4.2.

c ____
c, ('‘■2)

Ci is the concentration o f  gas in compartment (|o,g/m^); Ui is the mass transfer 

coefficient in compartment I (m/s); CD; is the concentration o f  gas already present in 

the lung fluids (|a,g/m^); A. is the partition coefficient (dimensionless); and finally V is 

the breathing rate (mVs). The partition coefficient is a constant value throughout the 

calculation and is a property o f  the gas itself and the breathing rate depends on the 

level o f  exertion selected. U, is a variable coefficient and depends on which region o f  

the lungs the gas is in, the diffusivity o f the gas in air and water, the H enry’s law 

coefficient, temperature and pressure. This coefficient is calculated in each region 

using film theory (N aaroff and Alverez-Cohen, 2001). Figure 4.3 shows a schem atic 

o f  the two film model for estimating mass transport across an air water interface, 

which can be represented by the formula given in Equation 4.3.

1 _ 1 K ^ R T
k k k (4.3)

gi I i

Where k| and kg are the respective mass transfer coefficients through the liquid and 

gas boundary layers near the interface, each corresponding to the diffusivity divided 

by the film thickness (Dw/Lw and Dg/La); Kh is the Henry’s law constant; T is the 

temperature; and R is the gas constant. Table 4.2 lists these properties for benzene 

and 1,3 butadiene.
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Parameter Benzene 1,3 Butadiene
Partition Coefficient 0.2236 0.0061
Henrys law constant 0.18 0.152
Diffusivity in A ir (cm^/s) 8.9x10'^ 0.1
Diffusivity in W ater (cmVs) 1x10'^ 1x10'^
Table 4.2, Chemical properties o f benzene and 1,3 butadiene.

Water

c
■2
sa.

c c.

Pi P  Partial pressure

Air K

--------------------------- H
Turbulently 
mixed zone

i

' / Stagnant film layer

'  ̂ I  0 Stagnant film layer

Turbulently 
mixed zone

Concentration

Fig. 4.3 Two film model (N aaroff and Alverez-Cohen, 2001)

Figure 4.4 shows the solubility o f gases depending on their overall mass transfer 

coefficients kgi and the Henry’s law constant K h-

Sparingly soluble: 
Liquid film resistance 

dominates

Highly soluble: 
Gas film resistance 

dominates

I  I  | —

10-3 lO-J 0.1
Henry’s law constant, (M/atm)

1 10 . 102 103 104

Fig. 4.4 Solubility o f  compounds (N azaroff and Alverez-Cohen, 2001)
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Typical absorption profiles across the respiratory tract for benzene and 1,3 butadiene 

for various exertion levels can be seen in Sections 5 and 6, for example Figure 5.13 to 

5.15.

4.2 CFD Modelling

Computational Fluid Dynamics (CFD) modelling in the field o f air pollution 

modelling is a growing area o f research. It has been used in previous investigations to 

examine the dispersion of vehicular exhausts (Kim et a l, 2001; Ning et a l, 2005; 

Dong and Chan 2005) and the dispersion o f pollutants in an urban street canyon 

(Chan et a l, 2002; Gidhagen et al., 2004). In this project a commercially available 

CFD software package by Fluent has been used two carry out dispersion modelling, 

comprising the pre-processor Gambit 2.2 and Fluent 6.2 generic solver.

4.2.1 CFD The Process

CFD modelling involves 3 stages: pre-processing, solving and post processing. Pre

processing comprises the construction o f the geometry o f the model using the pre 

processing software. Here, simple to complex geometries are constructed in a similar 

manner to any computer-aided design package using coordinates, standard shapes, 

lines and curves etc. Once completed, the geometry is then split into finite elements 

using various meshing algorithms depending on the mesh structure required and the 

complexity o f the geometry in question. Finally, the boundary conditions for the 

model are set, where boundaries are defined as velocity inlets, walls, pressure outlets 

etc. The nature of the defined boundaries can be changed in the processing stage but 

no new boundaries can be defined. Once the boundaries are set the mesh may then be 

exported from Gambit to the processor. In solving the model the software carries out 

calculations on the geometry using the formulae assigned to it, such as laminar or 

turbulent flow equations, dispersion o f gases or particles, heat transfer, multiphase 

flow, chemical reaction etc. The various model options of interest in air pollution 

modelling are turbulence models which may be used to predict the turbulent flow o f  

air in the urban atmosphere, discrete phase models which may be used to predict the
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dispersion of particulate matter and species transport models which may be used to 

predict the dispersion o f  gases.

Finally, post processing involves the analysis and graphical representation o f  the 

results o f  the solved model. The models relevant to air pollution modelling are 

discussed in detail in the following subsections.

4.2.2 Turbulence Modelling

Starting in the 1970s turbulence models have been developed to simulate turbulent 

flows and in particular two major methodologies have been advanced. The first of  

these has become known as the k-e model as it simulates the turbulent kinetic energy, 

k, and the turbulent energy dissipation rate e of a fluid flow. The second method is 

known as large eddy simulation (LES) where larger and more easily resolvable scales 

o f  motion are solved while accepting that smaller scales are not properly represented. 

Turbulent flows are characterised by fluctuating velocity fields. These fluctuations 

mix transported quantities such as momentum, energy and species (pollutant) 

concentration. In the Fluent software used for this project several variations of 

turbulence model are available to solve a given problem, as listed below:

•  Spalart-Allmaras model

•  k-e models

•  k-(jJ models

•  Reynolds stress model (RSM)

• Detached eddy simulation (DBS) model

• Large eddy simulation (LES) model

The choice o f  turbulence model depends on considerations such as the physics 

encompassed in the flow (i.e. considerations such as Reynolds number; heat transfer; 

complexity of the geometry; chemical reactions etc), the established practice for a 

specific class o f  problem, the level o f  accuracy required, the available computational 

resources, and the amount o f  time available for the simulation. Many air pollution

4-9



Chapter 4 -  Computer M odelling

models reported in the literature have used the k-£ models or the LES model to m ake 

predictions in urban street canyons and o f the dispersion o f vehicular exhausts (K im  

et al., 2001; Chan et al., 2002; Tsai and Chen, 2004; Ning et al., 2005; Dong and 

Chan, 2006; M cNabola et al., 2006b). To make the most appropriate choice o f  m odel 

for an application the capabilities and limitations o f the various model options need to 

be understood.

k-e modelling

The k-e model has been widely used for numerical investigations o f  urban street 

canyons and the dispersion o f exhaust plumes (Sini et al,  1996; Huang et al, 2000; 

Kim et al, 2001; Kim and Baik, 2001; Chan et al, 2002; Sahm et al, 2002; Easom  

and Wright, 2003; Tsai and Chen, 2004; Ning et al, 2005; M cNabola et al, 2006b). 

The k-£ model is a Reynolds-averaged Navier Stokes sytem o f m odelling turbulence 

and greatly reduces the computational effort required compared to the LES. The k-e 

model is a semi empirical two equation model where expressions for the turbulent 

kinetic energy (k) and the turbulence dissipation rate (e) are solved. The values o f  k 

and e are then used to solve Equation 4.4 for the turbulent velocity, Vt, as show n 

below.

Turbulent velocity equation:

v , = C , —  (4.4)
£

Turbulent kinetic energy equation;

d
dt ' dx, dx

V, 3 k

(7„ dx
+  V,

1 K i J

d U ,  d U  ^

dX:

dU^

dx. (4.5)

Turbulent dissipation rate equation;

d s  rr d s  3
—  + U.  = ------------

dt dx,- dX;

V,  d s
+  Q - V ,  

K
dU, dû
5x,.V J dx,

dU^
dXj

- - C  —
K

(4.6)
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T he fiv e  constants C^, Cie, C2e, and cTe have been determ ined in laboratory 

experim ents by previous investigators and generally  accepted as the fo llow in g: C^ = 

0 .0 9 , CiE =  1.44, C 2e =  1.92, Ck =  1.00 and a^ =  1.30 (Launders and Spalding, 1972).

LES modelling

Turbulent flo w s are characterized by eddies w ith a w id e range o f  length and tim e  

sca les. The largest edd ies are typ ica lly  com parable in size  to the characteristic length  

o f  the m ean flow . The sm allest sca les are responsib le for the d issipation  o f  turbulence  

k in etic  energy. In LES, large eddies are reso lved  directly, w h ile  sm all ed d ies are 

m od elled . The rationale behind LES can be sum m arized as fo llow s:

• M om entum , m ass, energy, and other p assive scalars are transported m ostly  by  

large eddies.

• Large edd ies are m ore problem -dependent. T hey are dictated by the geom etries  

and boundary conditions o f  the flow  involved .

• Sm all edd ies are less dependent on the geom etry, tend to be m ore isotropic, and 

are consequently  m ore universal.

• The chance o f  finding a universal turbulence m odel is much higher for sm all 

eddies.

T he com plete system  o f  the LES m odel is g iven  in Equations 4 .7  to 4 .10:

^ + ^ ( W )  = 0 ,  (4 .7 )
o t ox.

w h ere p is the density o f  the fluid (kg/m^) and u is the ve loc ity  (m /s) and:

d t dx

d  , ap  5r,,

 ̂ dXj  dx^ dx^ dXj

w here jj. is the v iscosity  o f  the fluid and P is the pressure; o,j is the stress tensor due to 

m olecu lar v isco sity , g iven below ; is the subgrid-scale stress g iven  below :
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 ̂5m, du  ̂
+  -

d x , dx,
\  J '

2 du, 

dx,
(4.9)

(4.10)

LES modelling uses a filtered Navier Stokes equation and is suitable for more 

complex geometries than the k-8 model but is more computationally expensive.

4.2.3 Discrete Phase Modelling

Discrete phase modelling is the method by which discrete particles are modelled in 

CFD. For the purposes o f this project this modelling capability can be used to predict 

the dispersion of particulate matter in the urban commuter environment. The 

dispersion of these particles is calculatcd by predicting the trajectory o f the particles. 

The force balance on individual particles is integrated where the particle inertia is 

equated with the forces acting on the particle in the model according to Equations 

4.11 to 4.13.

, , gApp-p)-  = F ^ ( u - u ^ ^= F , ( u - u J  + ̂ ^ ------- + F^ (4.11)

(4.12)
Ppdp 24

pd  j u  „ -  u\
R e - —  ̂ (4.13)

Where Fd is the drag force per unit particle mass, Fx is an additional acceleration 

component u is the fluid phase velocity, Up is the particle phase velocity, ^  is the 

molecular viscosity o f the fluid, dp is the diameter of the particle, Pp is the density o f  

the particle and Re is the Reynolds number calculated from Equation 4.13.

4-12



Chapter 4 -  Computer Modelling

4.2.4 Species Transport

The transport of chemical species in a fluid can be predicted in CFD using the species 

transport models. Here predictions can be made about the concentrations and 

dispersion of harmful gaseous air pollutants such as VOCs in the urban atmosphere. 

This is done by solving conservation equations for chemical species. Local mass 

fractions o f chemical species Y, are predicted by the solution o f a diffusion 

convention equation for the i'*' species as shown in Equation 4.14.

^  (p7 ,) + V • ipDY,) = - V • J, + R, +S, (4.14)
dt

Where R, is the net rate of production of the species i by chemical reaction, Sj  is the 

rate of creation from the dispersed phase plus any user defined sources (such as 

vehicle exhaust etc).

4.3 Statistical modelling

Two types o f statistical methods were used in the analysis of the data recorded during 

the project, supplementary to the standard descriptive statistics and significance 

testing fundamental to air pollution data. Principal component analysis was used to 

investigate the inter-relationships between all the variables recorded during the 

experimental phase o f the project. Multiple linear regression was also used to 

construct statistical models o f the exposure data for each of the pollutants which gave 

insight into the source of the pollutants.

4.3.1 Principal Component Analysis

Principal component analysis is a statistical data reduction technique whereby a set o f 

original data is transformed into a set of weighted linear combinations of the original 

variables which account for the majority of the variance of the original dataset. 

Equation 4.15 shows the form of a typical weighted linear combination o f variables 

which forms a principal component.
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PC\ — + ^ ’2 ^  1  n ^

The resulting analysis produces a number o f  principal components (less than the 

num ber o f original variables), each giving a weighting, (o, to each o f  the original 

variables. These variable weightings can then be interpreted for their in ter

relationships by examining the magnitude o f  the weighting and the sign o f  the 

weighting. Variables with high weightings indicate a strong inter-relationship and the 

sign o f  the weightings indicates the nature o f  that relationship (i.e. proportional or 

inversely proportional to one another). For example the pollutant variables could have 

high positive weightings and the wind speed could also have a high negative 

weighting, indicating a strong inversely proportional relationship between wind speed 

and pollutant concentration.

4.3.2 Multiple Linear Regression

M ultiple linear regression is a statistical method which allows the relationship 

between an independent variable Y (e.g. pollutant exposure concentrations) and a 

number o f  dependent variables (Xi..Xn) and a random term e, to be written as shown 

in Equation 4.16.

Y  = /^ ,+ j3 ,X ,+ .. . .  + /3„ X „ + s  (4.16)

In this project multiple linear regression was carried out for each o f  the pollutants 

measured as independent variables against their principal components (See Section 

5.3). The models were formed using backward selection, a method o f form ing 

regression models by first, forming a model with the independent variable and all the 

dependent variables, then removing a dependent variable one at a time until the best 

fit model is achieved. This is determined by how high the adjusted value is, a high 

value indicates that the dependent variables in the model account for a high 

proportion o f the variation o f the independent variable to which it is strongly related 

to it.
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T he resulting adjusted values from the regression between the pollutants and  their 

principal com ponents allowed insight into the source o f  the pollutants. W here  the 

value was high, this indicated that the meteorological and traffic variables accounted 

for a high proportion o f  the variation o f  the pollutant and hence it originated primarily 

from traffic sources. Where the value was low this indicated that variation due to 

some other unaccounted for variable such as non-traffic sources could have been 

contributing to the variation o f  the pollutant.

4.4 Summary

T he formulae comprising the hum an respiratory tract model have been outlined in 

detail and these equations were implemented into a com puter p rogram m e to predict 

the uptake o f  pollutants in the lungs o f  commuters.

T he  theory o f  turbulent dispersion and species transport modelling in C FD  analysis 

w ere  also outlined for the strengths and weaknesses. These m odels  were used 

accordingly  to predict the personal exposure o f  commuters.

The statistical analysis methods o f  multiple linear regression and principal com ponen t 

analysis were described, these methods were used in the analysis o f  the personal 

exposure data.
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5. Results and Analysis -  Mean Exposure

This section examines the mean exposure data obtained during the experimental phase for 

the project, their uptake in the lungs as well as variable inter-relationships and pollutant 

sources.

5.1 General

This section outlines the results o f the exposure concentrations and doses for each mode 

o f transport considered, on each route. A larger body o f measurements were recorded 

during the project over a relatively long sampling period, in total 390 samples o f P M 2 . 5  

and VOCs were recorded, 94 by Bus, 92 by Car, 106 by bicycle and 98 on foot. Six 

comparisons between the modes were made on each o f the routes by carrying out samples 

simultaneously to obtain a direct comparison o f concentrations for equal commuting and 

environmental conditions (see Section 6). Samples were carried out over an 18 month 

period from January 2005 to June 2006. The distribution o f the samples across each 

month is shown in Figure 5.1.

Mode
H  Car 

O  Cyclist 

□  Bus 

■  Pedestrian

2 5 -

2 0 -

15-

c
3
Oo

10 -

5 -

Jan Feb Mar Apr Jun Sep Nov Dec Jan Feb Mar Apr May Jun
05  05 05  05  05 05  05 05  06  06 06  06  06 06

Fig 5.1 Samples time profile
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In addition, other comparisons were made within modes o f transport such as between 

pedestrians with differing road positioning, between cars and between cyclists in urban 

and sub urban environments and between cars in idling traffic at differing distances to the 

preceding vehicle, amounting to a further 80 PM2 5 and VOC samples. These four ‘w ith in  

mode’ comparisons and the six ‘between mode’ comparisons are discussed further in the 

results and analysis sections which follow. As a preliminary introduction to the findings 

o f the data the mean exposures are discussed in itially as follows:

5.2 Overview of Modal Exposure Concentrations and Dose

Samples were carried out according to the procedure described in Section 3.1.2. The 

mean annual rainfall during the sampling period was 683.1mm and the profile o f that 

rainfall is shown in Figure 5.2.

140 -j 

120 •

100 • P I

■g 80 ■ r i
E

— _ I j
S  60  -

40 - n  ri

2 0 r n  /  ■' "j.

0 I L J  I L i  , I I , I . J  , LJ  . 1_1 , I J  , L..1 , L J  , I J  , I I , l , :,i , [ . j  , U  , 1— i— I J  , 1—1 , [ l  , I J ,

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul
2005 2006

Fig 5.2 Rainfall monthly averages during sampling period

The mean annual temperature during the sampling period was 9.6°C, the warmest month 

was July in 2005 and 2006 with an average temperature o f 15°C and the coldest month 

was February in 2005 and 2006 with an average temperature o f 5°C. The profile o f mean 

temperatures by month is shown in Figure 5.3. The mean wind direction during the 

sampling period was south westerly, as shown in Figure 5.4, at 240° which is 

approximately at 45“ to both routes for the majority o f their respective lengths.

5-2



Chapter 5 -  Results and Analysis -  Mean Exposure
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Figure 5.3 Temperature monthly averages during sampling period

345

40
330

30
315

300

105285

-w 120270

135255

150240

165225

1802 10 '

195

Fig 5.4 Mean wind direction.

The mean wind speed during the sampling period measured at the Dublin regional 

weather station (at 10m above ground level) was 5.5 m/s. Figure 5.5 shows the profile o f
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mean wind speeds across each month. The strongest mean wind speeds occurred during 

January 2005 at 8.1 m/s with the calmest mean wind speeds occurring during June 2006 at 

4.5m/s.

S T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Fet> Mar Apr May Jun

2005 2006

Fig 5.5 Mean wind speed by month

Finally, the mean sunshine hours during the sampling period was 0.16 hours, December 

2005 showed the lowest sunshine with approximately 0.06 hours, June 2006 showed the 

highest sunshine with 0.31 hours on average.

i
s
I
§15

Jan Feb Mar Apr May Jun Jul Aug Sep O ct N ov Dec Jan Feb Mar Apr May Jun 
2005 2006

Fig 5.6 Mean sunshine hours by month
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5.2.1 Mean Exposure Concentrations

As discussed taking the mean observed exposure concentrations for each mode 

considered on each route may serve as a preliminary overview o f the comparison o f 

modes. The box-plots presented in Figures 5.7 to 5.12 show the mean exposure for each 

mode on both Route 1 and Route 2. These mean concentrations are listed in Table 5.1 for 

Route 1 and Table 5.2 for Route 2. The mean values are not direct comparisons between 

the modes, as w ill be shown in later in Section 6 , but give a general overview o f the 

extent to which a commuter’s exposure to air pollutants may be dictated by their choice 

o f mode.

For Route 1, the order o f exposure revealed in these data for PM2.5 shows the bus 

commuter to have the highest mean concentration at 128|ig/m\ followed by the cyclist, 

car and pedestrian. For VOCs the order is not the same with the highest mean exposure 

recorded in the car, followed by the cyclist, bus and pedestrian. In both cases, the 

pedestrian was found to have the lowest exposure to the air pollutants measured, w ith the 

bus, cyclist and car inter changing positions depending on the type o f pollutant. The car 

was found to be highest for benzene and 1, 3 butadiene, the cyclist was found to be 

highest for ethylene and the bus w'as found to be highest for PM2.5 and acetylene.

Mode
PM2 5

(Mg/m^)
Benzene

(Ppb)
Butadiene

(ppb)
Ethane
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Car Mean 82.73 2.01 0.79 13.21 7.32 4.36
N 46 45 45 45 45 45
Std. Dev 44.84 1.29 0.58 8.50 9.67 2.95

Cyclist Mean 88.14 1.72 0.54 6.97 8.83 5.10
N 56 42 42 42 42 42
Std. Dev 61.54 0.72 0.19 3.77 4.55 3.13

Bus Mean 128.16 1.61 0.54 4.14 8.46 5.27
N 44 27 27 27 27 27
Std. Dev 68.08 0.80 0.24 2.28 4.07 2.08

Pedestrian Mean 63.45 1.35 0.40 8.21 6.18 3.32
N 48 37 37 37 37 37
Std. Dev 38.17 0.63 0,17 7.05 4.50 2.05

Table 5.1 Route I, Mean exposure data by mode.
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Mode
PM2.5

(pg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethane
(PPb)

Ethylene
(PPb)

Acetylene
(PPb)

Car Mean 88.95 1.95 1.18 8.84 13.26 9.90
N 44 42 42 38 38 38
Std. Dev 34.10 1.11 1.00 6.55 9.09 8.95

Cyclist Mean 71.61 1.54 0.48 13.05 4.92 4.79
N 48 43 43 42 42 43
Std. Dev 46.94 0.81 0.26 10.52 2.91 4.077

Bus Mean 103.81 1.31 0.47 17.56 4.08 3.67
N 45 45 45 45 45 45
Std. Dev 46.71 0.64 0.17 11.43 3.48 2.49

Pedestrian Mean 66.27 0.99 0.41 11.38 3.65 3.54
N 46 43 43 42 42 42
Std. Dev 42.80 0.56 0.26 6.91 2.09 2.39

Table 5.2 Route 2 Mean exposure data by mode.

For Route 2, the order o f the mean exposures observed again varies depending on the 

pollutant in question. The bus was again found to have the highest exposure for PM 2 5 , 

followed by the car, cyclist and pedestrian. The pedestrian was again found to have the 

lowest exposure for PM2 5 , benzene and 1, 3 butadiene, acetylene and ethylene. The car 

was again found to have the highest exposure for all traffic derived VOCs.

Route 
□  Route 1 
S  Route 2

400 .0 0 -
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300 .0 0 -
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CO

E
®  200,00- 0354
S
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0264

100 ,00 -

0 ,00 -

Car Cyclist Bus Pedestrian

Fig 5.7 PM2 5 mode comparison box-plot
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Route 
□  Route 1 
H  Route 2
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Fig 5.8 Benzene mode comparison box-plot
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Fig 5.9 1,3 Butadiene mode comparison box-plot
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Fig 5.10 Ethane mode comparison box-plot
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Fig 5.11 Ethylene mode comparison box-plot
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Route
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Fig 5.12 Acetylene mode comparison box-plot

Statistically comparing the mean exposure concentrations for each mode and pollutant 

reveals significant differences between modes for all traffic related pollutants on both 

routes w ith p-values less than 0.00i. Statistically significant differences between the 

modes were not found for ethane, as expected as this is a non-transport source related 

compound. Looking at the traffic related VOCs, a similar pattern can be seen for each 

pollutant in Figures 5.8, 5.9, 5.11 and 5.12. The car is notably higher than any o f  the 

other modes which are all o f a similar order in comparison. The relatively high exposure 

o f the car commuter compared to the other modes is a commonly reported one and is due 

to its position in the congested traffic lanes on the roadway (Taylor and Fergusson, 1997; 

Kaur et a l, 2007). The pedestrian can be seen to be consistently exposed to the lowest 

concentrations compared to the other modes for both VOCs and PM2.5. Again this is a 

commonly reported finding due to the pedestrian’s increased distance from the traffic 

emissions compared to other modes (Taylor and Fergusson, 1997; Kaur et a l, 2007). 

The bus and cyclist show similar levels o f exposure to VOCs, which may be due to their 

similar road positions in the bus lane on both routes. The bus passengers are, however.
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exposed to  the h ighest concentrations o f  PM 2 5 on both routes w hich m ay be due in part to 

internal leakage o f  the buses ow n exhaust em ission w hich is evidenced in Section 6.1.3.

5.2.2 Modelling Lung Uptake

The hum an respiratory  tract m odel (as d iscussed in Section 4.1), has been used to 

estim ate the dose o f  pollutants received by a com m uter considering the average b reath ing  

rates and duration o f  exposure. This reveals a d ifferent pattern to  the resu lts observed  

when exposure concentrations w ere considered. The health  related po llu tan ts  PM 2 5 , 

benzene and butadiene w ere selected for analysis in the m odel. T able 5.4 show s the m ean 

exposure, duration and physiological data used in the m odel for R oute 1.

M ode D uration B enzene B utadiene P M 2 .5 Physiological :

m ins ppb ppb ^g/m^

C ar 30 2 . 0 1 0.79 82.73 A t rest

Bus 2 0 1.61 0.54 128.16 At rest

C yclist 15 1.72 0.54 88.14 M ild exercise

Pedestrian 27 1.35 0.40 63.45 Light exercise

Table 5.4 R oute 1, lung m odel input data

The results o f  the m o d el’s analysis are presented  in Table 5.5. T hey show  the cyclist to 

have the h ighest uptake o f  PM 2 5 follow ed by the pedestrian, bus and car. The cyc list was 

also found to  have the highest uptake o f  benzene follow ed by the pedestrian , car and bus. 

T he pedestrian w as found to  have the highest up take o f  butadiene fo llow ed by the car, 

cyclist and bus. T he regional pollutant depositions are show n in F igures 5.13 to  5.15 (see 

Section 4.1.1 for lung m odel regions).

5-10



Chapter 5 -  Results and Analysis -  Mean Exposure

0.5  ̂

0.45 \

0.4 -!

I

0.35 -i

=! 0.25

Inhalation Exhalation

ET1 ET2 BB bb Al bb

Lung Region

□  Cyclist
□  Pedestnan

BB ET2 ET1

Fig 5.13 Benzene regional lung deposition, Route
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Fig 5.15 PM2.5 regional lung deposition, Route 1.

Route Route 2

Mode PM2 5 Benzene Butadiene PM 2.5 Benzene Butadiene

l^g ppb ppb Hg ppb ppb

Car 16.67 0.54 0.21 17.92 0.52 0.32

Bus 17.20 0.29 0.10 13.94 0.23 0.08

Pedestrian 22.01 0.62 0.22 22.99 0.45 0.19

Cyclist 25.10 0.64 0.20 20.39 0.57 0.18

Table 5.5 Total pollutant uptake

On Route 1 the lung model shows the cyclist to have highest uptake for benzene followed 

by the pedestrian, car and bus, while the pedestrian is highest for butadiene uptake 

followed by the cyclist, car and bus. For PM2 5  the Cyclist is again the highest, but 

followed by the pedestrian, bus and car on this occasion. On Route 2 the cyclist was 

shown to have the highest uptake o f benzene follow'ed by the car, pedestrian and bus, 

while the pedestrian has the highest uptake o f PM 2 5 and butadiene followed by the cyclist
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car and bus. The findings o f  the lung m odel alter the order o f  the m odes in term s o f  

health im pacts. The pedestrian w hich  w as found to generally  have the low est exposure  

va lu es has been m oved up to the highest or second highest position . T his is due to  the 

lon g  exposure duration and higher breathing rate. The cyclist has a lso  m oved  up the 

order, having  the h ighest uptake in alm ost all cases on Route 1, w hereas the car and bus 

com m u ter have both been show n to have low er total uptake o f  pollutants due to  their 

low er breathing rates and, in the case o f  the bus, shorter com m uter duration.

S ig n ifica n tly  the majority o f  benzene is predicted to be absorbed in the a lv eo li, i.e. 

d irectly  into the bloodstream  w hereas the m ajority o f  1,3 butadiene is absorbed in the 

extrathoracic region (the trachea and major bronchi) w ith a sm all am ount being carried to 

the a lv eo li for the higher breathing pedestrian and cyclist. A  certain am ount o f  b en zen e  is 

a lso  absorbed in the extrathoracic region. For PM 2 5 , the m ajority o f  particles are 

d ep osited  in extrathoracic and bronchiolar reg ions w ith a very sm all fraction being  

carried to the a lveo li.

A s duration varies for individual com m uters depending on the d istance travelled , the 

actual uptake for com m uters w ould  be greater or less than the m odel pred ictions  

dep en d in g  on the d ifferences in duration. A ssu m in g  an equal m ean exposure for th e  car 

and c y c lis t  and varying the duration, the total uptake can be show n to increase linearly  

with tim e, as show n in Figure 5 .16 . The slop e o f  the linear increase d iffers b etw een  the 

car and cyc list h ow ever sh ow in g  that duration has a greater in fluence on the uptake o f  

pollutants for com m uters perform ing higher lev e ls  o f  exercise  than for those at rest. A  

sim ilar relationship can also  be show n for PM 2 5  and butadiene. It should  be noted  that 

w ith  longer durations a com m uter is likely to be m ovin g  through less polluted  areas aw ay  

from  the con gested  inner-city environm ent (see Section 5.8) thus bringing into qu estion  

the linear nature o f  this relationship in practice.
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Figure 5.16 duration versus benzene uptake 

5.3 Individual Com m uter M ode Analysis

The m ean exposure and the m ean m eteorological and traffic conditions for each o f  th e  

m odes ind ividually  are presented in the follow ing subsections. The aim  o f  the fo llo w in g  

analysis is to exam ine patterns in the exposure data for trends in daily , seaso n al, 

m eteorological variations. Principal com ponent analysis o f  the data is a lso  carried  o u t to  

investigate underly ing trends betw een the exposure concentrations and the in flu en c in g  

variables. M ultiple linear regressions o f  these principal com ponents are also  carried  o u t 

to investigate the source o f  the pollutants.

5.3.1 Cyclist exposure concentrations

The m ean exposure concentrations o f  PM 2 5 and V O C s for cyclists on both  rou tes a re  

presented in Table 5.6. On Route 1 the m ean relative w ind speed w as 2 .33m /s w ith an  

estim ated local or base w ind speed o f  0 .42m /s. The average idle tim e ratio  (the am ount o f  

tim e spent travelling  w hile the relative w ind speed m inus the base w ind speed w as less 

than 5m ph or 2 .2m /s) was 37% . T he m ean benzene concentration o f  1.73ppb is h ig h er 

than the 1.5ppb statu tory  lim it value set out in the Irish statu tory  regu la tion  for a ir  

pollu tants (S.I N o. 271 o f  2002). This lim it value is based on an annual average value bu t
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being exposed to higher concentrations than the limit on a daily basis would obviously 

increase one’s average exposure closer to or above the limit value depending on the 

background concentrations in the home/workplace etc.

Route 1 Route 2
N M ean Std. Deviation N Mean Std. Dev

PM 2 5  (|ig/m^) 56 88.14 61.54 48 71.61 46.94
Benzene (ppb) 42 1.73 0.72 43 1.54 0.81
1, 3 butadiene (ppb) 42 0.55 0.19 43 0.48 0.26
Ethane (ppb) 42 6.97 3.77 42 13.05 10.52
Ethylene (ppb) 42 8.83 4.55 42 4.92 2.91
A cetylene (ppb) 43 4.99 3.19 43 4.79 4.07

Table 5.6 Cyclist data.

On Route 2, the mean observed values for PM? . 5  and the VOCs can all be seen to be 

lower than those on Route 1. The mean relative wind speed was 2.65m/s with an 

estimated local or base wind speed o f  0.40m/s. The average idle time ratio was 29%, 

lower than on Route 1 reflecting the less consistently congested nature o f  the route 

compared to Route 1. The mean benzene concentration o f  1.54ppb is marginally higher 

than the ].5ppb statutory limit value set out in the Irish statutory regulation for air 

pollutants (S.I No. 271 o f 2002).

Daily Variation

As set out in Section 3.1.2, samples were recorded between the hours o f 7:30-9:00am in 

the mornings and 17:00-18:00pm in the evenings. Statistically significant differences in 

the mean concentrations, on Route I, between morning and evening samples were found 

for PM 2 5  and ethane, with p values o f 0.044 and 0.001 respectively. Differences were 

also found between morning and evening concentrations for benzene and butadiene 

however the p values did not reach the 0.05 level at 0.48 and 0.20 respectively. Very little 

difference was found between morning and evening concentrations o f  ethylene or 

acetylene. The general trend between morning and evening concentrations was found to 

be an increase in concentrations in the evening, shown for both routes in Table 5.7, as 

found in similar studies (O’Donoghue et al ,  2007) and as would be expected in general 

(Taylor and Fergusson, 1997) due to an accumulation o f  concentrations throughout the 

day. On Route 2, statistically significant differences in the mean concentrations between
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morning and evening samples were also found for butadiene, with a p-value o f 0 .021 . 

Differences were also evident between morning and evening concentrations for benzene 

and acetylene although the p values did not reach the 0.05 level at 0.311 and 0.222 

respectively. Very little difference was found between m orning and evening 

concentrations o f  ethylene, ethane or PM2 5. The general trend found between m orning 

and evening concentrations was again found to be an increase in concentrations in the 

evenings.

PM2 5  benzene butadiene ethane ethylene acetylene
____________________________  ppb_____ ppb__________ppb_________ ppb_________ ppb

R l-M om ing 71.69 1.65 0.51 5.17 8.90 5.09
R l-E vening 104.59 1-81 0.58 8.96 8.76 4.87

R2-M orning 74,09 1.42 0.39 11.99 4 .90  4 .08
R2-Evening 68.67 1.68 0.58 14.33 4 .94 5.62

Table 5.7 Cyclist, morning versus evening concentrations.

This general trend between morning and evening samples also could be explained in part 

by the airflow in the street canyons. With the prevailing wind at 45° to both route as 

shown in Figure 5.17, a street canyon vortex would result in higher concentrations o f  

pollutants on the leeward side o f the route i.e. on the outgoing side o f  the evening traffic.

W indw ard
Side

In jcom in^
M orn ing
Tr a f f l r

A

V
Ouigoins^'
E veniag
iTafELc

Lee%vard
Side

W in d  
D irec tio n

Low H i^
C o nc e n tra t io  ns

C ross-S ection

Fig 5.17 Street canyon vortex
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Seasonal Variation

As shown at the beginning o f this section, sampling was carried out throughout the year 

and therefore the seasonal variability o f the data recorded has also been exam ined. For 

Route 1, significant differences were found in the seasonal mean concentrations o f  PM 2 5, 

ethane and ethylene. Benzene and butadiene also displayed some differences across the 

seasons but they were not found to be significant at the 0.05 level with p values o f  0.25 

and 0.15 respectively, whilst acetylene displayed little seasonal variation. The colder 

season o f spring and winter were generally associated with higher concentrations of 

traffic related pollutants than sum m er or autumn. This finding could be reflective o f  the 

colder tem peratures during these periods causing higher cold-start emissions. PM 2.5 was 

however lowest in w inter which could be explained by the higher wind speed during that 

period (predom inantly w inter 2005) than the rest o f  the sampling period, see Figure 5.5.

PM25 benzene butadiene ethane ethylene acetylene
Season ppb ppb ppb ppb ppb
Spring Mean 121.47 1.72 0.50 6.77 9.51 6.07

N 18 12 12 12 12 12
Std. Deviation 75.59 0,90 0,14 3,50 3,38 4.17

Summer Mean 82.49 1.44 0.50 10.71 4.64 4.07
N 8 7 7 7 7 7
Std, Deviation 33.92 0.37 0.16 6,28 4,84 2.04

Autumn Mean 110.20 1.28 0.41 5.40 8.80 4 .54
N 4 4 4 4 4 4
Std. Deviation 87.48 0.42 0.15 1,42 2,21 1,37

Winter Mean 63.40 1.93 0.61 6.06 9.96 4.99
N 26 19 19 19 19 19
Std. Deviation 41.00 0.70 0.22 2,13 4.81 2,99

Table 5.8 R1 cyclist seasonal mean concentrations

For Route 2, significant differences were found in the concentrations o f  butadiene. 

A PM 2 5, benzene, ethane, ethylene and acetylene did not display differences, which may 

be due to the m ajority o f  samples on Route 2 being recorded during spring 2005 and 

2006. M ean pollutant concentrations during the summer were again notably lower than in 

spring and summer.
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Season
PM25
Hg/m’

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Spring Mean 72.63 1.57 0.48 13.49 5.11 5.20
N 40 37 37 37 37 37
Std. Dev 48.47 0.83 0.25 11.01 3.02 4.17

Summer Mean 60.38 1.11 0.24 7.01 3.71 1.17
N 3 3 3 3 3 3
Std. Dev 29.85 0.61 0.05 4.66 1.58 0.37

Winter Mean 70.18 1.70 0.76 13.94 3.16 3.40
N 5 3 3 2 2 3
Std. Dev 49.35 0.94 0.30 3.86 1.49 3.03

Table 5.9 R2 cyclist, Seasonal mean concentrations 

Meteorological Variation

The mean temperature, wind speed and other meteorological data are presented in Table 

5.10, recorded at the regional meteorological monitoring authority w eather station as 

described in Section 3.3.1. The summary data presented applies only to the hours during 

which the cyclist samples were recorded. The mean values recorded on Route 1 for the 

cyclist can be seen to be very similar to those for Route 2, indicating that variations 

between the two routes are not attributable to weather conditions.

Route 1 Route 2

Min. Max. Mean Std. Dev Min. Max. Mean Std. Dev
Wind Speed (m/s) 1.92 11.32 5.69 2.32 0.51 11.32 5.56 2.78
w/ind direction (°) 10 360 221.84 90 10 350 202.35 91.08
temperature (°C) -0.8 22.1 7.14 5.75 -0.4 18.10 6.46 3.73
Rain (mm) 0.0 1.0 0.17 0.34 0.00 0.90 0.03 0.14
Sunshine (hrs) 0.0 3.1 0.10 0.44 0.00 1.00 0.14 0.30
RH (%) 0.53 1.00 0.82 0,11 0.65 1.00 0.85 0.09

Table 5.10 Cyclist meteorological data.

The data were grouped into cold (less than 5°C) mild (between 5 and 15°C) and w arm  

(greater than 15°C) temperature conditions and the mean exposure concentrations for 

these groups are presented in Table 5.11. For Route 1, differences in mean exposure 

concentrations were observed for all pollutants with the exception o f  ethane, indicating
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that it is not affected  by cold start em issions or evaporative em issions as w ou ld  be 

expected  from  a non-transport source (see Section 2.1.2 for details). H ow ever statistically  

sign ifican t d ifferences w ere found for PM 2. 5 (p-value 0.042), w hile benzene (p-value 

0 .069) bu tad iene (p-value 0 .116) ethylene (p-value 0 .149) and acety lene (p -value 0.084) 

all failed to m eet the 0.05 sign ificance level but had displayed low  p-values. For the 

traffic  related  V O C s, the m ean exposure concentrations for the sam ples taken during  cold 

tem p era tu res are notably h igher than the m ild or w arm  concentrations, w hich are  o f  a 

s im ilar level. For PM 2 5 the cold and w arm  tem peratures are both notably  h igher th an  the 

m ild cond itions and o f  a sim ilar level to each other. T hese variations across d iffe ren t 

tem p era tu res are to  be expected due to increased em ission rates in hot or cold tem perature 

(T ay lo r and Fergusson, 1997), i.e. w hen tem peratures are low cold start em issions m ay 

increase  exposure and when tem peratures are high evaporative em issions m ay increase 

exposu re  and w hen tem peratures are m ild no increase in exposure w ould be expected . As 

tem peratu res in D ublin do not reach the highs o f  w arm er clim ates, cold tem peratu res 

ap p ear to have a larger influence on pollu tant concentrations (particu larly  for the V O C s) 

than w arm  tem peratu res in general, but th is m ay also be due to the low sam ple num bers 

taken during  w arm  weather.

PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Cold Mean 105.04 1.95 0.58 6.49 10.20 5.93
(<5°C) N 27 21 21 21 21 21

Std. Dev 64.13 0.65 0.16 2.36 4,18 3,90
Mild Mean 61.81 1.61 0.55 7.43 7.60 4.68
(5-15°C) N 21 14 14 14 14 14

Std. Dev 50.23 0.84 0,23 4.43 4.68 1,97
Warm Mean 100.19 1.27 0.41 7.50 7.20 3.04
(>15°C) N 8 7 7 7 7 8

Std. Dev 62.63 0.35 0,12 5.88 4.77 1.83

Table 5.11 R1 cyclist vs. tem perature com parison

On R oute 2, no significant d ifferences in m ean exposure concentrations w ere observed  

for any o f  the pollu tants. As only 1 sam ple w as recorded in w arm  conditions, there w ere 

too few  to draw  any conclusions. The rem ainder o f  the sam ples w ere evenly  d istribu ted  

betw een m ild and cold conditions as show n in Table 5.11. PM 2 5 , benzene and bu tad iene
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were found to be marginally higher for temperatures below 5°C and ethylene and 

acetylene were found to be marginally lower for temperatures below 5°C.

PM25 benzene butadiene ethane ethylene acetylene
_____________________ ppb__________________ ppb____ ppb ppb_______ ppb

Cold Mean 7 3 .3 5  1 .5 5  o.49 14.64 4.65 4.74

N 23 20 20 20 20 20
Std. Dev 47,67 0.95 0.30 11.56 2.58 3.917

Mild  ̂ Mean 7 1 .41  1 .5 2  0.48 11.63 5.21 5.00
(5-15 C) 24 22 22 21 21 22

Std. Dev 47.67 0.71 0.23 9.76 3.31 4.33

Warm Mean 36.48 1.72 0.30 10.95 4.31 1.44
(>15°C) N ,  ̂ ,

Std. Dev

Table 5.12 R2 cyclist vs. temperature comparison 

Principal Component Analysis

A principal component analysis (as described in Section 4.3) o f the data was carried out 

including all relevant determinants in order to reduce the data into a smaller number o f 

principal components. The data were reduced from 17 variables to 6  principal 

components (linear weighted combinations o f the original data accounting for as much o f 

the variance in the original data as possible). Table 5.13 shows the principal components 

for the cyclist on Route 1, accounting for a total o f 78% o f the variation o f the original

data. The first principal component (PCI) accounts for 31% o f the variance in the data

and can be interpreted by examining the weights attached to the variables that are large in 

value, noting their sign in relation to other variables. Here PCI accounts for samples 

where benzene, butadiene, ethylene, acetylene and idle time ratio increase w ith 

decreasing wind speed, relative wind speed, base wind speed, temperature and sunshine, 

as would be expected. PC2 accounts for 14.7% o f variance, representing samples where 

PM2.5 increases with the base wind speed, idle time and idle time ratio as well as with 

increasing traffic numbers and decreasing RH, showing that increased congestion induces 

higher exposures for the cyclist. The remaining principal components PCS, PC4, PC5 and 

PC6  each account for a small amounts o f variance in the data, 11.5, 8 .6 , 6 . 6  and 5.3% 

respectively. These components account for variation due to wind direction, rainfall, RH
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and sunshine whose impact on the concentrations has been less in general than 

determ inants such as wind speed and idle time.

PCI PC2 PC3 PC4 PCS PC6
(30.5%) (17.4%) (11.5%) (8.6%) (6.6%) (5.3%)

PM .128 .691 -.167 .283 .015 .469
benzene .746 .184 .434 -.200 -.129 .064
butadiene .652 .063 .623 -.309 -.029 .010
Ethane -.332 .372 .255 -.225 -.616 .091
Ethylene .523 .013 .607 .124 .228 -.237
Acetylene .354 .110 .519 .284 .222 -.261
Wind Speed -.659 -.022 .128 .170 .483 -.102
wind direction -.001 .012 -.082 .834 -.119 -.109
Relative Wind Speed -.839 -.166 .399 .140 .075 .224
Base wind speed -.687 .427 .301 .124 .193 .208
idle time ratio .699 .350 -.446 -.081 .092 -.276
idle time .431 .757 -.318 -.037 .202 -.125
temperature -.636 .385 -.105 -.392 .217 -.236
Sunshine -.688 .271 .022 -.106 -.071 -.438
Rain .082 -.277 -.104 -.515 ,470 .337
RH .641 -.546 -.204 .213 ,108 .117
Traffic .316 .585 .119 .146 ,170 .285

Table 5.13 R1 Cyclist principal components.

For Route 2, the data was reduced from 17 variables to 5 principal components as shown 

in Table 5.14 accounting for a total o f 73.8% o f the variation o f the original data. The 

first principal com ponent PCI accounts for 27.1% o f  the variance in the data, 

representing samples where increasing pollutant concentrations are associated with 

decreases in wind speed, wind direction, relative wind speed and base wind speed as well 

as increases in traffic numbers, all o f  which are intuitive and follow the expected 

relationships. Interestingly, for PCI Route 2 compared to Route 1 the wind direction has 

a much higher weighting, indicating that it may have a higher influence on exposure 

concentration in the canyon-like Route 2 compared to the more open Route 1. 

Furthermore, the weighting for wind speed, relative wind speed and base wind speed are 

all lower on Route 2 possibly again due to its canyon-like nature making it less exposed 

to the direct dispersion o f  pollutants by the wind speed.
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PC1 PC2 PC3 PC4 PCS
(27.1%) (20.1%) (10.9%) (8.5%) (7.4%)

PM .655

C
D

COr .204 -.347 .056
benzene .799 .238 .065 .196 -.067
butadiene .827 .174 -.072 .051 -.045
Ethane .625 -.178 -.448 -.427 .194
Ethylene .722 .254 .253 .424 .070
Acetylene .846 .248 .044 .242 .182
Wind Speed -.483 .137 -.510 .040 .502
wind direction -.544 -.187 .059 -.321 -.259
Relative Wind Speed -.225 .939 -.142 -.091 -.053
Base wind speed -.446 .706 .023 .341 .082
idle time ratio .007 -.933 -.012 .114 .196
idle time -.223 -.746 .092 .443 .262
temperature -.283 .342 .249 .005 .696
Sunshine -.245 -.004 .632 -.120 .230
Rain -.064 -.340 -.330 .587 -.230
RH .299 -.243 .569 -.186 .110
Traffic .419 -.117 -.590 -.180 .282

Table 5.14 R2 Cyclist principal components.

PC2 accounts for samples where decreasing idle time ratio and consequently idle time 

occur with increased relative wind speed and base wind speed, under these conditions 

VOC concentrations increase with the exception o f ethane. PC3 accounts for data where 

increasing pollutant concentrations are associated with increases in idle times and idle 

time ratios as would be expected. PC2 and PC3 account for 20% and 11% o f the variance 

in the data respectively, whilst PC4 and PCS account for a small amount o f variance in 

the data at 8.5 and 7.0% respectively. PC4 and PCS account for variation due to 

temperature, rainfall, RH, sunshine and traffic counts.

Multiple Linear Regression Analysis

Arising from the determination o f the above principal components, multiple linear 

regression analysis was carried out for each o f the pollutants individually as dependent 

variables against the 6 principal components o f Route 1 and the 5 principal components 

o f Route 2. This section o f the analysis was carried out as a means o f examining the 

source apportionment o f the exposure concentrations for each mode. Where amount o f  

variation accounted by the regression models was high this suggested that the variables
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accounted for during the sampling (such as wind speed, idle time etc) explained the 

majority o f the exposure concentrations and hence they could be said to be derived from 

transport sources. Where the amount o f variation was relatively low then this suggested 

that other factors such as non-transport sources o f pollution were contributing to the 

exposure concentrations.

The regression analysis was carried out using the backward selection technique which 

produced a number o f models for each pollutant on each mode. The ‘best f i t ’ model was 

selected on the basis o f the highest coefficient o f variation, R  ̂adjusted, and that each o f 

the components was correlated significantly with the dependent variable. A description o f 

multiple linear regression and backward selection are given in Section 4.3.

P M 2 .5

On Route 1, for PM2 5  a linear regression model was determined using backward 

selection (see Appendix D) with an R  ̂o f 80.5% and an R^ adjusted o f 78.0%. The model 

accounts for a high proportion o f the variation o f PM25 in the urban commuter 

environment on Route 1 and hence it could be said that this pollutant is largely transport 

derived in this instance. The model included 4 o f the 6  components and the composition 

o f the model is given. It should be noted that PCI, where PM2 5  was given a small 

weighting o f 0.128 and therefore accounted for very little variation associated with PM2.5, 

has been left out o f the optimised regression model, as was PC5. PC2 where PM 2.5 is 

given the largest weighting o f 0.69 is the most influential factor in the multiple regression 

model w ith a coefficient o f 44.5. In contrast PC3, has less impact on the value o f PM 2.5 as 

its coefficient is -10.8 which would be expected as its weighting for PM2.5 was -0.16.

Unstandardized Coefficients Standardized Coefficients t Si3.

B Std. Error Beta
Constant 88.26 5.041 17.510 .000

PC2 44.512 5.112 .691 8.707 .000

PCS -10.784 5.112 -.167 -2.109 .043

PC4 18.245 5.112 .283 3.569 .001

PC6 30.226 5.112 .469 5.912 .000

Table 5.15 R1 cyclist, PM2.5 principal components regression

5-23



Chapter 5 -  Results and Analysis -  Mean Exposure

For PM 2 5 as the dependent variable on Route 2, a m ultiple linear regression was again 

carried out using backward selection with the best fit model selected having an R^ 

adjusted value o f  55.4%. The amount o f variation accounted for by the model is low in 

comparison to Route 1 and in comparison to the other VOC m odels for Route 2 which 

follow, leaving nearly 45% o f the variation o f  PIVI2  5 unaccounted for and suggesting the 

influence o f  factors such as non-transport related emissions. The com position o f  the 

model is given in Table 5.16, only PC I, PC3 and PC4 are retained in the optim ized 

regression model as the other principal components gave very low weights to PM 2 5 . PC I 

has the largest impact on the outcome o f the model as would be expected from its PM 2. 5  

weighting.

Unstandardized Coefficients Standardized Coefficients t Sicj.

B Std. Error Beta
Constant 71.652 5.277 13.579 ,000

PCI 31.908 5.348 .655 5.967 .000

PC3 9.937 5.348 .204 1.858 .072

PC4 -16.899 5.348 -.347 -3.160 .003

Table 5.16 R2 cyclist, PM 2 .5 , principal components regression

Benzene

The same multiple linear regression was carried out for benzene on Route 1, giving a best 

fit model with an R^ adjusted o f  80.9% as shown in Table 5.17. Not surprisingly, PC I is 

given the largest coefficient at 0.74 due to PCI having a large influence on the variation 

o f  benzene concentrations as shown by its weighting o f 0.51.

Unstandardized Standardized
Coefficients Coefficients t Sig.

B Std. Error Beta
Constant 1.692 .051 33.379 .000
PCI .519 .051 .746 10.090 .000
PC2 .128 .051 ,184 2.482 .019
PC3 .302 .051 .434 5.869 .000
PC4 -.139 .051 -.200 -2.707 .011
PCS -.090 .051 -.129 -1.744 .091

Table 5.17 R1 cyclist benzene principal components regression

5-24



Chapter 5 -  Results and Analysis -  Mean Exposure

On Route 2 the best fit model selected gave an R  ̂ adjusted value o f 70.1%. The model 

accounts for a large proportion o f the variation o f benzene and gives a similar f it  to the 

Route 1 model. The composition o f the model is given in Table 5.18. PC3 and PCS are 

omitted in the optimized solution as these principal components gave very low weights to 

benzene and subsequently do not correlate significantly with the benzene exposure 

concentrations. PCI has the largest impact on the outcome o f the model as would be 

expected from its weighting for benzene.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta
Constant 1.526 .074 20.682 .000
PC1 .674 .075 .799 9.011 .000
PC2 .201 .075 .238 2.686 .011
PC4 .165 .075 .196 2.209 .034

Table 5.18 R2 cyclist, benzene, principal components regression

1,3 butadiene

For butadiene on Route 1 as the dependent variable the best model yielded an R  ̂adjusted 

o f 89.9%. The model accounts for the highest proportion o f variation in the exposure 

concentration o f any o f the pollutants analysed by this method for the cyclist on Route 1, 

leaving only approximately 10% o f the variation o f butadiene unaccounted for and 

indicates that the variables taken into account in the sampling o f butadiene account for 

the majority o f the variation o f this pollutant. The composition o f the model is given in 

Table 5.19 and again those principal components who have given the largest weighting to 

butadiene, PCI and PC3 have the highest coefficients.

Unstandardized : 
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta
Constant .545 .010 53.708 .000
PC1 .125 .010 ,652 12.122 .000
PCS .119 .010 .623 11.582 .000
PC4 -.059 .010 -.309 -5.740 .000

Table 5.19 R1 cyclist, butadiene principal components regression

2
For butadiene on Route 2 as the dependent variable the best fit model gives an R 

adjusted value o f 69.7%. The model accounts for a large proportion o f the variation o f
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butadiene but does not give as good a fit as the Route 1 model. The com position o f  the 

model is given in Table 5.20, PCI and PC2 are the only components retained in the 

optimized solution as the other components give very low weights to butadiene and 

subsequently do not correlate significantly with the butadiene exposure concentrations. 

PC 1 has the largest impact on the outcome o f the model as would be expected from its 

weighting for butadiene.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta

Constant .480 .023 21.148 .000

PC1 .210 .023 .827 9.144 .000

PC2 .044 .023 .174 1.922 .063

Table 5.20 R2 cyclist butadiene, principal components regression

Ethylene

For ethylene on Route 1 as the dependent variable the best model gave an R^ adjusted o f  

71.8%. The model accounts for a sim ilar proportion o f variation in the exposure 

concentration o f  ethylene as did the regression model for benzene and PM 2.5 on Route 1, 

leaving approxim ately 30% o f the variation o f  ethylene unaccounted for and suggesting 

that the source o f  the exposure concentrations for the cyclist on Route 1 are originating 

primarily from transport sources. The composition o f the model is given in Table 5.21.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta

Constant 8.872 .420 21,122 .000

PCI 2.483 .426 .523 5.830 .000

PC3 2.880 .426 .607 6.761 .000

PCS 1.080 .426 .228 2 5 3 6 .016

PC6 -1.127 .426 -.237 -2.645 .013

Table 5.21 R1 cyclist, ethylene principal components regression

PC4 for has been omitted from the optimised solution for the regression model due to its 

low weighting o f  ethylene. PCI and PC3 are given the highest coefficients due to their 

high weighting on ethylene. For ethylene on Route 2 as the dependent variable the best fit
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m ultiple linear regression model gave an R^ adjusted value o f  80.9%. The model 

accounts for a large proportion o f the variation o f ethylene exposure concentrations and 

has a sim ilar fit to the Route 1 ethylene model. The composition o f  the model is given in 

Table 5.22, as the other VOCs on Route 2. PCS is omitted in the optimized solution as 

these principal com ponents also give very low weights to ethylene and all the traffic 

related VOCs in general. PCI has a large impact on the outcome o f  the model as would 

be expected.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta

Constant 4.832 .214 22.589 .000

PCI 2.177 .217 .722 10.041 .000

PC2 ,766 .217 .254 3.535 .001

PC3 .762 .217 .253 3.517 .001

PC4 1.280 .217 .424 5.902 .000

Table 5.22 R2 cyclist ethylene, principal components regression

Acetylene

For acetylene on Route 1 as the dependent variable the linear regression carried out gave 

an R^ adjusted o f  52.6%. The model accounts for a relatively low proportion o f variation 

in the exposure concentration, leaving approximately 50% of the variation o f  acetylene 

unaccounted for. This may be due to the fact that the weighting in the principal 

com ponents for acetylene are generally lower than the other pollutants. The highest 

weighting o f acetylene is 0.52 in PC3 whereas the other pollutants have one or more 

weight o f  0.6 or higher. Acetylene therefore may not be as well explained by the 

principal components as the other pollutants. It may also be indicative o f the contribution 

o f non-transport emission contributing somewhat to the exposure concentrations. 

A cetylene was noted in Section 2.1.2 that acetylene was 100% explained by traffic 

em issions during summ er conditions but only 68% during winter. Considering that the 

vast m ajority o f  the cyclist samples were taken during the colder months o f  w inter and 

spring the amount o f variation explained by the regression analysis could be expected to 

be relatively low. The com position o f  the model is given in Table 5.23.
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Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta

Constant 4.902 .310 15.832 .000

PC1 .956 .314 .354 3.046 .005

PC3 1.401 .314 .519 4.463 .000

PC4 .768 .314 .284 2.445 .021

PCS .600 .314 .222 1.912 .066

PC6 -.705 .314 -.261 -2.246 .032

Table 5.23 R1 cyclist acetylene principal components regression

Finally, for acetylene on Route 2 as the dependent variable, the multiple linear regression 

yields an R^ adjusted value o f  85.2%. The model accounts for a large proportion o f  the 

variation and has a much better fit than the Route 1 model. This could be explained by 

the fact the majority o f  the cyclist samples on Route 2 were carried out during spring 

whereas on Route 1 they were evenly distributed between winter and spring, hence the 

Route 2 acetylene samples would be expected to be more strongly associated with traffic 

emissions than on Route 1 in this case (see Section 2.1.2). The composition o f  the m odel 

is given in Table 5.24.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

B Std. Error Beta

Constant 5.021 .265 18.930 .000

PCI 3.595 .269 .846 13.375 .000

PC2 1.055 ,269 .248 3.926 .000

PC4 1.029 ,269 .242 3.830 .001

PC5 .773 .269 .182 2.875 .007

Table 5.24 R2 Cyclist, acetylene principal components regression

On both Route 1 and Route 2, the pollutant exposure can be predicted with good to 

reasonable accuracy using the principal components determined above for the cyclist. On 

Route 1, the use o f  principal component analysis and linear regression allowed the 

exposure concentrations o f the pollutants measured to be predicted with accuracies o f  up 

to 90%. All pollutants demonstrated high values o f R^ adjusted with the exception o f  

acetylene, this was explained by the variation o f acetylene sources at different tim es o f  

the years as described in Section 2.1.2. On Route 2, all pollutants were predicted to a
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high degree o f  accuracy with the exception o f  PM2.5. It should be noted however, that 

carrying out a similar regression analysis for ethane yields a regression model w ith an R 

adjusted o f  70%. This high amount o f  variation accounted for in the ethane regression  

m odel together with the relatively low  amount o f  variation accounted for in the PM 2 5 

m odel may indicate that sources o f  PM2 5 for the cyclists may originate from non-traffic 

sources, as w ell as traffic sources.

5.3.2 Car exposure concentrations

The mean concentrations o f  PM2 5 and VOCs for the car commuter on Route 1 and Route 

2 are presented in Table 5.25. Samples were carried out at peak tim es using a 1994 

Landover, a large 4x4 type diesel engined vehicle on Route 1 and a 1993 N issan  light 

com m ercial type diesel engined vehicle on Route 2, as described in Section 3 .1 .2 . The 

mean observed values for the VOCs on Route I can ail be seen to be higher than those for 

the cyclist on Route 1, w hile PM2 5  is very similar for both modes (see Table 5 .6). The 

mean observed values for PM7 5 and the VOCs on Route 2 can all be seen to be higher 

than those for the cyclist on both routes. This finding is reflected in literature where the 

car has been reported to be exposed to higher concentration o f  air pollutants than the 

cyclist (Taylor and Fergusson, 1997; Rank et a l ,  2001; O ’Donoghue et a l ,  2007). The 

PM 2.5 concentrations for the car on Route 2 can also be seen to be higher than the car on 

Route 1 for PM 2 5 . The traffic related VOCs in general are also shown to be higher on 

Route 2 , with the exception o f  benzene on Route 1 which is marginally higher compared  

to Route 2. This may be explained by the contribution o f  non-transport em ission to the 

exposure concentrations o f  the car commuter on Route 2 as it is less consistently  

congested than Route 1 and could therefore be expected to have lower concentrations. 

E vidence for this is found later in this sub-section.
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Route 1 Route 2

N Mean Std. Dev N Mean Std. Dev
PM2 5  (^g/m^) 46 82.73 44,84 44 88.96 34.10
Benzene (ppb) 45 2.01 1.29 42 1.96 1 . 1 1

1, 3 butadiene (ppb) 45 0.80 0.58 42 1.18 1 . 0 1

Ethane (ppb) 45 13.21 8.50 38 8.85 6.55
Ethylene (ppb) 45 7.33 9.67 38 13.27 9.10
Acetylene (ppb) 45 4.36 2.96 38 9.90 8.96

Table 5 .25 Car exposure concentration data.

The m ean relative w ind speed on R oute 1 w as 2 .4 0 m /s w ith an estim ated local or b ase  

w ind speed  o f  0 .9 0 m /s. The average idle tim e ratio w as 72% , higher than the c y c lis t  on  

Route 1 and Route 2. The m ean benzene concentration o f  2 .01ppb is 34%  higher than the  

1.5ppb statutory lim it value set out in the Irish statutory regulation for air pollutants (S .I 

N o. 271 o f  2 0 0 2 ). On R oute 2, the m ean relative w ind  speed w as 2 .9 2 m /s  w ith  an 

estim ated local or base w ind speed o f  0 .70m /s, indicating that the car com m uter on R oute  

2 travels sligh tly  faster than on Route 1 (the m ore congested  o f  the tw o routes). T he  

average id le tim e ratio w as 62% , also reflecting that R oute 2 is sligh tly  less co n g ested . 

The mean benzene concentration o f  1.96ppb is 30%  higher than the 1.5ppb statutory lim it  

value set out in the Irish statutory regulation for air pollutants (S.I N o . 271 o f  2 0 0 2 ).

Daily Variation

The d ifferences betw een the m ean m orning and even in g  exposure concentrations for the  

car com m uter on both routes are presented in T able 5 .26 . On R oute 1, no sta tistica lly  

sign ificant d ifferences in the m ean concentrations betw een  m orning and even in g  sam p les  

w ere found for the car com m uter. D ifferen ces w ere evident betw een m orning and 

even ing  concentrations for PM 2 5 and benzene, although, the p -values did not reach the  

0.05  level at 0.11 and 0 .5 4  respectively . On R oute 2, no statistically  s ig n ifica n t  

differences w ere found either, w here the trend betw een  m orning and ev en in g  

concentrations w as generally  found to be an increase in even in g  concentrations as w a s  

also  found for the cy c list  (see  Section  5 .3 .1 ). A gain  th is could be due in part to  the  

circulation o f  pollutants in the street canyon as show n in Figure 5 .17 prev iou sly  due to
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the p revailing  wind. It m ay also  be due to an accum ulation o f  pollutants or a rising o f  the 

background concentration throughout the day.

PM25 benzene butadiene ethane ethylene acetylene
______________ Hg/m  ̂ ppb_______ppb______ppb ppb_______ppb

R1-Morning 71,36 2.14 0,81 13.35 8.15 4.16
RI- Evening 91.47 1.90 0.78 13.09 6.66 4.52
R2-Morning 87,74 1.81 1.04 8.79 10.87 8.77
R2-Evening 90,29 2.12 1.34 8.90 15.93 11.15

Table 5 .26  Car m orning versus even in g  concentrations.

Seasonal Variation

On R oute 1, sign ificant d ifferences w ere found in the concentrations o f  ethylene across  

the season s. PM 2 .5 , benzene and butadiene also d isplayed d ifferences across the season s  

but th ey  w ere not found to be sign ificant to the 0 .05  level w ith p -values o f  0 .1 3 , 0 .3 0  and 

0.15  resp ectively . M ean concentrations o f  PM 2 .5 w ere higher in sum m er con d ition s than 

in w inter conditions, w ith the traffic related V O C s being h ighest in winter. T hese  

find ings, w hich w ere reflected in the m ean seasonal cyc list concentrations, again sh ow  

the co ld er  tem peratures o f  w inter and spring to be associated  with higher m ean em iss io n s  

o f  V O C s com pared to the warm er tem peratures o f  the sum m er. This could  be due to  Irish 

sum m ers not b ecom in g warm enough  to induce large evaporative em issio n s, w hereas the 

spring/w inter is cold  enough to induce cold-start em ission s.

Season
PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Mean 85.82 1.69 0.64 8.18 9.19 4.59
Spring N 12 12 12 12 12 12

Std. Dev 47.96 0.60 0.27 5.51 5.40 2.24
Mean 90.06 1.97 0.76 17.62 4.20 3.91

Summer N 26 25 25 25 25 25
Std. Dev 46.11 1.46 0.62 8.28 9.99 3.18
Mean 54.24 2.59 1.14 6.94 14.25 5.40

Winter N 8 8 8 8 8 8
Std. Dev 23.94 1.408 0.70 3.67 10.21 3.20

Table 5 .27  RI car, seasonal mean concentrations
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On Route 2, significant differences were found in the concentrations for benzene, 

ethylene and acetylene across the seasons. PM 2.5 and butadiene also displayed differences 

across the seasons but they were not found to be significant to the 0.05 level with p- 

values o f  0.12 and 0.16 respectively. A similar pattern between seasonal mean exposures 

to Route 1 can be seen, as shown in Table 5.28.

Season
P M 2 5

Hg/m^
benzene

ppb
butadiene

ppb
ethane

ppb
ethylene

ppb
acetylene

ppb
Mean 79.51 2.14 1.44 9.51 13.74 12.54

Spring N 23 23 23 20 20 20
Std. Dev 36,76 1.18 1.26 7.05 4.60 10.05
Mean 95.36 2.17 0.94 11.01 17.26 9.96

Summer N 13 12 12 11 11 11
Std. Dev 34.62 0.99 0.43 6.14 14.30 6.91
Mean 105.70 0.98 0.73 3.52 5.64 2.25

Winter N 8 7 7 7 7 7
Std. Dev 12.33 0.42 0.37 1.03 2.05 1.83

Table 5.28 R2 car, seasonal mean concentrations

M eteorological Variation

The mean temperature, wind speed and other meteorological data are presented for both 

routes in Table 5.29, recorded as set out in Section 3.3, for the specific hours during 

which sampling by car took place. The mean wind speed and wind direction data are 

comparable between both routes and to the cyclist on both routes. Some variation 

between the mean temperatures exists and there is more rain and less sunshine on Route 1 

than on Route 2.

Route 1 Route 2

Min Max Mean Std. Dev Min Max Mean Std. Dev

Wind Speed (m/s) 1.03 10.80 5.13 2.19 .51 10.80 6.04 2.14

Wind direction (°) 10.00 360.00 230.11 92.24 5 350 204.78 83.86
Temperature (°C) -0.70 23.00 11.24 6.37 -2.30 18.10 9.24 4.04
Rain (mm) 0.00 1.00 0.42 0.45 0.00 0.90 0.02 0.13
Sunshine (hrs) 0.00 0.80 0.03 0.13 0.00 1.00 0.36 0.42
RH (%) 0.49 0.97 0.75 0.13 0.45 1.00 0.80 0.12

Table 5.29 Car samples, m eteorological data.
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As per the previous section, the data were examined for differences in pollutant 

concentrations during cold, warm and mild spells. The mean exposures for each 

tem perature category for Route 1 are presented in Table 5.30. Significant differences in 

mean exposure concentrations were observed for PM 2 5 . Ethylene and acetylene displayed 

non-significant differences with p-values o f 0.27 and 0.42 respectively. PM 2.5 

concentrations were found to be highest in warmer and lowest in milder tem peratures as 

reflected in the seasonal variations for the car and cyclist on both routes. Similarly, the 

VOCs were found higher in colder temperatures than in warm temperatures.

PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Cold Mean 74.34 2.04 0.87 7.25 11.23 4.87
(<5°C) N 11 11 11 11 11 11

Std. Dev 33.30 0.60 0.47 3 90 7.18 2.47
Mild Mean 68.31 2.10 0.78 13.70 6.85 4.74
(5-1 S^C) N 18 18 18 18 18 18

Std. Dev 49.42 1.21 0.50 8.63 7.70 2.69

Warm Mean 103.42 1.88 0.75 16.74 5.16 3.57
(>15°C) N 17 16 16 16 16 16

Std. Dev 40.36 1.71 0.73 8,81 12.50 3.50
Table 5.30 R1 car, temperature comparisons

On Route 2, significant differences in mean exposure concentrations were observed for 

PM 2 5 as they were for the car and cyclist on Route 1. Benzene displayed non-significant 

differences with a p-value o f 0.23. The same trend between warm and cold tem peratures 

was found for both PIVI2.5 and the traffic related VOCs as discussed previously.

P M 2 5

^g/m^
benzene

ppb
butadiene

ppb
ethane

ppb
ethylene

ppb
acetylene

ppb
Cold Mean 79.94 2.14 1.21 11.28 11.63 12.84
(<5“C) N 9 8 8 8 8 8

Std. Dev 22,64 1,36 0,71 8,17 6,21 13,32
Mild Mean 87.54 1.81 ■ 1.20 8.24 13.67 9.45
(5-15°C) N 32 31 31 27 27 27

Std. Dev 35,64 1,03 1,11 6,08 9,83 7,78

Warm Mean 131.04 2.92 0.82 7.77 14.00 6.09
(>15°C) N 3 3 3 3 3 3

Std, Dev 14,28 1,08 0,42 7,00 11.21 4,11
Table 5 .3 1 R2 car, temperature groups
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Principal Component Analysis
A principal component analysis o f  the data w as carried out in the same manner as the 

previous section such that on Route 1, the data were reduced from 17 variables to  6 

principal components as shown in Table 5.32, accounting for a total o f  82.4%  o f  the 

variation o f  the original data.

PCI
(27.6%)

PC2
(18.6%)

PC3
(13.3%)

PC4
(9.9%)

PC5
(6.7%)

PC6
(6,3)

PM -.181 .092 .386 .563 -.581 ,042
benzene ,706 .342 .498 -.213 ,081 -,172
butadiene .736 .353 .512 -.078 -,025 -,026
Ethane -.474 .219 .426 -.252 ,030 ,356
Ethylene .887 .160 .250 .010 -,012 -,156
Acetylene .716 .235 .519 -.100 -,015 .165
Wind Speed .389 -.343 -.196 .558 ,422 -.159
wind direction .408 .002 -.232 -.289 ,557 .479
Relative Wind Speed -.040 -.889 .392 .029 ,079 -.049
Base wind speed .474 -.440 .105 .335 ,250 -.327
Temperature -.650 .344 .401 .254 ,202 -.067
idle time ratio .172 .816 -.466 .185 -,048 -.031
Idle time .352 .707 -.488 .143 -,010 -.143
Traffic Numbers .559 -.265 -.092 ,418 -,173 .491
Sunshine -.502 .463 .292 ,274 ,375 -.172
Rain 466 -.052 -.135 ,401 -,092 .309
RH .439 .092 .386 .563 -,581 .042

Table 5.32 R1 Car, principal components.

The first principal component, PCI,  accounts for 27.6%  o f  the variation o f  the original 

data. The weightings on the variables account for samples where the traffic related V O C s 

are increasing with increasing idle time, traffic numbers and decreasing temperature. 

Intuitively this shows that increased traffic congestion is associated with higher em issions  

and therefore higher personal exposures for the car commuter to VO Cs. A s was the case  

for the Route 1 cyclist, the weighting on PM2.5 in this case is low and show s that PM 2 5 

does not increase with VOCs, indicating that, as would be expected, they were emitted  

from a different source to VOCs (i.e. diesel versus petrol engines). Ethane is not shown to 

be correlated with increases in the traffic related VO Cs as was the case with the cyclist, 

indicating that it is not emitted from traffic sources as would be expected (Borbon et al., 

2003).
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PC2 accounts for 18.6% o f the variance o f the original data, it accounts for samples 

where increasing exposure concentrations o f VOCs are associated with increases in idle 

tim e and idle tim e ratio, and decreasing relative wind speed. It should also be noted that 

the weights on the idle tim e variables are much higher for the car than they were for the 

cyclists on either route, indicating that the exposure concentrations o f  VOCs are more 

dependent on traffic conditions for the car than for the cyclist. This would be expected as 

the cyclist m oves more freely along the roadway regardless o f traffic conditions, w hereas 

the car com m uter’s progress is dependent on the amount o f  congestion. PC3 accounts for 

13.3% o f  variance and accounts for samples where increases in exposure concentrations 

o f all pollutants are associated with decreases in idle time. This shows PC3 to be 

accounting for incidences o f  high traffic which is flowing more freely than the cases in 

PC2, which occurs less frequently. PC4 accounts for 9.9% o f  the variance and here 

increases in PM 2 5 concentrations are associated with increases in traffic numbers, while 

PCS shows decreases in PM 2.5 concentrations being associated with increases in wind 

speed and wind direction. It should be noted that the concentrations o f  PM 2.5 appear to be 

more dependent on wind speed and direction than the idle time variables, w hereas the 

concentrations o f  VOCs are more dependent on the idle time variables. This apparent 

contradiction m ay indicate that under certain wind directions pollutants m ay be 

recirculated by street canyon effects while in other directions more in line with the street 

the pollutants are simply directly dispersed by the wind speed. PC 6  accounts for very 

little o f  the variance in the data at 6.3% and accounts for the influence o f rainfall.

For Route 2 the data were reduced from 17 variables to 6  principal components, as shown 

in Table 5.33, accounting for a total o f  79.8% o f the variation o f  the original data, 

m arginally less than on Route I. The first principal component, PC I, accounts for 24.2%  

of the variation in the data, which again accounts for data where increases in V O Cs are 

associated with increases in the idle time variables and traffic num bers and decreases in 

wind speed, base wind speed and relative wind speed as was the case for R oute 1. 

Com paring the two principal components the only noticeable difference is that for Route 

2 ethane follows the relationship where it did not for the Route I. This may be evidence
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o f the influence o f non-transport emissions forming part o f the personal exposure 

concentrations o f  VOCs on Route 2 as was eluded to at the beginning o f  this section and 

as evidenced in the multiple linear regression section below. The similarity between PC I 

for Route 1 and Route 2 could suggest that the car commuters exposure to VOCs is as 

equally as dependent on the amount o f time spent idling on Route 1 as it is on Route 2, 

which m akes intuitive sense. Again PM 2.5 is shown not to increase with increases in VO C 

emissions as was shown for the Route 1 and for the cyclist.

PCI PC2 PC3 PC4 PC5 PC6
(24.2%) (20.8%) (11.5%) (10.1%) (7.3%) (5.9%)

PM -.480 .088 -.392 .033 -.168 .556
benzene .619 .237 -.271 .333 -.193 -.062
butadiene .814 .341 .011 .208 -.132 .139
Ethane .836 .260 .169 -.131 .105 -.086
Ethylene .662 .106 -.565 .251 -.116 .038
Acetylene .782 .332 .038 .087 .068 -.037
Wind Speed -.229 -.161 .645 ,207 -.569 -.148
wind direction -.140 .205 .501 .563 .113 .020
Relative Wind Speed -.275 .934 .070 -.052 -.107 -.028
Base wind speed -.466 .645 .197 -.179 .042 .245
idle time ratio .262 -.932 -.126 .134 .075 .051
idle time .058 -.876 .105 -.038 .098 .267
temperature -.373 .282 -.657 -.250 -.092 -.068
Rain -.370 .162 -.103 .306 .724 -.367
Sunshine .409 046 .178 -.622 .346 .145
RH -.087 .177 .044 .626 .313 .509
Traffic Numbers .444 .172 .396 -.362 .114 .312

Table 5.33 R2 Car, principal components

The second principal component, PC2, accounts for 20.8% o f the variance o f  the original 

data, where increases in relative wind speed and base wind speed are shown to be 

associated with decreases in idle time and idle time ratio. PCS accounts for 11.5% o f  the 

variance, here decreases in PM 2 .5 , benzene, ethylene and temperature are associated with 

increased wind speed.

PC4, PCS and PC 6  are account for 10.1, 7.3 and 5.9% o f  variance respectively, these 3 

principal components address variations due to rainfall, sunshine, wind direction and RH 

which appear to have a less influential effect on the exposure concentrations. It should be
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noted that comparing the car commuter on both routes to the cyclist on both routes, wind 

speed and wind direction appear to be less influential factors for the car commuter 

compared to the cyclist. This may be due to the enclosed nature of the car and its higher 

weighting on the idle time variables.

Multiple Linear Regression Analysis

Following the determination of the principal components a multiple linear regression 

analysis was carried out for each o f the pollutants as per the previous section. For 

conciseness the multiple linear regression models for the car, and for the bus and 

pedestrian to follow, have been presented in Appendix D.

Table 5.34 shows the amount o f variation accounted for by each pollutant on each route 

in the multiple linear regression analysis between the individual pollutants and the 

principal components.

PM2 5  benzene butadiene ethylene acetylene

Route 1 81.8 9 3 I  W e  8 8 J  84^9

Route 2 68.6 60.5 83.6 80.3 70.5

Table 5.34 Car regression models R  ̂adjusted (%)

It can be seen on Route 1, for all pollutants that the amount o f variation accounted for by 

the variables is high and thus the source of the pollutants is largely derived from traffic 

sources for the car commuter. The same could be said for butadiene, ethylene and 

acetylene on Route 2, but PM2.5 and benzene are not as high and therefore non transport 

sources may be contributing to their exposure concentrations for the car commuter. 

Lower coefficients of variation were also found for the cyclist on Route 2. The 

differences in the amount of variation of benzene and PM2 5 accounted for between Route 

1 and Route 2, may also be explained by the different vehicles used between the routes. 

The differences in variation between the two sets of models may indicate that the older 

vehicle used on Route 2 is prone to internal leakage o f exhaust emissions. If a portion o f 

the exposure concentration was reaching the car commuter directly for the engine, then

5-37



Chapter 5 -  Results and Analysis -  Mean Exposure

that portion would not be influenced by idle time, traffic numbers or m eteorological 

variables. Therefore the quantity o f variation explained by these variables would be 

lower.

In summary it has been shown that through a combination o f  principal com ponent 

analysis and linear regression that the exposure concentrations o f the car com m uter on 

Route 1 can be predicted to a high degree o f accuracy; higher accuracy than that achieved 

for the cyclist on both routes in general. Conclusions can also be drawn from this m ethod 

about the source o f  the pollutant by examining the coefficient o f  variation.

5.3.3 Bus exposure concentrations

The mean concentrations o f  PM2 5 and VOCs for the bus commuter on Route 1 and R oute 

2 are presented in Table 5.35. For Route 1, the mean observed values for PM 2.5 can be 

seen to be significantly higher than those for the other modes outlined so far, by over
■j

30|xg/m . The mean observed values for benzene, butadiene, ethylene and acetylene can 

all be seen to be lower than the car and cyclist but higher than the pedestrian. The m ean 

benzene concentration o f  1.55ppb is just above the 1.5ppb statutory limit value set out in 

the Irish statutory regulation for air pollutants (S.I No. 271 o f  2002). Com pared to Route 

1, the mean observed values for all pollutants can be seen to be lower for Route 2. On 

Route 2, the mean observed values for the traffic related VOCs can all be seen to be 

lower than the car and cyclist on Route 2 (see Sections 5.3.2 and 5.3.1), but higher than 

the pedestrian (see Section 5.3.4). The mean observed values for PM 2.5 exposure for the 

bus commuter can be seen to be higher than all other modes on Route 2 as was the case 

on Route 1. The mean benzene concentration o f 1.32ppb is lower than the l.Sppb 

statutory limit value set out in the Irish statutory regulation for air pollutants (S.I No. 271 

o f 2 0 0 2 ).

On both routes the exposure o f  bus commuters to VOCs follows trends reported in other 

studies o f this nature (see Section 2.2.2) but the high concentrations o f  PM 2.5 m ay be due 

in part, to the internal leakage o f the buses own exhaust fumes as will be referred to again 

later in this section. Emissions o f particulate matter from buses at urban speeds are
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typically of the order o f 0.6g/km compared to 0.003g/km from petrol cars (Barlow et al, 

2001), considering the road position of the bus commuter in the bus lane from where the 

majority o f PM2 5 is emitted may help to explain the high exposure concentrations. Buses 

can also be seen to bunch up close together in groups of 3 or 4 vehicles during rush hour 

peaks due to the kinematic wave effect in traffic. In heavy traffic conditions vehicles 

have been shown to bunch up and spread out much like a sine wave (Daganzo, 2005a & 

2005b). Hence, as the buses tend to be in close proximity to one another at peak times the 

PM2 5 exposure concentrations will increase. Furthermore buses are likely to have been in 

circulation for a longer period than private cars as the first bus typically starts at 6am and 

hence a build up of pollutant exposure concentrations over the early morning in the bus is 

also possible.

Route 1 Route 2

N Mean Std. Dev N Mean Std. Dev
P M 2 5  (^ig/m ') 46 127.30 67.31 45 103.81 46.72
B enzen e (ppb) 38 1.55 .82 45 1.32 0.64
1, 3 butadiene (ppb) 38 0.51 .25 45 0.47 0.17
Ethane (ppb) 38 7.76 5.22 45 17.57 11.43
E thylene (ppb) 38 6.39 4.76 45 4.08 3.48
A cety len e  (ppb) 38 3.25 2  39 45 3.68 2.49

Table 5.35 bus data.

The variables relative wind speed, base wind speed and the idle time variables are not 

available for the samples taken on the bus as it was not possible to attach the Kestrel 

portable weather station to the exterior o f the public buses without interfering with their 

normal service.

Daily Variation

No statistically significant differences in the mean concentrations between morning and 

evening samples were found for the bus commuter on either route as has been the case for 

the car and cyclist. Non-significant differences were evident however, with the general 

trend reported in the previous sections for the car and cyclist being repeated. Further
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sam ples o f  m orning versus even in g  concentration could  increase the pow er o f  the  

com parison and sh ow  statistical sign ificance.

PM 2 5  benzene butadiene ethane ethylene acetylene
_______________ fig/m^ ppb_______ ppb______ ppb______ppb_______ ppb

R 1-M orn ing  116.20 1.61 0.53 6.74 6.89 3.51

R1 - Evening 137.47 1.49 0.49 8.78 5.89 3.00

R 2-M orn ing  103.03 1.27 0.45 18.35 4.03 3.54

R 2 -E v en in g  104.70 1.36 0.49 16.66 4.13 3.83

T able 5 .36  B us m orning versus even in g  concentrations.

Seasonal Variation

On R oute 1, statistically  sign ificant d ifferences w ere found in the m ean exp osu re  

concentrations group betw een the seasons for all the V O C s but not for P M 2 . 5 .  On R ou te  

2 , statistically  sign ificant d ifferences w ere found in the mean exposure concentrations  

group betw een the seasons for ethylene and acetylene. On Route 1, the general trend  

displayed w as that the V O C s w ere found to be h ighest in w inter and low est during  

sum m er.

S easo n PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Mean 138.56 1.35 .45 5.59 6.13 3.25
Spring N 19 13 13 13 13 13

Std. Deviation 74.85 . 6 8 .19 1.85 2.97 1.34

Mean 109.69 .99 .30 16.38 1.28 1.04
Sum m er N 8 8 8 8 8 8

Std. Deviation 46.46 .50 .13 4.35 .36 .54

Mean 123.45 1.97 .65 5.36 8.99 4.30
Winter N 19 17 17 17 17 17

Std. Deviation 67.80 .85 .26 2.24 5.04 2.65

Table 5 .37  R1 bus, seasonal m ean concentrations

The general trend displayed on R oute 2 w as that PM 2 5 w as found to be higher during  

sum m er as for previous m odes but V O C s w ere found to be h ighest in spring. T h is  

alteration from the trend for previous m odes m ay be due to the sm all num ber o f  data
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collected during winter on this mode; the majority o f  Route 2 bus samples were taken 

during spring.

Season PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Mean 106.89 1.30 0.49 19.05 4.59 4.17
Spring N 38 38 38 38 38 38

Std. Dev 47.47 0.63 0.17 11.32 3,53 2.37
Mean 109.76 1.22 0.38 18.36 2.17 1.74

Summer N 3 3 3 3 3 3
Std. Dev 57.72 1.02 .29 5.32 1.15 1.35
Mean 70.10 1.57 0.36 2.88 0.62 0.44

Winter N 4 4 4 4 4 4
Std. Dev 18.13 0.58 0.09 0.98 0.07 0.08

Table 5.38 R2 bus, seasonal mean concentrations 

Meteorological Variation

The m ean tem perature, wind speed and other meteorological data, recorded at the nearest 

m eteorological monitoring authority weather station, are presented in Table 5.39,

Route 1 Route 2

Min Max Mean Std. Dev Min Max Mean Std. Dev

Wind Speed (m/s) 1,54 8.75 4.90 1.79 1,03 11.83 6.77 2,52
v\/ind direction (°) 10 345 242.22 89.12 5 345 208.75 86,90

temperature (°C) -1.6 18.9 6.85 5.01 -4,7 13.6 7.40 4,05

Rain (mm) 0.00 1.00 0.05 0.21 0,00 0.60 0.02 0,10
Sunshine (hrs) 0.00 1.00 0.16 0.33 0.00 1.00 0.21 0,34
RH (%) 0.49 1.00 0.82 0,12 0.58 0.99 0.82 0,11

Table 5.39 Bus m eteorological data.

The mean wind speed on Route 2 was higher than on Route 1 and some differences in the 

mean wind direction were also notable. The mean temperature was com parable on both 

routes but the range o f  temperatures was lower on Route 2 than on Route 1. This could 

have produced higher emissions rates on Route 2 but it would have been negated by the 

higher mean wind speed and thus increased dispersion.
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The data were grouped into cold, mild and warm temperature conditions as before and 

the mean exposure concentrations for these groups are presented in Tables 5.40 and 5.42. 

On Route 1, the traffic related VOCs all displayed significant differences between the 

temperature groups, while PM2 5 did not.

P M 25
Hg/m’

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Cold Mean 125.75 1.80 0.60 6.08 7.59 3.94
(<5°C) N 22 20 20 20 20 20

Std. Deviation 60.34 0.94 0.27 2,04 4.96 2.66
Mild Mean 136.55 1.43 0.45 5.54 6.92 3.28
(5-15°C) N 18 12 12 12 12 12

Std. Deviation 80.39 0.52 0.19 3.35 4.05 1.73

Warm Mean 105.20 0.97 0.31 17.80 1.31 0.91

(>15“C) N 6 6 6 6 6 6
Std. Deviation 51.01 0.54 0.15 4.10 0.43 0.55

Table 5.40 R1 bus, temperature groups

The lack o f significant variation o f PM2 5 with changes in the season and temperature 

compared to the VOCs may be indicative o f non-transport emissions contributing to the 

exposure concentration o f PM 2 5 such as construction dust, re-entrained road dust or 

internal exhaust leakage, as w ill be further evidenced later. The general trend for these 

differences was shown to be that the VOC exposure concentrations were highest during 

cold temperature spells and lowest during warm temperature, following the same pattern 

shown for the cyclist and car. As outlined in the previous sections, this consistent finding 

for the majority o f the modes may be due, in part, to cold-start emissions in winter having 

a greater impact in a temperate climate like Ireland than evaporative emissions in 

summer. It may also be due in part to the closure o f schools and universities during 

summer which have a marked reduction in the levels o f congestion in Dublin for the 

summer months. Table 5.41 shows the differences in traffic numbers across the different 

seasons w ith a significant difference being found (p-value 0.036).
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Season Mean N Std. Dev

Spring 1705 19 522

Summer 1283 8 103

Winter 1456 20 344

Total 1527 47 428

Table 5.41 Route 1 traffic numbers by season.

On Route 2, PM2 5 , benzene, and ethylene all displayed non-significant differences 

between the temperature groups with p-values o f 0.10 and 0.23 respectively. Here the bus 

commuter deviates from the general trend for these differences found for other modes, 

this may be due to the fact that no samples were recorded during warm temperature 

conditions for bus commuter on this route.

PM 25
|ig/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Cold Mean 121.54 1.20 0.52 24.25 3.10 3.65
(<5°C) N 13 13 13 13 13 13

Std. Dev 32.15 0.65 0.20 11.99 0.81 2.20
Mild Mean 96.60 1.36 0.45 14.85 4.47 3.68
(5-15°C) N 32 32 32 32 32 32

Std. Dev 50.12 0.64 0.15 10.16 4.04 2.63

Table 5.42 R2 bus, temperature groups 

Principal Component Analysis

Using principal component analysis for Route 1 as before, the data were transformed 

from 13 variables to 4 principal components. As shown in Table 5.43, the principal 

components accounted for a total o f 73% o f the variation o f the original data, a lower 

proportion than for the car or cyclist, which is likely to be due to the lack o f  information 

on idle time and relative wind speed for the bus.

The first principal component, PCI, accounts for 34.4% o f the variance o f  the original 

data, where increases in the concentrations o f the traffic related VOCs are associated with 

decreases in wind speed, temperature, sunshine as well as increases in relative humidity. 

This shows, as before, that the transport emissions are reduced by the increased
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dispersion caused by higher wind speeds. As was the case for the car and cyclist, PM 2 . 5  is 

not associated with this relationship due to its independence from VOC em issions and 

instead shows a relationship with wind speed in PC2. PC2 accounts for 15.5% o f  the 

variance o f  the original dataset, where increases in PM 2 5 , benzene, butadiene and ethane 

concentrations are associated with decreases in wind speed, rain and relative hum idity, as 

well as increases in sunshine and temperature. PCS accounts for 13.8% o f the variance o f  

the original dataset, where a decrease in PM 2 5 concentrations is associated with decreases 

in wind direction and traffic numbers. PC4 accounts for 9.2%> o f  variance and can be seen 

to account for the variation due to wind direction, traffic numbers, rainfall and sunshine. 

All o f the interrelationships explained by the principal components can be seen to follow  

the intuitive reasoning behind the emission o f  air pollutants and their dispersion.

PCI
(34.4%)

PC2
(15.5%)

PC3
(13.8%)

PC4
(9.2%)

PM .154 .513 -.585 -.125
benzene .834 .403 .118 .054
butadiene .876 .349 .025 .027
Ethane -.508 .754 .253 .015
Ethylene .834 -.003 .265 .195
Acetylene .810 .097 .376 .115
Wind Speed -.137 -.782 .173 .277
wind direction -.088 -.088 -.666 .448
temperature -.758 .262 .288 .054
Rain -.009 -.224 .571 -.407
Sunshine -.577 .264 .070 .459
RH .662 -.262 -.265 .178
Traffic .053 -.131 -.453 -.670

Table 5.43 R1 bus principal components

On Route 2, the data were reduced from 13 variables to 6  principal com ponents, as 

shown in Table 5.44, accounting for a total o f 73% o f  the variation o f  the original data, 

(similar to Route 1) again lower than other modes due to the lack o f  idle tim e and relative 

wind speed data.
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The first principal component, PCI, accounts for 21.6% o f the variance o f the original 

data, whereby increases in the concentrations o f traffic related VOCs are associated with 

decreases in wind speed, wind direction and traffic numbers. Again PM2 5  >s not 

associated w ith this relationship. Comparing PCI between the two routes, the Route 2 

exposure concentrations appears to be influenced to a greater degree by wind speed and 

wind direction given their higher weightings in the component. This may be due to the 

street canyon geometry o f Route 2 compared to Route 1 and due to the differences in 

traffic congestion, a finding that was also reflected in the principal component analysis 

for the car. PC2 accounts for 14.8% o f the variance o f the original dataset, where 

increases in PM2 5 associated with decreases in temperature, rain and ethylene (recall that 

ethylene is less associated with traffic emissions in colder temperatures) and increases in 

traffic numbers. The component compares well with PC2 on Route 1 in that the 

relationships between the weightings are similar.

PC1
(21.6%)

PC2
(14.8%)

PC3
(11.4%)

PC4
(10.2%)

PC5
(9.4%)

PC6
(8.4%)

PM .085 .578 -.354 -.116 .013 .457

benzene .586 -.122 .190 ,117 -.683 .167

butadiene .729 .222 .253 .265 -.225 .128

Ethane -.006 .751 .224 .169 .364 .170

Ethylene .720 -.410 -.095 -.186 .392 .058
Acetylene .759 -.024 .033 -.050 .482 .042

Wind Speed -.729 -.193 .303 .121 .266 .047

wind direction -.433 .028 .636 -.126 -.157 .374

temperature -.197 -.512 -.495 .463 -.111 .093

rain .026 -.523 .126 -.229 .089 .677

sunshine .143 .266 .158 .470 -.027 -.137

RH .027 .189 -.030 -.807 -.254 -.262

Traffic -.237 .336 -.646 -.029 -.125 .332

Table 5.44 R2 bus principal components

PC3 accounts for 11.4% o f the variance o f the original dataset, where a decrease in PM 2 5 

concentrations and traffic numbers are associated with increases in wind speed and wind 

direction as well as decreases in temperature. PC4 accounts for 10.2% o f variance and 

can be seen to account for the variation due to the relationship between temperature and 

relative humidity. PCS accounts for 9.4% o f variance, whereby increases in ethylene and
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acetylene are not associated with increases in benzene and butadiene, indicating that 

benzene, and to a lesser extent butadiene, are not exclusively linked to traffic emission. 

PC6  accounts for 8.4% of variance, whereby increasing PM2 5 is associated with increases 

in wind direction, rainfall and traffic numbers.

Multiple Linear Regression Analysis

Multiple linear regression analysis was again carried of for each pollutant on each route 

to gain insight into the source apportionment o f the exposure concentrations. The 

composition o f each model has been presented in Appendix D for conciseness, the 

coefficients of variation achieved for each model are shown in Table 5.45.

PM2.5 benzene butadiene ethylene acetylene

Route 1 58.1 86^0 882  T s l  78^6

Route 2 64.2 8 8 . 6  73.3 86.2 80.0

Table 5.45 Bus regression models, R  ̂adjusted (%)

The analyses o f the pollutant exposure concentrations for the bus commuter on both 

routes show high coefficients of variation for all pollutants bar PM2.5. This indicates that 

non-transport sources or internal leakage o f exhaust emission are also contributing to the 

exposure concentrations of PM2 5 for the bus commuter. This may help to explain why 

the commuter’s exposure to PM2 5 is significantly higher on the bus than any other mode 

on Route 1. A recent study on the ingress o f exhaust emissions from the engine o f a 

school bus to its passenger cabin found up to 0.3% of the air inside the vehicle originated 

from the vehicles exhaust flow (Behrentz et a l, 2004).

5. S. 4 Pedestrian exposure concentrations

The mean concentrations o f PM2 5 and VOCs for the pedestrian on both routes are 

presented in Table 5.46, where the mean observed values for PM2.5 on Route 1 can be 

seen to be marginally lower than Route 2, whilst the traffic related VOC concentrations 

on Route 1 can all be seen to be generally higher than Route 2. The concentrations o f all

5-46



C hapter 5 -  R esults and A nalysis — M ean E xposure

traffic related  po llu tan ts can be seen to be low er than those for the cyclist, car and  bus 

(see p rev ious sub-sections) as w ould  be expected  from  previous studies (see Section 

2.2.4). T he m ean benzene concentration o f  1.36ppb on R oute 1 and 0 .99ppb on R oute 2 

are bo th  below  the 1.5ppb statu tory  lim it value set out in the Irish statu tory  regu lation  for 

air po llu tan ts  (S.I N o. 271 o f  2002).

Route 1 Route 2

N Mean Std. Dev N Mean Std. Dev

PM7 5  (^g/m’) 48 63.46 38.17 46 66.27 42.80
Benzene (ppb) 37 1.36 0.63 43 0.99 0.56
1, 3 butadiene (ppb) 37 0.40 0.17 43 0,41 0.26
Ethane (ppb) 37 8.21 7.06 42 11.38 6.91
Ethylene (ppb) 37 6.19 4.51 42 3.65 2.09
A cetylene (ppb) 37 3.32 2.06 42 3.54 2.38

T able 5.46 Pedestrian data.

The m ean relative w ind speed on R oute I was 1.15m /s with an estim ated local o r  base 

w ind speed o f  0 .40m /s, reflecting  the relatively  slow  pace o f  the pedestrian  w ith a m ean 

re la tive w ind speed approx im ate ly  h a lf  that o f  the car or cyclist on both rou tes. The 

average idle tim e ratio w as 8 % , also  reflecting the lack o f  congestion  for the pedestrian  

due to  w aiting  at traffic light crossings com pared to  the car and cyclist. On R oute 2, the 

m ean re la tive w ind speed was l.0 7 m /s  with a h igher estim ated local or base w ind speed 

o f  0 .88m /s, sim ilar to R oute 1. T he average idle tim e ratio w as 13%.

Daily Variation

A s w as found for m any o f  the o ther m odes, no statistically  significant d ifferences in the 

m ean concentrations betw een m orning  and evening sam ples w ere found fo r the 

pedestrian  on either route. D ifferences w ere again evident how ever, betw een m orn ing  

and even ing  concentrations, w hereby  PM 2 5  concentrations w ere h igher in the m orn ings 

and tra ffic  related VO C concentrations w ere h igher in the evening, as has been show n in 

general for the bus, car and cyclist.
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P M 25  benzene butadiene ethane ethylene acetylene
|ig/m^ ppb______ppb______ ppb_____ ppb_______ppb

R1-M orning 65.02 1.25 0.37 9.28 5.68 2.87

R1 - Evening 60.85 1.51 0.44 6.43 7.01 4.04

R 2-M orning 69.47 0.87 0.36 10.61 3.13 2.95

R2-Evening 62.11 1.14 0.48 4.27 4.30 4.27

Table 5.47 Pedestrian, morning versus evening concentrations

Seasonal Variation

Significant differences were found in the concentrations for benzene, butadiene and 

ethylene across the seasons on Route 1. PMa.s and acetylene also displayed differences 

across the seasons but they were not found to be significant to the 0.05 level w ith p- 

values o f 0.11 and 0.07 respectively. PM2.5 was found to be highest in summer while the 

VOCs were found to be highest in winter, a repeat o f the general trend found in the 

analysis o f other modes previously.

Season P M 25

Hg/m^
benzene

ppb
butadiene

ppb
ethane

ppb
ethylene

ppb
acetylene

ppb

Mean 65.87 1.27 0.34 4.33 5.90 3.30
Spring N 1 0 8 8 8 8 8

Std. Deviation 50.87 0.46 0.08 1.27 2.90 1.08
Mean 87.93 0.91 0.28 16.98 2.81 1.95

Summer N 1 0 1 0 1 0 1 0 1 0 1 0

Std. Deviation 41 70 0.57 0.14 7.64 3.69 2 . 1 1

Mean 1.62 0.42 3.74 10.30 4.15
Autumn N 4 4 4 4 4

Std. Deviation 0.60 0.16 0.70 5.40 1.90

Mean 53.85 1.62 0.50 5.61 7.48 4.01
Winter N 28 15 15 15 15 15

Std. Deviation 27.81 0.61 0.17 3.62 4.26 2.14

Table 5.48 R1 pedestrian, seasonal mean concentrations

No statistically significant differences were found in the mean exposure concentrations 

between the seasons on Route 2. The general trend o f variation across the seasons was, 

however, repeated here also.
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Season PM25 benzene butadiene ethane ethylene acetylene
lig/m^ ppb ppb ppb ppb ppb

Mean 61.37 1.05 0.43 10.78 3.79 3.72
Spring N 38 35 35 34 35 35

Std. Deviation 43.96 0.59 0.29 7.20 2.26 2.56
Mean 90.33 ^1 035  13.22 2.82 2^62

Summer N 7 7 7 7 7 7
Std. Deviation 30.74 0.43 0.13 5.01 0.67 1.19
Mean 84.31 0.53 0.50 19.24 4.64 3.45

Winter N 1 1  1 1 1 1
Std. Deviation . . .

Table 5.49 R2 pedestrian, seasonal mean concentrations 

Meteorological Variation

The mean temperature, wind speed and other meteorological data are presented in Table 

5.50. The mean wind speeds are comparable between the two routes while a slight 

difference is notable between the mean wind directions. The temperatures appear slightly 

higher on Route 1 (both in mean and range) than on Route 2, as was found for the bus in 

Section 5.3.3.

Route 1 Route 2

Min Max Mean Std. Dev Min Max Mean Std. Dev

Wind Speed (m/s) 1.03 11.37 5.76 2.52 1.03 11.83 5.54 2.49

wind direction (°) 10.00 340.00 246.54 73.20 35 345 210.00 94.97

temperature (°C) -1.60 23.00 7.99 5.69 -4.7 16.8 6.72 4.95

Rain (mm) 0.00 1.00 0.21 0.36 0.00 0,60 0.04 0.13

Sunshine (hrs) 0.00 3.10 0.10 0.44 0.00 1.00 0.24 0.38

RH (%) 0.49 1.00 0.85 0.11 0.45 1.00 0.84 0.13

Table 5.50 pedestrian meteorological data.

In dividing the exposure concentrations between cold, mild and warm weather 

conditions, significant differences in mean exposure concentrations were observed for 

P M 2 . 5  on Route 1. No significant differences were found on Route 2 but the general trend 

o f higher VOC concentrations in cold conditions and high P M 2 . 5  concentration in warm 

conditions was observed on both routes
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PM25
Hg/m^

benzene
ppb

butadiene
ppb

ethane
ppb

ethylene
ppb

acetylene
ppb

Cold Mean 54.60 1.59 0.48 5.76 7.79 3.95
(<5°C) N 18 12 12 12 12 12

Std. Dev 26.09 0.48 0.15 4.02 4.22 1.99
Mild Mean 59.46 1.32 0.38 7.58 5.60 3.45
(5-15°C) N 24 16 16 16 16 16

Std. Dev 38.90 0.71 0.17 6.80 3.76 1.93

Warm Mean 105.98 1.09 0.31 12.57 5.08 2.23
(>15°C) N 6 9 9 9 9 9

Std. Dev 43.45 0.58 0.15 9.16 5.87 2.13

Table 5.51 R1 pedestrian, temperature groups

PM25 benzene butadiene ethane ethylene acetylene
Hg/m^ ppb ppb ppb ppb ppb

Cold Mean 65.64 1.12 0.47 12.88 3.95 3.84
(<5°C) N 18 17 17 17 17 17

Std. Dev 40.94 0.59 0.30 7.54 1.96 2 28
Mild Mean 66.1160 0.90 0.39 10.39 3.55 3.42
{5-15°C) N 26 24 24 23 24 24

Std. Dev 46.10 0.52 0.24 6.47 2.26 2.52

Warm Mean 74.05 1.00 0.35 10.20 2.33 2.45
(>15°C) N 2 2 2 2 2 2

Std. Dev 26.81 0.94 0.29 8.02 0.08 2.13

Table 5.52 R2 pedestrian, temperature groups
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Principal Component Analysis

The data on Route 1 were transformed from 19 variables to 5 principal components using 

principal component analysis, as shown in Table 5.53, accounting for a total o f 80.1% o f 

the variation o f the original data.

PC1
(35.1%)

PC2 
(21.4%)

PCS
(10.1%)

PC4
(7.4%)

PCS
(6.1%)

PM .179 -.582 .628 -.077 -.069
benzene -.746 .117 .491 -.027 .018

butadiene -.811 .017 .434 -.110 .096
Ethane .430 -.631 -.002 -.046 .131
Ethylene -.827 .109 .264 .042 .091
Acetylene -.734 .293 .428 .048 .187

Wind Speed -.149 .618 -.326 .131 .455
wind direction -.223 .390 -.396 -.614 .096

Relative Wind Speed .686 .572 .241 -.047 -.028
Base wind speed .723 .585 .231 .002 .067
Idle time ratio .592 .700 .288 .029 .104

Idle time .596 .673 .235 .030 .149
temperature .708 -.429 .211 .167 .088

Sunshine .641 -.451 .007 -.052 .306
Rain -.196 .039 -.166 .889 .099
RH -.728 .247 -.220 .090 -.165

Traffic .252 .436 .051 .109 -.750

Table 5.53 R1 pedestrian principal components

The first principal component, PCI, accounts for 35.1% o f the variance o f the original 

data, where decreases in the concentrations o f the traffic related VOCs are associated 

with increases in relative wind speed, base wind speed, temperature, sunshine and traffic 

numbers as well as increases in idle time and idle time ratio. PCI is therefore showing 

that w ith less traffic congestion and increased dispersion, the pedestrian has a lower 

exposure to VOC air pollution. Comparing PCI for the pedestrian on Route 1 to other 

modes, the exposure concentrations appear to be more dependent on the relative wind 

speed and base wind speed, as for the cyclist, compared to the car which was more 

dependent on the regional wind speed and traffic variables. This may indicate the 

exposed nature o f the pedestrian and cyclist causing the exposure concentrations to be
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more dependent on the wind as a determinant, as opposed to the traffic conditions. A gain, 

as has been seen for the majority o f  other modes, PM 2 5  does not show an increase in PCI 

with the VOC concentrations and instead shows a small decrease.

PC 2 accounts for 2 1 .4%  o f  the variance o f  the original dataset, where decreases in PM 2 5 

concentrations are associated with increases in wind speed, relative wind speed, base 

wind speed and idle time as w ell as decreases in temperature and traffic numbers. T hese  

relationships follow  the intuitive reasoning behind the dispersion o f  PM25 and are 

showing that the pedestrian’s exposure to PM2 5  is dependent on the m eteorological and 

traffic conditions as would be expected. PCS accounts for 10.1% o f  the variance o f  the 

original dataset, where an increase in all pollutant concentrations is associated with  

decreases in wind speed and wind direction. It should be noted that PC I show s increases 

in the VOCs independently o f  PM2.5 and PC 2 shows decreases in PM2 5 independently o f  

the VOCs, w hile PCS shows both pollutants increasing together. This may indicate that 

(as would be expected) PM2.5 and VOCs are originating from different sources i.e. 

different types o f  vehicles (diesel vs. petrol). PM2 5 and VOCs are emitted by both d iesel 

and petrol engines, w hile more VOCs originate from petrol engines and more PM2.5 

originates from diesel engines (see Section 2 . 1). Therefore PCI may be accounting for 

VOCs predominantly emitted from petrol engined vehicles and PC 2 may be accounting  

for PM25 predominantly emitted from diesel engined vehicles, whereas PCS may be 

account for PM2 5 and VOCs emitted from both engine types together. P C 4 and PCS 

account for 7.4 and 6 . 1%  o f  variance respectively, accounting for variations in the data 

due to wind speed and traffic numbers.

On Route 2, the data were reduced from 19 variables to 5 principal com ponents, as 

shown in Table 5.54, accounting for a total o f  74% o f  the variation o f  the original data. 

The first principal component, PC I, accounts for 27% o f  the variance o f  the original data, 

where decreases in PM 2 5 are associated with decreases in traffic congestion in the form  

o f  traffic numbers, relative wind speed, base wind speed and idle time. PC2 accounts for 

20.9%  o f  variance and shows concentrations o f  the traffic related VO Cs increasing w hile  

wind speed, relative wind speed and temperature are lower as would be expected.
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PC1 PC2 PC3 PC4 PC5
(27.4%) (20.9%) (10.1%) (8.9%) (6.6%)

PM -.453 .323 .480 .355 .203
benzene .531 .706 .034 -.019 .057
butadiene .157 .886 .191 .131 -.095
Ethane -.381 .516 .076 .468 -.244

Ethylene .640 .527 -.027 -.343 -.054

Acetylene .279 .596 .090 -.480 .111

Wind Speed -.099 -.623 -.376 .006 -.152

wind direction -.154 .078 -.470 -.236 .553
Rel. Wind Speed .735 -.332 .351 .078 .066
Base wind speed .800 -.178 .269 .148 .232
idle time ratio .851 -.243 .075 .335 .081
idle time .852 -.239 .009 .349 .085
temperature -.018 -.479 .559 -.180 -.345
Rain .503 -.184 -.547 .285 .008
Sunshine -.358 -.269 .391 -.065 .671
RH .004 .515 -.315 .448 .114
Traffic -.686 -.084 .056 .412 .129

Table 5.54 R2 pedestrian principal components

PC3 accounts for 10.1% o f variance and shows increases in concentrations o f PM2 5 to be 

associated with increases in traffic numbers. PC4 and PCS account for a small proportion 

o f variation show the interrelationships between meteorological and traffic variables.

Multiple Linear Regression Analysis

Regression analysis was again carried out for each o f the pollutants as described in 

Section 5.3.1. The composition o f each model has been appended in Appendix D, Table 

5.55 shows the coefficients o f variation achieved for each o f the pollutants.

PM25 benzene butadiene ethylene acetylene

Route 1 74.0 784 816 715 8 L 8

Route 2 66.0 76.6 84.7 78.7 68.4

Table 5.55 Pedestrian regression models R  ̂adjusted (%)
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The co effic ien ts  o f  variation for Route 1 can all be seen to account for the m ajority o f  the  

variation o f  the com m uter exposure concentrations, im plying that the source o f  p o llu tion  

for the pedestrian is predom inantly transport em ission . The m agnitudes o f  R^ adjusted in 

this case are sligh tly  low er than bus and car, this could  be expected due to the pedestrians 

increased distance from the transport em ission s source. A gain  on R oute 2 , h igh  

coeffic ien ts  o f  variation for benzene, butadiene, ethylene and acety lene sh o w  the m ajority  

o f  the variation o f  the pedestrians exposure w ere w ell explained by the m eteoro log ica l 

and traffic con gestion  variables recorded during sam pling and thus that traffic e m iss io n s  

w ere largely responsib le for these exposures as w as show n for other m odes. PM 2 5 w as  

slightly  low er than the other pollutant and fo llo w s the sim ilar trend for the other m o d es  

on Route 2 , indicating the presence o f  non-transport sources.

5.4 Summarj'

In sum m ary, the m ean personal PM 2 5 exposure for com m uters w as show n to be h igh est 

in the bus fo llow ed  by the cyc list, car and pedestrian on R oute 1. On R oute 2, the p osition  

o f  the car and cyc list w as interechanged. For m ean personal exposure to V O C s the car 

w as show n to be the h ighest fo llow ed  by the cyclist, bus and pedestrian.

U sin g  the hum an respiratory tract m odel, the uptake o f  P M 2  5  in the lungs w as show n to  

be greatest for the cyclist fo llow ed  by the pedestrian, bus and car. W hile  V O C  uptake  

w as show n to be h ighest for the cyclist, fo llow ed  by the pedestrian, car and bus. T h ese  

predictions sh ow  that health im plications o f  personal exposure are dependent on the  

breathing rates and exposure duration o f  the individuals involved. The predictions and  

mean exposures are not direct com parisons and a m ore accurate picture is show n in 

Section 6 , instead the mean exposures g iven a general overv iew  o f  the exp osu re  

experienced by com m uters in Dublin.

Som e ev id en ce  o f  higher exposure in the even in g  peaks as opposed to  the m orning peaks  

w as presented. W hile seasonal/tem perature effects w ere also investigated  to sh o w  a 

general trend o f  higher V O C  exposure in colder conditions.
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The source o f the pollutants measured was investigated using principal components 

analysis and multiple linear regression. This analysis highlighted the contribution o f non

transport source to PM2.5 exposure, especially on Route 2. VOC exposure in cars was 

shown to be almost entirely traffic derived.
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6.1 Direct Exposure Comparison

As stated in Section 3.1.2 the experimental procedure of recording air quality samples 

involved taking two samples on two different modes simultaneously to obtain a direct 

comparison between the two modes under equal environmental conditions and equal 

levels o f traffic congestion. Ideally, samples could have been taken for all 4 modes 

simultaneously yielding more information in terms of the direct comparisons. However, 

due to restrictions regarding the human resources available and the number o f sets of 

sampling equipment only 2 modes were tested in parallel. The following subsections 

detail the findings of the direct comparisons between modes which differ from the 

comparisons o f the mean exposure concentrations for each pollutant given in Section 

5.2.1.

6.1.1 Cyclist v.y. Pedestrian

Samples were recorded by setting out from the same origin at the start of the route on two 

different modes o f transport as described in Section 3.1.2. The resulting concentrations 

were then divided into each other to obtain a ratio between the two modes. The ratios 

recorded between the cyclist and pedestrian are shown in the histograms below (Figures

6.1 to 6.5).

P M 2 .5

The mean direct comparison ratio (DCR) for PM2 5 between the cyclist and pedestrian on 

Route 1 was found to be 1.41 indicating that the cyclist exposure was 41% higher than 

the pedestrian on average. In Section 5.2.1 the mean cyclist PM25 concentration was 

88.14(j,g/m^ and the mean pedestrian PM 25 concentration was 63.46^g/m^. Comparing 

these two mean values, which are not based on direct comparisons, gives a mean 

comparison ratio (MCR) o f 1.38 between the two modes. For Route 2, the mean cyc/ped 

DCR for PM2 5 was found to be 1.75 indicating that the cyclist exposure was 75% higher 

than the pedestrian on average. However, the mean cyclist PM2.5 concentration was 

7l.61p,g/m^ and the mean pedestrian PM25 concentration was 66.27fig/m^ on this route 

which yields a MCR of 1.08. Hence, the direct comparison (DCR) between the modes is
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show n to be different from the com parison o f  the overall m ean concentrations (M C R ) on  

Route 2, but quite sim ilar on R oute 1.

2 30 1 5A

pm2.5

Mean = 1.7573 
Std. Dev S0  9S30B 
N = 15

2 3
pm2.5

Fig. 6.1 PM 2 5 C yc/Ped Ratio, Route 1 (left) and R oute 2 (right)

Therefore the pedestrian is show n be exp osed  to low er concentrations o f  PM 2 5 on both  

routes as w ould  be expected  due to its increased distance from the traffic em iss io n s  

com pared to the cyclist (see  Section  2 .2 ). The D C R  on R oute 1 sh o w s a sm aller  

difference betw een the m odes than on R oute 2, w hich  m ay be due to the d ifferen ces in 

street geom etry behind the tw o  routes: R oute 1 is relatively  w id e and is thus m ore  

directly exp osed  to the direct effect o f  w ind speed than R oute 2.

Benzene

The m ean cyc/ped  D C R  for benzene on R oute I w as found to be 1.18 ind icating that the  

cyc list exposure w as 18% higher than the pedestrian on average. The M C R  betw een  the  

tw o m ean values y ie ld s 1.27. On Route 2, the D C R  w as found to be 1.48 indicating that 

the cy c list exposure w as 48%  higher than the pedestrian on average. T he M C R  in th is  

case w as found to be 1.55. A gain  there are notable d ifferences betw een the D C R  and the  

M C R  va lu es sh ow in g the im portance o f  taking direct com parison sam p les in a study o f  

this nature. A s found for P M 2 . 5  a com parison o f  the D C R ’s on both routes sh o w s that

6-2



Chapter 6 -  Results and Analysis -  Direct Comparison

there is a greater degree o f  difference between the modes on Route 2 than on Route 1 as 

explained above.

Mean = 1 1894 
Std Dev = 0  57161 
N = 13

Mean = 1 4861 
Std Dev = 1 09192 
N = 12

benzene benzene

Fig. 6.2 Benzene Cyc/Ped Ratio, Route 1 (left) and Route 2 (right)

1,3 butadiene

The mean cyc/ped DCR for butadiene on Route 1 was found to be 1.30 indicating that the 

cyclist exposure was 30% higher than the pedestrian similar to the previous ratio for 

PM 2 .5 . The M CR was found to be similar to the DCR at 1.37. For Route 2, the DCR was 

1.44 indicating that the cyclist exposure was 44%  higher than the pedestrian sim ilar to the 

previous ratio for benzene. The M CR in this case was 1.14, differing significantly from 

the DCR. The differences between the magnitudes o f  DCR between the two routes is 

again notable, showing the same pattern.
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Mean = 1.3088 
Std Dev *0.81274 
N = 13

Mean = 1 4477 
Std Dev = 1 04108 
N = 12

butadiene

~r
3

butadiene

Fig. 6.3 1,3 Butadiene Cyc/Ped Ratio, Route 1 (left) and Route 2 (right).

Ethylene

The mean cyc/ped DCR for ethylene on Route 1 was found to be 1.36 indicating that the 

cyclist exposure was 36% higher than the pedestrian similar to the previous ratios for 

PM2 5 and butadiene, the MCR w'as found to be similar at 1.42

Mean = 1.3627 
Std Dev = 0 85653 
N = 13

2 3

ethylene

Mean = 1 4725 
Std Dev = 0  9132 
N = 12

ethylene

Fig. 6.4 Ethylene Cyc/Ped Ratio, Route 1 (left) and Route 2 (right)
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On Route 2 the mean DCR was found to be 1.47 indicating that the cyclist exposure was 

32% higher than the pedestrian, the MCR was 1.35. The DCR on this route displays a 

sim ilar m agnitude to the DCR for benzene and butadiene, which may be due to  these 

VO Cs originating from the same source as was found in Section 5.3.4. The difference 

between the pedestrian and cyclist was again larger on Route 2.

Acetylene

The mean cyc/ped DCR for acetylene on Route 1 was found to be 1.45 indicating that the 

cyclist exposure was 45% higher than the pedestrian, whilst the MCR was 1.50 which 

m arginally overestim ates the difference in the modes indicated by the DCR. On Route 2 

the DCR was 1.80 and the MCR was 1.35. As before the relative differences between the 

pedestrian and cyclist are greater on Route 2, as explained above. The 

agreem ent/disagreem ent between the MCR and DCR appears to be random, indicating 

that the occasional agreement between the two comparisons is therefore probably by 

chance only. Thus it has proven important to use a direct comparison between the modes 

to achieve a meaningful comparison.

M ean  -  1 .446  
S td  D ev  = 0  70626  
N = 13

M e a n  ~  1 .6059  
S td  D ev  = 1 53053  

12

2 3

acetylene acetylene

Fig. 6.5 Acetylene Cyc/Ped Ratio, Route 1 (left) and Route 2 (right).

Using both the DCR and MCR values the pedestrian has been shown to be consistently 

exposed to lower concentrations o f  air pollutants than the cyclist on both routes.
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6.1.2 Car V5 Cyclist

The personal exposure o f  the car commuter was directly compared to the cyclist as 

described above. For both routes, the DCR and MCR for each o f the traffic related 

pollutants are listed below and shown in Figures 6 . 6  to 6.10.

P M 2 .5

The mean Car/Cyc DCR for PM2 5 on Route 1 was found to be 1.49 indicating that the 

carexposure was 49% higher than the cyclist commuter on average; the MCR was found 

to be 0.93. The differences between the MCR and DCR are potentially significant as the 

opposite relationships are indicated. Using a direct comparison between the car and 

cyclist for equal traffic and meteorological conditions shows the cyclist to be exposed to 

significantly lower concentrations than the car on average. The MCR does not show this 

relationship and would incorrectly indicate that the two modes have a similar level o f  

exposure to PM2 5 .  On Route 2, the mean DCR was found to be 2.85 indicating that the 

car exposure was 285% higher than the cyclist. In this case the MCR was 1.24 and would 

greatly underestimate the difference between the two modes. Comparing the two routes 

again shows the difference between the two modes to be greater on Route 2 than Route 1, 

as was shown in the previous comparison.

Mean = 1.4946 
Std Dev = 1 53955 
N = 17

pm2.5

Mean = 2  8534 
SW Oev. = 2  77991 
N = 14

pm2.5

Fig. 6 . 6  P M 2 . 5  Car/Cyc Ratio, Route 1 (left) and Route 2 (right).
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Benzene

The mean Car/Cyc DCR for benzene on Route I was found to be 1.51 (sim ilar in 

m agnitude to the PM 2.5 ratio for this comparison) indicating that the cyclist exposure was 

51% lower than the car on average. The MCR was found to be 1.16 and would again 

underestim ate the difference between the two modes. On Route 2, the DCR was found to 

be 1.85 indicating that the cyclist exposure was 85% lower than the car com m uter on 

average. The M CR here was found to be 1.27.

Mean = 1 5196 
Std Dev = 0 7872 
N = 15

benzene

Mean = 1 B48 
Std Dev = 1 94551 
N =  12

benzene

Fig. 6.7 Benzene Car/Cyc Ratio, Route 1 (left) and Route 2 (right)

1,3 butadiene

The mean car/cyc DCR for butadiene on Route 1 was found to be 1.79 indicating that the 

cyclist exposure was 79% lower than the car commuter; the MCR was found to be 1.45. 

On Route 2, the DCR was found to be 2.03 indicating that the car com m uter’s exposure 

was 203%  higher than the cyclist. The DCR can be seen to be o f a sim ilar large order to 

the previous ratios for benzene and PM 2.5 on this route. The MCR in this case was 2.45 

and is considerably closer to the DCR than has been shown for PM 2 5 and benzene in this 

comparison.
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Mean = 1 791 
Std. Dev = 1 28717 
N= 15

Mean = 2.0267 
Std Dev. = 1 17286 
N = 12

b u tad iene b u ta d ie n e

Fig. 6.8  B utadiene Car/Cyc Ratio, R oute 1 (left) and R oute 2 (right)

Ethylene

On Route 1, The m ean D C R  for ethylene w as found to be 1.36 indicating that the c y c lis t  

exposure w as 36%  low er than the car com m uter, the M CR for this com parison  w as 0 .8 3 . 

A s w as found for PM2.5 with this com parison, the M C R  is m isleading and d oes not g iv e  a 

true reflection o f  the relative exposure betw een the tw o m odes. On R oute 2 , the D C R  w as  

1.78 (sim ilar to the benzene and butadiene ratios) and the M CR w as 2 .6 9  w hich  w ou ld  

overestim ate the ratio indicated by the direct com parisons.

N = 15

0 * 3 -

0 2 3 A1 5

Mean » 1.7688 
Std Dev = 1.07125 
N = 11

e thy lene e th y len e

Fig. 6 .9  E thylene Car/Cyc Ratio, Route 1 (left) and R oute 2 (right)
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Acetylene

The mean DCR for acetylene between the car and cyclist on Route 1 was found to be 

1.16 indicating that the car exposure was 16% higher than the cyclist. The M CR however 

underestim ates this DCR at 0.86 and gives a reversal o f this relationship. The DCR on 

Route 2 was found to be 1.52 indicating that the cyclist exposure was 52% lower than the 

car com m uter. This comparison was overestimated by the MCR at 2.06.

Mean s  1 1629 
Std Dev = 0 82372 
N *  15

acetylene

M ean = 1 52 lS  
S td Dev = 0  97752 
N = 12

acetylene

Fig. 6 .10 Acetylene Car/Cyc Ratio, Route 1 (left) and Route 2 (right)

In sum m ary on Route 1 the car/cyc ratio indicated that commuters would be likely to be 

exposed to higher concentrations o f  particulate matter and VOCs when com m uting by car 

rather than by bicycle. The ratios for PM 2 5 , benzene and butadiene have predicted large 

differences o f  50-80% whereas the ethylene and acetylene ratios have indicated sm aller 

differences o f 16-36%. The same pattern was revealed on Route 2, where the car/cyc 

ratio found that commuters would be likely to be exposed to higher concentration o f 

PM 2 5  and VOCs while comm uting by car compared to comm uting by bicycle. The 

m agnitude o f  the DCRs on Route 2 was again found to be higher than on Route 1, as 

outlined in the previous section. The relative exposure between the two modes suggested 

by the DCRs has also been reflected in the literature (see Section 2.2.3) where the car is 

reported to be exposed to higher concentrations o f pollutants than the cyclist in a num ber
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of studies (Taylor and Fergusson, 1997; Rank et a l, 2001; Adams et a l, 2001c; 

O’Donoghue et a l, 2007). The DCRs were not found to be reflected by the MCRs in this 

comparison, showing again the importance of taking samples simultaneously to achieve a 

direct comparison.

6.1.2 Bus vs Car

A direct comparison between the bus and car commuters personal exposure was carried 

out as described above and the results of these direct comparisons are presented below for 

each pollutant and shown in Figures 6.11 to 6.15.

The mean bus/car DCR for PM2 5 on Route 1 was found to be 2.66 indicating that the bus 

commuter’s exposure was 2.6 times higher than the car commuters on average which has 

been reflected somewhat in the MCR of 1.55. On Route 2, the DCR was found to be 2.14 

indicating that the bus commuter’s exposure was 2.14 times higher than the car 

commuter’s on average. The MCR was 1.16 which greatly underestimates the true 

comparison.

P M 2 .3

7 -

Mean = 2.1478 
Std Dev s  1 5396 
N = 15

Mean = 2.6607 
Std Dev =2 .29917 
N * 1 3

3o-
0)

0)

3 -

2 -
2 -

1 - 1 -

10

PM2.5 pm2.5

Fig. 6.11 PM2.5 Bus/Car Ratio, Route 1 (left) and Route 2 (right)
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The relative exposure between the car and bus was o f a similar order on both routes, 

whereas previous ratios were generally greater on Route 2 than on Route 1. This may be 

due to the internal leakage o f the bus exhaust emission. I f  internal leakage o f exhaust 

emissions was occurring then these emissions would have a direct path from the engine to 

the vehicle cabin and therefore would not be affected to the same extent by the external 

meteorological and traffic conditions. This would result in little difference between the 

two routes as the difference caused by meteorological and traffic variables for other 

comparisons would be reduced.

Benzene

The mean bus/car DCR for benzene on Route 1 was found to be 0.68 indicating that the 

bus commuter’ s exposure was 32% lower than the car commuter’s, on average; the MCR 

was found to be 0.80. On Route 2, the DCR was 0.61 indicating that the bus commuter’s 

exposure was 39% lower than the car commuter’ s, on average; the MCR was 0.97. The 

DCRs and to a lesser extent the MCRs show the relative exposure between the bus and 

car commuter to favour the bus as a mode o f transport as would be expected due to its 

road position, as was found in similar studies (see Section 2.2).

Mean 0.6822 
Std Dev =0,25483 
N =  12

0 8

benzene

Mean s 0,6118 
Std Dev = 0  41352 
N = 14

0 60 0 80 1 00 

benzene

Fig. 6.12 Benzene Bus/Car Ratio, Route 1 (left) and Route 2 (right)
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1,3 butadiene

The mean bus/car DCR for butadiene on Route 1 was found to be 0.66 indicating that the 

bus com m uter’s exposure was 34% lower than the car commuters; similar to the previous 

ratio for benzene. The MCR in this case is reflective o f  the DCR and was found to  be 

0.68. On Route 2, the DCR was found to be 0.45 indicating that the bus com m uter’s 

exposure was 55% lower than the car commuters, higher than the previous ratio for 

benzene. Again the MCR was similar to the DCR in this case at 0.39.

Mean = 0 6S77 
Std Dev s  0 33489 
N *  12

Mean = 0 4458 
Std Dev :  0 26446 
N =  14

0 20 0 40 0 60 0 00 1.00 1.20 

butadiene

1 I
0.0 0 2 0 4 0 6  0 8 1.0 1 2 1 4

butadiene

Fig. 6.13 Butadiene Bus/Car Ratio, Route 1 (left) and Route 2 (right)

Ethylene

The mean bus/car DCR for ethylene on Route 1 was found to be 0.74 indicating that the  

bus com m uter’s exposure was 26%  lower than the car commuters, similar to the previous 

VOC ratios. The MCR in this case was found to be 1.15 and does not reflect the true 

relationship between the two modes. On Route 2, the DCR was 0.78 indicating that the 

bus com m uter’s exposure was 22% lower than the car commuters; the M CR was 0.48.
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> * 3 -

Mean =0  742 
Std Dev = 0  27406 
N = 12

Mean = 0 706 
Std Dev = 0  32311 
N= 14
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ethylene
0.20 0.40 0.60 0 80 1 00 1.20

ethylene
1 40 1,60

Fig. 6.14 Ethylene Bus/Car Ratio, Route 1 (left) and Route 2 (right)

Acetylene

The mean bus/car DCR for acetylene on Route 1 was found to be 0.47 indicating that the 

bus commuter’ s exposure was 53% lower than the car commuters. Again this relationship 

has not been reflected by the MCR which was found to be 1.23. On Route 2 the DCR was 

found to be 0.57 indicating that the bus commuter’s exposure was 43% lower than the car 

commuters, whilst the MCR was 0.37.

Means 0 4651 
Std Dev. = 0 36792 
N = 12

000 0 20 0 40 0 60 0 80 1 00 1.20 1.40

acetylene

Mean = 0.5768 
Std, Dev = 0 29029

>u
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O '«
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t 00 1.20 1.400 60 0 800 20 0 40

acetylene

Fig. 6.15 Acetylene Bus/Car Ratio, Route 1 (left) and Route 2 (right)
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The relative exposure of the bus and car commuters has been shown to favour the bus in 

the case o f the traffic related VOCs (benzene, butadiene, ethylene, acetylene) and to 

favour the car in the case o f PM2.5. The high exposure to PM2.5 on the bus compared to 

the car, may be due to a number of factors such as the possibility of internal exhaust 

leakage (as eluded to a number of times previously). It may also be due to the close 

proximity of the bus to other buses in the bus lanes, which often travel in groups. It may 

also be due to the high emission rates o f PM2 5 from buses relative to cars (see Section 

5.3.3). The differences between the modes are greater on Route 2 for benzene and 

butadiene but quite similar for PM2 5, ethylene and acetylene.

6. 1.4 Bus V5 Pedestrian

The relative exposure between the bus commuter and pedestrian was directly measured 

during sampling as described above and in Section 3.1.2. Mean pollutant concentrations 

for the bus and pedestrian have shown the pedestrian to be exposed to lower 

concentrations o f all pollutants than the bus which is born out further in the DCRs given 

below. Figures 6.16 to 6.20 show the histogram of the comparisons for each pollutant.

P M 2 .5

The mean DCR for PM2.5 in this comparison on Route 1 was found to be 3.09 indicating 

that the bus commuter’s exposure was 3.1 times higher than the pedestrian on average. 

The MCR was found to be 2.02, significantly lower but it does indicate a large difference 

in exposure in favour o f the pedestrian.
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Fig. 6.16 PM 2 5 B us/Ped Ratio, R oute 1 (left) and R oute 2 (right)

O n R oute 2, the D C R  w as found to be 2.14, indicating that the bus co m m u ter’s exposu re  

w as o v e r 2 tim es h igher than the ped estrian ’s on average. The M C R  w as 1.57 w hich 

u nderestim ates the difference betw een the tw o m odes found by the D CR. T he re la tive 

exposu re  betw een the bus and pedestrian on both routes therefore show s the pedestrian  to 

be exposed  to several tim es less air pollu tion  than the bus com m uter. T h is  find ing  has 

been reflected  in o ther studies on com m uter exposure and is generally  attribu ted  to  the 

p ed es tr ian ’s increased d istance from  the traffic em issions (see Section 2.2).

Benzene

The m ean D C R  for benzene on R oute 1 was found to be 1.23 ind icating  that the  bus 

co m m u te r’s exposure w as 23%  higher than the pedestrian ’s on average; the M C R  was 

found to  be reflective o f  the D C R  at 1.22. O n R oute 2, the DCR w as 1.28 and the M C R  

w as 1.33. The degree o f  d ifference betw een the tw o m odes was noted as larger on R ou te  

2 as ou tlined  in the prev ious com parisons. T he relative exposure betw een the tw o m odes 

in th is  case  is m uch sm aller as could be expected due to the proxim ity  o f  the bus lane in 

relation  to the footpath  and given that both are at a d istance from the m ain source o f  V O C  

em issions in the traffic lanes.
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Fig. 6.17 Benzene Bus/Ped Ratio, Route 1 (left) and Route 2 (right)

1, 3 butadiene

For butadiene on Route 1 the DCR was 1.25 and the MCR was 1.35. On Route 2 the 

DCR was 2.19 and the MCR was 1.12. On Route 1 a small difference between the two 

modes was found as for benzene, whereas the difference was again larger On Route 2.

Mean = 1 2466 
Std Dev = 0 69241 
N = 11

butadiene

Mean =2.1934 
Std Dev = 1 18785 
N= 11

butadiene

Fig. 6.18 Butadiene Bus/Ped Ratio, Route 1 (left) and Route 2 (right)
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Ethylene

T he m ean eth y len e D C R  on R oute 1 w as found to be 1.29 indicating that the bus 

com m uters exposure w as 29%  higher than the pedestrian, a sim ilar sm all d ifferen ce to the 

p rev iou s ratios for b en zen e and butadiene. The direct com parison in this case w as c lo se ly  

reflected  by the M C R  o f  1.36. On R oute 2 , the D C R  w as found to be 1.60 ind icating that 

the bus com m uter’s exposure w as 60%  higher than the pedestrian; the M CR w as found to 

be 1 . 1 2 .

Mean = 1 2947 
Std Dev = 0 91968 
N = 11

ethylene

Mean = 1 5991 
Std Dev -  0 9922 
N =  11

ethylene

Fig. 6 .1 9  E thylene B us/Ped Ratio, R oute 1 (left) and R oute 2 (right)

Acetylene

T he m ean acety lene D C R  for Route 1 w as found to be 1.00 ind icating little or no 

d ifferen ce  betw een  the bus and the pedestrian on average, w h ilst the M C R  in th is case  

w as 1.58 w hich  overestim ates the d ifference in the m odes indicated by the direct 

com parison . On R oute 2 , the D C R  w as found to be 2.01 indicating that the bus 

com m u ter’s exposure w as 2 tim es higher than the pedestrian, sim ilar to the PM 2.5 and 

butadiene ratios. The M C R  w as found to be 1.04. Com pared to R oute 1, the d ifferen ce  

b etw een  the tw o w as again found to be greater. On Route 1, as both the bus and 

pedestrian are at a d istance from the m ain source o f  acety lene in the traffic lanes the 

sim ilarity  in exposure m ay be explained by the dispersion pattern predicted in S ection
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8.1, Figure 8 .6 . W here the dispersion o f  pollutants from cars is show n to drop o f f  rap id ly  

in c lo se  proxim ity to the v eh ic le  and decrease very s lo w ly  in an asym ptotic m anner at a 

distance from  the veh ic le . In an open street canyon such as Route 1 this m ay exp la in  the  

sim ilarity w h ile  on the m ore enclosed  R oute 2 , canyon vortices m ay exp la in  the greater  

difference betw een the m odes.

2 3

acetylene

Mean s  1 0032 
Std Dev s  0  6446 
N = 11

M ean- 2  011 
Std Dev = 1 32686 
N = 11

acetylene

Fig. 6 .20  A cety len e B us/Ped Ratio, R oute 1 (left) and R oute 2 (right).

In sum m ary, on R oute 1 the relative exposure betw een the bus and pedestrian found that 

com m uters w ould  be likely to be exp osed  to sign ifican tly  higher concentrations o f  PM 2  5 

on foot on both routes for reasons highlighted earlier. For the traffic related V O C s  

com m uting on foot w as generally  found to be associated  with a low er exposure than b y  

bus, although the d ifference w as sm all on R oute 1.

6.1.5 Bus vs Cyclist

The relative exposure to air pollutants betw een the bus and cyclist, outlined b e lo w , is  

show n in Figures 6.21 to 6 .25 . The mean exposure concentrations o f  PM 2 .5  for the bu s  

and cy c list  w ould  su ggest that the cyc list has a low er exposure w hich has a lso  been  

supported by the direct com parison below . The m ean exposure concentrations o f  traffic  

related V O C s for the bus and the cy c list w ould  su ggest that the cy c lis t has a h igher  

exposure than the bus, but that the difference betw een the tw o m odes is m arginal. T h is
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has not been supported by the analysis o f the direct comparisons, instead the cyclist has 

been shown to be exposed to lower concentrations than the bus commuter.

P M 2 .5

The mean PM 2.5 bus/cyc DCR for Route 1 was found to be 1.38 and the M CR was found 

to be 1.45. For Route 2, the mean DCR was found to be 3.21 indicating that the bus 

com m uter’s exposure was 3.2 times higher than the cyclist on average; the M CR was 

1.45. The relative exposure to PM 2.5 between the cyclist and bus therefore favours the 

cyclist on both routes, but the difference in exposure is considerably greater on Route 2.

O" I— I

Mean = 1 3769 
Std Dev = 0  80641 
N = 17

5 0  7.5

pm2.5

" T “
1 0 0

“ T
1 2 5

Mean = 3 2149 
Std Dev = 3 68896 
N = 15

5 00 7 50

pm2.5

Fig. 6.21 PM 2 5 Bus/Cyc Ratio, Route 1 (left) and Route 2 (right).

Benzene

On Route 1 the mean DCR for benzene was found to be 1.08 indicating that the bus 

com m uters exposure was marginally higher by 8% than the cyclist on average, the M CR 

also shows a marginal difference between the two with the reverse relationship at 0.93.
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Fig. 6.22 Benzene Bus/Cyc Ratio, Route 1 (left) and Route 2 (right).

On Route 2, the mean was found to be 1.29 and the M CR was 0.86. The relative exposure 

to benzene between the bus and cyclist has been shown to be marginal, although on 

Route 2 the difference is notably larger, as has been found for the m ajority o f  

comparisons. This finding o f  relative similarity between the exposure o f  the bus and 

cyclist to VOCs could be expected due to their similar road positions (as highlighted for 

the bus/ped ratio). Both the bus and cyclist were located in the bus lane during sam pling 

and would be approximately the same distance from the majority o f the VOCs em issions 

in the main traffic lanes.

1,3 butadiene

The mean butadiene DCR for Route 1 was found to be 1.14 and the M CR was 0.98. On 

Route 2, the DCR was 1.46 and the MCR was also 0.98. Again on Route 1 the difference 

between the bus and cyclist was small, whilst on Route 2 the difference was found to be 

slightly larger.
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Fig. 6.23 Butadiene Bus/Cyc Ratio, Route 1 (left) and Route 2 (right).

Ethylene

For ethylene on Route 1 the DCR and MCR were 1.25 and 0.96 respectively. On Route 2, 

the DCR and MCR were 1.21 and 0.83 respectively. In this case the DCRs on both routes 

were quite similar and indicate a reasonably notable difference between the two modes in 

favour o f the cyclist. This may be a more direct comparison between the two modes in 

terms o f absolute traffic emissions as both benzene and butadiene are reported to be 

associated with traffic emissions but also have some other source from which they may 

originate in the environment (see Section 2.1)
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Fig. 6.24 E thylene B us/C yc R atio , R oute 1 (left) and R oute 2 (right).

Acetylene

Sim ilar to ethylene, the m ean acetylene bus/cyc D CR for R oute 1 was found to  be 1.27 

indicating that the bus com m uter’s exposure was 27%  higher than the cyc list on  average . 

T he M C R  w as calculated at 1.05. On R oute 2, the D C R  and M C R  w ere 0.97 and 0 .77 

respectively.

In sum m ary, the relative exposure to traffic related V O Cs betw een the bus and cyc lis t has 

been show n to be low er on the bicycle but only by a sm all m argin in com parison  to  som e 

o f  the p rev ious D C R s betw een other m ode com binations. For PM 2 5 the re la tive ex p o su re  

betw een the  bus and cyclist has been show'n, defin itively  to be higher on the bus than  on 

the bicycle. T he sim ilarity  in levels o f  V O C s betw een the tw o m odes can be exp la in ed  

by their com m on road position w ith respect to the m ajority  o f  traffic. T he d iffe rence  in 

the levels o f  PM 2 5  betw een the tw o m odes could  be explained by internal leakage o f  

diesel exhaust fum es on the bus from  its ow n engine. E vidence for this has been  reported  

in literature and has been show n in the principal com ponent analysis and m ultip le  linear 

regression analysis o f  the bus exposure concentration (see Section 5.3.3).
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Fig. 6.25 Acetylene Bus/Cyc Ratio, Route 1 (left) and Route 2 (right).

6.1.6 Car vs Pedestrian

The final comparison between the 4 modes o f transport is a comparison o f the relative 

exposure o f the car and pedestrian. The mean exposure concentrations for the pedestrian 

and car commuter on both routes would suggest the that car is exposed to higher levels o f 

air pollution than the pedestrian in most cases. An analysis o f the direct comparison 

reflects this finding but shows the differences between the modes to be larger than the 

mean concentrations would in itia lly suggest in some cases. Figures 6.26 to 6.30 show the 

histograms o f each pollutant in terms o f the DCR.

PM2.5

The mean PM 2 5 car/ped DCR for Route 1 was found to be 1.34 indicating that the car 

commuter’s exposure was 34% higher than the pedestrian’ s on average. The MCR was 

calculated at 1.30 which can be seen to reflect the DCR. On Route 2, the DCR was found 

to be 1.57 and the MCR was found to be 1.34. On both routes the pedestrian is shown to 

be exposed to lower concentrations o f PM2 5  than the car commuter, although the 

difference on Route 2 is greater than on Route 1, a repeat o f this consistent finding. The 

DCR and MCR values are reasonably similar on both routes in this case.

Mean= 12704 
Std Dev. = 0  85414 
N = 15

Mean = 0 9734 
SM Dev * 0  40472 
N = 16
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Fig. 6.26 PM2.5 Car/Ped Ratio, Route 1 (left) and Route 2 (right).

Benzene

For benzene on Route 1 the mean DCR and MCR were found to be 2.84 and 1.48 

respectively; on Route 2 the DCR and MCR were found to be 3.63 and 1.98.

Mean = 2 8381 
S(d Oev = 2 56993

2 -

0 2 4 106 6 12

Mean -  3 6309 
Std Dev. = 2  15152 
N =  15

10 12

benzene

Fig. 6.27 Benzene Car/Ped Ratio, Route 1 (left) and Route 2 (right).

The relative exposure to benzene between the car and pedestrian is shown to be heavily 

in favour o f the pedestrian. The DCR values are notably larger than the MCR values
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which would suggest that the difference between the two modes is larger than the mean 

comparisons would reveal it to be. The difference between the car and pedestrian has also 

been shown to be larger on Route 2 than on Route 1.

1,3 butadiene

For butadiene the DCR and MCR were found to be 3.51 and 2.00 respectively on Route 

1. On Route 2 the DCR and MCR were found to be 2.98 and 2.81 respectively. The 

relative exposure to butadiene between the pedestrian and car has been shown to be 

several times higher for the car commuter. The difference betw'een the two modes has 

also been shown to be greater than the mean exposure concentrations would suggest.

Mean = 3 5148 
Std Dev. = 425142 
N = 12

butadiene

Mean = 2 9775 
Sid Dev s 1 59694

 1------------
10

butadlen

Fig. 6.28 Butadiene Car/Ped Ratio, Route 1 (left) and Route 2 (right).

Ethylene

The ethylene DCR and MCR for Route 1 were found to be 2.64 and 2.00 respectively, 

whilst on Route 2, the DCR and MCR were 15.54 and 2.06 respectively. The relative 

exposure between the two modes was therefore shown to be several times higher on the 

car than on foot, particularly for Route 2 where the DCR was very large.
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Fig. 6.29 Ethylene Car/Ped Ratio, Route 1 (left) and Route 2 (right).

Acetylene

Finally, for acetylene on Route 1, the mean DCR and MCR were found to be 3.43 and 

1.30 respectively; on Route 2 the DCR and MCR were 8.38 and 2.79 respectively.
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Fig. 6.30 Acetylene Car/Ped Ratio , Route 1 (left) and Route 2 (right).

Again, the relative exposure between the car and pedestrian has been shown to favour the 

pedestrian for all pollutants including acetylene. The differences in exposure have been
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greater on Route 1 than on Route 2, a finding that was shown to be the case for the 

majority o f  the comparisons. For the traffic mariners acetylene and ethylene on Route 2 in 

this comparison, the DCR values can be seen to be very large relative to the previous 

com parisons. A s traffic markers this may show that large differences in exposure exists 

between the tw o modes on Route 2, w hile the difference for the health related pollutants 

is sm aller as a result o f  the influence o f  other non-transport em issions or background 

em issions etc.

6.2 Comparisons Summary

In summary o f  the mode comparisons, Table 6.1 shows the DCRs for each comparison, 

pollutant and route, tabulated from the data presented in previous section. The cyclist was 

shown to be exposed to higher concentrations than the pedestrian for all pollutants on 

both routes. The car w as shown to be exposed to higher concentrations than the cyclist 

for all pollutants on both routes. The bus w'as found to have higher exposure to PM 2.5 

than any other mode and the bus also had a higher exposure to VOCs than the pedestrian 

and cyclist, but lower than the car. The differences between the bus and cyclist in terms 

o f  VOC pollution were found to be small in som e cases. The pedestrian was shown to 

have the low est exposure to all pollutants.

Route 1 Route 2

PM2.5 Benz Butadie Ethy Acety PM2.5 Benz Butadie Ethy Acety

Cyc/ped 1.41 1.18 1.3 1.36 1.42 1,75 1.48 1.44 1.47 1.8

Car/cyc 1.49 1.51 1.79 1.36 1,16 2.85 1,81 2.03 1.78 1.52

Bus/car 2.66 0.68 0.66 0.74 0,47 2,14 0,61 0.45 0.78 0,57

Bus/ped 3.09 1,28 1.25 1.29 1 2,14 1,28 2.19 1,6 2,01

Bus/cyc 1.38 1.08 1.14 1.25 1.27 3,21 1,29 1,46 1.21 0,97

Car/ped 1.34 2.84 3.51 2,64 3.43 1,57 3,63 2,98 15,54 8,38

Table 6.1 DCRs for each comparison, pollutant and route.

6.3 Relative Exposure Factors

The above ratios were subsequently used to calculate the Relative Exposure Factors 

(REF), which express the absolute relative exposure between the modes o f  transport. In 

carrying out the direct comparisons, variations due to environmental conditions, traffic
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conditions, tim es o f  the day/year w ere elim inated. T he exposure concen trations w ere  

therefore directly  com parable and any differences in their values w ere due to  the m ode o f  

transport used. T aking each m ode as a variable, 4 sim ultaneous equations can be ob ta ined  

from the D C R s containing 4 unknow ns for each po llu tan t on each route. So lv ing  for th ese  

variables yields generic factors o f  relative exposure betw een the m odes w hich  can  be 

used defin itively  to determ ine the d ifferences in exposure betw een the m odes.

B ased on the experience o f  the previous section, the pedestrian  w as assum ed to  hav e  a 

factor o f  1.0 since its exposure to air pollu tants was low er than all o ther m odes. T he o th er 

3 m odes have therefore been solved, elim inating  1 o f  the 4 equations. An exam ple o f  the  

sim ultaneous equations for PM 2 5  on R oute 1 are show n below , ob tained  from  the D C R  

values in Table 6.1.

3*B us =  2 .66*C ar + 3.09*Ped + 1.39*Cyc 

3*C ar =  1.49*Cyc + 1,34*Ped + 0 .375*B us 

3*C yc =  0 .719*B us + 1.41*Ped + 0 .671*C ar

The equations for each pollu tant on each route w ere form ed (listed in A p p en d ix  A ) and 

then solved to give the REF values for each m ode as show n in T able 6.2.

R oute 1 R oute 2

Pollutant Bus Car Cyc Ped Bus Car Cyc Ped

P M 2 . 5 3.25 1.66 1.62 1 3.92 2.32 1.26 1

Benzene 1.44 2.33 1.35 1 1.67 3.02 1.48 1

Butadiene 1.56 2.79 1.39 1 1.97 3.47 1.49 1

Ethylene 1.55 2.2 1.38 1 4.19 8.93 3.31 1

Acetylene 1.48 2.84 1.67 1 2.64 5.73 2.75 1

Table 6.2 R elative E xposure Factors (REF).

Therefore, w ith averages based over an 18 m onth period  and w ith  all environm ental and
/

traffic congestion  conditions being equal, the relative exposure to  air po llu tan ts  can be  

obtained from  Table 6.2, w hich represents the generic findings o f  this p ro ject in term s o f  

relative exposure to air pollu tants for com m uters in D ublin . T he co m m u ter’s exposu re  to
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PM 2.5 would be highest on the bus, followed by the car, cyclist and pedestrian on both 

routes. The com m uter’s exposure to traffic related VOCs on Route 1 would be highest in 

the car, followed by the bus, cyclist and pedestrian (with the exception o f  acetylene 

where the cyclist is higher than the bus). On Route 2, the car is again shown to have the 

highest REF for all traffic related VOCs and the pedestrian is the lowest (based on the 

assum ption). The bus is generally higher than the cyclist with the exception o f acetylene 

again where the REFs are similar.

On Route 1 there is a clear sim ilarity between the magnitude to the REFs for the traffic 

related VOCs on each mode. This reinforces the finding earlier in Section 5.3, where the 

m ultiple linear regression analysis reveal the source o f VOC pollutants on Route 1 to be 

prim arily originating from traffic sources, i.e. as the REFs are sim ilar the conclusion that 

these 4 VOC com pounds have the same source can be made. On Route 2, the health 

related pollutants benzene and butadiene have similar REFs on each mode but they differ 

from the traffic markers ethylene and acetylene. This difference could also reinforce the 

finding in Section 5.3 for Route 2 that non-transport sources were contributing to the 

exposure concentrations.

The REFs also reflect the findings o f  studies o f  this nature carried out in Dublin and other 

cities (see Section 2.2). The car com m uter’s exposure to the traffic related VOCs could 

be expected to be highest due to its position in the traffic lanes, whereas the bus and 

cyclist could be expected to have similar exposure levels due to their shared road 

position. The cyclist is slightly further from traffic emissions in the cycle lane than the 

bus which may explain why the cyclist exposure is more often lower than the bus. The 

pedestrian was taken, for simplicity, by the REF to be lowest based on the DCR and 

M CR values.

Re-analysing the data in the lung model using notional concentrations reflective o f  the 

com m uter exposure concentrations (Ippb benzene and butadiene and 50p,g/m^ o f PM 2 .5) 

for the pedestrian and factoring up the concentrations according to the relevant REFs 

would give a further insight o f the impact o f  these relative exposures on the commuter.
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Table 6 .3 , show s the m odel input data for this final analysis and the resu lting reg ional 

lung depositions and absorptions are show n in Figures 6.31 to 6 .33.

M ode Duration B enzene B utadiene PM 2 5 P hysio log ica l state 

m ins ppb ppb H-g/m^

Car 30 2.33 2 .7 9 83 A t rest

B us 2 0 1.44 1.56 162.5 A t rest

C yclist 15 1.35 1.39 81 M ild exercise

Pedestrian 27 1 . 0 0 1 . 0 0 50 Light exercise

Table 6.3 R oute 1, lung m odel input data using REF

The cy c lis t is show n by the m odel to have the h ighest uptake o f  PM 2 .5 , even  in th ese  

equalised conditions. The bus has the second  h ighest uptake fo llow ed  by the pedestrian  

and car. The car com m uter has the h ighest total uptake o f  benzene and butadiene  

fo llow ed  by the cyc list, pedestrian and bus.

In h a la tio n  ; E x h a la t io n

□  Car 
■  Bus
□  Cyclist
□  Pedestrian

ET1 ET2 BB Al bb ET2 ET1

Lung R egion

Fig. 6.31 PM 2 5 Lung deposition  using REF

6 -3 0



Chapter 6 -  Results and Analysis -  Direct Comparison

0 .2 5  -

ET1 ET2

E x h a la t io n

bb  Al

L ung Region

□  Car
■  Bus
□  Cyclist
□  Pedestrian

ET2 ET1

Fig. 6.32 benzene Lung absorption using REF
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Fig. 6.33 butadiene Lung absorption using REF

6.4 Inter pedestrian comparisons

The pedestrian as a comm uter has been shown to have the lowest exposure to air 

pollutants in this study and also many similar studies (see Section 2.2.4). M easures could

6-31



Chapter 6  -  Results and Analysis -  Direct Comparison

be taken by the pedestrian however, to further reduce these exposure concentrations by 

altering their route where possible to increase their distance from transport emissions. 

Indeed, recent experiments in London have shown the importance of road positioning for 

the exposure for pedestrians (Kaur et a i, 2005). Hence, a slight alteration in the position 

of the pedestrian relative to the traffic whilst travelling along Route 1 was investigated. 

Here the pedestrian made use of the boardwalk which runs parallel to the roadway, 

overhanging the River Liffey. This recently constructed pedestrian walkway, designed as 

an aesthetic addition to the city, also affords the pedestrian an extra 2-3m of distance 

from the traffic over that of the pedestrian using the footpath. In order to investigate this 

hypothesis, air quality samples were recorded along the boardwalk and on the adjoining 

footpath simultaneously to quantify any difference in the exposures.

In total 20 samples were taken along the boardwalk from June to October 2005; 10 pairs 

of PM2 5 samples and 10 pairs of VOC samples. The sampling procedure involved two 

pedestrians walking simultaneously along the length of the boardwalk and adjoining 

footpath for approximately 20 minutes. The different sampling events were taken 

throughout the day with varying degrees of traffic congestion. Figure 6.34 shows the 

relationship between PM2 5  concentrations experienced by pedestrians on the boardwalk 

and those on the footpath. A linear relationship is shown to explain the data with an R^ 

value of 0.81. The relationship, with intercept at zero, shows that the pedestrian exposure 

on the footpath is approximately 2.8 times that on the boardwalk for P M 2 . 5 ,  a significant 

drop in exposure levels. Figure 6.35 shows the relationship between benzene exposure 

concentrations experienced by pedestrians on the boardwalk and those on the footpath. A 

linear relationship is suggested which accounts for 74% of the variation in the data. This 

linear relationship shows that concentrations of benzene are approximately 85% higher 

on the footpath than on the boardwalk. Tables 6.4 and 6.5 show the exposure 

concentrations recorded for each o f the samples for both benzene and P M 2 . 5 .
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180.00 -j

160.00 • 
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y = 2.7957X 
R^= 0.8111

0 .0 0  -1 ^   1  ̂ 1    —̂

0 00 5.00 10.00 15.00 20 00 25.00 30.00 35 00 40.00 45 00

Boardwatk Cone (ug/m3)

Fig. 6.34 PM 2 5 concentrations; footpath versus boardwalk

■I 1
Sample N r Footpath (fig/m ) Boardwalk (p.g/m ) Ratio

1 78.55 40.00 1.96

2 74.40 28.76 2.59

3 32.73 6.11 5.36

4 63.00 16.55 3.90

5 94.41 28.94 3.26

6 29.38 9.75 3.01

7 8.29 5.40 1.54

8 24.95 16.77 1.49

9 156.64 46.39 3.38

10 54.81 31.06 1.76

Table 6.4 P M 2 . 5  inter pedestrian concentrations

50.00
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Fig. 6.35 Benzene concentrations; footpath versus boardwalk

Sample Nr Footpath (ppb) Boardwalk (ppb) Ratio

1 0.97 0.50 1.94

2 0.92 0.48 1.92

3 1.38 0.65 2.12

4 0.81 0.47 1.72

5 1.49 0.63 2.37

6 1.68 0.71 2.37

7 0.49 0,41 1.20

8 0.96 0.47 2.04

9 2.04 1.26 1.62

10 1.23 0.78 1.58

Table 6.5 Benzene inter pedestrian concentrations

Following these field experiments, an idealised CFD model o f  the route taken w as 

constructed in order to investigate the dispersion o f pollutants that results in the reduction 

in exposure observed and to make predictions for meteorological conditions outside the 

data set. This model is discussed in detail in Section 8.2.

y =  1.8474X 
R* = 0.7409
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6.5 Inter car comparisons

Experiments were carried out to examine a change in driver behaviour which could 

potentially cause a reduction in air pollution exposure and to examine in detail the 

dispersion o f exhaust plumes from cars. It was hypothesised that maintaining a larger 

distance between vehicles in heavy traffic conditions would result in a reduction in car 

commuter exposure. Therefore, an experimental investigation was carried out into the 

effect on air pollution exposure in cars of maintaining a distance o f approximately 2 m to 

the preceding vehicle in idling traffic conditions compared to that of a vehicle 

maintaining a distance o f approximately Im. This was achieved by mounting sighter 

cones onto the bonnet o f the car, which were trigonometrically calibrated to the driver 

position such that when the cones were in line with the two ends o f the car boot in front, 

the required spacing was achieved.

The idling condition in traffic is considered to be associated with high exposure to air 

pollutants due to the lack o f turbulent dispersion normally created by the wake o f the 

moving vehicles (Ning et ai, 2005). In idling or slow moving traffic conditions, the 

ventilation intake o f most cars (which is commonly located towards the front o f the car) 

is positioned quite close to the exhaust o f the preceding vehicle. Therefore, the high 

concentrations o f traffic pollutants that exist close to the exhaust have less time to 

disperse and become diluted than those further away from the exhaust, such as those 

experienced by pedestrians (McNabola et ai, 2006b). An experimental and numerical 

investigation into the dispersion o f NOx and CO from idling exhausts found that 

concentrations decreased rapidly in the first 2m from the exhaust (Ning et ah, 2005). 

Previous studies would therefore suggest that by maintaining a larger distance than is 

normal in idling traffic, to the preceding vehicle that more dispersion o f exhaust emission 

would take place before the pollutants enter the car cabin, resulting in a reduction in the 

air pollution exposure of the car commuter.

To investigate this hypothesis, air quality samples of VOCs and PM25 were recorded 

inside cars along a busy route in Dublin city centre, while either idling in close proximity 

to the car in front (Im  approx.) or while maintaining a distance o f approximately 2m. A 

safe or normal distance was maintained in both cases while travelling at speed. The
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4.6km  experim ental route w as located on one o f  D u b lin ’s m ost heav ily  trafficked  

roadw ays as show n in Figure 6 .36  and is a slight alteration on R oute 1. A verage traffic  

flow s on th is route are in ex cess  o f  3 0 ,0 0 0  cars per day with peaks o f  up to 3 0 0 0  v e h ic le s  

per hour. Sam ples w ere recorded along the route first, u sin g  the sighter cones to m aintain  

a distance o f  approxim ately 2 metres to the car in front w h ile  id ling (Car B sam p les). T he  

sam pling w a s then repeated w h ile  m aintaining a d istance o f  approxim ately Im  to the car 

in front w h ile  idling (Car A  sam ples). Traffic num bers w ere recorded during each  sam p le  

from local authority induction loops and m eteorologica l and idle tim e data w ere a lso  

recorded u sin g  the N ielsen-K ellerm an Kestrel 4 0 0 0 , as per the procedure for p rev iou s  

sam ples (see  Section  3 .1 .2 ).

Fig. 6 .36  Inter car com parisons route map.

In total, 10 pairs o f  sam ples w ere taken along the route from O ctober to D ecem ber 2 0 0 5 ;  

10 PM 2 5  sam ples and 10 VO C  sam ples. The duration o f  each sam ple lasted for 

approxim ately 25 m inutes with som e variation depending on traffic con d ition s. T he  

average speed o f  the car during sam pling w as approxim ately 12  km/h and the average  

amount o f  tim e sent in id ling conditions w as approxim ately 50% . Sam ples w ere co llec ted  

during congested  traffic, with an average traffic count o f  1550 veh ic les  per hour. T ab les  

6 .6 , 6 .7  and 6 . 8  sh ow  the experim ental results for PM 2 5 , benzene and 1 , 3 butadiene  

respectively . Figures 6 .3 7  to 6 .39  sh ow  the relationship betw een data for PM 2 5, b en zen e  

and I, 3 butadiene respectively .
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Sample Car A (Im ) Car B (2m ) Ratio

1 150.40 110.01 0.73

2 106.56 96.25 0.90

3 58.16 35.78 0.62

4 133.26 107.66 0.81

5 44 .27 11.48 0.26

6 117.10 85.32 0.73

7 80.39 81 .92 1.02

8 110.67 67 .06 0.61

9 2 4 7 .97 2 0 2 .26 0.82

10 154.99 71 .24 0.46

Average 120.38 86 .90 0.69

Table 6.6 Car A vs. Car B, PM2 5 concentrations.

300.00

250 00

y = 1.3044X 
R’ = 0.7732200.00

c  150.00

100.00

50.00

0.00
0 00 50,00 100,00 150 00 200.00 250.00

Car B Cone (ug/m3)

Fig. 6 .37  PM 2 .5, Car A  vs .  Car B

3 3The average concentrations o f  PM2.5 for car A  and car B were 120)j,g/m and 87)4,g/m 

respectively , which means that, on average, car B w as exposed to levels  o f  PM 2.5 31%  

lower than car A. Plotting the results o f  the experim ents g ives  the relationship sh o w n  in
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Figure 6.37; a straight line through the origin with slope 1.30 and o f  0.77, also 

implying a reduction in exposure to PM2 5 o f  approximately 30%.

Sample N r Car A C arB  Ratio

1 2.68 2.27 0.84

2 3.64 2.36 0.65

3 3.30 3.10 0.94

4 3.91 3.17 0.81

5 2.64 3.03 1.15

6 2.08 0.84 0.40

7 4.19 1.57 0.37

8 3.69 3.57 0.97

9 1.25 1.11 0.89

10 8.94 4.37 0.49
erage 3.63 2.54 0.75

Table 6.7 Car A vs. Car B, benzene concentrations.

0.00  ̂
0.00

y = 1.4158X 

R^ = 0.5136

2 50 

Car B (ppb)

Fig 6.38 benzene, Car A vs. Car B.
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The average concentration o f  benzene for car A and car B was 3.63 ppb and 2.54 ppb 

respectively, which implies that on average car B was exposed to levels o f  benzene 30% 

lower than car A. Plotting the results o f  the experiments gives a relationship as shown in 

Figure 6.38; a straight line through the origin with a slope 1.42 and o f 0.51, im plying a 

reduction in benzene exposure o f  approxim ately 40%.

Sample N r Car A Car B Ratio

1 1.07 0.84 0.79

2 1.46 1.15 0.79

3 1.70 1.28 0.76

4 1.80 1.68 0.93

5 1.36 1.38 1.02

6 2.14 1.53 0.71

7 1.89 1.50 0.79

8 1.22 1.18 0.97

9 0.41 0.37 0.89

10 2.96 1.45 0.49

erage 1.60 1.24 0.81

Table 6.8 Car A vs. Car B, 1, 3 butadiene concentrations.
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y = 1.3029X 
= 0.6103

0.00 0.20 0.40 0.60 0.80 1.00 

Car 6  (ppb)
1,20 1 40 1.60

Figure 6 .3 9  1, 3 butadiene concentration, Car A  vs. Car B.

The average concentration o f  1, 3 butadiene for car A  and car B w as 1.60 ppb and 1 .24  

ppb respectively , im plying that on average car B w as exp osed  to leve ls  o f  b en zen e 22%  

low er than car A . Plotting the results o f  the experim ents g iv es  a relationship as sh ow n  in 

Figure 6 .39; a straight line through the origin g iv es  a s lop e 1.30 and o f  0 .6 1 , im p ly in g  

a reduction in 1,3 butadiene exposure o f  approxim ately 30% , sim ilar to that o f  PM 2 .5 .

In sum m ary, by m aintaining an inter-car spacing in heavy traffic cond itions, o f  2m  rather 

than Im , a reduction in car exposure to V O C  and particulate matter o f  30-40%  w a s  

observed in the experim ental data. F o llow in g  these experim ental m easurem ents, a C F D  

m odel o f  the experim ents w as carried out in order to investigate the d ispersion  o f  the  

exhaust p lum e and to m ake further predictions about the exposure o f  car com m uters. T h is  

m odel is described in detail in Section 8.1.

6.6 Inner City/ Suburban comparisons

Sam ples w ere carried out along an extended R oute 1 in order to  com pare the d ifferen ces  

in concentrations betw een inner city  and suburban com m uting  for the car and cy c lis t. 

Sam ples w ere co llected  in the car and on the b icy c le  as norm al a long  R oute 1,
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representing urban conditions. Once the end o f Route 1 was reached a second sample was 

recorded by continuing to travel a further 5.25km (7.75km in total) into suburban Dublin, 

as shown in Figure 6.40.

Cyclist

In total 20 PM2 5  and VOC samples were collected on the bicycle, as summarised in 

Table 6.9. These mean exposure concentrations were between 1.5 and 2.0 times higher in 

the inner city than in the suburbs. The results o f each individual sample are appended in 

Appendix A.

PM2 5 

Mp/m^
Benzene

ppb
Butadiene

ppb
Mean 118.94 2.05 0.51

inner City N 10 10 10
Std, Dev 27.47 0.92 0.19
Mean 60.50 1.30 0.34

Suburban N 10 10 10
Std. Dev 15.78 0.95 0.19

Table 6.9 Cyclist urban and suburban mean exposure concentrations

1m

Vlctorla^ay' 
Con Colbert r 'fflomas'SfrwCQ

Fig. 6.40 Inner City/Suburban route map
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E valuating  the m ean concentrations for significant d ifferences betw een inner city  and 

suburban com m uting, PM 2 5  was found to have a statistically  significant d iffe rence (p- 

value >0.001). B enzene w as not found to  have a statistica lly  sign ifican t d ifference but 

only m arginally , w ith a p-value o f  0.09, i.e. there is a greater than 90%  probab ility  o f  a 

non zero difference betw een the m ean benzene concentrations betw een urban and 

suburban conditions. Sim ilarly butadiene, w ith  a p-value o f  0.07 m arg ina lly  failed  to 

have a statistica lly  significant difference. For both benzene and butadiene an increase  in 

the num ber o f  sam ples w ould probably  have achieved significance. F igures 6.41 to  6.43 

show  graphically  the d ifferences betw een the urban and suburban conditions.

<0
E
*0)3
U>
oi
S
0 .

80 .00 -

60 .00 -

40 .00 -

100 .00 -

160.00 -

140.00 -

120 .00 -

Suburban

Figure 6.41 P M 2 . 5  cyclist m ean urban and suburban exposure com parison.
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Figure 6.42 Benzene cyclist mean urban and suburban exposure comparison.
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Figure 6.43 Butadiene cyclist mean urban and suburban exposure comparison.

Car

In total 20 samples were recorded in the car for PM2 .5 and VOCs, as summarised in Table 

6 . 10.

6-43



Chapter 6  -  Results and Analysis -  Direct Comparison

PM2.6

pg/m®
Benzene

ppb
Butadiene

ppb
Mean 114.02 2.19 0.78

Inner City N 10 10 10
Std, Dev 34,37 1.27 0.56
Mean 71.28 1.28 0.42

Suburban N 10 10 10
Std. Dev 32.80 0.64 0.26

Table 6.10 Car urban and suburban mean exposure concentrations

Comparing the mean concentrations for significant differences between inner city and 

suburban car commuting, PM 2 5  was again found to have a statistically significant 

difference with a p-value o f 0.01. Benzene was not found to have a statistically 

significant difference but only marginally as with a p-value o f 0.06, i.e. there is a greater 

than 93.9% probability o f a non-zero difference between the mean benzene 

concentrations between urban and suburban conditions. Similarly butadiene, w ith a p- 

value o f 0.085 marginally failed to have a statistically significant difference, for reasons 

alluded to for the cyclist. Figures 6.44 to 6.46 show graphically the differences between 

the inner city and suburban conditions.

150,0 0 - 020

fO
E
o>
3
tti

S
Q.

Urban Suburban

Fig. 6.44 P M 2 . 5  car mean urban and suburban exposure comparison.
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Fig. 6.45 Benzene car mean urban and suburban exposure comparison.
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Fig. 6.46 Butadiene car mean urban and suburban exposure comparison.

In summary, the exposure concentrations for the cyclist and car commuter were found to 

be higher in the urban commuting environment compared to the suburban commuting 

environment for PM2 5, benzene and butadiene. For both modes PM2 5 was shown to have
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significant differences between the urban and suburban environm ent, whilst neither 

benzene nor butadiene were found to have significant differences, although only 

marginally so with p-values all below the 0.10 level. Com paring the two m odes, the 

cyclist was found to have m arginally higher mean PM 2 5  exposure to than the car 

commuter in the urban environment, by approxim ately 5fj,g/m^, sim ilar to the main body 

o f data (i.e. the overall mean exposures for the car and cyclist as listed in Section 5.2.1). 

In the suburban environment the cyclist was exposed to a lower mean concentration o f  

PM 2.5 by approximately l l | i g /m \  It can be seen by com paring the exposure 

concentrations in Tables 6.9 and 6.10 that the exposures for the car and cyclist are quite 

similar for both benzene and PM 2 5 .

Lung Modelling

The next step is to use the mean exposure concentrations and durations for the inner 

city/suburban comparison and apply them to the lung model to give an insight into the 

adsorption/deposition o f pollutants for commuters travelling to/from  the city centre over 

longer distances. The mean trip duration for the cyclist for the extended journey was 30 

minutes divided evenly between inner city and suburban conditions, whereas the m ean 

duration for the car was 28 minutes in the inner city and 17 m inutes in suburban 

conditions. Despite lower exposure concentrations and a shorter trip duration in the inner 

city, the model shows the cyclist to have a higher uptake o f  all 3 pollutants in both inner 

city and suburban conditions. Figures 6.47 to 6.49 show the results for the adsorption o f  

benzene and butadiene and the deposition o f  PM 2 5 for both modes in both environm ents.

6-46



Be
nz

en
e 

pp
b 

PM
2.

5 
ug

Chapter 6  -  Results and Analysis -  Direct Comparison
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Fig. 6.47 PM 2 .5  deposition comparison o f inner city and suburban trips
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Fig. 6.48 benzene absorption comparison o f inner city and suburban trips
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Fig. 6.49 Butadiene absorption comparison o f inner city and suburban trips

Table 6.11 summarises the lung model data in terms o f total deposition/absorption for 

both modes in the urban and suburban environments.

Mode P M 2 . 5  (Hg) Benzene (ppb) Butadiene (ppb)

Car Urban

Suburban

Total

21.4 

8.1

29.5

Cyclist Urban 33.6

Suburban 17.2

Total 50.8

0.55

0.20

0.75

0.77

0.49

1.26

0.20

0.06

0.26

0.20

0.13

0.33

Table 6.11 Urban/Suburban lung model data
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6.7 Refuelling Exposure

The car com m uter was shown in the previous sections to have the highest exposure and 

uptake o f VOC air pollutants while commuting compared to the other modes. Another 

source o f  VOC exposure for the car commuter occurs during refuelling, a source which 

has been reported to demonstrate extremely high concentrations o f  VOCs (see Section 2) 

and which the other modes do not experience. A small number o f samples were carried 

out to quantify this weekly or biweekly exposure for the typical car commuter. Samples 

were carried out by capturing an air sample while refuelling the car by using the VOC 

personal sam pler worn in a satchel on the chest o f the commuter so that the inlet was in 

the breathing zone o f the commuter. The mean exposure concentration for benzene from 

5 sam ples recorded at a filling station during refuelling was found to be 225 ppb and 195 

ppb for butadiene. These exposures were short in duration (typical 5-10 minutes) but are 

extremely high values in comparison to those recorded in congested traffic and would 

contribute to the overall long term exposure o f  the car commuter to carcinogens such as 

benzene and butadiene. Applying these concentrations to the lung model over a short 

duration o f 5 m inutes and comparing them to the results o f the car com m uter’s adsorption 

of benzene using the REFs, presented in Section 6.3, shows the petrol station exposure 

greatly outweigh that o f the typical commute by car.

I n h a la t io n  : E x h a la tio n

□  C ar petrol station 

C ar REF

bt} Al bb

L u n g  R eg ion

Fig. 6.50 petrol station absorption o f benzene
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Typically, the average car consumes 10 litres o f  fuel per 100km in urban driving and has 

a capacity o f 60 litres, resulting in a refuelling frequency o f once every 2 to 3 w eeks 

(Natural Resources Canada, 2006). Taking the REFs from Section 6.3 and scaling the 

lung model predictions up to a 1 month period while including two refuelling stops for 

the car comm uter results in the modal cumulative absorptions o f  benzene shown in 

Figure 6.51. The car is shown to have a notably higher absorption over a 1 month period 

when two, 5 minute, fuel stops are included in the analysis.

35 1

In h a la tio n E x h a la tio n

30 ■

25 J

aaa
0)c

□  Car 
■  Bus
□  Cyclist
□  Pedestnan

Nc
m

10 -

ET1 ET2 BB bb Al BBbb ET2 ET1

Lung Region

Fig 6.51 1 month cumulative commute comparison, including fuel stops.

6.8 Summary
This chapter outlined the result o f  directly comparing samples which were carried out 

simultaneously. The results o f which showed the difference between m odes was 

generally much greater than the comparison o f  the overall mean concentrations would 

suggest. In some cases the opposite relationship was found using the DCRs showing the
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M C R s to be unreliable and m islead ing . The d ifference betw een the m odes w as a lso  found  

to be greater on the m ore canyon like R oute 2 than the w ider m ore open R oute 1.

The relative exposure factors w ere d evelop ed  from the matrix o f  D C R s to g iv e  the  

gen eric  exposure relationship betw een the m odes. The car w as show n to have the h ighest 

relative exposure to V O C s fo llo w ed  by the bus, cyclist and pedestrian. W hile the B u s w as  

sh ow n  to have the h ighest relative exposure to PM 2 5 fo llow ed  by the car, cy c list and 

pedestrian.

H o w ev er  using the lung m odel the relative uptake o f  particulate pollutants in the lungs o f  

com m uters w as show n to be h ighest in the cy c list, fo llow ed  by the bus, pedestrian and  

car. W h ile  relative uptake in the lungs for V O C s w as found to be h ighest in the car, 

fo llo w ed  by the cyc list, pedestrian and bus. T hese relative uptake find ings again sh o w  

that co n c lu sio n s on health im pact cannot be draw from personal exposures for ind ividuals  

w ith different breathing rates and exposure duration.

The intra-m ode com parisons carried out for the cyc list, car and pedestrians sh ow ed  that 

ind ividual com m uters could  sign ifican tly  reduce their exposure by taking sm all set during  

their jou rn ey  to work.
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Chapter 7 -  Statistical M odelling and Determinants o f Air Pollution

7. Determinants of Air Pollution
A num ber o f  factors were recorded along with the exposure concentrations o f PM 2.5 and 

VOCs during sampling on each o f  the modes as they were expected to have an influence 

on the exposure concentrations recorded, as seen in the principal component analysis and 

m ultiple linear regression in Section 5. In this section the raw data will be examined for 

relationships between the exposure concentrations and these determinants. As the 

prim ary focus o f  this project is to demonstrate differences between modes o f  transport, 

the first determinant o f  air pollution we explore is the choice o f mode. Com paring the 

mean concentrations o f  all o f  the pollutants against choice o f  mode showed significant 

differences with the exception o f ethane (p-value 0.212) which would be expected, ethane 

not being a traffic related pollutant, as revealed in Section 5.

7.1 W ind Speed

The wind is the primary m echanism  behind the dispersion o f  air pollutants in the 

atm osphere and has been reported to have a significant relationship with pollutant 

concentrations (see Section 2.5.1), Wind speed was measured in a num ber o f different 

ways at local and regional level and its influence on pollutant concentrations is described 

below.

7.1.1 Regional Wind Speed

The regional wind speed was recorded, like many o f  the meteorological variables used in 

this project, at the regional monitoring authority (Met Eireann) weather station located at 

Dublin Airport on the northern outskirts o f the city, as described in Section 3.3.1. Due to 

its m easurem ent at a height o f  lOm above ground and considerable distance away from 

the city centre (approximately 5 to 6 miles) the data recorded would not be expected to 

accurately reflect the wind speed at street level on either o f the routes but instead serves 

as an indicator o f the dispersion at street level.

The m ean regional wind speed recorded during the samples taken for inter-m ode 

com parisons was 5.69m/s, with a variation in the range o f  I to 12 m/s (Figure 7.1). The 

differences between the wind speeds experienced for each mode o f transport were
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examined as displayed in Figure 7.2 and found to be negligible (with a p-value o f 0.845) 

as expected due to the random nature o f sampling throughout the year. However, a 

significant difference was found between the mean Route 1 wind speed o f  5.4m/s and the 

mean Route 2 wind speed o f 6.0m/s (with a p-value o f 0.019) as shown in Figure 7.3. 

Table 7.1 presents the descriptive statistics for regional wind speed by mode and route.

Route 1 Route 2

Mean Maximum Minimum Std Dev Mean Maximum Minimum Std Dev
Car

5.13 10.80 1.03 2.19 6.05 10.80 51 2.14

Cyclist
5.69 11.32 1.92 2.33 5.56 11.32 .51 2.79

Bus
4.93 8.75 1.54 1.82 6.77 11.83 1.03 2.52

Pedestrian
5.76 11.37 1.03 2.52 5.54 11.83 1.03 2 49

Table 7.1 Wind speed (m/s) descriptive statistics by mode and route.

2 - 30 -

Mr;an « 5.IJ874 
s t d .  Dftv, -  2.40928 
N ■ 387

4 00 6.00 8.00

Wind S peed  (m/s)
10.00 12.00

Fig. 7.1 Wind speed histogram for all mode comparison samples
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Fig. 7.2 Wind speed by mode boxplot
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Fig 7.3 Wind speed by route boxplot.
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The exposure data were transposed into a logio scale (for this and for the majority o f  the 

other determinants) and examined for their relationship with wind speed. Transposing the 

data onto a log scale has been carried out in previous studies to examine the influence o f  

determinants on pollutant concentrations (Adams et a l ,  2001b). Transposing the data 

using a logarithm transfers the concentrations which are on different scales and in 

different units to the same scale, and also reduces the effects o f extreme values. On this 

basis concentrations o f PM 2 5, benzene and butadiene were significantly correlated w ith 

the wind speed, as shown in Table 7.2, all o f  the Pearson’s correlations coefficients had 

negative slopes indicating an inverse relationship between the exposure concentrations 

and the wind speed, i.e. an increase in exposure concentrations with decreasing w ind 

speed. Acetylene and ethylene did not correlate significantly but had quite low p-values 

o f 0.08 and 0 . 1 1  respectively.

Dividing the data between the two routes and between the modes o f  transport provides 

further insight into the impact o f wind speed on exposure. For Route 2 taking the data as 

a whole, regional wind speed is shown to be significantly correlated with all the 

pollutants, all having Pearson’s correlation coefficients with negative slopes, indicating 

the same inverse relationship as above. For each o f  the pollutants and each o f  the m odes a 

best fit line was plotted. The amount o f variation in the data accounted for by these best 

fit lines varied according to the pollutant and mode in question. Figures 7.4 to 7.8 show 

the scatter plots for each pollutant against wind speed, grouped by mode. The 

pedestrian’s relationship with wind speed was shown to account for the highest 

proportion o f  variation, with values o f between 21.5% and 4.8%. Benzene and all 

Other VOCs displayed R values o f  approxim ately 20%>, but PM 2.5 only accounted for 

4.8%. The cyclist’s relationship with wind speed also accounted for a com paratively high 

proportion o f variation with R^ values o f 27.6%  to 4.4%, where PM 2 5 was in this case the 

highest and butadiene and acetylene were both low. The car and bus exposure both 

accounted for very little variation with wind speed. The difference in the R^ values for the 

pedestrian and cyclist and the bus and car comm uter has also been reflected in the 

previous section on principal component analysis. The pedestrian and cyclist both had 

higher weightings for wind speed in the first and second principal components compared
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to the car, also suggesting that the modes directly exposed to the wind such as the 

pedestrian and cyclist are more affected by it. It could also be said that the increased 

distances o f the cyclists and pedestrians from the point o f emission allows more time for 

the wind induced dispersion to act and with higher wind speeds more dispersion occurs.

P M 2 5

(Mp/m̂ )
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Pearson
Correlation -.273 -.230 -.144 -.097 -.088

Sig. (2-tailed) .000 .000 .010 .085 .116
N 376 323 323 318 319

Table 7.2 Wind speed versus pollutants, both routes, correlation coefficien

P M 2  5 

(Ijg/nn̂ )
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Pearson
Correlation -.209 -.234 -.149 -.221 -.180

Sig. (2-tailed) .005 .002 .050 .004 .019
N 183 173 173 168 169

Table 7.3 Wind speed versus pollutants, Route 2 correlation coefficients.

Mode
O  Car
O  Cyclist 

Bus 

( 3  Pedestrian

2 .5 0 -

O O2 .0 0 -
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OoQ, 1 .5 0 -

o >
R Sq Linear = 0.048

R Sq Linear = 0.276

1.00 -

0 .5 0 -

10.00 12.002.00 4.00 6.00 8.000.00

Wind Speed

Fig 7.4 R2, wind speed vs PM2 5
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Fig 7.7 R2, wind speed vs ethylene

Mode
O  Car
O  Cyclist 

Bus 
O  Pedestrian

2 .00 -

1.50-

o o

1.00 -

o o
R Sq Linear = 0.025 

R Sq Linear *  0.044 
R Sq Linear« 0.181

R Sq Linear = 0.024

0 .5 0 -

O.OO-
O O

-0 .5 0 -

10.00 12.006.00 800000 2.00 4.00

Wind Speed

Fig 7.8 R2, wind speed vs acetylene
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For Route 1, PM2 5 and benzene were significantly correlated with regional wind speed, 

as shown in Table 7.4. Butadiene, ethylene and acetylene all failed to reach the 0.05 

significance level with p-values o f 0.100, 0.260 and 0.372 respectively; butadiene only 

marginally failing the significance test. The Pearson’ s correlations coefficients for PM 2 5 

benzene and butadiene were all negative, indicating an inverse relationship between the 

exposure concentrations and the wind speed. Ethylene and acetylene both had 

coefficients which were close to zero indicating little relationship between their 

concentrations and the wind speed. Examining Figures 7.12 and 7.13 the data appear to 

be affected by the number o f pedestrian samples which remain low while the wind speed 

is also low. Examining these individual samples reveals that they were recorded during 

June 2006 when although the wind speed was low, the traffic numbers were also low, 

reducing the emissions o f ethylene and acetylene.

PM2 5
(Mg/m')

Benzene
(PPb)

Butadiene
(PPb)

Ethylene
(PPb)

Acetylene
(Ppb)

Pearson
Correlation -0.335 -0.162 -0.135 0.092 0.073

Sig. (2-tailed) 0.000 0.048 0.100 0.260 0.372
N 193 150 150 150 150

Table 7.4 Wind speed versus pollutants, Route 1 correlation coefficients.

Best fit lines were plotted for each o f the pollutants and modes. The amount o f variation 

in the data accounted for by these best fit lines varied according to the pollutant and mode 

in question. Figures 7.9 to 7.13 show the scatter plots for each pollutant against wind 

speed and grouped by mode. For PM2 5, the pedestrian and bus account for reasonably 

high amounts o f variation o f 0.138 and 0.318 respectively. For the VOCs, the bus and to 

a certain extent the cyclist account for similarly high amounts o f variation as for PM2 5. 

The car for all pollutants and pedestrian for the VOCs, however accounts for little  

variation.
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Fig 7.11 R l, wind speed vs butadiene.
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Fig 7.12 R l, wind speed vs ethylene.
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Fig 7.13 R 1, wind speed vs acetylene.

In summary, the wind speed has been shown to be an important determinant for the air 

pollutants recorded during this project. Increases in wind speed were shown to cause a 

reduction in all pollutants as would be expected due to increased ventilation and 

dispersion. Wind speed was also shown to be important when the data are split between 

the two routes. Split between the modes, the amount o f variation in the observed 

concentrations that is accounted for by the wind speed varies. On Route 2, the cyclist and 

pedestrian show relatively high amounts o f variation in their best fit lines but the car and 

bus show only very small amounts. On Route 1 the car again accounts for little o f  the 

variation in the data as does the pedestrian. The bus and cyclist show comparatively high 

coefficients o f variation. Splitting the data between the modes showed the same negative 

correlation in some but not all cases. It should be noted that the relationships between the 

variables would not be expected to be as strong when the number o f samples is reduced 

from approximately 400 in the general case to approximately 50 in the case o f an 

individual mode on an individual route. This may also help to explain the relationship 

found for ethylene and acetylene on Route 1.
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7.1.2 Wind Direction

Wind direction was also recorded at the nearest monitoring authority’s w eather station as 

described in Section 3.3.1. The dominant wind direction during sam pling was south 

westerly in direction as shown in Figure 7.14 (displaying wind direction recorded during 

sampling only).

The orientations o f both Route 1 and Route 2 are predominantly along the east-west axis, 

travelling from 105 degrees in the mornings and travelling to 285 degrees in the 

evenings. Route 1 deviates from the vertical axis for a small portion (approxim ately 25% ) 

o f its length to approxim ately the 15 degrees mark; Route 2 does not deviate from the 

horizontal axis significantly (as can be seen in Section 3.4 and schem atically in Figure 

7.14). The wind direction is therefore predom inantly blowing at 45 degrees to both 

routes, particularly Route 2. Equal components o f  wind speed would therefore be 

blowing parallel to the street and perpendicular to the street on average. Taking the 

dataset as a whole, the results o f a two tailed significance test reveal that the w ind 

direction does not correlate significantly with most pollutant concentrations, as shown in 

Table 7.5, with the exception o f acetylene. Most o f the Pearson’s correlation coefficients 

were close to zero indicating that the wind direction has little impact on the exposure

15

Route 1

Route 2

195

Fig. 7.14 Wind direction rose.
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concentrations o f the pollutants, although this may be due to the lack o f variation in wind 

direction in general and it being a vector rather than a scalar as the other variables (i.e. 

the wind direction is not a linear variable; it describes a direction and hence does not 

behave in a linear fashion).

P M 25 Benzene
(PPb)

Butadiene
(PPb)

Ethane
(PPb)

Ethylene
(PPb)

Acetylene
(PPb)

Pearson
Correlation

-.043 -.023 -.016 -.088 -.084 -.127

Sig. (2-tailed) .403 .682 .770 .116 .135 .024
N 375 322 322 316 316 317

Table 7.5 Wind direction correlation coefficients

Splitting the data between the modes on each route reveals significant relationships for 

some modes but not for others. On Route 1, only the bus and car commuters show 

significant correlations between the wind direction and PM2 5, as shown in Tables 7.6 and 

7.7. The car correlates negatively with the wind direction showing higher concentrations 

o f PM2 5  for lower wind direction angles and the bus correlates positively showing the 

opposite relationship. None o f the other modes or other pollutants show significant 

correlations with the wind direction. Figures 7.15 and 7.16 show the scatter plots between 

the wind direction and the car/bus, the relationships between the wind direction and the 

two modes can be seen to account for 17.6 and 11.9% o f variance respectively.

P M 2 .5

(Mg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane

(ppb)
Pearson
Correlation

- .4 1 9 (" ) .184 .163 .286 .228 -.025

Sig. (2-tailed) .005 .236 .296 .063 .141 .873

N 44 43 43 43 43 43

Table 7.6 R1 Car, Wind direction correlations.

P M 2 .5

(|jg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation

,345(*) -.029 -.021 -.003 -.082 -.15 6

Sig. (2-tailed) .022 .867 .903 .985 .633 .365

N 44 36 36 36 36 36

Table 7.7 R1 Bus, Wind direction correlations.
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On Route 2 only the cyclist correlated significantly with the wind direction for benzene, 

butadiene, ethylene and acetylene. PM2 5  and ethane did not show significant correlations 

nor did any o f the other modes. Table 7.8, shows the correlation coefficients for the 

cyclist against the wind direction. Figures 7.17 to 7.20 show the relationship between the 

wind direction and the VOCs. The amount o f variance accounted for in these 

relationships was 14.5 % for benzene, 10.7% for butadiene, 11.5% for ethylene and 

22.1% for acetylene. A ll pollutants correlated negatively with the wind direction as for 

the car commuter on Route 1.

2 ,4 0 -

2 .2 0 -

0 0

2 .0 0 -

O)o

1.60-

1.40-

R Sq Linear = 0 176

1 ,2 0 -

0 100 200 300 400

wind direction degrees

Fig. 7.15 R1 Car, Wind Direction vs. PM 2 5 .

P M 2 .5

(Mg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson 
Correlation 
Sig. (2-tailed) 
N

-.175

.234
48

-,380(*)

.012
43

-.327(*)

.032
43

-.339(*)

.028
42

-.471(**)

.001
43

-.179

.256
42

Table 7.8 R2 Cyclist, Wind direction correlations.
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Fig. 7.16 R1 Bus, Wind Direction vs. PM2 5 .
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Fig. 7.17 R2 Cyclist, wind direction vs. benzene.
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Fig. 7.18 R2 Cyclist, wind direction vs. butadiene.

1.2 0 -

1 ,00 -

0 .8 0 -

0)c
>«

o o

0 .6 0 -

O)
O o o

0 .4 0 -

0 ,2 0 -

R Sq L in e a r*  0,115

0 .0 0 -

0 100 200 300 400

wind direction degrees

Fig. 7.19 R2 Cyclist, wind direction vs. ethylene.
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300 4000

Fig, 7.20 R2 Cyclist, wind direction vs. acetylene.

In summary, the wind direction has been shown to be an important determinant for some 

o f the modes and for some o f the pollutants. However, due to the prevailing south 

westerly wind in Dublin which occurred during sampling affording little variation to the 

wind direction as a variable, it is not possible to fu lly gauge its impact on commuter 

exposure. A  more even distribution o f wind direction against the exposure concentrations 

would be required, which is obviously not realistic for this location.

7.1.3 Calculated Base Wind Speed

The base wind speed is a variable derived from the relative wind speed and is an estimate 

o f the component o f the relative w'ind speed associated purely with the local or ambient 

wind speed. Given that the output o f the Kestrel weather monitor yields a continuous 

graph o f speed versus time and that the area below the line represents a distance, it was 

possible to discern a background w'ind speed as shown in Figure 7.21 and as described in 

Section 3.3.2.
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Relative wind speed line

Distance (m), Area 
under line

1 8 15 22 29 36 43 50 57 64 71 78 85 92 99 106 113 120 127 134 141 148 155 162 169 176 183 190 197 204

Time (s)

Fig. 7.21 Typical relative wind speed graph

The base wind speed was found to be significantly correlated with the wind speed 

recorded at Dublin airport as would be expected and (with the relative wind speed) 

showing it to be a good measure o f local wind speed. Figure 7.22 shows the relationship 

between relative wind speed and base wind to be well defined in terms o f variation for all 

modes. The slope o f the relationship for all modes was positive indicating that when the 

local wind was blowing from behind the commuter the relative wind speed increased and 

when it was blowing against the commuter the relative wind speed decreased. The car 

showed the largest amount o f scatter in this relationship due to its larger range o f speeds 

and regular acceleration/deceleration, whilst the pedestrian whose speed is more constant 

had a more well defined relationship.

Although the correlation between the base wind speed and relative wind speed was 

significant and positive, little variation was accounted for between the two, as shown in 

Figure 7.23. This shows that measurements o f wind speed at 10m above ground, based on 

hourly averages, to the nearest knot, at a location approximately 5 miles outside o f the
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city centre is not directly comparable to wind speed measured at street level at 10 second 

intervals over a typical commute.

Base wind Wind Speed at wind Relative Wind
speed Dublin Airport direction Speed

Base wind speed Pearson
Correlation 1 ,174(**) -.005 .6 62 D

Sig. (2-tailed) .006 .940 ,000
N 252 251 250 251

Wind Speed at 
Dublin Airport

Pearson
Correlation .174(**) 1 .126(*) .111

Sig. (2-tailed) .006 .013 .076
N 251 387 386 259

wind direction Pearson
Correlation -.005 126(*) 1 -.044

Sig. (2-tailed) .940 .013 .478
N 250 386 386 258

Table 7.9 Base wind speed correlations

Mode
O  Car
O  CyclisI 

Pedestrian
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Fig. 7.22 Base wind speed versus relative wind speed.
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Fig. 7.23 Base wind speed versus Wind speed at Dublin airport.

Comparing the base wind speed to the exposure concentrations, significant correlations 

were found for all VOCs except acetylene, which had reasonably low p-values as show n 

in Table 7.10. Traffic related VOC concentrations were positively correlated with the 

base wind speed which would not be the relationship expected. Again due to significant 

differences in the base wind speed between the modes and between the routes, taking the 

data as a whole gives misleading findings. The mean base wind speed on Route 2 o f  

0.92m/s was higher than the mean base wind speed o f 0.81 m/s on Route 1, a finding also 

reflected in the differences in the regional wind speed between Route 1 and Route 2 

earlier in this section, thus showing further similarities between the wind speed at D ublin 

airport and the base wind speed. The car was found to have the highest mean base w ind 

speed at 0.83m/s, followed by the pedestrian at 0.63m/s and cyclist at 0.40m/s. These 

significant differences may be indicative o f  inaccuracies in the base wind speed variable 

as no significant differences were found between the modes for the wind speed at Dublin 

airport.
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PM2 5

(|jg/m^)
B en zen e

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
A cety lene

(PPb)
E thane

(PPb)
P ea rso n
Correlation

.016 .217 .260 .131 .075 -.1 4 8

Sig. (2-tailed) .805 .001 .000 .049 .257 .026
N 248 227 227 226 227 225

T able 7 .1 0  A ll routes, A ll m odes, base w ind speed vs pollutants, correlation co effic ien ts

Su b d iv id in g  the data betw een the routes and m odes, as show n in T ables 7.11 to  7 .16 , 

reveals m ore about the base w ind speed. A s w as the case for the relative w ind  sp eed , the 

car d o es  not sh o w  a sign ificant correlation on either route. The p -values for R oute 1 are 

h ow ever  low er than on R oute 2 (excep t for PM 2 5 ). The cyc list on R oute 1 sh o w s  

sign ifican t correlations for benzene w ith  a slope o f  -0 .397  indicating an inverse  

relationship  w ith an R  ̂ o f  15.7% . Butadiene also had a low  p-value o f  0 .1 2 0  and a 

n egative  correlation coeffic ien t. On R oute 2, the cyclist sh ow s sign ifican t inverse  

correlations w ith PM2.5 and ethane. The coeffic ien t o f  variation betw een  PM2 5 and the 

base w in d  speed w as 17.8% . The pedestrian show s sign ificant correlations for b en zen e  

and butadiene again w ith n egative slop es, w h ilst ethylene also  has a very low  p -va lu e  o f  

0 .0 6 9 . O n R oute 2, benzene and ethane sh ow  sign ificant correlations w ith the base w ind  

speed w h ile  PM 2 5 has a low  p-value o f  0 .0 8 0 . The slope o f  benzene is h ow ever p o sitiv e  

and accou n ts for 10.7% , indicating (due to  the sign ificant relationship o f  ethane) the 

p ossib ility  o f  the in fluence o f  non-transport sources for the pedestrian on R oute 2.

PM2 5
(pg/m^)

B en zen e
(PPb)

Butadiene
(PPb)

Ethylene
(PPb)

A cety lene
(PPb)

E thane
(PPb)

P earson
Correlation

-.038 .178 .081 .242 0 2 5 -.1 6 7

Sig. (2-tailed) .811 .254 .604 .118 .876 .284

N 43 43 43 43 4 3 43

T able 7.11 R1 Car, base w ind speed VS pollutants, correlation co effic ien ts

PM2 6  

(Ijg/m^)
B en zen e

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
A cety lene

(PPb)
E thane

(PPb)
P earson
Correlation

.168 -.0 9 5 .016 -.144 .005 -.1 6 8

Sig. (2-tailed) .328 .582 .924 .401 .977 .328

N 36 36 36 36 36 36

T able 7. 12 R2 Car, base w ind speed v s  pollutants, correlation coeffic ien ts
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PM2 5
(Mg/m")

Benzene
(ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson
Correlation .222 -,397(*) -.264 -.140 .075 .196

Sig. (2-tailed) .143 .017 .120 .416 .665 .251
N 45 36 36 36 36 36

Table 7.13 R1 Cyclist, base wind speed vs pollutants, correlation coefficients

PM2 5  Benzene Butadiene Ethylene Acetylene Ethane 
(pg/m^) (ppb)________________ |;££b]_______  (ppb)

Pearson
Correlation -A 2 2 D .069 -.037 -.006 -.157 -.515(**)

Sig. (2-tailed) .004 .674 .825 .972 .340 .001
N 45 39 39 38 39 38

Table 7.14 R2 Cyclist, base wind speed vs pollutants, correlation coefficients

P M 2 5

(|jg/m")
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.140 -.338(*) -,444(**) -.311 -.198 -.112

Sig. (2-taiied) .395 .047 .007 .069 .255 .522
N 39 35 35 35 35 35

Table 7.15 R1 pedestrian, base wind speed vs pollutants, correlation coefficients

P M 2 5

(pg/m")
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.280 ,327(*) .036 -.132 -.243 -.363(*)

Sig. (2-tailed) .080 .045 .829 .436 .148 .027
N 40 38 38 37 37 37

Table 7.16 R2 pedestrian, base wind speed vs pollutants, correlation coefficients

Again, the modes exposed to the elements (the pedestrian and cyclist) were shown to be 

significantly correlated with the base wind speed while the enclosed bus and car 

commuter were not, as was found for the relative wind speed and wind speed and in the 

principal components analyses as well as the wind speed in the previous sub-section.
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7.1.4 Relative Wind Speed

The relative wind speed was recorded on the car, cyclist and pedestrian by the Kestrel 

portable weather monitor, as described in Section 3.3.2. Subdividing the data between the 

routes and modes showed that none o f the modes on Route 2 showed significant 

correlations w ith the relative wind speed as can be seen in Tables 7.17 to 7.23.

P M 2 .5
(pg/m^)

Benzene
(ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson
Correlation .051 ,239 .295 .182 .197 .001

Sig. (2-tailed) .417 .000 .000 .006 .003 .990
N 256 228 228 227 228 226

Table 7 .17 Whole data set, Relative wind speed correlation coefficients

PM2.6

(pg/m^)
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.019 -.142 -.103 -.093 -.001 .051

Sig. (2-tailed) .904 .370 .516 .558 .993 .748
N 42 42 42 42 42 42

Table 7.18 R1 Car, Relative wind speed correlation coefficients

PM26
(pg/m®)

Benzene
(ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson
Correlation .171 .029 .187 .062 .103 .042

Sig. (2-taiied) .318 .865 .276 .719 .550 .810

N 36 36 36 36 36 36

Table 7.19 R2 Car, Relative wind speed correlation coefficients

PM2 5  Benzene Butadiene Ethylene Acetylene Ethane
(pg/m") (ppb)_______ (££b]_______ (££b]_______ (ppb) (ppb)

Pearson
Correlation -.092 -.510(“ ) -.355(*) -.142 -.078 .223

Sig. (2-taiied) .543 .001 .031 .403 .647 .184

N 46 37 37 37 37 37

Table 7.20 R1 Cyclist, Relative wind speed correlation coefficients

PM2 5  Benzene Butadiene Ethylene Acetylene Ethane
(Mfl/m^) (ppb)_______ (££b]_______ [££b]_______ (ppb) (ppb)

Pearson
Correlation -.243 .178 .168 -.003 .015 -.123

Sig. (2-taiied) .104 .272 .300 .988 .929 .455

N 46 40 40 39 40 39

Table 7.21 R2 Cyclist, Relative wind speed correlation coefficients
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P M 2 5

(Mg/m')
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.080 -.283 -.411(*) -.278 -.168 -.086

Sig. (2-tailed) .598 .100 .014 .106 .335 .625
N 46 35 35 35 35 35
Table 7.22 RI pedestrian, Relative wind speed correlation coefficients

PM2 5

(pg/m^)
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.230 .257 .002 -.159 -.289 -.377(*)

Sig. (2-tailed) .154 .119 .989 .347 .083 .021
N 40 38 38 37 37 37
Table 7.23 R2 pedestrian, Relative wind speed correlation coefficients

The cyclist and pedestrian on Route 1 show significant negative correlations for benzene 

and butadiene indicating, as would be expected, a reduction in the pollutant 

concentrations with higher average relative wind speeds. The car was not well correlated 

with any o f the pollutants on either mode. Figures 7.24 and 7.25 show the relationship 

between benzene or butadiene and the relative wind speed o f the pedestrian and cyclist on 

Route 1. For benzene, the cyclist shows an inverse relationship with the relative wind 

speed with an R^ value o f 26%. Similarly for butadiene, the cyclist shows an inverse 

relationship with relative wind speed with an R^ value o f 12.6%. These relationships 

indicate that as the relative wind speed drops the exposure concentrations increase, i.e. 

the slower a cyclist travels the higher the exposure, a finding which has been reflected by 

the idle times in the principal component analysis. This relationship also indicates that 

commuters speed is a more influential component o f the relative wind speed than the 

local wind speed. The pedestrian showed similar relationships with R^ values o f 8% and 

16.9% for benzene and butadiene respectively.
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Fig. 7.24 R1 cyclist, benzene and butadiene versus Relative wind speed.
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Fig. 7.25 R1 pedestrian, benzene and butadiene versus Relative wind speed.
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7.2 Temperature

An analysis o f the statistics recorded for temperature during sampling reveal a mean 

temperature o f  7.8°C, a maximum temperature recorded o f  23°C  and minimum 

temperature recorded o f  -4.7°C. Examining the distribution o f temperature recordings in 

Figure 7.26 shows that the temperature could be considered mild or cold (below 7.8°C or 

below 5°C) for a significant proportion o f  the samples and only occasionally exceeds 

15°C, a distribution consistent with the temperate Irish climate (see Section 5.2).

6 0 -

6 0 -

Mean = 7.799 
Std. Dev. = 5.1963 
N = 388

4 0 -

20 -

10-

-5.0 0.0 5.0 10.0 15,0 20,0 25,0

temperature

Fig. 7.26 Temperature histogram

Carrying out a two tailed significance test for the temperature as a determinant o f  the 

pollutant exposure concentrations revealed that both ethylene and acetylene were 

significantly correlated with temperature with p-values less than 0.001. Both acetylene 

and ethylene have reasonably large negative correlation coefficients indicating that the 

concentrations o f  VOCs increase with decreasing temperature. This finding would reflect 

an earlier finding in the previous section, that the traffic derived VOCs are more 

influenced by cold start emissions than by evaporative emissions as it rarely becomes 

warm enough in the Irish climate to induce significant evaporative emissions. Benzene 

and butadiene both had low p-values in the significance test and to a lesser extent PM2 5
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also shows a low p-value. The slope o f benzene and butadiene are also negative but 

smaller in magnitude, while PM2.5 has a positive slope. Ethane showed a very large p- 

value and a negligible correlation coefficient, indicating it is not affected by the 

temperature.

P M 2 .5

(pq/m^)
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation .058 -.077 -.087 -.283 -.249 .008

Sig. (2-tailed) .261 .1S8 .117 .000 .000 .888
N 377 324 324 318 319 318

Table 7.24 Temperature correlation coefficients.

Taking the data as a whole, ethylene and acetylene accounted for 8.0 and 6.2% of 

variance respectively, with the remaining pollutants accounting for negligible amounts o f 

variation in comparison.

Splitting the dataset between the modes on each route shows some modes to have a 

stronger relationship with temperature than others. On Route 2 none o f the modes show a 

significant correlation between the temperature and exposure to any o f the pollutants.

On Route 1, however, significant correlations are found for all the modes with various 

pollutants, as shown in Tables 7.25 to 7.280. Pedestrian exposure was found to be 

significantly correlated with all pollutants with the exception o f ethane. The VOCs were 

found to be negatively correlated with the temperature indicating that lower temperatures 

were associated with higher exposure to VOCs. PM2 5  was found to be positively 

correlated w ith the temperature indicating that higher temperatures were associated with 

higher exposure to PM2 5 , again reflecting a finding o f the previous section.

PM25
(pg/m^)

Benzene
(ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson 
Correlation 
Sig. (2-tailed) 
N

.316(*)

.029
48

-.329(*)

.047
37

-.369(*)

.025
37

-.367(*)

.025
37

-.384(*)

.019
37

.284

.089
37

Table 7.25 Rl pedestrian, temperature correlations
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Figure 121 shows the relationship between benzene and the temperature for the 

pedestrian on Route 1, the other VOCs displayed similar relationships and are contained 

in Appendix A.4 for conciseness. The amount of variance accounted for by the 

relationships was 10% for PM2 5 , 10.8% for benzene, 13.6% for butadiene, 13.5% for 

ethylene and 14.8% for acetylene. The bus on Route 1 also showed significant 

correlations between the temperature and the VOCs but not for PM2.5 as shown in Table 

7.26. All of the VOCs (with the exception of ethane) were again negatively correlated 

with the temperature showing increases in exposure concentrations with decreasing 

temperature.

2 5 ,0 -

20 .0 -

0> 1 5 .0 -

10 ,0 -

00

0 0

0 .0 -

R Sq Linear = 0 108

-5 ,0 -

-0.40 -0,20 0 00 0.20 0.40 0.60

Log Benzene

Fig. 7.27 R1 pedestrian, temperature vs. benzene.

PIVI2.5

(Mg/m')
Benzene

(Ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson 
Correlation 
Sig. (2-tailed) 
N

-.099

.511
46

-.410(*)

.011
38

-,495(‘ ')

.002
38

-,554(**)

.000
38

-,569(**)

.000
38

,537(**)

.001
38

Table 7.26 R1 bus, temperature correlations
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The relationship between the VOCs and the temperature for the Route 1 bus are shown in 

A ppendix A4 and follow a similar pattern to Figure 7.28. The amounts o f  variance 

accounted for was 16.8% for benzene, 24.5%  for butadiene, 30.6%  for ethylene and 

32.3%  for acetylene, m aking the temperature a very important determinant for VOC 

exposure on the bus.

For the car on Route 1, significant correlations were also found between the tem perature 

and all traffic related pollutants. Table 7.27, shows the correlations coefficient for all 

pollutants. Again the pattern o f negative correlations with the VOCs and positive 

correlations with PMa.s was followed indicating the same relationships as for the bus and 

pedestrian above.

PM2.6 Benzene Butadiene Ethylene Acetylene Ethane 
_________________ (ug/m^) (ppb)________ (££b}________ (££b}____________  (ppb)

S r r J a t lo n  - -S S S n  - .3 7 5 0  278

Sig. (2-tailed) .042 .048 .053 .000 .011 .064
N 46 45 45 45 45 45

Table 7.27 RI car, tem perature correlations

How ever the amount o f  variance in exposure accounted for by the tem perature for P M 2  5  

(9%), benzene (9%) and butadiene (8.4%) is low in comparison to the other modes. The 

traffic m arkers ethylene (35.4%) and acetylene (14.1%), however, have higher values o f 

R^ m aking the tem perature an important factor for the car commuters exposure to these 

pollutants. The relationships between the traffic related pollutants and the tem perature are 

again shown in Appendix A4 for the car commuter.

Finally, the cyclist on Route 1 also showed significant correlations between the 

tem perature and benzene/ethylene. Butadiene and acetylene had low p-values but not 

lower than the 0.05 significance level as shown in Table 7.28. Again the cyclist’s 

relationships with the VOCs are negatively correlated as they were for the car, bus and 

pedestrian.
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PM
(Mg/m")

Benzene
(Ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson 
Correlation 
Sig. (2-tailed) 
N

-.052

.704
56

-,312n

.044
42

-.282

.070
42

-.359(*)

.020
42

-.247

.115
42

.048

.764
42

Table 7.28 R1 cyclist, Temperature correlations.

In summary, the temperature on Route 1 was shown to be an important determinant o f  the 

exposure concentrations. Increasing temperatures were found to be associated w ith 

increases in PM2.5 concentrations and decreases in temperatures were found to be 

associated with increases in VOC concentrations. The amount o f variance in exposure 

accounted for by the relationships between the temperature and pollutant concentrations 

was particularly high for the bus commuter.

7.3 Sunshine

Sunshine was recorded during sampling at the Dublin airport weather station in sunshine 

hours. The mean value for sunshine recorded during sampling was 0.14 hours per 

commute with a minimum o f 0 hours and a maximum o f 1 hour. The vast majority o f 

samples were carried out with zero sunshine hours as can be seen in Figure 7.28. Ignoring 

all zero values o f sunshine (w'ere sunshine can have no effect) and comparing the 

remaining sunshine values to their corresponding pollutant concentrations found no 

significant correlations as can be seen in Table 7.29. Ethylene and acetylene have low p- 

values in comparison to the other pollutants but neither ethylene nor acetylene accounted 

for reasonably high amounts o f variation with sunshine.

PM
(pg/m")

Benzene
(ppb)

Butadiene
(ppb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Filtered Pearson 
Sunshine Correlation .050 -.031 .010 .186 .119 -.054

Sig. (2-tailed) .621 .780 .930 .093 .285 .629
N 99 85 85 82 82 82

Table 7.29 Sunshine correlations
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Fig 7 .28  Sunshine histogram

In sum m ary, sunshine as a determ inant o f  the exposure concentrations w as found to  have  

very little in fluence. T his m ay be due to the lack o f  sam ples w here sunsh in e w as present 

and a lso  the tem perate clim ate in Ireland.

7.4 Rainfall

R ainfall w as also  recorded at the D ublin airport w eather station in m illim etres on a hourly  

basis. The m ean rainfall w hich  occurred during the sam pling  w as 0 .14m m , w ith  a 

m inim um  o f  0m m  and a m axim um  o f  3 .1m m . A gain , as w as the case for the sunsh in e, in 

e x c e ss  o f  300  o f  the sam ples w ere carried out w ithout any rainfall as show n in Figure  

7.29 . Instances o f  zero rainfall w ere rem oved from the data and the rem aining va lu es  

com pared to the pollutant concentrations. T able 7 .30  sh ow s the results o f  a tw o  ta iled  

sig n ifica n ce  test w here no sign ificant correlations w ere found for rainfall. The p -v a lu es  

for PM 2 5 , e thylene and acety lene w ere lo w  in com parison to the other pollutants. For the 

bus com m uter ethylene and acety lene show ed  va lu es o f  37 .8  and 29.8%  resp ectively , 

for the car com m uter, ethylene and acety lene show ed  R  ̂ va lu es o f  35.1 and 15.2%  

resp ectively . The other m odes did not account for high am ounts o f  variation.

Mean ® 0 1448 
Std.Dev -0.30542 
N »388
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Std Dev^-» 0.36421 
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Fig. 7.29 Rainfall histogram

PM 25
(pg/m®)

Benzene
(PPb)

Butadiene
(PPb)

Ethylene
(PPb)

Acetylene
(PPb)

Ethane
(PPb)

Pearson
Correlation

.179 .019 .034 -.137 -.193 .035

Sig. (2-tailed) .119 .877 .782 .257 .109 .772
N 77 70 70 70 70 70

Table 7.30 Rainfall correlations

It was hypothesised that rainfall which occurred before sampling i.e. in the hour or two 

hours before the sample began may have a greater effect on the exposure concentrations 

than simply the amount o f rainfall during the sampling event. Rainfall prior to sampling 

may have the effect o f reducing the background concentration and therefore the personal 

commuter exposure to a certain degree. Therefore, the mean rainfall, taking into account 

the sampling hour and the two hours previous, was 0.138mm with a range o f 0-4.7mm. 

This rainfall taking in a period o f 3 hours prior to and during the sample also failed to 

correlate significantly with the pollutant concentrations. The rainfall has been reported in 

similar studies as not having significant correlations with pollutants due to the small 

number o f rainfall events, this is assumed to be the case for this study also (Adams et a l,  

2001b),
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In sum m ary, rainfall w a s not found to have a sign ificant in fluence on the exposure  

concentration  o f  com m uter for V O C s. Taking into account any rainfall prior to sam pling, 

as w e ll as during sam pling show ed a sim ilar finding and is b elieved  to be due to the lack  

o f  rainfall even ts during the sam pling period as rainfall has been show n to reduce  

pollutant concentrations in rainfall sp ecific  studies (see  Section  2 .5 .1 ).

7.5 Relative Humidity

T he m ean relative hum idity recorded during the project w as 82%  w ith  a range o f  45  to 

100%  as show n in Figure 7 .30 . Carrying out a tw o-tailed  sign ifican ce test for the relative  

h u m id ity  against the pollutants revealed on ly  ethylene to be sign ifican tly  correlated  

although all the V O C s had con sisten tly  low  p-values indicating a degree o f  correlation  

w ith  the relative hum idity. The p-value for PM 2 5  w as not as low  as the V O C s and 

therefore m ay not be influenced to the sam e degree by the relative hum idity as the V O C s. 

T he correlation co e ffic ien ts  for benzene, butadiene, ethylene and acety len e all show ed  

p o sitiv e  va lues, w hereas ethane and P M 2  5  show ed negative values.

6 0 -
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4 0 - Mean = 0.823 
St(J. Dev. = 0.11952 
N e 386

2 0 -

10-

0.80 0.90 1.000 50 0.60 0,700.40
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Fig. 7 .3 0  R elative hum idity histogram
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P M 2 5

(pg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(Ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.064 .104 .035 .170 .039 -.100

Sig. (2-tailed) .217 .063 .529 .002 .491 .076
N 377 324 324 319 320 318

Table 7.31 Relative humidity correlation coefficients

The largest amount o f variation o f the pollutants was accounted for by relative hum id ity ’ s 

positive relationship with ethylene at 10% for the car commuter, while the other modes 

accounted for very little. The relationship shows that a small amount o f variation in the 

car commuter exposure is due to increases in humidity which are associated with colder 

weather periods as shown in Figure 7.31.
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Fig. 7.31 Temperature vs. RH

7.6 Idling Times

The idle times were calculated for the car, cyclist and pedestrian as described in Section 

3.3.2. Descriptive statistics o f the idle times divided between the modes and routes are 

shown in Table 7.32, values are shown in seconds.
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Route 1 Route 2

Car

Cyclist

Pedestrian

Mean Min Max Std Dev Mean Min Max Std Dev

1288 290 2130 487 1034 80 1950 522

430 0 1730 399 329 20 950 227

141 0 1640 288 25 0 230 58

Table 7.32 Idle time statistics in seconds

The car on Route I is shown to have the highest mean and maximum values o f idle time. 

A ll modes on Route 1 have higher max and mean values than on Route 2, indicating that 

Route 1 is more congested for all modes than Route 2, which was reflected in some o f the 

analysis in Section 5. The cyclist was found to have a higher idle time than the 

pedestrian.

Comparing the idle time to the pollutant exposure data in the general case (see Table 

7.33) the idle time was shown to be significantly correlated with benzene, butadiene and 

ethylene. A ll pollutants display positive correlation coefficients, indicating that an 

increase in time spent idling was associated whh an increase in exposure concentrations; 

PM2.5 and acetylene had low p-values and positive correlation coefficient but were not 

significant.

PM2.5 Benzene 
.. (PPb) .

Butadiene
(PPb)

Ethylene
(PPb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson
Correlation .086 .258 .330 .159 .097 -.065

Sig. (2-tailed) .178 .000 .000 .017 .145 .334
N 248 227 227 226 227 225

Table 7.33 General case, idle time, correlation coefficients

Upon subdividing the data betw'een the routes and modes, the car did not correlate 

significantly with any o f the pollutants on either route, as shown in Tables 7.34 and 7.35. 

Although it could be expected that car exposure would have a significant relationship 

with idle time, as found in Section 5, when the sample number was reduced to 

approximately 40 samples on each route the power o f the comparison is reduced. For the 

cyclist significant correlations were found for PM2 5 on Route 1 , with a positive slope
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indicating that an increase in idle time is associated with increases in P M 2.5 

concentrations.

The proportion o f variation accounted for by the correlation between the idle time and 

PM2.5 was 9.7% for the Route 1 cyclist. For Route 2 the cyclist showed significant 

correlations with PM2.5 and ethane. The proportion o f variation accounted for by the 

correlation between the idle time and P M 2 5 was 16.8% on this occasion.

PM25  

(Mg/m )
Benzene Butadiene Ethylene Acetylene Ethane

(PPb) (PPb) (ppb) (ppb) (ppb)
Pearson
Correlation -.047 .158 .146 .224 -.046 -.131

Sig. (2-tailed) .765 .311 .350 .149 .770 .402
N 43 43 43 43 43 43

Table 7.34 R1 Car, idle time vs pollutants, correlation coefficients

PM25 Benzene Butadiene Ethylene Acetylene Ethane
(MP/m^) (PPb) (PPb) (ppb) (ppb) (ppb)

Pearson
Correlation -.027 -.250 -.244 -.326 -.128 -.229

Sig. (2-tailed) .875 .142 .152 .052 .457 .180
N 36 36 36 36 36 36

Table 7.35 R2 Car, idle time vs pollutants, correlation coefficients

PM2 5 Benzene Butadiene Ethylene Acetylene Ethane
(PPb) (PPb) (ppb) (ppb) (ppb)

Pearson
Correlation .311(*) -.103 -.072 -.095 .154 .020

Sig. (2-tailed) .037 .552 .676 .581 .369 .909
N 45 36 36 36 36 36

Table 7.36 R1 Cyclist, idle time VS pollutants, correlation coefficients

PM2.5 Benzene Butadiene Ethylene Acetylene Ethane
(Mg/m ') (PPb) (ppb) (ppb) (ppb) (ppb)

Pearson
Correlation -.409 -.047 -.227 .057 -.190 -.635(**)

Sig. (2-tailed) .005 ,778 .165 .733 .248 .000
N 45 39 39 38 39 38

Table 7.37 R2 Cyclist, idle time VS pollutants, correlation coefficients
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PM2 5
(pg/m®)

Benzene
(PPb)

Butadiene
(PPb)

Ethylene
(ppb)

Acetylene
(ppb)

Ethane
(ppb)

Pearson
Correlation -.418(**) -.232 -.376(*) -.138 -.132 -.337(*)

Sig. (2-tailed) .008 .181 .026 .429 .451 .048
N 39 35 35 35 35 35

Table 7.38 R1 pedestrian, idle time vs pollutants, correlation coefficients

Pedestrian exposure on Route 1 correlated significantly with idle time for PM 2 5 , 

butadiene and ethane, all had negative slopes indicating an increase in pollutants with 

decreasing idle time. On Route 2 the pedestrian exposure to PM2 5 and ethylene correlated 

significantly with idle time. A ll slopes in this case were again negative except for 

ethylene which shows a positive slope. The R^ values for the significant correlations with 

PM 2 5 and benzene were 11.5 and 10.9% respectively. The inverse correlations for the 

pedestrian on both routes and the cyclist on route two indicated the opposite relationship 

to what was expected for the idle time. This may be due to errors in the measured idle 

time o f the pedestrians: as the relative wind speeds are very small in magnitude the error 

in subtracting the average base wind speed from the data is larger than for the other 

modes. This results in the misleading relationships found.

PM2 5 

(M3/m )̂
Benzene

(ppb)
Butadiene

(ppb)
Ethylene

(ppb)
Acetylene

(ppb)
Ethane
(ppb)

Pearson
Correlation -.340 .261 -.009 .329 .052 -.226

Sig. (2-tailed) .032 .114 .956 .044 .757 .178
N 40 38 38 38 38 37

Table 7.39 R2 pedestrian, idle time variables vs pollutants, correlation coefficients 

7.6.1 Idle time ratio

The idle time ratio is derived from the absolute values in the previous sub-section by 

dividing the idle time by the total travel time. This yields a variable which gives an 

indication o f the percentage o f time spent in idling, as defined in Section 3.3.2. The idle 

time ratio was shown to be significantly correlated with the relative wind speed for the 

car as shown in Figure 7.32, indicating an increase in idle time was associated w ith a 

decrease in relative wind speed. The pedestrian and cyclist did not, however, show a
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similar relationship, due to a large proportion o f values being zero for the pedestrian and 

to a lesser extent for the cyclist.

1.00-

o o .<&o
0 .8 0 -

.2  0 .6 0 -

■o 0 .4 0 -

0 ,20 -

.-•V 0 ^ '
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0.00 1.00 2.00 3 00 4.00 5.00 6 0 0

Mode
O Car 

( 3  Cyclist 

Pedestrian

R Sq U nears 0.39 

R Sq Linear B 0.021 

R Sq Linear ~ 0.266

Relative Wind Speed

Figure 7.32 idle time ratio vs. relative wind speed.
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Fig 7.33 Base wind speed versus idle time ratio
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The base wind speed showed an inverse relationship with the idle time ratio, indicating, 

that as the base wind speed increases the idle time decreases. Ideally, a zero slope 

between the idle time ratio and base wind speed is desirable but due to the error present 

in subtracting the mean base wind speed from the relative wind speed data to obtain idle 

time a negative slope was obtained.

The mean values o f the idle time ratio for the two routes and the different modes are 

shown in Tables 7.40 and 7.41. Significant differences were found between the modes o f 

transport with p-values o f less than 0.001. The car showed the highest idle time ratio 

followed by the cyclist and pedestrian. The commuter on Route I was found to have a 

significantly higher idle time ratio (p-value 0.014) than on Route 2 indicating the latter’ s 

less consistently congested nature.

Mode_____________________idle time ratio
Car Mean 0.67

N 79
Std. Deviation 0.13

Cyclist Mean 0.33
N 90
Std. Deviation 0.16

Pedestrian Mean 0.04
N 83
Std, Deviation 0.12

Table 7.40 Idle time ratio descriptive statistics, by mode.

Route__________________ idle time ratio
Route 1 Mean 0,39

N 131
Std. Deviation 0.29

Route 2 Mean 0,30
N 121

Std. Deviation 0.27

Table 7.41 Idle time ratio descriptive statistics, by route.

Comparing the idle time ratio to the exposure concentrations for the general case showed 

significant positive correlations for traffic-related VOCs, thus showing that longer 

periods spent idling are associated with higher exposure concentrations. However, little
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variation was accounted for by these relationships due to the significant differences 

between the modes for the idle time ratios.

7.7 T ra ffic  counts

The traffic numbers were recorded on each route by local authority induction loops 

located throughout the city as described in Section 3.3. The traffic was recorded as 

numbers o f vehicles on an hourly basis. The mean traffic count was 1846 vehicles per 

hour and clear differences were evident between the two routes and between the morning 

and evening commuter times. Figure 7.34 shows a histogram o f the traffic count variable 

where two distinct groups are visible (morning and evening samples). Significant 

differences were found between the mean morning traffic count o f 1758 vehicles per hour 

and the mean evening traffic count o f 1944 vehicles per hour with a p-value o f less than 

0.001. Significant differences were also found between the mean Route 1 traffic count o f 

1453 vehicles per hour and the mean Route 2 traffic count o f 2264 vehicles per hour. No 

significant differences were found between the mean traffic counts for each o f the modes.

JZ
eoo 1000 ^7oo 1400 neoo 1900 2000 2 : ^  2400 : 6oo

Traffic  C o u n t R o u te  1
2000 2100 2200 2300

T ra ffic  C o u n t R o u t»  2

Fig. 7.34 Traffic counts histogram

None o f the modes’ exposures on Route 1 were significantly correlated with the tra ffic  

counts, with the exception o f the car (see Table 7.42) which correlated significantly w ith 

acetylene and ethylene. The correlation coefficients for each pollutant were positive as
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would be expected. The amount o f variance accounted for by these pollutants w ith traffic 

was reasonably high and is shown in Figure 7.35 and 7.36.

PMzs
(pg/m^)

Benzene
(PPb)

Butadiene
(PPb)

Ethylene
(PPb)

Acetylene
(PPb)

Ethane
(PPb)

Pearson 
Correlation 
Sig. (2-tailed)

.194

.196

.198

.192

.273

.069

.583(**)

.000

,400(**)

.006

-.269

.074
N 46 45 45 45 45 45

Table 7.42 R1 Car, traffic count correlations
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Fig. 7.35 R1 Car Ethylene vs Traffic Count
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Fig. 7.36 R1 Car acetylene vs Traffic Count

On Route 2, the pedestrian exposure to PM2 S was found to be significantly correlated 

with traffic as shown. The correlation coefficient for PM2 5 was positive indicating an 

increase in traffic volumes caused an increase in particulate exposure. The relationships 

were shown to have values o f 14.3% overall and 10.3% and 34.8% respectively when 

divided between the mornings and evening as shown in Figure 7.37. The higher R^ shown 

in the evening may indicate that the higher evening traffic numbers have a greater 

influence on the pedestrian exposure than the lower morning counts.

The bus exposure to PM2 5  on Route 2 was found to be significantly and positively 

correlated with traffic to a similar but slightly higher degree than the pedestrian on Route 

2. The relationship was found to account for approximately 20% o f variance in the 

general case and when divided between morning and evening as shown in Figure 7.38.
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Fig.7.37 R2 Pedestrian traffic count versus PM2 5 .
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Fig. 7.38 R2 Bus, Traffic count versus PM2 .5 .

In summary, the traffic count was found to be an important determinant for the car on 

Route 1 and for the pedestrian and bus on Route 2.
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7.8 PM  and VOC inter-relationships

Examining the inter-relationships between the pollutants themselves reveals some well 

defined correlations between certain pollutants. Table 7.43 shows the correlation 

coefficients between each o f the pollutants for the general case. P M 2 . 5  can be seen to be 

significantly correlated with butadiene and ethane, although neither o f these relationships 

account for very much variation with values o f 2% and 3.4% respectively. This 

indicates that P M 2 . 5  concentrations do not have a strong relationship with the VOCs as 

they originate from different sources such as diesel engines, re-entrained dust etc. 

Benzene was shown to be significantly correlated with butadiene, ethylene and acetylene 

but not with ethane or P M 2  5 .  The most well defined correlation with benzene occurs w ith 

butadiene with and value o f 57.2% as shown in Figure 7.39. Ethylene and acetylene 

both yield lower values o f R^ o f 32.4 and 27.3% respectively, indicating that benzene is 

not exclusively associated with traffic emissions and has a contribution from other 

sources.

P M 2  5 

(|jg/m')
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
Acetylene

(PPb)
Ethane
(PPb)

P M 2  5 Pearson
Correlation 1 .031 .143 ,010 .028 .185

Sig. (2-tailed) .591 .011 .854 .626 .001
N 377 313 313 309 310 308

Benzene Pearson
Correlation .031 1 .757 .569 .522 .011

Sig. (2-tailed) .591 .000 .000 .000 .851
N 313 324 324 319 320 318

Butadiene Pearson
Correlation .143 .757 1 .592 .627 .180

Sig. (2-tailed) .011 .000 .000 .000 .001
N 313 324 324 319 320 318

Ethylene Pearson
Correlation .010 .569 .592 1 .706 -.229

Sig. (2-tailed) .854 .000 .000 .000 .000
N 309 319 319 319 319 318

Acetylene Pearson
Correlation .028 .522 .627 .706 1 .129

Sig. (2-tailed) .626 .000 .000 .000 .021
N 310 320 320 319 320 318

Ethane Pearson
Correlation .185 .011 .180 -.229 .129 1

Sig. (2-tailed) .001 .851 .001 .000 .021 1
N 308 318 318 318 318 318

Table 7.43 PM 2 5 &  VOC inter relationships correlation coefficients for whole dataset.
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Butadiene is shown to correlate significantly with all o f the other pollutants but, as for 

P M 2 5 ,  not all o f these significant correlations have high coefficients o f variation. 

Benzene, ethylene and acetylene all have well defined relationships with butadiene. 

Benzene displayed and value o f 57.1% as shown below whereas ethylene and 

acetylene showed coefficients o f variation o f 35.1 and 39.3% respectively. Ethylene and 

acetylene were also significantly correlated and displayed a relationship with and 

value o f 51.7% as shown in Figure 7.40.
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Fig. 7.39 Benzene versus Butadiene for all routes and modes
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Fig. 7.40 Ethylene versus acetylene for all routes and modes.

Examining these inter-relationships further it may be possible to discern whether benzene 

and the traffic markers acetylene and ethylene have less variation for one mode versus 

another or on one route versus another etc. For the car mode on Route 1, Table 7.44 

shows the correlation coefficients for the pollutant inter-relationships. A ll o f the 

coefficients for benzene, butadiene, acetylene and ethylene are higher than for the general 

case. Similarly the values between the VOCs are all higher, as shown in Figures 7.41 

to 7.44, indicating that more o f the benzene and butadiene concentrations are originating 

directly from traffic emissions than in the general case. Analysis o f PM 2 5 in this case 

maintains its relationship with the VOCs from the general case. Butadiene accounts for 

higher amounts o f variation with traffic markers than benzene, indicating that it is more 

exclusively linked to traffic emissions than benzene.
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PM2 5 Benzene Butadiene Ethylene Acetylene Ethane
(Mg/m )̂ (PPb) (PPb) (PPb) (PPb) (PPb)

PM2 5 Pearson
Correlation 1 -.046 .047 -.066 -.007 .034

SIg. (2- 
tailed) .763 .759 .668 .965 .825

N 46 45 45 45 45 45
Benzene Pearson

Correlation -.046 1 .872(**) .562(**) .702(**) .183

Sig. (2- 
tailed) .763 .000 .000 .000 .230

N 45 45 45 45 45 45
Butadiene Pearson

Correlation .047 .872(**) 1 .591 n .826(**) .216

Sig. (2- 
tailed) .759 .000 .000 .000 .155

N 45 45 45 45 45 45
Ethylene Pearson

Correlation -.066 .562(**) .591(**) 1 .650(**) -.48B(**)

Sig. (2- 
tailed) .668 .000 .000 .000 .001

N 45 45 45 45 45 45
Acetylene Pearson

Correlation -.007 .702(**) .826(**) .650(**) 1 .147

Sig. (2- 
tailed) .965 .000 .000 .000 .334

N 45 45 45 45 45 45
Ethane Pearson

Correlation .034 .183 .216 -.488(**) .147 1

S ig .(2- 
tailed) .825 .230 .155 .001 .334

N 45 45 45 45 45 45

Table 7.44 P M 2 5 &  V O C  inter relationships, R1 Car
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Fig. 7.41 Benzene versus Ethylene, R1 

Car

Fig. 7.42 Butadiene versus Ethylene, R1 

Car
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Fig. 7.44 Butadiene versus acetylene, R1 
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For the car on Route 2, Table 7.45 shows the correlation coefficients for the pollutants. 

Compared to Route 1, benzene has lower correlation coefficients for butadiene and 

acetylene and is significantly correlated with ethane indicating that benzene in the Route 

2 car has higher amounts o f non-traffic emissions sources than on Route 1. Again no 

significant relationships were found for PM2.5 but it should be noted that the p-values are 

all considerably lower for the Route 2 car than the Route 1 car, indicating that sources o f  

PM2 5 for the Route 2 car are more closely related to the VOCs than on Route 1. For 

butadiene, as for benzene, lower correlation coefficients for benzene and acetylene and 

higher correlation coefficients for ethane were noted. This again indicates an ingress o f  

non-traffic emissions into the Route 2 car commuter’s exposure as was found during the 

principal component analysis in Section 5.
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PM25  Benzene Butadiene Ethylene Acetylene Ethane
 (PP^) (PPb) (PPb)________ (PPb) (PPb)

PM2 5 Pearson
Correlation 1 -.224 -.171 -.149 -.344(*) -.244

Sig. (2- 
tailed) .160 .284 .371 .034 .140

N 44 41 41 38 38 38
Benzene Pearson

Correlation -.224 1 .694(**) .760(**) .597(**) ,408(*)

Sig. (2- 
tailed) .160 .000 .000 .000 .011

N 41 42 42 38 38 38
Butadiene Pearson

Correlation -.171 .694(**) 1 ,793(**) .657{**) .340(*)

Sig. (2- 
taiied) .284 .000 .000 .000 .037

N 41 42 42 38 38 38
Ethylene Pearson

Correlation -.149 ,760(**) .793(**) 1 .711(**) .567(**)

Sig. (2- 
tailed) .371 .000 .000 .000 .000

N 38 38 38 38 38 38
Acetylene Pearson

Correlation -.344(*) .5 9 7 D .657(**) .711(**) 1 .564(**)

Sig. (2- 
tailed) .034 .000 .000 .000 .000

N 38 38 38 38 38 38
Ethane Pearson

Correlation -.244 408{*) .340(*) .567(**) .564(**) 1

Sig. (2- 
tailed) .140 .011 .037 .000 .000

N 38 38 38 38 38 38

Table 7.45 PM 2.5 &  VOC inter relationships, R2 Car

The correlation coefficients for the pollutant inter-relationships for the bus commuter on 

Routes 1 and 2 are shown in Tables 7.48 and 7.49. On both routes PM2 5 was not shown 

to correlate significantly with any o f the other pollutants. Benzene on Route 1 was 

significantly correlated with butadiene, acetylene and ethylene. The correlation 

coefficients for ethylene and acetylene can be seen to be lower than the car commuter’ s 

on both routes indicating that the benzene exposure is less directly associated with traffic 

emissions on the bus than in the car. Similarly butadiene on Route 1 is also significantly 

correlated with benzene, ethylene and acetylene but again with lower values than for the 

car on both routes.
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P M 2 5

Benzene

Butadiene

Ethylene

Acetylene

Ethane

Pearson 
Correlation 
Sig. (2- 
tailed)
N

Pearson 
Correlation 
Sig. (2- 
tailed)
N

Pearson 
Correlation 
Sig. (2- 
tailed)
N

Pearson 
Correlation 
Sig. (2- 
tailed)
N

Pearson 
Correlation 
Sig. (2- 
taiied)
N

Pearson 
Correlation 
Sig. (2- 
taiied)
N

P M 2  5 

(|jg/m^)
Benzene

(PPb)
Butadiene

(PPb)
Ethylene

(PPb)
Acetylene

(PPb)
Ethane
(PPb)

1 .178 .215 -.084 -.051 .157

.293 .200 .620 .764 .353

46 37 37 37 37 37

.178 1 ,859(**) .527(**) .460(**) -.032

.293 .000 .001 .004 .851

37 38 38 38 38 38

.215 ,859(**) 1 .58 i n .507(**) -.096

.200 .000 .000 .001 .565

37 38 38 38 38 38

-.084 .527(**) .581(**) 1 .871(**) -,429(**)

.620 .001 .000 .000 .007

37 38 38 38 38 38

-.051 ,460(**) .507(**) .871(**) 1 -.281

.764 .004 .001 .000 .088

37 38 38 38 38 38

.157 -.032 -.096 -,429(**) -.281 1

.353 .851 .565 .007 .088

37 38 38 38 38 38

Table 7.46 PM2.5 &  VOC inter relationships, R1 Bus

On Route 2, the bus does not show significant correlations between benzene and either 

ethylene or acetylene. Significant correlations are found between benzene and ethane 

instead indicating non-transport sources for benzene on the Route 2 bus (as was the case 

in Section 5). Butadiene shows significant correlations with ethylene and acetylene but to 

a lesser extent than the car on both routes and the bus on Route 1.
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PM2.5 Benzene Butadiene Ethylene Acetylene Ethane
(Mg/m') (PPb) (PPb) (PPb) (PPb) (PPb)

PM2 5 Pearson
Correlation 1 -.121 .035 .005 .133 .269

Sig. (2-tailed) .444 .826 .975 .402 .085
N 45 42 42 42 42 42

Benzene Pearson
Correlation -.121 1 .539(**) .227 .163 -.316(*)

Sig. (2-tailed) .444 .000 .134 .285 .035
N 42 45 45 45 45 45

Butadiene Pearson
Correlation .035 .539(**) 1 .359(*) 394(**) .178

Sig. (2-tailed) .826 .000 .016 .007 .243
N 42 45 45 45 45 45

Ethylene Pearson
Correlation .005 .227 .359(*) 1 .854(**) .084

Sig. (2-tailed) .975 .134 .016 .000 .582
N 42 45 45 45 45 45

Acetylene Pearson
Correlation .133 .163 .394(**) .854(**) 1 .371 (*)

Sig. (2-tailed) .402 .285 .007 .000 .012
N 42 45 45 45 45 45

Ethane Pearson
Correlation .269 -.316(*) .178 .084 .371 (*) 1
Sig. (2-tailed) .085 .035 .243 .582 .012
N 42 45 45 45 45 45

Table 7.47 PM2 5 &  VOC inter relationships, R2 Bus

The cyclist on Route 1 showed no significant correlations for PM2 5 as for the previous 

modes, whilst benzene was significantly correlated with butadiene, ethylene and 

acetylene. The magnitude o f the correlation coefficients was less than the car on both 

routes and less than the bus on Route 1 but higher than the bus on Route 2. This shows 

that on Route 1, the cyclist’ s exposure to benzene is less directly associated with traffic 

emissions than the car or bus. The same findings are reflected by the significant 

correlations for butadiene with ethylene and acetylene. This again highlights that as the 

commuter move further away from the traffic lanes the less directly exposed to traffic 

emissions the commuter becomes.
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P M 2 5 Benzene Butadiene Ethylene Acetylene Ethane

PM2.5 Pearson 
Correlation 
Sig. (2-tailed)

1 .129

.422

.147

.360

-.002

.991

.130

.419

.163

.310
N 56 41 41 41 41 41

Benzene Pearson 
Correlation 
Sig. (2-tailed)

.129

.422

1 .849(**)

.000

.450(**)

.003

325(*)

.036

.160

.313
N 41 42 42 42 42 42

Butadiene Pearson 
Correlation 
Sig. (2-tailed)

.147

.360

.849(**)

.000

1 .455(**)

.002

.418(**)

.006

.101

.526
N 41 42 42 42 42 42

Ethylene Pearson 
Correlation 
Sig. (2-tailed)

-.002

.991

.450(**)

.003

.455(")

.002

1 .494(**)

.001

-.264

.091
N 41 42 42 42 42 42

Acetylene Pearson 
Correlation 
Sig. (2-tailed)

.130

.419

.325(’ )

.036

.418(**) 

.006

494(**)

.001

1 .138

.385
N 41 42 42 42 42 42

Ethane Pearson 
Correlation 
Sig. (2-tailed)

.163

.310

.160

.313

.101

.526

-.264

.091

.138

.385

1

N 41 42 42 42 42 42

Table 7.48 PM2.5 &. VOC inter relationships, R1 cyclist

On Route 2, the cyclist shows significant correlations between butadiene and PM 2 .5 , 

although the relationship only accounted for 1 0 % o f variance, indicating that PM2.5 was 

marginally related to the VOCs. Benzene correlates significantly with butadiene, ethylene 

and acetylene and to a greater magnitude than the cyclist on Route 1. The correlation 

coefficients for benzene in this case are higher than the bus on both routes but lower than 

the car on both routes. For butadiene the same significant correlations are present. The 

correlation coefficients are higher than the bus on Route 2 and are similar to the cyclist 

on Route 1. They are also lower than the car on both routes.
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PM2 5
(ijg/m ')

Benzene
(PPb)

Butadiene
(PPb)

Ethylene
(PPb)

Acetylene
(PPb)

Ethane
(PPb)

PM2 5 Pearson 
Correlation 
Sig. (2-tailed)

1 .228

.147

.316(*)

.042

.278

.078

.273

.081

.276

.080
N 48 42 42 41 42 41

Benzene Pearson 
Correlation 
Sig. (2-tailed)

.228

.147

1 .774(**)

.000

.623(**)

.000

CD
b 2 

J .128

.421
N 42 43 43 42 43 42

Butadiene Pearson 
Correlation 
Sig. (2-tailed)

.316(*)

.042

.774(**)

.000

1 .434(**)

.004

494(**)

.001

.424(**)

.005
N 42 43 43 42 43 42

Ethylene Pearson 
Correlation 
Sig. (2-talled)

.278

.078

.623(**)

.000

.434(**)

.004

1 .739(**)

.000

-.036

.820
N 41 42 42 42 42 42

Acetylene Pearson 
Correlation 
Sig. (2-tailed)

.273

.081

.492(**)

.001

494(**)

.001

,739(**)

.000

1 .359(*)

.020
N 42 43 43 42 43 42

Table 7.49 PM2.5 &  VOC inter relationships, R2 cyclist.

For the pedestrian on Route 1, as for most o f the other modes, PM2 5 was not significantly 

correlated with any o f the VOCs. Benzene was significantly correlated with butadiene, 

ethylene, acetylene and negatively with ethane. The relationship between ethane and 

benzene accounted for 15% o f variance a small amount o f variance in comparison with 

the other VOCs. The magnitude o f the correlation coefficients for ethylene and acetylene 

were higher than the bus and cyclist on both routes and o f a similar order to the car on 

both routes. This indicates that like the car commuter, the pedestrian on Route 1 was 

found to have an exposure concentration o f benzene more directly linked to the traffic 

emissions than the bus or cyclist. The same could be said for butadiene as it had the same 

significant correlations as for benzene.
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P M 2 5 Benzene Butadiene Ethylene Acetylene E thane 
(PPb)______________________________  (ppb) (ppb)

PM25 Pearson
Correlation 
Sig. (2-tailed)
N

Benzene Pearson
Correlation 
Sig. (2-tailed)
N

Butadiene Pearson
Correlation 
Sig. (2-tailed)
N

Ethylene Pearson 
Correlation 
Sig. (2-tailed)
N

Acetylene Pearson
Correlation 
Sig. (2-tailed)
N

Ethane Pearson
Correlation 
Sig. (2-tailed)

N

Table 7.50 PM2 5 &  VOC inter relationships, R1 pedestrian.

1 .119 .092 -.029 -.071 .308

.511 .612 .871 .695 .081
48 33 33 33 33 33

.119 1 .856(**) .762(**) .676(**) -,387(*)

.511 .000 .000 .000 .018
33 37 37 37 37 3:

.092 .856(**) 1 .686(**) .757(**) -.253

.612 .000 .000 .000 .131
33 37 37 37 37 3’’

-.029 .762(**) .686(**) 1 .810(**) -.523(**)

.871 .000 .000 .000 .001
33 37 37 37 37 37

-.071 ,676(**) ,757(**) .810(**) 1 -.421(**)

.695 .000 .000 .000 .009
33 37 37 37 37 3”

.308 -.387(*) -.253 -.523(**) -.421(**) 1

.081 .018 .131 .001 .009
33 37 37 37 37 S'"

For the pedestrian on Route 2, PM2 5  was found to have significant correlations with 

ethylene and ethane. Benzene had a significant relationship with the other traffic related 

VOCs as did butadiene to a similar degree as the pedestrian on Route 1 and the car on 

both routes.

In summary, particulate matter was generally not found to be associated with the VOCs, 

whilst ethane was generally not found to be associated with traffic-related VOCs. The car 

and pedestrian showed the strongest associations between benzene/butadiene and the 

traffic markers ethylene and acetylene. The modes on Route 2 showed signs o f the 

influence o f non-transport sources o f pollutants.
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PM25 Benzene Butadiene Ethylene Acetylene Ethane 
(pg/m^) (ppb)______________________________  (ppb) (ppb)

PM2 5 Pearson
Correlation

1 -.231 .122 -.370 -.159 .557

Sig. (2-tailed) .136 .434 .015 .309 .000
N 46 43 43 43 43 42

Benzene Pearson
Correlation -.231 1 .748 .682 .570 -.029

Sig. (2-tailed) .136 .000 .000 .000 .856
N 43 43 43 43 43 42

Butadiene Pearson
Correlation

.122 .748 1 .565 .636 .461

Sig. (2-tailed) .434 .000 .000 .000 .002
N 43 43 43 43 43 42

Ethylene Pearson
Correlation

-.370 .682 .565 1 .559 -.148

Sig. (2-taiied) .015 .000 .000 .000 .349
N 43 43 43 43 43 42

Acetylene Pearson
Correlation -.159 .570 .636 .559 1 .087

Sig. (2-tailed) .309 .000 .000 .000 .582
N 43 43 43 43 43 42

Ethane Pearson
Correlation

.557 -.029 .461 -.148 .087 1

Sig. (2-tailed) .000 .856 .002 .000 .000
N 42 42 42 42 42 42

Table 7.51 P M 2 5 &  VOC inter relationships, R2 pedestrian.

7.9 Ethylene : acetylene ratio

It was outlined earlier in Section 2.1.2 how ratios between compounds can give 

indications of: the age o f the pollutants (m+p xylene/ethlybenzene); the source o f the 

pollutants (propene/butadiene); and the presence o f catalytic converters 

(ethylene/acetylene). However, although these ratios would give interesting insights into 

the nature o f the exposure concentrations, the compounds m+p xylene, propene and 

ethylbenzene were not found to be repeatable using the bag sampling method i.e. errors 

were present in the concentrations when using the bag sampling method which were 

outside the bounds o f acceptability both here and in previous studies (O’Donoghue., 

2005). Therefore, only the ratio indicative o f catalytic converter use can be legitimately 

investigated. Table 7.52, shows the mean ratios between ethylene and acetylene for the 

four modes. Values o f the ethylene/acetylene ratio close to 1 indicate little catalytic 

converter activity while values close to 3 indicate high amounts o f catalytic converter 

activity (O ’Donoghue, 2005).
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Mode Route 1 Route 2 Total
Car 1.62 2.52 2.02

Cyclist 2.01 1.32 1.66

Bus 1.65 1.21 1.37
Pedestrian 1.95 1.41 1.66
Total 1.81 1.58 1.69

Table 7.52 Ethylene acetylene ratio by mode

Overall, the car is shown to have the highest ratio suggesting that emissions from 

vehicles affected by catalytic converters make the largest contribution to exposure 

concentrations. The cyclist and pedestrian have slightly lower values than the car, and the 

bus commuter has the lowest value o f 1.37, which is quite close to 1.0. The finding o f  a 

low ratio on the bus may indicate that a portion o f the bus commuter’s exposure may be 

due to exhaust emissions reaching the bus commuter without catalytic conversion occurs, 

i.e. i f  a portion o f the engine exhaust leaked internally to the bus cabin catalytic 

conversion would not have occurred and the ratio would be low. Evidence o f internal 

leakage in buses has been shown previously and the low ethylene/acetylene ratio may be 

further evidence o f this. The ratios on Route 1 appear in some cases to be marginally 

higher than Route 2, however a statistically significant difference between the two was 

not found, as would be expected.

It would be expected that the relatively modern fleet o f vehicles on Irish roads would 

have a majority o f vehicles with catalytic converters present. It has been estimated that 

the Irish fleet comprises 1.6 m illion vehicles (O’Mahony et a l ,  2000) and the Central 

Statistic Office figures show an average o f 166,000 new vehicles registered per year from 

1999 to 2005. This would suggest that Irish fleet is renewed in a 10 year period and that 

few vehicles older than 1996 are present. The fact that the higher values o f the car and 

pedestrian are not at 3.0, but rather, closer to 2.0 may suggest that a portion o f the vehicle 

fleet are still not using catalytic converters, which is plausible and also that o f the 

catalytic converters that have been installed, some o f them may not always be operating 

at their maximum efficiency. The efficiency o f the catalytic conversion process is 

dependent on temperature and drops o ff outside o f a particular operating range, partially 

the case o f cold start emissions which were in evidence in the previous sections.

7-56



Chapter 7 -  Statistical M odelling and Determ inants o f A ir Pollution

7.10 Cycling Speed

Com m uting by bicycle in the urban environment could be carried out at a range o f  speeds 

by the cyclists from the relatively slow pace o f 5mph to the relatively fast pace o f  12mph 

and beyond. The difference in these speeds gives rise to different exposure tim es and 

breathing rates between slow and fast paced cyclists. Those cyclists travelling slowly 

would have a lower breathing rate and hence breath in less pollutants, but would do so for 

a longer duration since the commute would take longer than that o f a faster paced cyclist.

A theoretical investigation has been carried out using the human respiratory tract model 

as to whether travelling a given distance at a slow speed would result in higher or lower 

uptake o f  pollutants than travelling the same distance at a faster speed. In order to do this 

laboratory experiments were carried out on a cyclist to determine the breathing 

param eters for a range o f  distances (1 to 10 miles) and a range o f speeds (5 to 17.5 mph). 

These experim ents were carried out using the M etamax apparatus in the Trinity College 

Dublin, Physiology laboratories as described in Section 3.3.3. Figure 7.45 shows the 

average increase in breathing rate measured against the cycling speed. The relationship 

between the two variables was found to follow the linear Equation 7.1 given below with 

an o f  0.99, where V is the ventilation rate in 1/min and S is the cycling speed.

F  = 3 .5 5 5 -5 .8 5  (7.1)

7-57



C hapter 7 -  Statistical M odelling and D eterm inants o f  A ir Pollution

70

60 

50

g 40

c
0  s  
S1 30 
>

20 

10 

0
0 2 4 6 8 10 12 14 16 18 20

Speed mph

Fig 7.45 B reathing rate vs C ycling Speed

T he results o f  these experim ents yielded tw o sets o f  input data for the lung m odel and 

four categories o f  pollu tant concentration w ere also chosen (from  1 to 5ppb o f  benzene) 

to investigate the effects o f  varying this param eter. Table 7.53 show s the breath ing  inpu t 

data  for the lung model.

Speed (m iles) B reathing R ate (mVh) Frequency (m in '')  V olum e (m l)

5 ~ 5  20 1250

12 3 26 1920

Table 7.53 lung m odel breath ing  input param eters

F or each o f  the breathing param eters the absorption o f  benzene in the lungs w as  

estim ated by the m odel for a range o f  concentrations, distances, cycling speeds, du ra tions 

and breathing rates. The cycling speed determ ined the breathing rate and duration  o f  

exposure and the po llu tan t concentrations w ere chosen to be representative o f  a range o f  

urban concentrations. Table 7.54 sum m arises these param eters for each d istance.
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Distance (m il) Duration at 5mph (h) Duration at 12mph (h) 

i 02 0.083

5 1 0.416

10 2 0.833

Table 7.54 Duration data

Figures 7.46 to 7.49 show the model outputs, where it can be seen in the majority o f  cases 

considered that, regardless o f distance, travelling at the faster speed o f 12mph results in 

lower absorption o f benzene in the lungs o f the cyclist particularly in the alveolar region. 

It can also be seen that the advantage o f travelling faster is reduced with increasing 

exposure concentration. In the case o f travelling 5 miles at a concentration o f O.Sppb the 

alveolar absorption can be seen to be approximately 50% greater in the slower paced 

cyclist than the fast paced cyclist. When the concentration is increased to 5ppb the 

absorption in the alveolar region can be seen to be marginally higher in the faster paced 

cyclist.

1 miles, 0.5 ppb

_  0.1 
£1

S  0.08 
■a
.Q
o (/) 
n  
<  
o c 
o o

0.06 ^

0.04 ^

0.02 J 

o I b -  
1 4 5 6

Lung region

□ 5 mph 

■ 12 mph

Fig. 7.46 Benzene lung absorption, 0.5 ppb, 1 mile
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Fig. 7.47 Benzene lung absorption, 1 ppb, 1 mile
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Fig. 7.48 Benzene lung absorption, 2 ppb, 1 mile
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Fig. 7.49 Benzene lung absorption, 5 ppb, 1 mile

It could therefore be concluded that cycling speed as a determinant o f air pollution 

absorption in the lungs reduces the uptake o f pollutants with increasing speed at levels o f 

benzene below 5ppb. This finding would also improve the health impacts for cyclist 

considering that it has previously been shown that a higher relative wind speed and lower 

idle time reduces the average exposure concentrations for the cyclist. Hence, by travelling 

faster the cyclist would have a lower exposure concentration and would also have a lower 

uptake o f pollution.

By corollary, this finding could also be extended to the walking pace o f pedestrians to say 

that walking faster would be likely to reduce the uptake o f pollutants than walking 

slowly.

7-61



Section 8 -  CFD Modelling Results and Analysis



Chapter 8 -  CFD Modelling Results and Analysis

8. CFD M odelling Results and Analysis

A number o f  CFD models have been constructed for this project to study the dispersion 

o f  transport derived air pollution as discussed in detail in the following sub-sections. 

Experimental data collected during the project have been used to calibrate models and 

these models have then been used to make further predictions about exposure 

concentration under varying environmental conditions.

A 3D model o f  idling cars was constructed to investigate the dispersion o f  exhaust 

plumes for VOCs for varying wind speeds. The model was also used to investigate the 

effect o f  maintaining different distances to the preceding vehicle on car commuter 

exposures as was demonstrated by the field measurements described in Section 6.5.

An idealised 3D model o f  Route I was constructed in order to make predictions about the 

exposure concentrations o f  each o f  the commuter modes considered. The model was 

calibrated using experimental data collected during the main sampling phase o f  this 

project. A similar model was also used to make predictions about the difference in 

pedestrian exposure between the footpath and boardwalk as described in Section 6.4. The 

experimental data collected along the boardwalk were also used to calibrate this model.

8.1 Car Spacing in Congested Traffic M odel

Following on from Section 6.5 the car spacing model was constructed as a generic 

representation o f  two cars in idling traffic conditions in order to examine in detail the 

dispersion o f  the VOCs measured. The CFD model was used to predict exposure 

concentrations for the car in idling conditions only and given that the cars were both 

moving and idling during the experimental sampling, the data were broken down into 

components o f  concentration between idling conditions and moving conditions according 

to Equation 8.1:

Ca =  t ,a C ,a +  ( l - t ia ) C m  and Cb = tifaC.b +  ( 1-t ,b)Cm (8.1)
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Where Ca and Cb are the concentrations recorded in car A and car B respectively, t,a is the 

idle time ratio for car A  (i.e. the ratio o f the amount o f time spent idling to the total travel 

time), tib is the idle time ratio for car B. The component o f concentration Cia is therefore 

the amount o f exposure experienced while idling for car A and the component Cm is the 

amount o f exposure experienced while moving freely for car A  and car B (the component 

Cm was assumed to be the same for car A  and B as the notation reflects). Finally, the 

concentration component Cjb is the amount exposure experienced by car B while idling.

The idle time ratio and base wind speed were calculated for each sample as described in 

Section 3; Tables 8.1 and 8.2 show the idle time and wind speed data as well as the 

concentrations broken down into its idling and moving components (note. Cm has been 

in itially assumed to be O.Sppb for all samples but w ill be refined later).

Sample No Base WS (m/s) Ca (ppb) t i a ( % ) Cia (ppb)

1 0.287 1.07 0.56 1.50

2 0.295 1.46 0.49 2.43

3 0.337 1.70 0.40 3.42

4 0.962 1.80 0.65 2.48

5 0.239 1.36 0.20 4.64

6 -0.118 2.14 0.55 3.45

7 0.798 1.89 0.74 2.36

8 0.970 1.22 0.37 2.43

9 -0.006 0.41 0.39 0.28

10 0.005 2.96 0.61 4.48

Average 0.377 1.60 0.50 2.75

Table 8.1 Concentration Components, idle times and base wind speed for car A
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Sample No Base WS (m/s) Cb(ppb) tjb(%) Cib(ppb)

1 0.152 0.84 0.522 1.155

2 0.002 1.15 0.461 1.918

3 0.225 1.28 0.444 2.264

4 -0.166 1.68 0.519 2.775

5 -1.564 1.38 0.295 3.480

6 0.512 1.53 0.291 4.026

7 1.590 1.50 0.951 1.549

8 0.428 1.18 0.597 1.642

9 0.512 0.37 0.379 0.148

10 0.086 1.45 0.515 2.341

Average 0.178 1.24 0.497 2.130

Table 8.2 Concentration Components, idle times and base wind speed for car B

A generic numerical model o f  two cars was set up using Fluent 6.2 commercial CFD 

software using the geometry o f  two identical average sized cars (obtained from the 

Vehicle System Department o f  Centro Ricerche Fiat, Italy) placed as shown in Figure 

8.1, at a distance o f  Im and 2m apart respectively in two separate models.

Fig 8.1 Geom etry o f  CFD model

The two cars are placed in a large rectangular (13.5m long x 10m wide x 5m high) 

reference frame with an incoming airflow at 0° to the direction o f  the car movement. The 

model length was chosen to leave 2.25m between the incoming air and the front o f  the 

first car and 2.25m between the outgoing air and the rear o f the following car. i.e leaving
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sufficient space for undisturbed air to flow before the vehicles. The height and w idth 

were chosen to allow sufficient space for air to flow around the vehicles in the m odel. 

The idling exhaust outflow was set at 0.084 kg/s o f 1,3 butadiene-air m ixture and the 

ventilation inlet flow rate was set to the typical minimum setting o f lOOmVh to reflect the 

minimum setting maintained during the experimental sampling. These input values w ere 

obtained from the vehicle systems department o f Centre Ricerche Fiat. The CFD m odel 

consisted o f  a 3D, steady state, k-s turbulence model that predicts the flow o f  air in the 

geometry as a result o f  the incoming wind speed, exhaust outlet and ventilation inlet. The 

transport o f  the 1,3 butadiene-air mixture from the exhaust was included in the model to 

predict the dispersion o f 1,3 butadiene in the surrounding atmosphere.

The CFD models o f  car A and car B were calibrated to the average values o f  Cja and Cjb 

for base wind speeds o f  0.377 and 0.178 m/s respectively by adjusting the em ission 

factor for 1,3 butadiene from the exhaust o f the preceding car. Once the m easured 

averages and the predicted values were in agreement, the model was used to predict the 

value o f  individual samples according to the corresponding base wind speed m easured. 

The predicted car commuter exposure concentrations w'ere considered to be the 

concentration o f 1,3 butadiene entering the ventilation inlet in each case. The results o f  

these numerical simulations were then adjusted for the variation in traffic volum es and 

variation in idle time ratio from the average value, the results o f which are shown in 

Table 8.3 and Figure 8.2.

Two pairs o f values have been eliminated from Figure 8.2 as they lay more than tw o 

standard deviations away from the mean and were considered outliers. They were also 

considered outliers as in both cases the wind speed was higher than the average value (to 

which the model was calibrated), yet instead o f the concentration dropping lower than the 

average exposure concentration as would be expected, it increased. As the model would 

not predict an increase in exposure due to an increase in wind speed, both points were 

removed to avoid skewing the results o f  the analysis. The reasons behind these tw o 

experimental results could have been due to queuing behind vehicles with abnorm ally 

high emission etc. The correlation between the measured and predicted values was shown
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to be 0.98 with an R o f 0.46. The relationship shows good agreement but only accounts 

for 46% o f the variation in the data possibly due to the inaccuracy o f the spacing o f 

vehicle during the experiments, the small sample size and the varying composition o f 

surrounding traffic emissions.

Sample No Cja Cjg predicted C,b C,b predicted

1

2

3

4

5

6

7

8

9

10

1.503

2.435 

3.429 

2.484 

4.648 

3.452 

2.368

2.435 

0.282 

4.486

2.927

2.832

3.561

1.582

8.171

4.400

0.958

3.045

5.687

3.888

1.155

1.918

2.264

2.775

3.480

4.026

1.549

1.642

0.148

2.341

2.280

1.923

1.645

2.237

0.507

0.609

1.546

1.342

0.792

2.279

Average 2.752 2.751 2.130 2.116

Table 8.3 Experimental idle concentrations vs. CFD idle concentrations
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Fig. 8.2 correlation between predicted and experimental idle 1,3 butadiene

concentrations.
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An attem pt w as then m ade to im prove the perform ance o f  the m odel further by vary in g  

the background concentration com ponent Cm from its assum ed value o f  O.Sppb to g iv e  a 

better fit betw een  the tw o  sets o f  data. U sin g  a process o f  least squares op tim isation  to  

reduce the sum  o f  the squared d ifference betw een all o f  the experim ental and predicted  

values, a n ew  value o f  0 .383ppb  w as obtained. This new  value for C2 entered into the  

m odel resulted in a marginal im provem ent in m odel perform ance w ith a slop e o f  0 .9 3  and  

an o f  50%  as show n in Figure 8.3. The perform ance o f  the m odel is considered  q u ite  

good g iven  that factors causing variations in the concentration o f  pollutants such as 

tem perature, stability etc and em ission s com ing from  adjacent veh ic les , fixed /background  

source etc , are not accounted for in the m odel.

The m odel w as also used to m ake the sam e predictions based on the b enzene data in the  

sam e m anner as described above. The resulting correlation betw een the experim ental and  

predicted data w as 0 .92  w ith an R^ value o f  0 .30 . The slop e o f  the relationship w as o f  a 

sim ilar order to the 1,3 butadiene m odel but the relationship accounted for less o f  the  

variation o f  the experim ental data w hich m ay be explained  by the m ore persistent nature 

o f  benzene in the environm ent com pared to 1,3 butadiene and to internal sources o f  

benzene from  p lastics or paint etc. S ignificant im provem ents to the m odel could  not be  

achieved using the least squares optim ise as for 1,3 butadiene.
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Fig. 8.3 Predicted vs. experimental idle concentrations using the least squares optim ised

model

Figures 8.4 and 8.5 show a typical dispersion profile for both car A and car B for the 

average o f the idle concentration cases. The comparison o f  these two figures shows that 

the ventilation inlet o f car B (located towards the front o f the car) is surrounded by a 

lower concentration o f 1,3 butadiene than car A due to the distance between the vehicles, 

as the model results revealed.

Cai

Fig. 8.4 Car A, dispersion o f 1,3 butadiene (ppb) at a base wind speed o f  0.377m /s
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Car B

esssisA

0.6

13

Fig. 8.5 Car B, dispersion of 1, 3 butadiene (ppb) at a base wind speed o f 0.377m/s

Further investigation of the dispersion characteristics of the exhaust plume predicted by 

the model show similar results to that of recent experiments carried out by Ning et al. 

(2005). Figures 8.6 and 8.7 show the concentration o f 1,3 butadiene with increasing 

distance from the exhaust outlet in the x and z-directions respectively. The x-direction 

refers to the longitudinal distance away from the exhaust at the same angle as the wind 

direction, while the z-direction refers to the transverse distance away from the exhaust at 

90° to the wind direction, as shown in Figure 8.7. Ning et al. (2005) found the 

concentrations o f NOx to drop away rapidly with 2m of the exhaust o f the car in the x- 

direction and within 0.5m of the car in the z-direction as was also found for benzene and 

butadiene by the CFD model.

\

3 4

Distance (m)

Fig. 8.6 Concentration o f 1,3 butadiene vs. x-distance from exhaust.
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3 .0 0 E -1 J i  \
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Fig. 8.7 Concentration o f  1,3 butadiene vs. z-distance from exhaust.

Further predictions were m ade using the model to assess the impact o f  vary ing  the 

ventilation rate whereby the m inim um  ventilation rate o f  lOOm^/h was varied at a num ber 

intervals to its m axim um  value o f  390mVh. The ventilation rate w as varied at the average 

base w ind  speed for the samples and at a higher wind speeds up to 4.5m/s, w ith  the 

results p resented  in Figure 8.8.
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«  -  7m/s 
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Fig. 8.8 Concentrations with varying ventilation and wind speed.

Figure 8.8 shows a general trend o f reduction in the exposure concentrations w ith 

increasing wind speed from 0.377m/s to 2.2m/s and then a slight increase to 4.5 m/s. 

Wind speed increasing from 0.38m/s to 2.2m/s leads to increased dispersion, however, it 

appears at higher wind speeds the pollution is effectively pushed more quickly towards 

the next car, thus leaving less time for dispersion. Figure 8.8 also shows that at w ind 

speeds greater than Im/s, a higher ventilation rate results in higher concentrations 

entering the car cabin as expected. At lower wind speeds less dispersion o f the exhaust 

plume occurs, therefore at low ventilation rates the exposure is higher as air is drawn into 

the car directly from the exhaust plume. A t higher ventilation rates in this condition air is 

drawn into the car from the exhaust plume and the surrounding air, thus diluting the 

exposure concentrations.

Maintaining a 2m distance to the preceding vehicle has been shown experimentally to be 

associated with a reduction in VOCs and particulate matter o f 30-40%. The subsequent 

use o f a calibrated numerical model has demonstrated that the pollution concentration 

drops away rapidly within the first 2m o f the preceding exhaust. Hence, i f  such a driving
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practice was adopted widely there should be a corresponding reduction in the health 

im pacts o f comm uting by car. Further research is required however, to determine whether 

such driving behaviour could promote a significantly higher level o f  traffic congestion 

and to determine its possible affect on increasing road safety and fuel economy.

Finally, the use o f  the k-e turbulence model in CFD was shown to be a good m ethod of 

predicting the dispersion o f  air pollutants from vehicles.

8.2 Boardwalk Model

An idealised model o f  the boardwalk (as described in Section 6.4) was constructed in 

Fluent 6.2 as shown in Figure 8.9. The model aims to investigate further the differences 

in benzene exposure between pedestrians on the footpath and pedestrians on the 

boardw alk highlighted in the experimental investigations (Section 5.6). Benzene was 

selected in this case as opposed to 1,3 butadiene in the previous model to dem onstrate the 

adaptability o f  the CFD predictions to different pollutants, although similar results were 

found using either. Data obtained during the experimental m easurem ents were used to 

calibrate the model for the average case (i.e. to the average wind speed, wind direction 

and exposure concentrations o f the experimental data) and were also used to test the 

perform ance o f  the model on an individual basis (i.e. examining the m odel’s predictions 

against the measured values for the environmental conditions o f each sample).

The geom etry o f  the model comprises a 200m long section o f the route along which the 

boardw alk runs. The model represents the typical cross section o f the roadway on either 

side o f  the River Liffey enclosed by 20m high buildings on either side. The boardw alk is 

placed on the north side o f  the route overhanging the river adjacent to the incom ing 

traffic. The boardwalk and footpath are also separated by a small wall. The model 

extends for 10m above the height o f the rooftops from where the prevailing wind speed 

and directions are simulated.
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Air Flow
Footpath

Boardwalk

River Lmey

Buildings

Roadway

Fig 8.9 Boardwalk model geometry

The solver used to simulate the turbulent flow in the model was the LES model as 

described in Section 4.2.2. The LES model was used in this case due to the slightly m ore 

complex geometry included in the model in the region o f the boardwalk and dividing wall 

to which it is more suited than the k-e model, as described in Section 4.2.2. The airflow  in 

the model was simulated from the flow o f  air over the top o f the buildings and at either 

end o f the street section, according to the wind speed and direction selected. The 

dispersion o f benzene in the turbulent air stream from traffic was simulated by releasing 

concentrations o f  benzene at the street level along the roadway. The exposure 

concentrations o f  pedestrians on the footpath and boardw'alk were then calculated to be 

the average concentration at head height (1.76m) along the centre o f  the footpath and 

along the centre o f  the boardwalk. Table 8.4 shows the experimental data used to 

calibrate and test the m odel’s performance.
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Sample benzene benzene % wind wind
Nr.______ boardwalk footpath difference speed direction

1 0.50 0.97 0.51 8.75 250
2 0.48 0.92 0.52 2.06 325
3 0.65 1.38 0.47 1.54 325
4 0.47 0.81 0.59 3.09 85
5 0.63 1.49 0.42 3.60 85
6 0.71 1.68 0.42 3.60 85
7 0.41 0.49 0.84 4.12 235
8 0.47 0.96 0.49 5.14 200
9 1.26 2.04 0.62 5.66 185
10 0.78 1.23 0.63 6.17 280

Average 0.64 1.20 0.55 4.37 205
Table 8.4 Boardwalk experimental data

The calibration o f the model was carried out for the average case using the wind speed 

and w ind direction as shown above and by adjusting the concentration o f  benzene emitted 

at street level to achieve the same percent difference in benzene concentration as the 

experim ental data. The percentage difference was used rather than the actual 

concentrations as factors affecting the actual amount o f benzene emitted by traffic were 

not accounted for by the model (such as traffic density, temperature, idle time etc). The 

em issions factor for benzene in the model was constant and the only variables which 

were altered were the wind speed and direction. It was assumed that for different rates o f 

benzene em issions under the same wind speed and direction that the percent difference 

should be, in theory, the same between the footpath and boardwalk and by using the 

percent difference in the model the errors due to variations in emission rates in the 

experim ental data were minimised.

Once the model was calibrated to the average case it was then run for each o f the 10 

samples individually. The resulting CFD predictions o f the percent difference were then 

plotted against the actual percent difference to determine the perform ance o f  the m odel as 

shown in Figure 8.10. A straight line through the origin with a slope o f  0.80 and an R  o f 

0.61 w as obtained and shows that the model accounts for over 60% o f  the variation o f  the 

experim ental data. It also showed that the model underestimates the percent difference 

found in the experimental data by 20%.

8-13



Chapter 8 -  CFD Modelling Results and Analysis
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Fig 8.10 Experimental % difference vs CFD % difference

The m odel’s performance in predicting the experimental values was reasonably good, but 

it was hypothesised that this could be improved upon by including in the mode! a 

representation o f the background benzene concentration which may alter the m odel’s 

findings. This was done by including a second emission source o f  benzene in the 

incoming air at roof level and at a lower concentration than at the street level em ission. 

The model was recalibrated and re-run for each o f the 10 cases. Figure 8.11 shows that 

the resulting relationship between the predicted and experimental values is improved w ith 

a straight line through the origin yielding a slope o f 0.90 and an o f 0.66. The m odel 

was shown to account for an improved 66% o f the variation o f  the experimental data and 

the underestimation o f the experimental data was reduced to 10%.

Examining the experimental data and the CFD data it can be seen that regardless o f  w ind 

speed and wind direction, the exposure concentration on the boardwalk was consistently 

lower than on the adjacent footpath. Examining the flow fields, with the wind blow ing 

perpendicular to the street from the north, shows that a recirculation o f  air occurs form ing 

a vortex thus blowing the traffic emissions away from the boardwalk. Figure 8.12 show s 

the velocity vectors predicted by the model in this case. The boardwalk, located on the
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edge o f the roadway on the right hand side shows air flow in the opposite direction to the 

wind above, blowing air in the direction o f the roadway where the traffic emissions 

originate

0.90

0.80

y = 0.90x

0.70

0.60

fc 0,50

O  0.40

0,30

020

0.10

0.00
1 000.00 0.10 0 30 0.60 0.70 0,80 0 900.20 0,40 0,50

Exp % Diff

Fig 8.11 Experimental % D iff  vs. CFD % D iff  including background.

Fig 8.12 Boardwalk vectors, perpendicular northerly wind.
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Thus, it can be seen how the pedestrian on the boardwalk would be exposed to low er 

concentration o f  pollutants than the pedestrian on the footpath. Figure 8.12 can also be 

used to show the velocity vectors for the wind blowing perpendicular to the street in the 

opposite southerly direction. As the model is largely symmetrical, in this case we im agine 

the boardwalk is located on the left hand side o f  the image. Here it can be seen again that 

the wind blows across the boardwalk and in the direction o f the roadway where the traffic 

emissions are originating. The emissions are being dispersed in an upward direction aw ay 

from the boardwalk, and it can also be seen in this case how the pedestrian on the 

boardwalk has a lower exposure to the footpath.

Direct insight into the dispersion o f the vehicle emissions can be seen in the model by 

tracking the path lines o f flow released from the traffic lanes and coloured according to 

benzene concentration. Figure 8.13 show's the path lines, where darker colours represent 

higher concentrations o f benzene than lighter colours. It can be seen that in this case a 

small vortex is created along the roadway where benzene is emitted and then carried in 

the direction o f the boardwalk until it meets the dividing wall between the boardw alk and 

footpath.

Northerly Wind

River LifFey

Board
wdk

Fig. 8.13 Traffic emission path lines
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From the dividing wall the air is then recirculated back in the direction it came, towards 

the building faces and then carried upwards past the rooftops. This figure shows the 

im portance o f  the boundary wall in this case in shielding the pedestrian on the boardwalk 

from the benzene emissions. This may be an important finding in terms o f urban planning 

where dividing walls could be placed between the footpath and roadway to reduce 

pedestrian exposure to air pollutants.

W hen the wind direction is parallel to the street in either easterly or westerly directions it 

can be seen from Figure 8.14 that the pedestrian on the boardwalk would be afforded 

more dispersion o f  the pollutants coming from the traffic lanes on their left than the 

pedestrian on the footpath, simply due to their increased distance from the traffic 

em issions. Benzene emitted from traffic upstream o f the pedestrian would be more dilute 

by the tim e it reaches the receptor on the boardwalk than on the adjacent footpath.

Fig. 8.14 Boardwalk vectors, parallel wind

In sum m ary, regardless o f  the wind direction, the boardwalk has been shown to have a 

lower exposure concentration than the footpath, due in part to the dividing wall between 

the two. CFD m odelling using large eddy sim ulation has been shown to give quite good
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agreement with the experimental data as well as graphical insights into the flow o f  air in 

the street canyon geometry.

8.3 Street Canyon Model

An idealised model o f the geometry o f Route 1 was constructed for the purposes o f  

investigation o f  the flow fields and dispersion o f air pollutants along the route, as show n 

in Figure 8.15. The geometry o f the route comprised a long, wide canyon representing the 

quays aligned at 285° from North and a shorter narrower section at 15“ from N orth  

representing the final section o f the route. The length o f  the route was scaled so that the 

two sections were in correct proportion to each other.

N orth  Dublin

Eiver LiflFey

South Dublm

Fig. 8.15 Route 1, 3D model geometry

The roadway along which samples were recorded on the north side o f the quays was split 

between the footpath, traffic lanes, bus and cycle lane as shown in Figure 8.16. Em issions 

o f  benzene were released from the surface o f  the bus or traffic lanes to sim ulate the 

emission o f  benzene from vehicular sources. The meteorological conditions o f  w ind 

speed and direction were simulated in the street canyon from air blowing at a given
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m agnitude and direction over the top o f  the buildings. This airflow subsequently 

produced the various flow patterns in the canyon. The turbulent airflow in the model was 

predicted using the standard k-e solver as described in Section 4.2 and the dispersion o f 

benzene throughout the confines o f  the model was predicted using the species transport 

model also described in Section 4.2. The k-s solver was used in this case as against the 

LES solver in the boardwalk model due to a sim pler model geometry allowing the use o f 

the less computationally expensive k-e solver, as described in Section 4.2. The exposure 

concentrations predicted by the model were calculated according to the average 

concentration o f  benzene predicted along the line o f  travel o f the typical car, bus cyclist 

or pedestrian.

Buildings

Footpath 
Cycle Lai\e 
Bus Lane 
Traffic Lanes

River LifTey

-30 -20 .10 0 10 20 30 40 50

Position (m)

Fig. 8.16 Model cross-section

8.3.1 Calibration

The model was used to simulate the experimental data recorded on the North side o f  the 

quays i.e., the samples taken during the m orning peaks. The model was therefore 

calibrated according to the mean wind speed, wind direction and benzene concentration 

for each mode on the incoming side o f  the route. These mean values varied for each o f 

the m odes so a separate calibration and model was carried out for each one. Table 8.5 

shows the mean experimental input data used to calibrate the model for each mode.
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Mode Experimental

Benzene

Wind

Speed

Wind

Direction

Traffic

Count

Idle

Ratio

CFD

Predi

Car 2.13 4.13 224 1210 0.65 2.16

Bus 1.66 4.52 243 1295 - 1.65

Cyclist 1.74 4.92 240 1313 0.52 1.75

Pedestrian 1.28 5.05 237 1184 025 1.30

Table 8.5 Experimental input data for calibration

For each mode an arbitrary emissions factor for benzene was initially entered into the 

model and the model was solved for the mean wind speed and wind directions. A line 

was then constructed in the model along the route which the mode in question would take 

at head height, i.e. along the footpath for the pedestrian, in the bus lane for the bus etc. 

The average concentration along this line was then taken as the m odel’s prediction for 

exposure for the mode in question. The emissions factor was then adjusted up or dow n 

until the predicted and measured concentrations agreed to two decimal places. The m ean 

wind speed and wind direction for all four modes were broadly similar (south westerly in 

direction). Figure 8.17 show the typical dispersion pattern for benzene predicted by the 

model under these conditions.
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Fig. 8.17 Benzene typical dispersion pattern
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8.3.2 The Car

The experimental data recorded for the car commuter on Route 1 during the morning 

peak is given in Table 8.6, in terms o f  mean concentration, wind speed wind direction, 

idle time ratio and traffic count. The calibrated CFD model for the car commuter was 

used to predict the exposure concentrations for each o f  the individual samples below to 

compare the predictions o f  the model to the experimental measurements. The values 

obtained in the model were also adjusted according to deviations in the traffic volumes 

and idle times from the average value.

Figure 8.18 shows the results o f  the comparison o f  the model to the experimental data; a 

number o f  the cases were excluded from the final result due to missing data and outliers 

in the experimental measurement. The data were also adjusted for deviations from the 

average traffic volumes and idle time ratio. Missing data for idle time due to errors in the 

Kestrel portable weather meter during sampling occurred for sample number 12. Samples 

2 and 8 were excluded due to their concentrations being unusually higher while the wind 

speed was also high which the model would be incapable o f  predicting. The model yields 

a linear relationship between the model predictions and the experimental measurements 

with a straight line through the origin o f  slope 0.81 with a coefficient o f  variation o f  46%. 

This shows that the experimental values are being overestimated by the model by 

approximately 20% and that over 50% of  the variation in the experimental values is 

unaccounted for by the model. The performance o f  the model is therefore considered 

reasonably good, given the number o f  influencing factors and variations in environmental 

data. The model takes account o f  dispersion o f  benzene due to wind speed and direction 

and makes some adjustments for deviations from the normal traffic volumes and idle 

time. Factors such as temperature were not accounted for initially by the model as they 

affect the rate o f  emission from vehicles (the emissions factor in the model is held 

constant).
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R 1.50 -

0.50 -

0.00 -

Sample Nr Benzene (ppb) Wind Speed Wind Direction idle Time Ratio Traffic Count

1 1.40 4.63 255 0.84 984

2 5.83 3.09 335 0.74 1504

3 1.68 7.20 280 0.64 1204

4 1.34 6.69 270 0.70 1254

5 1.21 5.14 240 0.81 1342

6 2.08 3.60 290 0.43 1601

7 2.03 5.66 55 0.63 1151

8 7.92 6.17 230 0.70 1180

9 0.94 6.17 225 0.43 1194

10 2.46 3.09 120 0.67 1180

11 0.89 5.14 330 0.69 1138

12 2.78 8.75 340 - 1047

13 1.06 2.06 270 0.67 1194

14 2.27 1.03 10 0.69 1180

15 2.48 1.03 280 0.75 1194

16 0.72 4.12 100 0.53 1138

17 1.21 2.06 340 0.79 1180

18 1.29 3.60 150 0.57 1194

19 0.92 2.57 150 0.37 1138

Table 8.6 Quays model, car commuter data.

y = 0.81X 
= 0.46

1.50 2.00
CFD

Fig. 8.18 Car commuter model 1, CFD vs EXP
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To further improve model performance an adjustment for temperature was also carried 

out. It was assumed that when the temperature either rises or falls from the average 

temperature that an increase in emissions would occur. Therefore, a factor was introduced 

that according to a quadratic U-shaped curve with 3 defmed points as shown in Figure 

8.19. The 3 points were, the minimum temperature and maximum temperature, where the 

factor equals to 1 and 0.5 and the average temperature where the factor equals to zero. 

These three factors were obtained by trial and error to achieve the best f it between the 

experimental and predicted data.

y = 0 0 0 6 a  ’  ■ 0 1566f + 0 887

0,2

Tem peratu re  t

Fig. 8.19 Temperature factor curve

In this case the minimum temperature was -0.7°C, the maximum temperature was 

19.20°C and the average temperature was 10.24“C. These three points result in the 

quadratic line y  = 0.00681^ -  0.1566t + 0.887, where t is the temperature o f a given 

sample and y is the resulting factor. This factor, y, was the used in Equation 8.2 to adjust 

the CFD predictions to achieve an improved model performance.

CFD^,jj =CFDxe-^ x F  (8.2)

CFDadj is the adjusted concentration o f the previous predicted value, CFD is the 

predicted value, y  is the factor discussed above defined by the temperature curve and F  is
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a factor which is adjusted by the method o f least squares optimisation selected to reduce 

to the difference between the predicted and experimental values as much as possible. 

Table 8.7 shows the results o f the temperature adjustment for each sample. The least 

squares optimisation factor F  was calculated to be 0.57. The resulting relationship 

between the experimental values and the temperature adjusted CFD values is shown in 

Figure 8.20 with an improved slope o f 0.97 and an improved o f 0.75.

Temperature CFD (ppb) Experimental Benzene (ppb) CFDgdj (ppb)

6.00 1.56 1.39 0.73
7.20 2.30 1.67 1.00
6.90 2.16 1.34 0.96
4.70 1.83 1.20 0.94

-0.70 1.83 2.07 2.10
17.90 0.88 0.93 0.79
2.20 2.02 2.46 1.39
8.60 1.14 0.88 0.47

10.20 2.23 1.06 0.94
19.20 3.15 2.47 3.60
18.50 1.15 0.71 1.15
14.00 1.56 1.20 0.82
16.70 1.10 1.28 0.81
15.30 0.72 0.91 0.44

Table 8.7 least squares optimisation
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Fig 8.20 Temperature adjusted car model relationship

The exposure concentrations for the cyclist, pedestrian and bus were also noted in the car 

commuter model. Plotting the concentrations predicted for the cyclist against those for 

the car on each o f the samples yields a strong relationship between the two modes with 

two distinct groupings. Figure 8.21 shows the scatter-plot o f the cyclist predictions 

against the car predictions for the samples given in Table 8.7.

y = 0.97X 
= 0.75
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Fig. 8.21 Car model, cyclist vs. car predictions

The two groupings are highlighted by different data markers; it was observed that in 

cases where the wind was blowing at any angle to the roadway in a predominantly 

southerly direction that the ratio between the car and cyclist fell into the ‘ southerly’ 

group, when the wind direction was northerly they fell into the second group. Best f it  

lines were added to each grouping and strong linear relationships can be seen in both 

cases. For the southerly group it can be seen that the concentrations for the car 

commuters tends to be marginally higher than that for the cyclists. For the northerly 

group the cyclist exposure tends to be higher than the car commuter. Given that the 

prevailing wind direction in the region is south-westerly this may help to explain part o f 

the reason why the car commuter was found to be exposed to higher concentration o f 

benzene than the cyclist in the experimental measurements for the majority o f cases. A  

similar relationship was found for the ratio between the car and the bus as shown in 

Figure 8.22.

y = 0.8241X + 4.2138 
R  ̂= 0.8166 ♦ Southerly 

Q Northerly

y = 1 .1512X -0.6088 *
R  ̂= 0.736!

♦
♦ ♦
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Fig. 8.22 Car model, bus vs. car predictions

Here the car commuter is predicted to be exposed to higher concentrations o f benzene 

than the bus commuter when the wind is southerly in direction, while the opposite is true 

when the wind is northerly in direction as was found for the cyclist.

For the pedestrian similar findings were displayed when the wind was southerly in 

direction, as shown in Figure 8.23. When the wind direction was northerly however, the 

pedestrian exposure appears to display a more constant relationship with the car 

concentration. This may help to explain why the pedestrian was found to be consistently 

exposed to lower concentrations o f benzene than the car commuter in the experimental 

measurements.

y -  1.333X+ 1.5714
= 0.8426

y = 1 ,1 8 5 7 x -0.6217 

R^ =  ____ _

o Southerly 

■ Northerly

oo
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Figure 8.23 Car model, pedestrian vs. car predictions

Recalling the mean direct comparison ratios obtained for benzene exposure on the car, it 

was expected that the smaller subset o f  data used in the modelling should display som e 

similar findings in the ratio between the modes as the experimental values for the overall 

dataset. Table 8.8 shows the mean ratios predicted by the model in this instance and 

recalls the direct comparison ratios and mean comparison ratios for the car com m uter. It 

can be seen that the CFD prediction for the Car/Cyc ratio is reasonably close to  the m ean 

comparison ratio but differs to a larger degree from the direct comparison ratio. The 

car/pedestrian ratio and the bus/car ratio both display differing m eans from the 

experimental values.

Car/Cyc Car/Ped Bus/Car

CFD prediction 0.95 1.08 1.22

Direct comparison ratio 1.51 2.84 0.68

Mean comparison ratio 1.16 1.84 0.80

Table 8.8 CFD and experimental comparison ratios

8-28



Chapter 8 -  CFD Modelling Results and Analysis

The disparity in these ratios may indicate that the car model is not a good predictor o f  the 

difference in exposure between the modes. However, it should be noted that the data used 

to calibrate the model and to make predictions are only a subset o f the experimental data 

on which the experimental ratios are derived.

8.3.3 The bus

The experimental data used to calibrate the bus model and test the calibrated model’s 

predictive performance are given in Table 8.9. The model was calibrated according to the 

average wind speed and direction and the resulting prediction o f benzene exposure 

adjusted for deviations from the average traffic volumes. As no idle time data was 

available for the bus commuter, this adjustment o f the result was not included.

Sample Nr Benzene (ppb) Wind speed (m/s) Wind direction Traffic Volumes

(degrees)

1 1.62 5.66 260 1130
2 2.79 2.57 245 1314
3 1.71 6.17 45 1116
4 0.37 3.60 255 1229
5 1.16 4.12 315 1180
6 0.47 7.20 325 1138
7 1.59 360 330 1312
8 1.62 463 60 1281
9 3.60 4.12 270 1298
10 1.81 5.14 270 1261
11 2.38 4.63 270 1359
12 1.66 6.69 260 1336
13 1.49 7.72 290 1341
14 1.27 6 17 280 1267
15 2.64 1.54 280 1772
16 1.91 3.09 120 1671
17 1.42 2.06 340 1180
18 0.38 2.57 150 1138

Table 8.9 Bus model, experimental input data

Following the calibration, the model was used to predict the benzene exposure for each o f 

the individual samples shown below based on the wind speed and direction o f each case.
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Using the same model template as for the car model, with an altered emissions factor to 

correspond with the bus experimental data, produced the correlation shown in Figure 

8.24, a straight line through the origin shows the correlation between the experimental 

and predicted values to be 0.81 with an value o f 13%. The model therefore 

underestimates the experimental values by approximately 20% and a large quantity o f  the 

variation in the experimental data is unaccounted for. This may be due in part to the lack 

of data on idle time, or may also be due to variations in the emission rate o f benzene due 

to temperature, fleet composition etc., which are not taken into account by the model.

4.50 T

♦

0 ,0 0  -I-------------------------------------------------------------------------------     1-  .--------------------------------------- .

0.00 1.00 2.00  3.00 4.00  5.00 6.00

EXP

Figure 8.24 Bus model, experimental values vs. predicted values.

Again to improve the model the process o f least squares optimisation was carried out in 

the same fashion as for the car model to take account o f variation due to temperature. 

Using a similar quadratic relationship for temperature and applying it to the exponential 

function given in Equation 8.2, the resulting optimisation improves the models 

performance to a certain degree as shown in Figure 8.25. The slope o f the correlation 

between the two sets of data increases to 0.97 with an R^ of 0.32. The coefficient o f 

variation however does not compare with the performance o f the previous car model, 

which again could be attributed to the idle time. The quadratic relationship between the 

adjustment factor y  and the temperature in this case was found to be similar to the car
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m odel’s curve. The minimum temperature was set at 1, the maximum temperature a 0.8 

and the mean temperature at 0. The resulting quadratic curve is shown in Figure 8.26.
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Fig 8.25 Temperature adjusted bus model
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Tem perature t

Figure 8.26 Bus emissions rate quadratic relationship
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8.3.4 The pedestrian

The experimental data used to calibrate the pedestrian model and to test the calibrated 

m odel’s predictive performance are presented in Table 8.10. The model was calibrated 

and tested as described for the previous modes. As shown in Figure 8.27, the result o f  the 

model gives a straight line through the origin with a slope o f 1.21 and with an value o f  

33%. A larger proportion o f the variance in the experimental data is accounted for by the 

pedestrian model compared to the previous bus model, which may be due to inclusion o f 

the measure idle time ratios for the pedestrian in this case.

mple Benzene

(PPb)

Wind

(m/s)

speed Wind

(degrees)

direction Idle

ratio

time T raffle 

Volumes

1 2,34 4.63 315 0.4 1190
2 1.26 6.18 240 0.31 1181
3 1.86 5.66 260 0.33 1130
4 1.64 4.12 235 0.14 1232
5 1.60 5.66 55 0.16 1151
6 1.54 4.12 315 0.25 1180
7 0.64 8.75 325 0.25 1138
8 0.83 3.6 270 0.1 1180
9 1.36 4.63 185 0.2 1325
10 1.53 8.75 265 0.1 1344
11 2.06 5.66 305 0.3 1247
12 1.77 5.66 255 0.7 1289
13 1.18 4.63 210 0.4 1291
14 1.40 6.69 125 0.5 1299
15 0.87 7.72 290 - 1341
16 1.34 6.17 280 0.3 874
17 1.59 1.54 280 0.3 908
18 0.56 8.75 340 0.1 1047
19 0.47 2.06 270 0.3 1194
20 1.05 1.03 10 0.1 1180
21 0.46 1.03 280 0.2 1194
22 0.82 4.12 100 0.1 1138

Table 8.10 Pedestrian model, experimental input data
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Fig. 8.27 Pedestrian model, CFD predictions vs. experimental values

Following on from the initial findings o f model performance, a least squares optim isation 

to account for the temperature was again carried out to improve the model. Here the best 

fit factors selected in the quadratic relationship were found to be 1.0 for the minimum 

tem perature, 0.4 for the maximum temperature and 0.6 for the mean tem perature. The 

curve is biased towards the colder temperature, effectively assuming that colder 

tem peratures are associated with higher emission rates than the relatively mild/warm  

tem peratures in the experimental data. This bias is also more pronounced in this case 

compared to the previous two models. Figure 8.28 shows the quadratic curve between the 

adjustm ent factor and the temperature; Figure 8.29 shows the relationship between the 

adjusted CFD values and the experimental data. The correlation between the two datasets 

shows a slope o f  0.98 and an o f  35%.

It should be noted that slight differences are notable between the tem perature curves used 

for each mode, whereas in theory they could be expected to be the same. This m ay be 

explained by the sample size used for the CFD analysis o f approxim ately 20 samples. 

With a larger sample size the curves would approach a closer similarity than they 

currently display, although the same general pattern is followed by all.
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Fig 8.28 Pedestrian, adjustment factors vs. temperature
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Fig 8.29 Pedestrian tem perature adjusted model
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8.3.5 The cyclist

The cyclist model was calibrated and performance tested as described above with the 

experim ental data in this case shown in Table 8.11. Figure 8.30 shows the result o f  the 

calibrated m odel’s predictions, a straight line through the origin with the correlation 

betw een the experimental and predicted values o f  0.29 and an value o f  27%.

mple Benzene

(PPb)

Wind

(m/s)

speed Wind

(degrees)

direction Idle

ratio

time T raffic 

Volumes

1 2.07 5.66 265 0.51 1074
2 2.36 4.63 315 0.63 1191
3 1.90 3.09 335 - 1504
4 0.95 5.14 240 - 1342
5 1.81 2.57 315 0.65 1267
6 3.69 2.57 315 0.7 2371
7 1.55 3.60 55 0.51 1601
8 2.53 6.17 45 0.49 1229
9 2.53 3.60 255 0.46 1194
10 1.44 6.17 225 0.34 1194
11 0.96 4.63 185 0.53 1138
12 1.30 5.66 305 0.51 1247
13 1.85 5.66 255 0.57 1289
14 1.09 4.63 210 0.43 1180
15 1.76 6.69 125 0.55 1299
16 1.96 3.60 330 0.45 1312
17 2.42 4.63 60 0.44 1281
18 2.56 4.12 270 0.55 1298
19 1.02 5.14 270 0.61 1261
20 1.05 4.63 270 0.29 1359
21 0.90 6.69 260 0.64 1336
22 0.48 5.14 330 0.50 1138

Table 8.11 Cyclist model, experimental input data

The m odel shows poor performance in the prediction o f the experimental data com pared 

to the three previous models. A further adjustm ent was made to this model based on its 

correlation o f  0.29 whereby the emission rate was reduced by 0.29. The model w as then 

re-run for each o f  the cases and the results the correlation between the data is presented in 

Figure 8.31.
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Fig. 8.30 Cyclist model 1, CFD predictions vs. experimental values
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Fig. 8.31 Cyclist model 2, CFD predictions vs. experimental values

As a result o f the reduced emissions factor the model performance is improved to an 

accuracy o f 0.93, to a similar level as the previous models. The coefficient o f  variation 

achieved is 32%, which is again a low proportion but o f a similar magnitude to the bus 

and pedestrian models.
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Performing the least squares optimisation on the temperature as for the previous model 

allowed the accuracy o f the model to be improved while the amount o f variation 

accounted for remained on a similar level. Figure 8.32 shows the improved temperature 

model for the cyclist with a slope o f 1.0 and an o f 0.31. Here a much flatter quadratic 

relationship was used to define the adjustment. The minimum and maximum 

temperatures remained at a factor o f 1 but the mean temperature was assigned a factor o f 

0.8. This relationship gave the model its best fit between the two sets o f data, Figure 8.33 

shows the quadratic relationship for the cyclist.

S  4
y = 1.00x 

= 0.31

3 3.50 0.5 1 1,5 2 2.5 A

Experimental Value (ppb)

Figure 8.32 Cyclist, temperature adjusted model.
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Fig. 8.33 Cyclist, quadratic adjustment relationship

8.3.6 Summary

The CFD models o f the four modes show that reasonably good predictions can be m ade 

o f air pollution exposure using CFD with, however, the coefficients o f  variation 

accounted for by the models is generally low due to the variable nature o f  traffic 

emissions.

The general mechanics o f flow in the geometry o f the route can be visually displayed 

from the m odel’s predictions, with flow perpendicular or parallel to the street com pared 

as shown in Figures 8.34, 8.35 and 8.36. In the northerly direction the airflow  at street 

level can be seen to be travelling from the location o f  the pedestrian towards the traffic 

lanes, which results in a lower exposure to benzene for the pedestrian than the car 

commuter, who would be expected to have the highest exposure in this set o f  conditions.
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Fig. 8.35 Vectors from perpendicular southerly wind.

With the wind blowing in the opposite direction the opposite behaviour is p redic ted  by 

the m odel. A t street level the air flow from the location o f  the car com m uter tow ards  the 

pedestrian, carrying with it, emissions o f  benzene. In this set o f  conditions it could  be 

expected  that the pedestrian would have a higher exposure than for the northerly w ind 

direction but still lower than the car com m uter due to the dispersion o f  benzene before it
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reaches the pedestrian. Figure 8.36 shows the concentration profile taken as a cross 

section through the street at mid point in the model, for both scenarios shown above (for 

location o f  position along the cross section refer to Figure 8.16).
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Fig. 8.36 Concentration profiles for perpendicular wind directions.

It can be seen that in the case o f  the southerly wind direction, the lowest concentrations 

occur at 40m (the location o f  the pedestrian) and that concentrations o f  benzene are 

carried across the river to the outgoing traffic lanes. In the case o f the northerly wind 

direction the highest concentrations o f  benzene are located at 40m.
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When the wind direction is parallel to the street Figure 8.37 shows the typical 

concentration profile. In this case the pedestrian can be seen to be exposed to a lower 

concentration at street level than the other modes. Therefore, considering that the 

pedestrian is predicted by the model to have the lowest exposure to benzene for the 

northerly, easterly and westerly wind directions, while only southerly winds produce a 

high exposure, and that the dominant wind directions are south westerly and westerly. It 

can be seen how the pedestrian has been shown to have the lowest exposure to air 

pollutants in the experimental measurements.
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Fig. 8.37 Concentration profile for parallel wind direction

The CFD model shows that predictions can be made o f air pollution exposure using CFD 

analysis based on personal exposure samples rather than fixed site samples which are 

more commonly used in the validation o f air pollution models and require careful 

consideration o f micro-sitting issues. The model also shows that concentrations o f 

benzene can be predicted using CFD analysis as pollutants such as CO, NOx, and SOx in 

different environments are more commonly modelled in literature (Scaperdas and 

Colvile, 1999; Kim  et al, 2001; Chan et al, 2002; Tsai and Chen, 2004; Ning et al, 

2005; Wang et al, 2006; Dong and Chan, 2006). Accounting for factors such as 

temperature which influence the emission rate from vehicles were shown to improve the 

performance significantly. The model demonstrates the spatial distribution o f pollutant 

concentrations in the street canyon.
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9. Implications for Mode Choice

9.1 An overview of topics raised

The forem ost topic is identified by the title o f this study, namely the differences in air 

pollution exposure experienced by commuters as a result o f  their choice o f transport 

mode. It was shown at the beginning o f  Section 6 that there were statistically significant 

differences between the exposure concentrations o f the modes, for all pollutants. This 

finding and the possible reasons for it are discussed in detail in the follow ing sub

sections, initially for each individual mode and subsequently in unison.

The source o f  pollutant exposure was identified during the analysis as a factor which 

varied between modes and routes. The use o f the lung model to estimate the uptake o f 

pollutants in the lungs changed the order o f  the modes in terms o f  which experiences the 

greatest health impacts. The determinants o f pollutant exposure such as tem perature, 

wind speed and traffic congestion were shown to have varying degrees o f  influence on 

the observed concentrations. The use o f CFD and statistical analysis to predict the 

exposure o f commuters was examined, as were measures which individual com m uters 

m ight take to reduce their exposure without changing their mode o f  transport.

9.2 The bus as a mode of transport

The direct comparison ratios for the bus comm uter are shown in Table 9.1 for R oute 1 

and in Table 9.2 for Route 2. The bus commuter was shown to be exposed to the highest 

concentrations o f  P M 2  5  on both routes. The bus com m uter’s P M 2  5 exposure ratios were 

shown to be 2.1 to 2.6 times the exposure o f the car commuter, 2.1 to 3.1 tim es the 

exposure o f  the pedestrian and 1.4 to 3.2 times the exposure o f the cyclist, depending on 

the route. The bus scored a relative exposure factor (REF) o f  3.25 on Route 1 and 3.92 on 

Route 2 for P M 2 . 5 ,  considerably higher than any o f  the other modes (see Table 6.2). For 

VOCs, the bus com m uter was exposed to higher concentrations than the pedestrian but 

lower concentrations than the car and cyclist on both routes. Exam ining the DCRs, 

however, it can be seen that the bus commuter is exposed to lower VOC concentrations 

than the car, but higher VOC concentrations than the pedestrian and cyclist on both
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routes. T his pattern was also show n by the R EF values calculated in Section 6.3. W hile  

the exposure ratios for PM 2.5 on both routes are o f  a sim ilar high level, the d iffe rence  is 

less ev ident betw een the m odes for VO Cs. The ratios are particularly  close on R ou te  1 

betw een the bus com m uter and the cyclist w hich could be explained by th e ir s im ilar road  

position, sharing the bus lane.

R atio P M 2 5 B enzene B utadiene Ethylene A cety lene

B us/C ar 2.6 0.7 0.7 0.7 0.5

B us/Ped 3.1 1.2 1.2 1.3 1.0

Bus/C yc 1.4 1.1 1.1 1.3 1.3

Table 9.1 Route 1 bus exposure ratios

Ratio P M 2 5 Benzene B utadiene Ethylene A cety lene

B us/C ar 2.1 0.6 0.4 0.8 0.6

Bus/Ped 2.1 1.3 2.2 1.6 2.0

B us/C yc 3.2 1.3 1.5 1.2 1.0

Table 9.2 R oute 2 bus exposure ratios

A lso, air pollu tion m easurem ents have been recorded in buses in various o ther c ities 

across the globe: B enzene and PM 2 5 concentrations w ere recorded in buses in M exico  

City, for exam ple, w here sim ilar concentrations o f  benzene ( l.S p p b ) bu t low er 

concentrations o f  PM 2 5 (71p,g/m^) were reported (G om ez-Perales et al,  2004). H igher 

concentrations o f  V O C s w ere reported in cars than in buses (Shiohara et al,  2005).T he 

concentrations o f  V O C s reported for the bus in this study and their relation to  m easured  

concentrations on other m odes, com pare favourably  w ith previous investigations. 

C oncentra tions o f  benzene in D ublin in a one day study found the bus and cyclis t to have 

sim ilar levels (B allesta et al., 2006). In another study by investigators in D ublin , in w hich  

concentrations o f  benzene and butadiene for the bus w ere com pared to the cyclist, m ean 

concentrations o f  benzene o f  2.21 ppb and butadiene o f  0.78 ppb w ere reported , s im ilar 

to those found in the current study (1.61, 0.54 ppb R l,  1.31, 0.47 ppb R2). T he bus
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commuter was also found to be exposed to higher concentrations o f  benzene and 

butadiene than the cyclist, as found in the current study (O’Donoghue et a l ,  2007).

9.2.1 Sources o f  pollutants

The mean bus exposure concentrations for PM2 5 were shown to be considerably higher 

than the other modes. In analysing the data, multiple linear regression o f  the principal 

components on both routes displayed relatively low coefficients o f variation for PM2 5 

(58.1% on Route 1 and 64.2% on Route 2), indicating that approximately 40% o f  the 

variation of PM2 5  was unexplained by the specified variables. This unexplained 

component may be due in part to a lack of idle time data for the bus, but also due to 

internal leakage o f the bus’s own exhaust fumes. This was not the case for the traffic 

related VOCs as their regression models all accounted for high proportions o f  variation of  

up to 8 8 %. The public buses in Dublin are diesel engined and emit high concentrations o f  

particulate matter. If the exhaust was leaking internally via a direct path from the engine 

to the inside o f  the vehicle, this portion o f  the bus commuter’s exposure would be 

independent o f  determinants such as wind speed, wind direction, traffic number, idle 

times, etc and would therefore cause a reduction in the amount o f  variation accounted for 

by these determinants. This finding is also suggested by the ratio between ethylene and 

acetylene for the bus compared to other modes, which exhibited a low influence o f  

catalytic converters compared to other modes.

In Hong Kong, concentrations o f P M 2  5 in buses, cars and rail transport were investigated
3 3and similar concentrations to the current study o f  93ug/m (103.8)j.g/m route 2, current 

study) were recorded in non-air conditioned buses and 97ug/m^ in light buses (Chan et 

a l ,  2002). Concentration in air conditioned vehicles showed considerably lower 

concentrations. Buses in Dublin are not air conditioned which may explain the higher 

concentrations measured in this study.

It should also be noted that, as outlined in Section 5.3.3, buses have a tendency to travel 

in close proximity to one another, in groups o f 2 or 3 vehicles, during peak times. This
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would increase the exposure o f commuters in the buses and may explain part o f  the high 

concentrations o f PM 2.5 that were recorded.

9.2.2 Lung uptake

Estimation o f  the bus com m uter’s uptake o f air pollutants using the lung model im proves 

it attractiveness as a mode o f transport in terms o f  health impacts (see Figures 6.31 to 

6.33). W here previously the bus commuter was shown to be exposed to an environm ent 

with the highest concentrations o f PM 2 .5 , using the relative exposure factors, and based 

on the low breathing rate o f the bus comm uter and the com paratively short exposure 

duration (shorter than the pedestrian and car), the bus commuter is estimated to have the 

lowest total uptake o f VOCs and the second highest total uptake o f  PM 2 5 . This finding is 

however strictly only applicable to the extent o f the route travelled in both cases (w here 

the distance was similar). Where bus and car journeys are longer in duration then a higher 

dose would be expected for the bus commuter which could push the health im pacts in 

favour o f the pedestrian and cyclist.

9.2.3 Overview

The bus commuter accounted for approximately 20%  o f the commuters in Dublin in 2004 

(refer to Section 2.2), a significant proportion o f the commuting population. Considering 

that the bus is a mode o f  public transport, those commuters contribute least to traffic 

congestion and are using a more sustainable mode o f transport. Bus com m uters benefit 

from their choice o f mode by breathing in and absorbing the lowest quantities o f  V O Cs 

o f the four modes examined. However, the deposition o f  PM 2 ,s found for this group o f  

commuters was the highest o f all modes considered. This high exposure could be 

mitigated with a more modern bus fleet or the use o f cleaner alternative fuels, as has been 

adopted in other European cities. Commuters choosing the bus as a mode o f  transport are 

making positive steps towards lowering congestion, fuel consumption, air pollution and 

towards sustainability in transport. However, steps must be taken to lower their exposure 

to PM 2 5 which is comparatively high at present.
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9.3 The car as a mode of transport

T ab les 9.3 and 9 .4  sh o w  the concentration ratios observed in sam ples recorded  

sim u ltan eou sly  on the car and on other m odes. The car com m uter w as found to be 

ex p o sed  to the highest m ean concentrations o f  V O C  pollution on both routes and the 

seco n d  h igh est m ean concentration  o f  PM 2 5 on R oute 2, but the second low est mean 

concentration  o f  PM 25 on R oute 1. The bus (as outlined in the previous su b -section ) w as 

ex p o sed  to 2 .6  tim es greater concentrations o f  PM 2.5 on R oute 1 than the car com m uter. 

In contrast, the car com m uter w as found to be exposed  to 30 to 50%  higher  

concentrations o f  V O C s than the bus com m uter on Route 1. D esp ite having a low er mean  

exp osu re  o f  concentration  to PM 2 5 than the cyc list the car w as found to be ex p o sed  to 

concentrations o f  PM 2.5 50%  greater than the cyclist w hen sam ples taken in parallel w ere  

com pared. The car com m uter w as a lso  found to be exposed  to 20  to 80%  higher  

concentrations o f  V O C s than the cyc list, as show n below . The pedestrian w as found to be 

ex p o sed  to low er concentrations o f  all pollutants, particularly V O C s w here the exposure  

w as several tim es low er than the car com m uter’s. The sam e patterns w ere found on R oute  

2, as sh o w n  in T able 9.4.

Ratio PM 25 B enzene B utadiene Ethylene A cety len e

Car/Bus 0.4 1.4 1.4 1.4 2 .0

C ar/Cyc 1.5 1.5 1.8 1.4 1.2

Car/Ped 1.3 2 .8 3.5 2 .6 3.4

Table 9.3 R oute 1 car exposure ratios

Ratio PM2.5 B en zen e Butadiene E thylene A cety len e

Car/Bus 0.5 1.7 2.5 1.3 1.7

Car/Cyc 2 .8 1.8 2 .0 1.8 2.7

Car/Ped 1.6 3.6 3.0 15.5 8.4

Table 9 .4  R oute 2 car exposure ratios

E qualising  all cond itions, the relative exposure factors scored the car com m uter in a 

sim ilar m anner to the direct com parison ratios above. The car w as found to h ave the
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highest relative exposure to VOCs of any mode on both routes and the second highest 

relative exposure to PM2.5 on both routes.

A number of previous investigations of car commuter exposure have been carried out in 

the UK. In Birmingham, concentrations of benzene were measured in cars on a number o f 

different routes around the city. Similar mean concentrations of 3.09, 1.80 and 2.99 ppb 

were reported depending on the route in question (Leung et ai,  1999). Measurements o f 

PM 2 5  exposure for the car, bus and bicycle commuters in London found mean car 

concentrations o f 37.7)o.g/m^ that were lower than this study (Adams et a l,  2001c). The 

bus was found to be exposed to the highest concentrations of PM2 5, followed by the car 

and cyclist, as in this study. However, the difference between the mean modal 

concentrations was considerably lower than in the current study. This may be due to 

sampling being carried out over a much shorter 3 week period than the 18 month period 

used in the current study.

In warmer climates such as California, USA, samples recorded inside cars of a similar 

age to the vehicles used in the current study, reported levels o f benzene o f 3.08 ppb, 

slightly higher than the mean concentrations recorded here (Fedoruk et a l ,  2003). 

Concentrations in California could be expected to be higher than in Dublin due to higher 

traffic densities and evaporative emissions. Observed PM2 5  concentrations o f 83|a,g/m^ 

were similar to the current study of slightly higher benzene concentrations o f 5.3 ppb and 

butadiene concentrations of 2 . 1  ppb were also reported.

A previous study carried out in Dublin as part o f a one day study comparing six European 

cities found the car commuter to have a mean personal exposure to benzene o f 1.25ppb. 

The study also showed the car commuter to have a higher exposure than the bus, cyclist 

and pedestrian (Ballesta et al, 2006). Considering it was only taken over 1 day, the 

concentration reported is well within the range o f concentrations recorded in this study.
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9.3.1 Sources o f  pollutants

The m ultiple linear regressions o f each o f the pollutants against the principal components 

for the Route 1 car indicate that the car com m uter’s exposure to air pollutants is primarily 

due to exhaust emissions. The regression models for PM 2 5 and the traffic related VOCs 

accounted for 81 to 94%  o f the variation in the data. Similarly, the mean 

ethylene:acetylene ratio for the car was high, indicating the influence o f catalytic 

converters on exposure concentrations. Furthermore, the relationships between benzene 

and butadiene and the traffic markers were found to be stronger than for other modes. 

Therefore, it could be concluded that, unlike the bus in the previous sub-section, the car 

com m uter’s exposure has only minimal contributions from non-transport sources.

On Route 2, the car com m uter’s exposure to butadiene, ethylene and acetylene w as also 

strongly associated with traffic emissions, with 70 to 84% o f  exposure variation 

accounted for by traffic and m eteorological variables. In the case o f  benzene and PM 2 5, 

however, slightly lower am ounts o f variation (60-68%) were accounted for, indicating 

that the exposure concentrations have a greater contribution from sources other than 

traffic em issions. Considering that different vehicles were used on Route 1 and on Route 

2, the vehicle on Route 2 may have experienced greater internal leakage o f  exhaust 

em issions. This may explain some o f  the low variance for benzene and PM 2.5 but could 

not be said to account for all o f  it, as PM 2.5 was found to have low coefficients o f 

variation in all the regression models carried out on Route 2. Considering this, it is likely 

that Route 2 has some other source o f PM 2 5  contributing to its overall exposure 

concentrations for each o f  the m odes that is not present on Route 1.

9.3.2 Lung uptake

Estim ation o f  the car com m uter’s uptake o f  air pollutants using the lung model som ew hat 

im proves the m ode’s attractiveness in terms o f PM 2.5 health impacts. W here previously 

the car com m uter was shown to be breathing in an environment with the second highest 

concentrations o f  PM 2 5, based on the low breathing rate o f the car comm uter, it is 

estim ated to have the lowest total uptake o f  PM 2 5 o f  the four modes. However, in the 

case o f  the VOCs for benzene and butadiene, accounting for duration, breathing
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parameters and relative exposures, the car commuter remains in the top position with the 

highest total absorption. Furthermore, accounting for two refuelling stops in a one m onth 

period showed the car com m uter’s exposure to benzene to considerably out weigh those 

o f the other modes.

Therefore the car as a mode o f transport has clearly the highest health impacts from  

VOCs. With longer durations both VOCs and PM 2.5 would certainly w orsen w hereas 

modes such as the pedestrian could not reasonably be expected to have a longer duration 

than the one used here. Hence the finding o f  least deposition o f PM 2 .5  is not applicable to 

the entire car comm uting population.

9.3.3 Overview

From Section 2.2, the car commuter accounts for over 42%  o f the com m uting population,

the largest proportion o f the four by a significant margin. For those choosing the car as a

mode o f transport in Dublin, factors such as air pollution exposure are unlikely to have a 

significant weighting. Nonetheless, the car commuter suffers significant absorption o f  

VOCs as a result o f  this choice, higher than any other mode, particularly when refuelling 

is taken into account. Besides their own high dose and exposure the car com m uter is also 

responsible for the majority o f the exposure o f the other modes, for the higher 

background exposure o f urban dwellers and office workers, for the traffic congestion and 

fuel consumption etc. Commuters choosing more sustainable and environm entally 

friendly modes o f  transport, such as any o f  the other three investigated, suffer health 

impacts as a result o f  the choice made by private car commuters. The health o f  

commuters, the general urban public and the urban and global environm ents would 

benefit from reductions in private car use in urban centres.

9.4 The pedestrian as a mode of transport

The pedestrian has been shown to be breathing in an environm ent with the lowest m ean 

concentrations o f all the pollutants measured on both routes, as shown by the DCRs in 

Tables 9.5 and 9.6. On Route 1, the pedestrian can be seen to be exposed to lower 

concentrations o f PM 2 5 than any other mode, particularly the bus comm uter. The car.
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com m uter and cyc list are show n to be exp osed  to higher concentrations o f  PM 2 5 than the 

pedestrian, but to a lesser extent than the bus com m uter. For the V O C s, again  the 

pedestrian is show n to be exp osed  to low er concentrations than any other m ode, 

particularly the car com m uter w h o se  exposure is several tim es higher on average. Sm aller  

d ifferen ces in exposure are evident for the bus and cyclist com pared to the pedestrian. A  

sim ilar pattern w as observed  on R oute 2.

Ratio P M 2 5 B en zen e Butadiene Ethylene A cetylenf

Ped/B us 0.3 0 . 8 0 . 8 0 . 8 1 . 0

Ped/C yc 0.7 0 . 8 0 . 8 0.7 0.7

Ped/Car 0 . 8 0.4 0.3 0.4 0.3

Table 9.5 R oute I pedestrian direct exposure ratios

Ratio PM 2.5 B en zen e Butadiene E thylene A cety len e

P ed/B us 0.5 0 . 8 0.5 0 . 6 0.5

Ped/C yc 0 . 6 0.7 0.7 0 . 8 0.7

Ped/Car 0 . 6 0.3 0.3 0 . 1 0 . 1

Table 9 .6  R oute 2 pedestrian direct exposure ratios

Pedestrian exposure to PM 2 5  and V O C s has been investigated in few er studies than the 

other m od es. In H ong K ong, roadside concentrations o f  PM 2 5  in urban areas w ere  

reported in the range, 65 .03  to 78.92j.ig/m^ depending on the route in question  (C h en g  et 

al., 2 0 0 6 ) . T hese va lues are sim ilar to the m ean PM 2 5 pedestrian exposure concentration  

reported in the current study. In London U K , concentrations o f  PM 2 5 w ere reported as 

27.5|o,g/m^ (Kaur et al ,  2005a), low er than those found in the current study. The 

pedestrian w as found to be exp osed  to low er concentrations o f  PM 2.5 than the bus, cy c lis t  

and car com m uter, in agreem ent w ith  the current study. In a later study by the sam e  

authors, PM 2 5  concentrations o f  41.3p/m ^ w ere recorded for the pedestrian in the 

afternoons (2 :30-4:30p m ) w hich m ay have been higher i f  recorded at rush hour as in the 

current study (K aur et a l ,  2005b).
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P. 4.1 So urces o f  p o ll  utants

On Route 1, the principal component analysis o f  all variables and multiple linear 

regression carried out for each pollutant revealed high coefficients o f  variation for all 

pollutants with the exception o f  ethane. This indicated that the 17 variables included in 

the principal component analysis accounting for m eteorological conditions, traffic 

volum es, and idle times accounted for a high proportion o f  the variation in exposure 

concentrations o f  traffic related pollutants experienced by the pedestrian. Therefore, the 

source o f  PM 2 .5 and the traffic related VOCs on Route 1 were predominantly originating  

from traffic em issions.

On Route 2, as found for the bus and car in previous sub-sections, the analysis o f  

pedestrian exposure concentrations revealed that traffic related VOCs originated directly  

from traffic em issions. PM2.5 exposure concentrations were not accounted for to the sam e 

degree as the VOCs and therefore a portion o f  the exposure concentrations appeared to 

originate from non-transport sources.

Examining the relationships between the VOCs on both routes, benzene on Route 1 can  

be seen to have higher correlation coefficients with the traffic markers ethylene and 

acetylene than on Route 2, w hile butadiene has similar correlation coefficients on both 

routes. This suggests that sources o f  benzene on Route 2 are less exclusively  associated  

with traffic em issions than on Route 1.

9.4.2 Lung uptake

Based on the exposure concentrations, the pedestrian, compared to the other m odes  

appears the most attractive mode o f  transport in terms o f  the health impacts from air 

pollution. However, by using the lung model to estimate the uptake o f  PM2.5, benzene  

and butadiene, this benefit is diminished som ewhat due to the pedestrian’s slightly  

elevated breathing rate and comparatively long com muting duration. In both cases, the 

uptake o f  PM2 5 and benzene were found to be the second low est o f  all modes.
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A s outlined  p rev iou sly , uptake depends on the trip duration and a shorter com m u te on 

foot w ou ld  low er these values. Pedestrians w ould  not be expected to have trip durations 

longer than 30  m inutes (the trip m ean duration used here) and hence th ose  w ith shorter 

durations w ou ld  have a low er uptake. Therefore, relative to a bus com m uter, car 

com m uter or cy c lis t undertaking longer durations than those used in the current study the 

pedestrian w ou ld  be lik e ly  to have a low er relative uptake.

9.4.3 Overview

T he pedestrian has been generally  reported in literature as having the low est exp osu re to 

air pollutants o f  any m ode o f  road transport. H ow ever, it has been show n in th is study  

that due to the pedestrian’s elevated  breathing rates, the actual uptake o f  pollutants w as  

the secon d  lo w est recorded. The ch o ice  o f  w alk ing as m ode o f  transport is c learly  not 

availab le to  all com m uters due to the lim ited distances one can reasonably w alk. On the 

p o sitiv e  sid e, the pedestrian perform s a certain am ount o f  light exerc ise  everyday w h ich  

cou p led  w ith  a relatively  low  uptake o f  pollutants m akes it a healthy option. The ab ility  

to be a pedestrian, h ow ever, n ecessitates liv ing in urban centres w here the background  

concentrations and indoor air concentrations are higher than those exp erien ced  by 

com m uters travelling from  less d en se ly  populated areas. The pedestrian is a sustainable  

m ode o f  transport over short d istances, o b v iou sly  w ith zero em ission s, w ho are p a ss iv e ly  

ex p o sed  to air pollutants during com m uting  and throughout their daily  liv es  due to other  

com m uters activ e ly  em itting pollutants.

9.5 The cyclist as a mode of transport

T he cy c lis t  has been show n to be breathing in an environm ent w ith the second  h igh est  

concentration  o f  PM 2 5 on R oute 1 and the second low est on Route 2. The cy c list  has a lso  

been sh ow n  to be exp osed  to the second h ighest concentrations o f  V O C s on R oute 1 and 

on R oute 2 . T ables 9 .7  and 9 .8  sh ow  the ratios o f  exposure concentrations for the c y c lis t  

against the other m odes, on each route. On R oute 1 the bus and car com m uter w ere  

show n to be exp osed  to concentrations o f  PM 2 5 betw een 40  and 50%  higher than the 

cy c list , resp ectively . The cyc list w as found to be exposed  to concentrations o f  PM 2  5 40%
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higher than  the pedestrian. The bus and car com m uter w ere also found to  be ex p o sed  to  

10-40%  higher concentrations o f  V O Cs than the cyclist.

R atio PM 2.5 B enzene B utadiene E thylene A cety lene

C yc/B us 0.7 0.9 0.9 0 .8 0 .8

Cyc/Ped 1.4 1.2 1.3 1.4 1.5

C yc/C ar 0.7 0.7 0 .6 0.7 0 .8

Table 9.7 R oute 1 cyclist exposure ratios

On R oute 2, sim ilar findings w ere evident in the ratio o f  exposure concen trations w ith  the  

bus and car com m uter being exposed to h igher concentrations o f  all po llu tan ts  than  the  

cyclist. T he cyclist w as also found to be exposed to h igher concentrations o f  all p o llu tan ts  

than the cyclist but w ith a greater difference than on R oute 1.

Ratio PM 25 B enzene B utadiene Ethylene Acetylem

C yc/B us 0.3 0 .8 0.7 0 .8 1 .0

C yc/Ped 1.8 1.5 1.5 1.3 1.4

C ar/C yc 0.4 0 .6 0.5 0 .6 0.4

Table 9.8 R oute 2 cyclist exposure ratios

H ow ever, the relative exposure factors presented in Table 6.2 show ed the cy c lis t to  be 

exposed to  the second low est concentrations for all pollu tants on both routes. R elative 

exposure factors are a m ore accurate basis for com paring m odal exposure than  e ith e r 

m ean concentrations or the d irect com parison ratios as all factors are equalised  and only  

the m ode choice effects are com pared.

The cyclist exposure concentrations recorded here are com parable w ith those found in 

other investigations o f  cyclist exposure. In C openhagen, D enm ark, for exam ple , cyc lis t 

exposure to  benzene w as reported as 1.6 ppb (R ank et a l,  2001), sim ilar to tha t found in 

the current study (1.73 ppb R oute 1 and 1.54 R oute 2). The cyclist w as also reported  to  be 

exposed to  low er concentrations o f  benzene and particulate m atter than the car, as found
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in the current study (Rank et al., 2001). In a previous study by another investigator in 

Dublin, Ireland, concentrations o f  benzene and butadiene for the cyclist were compared 

to the bus. Mean concentrations o f benzene o f  1.63 ppb and butadiene o f  0.47 ppb were 

reported, similar to those found in the current study (1.73, 0.55 ppb R l, 1.54, 0.48 ppb 

R2). The bus commuter was also found to be exposed to higher concentrations o f  

benzene and butadiene than the cyclist, as found in the current study (O ’Donoghue et a l, 

2007).

9.5.1 Sources o f  pollutants

On Route 1, the principal component analysis o f all variables and the multiple linear 

regression carried out for each pollutant revealed high coefficients o f  variation for all 

pollutants, with the exception o f  acetylene for the cyclist. This indicates that the 17 

variables included in the principal component analysis, including meteorological 

conditions, traffic volumes, and idle times, account for a high proportion o f  the variation 

o f  the exposure concentrations. Therefore the sources o f  PM2 5 , benzene, butadiene and 

ethylene on Route 1 predominantly originated directly from traffic emissions, while 

acetylene’s relatively low coefficient o f variation is suggested to have arisen as a result o f  

the majority o f  the Route 1 cyclist samples being recorded in winter conditions were 

acetylene is less exclusively a traffic marker (see Section 2.1.2).

The same pattern was found on Route 2, as was found for the bus, car and pedestrian in 

the previous sub-sections, revealing that for the traffic related VOCs the exposure 

concentrations originated directly from traffic emissions. PM2 5 exposure concentrations 

were not accounted for to the same degree as the VOCs and therefore a portion originated 

from non transport sources.

9.5.2 Lung uptake

Although the relative exposure o f  the cyclist was shown to be the second lowest for all 

pollutants, its attractiveness as a mode o f  transport is reduced by the findings o f the lung 

model. Using the lung model, the cyclist is found to have the highest uptake o f  P M 2  5  and 

the second highest uptake o f  benzene and butadiene. The high uptake o f pollutants by the
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cyclist is mainly due to high breathing rates compared to the other modes and has less to 

do with trip duration, which is relatively short in comparison to other modes. Longer trip 

durations further increase total uptake and it was found that over longer distances to/from  

suburban areas the cyclist’s uptake remained higher than the car commuter.

9.5.3 Overview

Despite relatively high uptake o f both types o f  pollutant, it should be rem em bered that 

the cyclist is performing a mild to heavy form o f exercise, the health benefits o f  w hich 

are likely to mitigate the health impacts o f air pollution to a certain extent. It was also 

found that increasing the speed and hence the level o f breathing and exercise reduces the 

total uptake o f  pollutants, thus improving the exercise benefit and reducing the health 

impacts o f  air pollution, when compared to travelling the same journey at a slow er pace 

and hence longer trip duration.

The cyclist represents the smallest proportion o f commuters o f the four m odes, which is 

likely to be due to factors such as lack o f road safety and comfort. The findings o f  this 

study reveal another downside to cycling in urban areas relative to other m odes o f  

transport. As with the pedestrian, the cyclist is exposed to the emissions o f  other road 

users to which they are not contributing. Cycling is a sustainable and efficient m eans o f  

zero emissions transport and with the development o f  alternative fuels in the short to 

medium term its exposure to air pollutants in Dublin is likely to improve. W hile future 

concentrations may drop, the relative exposure and uptake o f the cyclist would, however, 

largely remain the same.

9.6 Duration

The duration was identified in Section 5 as being an important factor affecting lung 

uptake. The uptake was shown to increase linearly with duration, but at differing rates for 

different levels o f breathing. The bus and car com m uter’s uptake increased w ith duration 

at the lower rate, while those o f the pedestrian and particularly the cyclist were m ore 

dependent on duration.
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The duration o f  the pedestrian exposure on both routes consistently lasted between 27 

and 29 minutes. It has been outlined previously that the average pedestrian w ould not 

typically be prepared to commute on foot for distances that took longer than half an hour 

to complete. Therefore, the durations o f  pedestrian exposure in the experiments carried 

out here could be assumed to be at or close to the maximum duration any average 

pedestrian would undertake. Hence the pedestrian’s uptake o f air pollutants identified 

here would be higher than that o f  pedestrians travelling shorter distances.

The bus and car samples were carried out on Route 1 and Route 2 over fixed distances 

and the duration varied due to the variation o f  traffic congestion. The typical car/bus 

com m uter may, however, undertake a daily journey which is considerably longer in 

distance and duration from the suburbs into the city centre. The uptake o f  these 

com m uters would therefore be higher than those estimated in Sections 5 and 6. The 

average car and cyclist exposure concentrations in suburban areas were shown to be 

lower than in the city centre, it could be reasonably assumed on the same basis that they 

would be lower for the bus comm uter and pedestrian also. The difference between the 

urban bus exposure concentrations and the suburban bus exposure concentrations would 

be likely to be o f  a smaller magnitude due to the possibility o f internal leakage o f exhaust 

fumes evidenced in the previous sections. The lower concentrations in the suburbs may 

however negate to a certain extent the effects o f the longer duration on the uptake o f 

pollutants.

The high breathing rate o f the cyclist makes the duration a more important factor for this 

mode than for any o f the other modes. It is also important to consider the speed o f  the 

cyclist, as shown in Section 7.10. Its was also shown that over a fixed distance the 

duration could be shortened by increasing cycling speed resulting lower uptake o f 

pollutants than travelling the same distance at a lower speed and higher duration despite 

the increased breathing o f  the faster cyclist.
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9.7 Route

Sim ilar find ings w ere show n on both routes in term s o f  relative exposure to  air p ollu tants  

and in term s o f  relative uptake o f  pollutants in the lungs. Pollutant concentrations on  

R oute 1 w ere generally found to be h igher than on R oute 2 due to a h igher degree o f  

traffic con gestion  and a low er m ean w ind speed during sam pling on R oute 1. E v id en ce  o f  

the contribution o f  non-transport sources o f  PM 2 5 w ere identified  for all o f  the m o d es on  

R oute 2 , w h ile  this w as not the case on R oute 1. T his m ay p ossib ly  be exp la in ed  by the  

re-entrainm ent o f  dusts (from  construction, brake d iscs, general road grit etc) in the  

narrow street canyon due to vortices w h ich  are not as prevalent on R oute 1. T h e  

proxim ity o f  the G uinness factory to R oute 2 m ay a lso  be a contributory factor. G reater 

variation in exposure concentrations on R oute 2 than on R oute 1 w as a lso  sh ow n . T h is  

m ay also  be due, in part, to the m ore canyon like geom etry  on Route 2 but a lso  to the  

higher m ean w ind speeds encountered on R oute 2 , su ggestin g  greater turbulence.

The street layout along a route w as h igh lighted  as having an important in flu en ce on the  

exposure o f  sustainable m odes such as the pedestrian and cyclist, w hereby increased  

distance from traffic sources w as show n to reduce their exposure concentrations. For  

exam ple, the construction o f  the boardw alk a long R oute 1 reduces the exp osu re o f  

pedestrians w ho use it. The boundary w all betw een  the boardw alk and roadw ay w a s  

show n to further reduce the exposure. Urban planning w hich  incorporates boundary w a lls  

betw een the pedestrian /cyclist and the m ain body o f  traffic and w hich  rem oves the  

pathway o f  both m odes as far from the traffic source as reasonably p o ssib le , w ill  

sign ifican tly  reduce their exposure to air pollution .

9.8 Determinants

The principal com ponent analysis and m ultip le linear regression  o f  the data both sh ow ed  

the interrelationships betw een the variables that in fluence exposure for each  o f  the  

m odes. In general, the exposure concentrations w ere show n to be proportional to  

variables like traffic count, id le tim e and id le tim e ratio, ind icating as w ou ld  be exp ected  

that increases in traffic vo lu m es and traffic con gestion  brought about h igher e m iss io n s  

and hence higher personal exposure to varying degrees for different m odes o f  transport.
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T he exposure  concentrations were also generally  inversely proportional to variab les  like 

w ind  speed, relative w ind speed, base wind speed and temperature, indicating that  the 

personal exposure o f  com m uters  w as lower when wind speed and hence dilution and 

d ispers ion  w as high. L ow er tem peratures during sampling were associated with  higher 

exposu res  due to cold start em issions from vehicles; increased exposure due  to 

evapora tive  em issions w as  not as ev ident as tem peratures during sam pling w ere  usually  

m ild o r  cold.

T he determ inan ts  o f  air pollution, however, could be said to be beyond the control o f  

co m m u ters  and hence have little influence on their choice o f  mode. Some determ inants  

how ever,  had a greater effect on som e m odes than others. The car co m m u te r’s exposure  

concentra tions , for exam ple were m ore dependent on the traffic vo lum es and traffic 

congestions  than the pedestrian and cyclist as they spend less time idling and are no t  held 

up in large traffic volumes. M odes like the pedestrian and cyclist more exposed to  the 

direct ac tion o f  the wind were more influenced by it.

In general,  the analysis o f  the determ inants  show ed that pollutant concentrations were 

h ighest on cold days, with low wind speed and high traffic vo lum es and traffic 

congestion .

9.9 Prediction

T he predic tion  o f  the personal exposure to benzene was carried out using C FD  analysis  

for the m orning  samples on Route 1 for each o f  the modes. The exposure concentrations 

were sim ula ted  using the k-e  turbulence m odel and the species transport m odel. The 

m odel w as  used to predic t a num ber o f  individual experimental values based on the 

recorded  w ind  speed, w ind direction, traffic count, idle time and temperature. The model 

w as also  based on personal exposure data and m easurem ents o f  benzene w hereas  the 

m ajority  o f  studies o f  this nature use fixed site m onitoring data o f  pollutants such as CO 

or NOx. The resulting predic tions yielded correlation coefficients between the predicted 

and experim ental data o f  varying degrees o f  accuracy and precision. A ccurac ies  o f  

betw een 1.00 and 0.97 and precision o f  betw een 0.75 and 0.31 w ere  achieved. E ach  o f
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the m od els d isplayed good  accuracy in their predictions but on ly  the car m odel a ch iev ed  

a high precision  w ith an o f  75% . Overall the use o f  the C FD  m o d els  to pred ict 

personal exposure to air pollution  w as quite good. The m odels provide a u sefu l exp osu re  

prediction tool based on m eteorological and traffic variables.

CFD m od ellin g  also show ed the im portance o f  the boundary w all in the in tra-m ode  

com parison o f  the pedestrian on the footpath and on the boardwalk, an observation  that 

w ould not have been m ade w ithout the benefits o f  the flo w  v isualisation  cap ab ilities o f  

CFD analysis. The large eddy sim ulation m odel also perform ed w ell based on personal 

exposure data w ith an accuracy o f  0 .9 0  w ith an R “ o f  0 .66 .

A djustm ents m ade to the initial m odel predictions for tem perature, traffic and id le tim e  

variations (as detailed in Section  8) w ere important in im proving overall m o d el 

perform ance. M od els w hich use a fixed  em ission s rate for v eh ic les fail to account for the  

reality o f  fluctuating em ission  rates with higher or colder tem peratures, h igher tra ffic  

vo lu m es, higher traffic con gestion  and the stop/start em ission s associated  w ith  high id le  

tim es. T he im portance o f  accounting for these variations w as show n by the m o d els  used  

here.

9.10 Remediation

It w as show n that steps could be taken by the individual com m uter to  reduce their  

personal exposure to air pollutants during com m uting w ithout sw itch ing b etw een  m od es. 

The p ossib ility  o f  reducing a pedestrian’s exposure to air pollutants w as in vestigated  b y  

com paring the exposure concentrations o f  a pedestrian on the boardw alk to th o se  on the  

footpath. The experim ental investigation  revealed that the concentrations o f  b en zen e  on  

the footpath w ere 85%  higher than those the boardw alk and 2.8 tim es h igher for P M 2 5 . 

T his h ighlighted the im portance o f  road position  for the pedestrian as w e ll as other road  

users, w hereby, increasing the distance betw een source and receptor a llo w s  m ore  

dispersion to take p lace and low er exposure concentrations to arise. Pedestrians and  

cyclists  w h o  m ay take a route w hich m axim ises their distance from traffic cou ld  

m inim ise their air pollution  exposure. A s h ighlighted in the previous su b -section , c y c le
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lanes w hich  are located o f f  the roadw ay and on the footpath, w hich  is som etim es the case  

on different routes around D ublin, w ould  have a sim ilar effect on the im pact o f  air 

p ollu tion . The action o f  a boundary w all betw een  the traffic and pedestrian w a s also  

high lighted  in the previous sub-section , w hich  could reduce air pollution exp osu re for 

th ose m odes.

U sin g  the lung m odel, the effect o f  cy c lin g  speed on pollutant uptake w as investigated  

over various d istances and concentrations. The general finding show ed  that c y c lin g  at a 

higher speed  w ith  a higher breathing rate resulted in low er uptake o f  pollutants due to the 

shorter duration. Individual cy c lists  could im prove their overall health on tw o  le v e ls  by 

adopting a faster pace, resulting in increased health benefits from m ore in tense ex erc ise  

and low er exposure to air pollution  than their slow er counterparts. It should  be noted  that 

th is is likely  to be coupled  with an increased risk o f  co llis io n s in term s o f  road safety .

It w as show n in tw o  sets o f  experim ents that the car com m uter’s exposure m ay a lso  be 

reduced by taking certain m easures. In id ling traffic, the car com m uter has been sh ow n  to 

exp erien ce  increased exposure concentrations. This is partly due to the sm all d istance  

betw een  the source and receptor, i.e. the exhaust o f  the veh icle  in front is located c lo s e  to 

the ventilation  inlet o f  the com m uter car. B y  increasing this d istance from approxim ately  

I to 2m  in id ling traffic, a reduction in benzene exposure o f  40%  and a reduction in 

butadiene and PM 2 5 exposures o f  30%  w as found. It w as also dem onstrated n um erically  

that the concentration o f  pollutants rapidly decreases w ith distance from the exhaust 

outlet w ithin  the first 2m , w here after it d ecreases m ore steadily. A ltering the p osition  o f  

the ventilation  in let could also ach ieve  a sim ilar reduction. P lacing the inlet at or near to 

the ro o f level o f  the v eh ic le  w ou ld  increase the am ount o f  dispersion o f  pollu tants that 

w ould  occur before they reach the inlet. M aintaining a larger spacing  betw een  v eh ic le s  

w ould , how ever, reduce the capacity o f  individual streets, but w ou ld  also  im prove road 

safety and fuel econ om y due to less stopping/starting.

U nlike the car, cy c list and pedestrian, no intra m ode com parisons w ere carried out for the 

bus. Som e investigators have suggested  that exposure concentrations are low er on  the
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upper floors o f buses, while others have found lower exposure concentrations on buses 

with air conditioning compared to non-air conditioned buses. Unfortunately, the public 

bus fleet in Dublin is not air conditioned as the climate probably doesn’t necessitate it. 

Investigations could, however, be made by the public transport providers into the possible 

internal leakage o f exhaust fumes from the buses own engines using tracer particles in an 

experimental analysis.

In general, the problem o f remediation o f  the personal exposure to air pollutants o f  

commuters is one that already has a definite medium term solution. Fossil fuels are finite 

and the well discussed peak oil crisis is projected to come about in the next 10-15 years. 

Hence car commuters will be forced to use alternative modes o f transport or alternative 

fuels in the near future, which will result in the reduction o f  air pollution.
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9.11 The choice of transport mode

T he ch o ice  o f  the m ode o f  transport is d iscussed  b e low  in terms o f  exposure to air 

pollu tants and separately in term s o f  uptake o f  air pollutants.

9.11.1 Exposure to Air Pollution

T he exp osu re to air pollution for each m ode o f  transport has been outlined in the previous  

sec tio n s. M odes such as the car and bus that are located directly in the traffic w ere show n  

to h a v e  the h ighest exposure to  air pollutants. M odes further aw ay from  the sou rce  o f  

traffic em issio n s, such as the cy c list and particularly the pedestrian, w ere found to  be 

ex p o sed  to low er concentrations o f  air pollutants. V isualisations from the C FD  an alysis  

presented in Section  8 show ed  the im portance o f  road p osition in g  and exp la in ed  the 

exp osu re  concentrations for the prevailing w eather conditions. Figure 9.1 sh ow s the V O C  

exp osu re  concentration hierarchy o f  the m odes o f  transport.

PedestrianPedestrian

R oute 1 VO C exposure Route 2 V O C  exposure

Fig. 9.1 V O C  pollution  hierarchy o f  m odes o f  transport

It can b e seen  from  Figure 9.1 that both routes d isplay the sam e exposure hierarchy. The 

hierarchy a lso  reflects the hierarchy o f  V O C  em ission s as it is accepted that cars are 

resp on sib le  for the m ajority o f  V O C  em ission s, fo llow ed  by the bus, w h ile  the pedestrian  

and c y c lis t  em it none. For PM25, Figure 9 .2  show s the hierarchy o f  m odes w ith
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increasing exposure concentration, showing the bus and car are reversed, with the 

pedestrian and cyclist in the same position.

Pedestrian Pedestrian

Route 1 PM 2 5 exposure Route 2 PM 2.5 exposure

Fig. 9.2 PM 2 S pollution hierarchy o f modes o f  transport

Clearly, thinking only in terms o f air pollution exposure, the pedestrian is the m ost 

attractive mode o f transport. Factors such as breathing rates and comm uting duration m ay 

alter its final position in term of pollutant uptake but this will not be the case for every 

commuter.

9.11.2 Uptake o f  Air Pollution

When taking account o f the breathing rates o f each mode o f transport and the duration o f  

exposure, the hierarchy o f modes in terms o f  pollutant uptake shows a very different, 

almost opposite order. Figure 9.3 presents the benzene uptake hierarchy with increasing 

absorption, based on the incorporation o f the relative exposure factors into the lung 

model predictions. The car can be seen to have the highest uptake o f  benzene as a result 

o f  its high relative exposure factor and long trip duration. The cyclist is shown to have 

the second highest uptake o f  benzene, followed by the pedestrian and bus. Com pared to  

the exposure hierarchy, the pedestrian and cyclist have both moved up the order due to 

their increased breathing rates. The trip duration o f the cyclist in the experiments was not
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con sid ered  lon g  and therefore the uptake estim ated for the cyc list here should  be typ ical 

o f  the uptake o f  a lot o f  cy c lis ts  in D ublin, but w ould  underestim ate that o f  those cy c lin g  

for longer periods. A gain  as outlined previously , cyclin g  at higher sp eed s m ay h elp  to 

reduce the uptake o f  benzene som ew hat.

Car

C yclist

Pedestrian

Car

C yclist

Pedestrian

Bus Bus

R oute 1 benzene uptake Route 2 benzene uptake

Fig. 9.3 benzene uptake hierarchy o f  m odes o f  transport

T he bus com m uter is show n to be at the bottom  o f  the uptake hierarchy on both routes 

due to its relatively  low  exposure concentration, low  breathing rate and short duration. It 

could  be considered  that in term s o f  V O C  air pollution , the bus com m uter w ou ld  be an 

attractive m ode o f  transport regardless o f  trip duration. A s tw o o f  the in fluencing factors  

(the exposure concentration  and breathing rate) rem ain low , an increased duration w ou ld  

not have the affect it w ou ld  have on those w ith higher exposures such as the car or h igher  

breathing rates such as the pedestrian and cyclist.

F igure 9 .4  sh ow s the hierarchy o f  uptake o f  PM 2 5  pollution. A gain , the cy c lis t and 

pedestrian have m oved  from  the bottom  o f  the order due to their higher breathing rates 

and trip durations. In this case, the bus com m uter is not at bottom  o f  the table due to  its 

relatively  high exposure com pared to other m odes. The car com m uter in th is case is at the  

bottom  o f  the hierarchy due to the low  breathing rates and relatively short duration.
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Cyclist

PedestrianPedestrian

Route 1 PM 2 5 uptake Route 2 PM2 5 uptake

Fig. 9.4 PM 2 5 uptake hierarchy o f  modes o f transport

Modal choices based on the findings presented are likely to favour the pedestrian w ho 

lies at the bottom half o f  the uptake hierarchy for both types o f  pollutant. I f  we assum ed 

an equal health impact from both VOCs and PM 2 .5 and scored the m odes from 1 to  4 

based on their position (4 being highest) in Figures 9.3 and 9.4, then the pedestrian and 

bus would have an equal score o f  4 each, followed by the car with 5 and cyclist w ith 7. 

The pedestrian and bus could therefore be considered an equally good choice in term s o f  

limiting uptake o f air pollution. The pedestrian mode offers the benefits o f  light exercise 

and zero emissions over the bus but is only practical over relatively short distances. It 

also necessitates living in urban areas where the background concentrations would be 

higher than less densely populated areas. The bus offers the advantage o f  travelling 

longer distances from less polluted areas and is a sustainable means o f public transport, 

reducing congestion and emissions.

The car scores second highest on this combined scale and is the choice o f  the m ajority o f  

commuters in Dublin. However, it is an unsustainable mode o f  transport that is largely 

responsible for the level o f air pollution exposure for all commuters in the first instance. 

Conversely, the cyclist with zero emissions and minimal contribution to traffic
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congestion is found to have the highest overall uptake o f  air pollutants, mainly due to 

breathing parameters.

Air pollution is one o f  many factors that influence the modal choice for commuters. 

Other factors such as commuting time, cost, reliability, safety, comfort etc, often carry a 

higher weighting than air pollution exposure for the majority o f  commuters. The choice 

o f  the private car, albeit the choice o f  the majority, is the major contributor to the 

negative aspects o f  commuting such as air pollution, traffic congestion, cost and road 

safety etc, and unfairly damages the health and environment o f  others. Air pollution 

could be considered a symptom o f  the condition that is the combustion o f  fossil fuels, a 

symptom which has significant consequences in terms o f  human health, the environment 

and climate change. However with the approach o f  the peak oil crisis whereby fossil fuel 

supplies will fail to meet demand and simply become unaffordable, levels o f  air pollution 

exposure are likely to fall. Greater use o f  public transport, alternative fuels and modes 

such as the pedestrian and cyclist are the only way forward in light the peak oil crisis and 

the consequences o f  climate change on which there is currently much global and 

governmental focus.

In the urban commuting context, choosing the car as a mode o f  transport is a short

sighted and damaging option to human health and the environment. Modes such as the 

bus and pedestrian have been shown to be less harmful to the commuter’s health, the 

health o f  others and the environment. The cyclist currently suffers a high impact from air 

pollution, although this may be mitigated somewhat by the daily exercise they are 

performing. Exposure levels for the cyclist and other modes are likely to fall in the short 

to medium term, making the cyclist a good choice of mode going forward.
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10.1 Conclusions

In order to quantify the relative dose and exposure to air pollutants between modes of 

transport in Dublin for commuters a programme o f  air quality sampling was carried out 

between January 2005 and June 2006. The resulting dataset was analysed using statistical 

methods to determine these differences and examine underlying trends in the data. A 

numerical lung model was used to estimate the uptake o f  pollutants in the lungs for each 

mode examined. CFD analysis was used to examine the dispersion o f  the pollutants in the 

physical experiments which were carried out. The main findings and conclusions arising 

from this work are:

In the first long term study o f  this nature in Ireland, statistically significant differences 

were found between the modes o f  transport for all pollutants measured, thus showing that 

the choice o f  mode influences the personal exposure o f  commuters to air pollutants 

notably.

In terms o f  personal commuter exposure, the relative exposure factors calculated in 

Section 6.3 revealed the order o f  the modes. The car scored the highest relative exposure 

for all VOCs on both routes followed by the bus cyclist and pedestrian; the bus scored the 

highest relative exposure for PM 2 5 followed by the car, cyclist and pedestrian. The REFs 

developed from directly comparing the modes o f  transports constituted a new approach to 

comparafive exposure sampling and a unique contribution to the field.

The pedestrian was consistently found to have the lowest exposure for all pollutants.

The bus and cyclist were found to have similar levels o f  relative exposure with the 

exception o f  PM 2 5 where the bus notably was higher.

Using the lung model to predict the total uptake of pollutants, taking into account the 

relative exposure factors, breathing rates and durations etc., the car commuter is shown to 

have the highest total uptake o f  both benzene and butadiene followed by the cyclist.
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pedestrian and bus. U sing the sam e analysis for PM 2 .5 , the cyclist is show n to have the 

highest total uptake follow ed by the bus, pedestrian  and car com m uter.

U sing the lung m odel significantly  alters the h ierarchy o f  the m odes from  the percep tion  

given by the m ean exposure concentrations, the d irect com parison ra tios and th e  re la tive 

exposure factors. T he lung m odel puts the exposure data into the con tex t o f  individual 

com m uters carry ing out d iffering activ ities and show s the effects thereof. T his w as again  

a new  approach to  com parative exposure sam pling and is a unique con tribu tion  to  the 

field.

A ssum ing PM25 and V O C s are equally  harm ful to hum an health show s the pedestrian  

and bus to  be an equally  good choice o f  m od, w hile choosing the ca r and cyc lis t has 

higher health  im pacts from  air pollution

D eterm inants such as idle tim e and traffic num bers w ere show n to be proportional to  the  

exposure concentrations in general. D eterm inants such as wind speed, base w ind  speed  

and tem perature w ere generally  show n to be inversely proportional to  the  exposu re  

concentrations.

D eterm inants such as w ind speed w ere found to have a greater in fluence on m odes 

directly  exposed to it such as the pedestrian  and cyclist than enclosed m odes in both the  

principal com ponent analysis and the exam ination o f  individual determ inants.

The im portance o f  road position  w as show n in both experim ental m easurem ents along th e  

boardw alk  and num erical sim ulations in term s o f  exposure concentration. It was a lso  

h ighlighted that m odes further aw ay from  the traffic lanes tended  to  have low er 

concentrations and m odes with sim ilar road positions had sim ilar concentrations.

C om m uting outside the city centre w as show n to have low er exposure co ncen tra tions 

than inside the city centre.
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Cyclists travelling at higher speeds were shown to have a lower uptake o f  pollutants than 

those travelling the same distance at a lower speed. A new finding made possible through 

the use o f  lung modelling.

The spacing between vehicles in congested traffic was shown to be an important factor 

for the personal exposure o f  their drivers/passengers

The car commuter was shown to receive a considerably large dose o f  VOC pollution 

when refuelling at petrol stations which outweighs the commuting exposure o f  other 

modes when taken over a 1 month period.

The use o f  Computational Fluid Dynamics to model the dispersion o f  air pollution based 

on pollutants like benzene and based on personal exposure samples rather than fixed site 

measurements was shown to accurately predict the data for a number o f  different 

scenarios and gave useful insights into the flow' dynamics from its 3D visualisations. For 

example a unique finding was made in terms o f  the effects o f  boundary walls on 

pedestrian exposure in urban street canyons

10.2 Recommendations for future research

The following topics were raised during the project which should be addressed in future 

research on the subject:

• The ingress o f  pollutants into a vehicle cabin often referred to as self pollution in

literature, be it a car or bus, from its own exhaust system has been highlighted in

this project, particularly for the bus commuter. The extent o f  this component o f

exposure should be investigated experimentally, for example using tracer gases to

determine possible routes o f  exposure.

• The positive effects o f  a boundary wall on the reduction o f  pedestrian exposure to 

air pollutants were outlined in the CFD analysis o f  the boardwalk experiments. 

The effect o f  placing a similar wall between the pedestrian and vehicular traffic

10-3



Chapter 10 -  Conclusions

should be investigated in a wider range o f situations with a view to providing 

guidance for improved urban planning. The calibrated pedestrian model for Route 

1, for example, could be used to model the addition o f a boundary wall or more 

general scenarios could be modelled using CFD.

• The location o f  the ventilation inlet o f  a vehicle relative to the preceding vehicle 

was highlighted as being an important factor affecting the exposure concentration 

o f pollutants in the cabin. Investigation into the optimum location o f  the 

ventilation inlet, e.g. higher up the body of the car, should be carried out w ith a 

view to reducing in-vehicle concentrations.

• The performance o f  CFD analysis using the LES and standard k-e turbulence 

models has been shown to have good predictive performance for various 

scenarios during the project. Future work could be carried using the experim ental 

data to compare the performance o f  CFD analysis to the other m ethods o f  

environmental simulation such as Gaussian dispersion models traditionally used 

for air pollution modelling. The results o f  using more precise model geom etries 

compared to idealised geometry could also be investigated using CFD analysis.

• The exposure o f  commuters at refuelling stations was highlighted as an im portant 

contributor to their cumulative exposure to VOCs. Research should be carried out 

into minimising the exposure o f commuters at refuelling stations and the exposure 

o f personnel at refuelling stations, whose personal exposure is likely to be very  

high.

• The effect o f  the travel behaviour o f buses at peak traffic tim es requires 

investigation, specifically the effect on passenger exposure o f buses travelling in 

groups at close proximity.

•  The effect on traffic congestion o f  maintaining a larger distance between vehicles 

in idling traffic also requires investigation.
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• Future research could also be carried out in the performance o f  the mobile 

sampling methods used here to alternative methods o f  mobile sampling such as 

steel canisters, sorbent tubes etc.
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Appendix A -  Air Quality Data



Date Route Time Mode Traffic PM2 5 Benzene Butadiene Ettiane Ethylene Acetylene Wind Spd Wind Dir Rel WS Base WS Idle Ratio Idle Time Temp Rain Sunshine RH
18-Feb-05 Route 2 08:30 Pedestrian 2073 15.15 9.26 275 0.49 -1.431 0.52 0 7.3 0 0 0.94
18-Feb-05 Route 2 17:00 Pedestrian 2010 37.36 1.481 0.347 4 477 4 24 2.166 6.17 275 1.32 -0.69 0.14 0 6.3 0 0 0.67
21-Feb-05 Route 2 08:30 Pedestrian 1949 10.35 2.076 0.45 4.785 8.114 4.022 2.06 330 1.23 -0.167 0.1 0.05 0.3 0.4 0 0.92
21-Feb-05 Route 2 17:00 Pedestrian 2086 23.19 1.828 0.442 6.931 7.918 4.449 6.17 330 2.5 0 0 0.75
22-Feb-05 Route 2 08:30 Pedestrian 2337 12.81 1.108 0.213 4.596 3.138 1.65 8.75 55 1.81 0.371 0.01 0.11 2.4 0.4 0 0.79
24-Feb-05 Route 2 08:30 Pedestrian 2272 9.7 9.26 35 2.05 0.189 0.08 0.1 1.7 0.1 0 0.85
07-Mar-05 Route 2 17:00 Pedestrian 2086 86.81 1.565 0.566 5.826 8.785 5 849 3 09 295 1.59 -0.062 0.08 0.06 7 0 0 0.74
11-Mar-05 Route 2 08:30 Pedestrian 2073 62.37 0.457 0.398 3.971 5.567 1.966 10.8 270 6.3 0 0 0.79
07-Apr-05 Route 2 08:30 Pedestrian 2272 13.44 0.858 0.24 3.772 3.729 3.5 8.75 315 1.16 -0.618 0.17 0 8.8 0 0.7 0.89
11-Apr-05 Route 2 17:00 Pedestrian 2086 16.5 7.72 230 12 3 0 0.1 0.67
12-Apr-05 Route 2 08:30 Pedestrian 2337 4.76 0.882 0 206 3.341 3.124 2.531 5.14 270 0.79 -1.129 0.3 0 8.5 0 0 0.9
12-Apr-05 Route 2 17:00 Pedestrian 1985 23.96 1.82 0 722 5.177 9.556 9.021 3.6 270 8.5 0.6 0 0.71
13-Apr-05 Route 2 08:30 Pedestrian 2346 161.32 0.664 0.154 4.672 2.341 3.548 4.12 210 1.03 -1.006 0.2 0 8.3 0 1 0.75
13-Apr-05 Route 2 17:00 Pedestrian 2040 18.03 1.348 0.476 5.47 6.064 10.685 5.66 210 5.6 0.2 0 0.86
14-Apr-05 Route 2 08:30 Pedestrian 2272 47.73 1.222 0.303 4.191 4 722 4.675 4.12 345 5.6 0 0 0.91
20-Apr-05 Route 2 17:00 Pedestrian 2040 5.89 1.253 0.543 4.499 7.886 12.052 5.66 75 0.82 -1.269 0.24 0 7.7 0 0 0.73
26-Apr-05 Route 2 08:30 Pedestrian 2337 9.65 0.669 0.167 2.999 2.768 3.75 4.63 135 1.57 -0.327 0.09 0.04 12.1 0 1 0.81
27-Apr-05 Route 2 08:30 Pedestrian 2346 83.6 0.315 0.07 0.894 1.326 1 312 7.2 215 1.07 -0.992 0 22 0 11.3 0 0 0.71
15-Jun-05 Route 2 17:00 Pedestrian 2040 55.09 1.661 0.552 4 529 2.277 3.958 5.14 230 2.18 0 267 0.03 0.06 16.8 0 0.1 0.84
30-Jan-06 Route 2 17:00 Pedestrian 2097 84.31 0.529 0.504 19.237 4.642 3.458 2.06 110 0.81 -0.73 0.2 0 3.6 0 0 0.88
01-Feb-06 Route 2 17:00 Pedestrian 2385 109.38 1.554 0.901 19.351 4.544 3.568 3.09 130 0.81 -1.28 0.13 0 4 0 0 0.88
02-Feb-06 Route 2 08:00 Pedestrian 2379 113.04 2 238 1.335 28.775 5.13 5.515 1.03 160 1.26 -0.6 0.05 0 -0.4 0 0 1
02-Feb-06 Route 2 17:00 Pedestrian 2379 127.11 2.263 1.206 22.187 4.381 5.489 3 6 140 0.68 -1.36 0.22 0 7.1 0 0 0.99
03-Feb-06 Route 2 08:00 Pedestrian 2298 95.03 1.556 0.841 20.222 3.392 3.37 2.06 310 0.67 -1.18 0 29 0 3.5 0 0 1
13-Feb-06 Route 2 08:00 Pedestrian 2304 20.72 1.168 0.599 2.696 2.542 2.57 190 1.08 -0.69 0.13 0 8.6 0 0 0.97
24-Feb-06 Route 2 17:00 Pedestrian 2098 100.27 0.531 0 315 17.709 2.768 1.873 10.29 80 0.87 -1.35 0.29 0 4 0 0 0.67
27-Feb-06 Route 2 08:00 Pedestrian 2304 89 75 0.769 0.396 12.797 2 041 4.118 4.63 270 0.65 -1.15 0.36 0 -0.2 0 0 0 92
27-Feb-06 Route 2 17:00 Pedestrian 2097 62.9 1.66 0.576 19.766 2.693 2.564 8 23 280 1.82 -0.15 0.04 0.02 6.5 0 0.3 0 72
28-Feb-06 Route 2 08:00 Pedestrian 2391 68.34 0.314 0.2 20.021 1.983 2.395 6.69 300 0.69 -1.17 0.31 0 0.9 0 0.9 0.9
01-Mar-06 Route 2 08:00 Pedestrian 2388 123.65 1.029 0.469 12.147 1.948 5 695 6.17 270 0.61 -1.44 0.42 0 -2.3 0 0.8 1
01-Mar-06 Route 2 17:00 Pedestrian 2385 49.09 0.305 0.259 11.641 2.118 2.908 5.66 310 1.06 -0.96 0.14 0 0.7 0 0 0.82
02-Mar-06 Route 2 08:00 Pedestrian 2379 73.31 0.717 0.238 17.225 2.458 1.988 5.66 270 0.65 -1.44 0.42 0 -2.2 0 0 0.95
03-Mar-06 Route 2 08:00 Pedestrian 2298 121.58 1.315 0.508 12.118 3.547 4.703 4.12 270 0.67 -1.32 0.34 0 -4.7 0 0.9 0.97
15-Mar-06 Route 2 08:00 Pedestrian 2385 31.87 0.676 0.134 1 722 2.663 0.217 4.63 40 1.5 -0.41 0.05 0 5.3 0 0 0.95
30-Mar-06 Route 2 13:00 Pedestrian 2320 73.56 0.595 0.317 15.851 1.825 1.966 4.63 250 0.68 -1.51 0.38 0 12.8 0 0.1 0.78
10-Apr-06 Route 2 17:00 Pedestrian 2304 56.96 0.607 0.339 8.879 1.774 3.276 5.14 270 1.76 -0.41 0.05 0 9 0 0.7 0.51
11-Apr-06 Route 2 08:00 Pedestrian 2342 44.71 0.289 0.176 15 192 1.602 1.729 11.83 230 0.74 -1.6 0.35 0 8.4 0.3 0 0.94
26-Apr-06 Route 2 08:00 Pedestrian 2385 128 6 0.315 0.166 14.679 1.491 1.183 8.75 240 0.81 -1.16 0 29 0 11.1 0 1 0.68
26-Apr-06 Route 2 17:00 Pedestrian 2388 79.5 0.575 0.373 15.097 2 222 2.094 7.2 260 1.15 -2.71 0.14 0 12.1 0 0.1 0.74
27-Apr-06 Route 2 08:00 Pedestrian 2379 119.89 0.567 0.347 15.546 2 182 2 057 4.12 300 0.7 -1.05 0.54 0 9.2 0 1 0.83

08-May-06 Route 2 08:00 Pedestrian 2097 111.06 0.64 0.318 17.116 4.13 2.351 5.66 50 2.02 0.24 0.06 0.09 10.4 0 0 0.95
08-May-06 Route 2 17:00 Pedestrian 2304 57.78 0 896 0 346 15.896 3.066 2 374 3.6 110 0.71 -1.18 0.29 0 11.2 0 0 0.96
09-May-06 Route 2 08:00 Pedestrian 2342 90.09 0.484 0.284 15.754 2.188 1.82 4.63 270 0.63 -1.21 0.39 0 10 0 0 1
09-May-06 Route 2 17:00 Pedestrian 2391 81.55 0.858 0.369 15.847 2.653 2 542 4.12 40 0 95 -1.01 0.26 0 13 8 0 0.4 0.82
10-May-06 Route 2 08:00 Pedestrian 2385 143.76 0.768 0.444 7.517 3.048 4.396 3.09 60 1.37 -0.47 0.1 0 12 0 0.9 0.95
10-May-06 Route 2 17:00 Pedestrian 2388 93.01 0 333 0.145 15 875 2 394 0.944 4.12 80 0.73 -1.25 0.31 0 15.6 0 0.9 0.45
28-Feb-05 Route 2 17:00 Car 2086 73.45 2.069 0.798 5.174 11.563 3.031 7.2 255 1.65 -0.629 0.79 0.6 4.7 0 0 0.78
01-Mar-05 Route 2 08:30 Car 2337 98.81 1.988 0.778 4.804 9.102 2.037 4.12 325 2.16 0.535 0.68 0.76 2.5 0 1 0.95
10-Mar-05 Route 2 17:00 Car 2127 172 99 1.92 0.963 5.804 14.43 5 342 4.12 275 2.07 -0.008 0 66 0.66 9 0 0 0.75
11-Mar-05 Route 2 08:30 Car 2037 88.3 1.251 0.616 3.346 7.152 1.648 10.8 270 2 22 0.444 0.68 0.73 6.3 0 0 0.79
15-Apr-05 Route 2 17:00 Car 2010 15.28 1.473 0.659 4.724 10.036 6.089 6.17 5 2.81 1 264 0.55 0.76 7.9 0 0 0.64



20-Apr-05 Route 2 17:00 Car 2040 116.06 1.982 0.756 5.086 13.509 8.235 5.66 75 2.16 0.775 0.74 0.78 7.7 0 0 0.77
21-Apr-05 Route 2 08:30 Car 2272 122.28 1.225 0.423 4 878 8 268 5.162 5 14 115 2.93 1.55 0.54 0.71 9.7 0 0.8 0 83
26-Apr-05 Route 2 08:30 Car 2337 78.43 1.365 0.532 3.175 7.205 5.528 4.63 135 3.33 1.775 0.46 0.67 12 2 0 1 0.81
26-Apr-05 Route 2 17:00 Car 1985 106.57 2.34 1.365 6.096 21.038 22.03 5.66 135 3.65 1.447 0.53 0.64 9.8 0.2 0 0.82
27-Apr-05 Route 2 08:30 Car 2346 62.11 1.395 0.44 3.204 8.138 6.632 7.2 215 2 78 0.785 0.58 0.65 11.3 0 1 0.71
15-Jun-05 Route 2 17:00 Car 2040 142.64 3.324 1.216 4.598 26 33 5.808 5.14 230 4.17 1.167 0.46 0.56 16.8 0 0.1 0 84
16-Jun-05 Route 2 08:30 Car 2272 111.53 2 088 0.856 4.196 19.721 4.261 6.17 245 3.99 1.891 0.44 0.52 13.7 0 0 0.94
17-Jun-05 Route 2 08:30 Car 2073 135.4 3.75 0 371 2.919 4 38 2.143 5.66 235 3.58 1.031 0.46 0.57 18.1 0 0 0.9
24-Jun-05 Route 2 08:30 Car 2073 81 87 0.27 0 098 2.131 2.062 0.782 3.09 350 3.94 1 353 0.43 0.49 11.8 0.9 0 1
05-Jan-06 Route 2 17:00 Car 2379 87 4 0.271 0.078 1.187 1.293 0.802 6.69 140 0 09 -1.403 1 0.94 4.4 0 0 0.65
06-Jan-06 Route 2 08:30 Car 2098 102.24 0.51 220 2.6 0 0 0.89
17-Jan-06 Route 2 17:00 Car 2391 121.09 1.469 1.197 3.975 7.961 1.736 5.66 240 4.64 2.347 0.29 0.59 7.7 0 0 0.89
18-Jan-06 Route 2 08:30 Car 2385 98 34 1 027 0.822 3.894 6.03 0.913 6.69 250 1.79 0.172 0.77 0.8 10 0 0 0.93
18-Jan-06 Route 2 17:00 Car 2388 124.71 1.501 1.11 3 92 6.494 5 247 8.75 240 5.1 1.784 0.25 0.5 11.7 0 0 0.91
19-Jan-06 Route 2 08:30 Car 2379 103.62 0.875 0.516 3.918 5.69 4.545 7.2 230 2.28 1.044 0.64 0 77 10.9 0 0 0.91
19-Jan-06 Route 2 17:00 Car 2379 109 39 0.7 0.666 3 866 5.932 1.2 8.23 220 5.11 1.795 0 34 0.48 10.5 0 0 0 81
20-Jan-06 Route 2 08:30 Car 2098 98 84 1.025 0.729 3.935 6.09 1.374 9.77 240 2.37 1.104 0.64 0.79 3.8 0 0.5 0.87
14-Feb-06 Route 2 17:00 Car 2391 85.48 0.552 0 899 18.489 12.752 12.877 6.69 200 4.14 0.855 0.45 0.51 8.9 0 0 0.77
15-Feb-06 Route 2 08:00 Car 2388 46 62 2.441 1.636 17.983 11.602 17.212 8.23 240 2 37 0 723 0.61 0.73 5.6 0 0.2 0 86
28-Feb-06 
01-Mar-06

Route 2 17:00 Car 2391 69.03 2.024 1.857 20.491 16.655 37 256 6.17 310 5 27 1.153 0 27 0.47 2 0 0.8 0.73
Route 2 08:00 Car 2385 100.2 2.343 2.186 19 659 16.26 23.671 6.17 270 2.41 0.994 0.66 0.77 -2.3 0 0.8 1

28-Mar-06 Route 2 17:00 Car 2391 23.64 5.498 1.656 16.586 19.414 30.655 7.72 290 2.82 -0.051 0.56 0.54 7.1 0 0 0.81
29-Mar-06 Route 2 08:00 Car 2385 44.91 4.979 1.625 17.024 20.548 17.34 3.6 210 2.81 0.803 0.59 0.67 4.9 0 1 0.78
29-Mar-06 Route 2 17:00 Car 2388 42.94 3.829 1.245 16.175 16.318 12.415 5.14 130 3.19 0.592 0.43 0.52 6.9 0 0.5 0.97
10-Apr-06 Route 2 17:00 Car 2304 71.11 2.097 1.643 15.186 20.896 1.288 5.14 270 2.38 -0.889 0.59 0.38 9 0 0.7 0.51
24-Apr-06 Route 2 17:00 Car 2304 72.68 2.312 5.473 1.264 15.929 17.076 7.72 190 12.1 0 0 0.68
25-Apr-06 Route 2 08:00 Car 2342 45.03 2.417 4.732 1.133 13.993 15.296 8.75 260 10.6 0 1 0.71
25-Apr-06 Route 2 17:00 Car 2391 57.83 9.26 240 12.6 0 0.1 0.58
26-Apr-06 Route 2 08:00 Car 2385 0.953 0.486 8.75 240 11.1 0 1 0.68
26-Apr-06 Route 2 17:00 Car 2388 110.79 1.675 1.319 7.2 260 12.1 0 0.1 0.74
27-Apr-06 Route 2 08:00 Car 2379 126 28 1.194 1.054 4.12 300 9 2 0 1 0.83

08-May-06 Route 2 08:00 Car 2097 136.79 2.204 0.902 5.66 50 10.4 0 0 0.95
08-May-06 Route 2 17:00 Car 2304 89.21 3.682 1.796 11.842 54.872 19.386 3.6 110 1.35 -1.829 0.89 0.08 11.2 0 0 0.96
09-May-06 Route 2 08:00 Car 2342 65.44 2.028 0.954 16.032 12.89 11.99 4.63 270 3.31 0.793 0.49 0.55 10 0 0 1
09-May-06 Route 2 17:00 Car 2391 88.81 4.12 40 13.8 0 0.4 0.82
10-May-06 Route 2 08:00 Car 2385 56.38 1.948 1.204 16 922 19.116 22 662 3 09 60 2.1 0403 0 68 0 72 12 0 0 9 0.95
10-May-06 Route 2 17:00 Car 2388 115.08 1.694 0.882 15.808 11.318 10.348 4.12 80 3.68 0.526 0.44 0.49 15.6 0 0.9 0.45
11-May-06 Route 2 08:00 Car 2379 121.8 1.478 1.325 15.757 17.816 14 933 2 06 70 2 5 1.054 0 62 0.7 13.6 0 1 0.7
23-May-06 Route 2 08:00 Car 2342 57.44 2.068 0.821 15.607 9.448 7.91 7.2 230 1.97 0.104 0.75 0.78 8 2 0 0.5 0.79
24-May-06 Route 2 08:00 Car 2385 37.36 1.509 0.934 15.333 12.005 9 442 8.75 250 2.19 0.61 0.63 0.75 8.5 0 1 0.71
29-Mar-05 Route 2 08:30 Bus 1985 1.773 0.48 3.57 1.821 0.781 7.72 145 11.8 0 0 0.76
29-Mar-05 Route 2 17:00 Bus 2337 151.83 1.815 0 525 9.605 8.87 5 624 4.12 145 7.8 0 0 0.96
30-Mar-05 Route 2 08:30 Bus 2346 86.52 1.269 0.438 13.793 13.557 8 927 1.54 65 8 6 0 0 0.99
06-Apr-05 Route 2 08:30 Bus 2346 3.303 0.323 6.972 8.733 6.397 9.26 345 7.4 0 0 0.84
06-Apr-05 Route 2 17:00 Bus 2040 90.2 1.52 0.607 3.487 3.835 1.956 10.8 345 5.6 0.2 0.2 0.77
07-Apr-05 Route 2 08:30 Bus 2272 72.72 0.905 0.305 5.605 9.175 6.018 8.75 315 8.8 0 0.7 0.89
11-Apr-05 Route 2 17:00 Bus 2086 19.27 1.438 0.522 3.781 7.616 7.718 7.72 230 12.3 0 0.1 0.67
12-Apr-05 Route 2 08:30 Bus 1985 6.89 5.14 270 8.5 0 0 0.9
12-Apr-05 Route 2 17:00 Bus 2337 100.87 2 033 0.495 5.549 13.338 5 129 3.6 270 8 5 0.6 0 0.71
13-Apr-05 Route 2 08:30 Bus 2346 16.5 4.12 210 8 3 0 1 0.75
15-Agr-05 Route 2 17:00 Bus 2010 82.61 0.916 0.395 6 168 6.244 4.373 6.17 5 7.4 0 0 0.64
19-Apr-05 Route 2 08:30 Bus 2337 77.85 1.063 0.76 14.879 14.757 8.806 4.63 50 7.7 0 0.5 0.91



20-Apr-05 Route 2 08:30 Bus 2346 162.12 0.754 0.25 3 366 4.966 4.346 6.17 75 6.3 0 0 0.91
22-Apr-05 Route 2 17:00 Bus 2010 2.133 0.535 5.465 9.627 9 826 8.74 100 12 8 0 0 0.62
17-Jan-06 Route 2 17:00 Bus 2391 72 85 2.448 0.483 1.959 0.53 0.345 5.66 240 7.7 0 0 0.89
18-Jan-06 Route 2 08:00 Bus 2342 47.52 1.266 0.311 3.726 0.665 0.432 6.69 250 10 0 0 0.93
18-Jan-06 Route 2 17:00 Bus 2388 91.67 1.319 0.274 2.101 0.604 0.447 8.75 240 11.7 0 0 0.91
19-Jan-06 Route 2 08:00 Bus 2379 68.35 1.263 0.385 3.732 0.685 0.541 7.2 230 10.9 0 0 0.91
13-Feb-06 Route 2 17:00 Bus 2304 46.77 1.764 0 665 29.753 2.431 1.439 5.14 190 11.7 0 0 0.81
14-Feb-06 Route 2 08:00 Bus 2342 122.58 0.603 0.456 31.717 2.541 1.439 5 66 220 6.2 0 0.1 0.89
14-Feb-06 Route 2 17:00 Bus 2391 124.66 0 56 0.711 24.013 3.193 3.142 6.69 200 8.9 0 0 0.77
15-Feb-06 Route 2 08:00 Bus 2385 147.99 0.629 0.61^ 51.058 3.286 5.05 8 23 240 5.6 0 0.2 0.86
15-Feb-06 Route 2 17:00 Bus 2388 93.69 0.794 0.553 26.511 2.874 3.479 8.75 230 7 0 0.1 0.74
16-Feb-06 Route 2 08:00 Bus 2379 101.07 0.525 0.275 17.866 2.041 1.722 8.75 210 3.8 0 0 0.8
16-Feb-06 Route 2 17:00 Bus 2379 133.58 0.324 0.334 25.166 2.086 2.757 8.23 230 5.5 0.1 0 0.86
17-Feb-06 Route 2 08:00 Bus 2098 119.98 1.985 0.787 27.875 3.966 6.844 4.12 250 1.7 0 0.1 0.91
24-Feb-06 Route 2 17:00 Bus 2298 90.86 0.831 0.334 25 882 2.465 3.797 10.29 80 4 0 0 0.67
27-Feb-06 Route 2 08:00 Bus 2097 48.12 0.802 0.343 26.056 2.629 2.141 4.63 270 -0 2 0 0 0.92
27-Feb-06 Route 2 17:00 Bus 2304 65.38 1.285 0.52 30.208 3.464 5.362 8.23 280 6.5 0 0.3 0.72
28-Feb-06 Route 2 08:00 Bus 2342 122.81 0.827 0.308 31.126 2.181 2 534 6.69 300 0.9 0 0.9 0.9
01-Mar-06 Route 2 17:00 Bus 2385 150.4 0.978 0.456 27.076 3.703 3.458 5.66 310 0.7 0 0 0.82
02-Mar-06 Route 2 08:00 Bus 2379 168.05 2.003 0.725 28.199 3.117 8 45 5.66 270 -2.2 0 0 0.95
02-Mar-06 Route 2 17:00 Bus 2379 139.19 2.041 0.861 28.572 4.337 5.489 1.03 10 2.7 0 0.6 0.69
03-Mar-06 Route 2 08:00 Bus 2098 123.65 2.201 0.741 18.572 4.036 2.342 4.12 270 -4.7 0 0.9 0.97
14-Mar-06 Route 2 17:00 Bus 2379 143.39 1 225 0.507 9.575 2.196 1.998 6.17 260 9.5 0 0 0.83
15-Mar-06 Route 2 08:00 Bus 2385 144.24 1.034 0.465 4.362 2.642 1 015 4.63 40 5.3 0 0 0.95
27-Mar-06 Route 2 17:00 Bus 2304 36.07 1.814 0.634 17.645 2.877 3 588 11.32 240 11.7 0 0 0.85
28-Mar-06 Route 2 08:00 Bus 2342 82.19 1.629 0.544 32.161 3.52 4.093 11.32 250 7.6 0 0 0.86
28-Mar-06 Route 2 17:00 Bus 2379 144.97 1.538 0.365 15.071 2.383 3.069 7.72 290 7.1 0 0 0.81
29-Mar-06 Route 2 17:00 Bus 2388 99.74 0.992 0.322 28.551 2 426 3.773 5.14 130 6.9 0 0 5 0.97
30-Mar-06 Route 2 13:00 Bus 2382 200.11 1.747 0.519 23.722 2.515 3.528 4.63 250 12.8 0 0.1 0.78
11-Apr-06 Route 2 08:00 Bus 2342 89.29 0.467 0.126 13.427 1.457 1.341 11.83 230 8.4 0.3 0 0.94
24-Apr-06 Route 2 17:00 Bus 2304 205.98 0 889 0.343 23 898 1.654 3.827 7.72 190 12 1 0 0 0.68
25-Apr-06 Route 2 08:00 Bus 2342 134.98 0.967 0.546 23.697 2.043 3.032 8.75 260 10.6 0 1 0.71
25-Apr-06 Route 2 17:00 Bus 2391 114.8 9.26 240 12.6 0 0.1 0.58
11-May-06 Route 2 08:00 Bus 2379 120.4 2.393 0.71 12.215 3.489 3 293 2.06 70 13.6 0 1 0.7
23-May-06 Route 2 08:00 Bus 2342 161.43 0.552 0.185 21.334 1.403 0 832 7.2 230 8 2 0 0.5 0.79
24-May-06 Route 2 08:00 Bus 2385 47.46 0.719 0.231 21.53 1.627 1.091 8.75 250 8.5 0 1 0.71
18-Feb-05 Route 2 08:30 Cyclist 2073 50.44 9.26 275 2.42 0.06 0.52 0.52 7.3 0 0 0.94
18-Feb-05 Route 2 17:00 Cyclist 2010 16.5 2.057 0.524 4.508 2.373 0.817 6.17 275 3.23 0.819 0.31 0.43 6.3 0 0 0.67
21-Feb-05 Route 2 08:30 Cyclist 1949 15.47 1.141 0.254 4.726 4.742 2.436 2.06 330 2.04 -1.926 0.49 0.06 0.3 0 0.4 0.94
21-Feb-05 Route 2 17:00 Cyclist 2086 45.11 1.383 0.33 5.483 5.756 4.405 6.17 330 2.5 0 0 0.75
22-Feb-05 Route 2 08:30 Cyclist 2337 41.92 1.159 0.331 5.757 4.296 2.866 8.75 55 0.77 2.4 0.4 0 0.79
24-Feb-05 Route 2 08:30 Cyclist 2272 12.85 9.26 35 3.63 0.852 0.25 0.37 1.7 0.1 0 0.85
28-Feb-05 Route 2 17:00 Cyclist 2086 38 87 1.208 0.322 4.625 3 891 1.97 7.2 255 3.51 -0.015 0.32 0.3 4.7 0 0 0.78
01-Mar-05 Route 2 08:30 Cyclist 2337 35.86 1.549 0.379 4.876 5.372 2.382 4.12 325 1.79 -0.399 0.6 0.51 2 5 0 1 0.95
07-Mar-05 Route 2 08:30 Cyclist 1949 93.7 1.391 0.51 4.554 3.166 2.177 4.63 295 2.41 -0.156 0.41 0.39 3.2 0 0.3 0.95
07-Mar-05 Route 2 17:00 Cyclist 2086 90.2 0.82 0.475 3.193 6.126 3 193 3.09 295 2.9 0 505 0.4 0.48 7 0 0 0.74
10-Mar-05 Route 2 17:00 Cyclist 2127 17.23 1.409 0.445 4.853 5.399 3.525 4.12 275 2.57 0.245 0.45 0.49 9 0 0 0.75
24-Mar-05 Route 2 17:00 Cyclist 2127 49.57 7.72 145 2.99 0.67 0.36 0.45 11.8 0 0 0.76
29-Mar-05 Route 2 08:30 Cyclist 2337 91.72 1.455 0.323 10.659 10.029 8 378 4.63 70 3 26 0.419 0.25 0.29 7.9 0 0 0.96
29-Mar-05 Route 2 17:00 Cyclist 1985 117.36 1.18 0 33 3.046 1.501 1.293 4.12 70 2 18 -0.282 0.51 0.45 8.2 0 0 0.9
30-Mar-05 Route 2 08:30 Cyclist 2346 130.86 1.54 65 3 07 0.223 0.27 0.3 8.6 0 0 0.99
06-Apr-05 Route 2 17:00 Cyclist 2346 7.31 0.882 0.195 5.724 5.39 4.339 10 29 245 2 04 0.065 0.61 0.61 8.4 0 1 0.86



06-Apr-05 Route 2 08:30 Cycl st 2040 12.03 1.335 0.315 4.049 2.168 2.695 9.26 245 4.05 1.677 0.27 0.41 5,6 0 0 0.77
13-Apr-05 Route 2 17:00 Cycl St 2040 82.02 1.661 0.488 4.711 8 87 8.154 5.66 210 3.36 0.986 0 36 0.46 5,6 0.2 0 0.86
14-Apr-05 Route 2 08:30 Cycl St 2272 138.85 1.406 0.302 4.165 4.746 5.351 4.12 345 2.85 -0 895 0.33 0.16 5,6 0 0 0.91
19-Apr-05 Route 2 08:30 Cycl St 2337 121.44 2.835 0.675 7.568 12.913 13.281 4.63 50 3.1 0.335 0.25 0.31 7.7 0 0.5 0.91
20-Apr-05 Route 2 08:30 Cycl st 2346 22.24 1.367 0.361 5.322 6.439 6.248 6.17 75 3 49 0.915 0.24 0.39 6.3 0 0 0.91
21-Apr-05 Route 2 08:30 Cycl St 2272 30.95 1.735 0.427 5.002 7.495 9.261 5.14 115 2.66 0.103 0.43 0.47 9.7 0 0.8 0.83
22-Apr-05 Route 2 08:30 Cycl st 2073 2.039 0.582 4.646 8.178 5.508 4.12 100 8.9 0 0 0.85
26-Apr-05 Route 2 17:00 Cycl st 1985 97.29 1.835 0.533 4.944 8.98 10.176 5.66 135 2.3 -1 692 0.48 0.17 9.8 0.2 0 0.82
16-Jun-05 Route 2 08:30 Cycl st 2272 93.85 1.107 0.257 8 23 4.923 1.341 6.17 245 13.7 0 0 0.94
17-Jun-05 Route 2 08:30 Cycl st 2073 36.48 1.727 0.3 10.952 4.316 1.446 5.66 235 2 68 -0.087 0.39 0.36 18.1 0 0 0,9
24-Jun-05 Route 2 08:00 Cycl st 2073 50 82 0.508 0.183 1.855 1.919 0.751 3.09 350 2.44 0.089 0.45 0 45 11.8 0.9 0 1
05-Jan-06 Route 2 17:00 Cycl st 2379 118.68 6.69 140 2.42 -0.43 0.41 0 36 4.4 0 0 0.65
06-Jan-06 Route 2 08:30 Cycl st 2098 125.33 0.51 220 2.64 -0.238 0.4 0.37 2.6 0 0 0.89
19-Jan-06 Route 2 17:00 Cycl st 2379 46.11 2.667 1.109 1.471 8.23 220 3.85 1.288 0.25 0.42 10.5 0 0 0.81
20-Jan-06 Route 2 08:00 Cycl st 2098 13.02 0.789 0.515 11.207 2.112 1.84 9.77 240 1.59 -1.14 0.79 0.4 3.8 0 0.5 0.87
30-Jan-06 Route 2 17:00 Cycl st 2097 47.77 1.635 0.659 16.675 4.225 6.905 2.06 110 2.31 -0.934 0.41 0.24 3.6 0 0 0 88
01-Feb-06 Route 2 17:00 Cycl st 2385 118.11 3.826 1.595 38.948 12.173 19.012 3.09 130 2.03 -1.513 0.49 0.18 4 0 0 0.88
02-Feb-06 Route 2 08:00 Cycl st 2388 142.39 4.179 0.858 40.799 8.699 7.564 1.03 160 2.04 -1.38 0.52 0 28 -0.4 0 0 1
02-Feb-06 Route 2 17:00 Cycl st 2340 187.26 2.819 0.979 30.307 9.935 17.326 3.6 140 2.73 -1.79 0.28 0.03 7.1 0 0 0,99
03-Feb-06
13-Feb-06

Route 2 08:00 Cycl
Cycl

st 2379 105.62 1.575
l!598

0.51
0.509'

18.347 4.677 3.843 2.06 310 2 08 -1.916 0.51 0.05 3.5 0 0 1
Route 2 08:00 st 2097 63.49 10.079 3.199 1.596 2.57 190 2.58 -1.632 0.37 0.08 8.6 0 0 0,97

13-Feb-06 Route 2 17:00 Cycl st 2304 141.36 0.847 0.436 29.508 2.509 5.175 5.14 190 2.54 -0.503 0.5 0.41 11.7 0 0 0,81
14-Feb-06 Route 2 08:00 Cycl st 2391 47.31 0 41 0 192 29.086 2.072 2 369 5.66 220 1.9 -1.9 0.59 0,06 6.2 0 0.1 0,89
15-Feb-06 Route 2 17:00 Cycl st 2385 28.75 0.988 0.555 17.964 2 717 4.64 8.75 230 3.47 0.06 0.22 0.22 7 0 0.1 0,74
16-Feb-06 Route 2 08:00 Cycl st 2388 117.32 0.576 0.304 24.377 2.548 1.903 8.75 210 2 -1.67 0.63 0.06 3.8 0 0 0,8
16-Feb-06 Route 2 17:00 Cycl st 2379 13.32 0.549 0.291 16.245 2.125 2.514 8 23 230 3.57 0.129 0.24 0 24 5.5 0.1 0 0.86
17-Feb-06 Route 2 08:00 Cycl st 2298 130.2 1.163 0.465 19.326 3.819 5.416 4.12 250 1.76 -1.999 0.73 0.02 1.7 0 0.1 0,91
28-Feb-06 Route 2 17:00 Cycl st 2342 36.41 1.132 . 0.57 29.423 3 158 5.242 6.17 310 3.77 0.126 0.17 0.17 2 0 0.8 0,73
02-Mar-06 Route 2 17:00 Cycl st 2379 73.31 2.705 0.659 18.788 3.52 5.929 1.03 10 2 -1.668 0 56 0,15 2.7 0 0.6 0,69
14-Mar-06 Route 2 17:00 Cycl st 2342 120 67 1.645 0.579 9.64 2.856 1.533 6.17 260 3.6 -0.002 0.2 0.19 9.5 0 0 0,83
27-Mar-06 Route 2 17:00 Cycl st 2304 17.71 2 36 0 586 23 739 2 388 4.827 11.32 240 3 99 0 389 0.27 0 29 11.7 0 0 0 85
28-Mar-06 Route 2 08:00 Cycl st 2391 73.53 0.881 0.323 24.377 2.096 3.007 11.32 250 1.55 -1 658 0.81 0.1 7.6 0 0 0.86
29-Mar-06 Route 2 08:00 Cycl st 2388 128.9 0.821 0.318 15.874 2.966 2.285 3 6 210 1.96 -2.092 0.49 0.12 4.9 0 1 0.78
14-Jan-05 Route 1 08:30 Cycl st 1117 16.5 8.23 150 8.7 0 0 0.92
14-Jan-05 Route 1 17:00 Cycl st 2374 8.5 10.29 150 9 0 0 0.92
17-Jan-05 Route 1 08:30 Cycl st 1250 16.5 9.26 240 6 4 0.3 0 0,85
17-Jan-05 Route 1 17:00 Cycl st 2194 86.5 9.26 240 3.23 1.179 0.36 0.51 2.8 0 0 0.84
18-Jan-05 Route 1 08:30 Cycl st 1352 75.27 11.32 270 0.5 0 0.2 0.92
20-Jan-05 Route 1 18:00 Cycl st 2098 15.74 11.32 260 8.8 0 0.1 0.86
21-Jan-05 Route 1 08:30 Cycl st 1074 48.92 2.073 0.623 4.246 10.516 4.849 5.66 265 2.22 -0.997 0.51 0.32 4.4 0 0 0.85
24-Jan-05 Route 1 08:30 Cycl st 1191 65.18 2.365 0.695 6.325 11.765 3 426 4.63 315 1.82 -2.616 0.63 0 2.1 0 0 0.91
24-Jan-05 Route 1 17:00 Cycl st 2187 82.75 4.63 315 2.29 0.914 0.45 0.69 3 3 0 0 0.76
25-Jan-05 Route 1 08:30 Cycl st 1190 157.18 4.63 335 1.99 0.998 0.64 0.69 2.4 0.5 0 0.93
26-Jan-05 Route 1 08:20 Cycl st 1504 26.05 1.902 0.523 3 136 11.957 4.207 3.09 335 6.7 0 0 0.96
01-Feb-05 Route 1 08:30 Cycl st 1174 74.23 5.66 300 3.02 1.98 0.4 0.7 7.8 0 0 0.87
03-Feb-05 Route 1 17:30 Cycl st 1988 165.7 5.66 240 2.44 1 298 0.47 0.73 7.3 0 0 0,77
04-Feb-05 Route 1 17:00 Cycl st 2174 56.06 7.72 200 1.48 -1.513 0.86 0.18 8 0 0 0.75
07-Feb-05 Route 1 17:00 Cycl st 2313 137.39 5.66 180 2.42 -0.629 0.46 0,32 6.2 0 0 0,7
10-Feb-05 Route 1 17:00 Cycl st 2078 216.14 1.846 0.551 3 314 8.756 5.517 2.57 260 1.64 -0.036 0.58 0.57 5.4 0 0 0,75
14-Feb-05 Route 1 08:10 Cycl st 1342 103.92 0.947 0.491 1.566 3.285 1.977 5.14 305 4.7 0 0 0,87
14-Feb-05 Route 1 17:00 Cycl st 2229 28.99 1.837 0.584 6.284 11.648 6.224 7.72 305 2.28 -0.854 0.46 0.32 b.2 0 u 0.70
15-Feb-05 Route 1 08:30 Cycl st 1267 250,65 1.811 0.438 8.617 6.608 3.165 2.57 315 1.64 -1.354 0.65 0,31 1.1 0 0 0,96



15-Feb-05 Route 1 17:00 Cyclist 2371 252 49 3.688 0.771 9.979 14.554 7.759 2.57 315 1.61 -0.726 0.7 0.45 3.8 0 0 0 82
16-Feb-05 Route 1 08:30 Cyclist 1314 201.27 2 57 245 2.04 -2.231 0.55 0 2.4 0 0 0.91
16-Feb-05 Route 1 17:00 Cyclist 2347 144.14 5.14 245 1.61 -0.77 0.64 0.44 6.6 0 0 0.91
22-Feb-05 Route 1 17:00 Cyclist 2120 44.29 1.591 0.536 6 834 9.587 5.083 5 14 55 2.15 3 2 0 0.4 0.74
23-Feb-05 Route 1 07:30 Cyclist 1601 54.48 1 554 0.65 5.074 10.909 9.021 3.6 55 2.41 -0.281 0.51 0.42 -0.7 0 0 0.96
24-Feb-05 Route 1 17:00 Cyclist 2113 78.67 1.334 0.309 6.35 5,435 4.166 7 2 35 2 9 0 0 0.79
25-Feb-05 Route 1 08:30 Cyclist 1116 143.43 2.531 0.543 8.443 11.998 16.728 6.17 45 3.8 0.1 0 0.75
28-Feb-05 Route 1 08:30 Cyclist 1229 45.49 2.53 0.586 6.604 9.224 1.209 3.6 255 2 36 -1.07 0.49 0.22 1.4 0 0 0.78
22-Jun-05 Route 1 17:00 Cyclist 1407 102.92 1.813 0.626 3.58j 14.155 4.194 7.72 220 3.02 0.83 0.35 0.51 22.1 1 0 0.61
23-Jun-05 Route 1 08:30 R e lis t 1194 35.68 1.444 0.42 2.486 8.123 3.035 6.17 225 2.53 -0.417 0.46 0.42 17.9 1 0 0.73
21-Sep-05 Route 1 17:00 Cyclist 1407 202.71 1.09 0.421 3.595 10.945 3.755 8.23 200 2.52 0273 0.54 0.55 18.1 0 0 0.75
22-Sep-05 Route 1 08:30 Cyclist 1194 15.25 0.956 0.207 6.677 8.737 3.163 4.63 185 2.82 -0 266 0.34 0.31 16.7 0 0 0.82
22-Sep-05 Route 1 17:00 Cyclist 1294 163.31 1.194 0.472 6.389 5.78 6.254 5.66 185 2 34 0.446 0.55 0.68 17.7 0 0 0.76
23-Sep-05 Route 1 08:30 Cyclist 1138 59.53 1.91 0.577 4.958 9.767 5.001 8.75 285 2.52 -0.393 0.53 0.47 13.6 0 0 0.84
28-NOV-05 Route 1 08:30 Cyclist 1247 63.74 1.296 0.429 5.176 9.356 4 034 5.66 305 2.21 -0.963 0.51 0.29 1 0 0 0.92
28-NOV-05 Route 1 17:00 Cyclist 1219 63 32 2.459 0.814 11.456 15.711 12.147 4.63 305 2.21 -0.963 0.51 0.29 1.7 0 0 0.8
29-NOV-05 Route 1 ^  08:30 Cyclist 1289 88.96 1.846 0.594 5.065 11.248 13.162 5.66 255 2.11 -1.331 0.57 0.1 1.3 0 0.2 1
29-NOV-05 Route 1 17:00 Cyclist 1359 95.53 2.003 0.621 5.836 6.904 2.975 1.92 255 2.37 -0.297 0.39 0.28 4 0 0 0 92
30-NOV-05 Route 1 08:30 Cyclist 1180 1.99 1.087 0.357 4.909 3.463 2.426 4.63 210 2.35 -1.19 0,43 0.17 6 2 0 0 1
30-NOV-05 Route 1 17:00 Cyclist 1407 63.39 2.733 0.905 6.454 17.163 6.019 4.12 210 1.81 -0.55 0,61 0.41 8.2 0 0 0.87
01-Dec-05 Route 1 08:30 Cyclist 1299 56.5 1.759 0.586 4.12 5.309 2.841 6.69 125 2.29 -1.299 0.55 0.17 7.3 3.1 0 0.97
12-Dec-05 Route 1 08:30 Cyclist 1312 64.75 1.958 0.648 4.941 11.099 5.194 3.6 330 2.15 -1.2 0.45 0.26 1.3 0 0 0.96
12-D8C-05 Route 1 13:00 Cyclist 1281 26 08 2.416 0.791 6 872 9.779 5.088 4.63 60 2.23 -0.903 0.44 0.25 8 0 1 0.71
12-Dec-05 Route 1 Cyclist 1115 3.431 1.006 7.644 9.589 5,951 4.63 60 8 0 1 0.71
12-Dec-05 Route 1 17:00 Cyclist 1289 57.36 2.646 0.985 10.536 20 95 4,143 2.06 10 2.18 -0.769 0.48 0.21 3 4 0 0 0.95
13-Dec-05 Route 1 08:30 Cyclist 1298 77.33 2.556 0.804 7.101 14.804 6,596 4.12 270 2.05 -0.833 0.55 0.37 -0.8 0 0 1
13-Dec-05 Route 1 13:00 Cyclist 1261 75.87 1.019 0.338 5.493 4.225 3 81 5.14 270 2.14 -0.814 0.61 0.33 0.6 0.4 0 1
13-Dec-05 Route 1 17:00 Cyclist 1172 176,42 1.214 0.366 7.221 5.749 3 367 5.14 250 2 79 0.314 0.38 0.41 1.9 0 0 0.94
14-Dec-05 Route 1 08:30 Cyclist 1359 49.43 1.054 0.37 4.973 5.676 3 002 4.63 270 2.73 -0.903 0.29 0.21 7 0 0 0.87
15-Dec-05 Route 1 08:30 Cyclist 1336 88 84 0.903 0.3 3.651 4.051 1 681 6.69 260 1.89 -1.068 0.64 0 36 8.5 0 0 0.93
13-Apr-06 Route 1 17:00 Cyclist 1294 164.95 0.55 0.319 14.821 8 058 3 556 10.8 280 4.4 1.477 0.21 0,4 10.8 0.8 0 0.54
28-Apr-06 Route 1 08:00 Cyclist 1138 24.33 0.483 0.297 3.38 14.115 8,535 5.14 330 2.27 -0.549 0.5 0.33 8.6 1 0 0.78
11-May-06 Route 1 17:00 Cyclist 1294 124.47 4.12 100 17.3 1 0 0.72
22-May-06 Route 1 17:00 Cyclist 1271 90.89 1.11 0.37 17.226 1.624 3 856 6.17 360 3.09 0 566 0.36 0.47 10.5 0.8 0 0.55
23-May-06 Route 1 17:00 Cyclist 1349 33.21 1.43 0.572 10.803 3.874 7.46 9.26 240 3.2 0.602 0.37 0.49 8.2 0.8 0 0.86
25-Apr-06 Route 1 17:00 Cyclist 1294 115.58 1.889 0.788 11.139 2.062 6.011 3.09 120 2.3 -0 722 0.43 0.33 13.8 0 0 0.74
07-Jun-06 Route 1 17:00 Cyclist 1407 84.19 0.815 0 354 10.374 1.109 1.962 4.12 120 2.15 -0.703 0.55 0.33 18.5 1 0 0.67
08-Jun-06 Route 1 17:00 Cyclist 1294 73.04 1.582 0.397 19.406 1.556 2.028 5.66 120 2.04 -0.369 0.59 0 5 20.8 1 0 0.53
14-Jan-05 Route 1 08:30 Pedestrian 1117 30.03 8.23 150 1 8.7 0 0 0 92
14-Jan-05 Route 1 17:00 Pedestrian 2374 94.09 9.26 150 1 8.8 0 0 0.92
17-Jan-05 Route 1 08:30 Pedestrian 1250 16.5 9 26 240 0.65 6.4 0.3 0 0.85
17-Jan-05 Route 1 17:00 Pedestrian 2194 26 9.26 240 1 2.8 0 0 0.84
18-Jan-05 Route 1 08:30 Pedestrian 1352 16.5 11.37 270 0.97 -1.21 0.22 0 0.5 0 0 2 0.92
18-Jan-05 Route 1 17:00 Pedestrian 2206 44.06 9.26 270 3.18 3.8 0 0.8 0.87
19-Jan-05 Route 1 08:30 Pedestrian 984 48 46 4.63 255 1 6 0 0.1 0.94
20-Jan-05 Route 1 18:00 Pedestrian 2098 25.95 11.32 260 1 8.8 0 0.1 0.86
24-Jan-05 Route 1 08:30 Pedestrian 1191 51.64 4.63 265 2.09 0.428 0.09 0 29 2.1 0 0 0.91
25-Jan-05 Route 1 08:30 Pedestrian 1190 68.33 2.34 0 663 6.142 10.293 3.548 4.63 315 0.52 -1.167 0.4 0 2.4 0.5 0 0 93
25-Jan-05 Route 1 17:15 Pedestrian 2020 23.91 6.17 335 0.96 -0.385 0.16 0.08 6.8 0 0 0.81
26-Jan-05 Route 1 17:00 Pedestrian 2178 14 4.12 335 1.54 0.165 0.1 0.91 7.1 0 0 0.87
27-Jan-05 Route 1 17:00 Pedestrian 2239 41.63 0.829 0.245 4.042 4.12 2.043 5.66 340 1.88 0.243 0.05 0.1 6.4 0 0 0.81
31-Jan-05 Route 1 08:20 Pedestrian 1204 32 74 6.69 280 0.33 -1.011 0.66 0 6.9 0 0 0 88



03-Feb-05 Route 1 08:30 Pedestrian 1181 107.58 1.263 0.416 4.888 6 824 2.786 6.18 240 0.87 -0 911 0.31 0 6.1 0.9 0 0.91
04-Feb-05 Route 1 08:15 Pedestrian 1254 48.81 6.69 270 0.6 -1.301 0.48 0 6.9 0.1 0 0.85
08-Feb-05 Route 1 17:00 Pedestrian 2525 46.11 0.761 0 214 2.913 3 539 2.612 4 12 215 1.84 0.449 0.09 0.23 6.2 0 0 0.85
10-Feb-05 Route 1 08:30 Pedestrian 1130 30.6 1.861 0.357 4.634 10.733 4.53 5 66 260 0.73 -1.004 0.33 0 5.7 0.2 0 0 92
11-Feb-05 Route 1 08:30 Pedestrian 1232 179.51 1.644 0.456 6.685 7.842 4.556 4.12 235 1.44 -0.342 0.14 0 05 6.3 0 0 0.8
15-Feb-05 Route 1 08:35 Pedestrian 1267 97.13 2.57 315 0.8 -0.417 0 28 0 1.1 0 0 0.96
02-Mar-05 Route 1 08:10 Pedestrian 1151 35.23 1.602 0.33 4.465 5.545 2 338 5.66 55 1.08 -0.401 0.16 0 1.1 0.3 0 0.92
09-Mar-05 Route 1 08:30 Pedestrian 1180 78.35 1.542 0.429 4.677 7.232 3.726 4.12 315 0.95 -0.576 0.25 0 5.1 0 0 0.9
07-Apr-05 Route 1 17:00 Pedestrian 1294 16.11 0.855 0.255 3.856 4.11 4.158 8.75 315 2.36 1.155 0.07 0.36 5 0.1 0.2 0.78
08-Apr-05 Route 1 08:30 Pedestrian 1138 19 29 0.643 0.279 2.574 1.401 1 702 8.75 325 0 95 -0.203 0 25 0.12 3.6 1 0 0.71
14-Jun-05 Route 1 17:00 Pedestrian 1349 43.96 2.441 0.653 3.642 12.968 7.592 2.06 340 14 0.9 0 0.7
15-Jun-05 Route 1 08:30 Pedestrian 1180 116.66 0.836 0.2 2.04 4.237 1.055 3.6 270 1.56 0.304 0.1 0.3 15.2 1 0 0.7
21-Sep-05 Route 1 17:00 Pedestrian 1323 1.105 0.419 3.494 10.916 3.827 8 23 200 1.35 -0.044 0 2 0.1 18.1 0 0 0.75
22-Sep-05 Route 1 08:30 Pedestrian 1325 1.364 0.251 3.195 7.22 2 822 4.63 185 1.29 -0.084 0.2 0.1 16.7 0 0 0.82
22-Sep-05 Route 1 17:00 Pedestrian 1343 2.488 0.654 3.523 17.66 6 939 5.66 185 1.34 -0.305 0.2 0.1 17.7 0 0 0.76
23-Sep-05 Route 1 08:30 Pedestrian 1344 1.531 0.374 4.783 5.427 3.024 8.75 265 1.67 0.178 0.1 0.2 13.6 0 0 0.84
28-NOV-05 Route 1 08:30 Pedestrian 1247 50.44 2.068 0.588 5.561 10.243 3 865 5.66 305 0.76 -0.899 0.3 0 1 0 0 0.92
28-NOV-05 Route 1 17:00 Pedestrian 1281 75.2 2.012 0.555 7.221 12.904 6.011 4.63 305 0.93 -0.601 0.2 0 1.7 0 0 0.8
29-NOV-05 Route 1 08:30 Pedestrian 1289 94.67 1.771 0.602 4.695 13.31 7.95 5.66 255 0.28 -1.189 0.7 0 1.3 0 0.2 1
29-NOV-05 Route 1 17:00 Pedestrian 1372 74 88 1.503 0.474 2.626 2.096 0 953 1.92 255 0.71 -0.955 0 3 0 4 0 0 0 92
30-NOV-05 Route 1 08:30 Pedestrian 1291 64.59 1.187 0.351 5.48 3.571 1.78 4.63 210 0.62 -1.073 0.4 0 6 2 0 0 1
30-NOV-05 Route 1 17:00 Pedestrian 1372 114.61 2.262 0.71 5.839 12.17 6.35 4.12 210 0.82 -0.906 0.2 0 8.2 0 0 0.87
01-Dec-05 Route 1 08:30 Pedestrian 1299 40.47 1.409 0.411 4.552 9.535 4.372 6.69 125 0 52 -0.945 0.5 0 7.3 3.1 0 0.97
15-D8C-05 Route 1 13:00 Pedestrian 1316 80 97 0.777 0.198 3.344 2.111 1.362 7.2 280 1.01 -0.715 0.3 0 10.3 0.4 0 0.81
16-Dec-05 Route 1 17:00 Pedestrian 1179 100.7 1.464 0.473 5.691 9.463 5.057 6.17 310 0.78 -0.799 0.3 0 7.4 0 0 0.74
16-D0C-O5 Route 1 08:00 Pedestrian 1341 41.61 0.874 0.283 3.471 4.033 2.307 7.72 290 1.74 0.25 0 0.1 10 2 0 0 0.92
16-Jan-06 Route 1 08:00 Pedestrian 869 72.6 5.66 250 0.84 -0.59 0.3 0 3.7 0 0 0.9
16-Jan-06 Route 1 17:00 Pedestrian 1385 53.84 2.97 0.698 2.858 2.774 5.956 7.72 240 1.87 0.43 0 0.2 6.5 0 0.1 0.95
17-Jan-06 Route 1 08:00 Pedestrian 874 32.97 1.347 0.745 4.893 11.474 6.08 6.17 280 0.85 -0.57 0.3 0 5.6 0 0 0.98
31-Jan-06 Route 1 08:00 Pedestrian 908 76.51 1.596 0.535 17.849 4.195 2 602 1.54 280 0.88 -0.61 0.3 0 -1.6 0 0 1
22-May-06 Route 1 08:00 Pedestrian 1047 42 41 0 566 0.233 22 677 1.739 2.171 8.75 340 1.27 -0 52 0.1 0 6 5 0 0.2 0.92
24-May-06 Route 1 17:00 Pedestrian 1407 84.65 0.754 0.28 19.849 1.807 2.03 5.14 250 1.65 0.2 0.1 0.1 13.3 0.7 0 0.49
25-May-06 Route 1 08:00 Pedestrian 1194 72.41 0.473 0.172 20.725 1.701 1.321 2.06 270 0.85 -0.6 0.3 0 10.2 1 0 0.76
06-Jun-06 Route 1 17:00 Pedestrian 1349 134.67 1.017 0.336 21.236 1.502 1.767 4.12 130 0.71 -0.74 0.4 0 23 0.6 0 0.51
07-Jun-06 Route 1 08:00 Pedestrian 1180 152.77 1.053 0.378 20.34 1.566 2 295 1.03 10 1.66 0.15 0.1 0.1 17.4 1 0 0.7
08-Jun-06 Route 1 08:00 Pedestrian 1194 84.95 0.466 0.246 17.046 0 523 0 866 1.03 280 1.06 -0 43 0 2 0 19.2 1 0 0.76
09-Jun-06 Route 1 08:00 Pedestrian 1138 116.77 0.824 0.142 19.311 1.179 0 228 4.12 100 1.64 0.26 0.1 0.1 18.5 1 0 0.69
29-Jun-06 Route 1 08:00 Pedestrian 1194 30.1 0.712 0.226 22.978 0.96 0.272 3.6 150 15.9 0 0 0.87
26-Jan-05 Route 1 17:00 Bus 2178 166.35 4.12 335 7.1 0 0 0.87
27-Jan-05 Route 1 17:00 Bus 2239 272.81 1.314 0.504 5.726 10.706 5.312 5.66 340 6.4 0 0 0.81
28-Jan-05 Route 1 17:00 Bus 2183 238.42 7.72 345 7.2 0 0 0.77
01-Feb-05 Route 1 17:00 Bus 2061 158.16 1.799 0.615 4.022 9.01 4.743 5.66 300 6 0 0 0.8
03-Feb-05 Route 1 08:30 Bus 1181 122 05 6.17 240 6.1 0 0.9 0.91
04-Feb-05 Route 1 17:00 Bus 2174 81.74 7.72 200 8 0 0 0.75
07-Feb-05 Route 1 17:00 Bus 2313 332.42 5 66 180 6.2 0 0 0.7
08-Feb-05 Route 1 17:00 Bus 2525 56.28 0.8 0.167 2.185 3.772 2.713 4.12 215 6 2 0 0 0.85
10-Feb-05 Route 1 08:30 Bus 1130 135.91 5.66 260 5.7 0 0 2 0.92
10-Feb-05 Route 1 17:00 Bus 2087 182.49 1.628 0.513 3.551 7.199 5.792 2.57 260 5.4 0 0 0.75
11-Feb-05 Route 1 08:30 Bus 1232 175.3 4.12 235 6.3 0 0 0.8
15-Feb-05 Route 1 17:00 Bus 2371 196.61 2.57 315 3.8 0 0 0.82
1 e-Feb-05 Route 1 08:30 Bus 1314 155.3 1.803 0.545 3 128 7.798 6.071 2.57 245 2.4 0 0 0.91
16-Feb-05 Route 1 17:15 Bus 2347 175.97 2.798 0.623 5 629 9.904 8.83 5.14 245 6 6 0 0 0.91



24-Feb-05 Route 1 17:15 Bus 2032 7.48 1.093 0.338 2 897 5.469 6.099 7.2 35 2 9 0 0 0.79
25-Feb-05 Route 1 08:45 Bus 1116 70.48 1.716 0 515 5.188 8.893 8.607 6.17 45 3.8 0 0.1 0.75
28-Feb-05 Route 1 08:45 Bus 1229 111.61 0.37 0.436 4.142 8.34 4.892 3.6 255 1.4 0 0 0.78
01-Mar-05 Route 1 17:00 Bus 2001 74.2 1.328 0.479 2.25 5.656 5.755 5.66 325 3.1 0 0 0.78
09-Mar-05 Route 1 08:45 Bus 1180 128.84 1.16 0.568 3.517 8.049 3.675 4.12 315 5.1 0 0 0.9
07-Apr-05 Route 1 17:00 Bus 1294 59 32 0.712 0.212 3.236 3.021 4.633 8.75 315 5 0.2 0.1 0.78
08-Apr-05 Route 1 08:30 Bus 1138 168.25 0.472 0.135 1.61 1.561 3.534 7.2 325 2.2 0 0.8 0.8
12-Dec-05 Route 1 08:30 Bus 1312 50.26 1.522 0.504 5.286 10.595 5.786 3.6 330 1.3 0 0 0.96
12-Dec-05 Route 1 13:00 Bus 1281 63.95 1.329 0.44 5.481 8.573 4.613 4.63 60 8 1 0 0.71
12-Dec-05 Route 1 13:30 Bus 1115 1.142 0.378 2.778 5.133 3.595 4.63 60 8 1 0 0.71
12-Dec-05 Route 1 17:00 Bus 1289 142.24 3.957 1.311 9.406 15.38 10.773 2.06 10 3.4 0 0 0.95
13-Dec-05 Route 1 08:30 Bus 1298 80.28 3.138 1.039 10.703 18.918 6.804 4.12 270 -0.8 0 0 1
13-Dec-05 Route 1 13:00 Bus 1261 169.23 1 812 0.6 3.17 8.799 5.473 5.14 270 0.6 0 0.4 1
13-Dec-05 Route 1 17:00 Bus 1172 125.2 2.424 0.803 6.769 15.379 7.243 5.14 250 1.9 0 0 0.94
14-Dec-05 Route 1 08:30 Bus 1359 105.36 2.364 0.783 5.354 14.5 7.063 4 63 270 7 0 0 0.87
15-Dec-05 Route 1 08:30 Bus 1336 93.94 1.625 0.538 2.812 7.646 3 575 6.69 260 8.5 0 0 0.93
15-Dec-05 Route 1 13:00 Bus 1316 94.75 1.099 0.364 2.472 6.824 3,758 7.2 280 10.3 0 0.4 0.81
16-Dec-05 Route 1 17:00 Bus 1313 142.19 2.299 0.761 5.451 11 352 5.431 6.17 310 7.4 0 0 0.74
16-Dec-05 Route 1 08:00 Bus 1341 31.13 1.494 0.495 2.882 7.835 4.276 7.72 290 10.2 0 0 0.92
16-Jan-06 Route 1 08:00 Bus 1290 76.84 5.66 250 3.7 0 0 0.9
16-Jan-06 Route 1 17:00 Bus 1385 58.95 1.175 0.422 1.366 4.255 1.863 7.72 240 6.5 0.1 0 0.95
17-Jan-06 Route 1 08:00 Bus 1267 58.99 1.273 0.497 0.856 4.11 1.622 6.17 280 5.6 0 0 0.98
31-Jan-06 Route 1 08:00 Bus 1772 151.25 1.54 280 -1.6 0 0 1
31-Jan-06 Route 1 17:00 Bus 1403 223 46 2.57 330 3.5 0 0 0.86
01-Feb-06 Route 1 08:00 Bus 1671 240.16 3.09 120 2 2 0 0 0.84
13-Jun-06 Route 1 17:00 Bus 1349 174.54 3.09 310 15.9 0 0 0.51
14-Jun-06 Route 1 08:00 Bus 1180 94.72 2.06 340 14 0 0.9 0.7
15-Jun-06 Route 1 17:00 Bus 1294 146 15 3 6 270 15.2 0 1 0.7
28-Jun-06 Route 1 17:00 Bus 1407 40.12 5.14 160 18.9 0 0.8 0.49
29-Jun-06 Route 1 17:00 Bus 1294 84 48 4.63 180 16.7 0 0 0.8
30-Jun-06 Route 1 08:00 Bus 1138 120.89 2.57 150 15.3 0 0 0.97
18-Jan-05 Route 1 17:00 Car 2206 78.07 2 562 1.922 7.186 22.683 6.725 9 26 270 3.18 2.162 0 52 0.74 3.8 0 0.8 0.87
19-Jan-05 Route 1 08:30 Car 984 66.8 1.399 0.404 3.624 3.675 0.854 4.63 255 1.49 0.497 0.84 0.86 6 0 0.1 0.94
24-Jan-05 Route 1 17:00 Car 2187 78.16 2 999 1.089 6.632 19.971 5.25 4.63 315 2 6 1.289 0.57 0.72 3.3 0 0 0.76
25-Jan-05 Route 1 17:00 Car 2020 70.56 2.087 1.007 6.973 15.103 7.509 6.17 335 2.51 1.306 0.63 0.76 6.8 0 0 0.81
26-Jan-05 Route 1 08:20 Car 1504 38.9 5 832 2.417 8 099 32.166 11.362 3.09 335 1.83 0.74 0.74 0 8 6.7 0 0 0.96
28-Jan-05 Route 1 17:00 Car 1438 58.53 1.76 0.487 4.709 8.879 4.138 7.72 345 3.86 1.473 0 42 0.51 7.2 0 0 0.77
31-Jan-05 Route 1 08:20 Car 1204 16.5 1.678 0.599 3.362 9.016 2 695 7.2 280 2 22 1.085 0.64 0.8 7.2 0 0 0.88
01-Feb-05 Route 1 17:00 Car 2061 81.36 1.082 0.327 4.628 8.812 5.453 5.66 300 2.9 1.148 0.45 0.66 6 0 0 0.8
03-Feb-05 Route 1 17:30 Car 1988 75.4 2.457 0.721 5.945 13.618 6.019 5.66 300 2.09 0.313 0.68 0 72 7.3 0 0 0.77
04-Feb-05 Route 1 08:15 Car 1254 57.13 1.341 0.477 3.461 8.488 3.703 6.69 270 1.91 0.917 0.7 0.84 6.9 0.1 0 0.85
14-Feb-05 Route 1 08:10 Car 1342 77.73 1.208 0.346 4 813 6.781 2 324 5.14 240 1.62 0.318 0.81 0 84 4.7 0 0 0.87
14-Feb-05 Route 1 17:00 Car 2229 198.71 1.829 0.758 7.315 10.084 4.341 7.72 200 3.19 1.954 0.53 0.74 6 2 0 0 0.76
22-Feb-05 Route 1 17:00 Car 2120 123.59 2.296 1.25 7.677 19.703 9 458 5.14 290 1.72 0.575 0.76 0.81 3.2 0 0.4 0.74
23-Feb-05 Route 1 07:30 Car 1601 20 99 2.077 0 723 6.122 12.819 7.921 3.6 290 3.94 1 353 0.43 0.49 -0 7 0 0 0.96
01-Mar-05 Route 1 17:00 Car 2001 129.1 1.855 0.78 4.932 11.309 3.341 5.66 55 3.09 1.633 0.47 0.69 3.1 0 0 0.78
02-Mar-05 Route 1 08:10 Car 1151 79.93 2.034 0.747 4.689 12.69 3 636 5.66 55 2.39 0.916 0.63 0.72 1.1 0.3 0 0.92
14-Jun-05 Route 1 17:00 Car 1349 32.65 0.755 0.24 2.53 4.95 2.06 7.2 255 1.89 0.278 0.69 0.74 14.7 0.4 0 0.67
15-Jun-05 Route 1 08:30 Car 1180 101.64 7.916 3.259 5.155 51 822 14 883 6.17 230 2.07 1.755 0.7 0.78 16.1 0.6 0 0.72
22-Jun-05 Route 1 17:00 Car 1407 74.82 0.937 0.378 2.043 1.612 0.852 7.72 220 1.72 0.575 0.76 0.81 22.1 1 0 0.61
23-Jun-05 Route 1 08:30 Car 1194 76.87 0.935 0.288 2.381 5.175 1.256 6.17 225 3.94 1 353 0.43 0.49 17.9 1 0 0.72
31-Jan-06 Route 1 17:00 Car 1349 26.46 2.473 1.194 14.968 2.567 4.691 2.57 330 2 36 0.65 0.61 0.68 3.5 0 0 0.86



01-Feb-06 Route 1 08:00 Car 1180 55.6 2.462 0.84 14.551 2.591 4.025 3.09 120 2.04 0.85 0.67 0.76 2 2 0 0 0.84
13-Apr-06 Route 1 17:00 Car 1294 98 65 0.797 0.357 11.714 1.622 2.352 10.8 280 10.8 0.8 0 0.54
28-Apr-06 Route 1 08:00 Car 1138 31.66 0.888 0.407 22.393 1.878 2.584 5.14 330 1.115 0 69 0.8 8.6 1 0 0.78
11-May-06 Route 1 17:00 Car 1294 77.42 4.12 100 17.3 1 0 0.72
22-May-06 Route 1 08:00 Car 1047 98.03 2.779 1.163 22.588 2.46 5.522 8.75 340 6.5 0 0.2 0.92
22-May-06 Route 1 17:00 Car 1271 67.75 2.979 1.36 22.965 2.287 6.106 6.17 360 3.27 1.249 0.51 0.65 10.5 0.8 0 0.55
23-May-06 Route 1 17:00 Car 1349 18.89 3.376 0 792 21.72 1.985 3.583 9.26 240 3.53 2.025 0.4 0.67 8.2 0.8 0 0.86
24-May-06 Route 1 17:00 Car 1407 81 49 2.251 0.818 23.174 3.421 10.087 5 14 250 2.19 0.99 0.71 0.77 13.3 0.7 0 049
25-Jun-05 Route 1 08:00 Car 1194 30.63 1.061 0.573 24.143 2.107 3.617 2.06 270 2.03 0.754 0.67 0.77 10.2 1 0 0.76
25-May-06 Route 1 17:00 Car 1294 171.33 2.451 0.944 10.636 2.343 4.643 3.09 120 2.81 0.064 0.58 0.58 13.8 0 0 0.74
06-Jun-06 Route 1 17:00 Car 1349 88.78 1.871 0 582 20.43 1.8 3.941 4.12 130 1.97 0.227 0.73 0.75 23 0.6 0 0.51
07-Jun-06 Route 1 08:00 Car 1180 104.36 2.267 0 795 20.828 2.261 5 854 1.03 10 2.05 0 64 0.69 0.73 17.4 1 0 0.7
07-Jun-06 Route 1 17:00 Car 1407 172.56 1.831 1.411 21.792 4.413 5.599 4 12 120 1.28 -0.192 0.88 0.86 18 5 1 0 0.67
08-Jun-06 Route 1 08:00 Car 1194 115.72 2.476 1 082 22.13 3.386 4 152 1.03 280 1.51 0.429 0.75 0.77 19.2 1 0 0.76
08-Jun-06 Route 1 17:00 Car 129^ 108.66 0.566 0.307 4.488 0.881 1.326 5.66 120 2.72 1.105 0.56 0.75 20.8 1 0 0.53
09-Jun-06 Route 1 08:00 Car 1138 142.52 0.716 0.116 7.31 0.205 0.286 4.12 100 2.77 1.429 0 53 0.71 18.5 1 0 0.69
13-Jun-06 Route 1 17:00 Car 1349 69.94 1.595 0.466 22.085 1.439 1.514 3.09 310 2.37 0.627 0.7 0.75 15.9 0 0 0.51
14-Jun-06 Route 1 08:00 Car 1180 50.95 1.207 0.345 21.561 1.515 1.25 2.06 340 1.56 0.427 0.79 0.81 14 0.9 0 0.7
15-Jun-06 Route 1 17:00 Car 1294 115.4 2.031 0.72 21.31 1.805 3.09 3.6 270 1.66 0.359 0.8 0.83 15 2 1 0 0.7
28-Jun-06 Route 1 17:00 Car 1407 169 42 1.362

1.287
0 6 24 282 1.548 5.223

0.547
5.14 160 3.08 0.662

1.515
0 51 0.62 18.9 0 8 0 0.49

29-Jun-06 Route 1 08:00 Car 1194 64.27 0.325 23.242 1.445 3.6 150 2.69 0.57 0.73 15.9 0 0 0.87
29-Jun-06 Route 1 17:00 Car 1294 27.23 1.128 0.574 24.246 1.555 3.218 4.63 180 3.95 0.043 0.46 0.46 16.7 0 0 0.8
30-Jun-06 Route 1 08:00 Car 1138 165.17 0.917 0.611 23.105 1.069 3.038 2.57 150 4.94 1.048 0.37 0.49 15.3 0 0 0.97
12-Jul-06 Route 1 17:00 Car 1407 83.46 2.372 0.527 23.088 2 226 2 487 4.91 3.49 1.745 0 43 0.68 18.4 0.3 0 0.76
13-Jul-06 Route 1 08:00 Car 1194 31.84 2.435 0.737 23.441 1.485 3.834 1.96 0.579 0.74 0.81 14.8 1 0 0.6



Appendix A.2 -  Simultaneous Equations 

Route 1

P M 2 .5

3Bus = 2.66Car + 3.09Ped + 1.39Cyc 

3Car = 1.49Cyc + 1.34Ped + 0.375Bus 

3Cyc = 0.719Bus + 1.41 Ped + 0.671 Car

Benzene

3bus = 0.68Car + 1,28ped + 1.08cyc 

3car =1.51 eye + 1.47bus + 2.84ped 

3eyc = 1 .1 8ped + 0.66car + 0.926bus

1,3 Butadiene

3bus = 0.66ear + 1.25ped + 1.14cyc 

Scar = 1.52bus + 1.79cyc + 3.51 ped 

3eyc = 1,30ped +0.55ear + 0.87bs

Ethylene

3bus = 0.74car + 1.29ped + 1.25cyc 

3car = 1.36cyc + 2.64ped + 1.35bus 

3cye = 1.36ped + 0.735car + 0.75bus

Acetylene

3bus = 0.47car + 1 .OOped + 1,27eye 

Scar = 1.16cye + 3.4Sped + 2.12bus 

Scyc = 1,42ped + 0.86ear + 0.78bus

Route 2

P M 2 .5



3Bus = 2.14Car + 2.14Ped + 3.21Cyc 

3Car = 0.46BUS + 1.57Ped + 2.85Cyc 

3Cyc = 0.35Car + 0.31 Bus + 1.75Ped

Benzene

3Bus = 0.61 car + 1.28ped +1.29cyc 

3car = 1.51 eye + 1,47bus + 2.84ped 

3eye = 1.48ped + 0.55ear + 0.775bus

1,3 Butadiene

3bus = 0.45ear + 2.19ped + 1,46cyc 

3ear = 2.03eye + 2.98ped + 2.22bus 

3eye = 1,44ped + 0.49ear + 0.68bus

Ethylene

3bus= 0.78car + 1.60ped+ 1.21 eye 

3ear= 1.78cye+ 15.54ped+ 1.28bus 

3eye = 1.47ped + 0.56ear + 0.826bus

Acetylene

3bus = 0.57ear + 2.01ped + 0.97cye 

3car = 1.52eye + 8.38ped + 1,75bus 

3cye = 1.80ped + 0.65ear + ! ,03bus



Appendix A.3 Urban/Suburban Data

Date Route PM2.5 Benzene Butadiene Mode
17-0ct-05 Urban 155.38 3.03 0.81 Cyclist
18-0ct-05 Urban 97.35 3.94 0.77 Cyclist
18-0ct-05 Urban 75.36 2.46 0.57 Cyclist
14-NOV-05 Urban 114.45 1.7 0.56 Cyclist
14-NOV-05 Urban 91.44 1.07 0.35 Cyclist
15-NOV-05 Urban 118.94 1.7 0.56 Cyclist
16-NOV-05 Urban 1.39 0.46 Cyclist
13-Mar-06 Urban 142.82 1.65 0.15 Cyclist
14-Mar-06 Urban 150.02 2.58 0.37 Cyclist
10-Apr-06 Urban 124.74 1.05 0.54 Cyclist
17-0ct-05 Suburban 97.19 2.91 0.67 Cyclist
18-0ct-05 Suburban 45.57 2.86 0.65 Cyclist
18-0ct-05 Suburban 47.73 2.09 0.36 Cyclist
14-NOV-05 Suburban 70.32 0.66 0.22 Cyclist
14-NOV-05 Suburban 49.17 0.62 0.2 Cyclist
15-NOV-05 Suburban 60.5 0.63 0.37 Cyclist
16-NOV-05 Suburban 1.28 0.43 Cyclist
13-Mar-06 Suburban 61.36 0.82 0.12 Cyclist
14-Mar-06 Suburban 56.44 0.6 0.12 Cyclist
10-Apr-06 Suburban 56.22 0.58 0.35 Cyclist
02-0ct-05 Urban 66.34 4.44 0.87 Car
03-0ct-05 Urban 121.51 4.59 2.04 Car

: 16-NOV-05 Urban 136.32 1.57 0.52 Car
17-NOV-05 Urban 161.86 0.9 0.3 Car
30-Mar-06 Urban 95.48 1.68 0.45 Car
31-Mar-06 Urban 130.57 1.43 0.42 Car
11-Apr-06 Urban 70.13 2.28 0.44 Car
27-Apr-06 Urban 97.26 1.96 1.43 Car

26-May-06 Urban 97.56 1.61 0.95 Car
16-Jun-06 Urban 163.24 1.44 0.43 Car
02-0ct-05 Suburban 47.91 2.09 0.7 Car
03-0ct-05 Suburban 54.9 2.17 0.57 Car
16-NOV-05 Suburban 74.76 1.02 0.15 Car
17-NOV-05 Suburban 42.04 0.67 0.22 Car
30-Mar-06 Suburban 81.25 0.73 0.28 Car
31-Mar-06 Suburban 77.6 0.85 0.26 Car
11-Apr-06 Suburban 89.29 0.78 0.25 Car
27-Apr-06 Suburban 58.85 0.95 1.01 Car

26-May-06 Suburban 36.4 2.3 0.5 Car
16-Jun-06 Suburban 149.81 1.31 0.33 Car
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Appendix A.4 -  Determinant Graphs.

Temperature Graphs
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PM2.5

Fig. 6.29, R1 pedestrian, temperature vs. PM 2 5 .
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Fig. 6.31, R1 pedestrian, temperature vs. butadiene.
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Fig. 6.32, R1 pedestrian, temperature vs. ethylene.
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Fig. 6.33, R1 pedestrian, temperature vs. acetylene.
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Figure 6.34, R1 bus, temperature vs. benzene
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Figure 6.35, R1 bus, temperature vs. butadiene
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Figure 6.36, R1 bus, temperature vs. ethylene
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Figure 6.37, R l bus, temperature vs. acetylene
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Fig. 6.39, R l car, temperature vs. benzene.
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Fig. 6.40, R1 car, temperature vs. butadiene.
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Fig. 6.41, R1 car, temperature vs. ethylene.
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Fig. 6.43, R1 cyclist, temperature vs. benzene.
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Fig. 6.44, R1 cyclist, temperature vs, ethylene.



Appendix B -  Human Respiratory Tract Model



Appendix B -  Human Respiratory Tract Model.

The following gives an example o f the output o f the lung model for a typical case as 

shown on the overleaf The calculation o f filter efficiencies and deposition (see Figure 

4.2 and Equation 4.1) is shown for particulate matter. The calculation o f  the absorption o f 

benzene is also shown in from Equations 4.2 and 4.3.



Gender Male Pollutant Gas Benzene

Activity Level Sitting
Concentration Co 
ppb 1

B (m3/h) 0.54
Fr (min-1) 12
Vt (mL) 750
V (mL/s) 300

Particle 
Concentration, 

(Ca) ug/m3 50
Particle Density p 
(g/cm3) 3

Exposure Time 
(t) (hrs) 1

Particle Shape 
Factor X 2

lo(ug) 27

Height Hs (m) 1.76

Equivalent 
Volume Diameter 
de (um) 2.5

Diffusion 
Coefficient D 
(cm2/s) 0.2

Aerodynamic 
Diameter dae(um) 2.5

Thermodynamic 
Diameter dth 
(um) 2.5

Wind Speed U 
(m/s) 1

Atmospheric 
Pressure P (cm 
Hg) 76





ilter efficencys for Aerodynamic Deposition qae (nose) nae = 1-exp(-aR’’)

hase Filter] Region a R P nae
Volumetric 
Fraction O

ihalation 1 ET1 3.00E-04 1875 1 0.18 1
2 ET2 5.50E-05 1875 1.17 0.270787 1
3 BB 4.08E-06 1875 1.152 0.023765 0.933333333
4 bb 1.15E-01 0.531972304 1.173 0.053236 0.853156013

oth 5 Al 0.146 12.12892558 0.6495 0.522125 0.776251237
6 bb 1.15E-01 0.531972304 1.173 0.053236 0.853156013
7 BB 2.04E-06 1875 1.152 0.011954 0.933333333
8 ET2 5.50E-05 1875 1.17 0.270787 1

xhalation 9 ET1 3.00E-04 1875 1 0.18 1

liter efficencys for Tihermodynamic Deposition Tjth (nose) qth = 1-€xp(-aR’’)

hase Filter j Region a R P r̂ th
Volumetric 
Fraction O

ihalation 1 ET1 1.80E+01 0.048056228 0.5 0.490333 1
2 ET2 1.51E+01 0.048056228 0.538 0.947638 1
3 BB 5.94E+01 0.036377663 0.6391 0.999215 0.933333333
4 bb 9.02E+01 0.034892861 0.5676 0.999999 0.853156013

oth 5 Al 273 0.388125618 0.6101 1 0.776251237
6 bb 9.02E+01 0.034892861 0.5676 0.999999 0.853156013
7 BB 5.94E+01 0.036377663 0.6391 0.999215 0.933333333
8 ET2 1.51E+01 0.048056228 0.538 0.947638 1

xhalation 9 ET1 1.80E+01 0.048056228 0.5 0.490333 1

liter efficencys for Aerodynamic Deposition qae (mouth) nae = 1-exp{-aR'*)

hase Filter] Region a R P nae
Volumetric 
Fraction <t>

ihalation 1 ET2 1.10E-04 50.94956935 1.4 0.026292 1
2 BB 4.08E-06 1875 1.152 0.023765 0.933333333
3 bb 1.15E-01 0.123823058 1.173 0.009846 0.853156013

oth 4 Al 1.47E-01 12.12892558 0.6495 0.524055 0.776251237
5 bb 0.1147 0.123823058 1.173 0.009846 0.853156013
6 BB 2.04E-06 1875 1.152 0.011954 0.933333333

xhalation 7 ET2 1.10E-04 50.94956935 1.4 0.026292 1



1
1
1 1

liter efficencys for Thermodynamic Deposition rjth (Mouth) nth = 1-exp(-aRP)

hase Filter] Region a R P nth
Volumetric 
Fraction <P

ihalation 1 ET2 9.00E+00 0.048056228 0.5 0.860955 1
2 BB 5.94E+01 0.036377663 0.6391 0.999215 0.933333333
3 bb 9.02E+01 0.034892861 0.5676 0.999999 0.853156013

oth 4 Al 273 0.388125618 0.6101 1 0.776251237
5 bb 9.02E+01 0.034892861 0.5676 0.999999 0.853156013
8 BB 5.94E+01 0.036377663 0.6391 0.999215 0.933333333

xhalation 9 ET2 9.00E+00 0.048056228 0.5 0.860955 1





Eqn b Vd' (BB) = Vd (BB) (1+Vt/FRC) 60.13299
Vd' (bb) = Vd (bb) (1+Vt/FRC) 57.67858225

Eqn c nae = 0.5(1-(1/aR’’+1))
r|th = 0.5*(1-exp(-a RP))

Eqn d nae =(1-(1/aRP+1))
nth = 1-exp(-aR'’)

Eqn e qjth =1+100exp((-log 10(100+10/dth0.9)2) 2.69942512

Eqn 11 r)0 (S ee  Deposition work Sheet) 0 .004883417

Eqn 12 qi (S ee  Deposition work Sheet 9.95E-01

Eqn 10 o - / r ,  2 . ■ 271/5“ Hi (Hae Hlh )
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Aero + Thermodynamic Deposition for the Nose

Generation J Efficiency ry
Volumetric 
Factor <Pj Dej Deposition 1 (ug)

0 0.004883417 1 27.0000000000
1 0.52232811 1 1 0.519777364 12.9660111714
2 0.985567281 1 1 0.468478782 6.8917100526
3 0.999497871 0.93333333 0.933333333 0.00639986 6.8476040764
4 1.00141457 0.85315601 0.914095729 2.94313E-06 6.8475839230
5 1.128102246 0.77625124 0.909858484 -4.26719E-09 6.8475839522
6 1.00141457 0.85315601 1.099072018 5.33323E-10 6.8475839486
7 0.999286796 0.93333333 1.093977325 -8.23568E-13 6.8475839486
8 0.985567281 1 1.071428571 -6.20687E-16 6.8475839486
9 0.52232811 1 1 -4.74764E-18 6.8475839486

Aero + Thermodynamic Deposition for the '/louth

Generation j EfTiciency ry
Volumetric 
Factor Oj Dej Deposition 1 (ug)

0 0.004883417 1
1

27
1 0.86135609 1 0.857149729 3.856957317
2 0.999497871 0.93333333 0.933333333 0.128704405 3.36054992
3 1.000047003 0.85315601 0.914095729 5.9107E-05 3.360351288
4 1.128996631 0.77625124 0.909858484 -2.8537E-09 3.360351297
5 1.000047003 0.85315601 1.099072018 3.58377E-10 3.360351296
6 0.999286796 0.93333333 1.093977325 -1.84137E-14 3.360351296
7 0.86135609 1 1.071428571 -1.21286E-17 3.360351296

y^ero + Thermodynamic Deposition for the Nose & Mouth

Generation j
Deposition 1 

Nose (ug)
Deposition 
1 Mouth (ug)

OroNasal 
Factor Fn

Total 
Deposition 1 (ug)

Regional Lung 
Deposition

0 27.0000000000 0 1 27 0
1 12.9660111714 27 1 12.96601117 14.03398883
2 6.8917100526 3.85695732 1 6.891710053 6.074301119
3 6.8476040764 3.36054992 1 6.847604076 0.044105976
4 6.8475839230 3.36035129 1 6.847583923 2.01534E-05
5 6.8475839522 3.3603513 1 6.847583952 -2.922E-08
6 6.8475839486 3.3603513 1 6.847583949 3.65198E-09
7 6.8475839486 3.3603513 1 6.847583949 -5.63904E-12
8 6.8475839486 3.3603513 1 6.847583949 0
9 6.8475839486 0 1 6.847583949 0
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Eqn 23 Ci+1/Ci = EXP{-(Ui‘ (Ci-Cdi/A))AO} Eqn 21 ln(Ci+1/Ci) = -GiA/

Ci = Gas concentration entering region i Gi ids the uptake rate for region 1 in cmC

Ui = is the overall transfer coefficient

Cdi = the concentration of gas already dissolved in the walls of region i

A = the partition coefficient of the gas in question

Regional Uptake Fractions Fr (recommended default Values)
SRO SR1 SR2

ET1 0 10 100
ET2 0 20 0
BB 0 10 0
bb 0 20 0
Al 0 40 0

ueneraiidri
j Ui A Ci Cdi V Fr Gi

Actual Up 
Jou

ake Over 
mey

0 0.2236 0 300
1 17.8 0.2236 1 0 300 79.60644 0.125856
2 0.328223 0.2236 0.766933793 0 300 1.125784 0.001551
3 0.81469 0.2236 0.76406118 0 300 2.78387 0.003811
4 1.666658 0.2236 0.75700382 0 300 5.642516 0.007617
5 244.5055 0.2236 0.742898861 0 300 812.3562 0.374416
6 1.666658 0.2236 0.049536304 0 300 0.369231 3.29E-05
7 0.81469 0.2236 0.049475373 0 300 0.180264 1.6E-05
8 0.328223 0.2236 0.049445653 0 300 0.072581 6.46E-06
9 0.2236 0.049433692 0 300 0.026694



Appendix C -  CFD Model Summaries and Data



Appendix C.l
Car spacing M odel Summaries.

The following A ppendix  contains the CFD  model summaries o f  the tw o car spac ing  
m odels at Im  and 2m spacing in the general case

F L U E N T
Version: 3d, segregated, spe, ske (3d, segregated, species, standard k-epsilon) 
Release: 6.2.16
Title: Car Spacing Model, Im Case 

M odels

M odel Settings

Space 3D
Tim e Steady
Viscous Standard k-epsilon turbulence model
Wall T reatm ent Standard Wall Functions
Heat Transfer Enabled
Solidification and M elting Disabled
Radiation N one
Species Transport N on-Reacting (5 species)
Coupled Dispersed Phase Disabled
Pollutants Disabled
Soot Disabled

Boundary Conditions

Zones

name id type

fluid 2 fluid
air_inttake 3 velocity-inlet
exhaust 4 velocity-inlet
top 5 wall
side 6 wall
bottom 7 wall
cars 8 wall
pressure_outlet.3 9 pressure-outlet 
main_air 10 velocity-inlet
sym m etry  11 symmetry
default-interior 13 interior



Boundary Conditions 

Fluid

Condition Value

Material N am e benzene-air
Specify source terms? no
X-Velocity O f  Zone 0
Y-Velocity O f  Zone 0
Z-V elocity  O f  Zone 0
Rotation speed 0
X-Origin o f  Rotation-Axis 0
Y-Origin o f  Rotation-Axis 0
Z-Origin o f  Rotation-Axis 0
X-C om ponent o f  Rotation-Axis 0
Y-Com ponent o f  Rotation-Axis 0
Z-C om ponent o f  Rotation-Axis 1
Deactivated Thread no
Lam inar zone? no
Set Turbulent Viscosity to zero within laminar zone? no 
Porous zone? no
Conical porous zone? no
X -C om ponent o f  D irection-1 Vector I
Y -C om ponent o f  Direction-1 Vector 0
Z-C om ponent o f  D irection-1 Vector 0
X-C om ponent o f  Direction-2 Vector 0
Y -C om ponent o f  Direction-2 Vector 1
Z-C om ponent o f  Direction-2 Vector 0
X -Coordinate o f  Point on Cone Axis 1
Y-Coordinate o f  Point on Cone Axis 0
Z-Coordinate  o f  Point on Cone Axis 0
H a lf  Angle o f  Cone Relative to its Axis 0
D irec tion-1 Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
Direction-] Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
C l Coefficient for Power-Law 0
Porosity 1
Solid Material N am e aluminum



a ir in ttake

Condition Value

V elocity  Specification M ethod 2
Reference Fram e 0
Velocity M agnitude -3.75
C oordinate System 0
X-Velocity  0
Y-V elocity  0
Z-V elocity  0
X -C om ponen t o f  F low Direction 1
Y -C om ponent o f  F low Direction 0
Z -C om ponen t o f  Flow Direction 0
X -C om ponent o f  Axis Direction 1
Y -C om ponent o f  Axis Direction 0
Z -C om ponen t o f  Axis Direction 0
X-Coordinate  o f  Axis Origin 0
Y -Coordinate o f  Axis Origin 0
Z-C oordinate  o f  Axis Origin 0
A ngular velocity  0
Tem perature  300
Turbulence Specification M ethod 3
Turb. Kinetic Energy 1
Turb. Dissipation Rate 1
Turbulence Intensity 0
Turbulence Length Scale 1
Hydraulic  Diam eter 0.1
Turbulent Viscosity Ratio 10

exhaust

Condition Value

Velocity Specification Method 2 
Reference Fram e 0
Velocity M agnitude 3.3800001
Coordinate System 0
X -V elocity  0
Y-V elocity  0
Z -V elocity  0
X -C om ponen t o f  Flow Direction 1
Y -C om ponen t o f  Flow Direction 0
Z -C om ponen t o f  Flow Direction 0
X -C om ponen t o f  Axis Direction 1
Y -C om ponen t o f  Axis Direction 0



Z-Com ponent o f Axis Direction 0
X-Coordinate o f Axis Origin 0
Y-Coordinate o f Axis Origin 0
Z-Coordinate o f Axis Origin 0
Angular velocity 0
Temperature 300
Turbulence Specification Method 3
Turb. Kinetic Energy 1
Turb. Dissipation Rate 1
Turbulence Intensity 0
Turbulence Length Scale 1
Hydraulic Diameter 0.1
Turbulent Viscosity Ratio 10
(((constan t. 1.5733e-09) (profile )) ((constan t. 0.25) (profile )) ((co n stan t. 0.2) 

(profile )) ((constan t. 0.050000001) (profile ))) 
is zone used in mixing-plane model? no

top

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Nam e aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall M otion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f  Wall Translation 1
Y-Component o f Wall Translation 0
Z-Com ponent o f  Wall Translation 0
Define wall velocity components? no
X-Com ponent o f  Wall Translafion 0
Y-Component o f  Wall Translation 0
Z-Com ponent o f  Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5



(0)
( ( (co n s tan t . 0) (profile ))) 

Rotation Speed 0
X-Position o f  Rotation-Axis Origin 0
Y-Position o f  Rotation-Axis Origin 0
Z-Position o f  Rotation-Axis Origin 0
X -C om ponen t o f  Rotation-Axis Direction 0
Y -C om ponen t o f  Rotation-Axis Direction 0
Z -C om ponen t o f  Rotation-Axis Direction 1
X -com ponent o f  shear stress 0
Y -com ponent o f  shear stress 0
Z-com ponen t o f  shear stress 0
Surface tension gradient 0
Specularity  Coefficient 0

side

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material N am e aluminum
Thermal BC Type 1
Tem perature  300
Heat Flux 0
C onvective Heat Transfer Coefficient 0
Free Stream Tem perature 300
Enable shell conduction? no
Wall M otion 0
Shear Boundary  Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X -C om ponen t o f  Wall Translation I
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t o f  Wall Translation 0
Define wall velocity com ponents? no
X -C om ponen t o f  Wall Translation 0
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t o f  Wall Translation 0
External Emissivity 1
External Radiation Tem perature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5

(0)
( ( (c o n s ta n t . 0) (profile )))



Rotation Speed 0
X-Position o f Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0
X-Component o f  Rotation-Axis Direction 0
Y-Component o f  Rotation-Axis Direction 0
Z-Component o f  Rotation-Axis Direction 1
X-component o f  shear stress 0
Y-component o f  siiear stress 0
Z-component o f  shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

bottom

Condition Value

0
0

aluminum

300

Wall Thickness 
Heat Generation Rate 
Material Name 
Thermal BC Type 
Temperature
Heat Flux 0
Convective Heat Transfer Coefficient 
Free Stream Temperature 
Enable shell conduction?
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone?

0
300

no

yes
no

0
Apply a rotational velocity to this wall?
Velocity Magnitude 
X-Component o f  Wall Translation 
Y-Component o f  Wall Translation 
Z-Component o f  Wall Translation 
Define wall velocity components?
X-Component o f  Wall Translation 
Y-Component o f  Wall Translation 
Z-Component o f  Wall Translation 
External Emissivity 
External Radiation Temperature 
Wall Roughness Height 
Wall Roughness Constant

(0 0 0 0)
(((constan t. 0) (profile )) ((constan t. 0) (profile )) ((co n stan t. 0) (profile )) 

((constan t. 0) (profile )))
Rotation Speed 0

1
0
0

no
0
0
0

300
0
0.5



X-Position o f  Rotation-Axis Origin 0
Y-Position o f  Rotation-Axis Origin 0
Z-Position o f  Rotation-Axis Origin 0
X -C om ponent o f  Rotation-Axis Direction 0
Y -C om ponent o f  Rotation-Axis Direction 0
Z-C om ponen t o f  Rotation-Axis Direction 1
X -com ponent o f  shear stress 0
Y -com ponent o f  shear stress 0
Z-com ponent o f  shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

Cars

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material N am e aluminum
Thermal BC Type 1
Tem perature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Tem perature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition  0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X -C om ponent o f  Wall Translation 1
Y -C om ponent o f  Wall Translation 0
Z-C om ponent o f  Wall Translation 0
Define wall velocity com ponents? no
X -C om ponent o f  Wall Translation 0
Y -C om ponent o f  Wall Translation 0
Z-C om ponen t o f  Wall Translation 0
External Emissivity 1
External Radiation Tem perature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5

(0)
( ( (co n s tan t . 0) (profile ))) 

Rotation Speed 0
X-Position o f  Rotation-Axis Origin 0
Y-Position o f  Rotation-Axis Origin 0



Z-Position o f Rotation-Axis Origin 0
X-Com ponent o f  Rotation-Axis Direction 0
Y-Com ponent o f  Rotation-Axis Direction 0
Z-Com ponent o f  Rotation-Axis Direction 1
X-com ponent o f  shear stress 0
Y-com ponent o f  shear stress 0
Z-com ponent o f  shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

pressure_outlet.3

Condition Value

Gauge Pressure 0
Radial Equilibrium Pressure Distribution no 
Backflow Total Temperature 300
Backflow Direction Specification Method 1 
Coordinate System 0
X-Com ponent o f  Flow Direction 1
Y-Com ponent o f  Flow Direction 0
Z-Com ponent o f  Flow Direction 0
X-Com ponent o f  Axis Direction 1
Y-Com ponent o f  Axis Direction 0
Z-Com ponent o f  Axis Direction 0
X-Coordinate o f  Axis Origin 0
Y-Coordinate o f  Axis Origin 0
Z-Coordinate o f Axis Origin 0
Turbulence Specification Method 3 
Backfiow Turb. Kinetic Energy 1
Backfiow Turb. Dissipation Rate 1
Backfiow Turbulence Intensity 0.099999994
Backfiow Turbulence Length Scale 1
Backflow Hydraulic Diameter 2.5
Backflow Turbulent Viscosity Ratio 10
Backfiow (((constan t. 0) (profile )) ((constan t. 0) (profile ))

((co n stan t. 0) (profile )) ((constan t. 0) (profile ))) 
is zone used in mixing-plane model? no
Specify targeted mass-fiow rate no
Targeted m ass-flow 1

m ain air

Condition Value

Velocity Specification Method 2



Reference Frame 0
V elocity  M agnitude 0.377
C oordinate  System 0
X -V elocity  0
Y -V elocity  0
Z-V elocity  0
X -C om ponen t o f  F low Direction 1
Y -C om ponen t o f  Flow Direction 0
Z -C om ponen t o f  F low Direction 0
X -C om ponen t  o f  Axis Direction 1
Y -C om ponen t o f  Axis Direction 0
Z -C om ponen t  o f  Axis Direction 0
X -C oordina te  o f  Axis Origin 0
Y -C oordina te  o f  Axis Origin 0
Z -C oordinate  o f  A xis Origin 0
A ngu la r  velocity 0
Tem peratu re  300
T urbulence Specification Method 3 
Turb. Kinetic Energy 1
Turb. Dissipation Rale 1
T urbu lence  Intensity 0 .099999994
T urbu lence  Length Scale 1
H ydraulic  D iameter 2.5
T urbu len t Viscosity Ratio 10

(( (co n s tan t . 0) (profile )) ( ( c o n s ta n t . 1) (profile )) 
( ( c o n s ta n t . 0) (profile )) ( (c o n s ta n t . 0) (profile ))) 

is zone used in m ixing-plane m odel? no

symmetry 

C ondition  Value

default-interior

Condition  Value

Solver C ontrols

Equations 

Equation Solved

Flow  yes



Turbulence yes 
c6h6 yes
o2 yes 
co2 yes
h2o yes
Energy yes

N um erics 

N um eric Enabled

Absolute Velocity Formulation yes

Relaxation

Variable Relaxation Factor

Pressure 0.3
Density 1
Body Forces 1
M om entum  0.7
Turbulence Kinetic Energy 0.8
Turbulence Dissipation Rate 0.8 
Turbulent Viscosity 1 
c6h6 1
o2 1
co2 1
h2o 1
Energy 1

Linear Solver

Solver Termination Residual Reduction 
Variable Type Criterion Tolerance

Pressure V-Cycle 0.1
X-M om entum  Flexible 0.1 0.7
Y-M om entum  Flexible 0.1 0.7
Z -M om entum  Flexible 0.1 0.7
Turbulence Kinetic Energy Flexible 0.1 0.7
Turbulence Dissipation Rate Flexible 0.1 0.7
c6h6 Flexible 0.1 0.7
o2 Flexible 0.1 0.7
co2 Flexible 0.1 0.7
h2o Flexible 0.1 0.7
Energy Flexible 0.1 0.7



Discretization Scheme

Variable Sciieme

Pressure Standard
M om en tum  First Order Upwind
T urbulence Kinetic Energy First Order Upwind 
Turbulence Dissipation Rate First Order Upwind 
c6h6  First Order Upwind
o2 First Order Upwind
co2 First Order Upwind
h2o First O rder Upwind
Energy  First Order Upwind

Solution Limits 

Q uantity  Limit

M in im um  Absolute  Pressure 1 
M ax im um  Absolute Pressure 5e+10 
M in im um  Tem perature 1
M ax im um  Tem perature 5000
M in im um  Turb. Kinetic Energy le-14 
M in im um  Turb. Dissipation Rate le-20 
M ax im um  Turb. Viscosity Ratio 100000

Material Properties

Material: benzene-air (mixture)

Property Units M ethod Vaiue(s)

M ixture Species names (c6h6 o2 co2 h2o n2)
D ensity  kg/m3 incompressible-ideal-gas # f
Cp (Specific Heat) j /kg-k  m ixing-law # f
Thermal Conductivity  w /m -k  constant 0.0454
Viscosity  kg/m -s constant I.72e-05
M ass Diffusivity m2/s constant-dilute-appx (2.88e-05)
Therm al Expansion Coefficient 1/k constant 0

Material: (nitrogen . benzene-air) (fluid)

Property  Units M ethod Value(s)



Cp (Specific H eat) j/k g -k  constant 1040.67
M olecular W eight kg/kgm ol constant 28.0134 
L-J C haracteristic Length angstrom  constant 3.621 
L-J Energy Param eter k constan t 97.53
D egrees o f  F reedom  constant 0
Speed o f  Sound m/s none # f

M aterial: nitrogen (fluid)

P roperty U nits M ethod V alue(s)

D ensity  kg/m 3 constant 1.138
Cp (Specific H eat) j/k g -k  constant 1040.67
T herm al C onductivity  w /m -k constant 0 .0242
V iscosity  kg/m -s constant 1.663e-05
M olecular W eight kg/kgm ol constant 28.0134
L-J C haracteristic Length angstrom  constant 3.621 
L-J Energy Param eter k constant 97.53
Therm al E xpansion C oefficient 1/k constant 0 
D egrees o f  Freedom  constant 0
Speed o f  Sound m /s none M f

M aterial: (w a te r-v a p o r. benzene-air) (fluid) 

P roperty U nits M ethod V alue(s)

Cp (Specific H eat) j/kg -k  constant 2014
M olecular W eight kg/kgm ol constant 18.01534 
L-J C haracteristic Length angstrom  constant 2.605 
L-J E nergy Param eter k constant 572.4
D egrees o f  Freedom  constant 0
Speed o f  Sound m/s none # f

M aterial: w ater-vapor (fluid)

Property U nits M ethod V alue(s)

D ensity  kg/m 3 constant 0.5542
Cp (Specific H eat) j/k g -k  constan t 2014
Therm al C onductivity  w /m -k constan t 0.0261
V iscosity  kg/m -s constant 1.34e-05
M olecular W eight kg/kgm ol constan t 18.01534
L-J C haracteristic Length angstrom  constant 2.605 
L-J E nergy Param eter k constan t 572.4
Therm al E xpansion C oefficient 1/k constan t 0 
D egrees o f  Freedom  constant 0



Speed o f  Sound m/s none # f

Material: (carbon-dioxide . benzene-air) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k  constant 840.37
M olecular W eight kg/kgmol constant 44.00995 
L-J Characteristic Length angstrom constant 3.941 
L-J Energy Param eter k constant 195.2 
Degrees o f  Freedom constant 0
Speed o f  Sound m/s none # f

Material: carbon-dioxide (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.7878
Cp (Specific Heat) j/kg-k  constant 840.37
Thermal Conductivity w/m -k constant 0.0145
Viscosity kg/m-s constant 1.37e-05
M olecular W eight kg/kgmol constant 44.00995
L-J Characteristic Length angstrom constant 3.941 
L-J Energy Param eter k constant 195.2
Thermal Expansion Coefficient 1/k constant 0 
Degrees o f  Freedom constant 0
Speed o f  Sound m/s none # f

Material: (oxygen . benzene-air) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 919.31
M olecular W eight kg/kgmol constant 31.9988
L-J Characteristic Length angstrom constant 3.458 
L-J Energy Param eter k constant 107.4
Degrees o f  Freedom constant 0
Speed o f  Sound m/s none # f

Material: oxygen (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.2999
Cp (Specific Heat) j/kg-k  constant 919.31
Thermal Conductivity w/m -k constant 0.0246



Viscosity kg/m-s constant 1.919e-05
M olecular W eight kg/kgmol constant 31.9988
L-J Characteristic Length angstrom constant 3.458 
L-J Energy Param eter k constant 107.4
Thermal Expansion Coefficient 1/k constant 0 
Degrees o f  Freedom constant 0
Speed o f Sound m/s none # f

Material: (benzene-vapor . benzene-air) (fluid)

Property Units Method Value(s)

Cp (Specific Heat) j/kg-k constant 1663
M olecular W eight kg/kgmol constant 78.11472
L-J Characteristic Length angstrom constant 0 
L-J Energy Parameter k constant 0
Degrees o f  Freedom constant 0
Speed o f  Sound m/s none # f

Material: benzene-vapor (fluid)

Property Units Method Value(s)

Density kg/m3 constant 3.31
Cp (Specific Heat) j/kg-k constant 1663
Thermal Conductivity w/m-k constant 0.0112
Viscosity kg/m-s constant 8e-06
M olecular W eight kg/kgmol constant 78.11472
L-J Characteristic Length angstrom constant 0 
L-J Energy Parameter k constant 0
Thermal Expansion Coefficient 1/k constant 0 
Degrees o f  Freedom constant 0
Speed o f  Sound m/s none # f

Material: air (fluid)

Property Units Method Value(s)

Density kg/m3 constant 1.225
Cp (Specific Heat) j/kg-k  constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.7894e-05
M olecular W eight kg/kgmol constant 28.966
L-J Characteristic Length angstrom constant 3.711 
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient 1/k constant 0



Degrees o f  Freedom 
Speed o f  Sound m/s

Material: aluminum (solid)

Property Units Method

constant 0 
none #f

Value(s)

Density kg/m3 constant 2719
Cp (Specific Heat) j/kg-k constant 871 
Thermal Conductivity w/m-k constant 202.4



Appendix C.2
F L U E N T
Version: 3d, segregated, spe, LES, unsteady (3d, segregated, species, large eddy 
simulation , unsteady)
Release: 6.2.16 
Title: Boardwalk model

M odel Settings

S pace 3D
T im e Unsteady, 2 n d -0 rd e r  Implicit
V iscous Large Eddy Simulation
Sub-Grid  Scale Model Smagorinsky-Lilly 
H eat T ransfer Enabled
Solidification and M elting Disabled 
R adiation  N one
Species Transport Non-Reacting (5 species)
C oupled  Dispersed Phase Disabled 
Pollu tants  Disabled
Soot Disabled

B oundary  Conditions

Z ones

nam e id type

fluid
boardw alk
east
w est
bus_out
bus_in
traffic_out
traffic_in
footpath4
footpath_3
footpath_2
quay_w all
a ir_out
top
a i r i n
build ing
footpath 1
liffey

4 velocity-inlet
5 pressure-outlet

2 fluid

14 pressure-outlet
15 pressure-outlet
16 velocity-inlet

17 wall
18 wall 

19 wall

6 wall
7 wall
8 wall

9 wall
10 wall
11 wall
12 wall
13 wall

3 wall



default-interior 21 interior 

Boundary Conditions 

Fluid

Condition Value

benzene-air
no

Material Name 
Specify source terms?
Source Terms 
Specify fixed values? no
Local Coordinate System for Fixed Velocities

0

0
0

0

Fixed Values 
M otion Type 
X-Velocity O f Zone 
Y-Velocity O f Zone 
Z-Velocity O f Zone 
Rotation speed 
X-Origin o f Rotation-Axis 0
Y-Origin o f Rotation-Axis 0
Z-Origin o f Rotation-Axis 0
X-Component o f  Rotation-Axis 0
Y-Component o f Rotation-Axis 0
Z-Component o f Rotation-Axis I
Deactivated Thread no
Porous zone? no
Conical porous zone? no
X-Component o f D irection-1 Vector 
Y-Component o f D irection-1 Vector 
Z-Component o f D irection-1 Vector 
X-Component o f  Direction-2 Vector 
Y-Component o f Direction-2 Vector 
Z-Component o f  Direction-2 Vector 
X-Coordinate o f Point on Cone Axis 
Y-Coordinate o f  Point on Cone Axis 
Z-Coordinate o f Point on Cone Axis 
H alf Angle o f  Cone Relative to its Axis 
D irection-1 Viscous Resistance 0
Direction-2 Viscous Resistance 0
Direction-3 Viscous Resistance 0
D irection-1 Inertial Resistance 0
Direction-2 Inertial Resistance 0
Direction-3 Inertial Resistance 0
CO Coefficient for Power-Law 0
Cl Coefficient for Power-Law 0

no

0
0
0

0
0
0



Porosity
Solid Material N am e

1
aluminum

Boardwalk

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material N am e aluminum
Therm al BC Type ]
Tem perature  300
Heat Flux 0
C onvective Heat Transfer Coefficient 0
Free Stream Tem perature 300
Enable shell conduction? no
Wall M otion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
A pply  a rotational velocity to this wall? no
Velocity  M agnitude 0
X -C om ponent o f  Wall Translation 1
Y -C om ponent o f  Wall Translation 0
Z -C om ponen t o f  Wall Translation 0
Define wall velocity com ponents? no
X -C om ponen t o f  Wall Translation 0
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t o f  Wall Translation 0
External Emissivity 1
External Radiation Tem perature 300

(0 0 0 0)
( ( (co n s tan t . 0) (profile )) ( ( c o n s ta n t . 0) (profile 

)) ( ( c o n s ta n t . 0) (profile )) ( ( c o n s ta n t . 0) (profile )))
Rotation Speed 0
X-Position  o f  Rotation-Axis Origin 0
Y -Position o f  Rotation-Axis Origin 0
Z-Position  o f  Rotation-A xis Origin 0
X -C om ponen t o f  Rotation-Axis Direction 0
Y -C om ponen t o f  Rotation-Axis Direction 0
Z -C om ponen t  o f  Rotation-Axis Direction 1
X -com ponen t o f  shear stress 0
Y -com ponen t o f  shear stress 0
Z -com ponent o f  shear stress 0
Surface tension gradient 0
Specularity  Coefficient 0



East

Condition Value

Velocity Specification Method 0
Reference Frame 0
Velocity M agnitude 4.3699999
Coordinate System 0
X-Velocity 0
Y-Velocity 0
Z-Velocity 0
X-Component o f  Flow Direction 0.97030002
Y-Component o f  Flow Direction 0.24192201
Z-Component o f Flow Direction 0
X-Component o f Axis Direction 1
Y-Component o f  Axis Direction 0
Z-Component o f  Axis Direction 0
X-Coordinate o f  Axis Origin 0
Y-Coordinate o f  Axis Origin 0
Z-Coordinate o f Axis Origin 0
Angular velocity 0
Temperature 300
Fluctuating Velocity Algorithm 1
Num ber o f Fourier Modes 50
Num ber o f Vortices 190
Turbulence Specification M ethod 0
Turb. Kinetic Energy 1
Turb. Dissipation Rate 1
Turbulence Intensity 0.19999999
Turbulence Length Scale 1
Hydraulic Diameter 10
Turbulent Viscosity Ratio 10
Reynolds-Stress Specification Method 0
UU Reynolds Stresses 1
VV Reynolds Stresses 1
WW Reynolds Stresses 1
UV Reynolds Stresses 0
VW Reynolds Stresses 0
UW Reynolds Stresses 0

(((constan t. 0) (profile )) ((constan t. 0) (profile )) 
((constan t. 0) (profile )) ((constan t. 0) (profile ))) 

is zone used in mixing-plane model? no



fVes/

Condition Value

G auge Pressure 0
Radial Equilibrium Pressure Distribution no 
Backflow Total Tem perature 300
Backflow Direction Specification M ethod 1 
Coordinate System 0
X -C om ponent o f  F low  Direction 1
Y -C om ponent o f  F low  Direction 0
Z -C om ponen t o f  Flow  Direction 0
X -C om ponent o f  Axis Direction 1
Y -C om ponent o f  Axis Direction 0
Z -C om ponen t o f  Axis Direction 0
X -Coordinate o f  A xis Origin 0
Y -Coordinate o f  A xis Origin 0
Z-Coordinate o f  Axis Origin 0
T urbulence Specification M ethod 0
Backflow  Turb. Kinetic Energy 1
Backflow Turb. Dissipation Rate 1
Backflow Turbulence Intensity 0.19999999
Backflow Turbulence Length Scale I 
B ackflow  Hydraulic Diam eter 10
B ackflow  Turbulent Viscosity Ratio 10 
Reynolds-Stress Specification M ethod 0 
B ackflow  UU Reynolds Stresses 1
B ackflow  V V  Reynolds Stresses 1
B ackflow  W W  Reynolds Stresses 1
B ackflow  UV Reynolds Stresses 0
B ackflow  V W  Reynolds Stresses 0
B ackflow  U W  Reynolds Stresses 0
B ackflow  ( ( (co n s tan t . 0) (profile )) ( ( c o n s ta n t . 0) (profile ))

( ( c o n s ta n t . 0) (profile )) ((constant . 0) (profile ))) 
is zone used in m ixing-plane m odel? no 
Specify targeted mass-flow rate no
Targeted mass-flow 1

Traffic in

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material N am e aluminum



Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f Wall Translation 1
Y-Component o f Wall Translation 0
Z-Component o f Wall Translation 0
Define wall velocity components? no
X-Component o f Wall Translation 0
Y-Component o f Wall Translation 0
Z-Component o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300

(1 0 0 0)
(((constan t. 5e-09) (profile )) ((constant 

(profile )) ((constan t. 0) (profile )) ((constan t. 0) (profile )))
Rotation Speed 0
X-Position o f  Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0
X-Component o f Rotation-Axis Direction 0
Y-Component o f Rotation-Axis Direction 0
Z-Component o f Rotation-Axis Direction 1
X-component o f  shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

footpath

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Nam e aluminum
Thermal BC Type I
Temperature 300
Heat Flux 0



C onvective Heat T ransfer Coefficient 0
Free Stream Tem perature 300
Enable shell conduction? no
Wall M otion 0
Shear Boundary  Condition 0
Define wall motion relative to adjacent cell zone? yes 
A pply  a rotational velocity to this wall? no
V elocity  M agnitude 0
X -C om ponen t o f  Wall Translation 1
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t  o f  Wall Translation 0
Define wall velocity com ponents? no
X -C om ponen t o f  Wall Translation 0
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t  o f  Wall Translation 0
External Emissivity 1
External Radiation Tem perature 300

(0)
( ( (co n s tan t . 0) (profile ))) 

Rotation Speed 0
X -Position o f  Rotation-Axis Origin 0
Y -Position o f  Rotation-Axis Origin 0
Z-Position o f  Rotation-Axis Origin 0
X -C om ponen t o f  Rotation-Axis Direction 0
Y -C om ponen t o f  Rotation-Axis Direction 0
Z -C om ponen t  o f  Rotation-A xis Direction 1
X -com ponen t o f  shear stress 0
Y -com ponent o f  shear stress 0
Z -com ponen t o f  shear stress 0
Surface tension gradient 0
Specularity  Coefficient 0

Quay wall

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material N am e aluminum
Thermal BC Type I
Tem perature  300
Heat Flux 0
Convective  Heat T ransfer Coefficient 0
Free Stream Tem perature 300
Enable shell conduction? no
Wall M otion 0



Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f  Wall Translation 1
Y-Component o f  Wall Translation 0
Z-Com ponent o f  Wall Translation 0
Define wall velocity components? no
X-Component o f  Wall Translation 0
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300

(0)
(((constan t. 0) (profile ))) 

Rotation Speed 0
X-Position o f Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0
X-Component o f  Rotation-Axis Direction 0
Y-Component o f  Rotation-Axis Direction 0
Z-Com ponent o f  Rotation-Axis Direction 1
X-component o f shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

Air out

Condition Value

Gauge Pressure 0
Radial Equilibrium Pressure Distribution no 
Backflow Total Temperature 300
Backflow Direction Specification M ethod 1 
Coordinate System 0
X-Component o f  Flow Direction 1
Y-Component o f Flow Direction 0
Z-Com ponent o f  Flow Direction 0
X-Component o f Axis Direction 1
Y-Component o f  Axis Direction 0
Z-Component o f Axis Direction 0
X-Coordinate o f  Axis Origin 0
Y-Coordinate o f  Axis Origin 0
Z-Coordinate o f Axis Origin 0



Turbulence Specification M ethod 0
Backflow  Turb. Kinetic Energy 1
Backflow Turb. Dissipation Rate 1
Backflow  Turbulence Intensity 0.19999999
Backflow  Turbulence Length Scale 1 
Backflow  Hydraulic Diam eter 10
Backflow  Turbulent Viscosity Ratio 10
Reynolds-Stress Specification M ethod 0
B ackflow  UU Reynolds Stresses 1
Backflow VV Reynolds Stresses 1
B ackflow  W W  Reynolds Stresses 1
B ackflow  UV  Reynolds Stresses 0
B ackflow  VW  Reynolds Stresses 0
B ackflow  UW  Reynolds Stresses 0
Backflow  ( ( (co n s tan t . 0) (profile )) ( (co n s tan t . 0) (profile ))

( ( c o n s ta n t . 0) (profile )) ((constant . 0) (profile ))) 
is zone used in mixing-plane m odel? no
Specify targeted m ass-flow rate no
Targeted mass-How 1

Top

Condition Value

G auge Pressure 0
Radial Equilibrium Pressure Distribution no 
B ackflow  Total Tem perature 300
B ackflow  Direction Specification Method 1 
Coordinate System 0
X -C om ponen t o f  Flow Direction 1
Y -C om ponen t o f  F low Direction 0
Z -C om ponen t o f  Flow Direction 0
X -C om ponen t o f  Axis Direction 1
Y -C om ponen t o f  Axis Direction 0
Z -C om ponen t  o f  Axis Direction 0
X -Coordinate o f  Axis Origin 0
Y-Coordinate o f  Axis Origin 0
Z-C oordinate o f  A xis Origin 0
T urbulence Specification M ethod 0
Backflow  Turb. Kinetic Energy 1
Backflow  Turb. Dissipation Rate 1
B ackflow  Turbulence Intensity 0.19999999
Backflow  Turbulence Length Scale 1
B ackflow  Hydraulic D iam eter 90
Backflow  Turbulent Viscosity Ratio 10
Reynolds-Stress Specification M ethod 0



Backflow UU Reynolds Stresses 1
Backflow VV Reynolds Stresses 1
Backflow WW Reynolds Stresses 1
Backflow UV Reynolds Stresses 0
Backflow VW Reynolds Stresses 0
Backflow UW Reynolds Stresses 0
Backflow (((constan t. 0) (profile )) ((constan t. 0) (profile ))

((co n stan t. 0) (profile )) ((constan t. 0) (profile ))) 
is zone used in mixing-plane model? no
Specify targeted mass-flow rate no
Targeted mass-flow 1

air in

Condition Value

Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude 5.1399999
Coordinate System 0
X-Velocity 0
Y-Velocity 0
Z-Velocity 0
X-Component o f Flow Direction -0.99619001
Y-Component o f Flow Direction 0.087155998
Z-Component o f Flow Direction 0
X-Component o f Axis Direction 1
Y-Component o f Axis Direction 0
Z-Com ponent o f Axis Direction 0
X-Coordinate o f Axis Origin 0
Y-Coordinate o f Axis Origin 0
Z-Coordinate o f Axis Origin 0
Angular velocity 0
Temperature 300
Fluctuating Velocity Algorithm 1
Num ber o f  Fourier Modes 50
Num ber o f Vortices 190
Turbulence Specification Method 0
Turb. Kinetic Energy 1
Turb. Dissipation Rate 1
Turbulence Intensity 0.19999999
Turbulence Length Scale 1
Hydraulic Diameter 10
Turbulent Viscosity Ratio 10
Reynolds-Stress Specification Method 0



UU Reynolds Stresses 1
VV  Reynolds Stresses I
W W  Reynolds Stresses 1
U V  Reynolds Stresses 0
V W  Reynolds Stresses 0
U W  Reynolds Stresses 0

(( (c o n s ta n t . 2 e - 12) (profile )) ( (c o n s ta n t . 0) (profile )) 
( ( c o n s ta n t . 0) (profile )) ( ( c o n s ta n t . 0) (profile ))) 

is zone used in m ixing-plane m odel?  no

Bu i ld in g

Condition Value

0
0

aluminum

300

Wall Thickness 
Heat Generation Rate 
Material N am e 
Thermal BC Type 
Tem perature
Heat Flux 0
C onvective Heat T ransfer Coefficient 
Free Stream Tem perature 
Enable shell conduction?
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone?

0
300

no

yes
no

0
A pply  a rotational velocity  to this wall?
Velocity M agnitude 
X -C om ponen t o f  Wall Translation 
Y -C om ponen t o f  Wall Translation 
Z -C om ponen t o f  Wall Translation 
Define wall velocity com ponents?
X -C om ponen t o f  Wall Translation 
Y -C om ponen t o f  Wall Translation 
Z -C om ponen t  o f  Wall Translation 
External Emissivity 
External Radiation Tem perature

(0)
( ( (co n s tan t . 0) (profile ))) 

Rotation Speed 0
X-Position o f  Rotation-Axis Origin 
Y-Position o f  Rotation-Axis Origin 
Z-Position  o f  Rotation-Axis Origin 
X -C om ponen t o f  R otation-A xis Direction 
Y -C om ponen t o f  R otation-A xis Direction 
Z -C om ponen t o f  R otation-A xis Direction

0
0

no
0
0
0

300

0
0
0

0
0



X-component o f shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

liffey

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f Wall Translation 1
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
Define wall velocity components? no
X-Component o f Wall Translation 0
Y-Component o f Wall Translation 0
Z-Component o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300

(0)
(((constan t. 0) (profile ))) 

Rotation Speed 0
X-Position o f Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0
X-Component o f Rotation-Axis Direction 0
Y-Component o f Rotation-Axis Direction 0
Z-Component o f Rotation-Axis Direction 1
X-component o f  shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0



Surface tension gradient 
Specularity Coefficient

0
0

default-interior 

Condition Value

Solver Controls

Equations 

Equation Solved

Flow yes 
c6h6 yes
o2 yes
co2 yes
h2o yes
Energy yes

Numerics 

Numeric Enabled

Absolute Velocity Formulation yes 

Unsteady Calculation Parameters

Time Step (s) 1
Max. Iterations Per Time Step 200

Relaxation

Variable Relaxation Factor

Pressure 0.30000001 
Density 1 
Body Forces 1 
Momentum 0.1 
c6h6 0.30000001 
o2 1
co2 1



h2o 1 
Energy 1

Linear Solver

Solver Termination Residual Reduction 
Variable Type Criterion Tolerance

Pressure V-Cycle 0.1 
X -M om entum  Flexible 0.1 0.7
Y -M om entum  Flexible 0.1 0.7
Z -M om entum  Flexible 0.1 0.7
c6h6 Flexible 0.1 0.7
o2 Flexible 0.1 0.7
co2 Flexible 0.1 0.7
h2o Flexible 0.1 0.7
Energy Flexible 0.1 0.7

Discretization Scheme 

Variable Scheme

Pressure Standard 
M om entum  First Order Upwind 
c6h6 First O rder Upwind
o2 First Order Upwind
co2 First Order Upwind
h2o First Order Upwind
Energy First Order Upwind

Solution Limits 

Quantity  Limit

M inim um  Absolute Pressure 1
M axim um  Absolute Pressure 5e+10
M inim um  Tem perature 1
M axim um  Tem perature 5000
M axim um  Turb. Viscosity Ratio 100000



Appendix C.3

FLUENT
Version: 3d, segregated, spe, skw, unsteady (3d, segregated, species, standard k-om ega, 
unsteady)
Release: 6 .2.16
Title: Quays Street Canyon -  Car model 

M odels

M odel Settings

S pace  3D
T im e Unsteady, Ist-O rder Implicit
V iscous k-om ega turbulence model
H eat T ransfer  Enabled
Solid ifica tion  and M elting Disabled 
R adiation  None
Species  Transport N on-Reacting (5 species) 
C oup led  Dispersed Phase Disabled 
Pollu tan ts  Disabled
Soot Disabled

B oundary  Conditions

Z ones

n am e id type

fluid 2 fluid
w all 3 w'all
t raff ic_out_b 4 wall
trafflc_ in_b 5 wall
bus in b 6 wall
bus_ou t_b 7 wall
fp2_in_b 8 wall
fp _ l_ in _ b 9 wall
bus_ou t_a 10 wall
bus_ in_a 11 wall
traffic_out_a 12 wall
traffic_ in_a 13 wall
fp I_ o u ta 14 wall
fp2_out_a 15 wall
fp2_in_a 16 wall



quay_w all 17 wall
air_out 18 pressure-outlet
top 19 pressure-outlet
air_in 20 velocity-in let
building 21 w all
fp _ l_ in _ a  22 wall
liffey 23 wall
default-in terior 25 interior

B oundary C onditions

traffic_in_b 

C ondition Value

Wall T hickness 0
Heat G eneration Rate 0
M aterial N am e alum inum
Therm al BC Type 1
T em perature 300
Heat Flux 0
C onvective H eat T ransfer C oefficient 0
Free Stream  T em perature 300
E nable shell conduction? no
Wall M otion 0
Shear B oundary C ondition 0
D efine w all m otion relative to adjacent cell zone? yes 
A pply a rotational velocity to  this w all? no
V elocity  M agnitude 0
X -C om ponent o f  W all T ranslation 1
Y -C om ponent o f  W all Translation 0
Z -C om ponent o f  W all T ranslation 0
D efine w all velocity  com ponents? no
X -C om ponent o f  W all Translation 0
Y -C om ponent o f  W all T ranslation 0
Z -C om ponent o f  W all T ranslation 0
External E m issivity  1
External R adiation T em perature 300
Wall R oughness H eight 0
W all R oughness C onstant 0.5

( 1 0  0 0)
(((c o n s ta n t. 6.000000 le-09) (profile  )) ((constan t 

0) (profile )) ( (c o n s ta n t. 0) (profile )) ( (c o n s ta n t. 0) (profile )))
R otation Speed 0
X -Position  o f  R otation-A xis Origin 0



Y-Position o f  Rotation-Axis Origin 0
Z-Position  o f  Rotation-Axis Origin 0
X -C om ponen t o f  Rotation-Axis Direction 0
Y -C om ponen t o f  Rotation-Axis Direction 0
Z -C om ponen t o f  Rotation-Axis Direction 1
X -com ponen t o f  shear stress 0
Y -com ponen t o f  shear stress 0
Z-com ponen t  o f  shear stress 0
Surface tension gradient 0
Specularity  Coefficient 0

bus in b

Condition Value

0
0

aluminum

300

Wall Thickness 
H eat Generation Rate 
Material N am e 
Therm al BC Type 
T em perature
Heat Flux 0
C onvective  Heat Transfer Coefficient 
Free Stream Temperature 
Enab le  shell conduction?
Wall M otion 0
S hear Boundary  Condition 0
D efine wall motion relative to adjacent cell zone?

0
300

no

yes
no

0

0
0

no
0
0
0

A p p ly  a rotational velocity to this wall?
V elocity  M agnitude 
X -C om ponen t  o f  Wall Translation 
Y -C om ponen t  o f  Wall Translation 
Z -C o m p o n en t  o f  Wall Translation 
D efine wall velocity com ponents?
X -C om ponen t  o f  Wall Translation 
Y -C om ponen t  o f  Wall Translation 
Z -C o m p o n en t  o f  Wall Translation 
External Emissivity 
External Radiation Tem perature 
Wall Roughness Height 
Wall Roughness Constant

( 1 0  0 0)
(( (co n s tan t . 1.75e-08) (profile )) ( ( c o n s ta n t . 0) 

(profile )) ( ( c o n s ta n t . 0) (profile )) ( ( c o n s ta n t . 0) (profile )))
Rotation  Speed 0
X -Position  o f  Rotation-Axis Origin 0
Y-Position  o f  Rotation-Axis Origin 0

300
0
0.5



Z-Position o f Rotation-Axis Origin 0
X-Component o f Rotation-Axis Direction 0
Y-Component o f Rotation-Axis Direction 0
Z-Component o f  Rotation-Axis Direction 1
X-component o f  shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

fp2_in_b

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f Wall Translation 1
Y-Component o f  Wall Translation 0
Z-Com ponent o f Wall Translation 0
Define wall velocity components? no
X-Component o f Wall Translation 0
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5

(0)
(((constan t. 0) (profile ))) 

Rotation Speed 0
X-Position o f Rotation-Axis Origin 0
Y-Position o f  Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0



X -C om ponen t o f  Rotation-Axis Direction 0
Y -C om ponen t o f  Rotation-Axis Direction 0
Z -C om ponen t  o f  Rotation-Axis Direction 1
X -com ponent o f  shear stress 0
Y -com ponent o f  shear stress 0
Z -com ponen t o f  shear stress 0
Surface tension gradient 0
Specularity  Coefficient 0

fp_l_in_b

Condition Value

Wall Thickness 0
Heat Generation  Rate 0
M aterial N a m e  aluminum
Thermal BC Type 1
Tem perature  300
Heat F lux 0
C onvective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall M otion 0
Shear B oundary  Condition 0
Define wall motion relative to adjacent cell zone? yes
A pply a rotational velocity to this wall? no
Velocity M agnitude 0
X -C om ponen t  o f  Wall Translation 1
Y -C om ponen t o f  Wall Translation 0
Z -C om ponen t  o f  W'al 1 Translation 0
Define wall velocity com ponents? no
X -C om ponen t  o f  Wall Translation 0
Y -C om ponen t  o f  Wall Translation 0
Z -C o m p o n en t  o f  Wall Translation 0
External Emissivity 1
External Radiation Tem perature 300
Wall R oughness  Height 0
Wall R oughness  Constant 0.5

( 1 0  0 0)
( ( (co n s tan t . 7.2000002e-09) (profile )) ((constant 

0) (profile )) ( ( c o n s ta n t . 0) (profile )) ( ( c o n s ta n t . 0) (profile )))
Rotation Speed 0
X-Position  o f  Rotation-Axis Origin 0
Y -Position o f  Rotation-Axis Origin 0
Z-Position  o f  Rotation-Axis Origin 0
X -C om ponen t  o f  Rotation-Axis Direction 0



X-component o f  shear stress 0
Y-component o f  shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

fp2_in_a

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Name aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall M otion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Com ponent o f  Wall Translation 1
Y-Component o f Wall Translation 0
Z-Com ponent o f  Wall Translation 0
Define wall velocity components? no
X-Component o f Wall Translation 0
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5

(0)
(((constan t. 0) (profile ))) 

Rotation Speed 0
X-Position o f Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f Rotation-Axis Origin 0
X-Com ponent o f Rotation-Axis Direction 0
Y-Com ponent o f Rotation-Axis Direction 0
Z-Com ponent o f Rotation-Axis Direction 1
X-component o f  shear stress 0
Y-component o f shear stress 0



Z-component o f shear stress 
Surface tension gradient 
Specularity Coefficient

0
0
0

air_out

Condition Value

Gauge Pressure 0
Radial Equilibrium Pressure Distribution no 
Backflow Total Temperature 300
Backflow Direction Specification Method 1 
Coordinate System 0
X-Component o f Flow Direction 1
Y-Component o f Flow Direction 0
Z-Component o f Flow Direction 0
X-Component o f Axis Direction I
Y-Component o f Axis Direction 0
Z-Component o f Axis Direction 0
X-Coordinate o f Axis Origin 0
Y-Coordinate o f Axis Origin 0
Z-Coordinate o f Axis Origin 0
Turbulence Specification Method 3
Backflow Turb. Kinetic Energy 1
Backflow Spec. Dissipation Rate 1
Backflow Turbulence Intensity 0.099999994
Backflow Turbulence Length Scale I 
Backflow Hydraulic Diameter 10
Backflow Turbulent Viscosity Ratio 10
Backflow (((constant. 0) (profile )) ((constant. 0) (profile ))

((constant. 0) (profile )) ((constant. 0) (profile ))) 
is zone used in mixing-plane model? no
Specify targeted mass-flow rate no
Targeted mass-flow 1

top

Condition Value

Gauge Pressure 0
Radial Equilibrium Pressure Distribution no 
Backflow Total Temperature 300
Backflow Direction Specification Method 1 
Coordinate System 0
X-Component o f Flow Direction 1
Y-Component o f Flow Direction 0



Z-Com ponent o f  Flow Direction 0
X-Component o f  Axis Direction 1
Y-Component o f Axis Direction 0
Z-Com ponent o f  Axis Direction 0
X-Coordinate o f Axis Origin 0
Y-Coordinate o f Axis Origin 0
Z-Coordinate o f Axis Origin 0
Turbulence Specification M ethod 3
Backflow Turb. Kinetic Energy 1
Backflow Spec. Dissipation Rate 1
Backflow Turbulence Intensity 0.099999994
Backflow Turbulence Length Scale 1 
Backflow Hydraulic Diameter 50
Backflow Turbulent Viscosity Ratio 10
Backflow (((constan t. 0) (profile )) ((constan t. 0) (profile ))

((constan t. 0) (profile )) ((constan t. 0) (profile ))) 
is zone used in mixing-plane model? no
Specify targeted mass-flow rate no
Targeted mass-flow 1

a i r in

Condition Value

Velocity Specification Method 0
Reference Frame 0
Velocity Magnitude 4.3049998
Coordinate System 0
X-Velocity 0
Y-Velocity 0
Z-Velocity 0
X-Component o f Flow Direction 0.86831272
Y-Component o f Flow Direction 0.49601701
Z-Com ponent o f  Flow Direction 0
X-Com ponent o f Axis Direction 1
Y-Component o f Axis Direction 0
Z-Com ponent o f Axis Direction 0
X-Coordinate o f Axis Origin 0
Y-Coordinate o f Axis Origin 0
Z-Coordinate o f Axis Origin 0
Angular velocity 0
Temperature 300
Turbulence Specification M ethod 3
Turb. Kinetic Energy 1
Spec. Dissipation Rate 1
Turbulence Intensity 0.099999994



Turbulence Length Scale 1
H ydraulic Diam eter 10
Turbulent Viscosity Ratio 10

( ( (co n s tan t . 0) (profile )) ( ( c o n s ta n t . 0) (profile )) 
( ( c o n s ta n t . 0) (profile )) ( ( c o n s ta n t . 0) (profile ))) 

is zone used in m ixing-plane m odel? no

building

Condition Value

Wall Thickness 0
H eat Generation Rate 0
Material N am e  aluminum
Therm al BC Type !
Tem perature  300
Heat Flux 0
Convective  Heat Transfer Coefficient 0
Free Stream Tem perature 300
Enable  shell conduction? no
Wall Motion 0
Shear Boundary  Condition 0
Define wall motion relative to adjacent cell zone? yes 
A pply  a rotational velocity to this wall?
Velocity  M agnitude 0
X -C om ponen t o f  Wall Translation 
Y -C om ponen t o f  Wall Translation 
Z -C om ponen t  o f  Wall Translation 
D efine wall velocity com ponents?
X -C om ponen t o f  Wall Translation 
Y -C om ponen t o f  Wall Translation 
Z -C om ponen t  o f  Wall Translation 
External Emissivity 1
External Radiation Temperature 
Wall Roughness Height 0
Wall Roughness Constant 0.5

no

0
0

no
0
0
0

300

Rotation  Speed 
X -Position o f  Rotation-Axis Origin 
Y-Position o f  Rotation-Axis Origin 
Z-Position  o f  Rotation-Axis Origin 
X -C om ponen t o f  Rotation-Axis Direction 
Y -C om ponen t o f  Rotation-Axis Direction 
Z -C om ponen t  o f  Rotation-Axis Direction 
X -com ponen t o f  shear stress

(0)
( ( (c o n s ta n t . 0) (profile ))) 

0
0
0
0

0
0



Y-component o f shear stress 0
Z-component o f shear stress 0
Surface tension gradient 0
Specularity Coefficient 0

Condition Value

Wall Thickness 0
Heat Generation Rate 0
Material Nam e aluminum
Thermal BC Type 1
Temperature 300
Heat Flux 0
Convective Heat Transfer Coefficient 0
Free Stream Temperature 300
Enable shell conduction? no
Wall Motion 0
Shear Boundary Condition 0
Define wall motion relative to adjacent cell zone? yes 
Apply a rotational velocity to this wall? no
Velocity M agnitude 0
X-Component o f Wall Translation 1
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
Define wall velocity components? no
X-Com ponent o f Wall Translation 0
Y-Component o f Wall Translation 0
Z-Com ponent o f Wall Translation 0
External Emissivity 1
External Radiation Temperature 300
Wall Roughness Height 0
Wall Roughness Constant 0.5

(1 0 0 0)
(((constan t. 7.2000002e-09) (profile )) ((constant 

. 0) (profile )) ((constan t. 0) (profile )) ((constan t, 0) (profile )))
Rotation Speed 0
X-Position o f  Rotation-Axis Origin 0
Y-Position o f Rotation-Axis Origin 0
Z-Position o f  Rotation-Axis Origin 0
X-Com ponent o f Rotation-Axis Direction 0
Y-Component o f  Rotation-Axis Direction 0
Z-Com ponent o f Rotation-Axis Direction 1
X-component o f shear stress 0



Y-component o f  shear stress 
Z-component o f  shear stress 
Surface tension gradient 
Specularity Coefficient

default-interior 

Condition Value

Solver Controls

Equations 

Equation Solved

Flow yes 
Turbulence yes 
c6h6 yes
o2 yes 
co2 yes
h2o yes
Energy yes

Numerics 

Numeric Enabled

Absolute Velocity Formulation yes 

Unsteady Calculation Parameters

Time Step (s) 1
Max. Iterations Per Time Step 100

Relaxation

Variable Relaxation Factor

Pressure 0.30000001
Density 1
Body Forces 1



Momentum 0.1
Turbulence Kinetic Energy 0.60000002 
Specific Dissipation Rate 0.60000002 
Turbulent Viscosity 1
c6h6
o2
co2
h2o
Energy

0.69999999
0.89999998
0.89999998
0.89999998

0.89999998

Linear Solver

Variable
Solver Termination Residual Reduction 

Type Criterion Tolerance

Pressure
X-Momentum
Y-Momentum
Z-Momentum

V-Cycle 0.1 
Flexible 
Flexible 
Flexible

0.1
0.1

0.1

0.7
0.7
0.7

0.7
0.7

Turbulence Kinetic Energy Flexible 0.1 
Specific Dissipation Rate Flexible 0.1 
c6h6 Flexible 0.1 0.7
o2 Flexible 0.1 0.7
co2 Flexible 0.1 0.7
h2o Flexible 0.1 0.7
Energy Flexible 0.1 0.7

Discretization Scheme

Variable Scheme

Pressure Second Order
Momentum Second Order Upwind
Turbulence Kinetic Energy First Order Upwind 
Specific Dissipation Rate Second Order Upwind 
c6h6 First Order Upwind
o2 First Order Upwind
co2 First Order Upwind
h2o First Order Upwind
Energy First Order Upwind

Solution Limits

Quantity Lim it

Minimum Absolute Pressure 1



M axim um  Absolute Pressure 5e+10 
M in im um  Tem perature 1
M axim um  Tem perature 5000
M inim um  Turb. Kinetic Energy le-14  
M in im um  Spec. Dissipation Rate le-20  
M ax im um  Turb. Viscosity Ratio 100000



Appendix D -  Statistical Analysis



Appendix D -  Multiple Linear Regression Tables 

Route 1 -  Car

P M 2 . 5

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 84.615 3.143 26.923 .000
PC1 -QA27 3.183 -.181 -2.648 .012
PC3 18.002 3.183 .386 5.656 .000
PC4 26.207 3,183 .563 8.234 .000
PCS -27.086 3.183 -.581 -8.510 .000

Benzene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 2.034 .054 37.767 .000
PCI .943 .055 .706 17.293 .000
PC2 .458 .055 .342 8.391 .000

PC3 .666 .055 .498 12.213 .000
PC4 -.285 .055 -.213 -5.224 .000
PCS .109 .055 .081 1.995 .054
PC6 -.230 .055 -.172 -4.226 .000

1,3 Butadiene

Unstandardized Coefficients Standardized Coefficients t Sig,

B Std. Error Beta

(Constant) .817 .026 31.481 .000

PCI ,445 .026 .736 16.937 .000
PC2 ,214 .026 .353 8,133 .000

PC3 .309 .026 .512 11,775 ,000
PC4 -.047 .026 -.078 -1,799 ,081



Ethylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 7.999 .535 14.957 .000

PC1 8.927 .542 .887 16.482 .000

PC2 1.611 .542 .160 2.975 .005

PC3 2.520 .542 .250 4 652 .000

PC6 -1.572 .542 -.156 -2.902 .006

Acetylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 4.489 .189 23.704 .000

PCI 2.210 .192 .716 11.524 .000

PC2 .726 .192 .235 3.785 .001

PCS 1.600 .192 .519 8.343 .000

PC6 .510 .192 .165 2.657 .012

Route 2 -

P M 2 .5

Car

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 88.160 3.254 27.095 .000

PC1 -16.741 3.300 -.480 -5.073 .000

PC3 -13.663 3.300 -.392 -4.140 .000

PC5 -5.856 3.300 -.168 -1.775 .086

PC6 19.368 3.300 .556 5.869 .000



Benzene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 1.986 .124 16.040 .000

PCI .731 .126 .619 5.825 .000

PC2 .280 .126 .237 2.231 .033

PC3 -.320 .126 -.271 -2.SS2 .016

PC4 .393 .126 .333 3.132 .004

PCS -.228 .126 -.193 -1.816 .079

1,3 Butadiene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant .990 .034 29.399 .000
PCI .406 .034 .814 11.897 ,000
PC2 .170 .034 .341 4.989 .000
PC4 .104 .034 .208 3.04S .005
PCS -.066 .034 -.132 -1.925 .064
PCS .069 .034 .139 2.030 .051

Ethylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 13.176 .691 19.075 .000

PC1 6.185 .701 .662 8.829 .000

PC3 -S.274 .701 -.S65 -7.S28 .000

PC4 2.347 .701 .251 3.350 .002

Acetylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 9.554 .822 11.618 .000

PCI 7.098 .834 .782 8.511 .000

PC2 3.015 .834 .332 3.615 .001



Route 1 -  Bus

P M 2 .5

U nstandardized Coefficients S tandardized Coefficients t Sig.

B Std. Error Beta
C onstant 116.785 6.689 17.459 .000
PC2 31.382 6.787 .513 4 .624  .000
PCS -35.811 6.787 -.585 -5 .276 .000

Benzene

U nstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
C onstant 1 5 7 7 .053 29.818 . 0 0 0

PC I 698 .054 .834 13.002 . 0 0 0

PC2 3 3 7 .054 .403 6.283 . 0 0 0

PC3 099 

1,3 Butadiene

.054 .118 1.842 .075

U nstandardized Coefficients S tandardized Coefficients t Sig.

B Std. Error Beta
C onstant .517 .015 34.839 . 0 0 0

PC I .224 .015 ,876 14.847 . 0 0 0

PC2 .089 .015 .349 5.914 . 0 0 0

Ethylene

U nstandardized Coefficients S tandardized Coefficients t Sig.

B Std. Error Beta
C onstant 6.714 .375 17.900 . 0 0 0

PCI 3.997 .381 .834 10.502 . 0 0 0

PC3 1.272 .381 .265 3.341 . 0 0 2

PC4 .932 .381 .195 2.450 . 0 2 0



Acetylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 3.387 .191 17.762 .000
PCI 1.975 .193 .810 10.206 .000
PCS .916 .193 .376 4.734 .000

Route 2 -

PM 2.5

Bus

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 107.938 4.030 26.783 .000

PC2 25.245 4.079 .578 6.189 .000

PC3 -15.472 4.079 -.354 -3.793 .001

PC6 19.950 4.079 .457 4.891 .000

Benzene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 1.241 .030 42.052 .000
PCI .333 .030 .586 11.131 .000
PC2 -.069 .030 -.122 -2.325 .026
PC3 .108 .030 .190 3.608 .001
PC4 .066 .030 .117 2.213 .033
PCS -.388 .030 -.683 -12.981 .000
PC6 .095 .030 .167 3.176 .003

1,3 Butadiene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant .475 .014 33.399 .000
PCI .130 .014 .729 9.042 .000
PC2 .039 .014 .222 2.746 .009
PC3 .045 .014 .253 3.135 .003
PC4 .047 .014 .265 3.283 .002
PCS -.040 .014 -.225 -2.783 .009



Ethylene

U nstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
C onstant 3.891 .195 19.920 .0 0 0

PC1 2.451 .198 .720 12.398 .0 0 0

PC2 -1.396 .198 -.410 -7.059 .0 0 0

PC4 -.632 .198 -.186 -3.198 .003
PC5 1.333 .198 .392 6.742 .0 0 0

Acetylene

U nstandardized Coefficients Standardized Coefficients t Sig.

8 Std. Error Beta
C onstant 3.538 .160 22.145 .0 0 0

PCI 1.756 .162 .759 10.859 .0 0 0

PC5 1.115 .162 .482 6.898 .0 0 0

Route 1 -  Pedestrian

P M 2 .5

U nstandardized Coefficients Standardized  Coefficients t Sig.

B Std. Error Beta

C onstant 75.145 3.600 20.875 .0 0 0

PCI 7.046 3.659 ,179 1.925 .065

PC2 -22.884 3.659 -.582 -6.254 .0 0 0

PC3 24.701 3.659 .628 6.750 .0 0 0

Benzene

U nstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

C onstant 1 3 0 9  .051

P C 1 - .4 5 7  .052 -.746

25.559 .000 

-8.789 .000



1,3 Butadiene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant .395 .013 31.510 .000
PC1 -.140 .013 -.811 -10.977 .000
PC3 .075 .013 .434 5.877 .000

Ethylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 5.606 .374 14.984 .000
PC1 -3.348 .380 -.827 -8 803 .000
PC3 1.070 .380 .264 2.814 .009

Acetylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 3.174 .147 21.560 .000
PC1 -1.409 .150 -.734 -9.415 .000
PC2 .562 .150 .293 3.754 .001
PCS .822 .150 .428 5.492 .000
PCS .360 .150 .187 2.403 .024

Route 2 - Pedestrian

PM 2.5

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 75.978 3.989 19.047 .000

PCI -18.841 4.044 -.453 -4.659 .000

PC2 13.416 4.044 .323 3.318 .002

PCS 19.977 4.044 .480 4.940 .000

PC4 14.763 4.044 .355 S.651 .001

PC5 8.431 4.044 .203 2.085 .045



Benzene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant .944 .045 21.173 .000

PC1 .298 .045 .531 6.587 .000

PC2 .396 .045 .706 8.762 .000

1,3 Butadiene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant .406 .018 22.601 .000
PCI .044 .018 .157 2.409 .022
PC2 .247 .018 .886 13.573 ,000
PC3 .053 .018 ,191 2.929 .006
PC4 .036 .018 .131 2.003 .054

Ethylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta

Constant 3.260 .135 24.129 .000

PCI 1.139 .137 .640 8.317 .000

PC2 .938 .137 .527 6.851 .000

PC4 -.611 .137 -.343 -4.458 .000

Acetylene

Unstandardized Coefficients Standardized Coefficients t Sig.

B Std. Error Beta
Constant 3.538 .160 22.145 .000
PCI 1.756 .162 .759 10.859 .000
PCS 1.115 .162 .482 6.898 .000



A ppendix D.2 -  M ultiple Linear Regression

L inear R egression  estim ates tiie coefficients o f  the linear equation, involving one or m ore 

independen t variab les, w hich best predict the value o f  the dependent variable, i.e. the 

re la tionsh ip  betw een a po llu tant concentration  and factor w hich effect its em ission and 

d ispersion  etc.


