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ABSTRACT 
 
A growing number of studies have analysed the association between the presence of particulate 

matter (PM) in outdoor environments and several health related problems. However, detailed 

measurement of indoor PM and its health effects has been rare due to the high cost of data collection 

and the limited number of policy interventions that can be devised. In this research, both indoor and 

outdoor personal sampling was conducted, with the objective to ascertain their relative contribution 

to exposure along with the nature of the chemical elements and compounds from various sources. Air 

quality, measured as PM, was measured in different fixed locations, including indoor working settings 

and homes, and also as integrative measures, considering various daily activities of the subjects 

involved (e.g., during travel, gardening, exercising inside or outside). The aim of the research was two-

fold: i) to obtain insights on the personal exposure to PM, considering a ‘fine-grained’ analysis of the 

deposited PM on the filters; and ii) to better understand how this exposure can be linked to an 

individual’s daily routines.  

 

The contributions of the research are both methodological and practical:  

• This research uses multivariate techniques to mine data extracted from spectrograms and 

continuous monitoring in relation to the spatial and socio-demographic characteristics of the 

respondents.  

• The analysis confirms a substantial intra-individual variability and the importance of a detailed 

analysis of exposure, given that different concentrations may be found even in the same 

building. This means that population-based exposures using concentrations from outdoors 

environmental monitoring stations are not reflective of individual exposures. 

Although the data collection refers to a relatively small sample, the in-depth knowledge provided from 

the detailed analysis is key for future investigations. In one sense, this research may be considered a 

proof-of-concept for the benefits of using elemental analysis in personal exposure and the role of 

activity analysis in obtaining more accurate exposure estimates, accounting for the intensity of the 

activity. 

 

Environmental monitoring and personal and activity data were collected over one or two days, using 

personal sampling devices and activity diaries (questionnaires). The results demonstrate some 

similarities and differences based on factors such as location, characteristics of the room, proximity 
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to various sources, and most importantly various human activities. Although, overall, the recorded 

concentrations of PM were under the dust exposure limits set by the Australian Government through 

Safe Work Australia (see Safe Work Australia, 2011 and 2013) (<10mg/m3); several activities 

potentially may exceed the Australian National Standards (working in a new building, extended 

periods of time spent indoors where cooking occurs or where carpets are present, gardening, and 

cycling along the road).  

 

From the chemical composition point of view, the prevalent elements and compounds found on the 

filters were characteristic for a coastal city (i.e., salt and sand, calcium oxide, and calcium silicate - Si, 

Ca, Cl) and some iron oxides. Yet, according to Conner et al. (2001), the presence of iron (Fe), especially 

spherical particles, may be indicative of high temperature activities (combustion or smelting).  

The spatial analysis confirms that high exposure may occur during traffic at peak hours due to higher 

concentrations and during long time activities. At least in this geographical context, the exposure was 

dictated by the duration of activities.  

 

The variability of concentrations within a single building highlights the need for more detailed 

exposure assessments, especially when population groups at greater risk spend substantial time in 

those environments.   
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1 INTRODUCTION 

Urban air pollution is a major focus of public health concern and regulatory activity (World Health 

Organization WHO, 2002; Khreis et al., 2017). There is substantive empirical evidence illustrating the 

health impacts of ambient air pollution and its relations with respiratory and cardiovascular effects, 

ranging from minor respiratory symptoms to increased hospital admissions and mortality. Worldwide 

mortality due to air pollution is higher than the road accidents toll (Beer, 2004; Künzli et al., 2000; 

Kjellstrom et al., 2002; Scoggins et al., 2004; Singh et al., 2006). Annually, in Europe, more than 

200,000 deaths (Brunekreef and Holgate, 2002), in US 20,000–50,000 deaths (Mokdad et al., 2004), in 

Australia more than 3,000 (Doctors for the Environment Australia, DEA, 2017, 

https://www.dea.org.au/time-to-end-the-debate-and-get-on-with-it/), and in New Zealand 900 

preventable deaths are attributable to air pollution (Beer, 2004; Robinson, 2005). In addition, the 

deleterious effects of ambient air pollution impose high health costs associated with morbidity (Brook 

et al., 2004).  

  

Transport continues to be a significant contributor to traffic pollution (Khreis et al., 2017) despite the 

improvements to emission reduction technologies in recent decades, mainly because they are 

exceeded by the increased travel demand (Delucchi, 2000; Jerrett et al., 2005a). The impact of 

exposure to air pollutants is higher in urban areas due to both high exposure concentration and 

greater population densities. Even in areas where concentration levels are considered relatively low, 

the implications for public health are important, as health impacts vary across population groups and 

are higher in susceptible individuals/groups with pre-existing respiratory conditions, the elderly and 

children (Brunekreef and Holgate, 2002; Katsouyanni, 2003; Scoggins et al., 2004; CDCP, 2011).  

In response to this, appropriate guidelines and effective interventions require knowledge of the 

burden of illness and premature deaths attributable to specific pollutants (Brook et al., 2004; Dora, 

1999; Künzli et al., 2000; WHO Working Group, 2003). More recently (in May 2016), according to WHO, 

ambient air pollution – small and fine PM – is responsible for three million deaths worldwide every 

year. Cohen et al. (2017: 1908) found that “Ambient PM2.5 was the fifth-ranking mortality risk factor 

in 2015” worldwide. Long-term research programs have been initiated that concentrate on the health 

effects of air pollutants identifying the association between population distribution and exposure to 

pollutants (Ott, 1982; Brunekreef and Holgate, 2002; Beelen et al., 2007, 2014; Khreis et al., 2017).  

 



 

 

2 

However, due to the disciplinary and fragmented treatment of the issue, the links between air 

pollution and health end-points are weak and subject to numerous controversies. Several limitations 

concern the aggregated analysis of population exposure relying on fixed monitoring stations, 

neglecting or simplifying the spatial (and temporal) variability of the pollutants and the movement of 

individuals performing daily activities. Other factors are the lack of detailed analysis of the 

structure/composition of the pollutant and the concentration and the effect of different pollutants 

acting together (Brook et al., 2004; Dora, 1999; Pope, 2000). This research attempts to address the 

exposure to pollutants at the individual level, following people in their daily movements between 

locations, accounting for their activities and measuring their personal exposure. This is answering the 

call for a “complete understanding of population exposure” in Australia, highlighted by Department of 

Environment and Energy (DEE, 2014 AAQ NEPM: p. XVI), Impact statement on the draft variation to 

the National Environment Protection (Ambient Air Quality) Measure AAQ NEPM. 

 

Particulate matter (PM) air pollution modelling (accounting for continuous spatial and temporal 

variability of air pollutants), combined with personal monitoring of exposure alongside daily activities 

and a detailed analysis of pollutant composition, can contribute to more accurate exposure 

assessments and to the identification of potential hot spots and groups with higher health risks, thus 

having both academic and pollution-control policy implications. 

1.1 Research Problem 

The field of exposure assessment has matured significantly over the past decades and started to 

increasingly incorporate multidisciplinary studies. Yet, a high volume of research is still dedicated to 

measurement or modelling (e.g. air dispersion models) of concentration of numerous pollutants in 

many media to which humans are exposed, while others look at various exposure pathways and 

quantification of exposure or risk characterisation (Anderson, 2017). A relevant area of investigation 

is the relative role of concentration versus duration of exposure. Since people spend most of their 

time indoors (characterised by different pollutant sources), measuring outdoor concentrations 

through fixed monitoring stations (as traditionally undertaken in large population studies) is not 

sufficient to understand exposure to air pollution. Consequently, an increased interest from the 

research community is in indoor-outdoor sources and ratios (I/O ratios) and more advanced 

techniques and devices to assist analysts to distinguish between microenvironments and conduct 

pollutant apportionment. However, standardised tools or methods to evaluate the impact of level of 
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air pollution at the individual level are still nonexistent, due to the complex nature of pollutants, the 

variability of parameters that need to be considered, and high costs of data collection. 

 

This research combines together elements that have traditionally been examined in different 

disciplines (transport, urban planning, human behaviour, epidemiology) to better understand and 

estimate the factors contributing to PM exposure and its health effects. Epidemiological studies 

highlight the limited information on continuous personal exposure, especially in population-based 

studies. As indicated, exposure has commonly been estimated with ambient air pollution data, 

without much attention to where and when people spend their time and are therefore exposed to 

pollutants. Using only fixed-site monitors as a basis for assessing personal/journey-time exposures has 

significant implications for exposure assessment in epidemiological studies of traffic-related air 

pollution, for policy and management. The proposed methodology investigates the differences 

between the two – ‘aggregated’ (cumulative exposure) and ‘individual’ approaches and the 

implications for health risk assessment. The personal exposure indicators are capable of identifying 

small area variations in air pollution, unlike the fixed measures, and therefore enable superior studies 

on the impact of urban air pollution on health. In addition, personal exposure assessment provides 

opportunities to explore if and how socio-economic characteristics (gender, age, lifestyle) affect the 

relationship between air pollution and health in terms of research methods, data needs, policy 

considerations and future directions, however being costly it can limit the scalability of such a study 

at the population level. 

 

Another substantial deficiency in the understanding of PM exposure and health effects is due to the 

fact that analysis of the composition of PM, especially given the small size of PM, is rarely investigated 

(if at all) (Pope, 2000). Kleeman et al. (2000) used three types of instruments to measure PM size 

distribution in exhaust emissions, finding a single mode distribution that peaks at 0.1-0.2 µm. If 

toxicological and clinical studies have elucidated the mechanisms for some PM effects, the association 

between relatively low urban air pollution levels and the importance of the size and chemical 

composition of PM as a causal factor for cardiorespiratory effects has yet to be adequately resolved. 

A more accurate modelling requires this detailed analysis. This research addresses the issue by 

applying a detailed analysis of the PM exposure samples using electron microscopy techniques. It 

measures and analyses the composition of the PM emissions, at the elemental level and compound 

level, then combines these with location and temporal elements (Anderson, 2017). The analysis at the 

elemental level can bring more information from at least two perspectives:  source apportionment 
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and health effects. In source apportionment, once elements are identified, conclusions can be drawn 

on components of pollutants - PM2.5 for instance (marine aerosol or salt – if Na and Cl are identified, 

soil – if Al, Si, and K are found, sand – if predominant are Si, Ca, while the presence of heavy metals – 

Cu, Zn, Pb, Fe suggests industry, manufacturing or traffic activities). From a health point of view, 

according to the Review of Evidence on Health Aspects of Air Pollution (REVIHAAP), one of the WHO’s 

projects), since 2005 further evidence has arisen of the effects of long-term exposure to PM2.5 – not 

just respiratory and cardiovascular diseases, but also effects on diabetes and neurological disorders. 

In this context, for toxicology and epidemiology studies, it is important to be able to identify the 

presence of elements as heavy metals (arsenic As, cadmium Cd, Ni, Pb), transition metals (iron Fe, Cu, 

silver Ag, gold Au), black carbon with a strong impact on health (Gehring et al., 2015).  

1.2 Research Question and Objective 

This research is aiming to offer insights into the relationship between personal exposure to airborne 

pollutants and human activities, which can contribute to a better understanding of the impacts on 

health and wellbeing. The topic is particularly relevant for urban areas where sources of pollutants 

tend to be concentrated and the majority of the population resides. In Australia, a highly urbanised 

country, more than 85% of the population lives in cities around the coast (Australian Bureau of 

Statistics, ABS, 2015). Based on the widespread recognition that inhalation of various pollutants is 

associated with numerous short- (immediate/acute, hours) and long-term health risks (years), PM 

exposure shows the highest environmental health costs are due to exposure to PM; the research is 

proposing a methodological framework that integrates and validates detailed activity-based personal 

exposure assessment for PM, using portable devices and passive samplers combined with GIS analysis 

and multivariate modelling.  

 

The targeted end-point can be better estimated if exposure takes into account the pollutant 

concentration at the time and location of contact between the pollutant and the individual (Ott, 1982), 

considering the nature and intensity (metabolic equivalent task intensities - MET) of activities 

(Ainsworth et al., 2011), along with anthropogenic characteristics of the individual. Without being a 

medical study, the hybrid analysis presented here will assist epidemiological research to assess more 

accurately the health risk for various population groups (e.g., susceptibility to various respiratory and 

circulatory conditions), and to identify microenvironments/activities/points of potential hazard for 

their health. The research shows the contribution of travel-related activities vs. other indoor and 

outdoor activities for individuals in Perth, Western Australia. Given the complexity of the data 
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collection process1 and equipment limitations, a limited sample of 43 individuals provided data for 

this research.  Each participant committed to a monitoring duration of 10-11 hours as a daily average 

(650 min/day), and at least eight hours during their working schedule. 

1.3 Contributions of the Thesis 

This research makes both methodological and practical contributions/innovations in several areas:  

• It provides detailed personal exposure measurements, indicating the composition of PM. The 

information may assist health professionals to better understand the nature and mechanisms 

for the development of diseases related to PM pollution. Scanning Electron Microscopy (SEM) 

and Energy Dispersive X-ray Spectroscopy (EDS) were applied to identify the structure of 

pollutant emissions. University facilities (UWA Centre for Microscopy, Characterisation and 

Analysis) were used for this analysis (http://www.cmca.uwa.edu.au/), facilitating the 

combination of personal exposure with detailed modelling of PM composition, an approach 

which has been scarcely addressed in the literature. SEM coupled with EDS can play an 

important role in personal exposure measurements and pollution assessment: this research 

demonstrates that this combination can be a useful tool for counting particles, allocating them 

to various classes and characterising individual particles. For each particle, the software used 

provides not only the speciation, but also shape details/parameters such as length, breadth, 

area, aspect ratio, and perimeter. This set of variables (not attainable from bulk analysis) can 

provide essential information regarding the nature of air pollution and thus offer the 

opportunity to tailor control measures according to the pollution sources. 

• Given the multiple sources of data and analyses undertaken, the research may be considered 

a proof-of-concept for the feasibility and benefits of a hybrid complex approach. Use of 

personal monitoring with badge samplers (air pump types: GilAir 3, GilAir 5 and Gilian 5000) 

(http://www.sensidyne.com) has been complemented by monitoring air pollution with 

portable DustTrak SidePak AM510 air quality devices (http://www.tsi.com), which enabled 

comparison and cross-validation of continuous versus aggregated measures of exposure. 

• The research offers a conceptual model for more accurate exposure assessments accounting 

for type (and intensity) of activities, and personal characteristics of the individuals (socio-

                                                 

1 Detailed analysis of indoor and outdoor micro-environments and activities allows for a more robust assessment of 

exposure. 
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economic characteristics and anthropometrics). The results show that type and duration of 

activities, as well as their intensity, are significant predictors of personal exposure, much more 

than concentration of PM. This may be context specific, as the case study is in a city with good 

air quality and only few exceedances, primarily due to natural causes (bush fires). Yet, there 

are temporal and spatial variations at local scale, which require attention. Although the small 

sample2 does not allow for population inferences, the methodology emphasises disparities in 

exposure, with implications for the formulation of pollution related health strategies and 

policies aimed at reducing environmental inequities. 

 

  

                                                 
2 There is substantial evidence showing that rich data collection efforts - incorporating daily activities and monitoring - are 

untenable with large, population-based samples (Brunekreef and Holgate, 2002; Steinle et al., 2013; Nieuwenhuijsen et al., 

2016).   
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2 LITERATURE REVIEW 

2.1. Health Impacts of Air Pollution with Particulate Matter (PM) 

 Urban air pollutants  

Air pollution covers a heterogeneous (Figure 1), complex mixture of gaseous, liquid, and solid 

substances such as carbon monoxide (CO), oxides of nitrogen (NOx), ozone (O3), volatile organic 

compounds (VOC), sulphur dioxide (SO2), and particulate matter (PM), with determined adverse 

health impacts (Dora, 1999; Kjellstrom et al., 2002; Brook et al., 2004; Khreis et al., 2017). Similarly, 

BITRE (2005: 6, citing Grigg, 2002), classifies air pollutants into: 

• Suspended particulate matter – dusts, fumes, mists, smokes, diesel exhaust particles, black 

carbon (BC); 

• Gaseous pollutants – gases and vapours (S and N compounds, VOC, CO), air toxics and ozone. 

 
Figure 1: Position of PM in the Classification of Air Pollutants 

 

Although many airborne pollutant agents can cause or exacerbate medical conditions and the toxicity 

of the pollutants may cumulate, over the past decade, the attention has shifted to PM, NOx, and O3, 

and primarily to PM. This may be due to a dramatic decrease of SO2 and to the severe effects of PM, 

for which no threshold has been identified to date (Pope, 2000; Brook et al., 2004; Beelen et al., 2014). 

International studies (Dallmann et al., 2014; Perez-Martinez et al., 2014; Wang et al., 2011) also 

revealed a high degree of dependence between the level of different pollutants; CO, organic aerosol 
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(OA), BC, PM2.5, UFP, NOx and the sources of pollution (traffic intensity). In addition, the 

heterogeneous nature of PM, including sulphates, nitrates, acids, transitional metals, organic matter 

and elemental carbon (Friend et al., 2013; Betha et al., 2014; Gehring et al., 2015; Ueda et al., 2016) 

and consequent effects, calls for more detailed analysis. As many other pollutants, PM has a strong 

spatial and temporal variation (Wilson et al., 2006; Dirks et al., 2016). A study conducted in 

Christchurch (New Zealand) by Wilson et al. (2006) focused on the nature and extent of heterogeneity 

of (winter) air pollution. Daily spatial PM10 concentrations were shown to be complex and variable in 

a city with elevated levels of air pollution. Variability was substantial, not only between the central 

monitoring site and the background population sites, but also between all intraurban sites in the 

study. Wilson concluded that intraurban variability in particulates should be well understood first, 

before applying central monitoring concentrations as proxies for population exposures in 

epidemiological studies. 

 Features of PM 

Particulate matter or particle pollution, aerosols or fine particles are small particles of solid (smoke), 

or liquid (aerosol), suspended in gas. They range in diameter from less than 10 nm to more than 100 

µm. There are both natural and anthropogenic sources of atmospheric PM. The biggest natural 

sources are wind-blown dust, volcanoes and bush fires, and sea spray along the coast. The human 

sources of PM include combustion processes that burn fossil fuels, for example power generation, 

industrial processes and domestic solid fuel heaters; as well as mobile sources such as diesel and petrol 

motor vehicles, which are considerable in urban areas (BITRE, 2005; Kleeman et al., 2000; Friend et 

al., 2013; Anderson, 2017). Other sources include use of fertilisers and individual human activities, 

such as smoking, cooking and vacuuming (BITRE, 2005; Wallace and Ott, 2011; Wheeler et al., 2011). 

 

PM particles are emitted directly to the atmosphere (primary emissions) or are formed in the 

atmosphere through chemical reactions involving inorganic or organic gas-phase components 

(secondary emissions) (DEE 2014 AAQ NEPM). In general, the smaller and lighter the particle is, the 

longer it will stay in the air and the more likely it is to be inhaled (deeper and faster penetration into 

the human respiratory system). Particles greater than 10 µm in diameter tend to settle to the ground 

by gravity in hours, whereas particles smaller than 1µm can stay in the atmosphere for weeks and are 

mostly removed by precipitations.  

These fine particles are capable of scattering sunlight, resulting in reduced visibility over long 

distances. Given its myriad of health impacts (diverse in scope, severity and duration and including 
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cardiovascular and respiratory diseases, cancer, reproductive and developmental effects, up to 

premature mortality), most research is concerned with the PM2.5 fraction. In Western Australia more 

than 50% of PM is measured by weight (DEE, 2014: 40).  

 

PM (PM10 and PM2.5) are commonly reported as total weight (DEE, 2014), measured on filters as 

difference of weight before and after sampling. These methods are robust and relatively easy to 

operate, but the accumulation of sufficient PM and filter weighing usually takes some time, plus 

require conditioning of filters (Wang et al., 2016). With the developing of new technologies, a wide 

range of devices use optic or electronic procedures (e.g., light reflected by a particle stream onto a 

photodetector and converting the photometric voltage output into concentrations via a calibration 

curve) to count and determine the size of particle mass in the air (Cepeda et al., 2016; Wang et al., 

2016; Shirmohammadi et al., 2017). The data collected by these devices usually match well the 

gravimetric measurements (Wang et al., 2016), and can be very useful when analysing specifics of a 

building, indoor area, workplace microenvironment, ambient air, or understanding the cleanliness in 

a controlled environment. The gravimetric approach is the current reference method for monitoring 

PM in Australia (DEE, 2014). 

 

‘Inhalable coarse particles’, with diameters below 10µm (PM10) are also called thoracic particles (Brook 

et al., 2004) as they easily enter the respiratory tract. A considerable proportion of them, 

fine/respirable particles, have diameters below 2.5µm (PM2.5) and are now considered to be the major 

contributor to human health effects (Khreis et al., 2017), as they can penetrate and block the very 

small passages of the lungs. The ultrafine particles (UFP), with diameters below 0.1µm are the most 

dangerous as they offer a very large surface area compared to their mass and have high deposition in 

the human alveoli (Brook et al., 2004). 

 Health effects 

The large number of health effects associated with PM pollution was first demonstrated by research 

in the early 1970s (Lave and Seskin, 1970, 1972) and has been reproduced many times since (Pope, 

2000; the Draft Integrated Review Plan for the NAAQS for PM (DEE), 2014; O’Neal et al., 2017, Sagona 

et al., 2017). Inhaling particulate matter (especially PM2.5) can lead to several adverse health 

responses ranging from casual respiratory deficiencies and reduced lung function to premature 

mortality (Künzli et al., 2000; Brook et al., 2004; Greaves and Bertoia, 2006). Some metals and organic 

elements may have a distinct health and exposure effect, hence the importance of elemental analysis 
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(Gehring et al., 2015). According to Wiseman et al. (2009), PM is the carrier of metals into the lung 

structure and its content determines its potential health hazard (also highlighted in CDCP, 2011). Health 

effects have been found in both short-term (several days – a panel study in Mexico City, Shields et al. 

(2013), or several months at an university in Volvograd, Russia– Kozlovtseva et al. (2016), being less 

than one year) and long-term studies (multiple years, for example the ESCAPE project’s duration was 

4 years). For example, in a short-term study, Cakmak et al. (2014) measured three parameters (lung 

function, heart rate and blood pressure) in 61 subjects with activities located in sites adjacent to a 

steel plant and a college campus. They found that some metal components (Ca, Cd, Pb, Sr, Va and Zn) 

may contribute to the toxicity of PM2.5 and they associated these with acute changes in cardiovascular 

and respiratory physiology (Gehring et al., 2015). Over a longer term, in Austria, France and 

Switzerland, particulate pollution was estimated to cause 40,000 premature deaths annually, about 

half imputable to motorised traffic (Kjellstrom et al., 2002; Robinson, 2005). It is unanimously 

recognised that air pollution exacerbates existing diseases more than contributing to development of 

conditions (Pope et al., 2004). However, nearly all studies are based on poor exposure estimates, as 

acknowledged earlier. In addition, these consequences vary across the population and are stronger 

for certain more susceptible population groups (CDCP, 2011). 

 

Over the last decades, the incidence of asthma has increased worldwide among children and 

adolescents and it has become the most common chronic disease in childhood (Buonanno et al., 2012; 

Zmirou et al., 2002; Khreis et al., 2017). In France, the prevalence of asthma among children was 3.3% 

in 1968, 5.4% in 1982, and reached 13.9% in 1992 (Neukirch et al., 1995; Momas et al., 1998). Later, 

Pénard-Moranda et al. (2006) examined the impact of air pollution on childhood respiratory and 

allergic health in six French cities. The prevalence of asthma, allergic rhinitis and sensitisation to 

pollen3 were higher in areas with higher background concentrations of PM10, NO2 and O3. About 29% 

of the French schools reported annual mean concentrations of PM10 exceeding the European quality 

objective and 64% exceeded the NO2 objective. Dirks et al. (2016) quantified children’s exposure 

during their travel to school (in Bradford, UK) over two weeks and found lower exposure for children 

chauffeured to school due to the shorter time and lower exposure concentration. They highlighted 

the importance of the spatial gradient (the chosen side of the road for walking matters as well as 

avoiding proximities to intersections) as well as the temporal variability due to changes in traffic 

                                                 
3 This research deals only with inorganic pollutants. Pollen is outside of the scope of this work. 
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conditions and meteorology. In a recently published systematic review and meta-analysis, Khreis et 

al. (2017) estimated the overall random-effects risk factors across 41 studies on childhood asthma, 

highlighting a risk factor of 1.05 per 2μg/m3 for PM10 and 1.03 per 1μg/m3 for PM2.5. Besides asthma, 

atopy and acute lower respiratory infections in children are also associated with PM exposure (Kramer 

et al., 2000; Smith et al., 2000; Gent et al., 2003; Gehring et al., 2015). Similar effects were found in 

elderly population groups (Barnett et al., 2006; Janssen et al., 2000; Maitre et al., 2006; Scoggins et 

al., 2004; WHO Working Group, 2003; Zeller et al., 2006; Naess et al., 2007).  

 

Numerous general population studies provide similar evidence. In their prospective cohort study and 

meta-analysis in 11 European cohorts from ESCAPE Project, Cesaroni et al. (2014) suggested an 

association between long-term exposure (four years) to inhalable PM and incidence of coronary 

events. The findings supported (together with other ESCAPE outcomes) the need for lowering the 

European limits for particulate air pollution to adequately protect public health. In a panel study in 

Mexico City, Shields et al. (2013) observed associations between traffic related PM exposures and 

acute changes in heart rate variability (HRV) in a middle-range population (22-56 years) when PM 

exposures were relatively low (14 µg/m3). Furthermore, PM2.5 increases the HF (high frequency) and 

LF (low frequency) parameters of HRV. Hoek et al. (2013) reported comparable findings: the pooled 

effect estimate expressed as excess risk per 10 µm/m3 increase in PM2.5 exposure was 6% for all-cause 

and 11% for cardiovascular mortality. Subjects with lower education and/or obesity experienced 

larger mortality effect related to fine PM exposure, compared to higher and medium education and 

non-obese subjects (ibid. Table 2, pp. 6-7). 

 

Besides cardiovascular conditions, carcinogenic effects of PM have been found and they may relate 

both to the content of Polycyclic Aromatic Hydrocarbons (PAH) and to oxidative DNA damage 

generated by transition metals, benzene, metabolism and inflammation (Sørensen et al., 2003). 

Lepeule et al. (2012) suggested a stable toxicity of PM2.5, even at lower exposure levels and with a 

lower proportion of sulphates. Krall et al. (2013) pushed the study further towards the PM2.5 chemical 

constituents (organic carbon matter, OCM, elemental carbon, EC, silicon, sodium ion, nitrate, 

ammonium and sulphate). Their findings indicated that some constituents of PM2.5 may be more toxic 

than others, therefore regulating PM total mass alone may not suffice for human health protection. 

Weak evidence was found of regional/seasonal variation in associations between mortality and PM2.5 

constituents or total mass.  
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Hospitalisation and death of elderly people were associated to PM’s toxicity, as evidenced by Bell et 

al. (2013). Their meta-analysis showed a statistically higher risk of death for older members of the 

population compared with younger members, per 10µg/m3 increase of PM with aerodynamic 

diameter ≤ 10 µm. The reviewed studies also suggest that people with lower income Socioeconomic 

Status (SES) face higher exposure to PM - both in terms of associated risks and differences in access 

to health care, occupational exposures and nutrition (Cohen et al., 2017).  

 

With respect to the sources of PM pollution in urban areas, industry and traffic are often cited as the 

main culprits for mortality and morbidity related to airborne pollutants (Wilson et al., 2006; Scoggins 

et al., 2004; Pitchika et al., 2017; Peng et al., 2017). The Australian National Pollutant Inventory 

recently released shows that electricity production for the previous year still accounts for a staggering 

29% of PM2.5 emissions. However, as Dr Van Der Kallen contends, “solutions to our air pollution and 

climate chaos are obvious and available, it is now a matter of getting on with it.” (DEA, 2017, 

https://www.dea.org.au/time-to-end-the-debate-and-get-on-with-it/).  

 Costs and policy measures 

As indicated by WHO Working Group  (2013), Brook et al. (2010), Bureau of Infrastructure, Transport 

and Regional Economics BITRE (2005), Department of the Environment and Energy Australia (2011, 

2014), and Safe Work Australia (2017), there is ‘no safe level’ and all these health effects are reflected 

in high costs for society. In Australia, recent evaluations of health costs due to PM (Robinson, 2005 

and DEE 2014 AAQ NEPM, show that PM2.5 pollution costs are now larger than estimates of all 

pollutants in 1998. Transport PM emissions only resulted in costs of $2.33 billion in 2000, more than 

the costs associated with other pollutants (Robinson, 2005). Current estimate for the health costs 

produced by PM2 5 is between $342/kg (inner of urban areas of big capital cities) and $93/kg (for outer 

areas of large capital cities), lower than estimates used in Europe ($1,250/kg in Stockholm, 900€/kg in 

Athens, 700€/kg in London, or 400€/kg in Brussels) (Michiels et al., 2012; Robinson, 2005). 

 

Regulatory agencies have started to set standards for PM10 and PM2 5 concentration in urban air (e.g., 

in Australia maximum annual average for PM2.5 is 8µg/m3 and the maximum 24h average is 25µg/m3 

with the goal to lower these standards to 7µg/m3 and 20µg/m3 respectively by 2025 – DEE 2015 AAQ 

NEPM, Agreement from 15 Dec 2015) and to regulate primary particulate emissions and secondary 

emissions (Robinson, 2005), despite the ‘no safe level’ stated by WHO. There is no consensus 

regarding their efficacy, as the standard may not reflect the impact on population health. Peters et al. 
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(2001) suggested that 24h averages might underestimate the association between air pollution and 

acute cardiovascular events. Similarly, long-term impacts are likely to be incorrectly estimated even 

when overall standards are met (acknowledging that premature deaths will occur at any level of PM, 

Beelen et al., 2014; Halonen et al., 2016). European Union state members have a PM2.5 annual mean 

standard of 25µg/m3 and 24h average of 50µg/m3 for PM10; Canada has set up an annual mean 

standard of 10µg/m3 for PM2.5, while USA has imposed a 12µg/m3 for PM2.5. 

 

As indicated, a significant body of research substantiated the links between PM and numerous medical 

conditions (respiratory, cardiovascular, carcinogenic effects) and mortality across the globe, even at 

low concentrations. Although other pollutant contributors to health costs are also important, the 

focus of this research is PM exposure, considering that the toxicity of other pollutants is correlated to 

PM. Numerous studies have also revealed important differentiation of exposure to traffic pollutants 

within cities (e.g., Zmirou et al., 2002) due to spatial and temporal variability of pollutant 

concentration. A more detailed monitoring and modelling of dispersion of air pollutants is required 

for capturing this variability (Brunekreef and Holgate, 2002). The next section focuses on dose-

response relationship and Section 2.3 on spatial variability. 

2.2 Dose-Response Relationship  

Exposure is a function of the concentration of pollutants and the duration of exposure, therefore high 

concentrations and longer times spent in a specific microenvironment are influential in exposure 

assessments (Ott, 1982; Cepeda et al., 2016). Thereafter, the health impact depends, among others, 

on the exposure and the inhaled dose (ventilation parameter m3/h), depending on the activity 

intensity (Cepeda et al., 2016; Che et al., 2016).  

 

A growing body of epidemiological4 and clinical evidence has shown that elevated concentrations of 

PM are associated with increased hospital admissions and emergency department visits for 

respiratory conditions (Kjellstrom et al., 2002) and cardiovascular diseases (Peters et al., 2001; Magari 

et al. 2001; Pope et al., 2004; Brook et al., 2004; Maitre et al., 2006). The impacts are both short and 

                                                 
4 Despite the fact that it is not inherently designed for studying biological mechanisms, epidemiological research can evaluate 

consistency between health end-points and potential pathways of disease (Pope III et al., 2004). 
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long-term (Cepeda et al., 2002), the literature being broadly split into acute and chronic exposure 

studies. Publications referring to long-term effects are fewer (Brook et al., 2004; WHO, 2005; Khreis 

et al., 2017) and subject to intense scrutiny given their relevance for public health. More recently, in 

2016, Kioumourtzoglou et al. were the first to note associations between long-term exposure to fine 

particles (PM2.5) and time to hospitalisation for common neurodegenerative diseases (dementia, 

Alzheimer’s and Parkinson’s) in a study that tracked an elderly population across the northeastern 

USA. With respect to changes in mortality, numerous studies estimated that a 10µg/m3 increase in 

annual PM2 5 changes cardiopulmonary mortality typically by 6-9% and lung cancer mortality by 8-14% 

(Künzli et al., 2000; Pope, 2000; Robinson, 2005) and that 10µg/m3 increase in daily PM10 leads to a 

0.21 (0.5-1.5% in Pope, 2000) and 0.31% daily total and cardiopulmonary mortality (Brook et al., 2004). 

Notably, the list of adverse health effects also includes symptoms that can interfere with daily routine 

or diminished quality of life, but their cost is more difficult to estimate. 

 

With respect to populations at elevated risk, several studies suggested that the elderly, children and 

people with existing conditions may be particularly susceptible to air pollution (WHO Working Group, 

2003; Brook et al., 2004; CDCP, 2011; Khreis et al., 2017). However, the mechanisms and relationships 

with socio-demographic and economic characteristics are still to be documented. Nevertheless, many 

studies are dedicated to occupational exposure and their effects, considering both the exposure 

concentrations and the exposure durations. In a study on highly exposed individuals in Beijing, China 

(truck drivers and office workers), Hou et al. (2013) observed decreased blood MtDNAcn 

(mitochondrial DNA copy number) in association with increased exposure to elemental carbon (EC) 

during work hours and recent ambient PM10 exposure. These results suggested that MtDNAcn might 

be influenced by particle exposures.  

 

More recently (March 2016), the US Department of Labor within the Occupational Safety and Health 

Administration (OSHA) established a new permissible exposure limit (PEL) of 50 μg of respirable 

crystalline silica per m3, as an 8-hour time-weighted average in all industries covered by the rule. To 

respond to special requirements and circumstances of different sectors, OSHA issued two separate 

standards: one for general industry and maritime, and the other for construction, recognising the 

differences between the PM pollution types (salt, sand, industrial dust, versus building materials). The 

OSHA’s final PEL represents approximately 20% of the previous value for construction industry and 

50% of the general/maritime industry standards. This rule also introduced the ‘action level’ of 25 μg 
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over an eight-hour time weighted action (TWA). If the exposure reaches or exceeds the ‘action level’, 

then an exposure testing is required.  

 

Shirmohammadi et al. (2017) highlighted the considerable level of PM exposure for personnel at 

airports. Considering as a case study the LAX airport of Los Angeles, USA, they compared the impact 

of aircraft emissions against the vehicle emissions from freeways. The mean PM2.5 emission factor 

values for takeoffs and landings were comparable, with 1.4 times greater daily LAX contribution to 

PM2.5 than from the surrounding freeways. Even for small airports, the aviation-related activities 

generate exposure to pollutants for people working and living in their vicinities, as highlighted by 

Psanis et al. (2017), who concluded that airports should be considered as important air pollution 

hotspots. 

2.3 Spatial Distribution of Pollution Exposure 

The continuous spatial and temporal variability of air pollution is due to variability in location of 

sources and volume of emissions, which follow the patterns of human activities. In addition, the 

dispersion of pollutants (dependent on meteorological conditions and topography) and the chemical 

processes lead to geographical heterogeneity of pollutant concentration within a day (and between 

days and seasons) across a city area (Gulliver and Briggs, 2005; Jerrett et al., 2005a; Dirks et al., 2016). 

 

Past scholarly work on exposure has been limited and only considered citywide averages for pollutant 

concentrations obtained from a small number of fixed monitoring stations (Brook et al., 2004). Some 

other studies were even more aggregated in their analysis of pollution and therefore failed to predict 

pollutant concentrations and consider important local variations (Lyons et al., 2003). This approach is 

generally applied at the population level; guidelines and standards referring to exposure consider only 

concentrations in populated areas, without a precise assessment of exposure (e.g. DEE, 2014 – p.63 

mentions reduction of 10% in major urban areas in their Exposure Reduction Framework for the period 

2015 – 2025).  

 

Another limitation is the fact that individuals move through numerous microenvironments5 (Ott, 1982; 

Moeller, 2005) (locations with homogeneous pollutant concentration where individuals perform 

                                                 
5 Indoors and outdoors. 
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certain activities) every day and they spend more than 80% of their time indoors (Olaru et al., 2005).  

Therefore, the aggregate values at the city level cannot represent the true exposure for an individual; 

they are a simplification adopted most often for practical reasons. 

 
Dispersion models and GIS spatial regression models are currently being applied in atmospheric 

research. They have shown that detailed models are necessary to characterise more accurately the 

emission-to-exposure relationship. As an example, Greco et al. (2007) estimated both primary and 

secondary PM2.5 mobile source intake fractions (iFs) in United States’ counties. The iF represents the 

fraction of a pollutant or its precursor emitted from a source inhaled by a specified population during 

a given time. Source-receptor models and regressions were developed to assess the air pollution risk 

level. The authors concluded that long-range dispersion models with coarse geographic resolution are 

appropriate for risk assessment of secondary PM2.5 or primary PM2.5 emitted from mobile sources in 

rural areas, but that more resolved dispersion models are warranted for primary PM2.5 in urban areas 

due to the substantial contribution of near-source population. This suggests that distance from 

sources (e.g., road) affects the PM concentration considerably (Wang et al., 2006). Similarly, 

Montagne et al. (2013) found consistent significant association of the regression model 

concentrations with personal exposure for soot, but not for PM2.5. On the other hand, Brauer et al. 

(2012) used a combination of methods and data sources to obtain PM 2.5 estimates in Perth, WA as 

follows: 

• a 3-dimensional global atmospheric chemistry transport model, TM5; 

• a SAT (satellite-derived PM2.5) – through which satellite observations of Aerosol Optical Depth 

(AOD), are used to calculate ground-level concentrations of fine particulate matter (PM2.5); 

• PM global database available measurements.  

The results of the models concurred with each other and showed that the Perth region displays a 2005 

annual average of PM2.5 surface monitoring of 5-10 µg/m3 concentrations, very close to the threshold 

of 8 µg/m3, which is the Australian standard. 

 

Steinle et al. (2013) questioned whether developments of study design are keeping up with the 

developments in monitoring technology and considered that a way forward would be tracking the 

actual movements of a person in space and time while, at the same time, collecting information on 

environments and other characteristics (housing type, transport mode, residential area), so that more 
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determinants of exposure can be incorporated. This line of research is adopted here, combining 

personal monitoring with activity analysis to produce a more accurate assessment of exposure to PM.  

 Tracking personal exposure 

Acknowledging that exposure assessment means accurate measurement of pollutant concentration, 

but also interaction of the individuals with the pollutants (function of their activities, choices, routes, 

etc.) (Ott, 1982), recent studies have started to capture PM exposure in real time and location, with 

the help of modern technology. This is because both concentration and activities have spatial and 

temporal variation. While outdoor PM concentration displays spatial gradient and temporal variability 

due to emitters, weather conditions, etc., indoor PM concentration depends on indoor sources and 

on outdoor PM infiltration. Moreover, people spend various durations in different locations, with a 

large amount of time indoors. A personal profile is a set of data consisting of contextual and 

spatiotemporal information and ambient concentration, collected by a person over a specific period 

of time, designed to capture certain individual characteristics (in term of exposure, behavioural 

patterns, and activities). 

 

Gerharz et al. (2009) aimed to obtain detailed dynamics of PM2.5 personal exposure by combining the 

outdoors estimated spatial distribution, indoor modelling techniques and GPS (Global Positioning 

System) individual tracking. Initiated in Munster, Germany, during winter, this pilot project involved 

six persons whose daily activities and geographical locations for at least one working day and one 

weekend day were recorded continuously through GPS tracking and 24-hrs diaries. Through the 

collected 14 profiles, an average daily exposure ranged from 21 to 198 µg/m3, showing a high daily 

variability, mainly due to behavioural aspects. The indoor measurements in three microenvironments 

showed the influence of factors as building and ventilation type/intensity, human movement and 

activity (lighting candles, smoking, cooking, visiting busy places - such as pubs or restaurants), time 

spent outdoors and outdoor trends. A relevant finding was the increased PM2.5 concentration during 

night, while the outdoor PM2.5 concentration diminished. The high standard deviation of all profiles 

substantiated the variability of the individual exposure and showed that the use of the daily mean 

exposure can easily flatten the shape of exposure. This limitation could be overcome by using mobile 

recording of PM concentrations with a high temporal resolution. 

 

Later, in 2010, another personal outdoors and indoors monitoring project was developed in Munster 

and surroundings by Broich et al. (2012) who followed the movement of a heterogeneous group of 16 
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persons over a 24-hrs period. Each person kept a diary and had to carry a measurement kit comprised 

of a Spectrometer for counting the particle numbers and measure the particle mass, a GPS device for 

recording the geographical location and a video camera for capturing daily activities. All personal 

profiles recorded a higher exposure than the outdoor PM10 measured at fixed sites. The PM10 averaged 

24-hrs exposure of all profiles ranged from 27 to 322 µg/m3, with large differences in PM exposure 

across individuals. A personal profile sample from this study can be seen in Figure 2. 

 

 
            Figure 2: Personal profile of P8 on 4 April 2010: Diurnal PM count 

              (Source: Broich et al., 2012: 2965) 
Concentration is shown for the following activities: 1 sleeping, 2 bathroom visit, 3 dressing, 4 take down laundry, 5 cellar 
room, 6 breakfast, 7 vacuuming, 8 changing bedcover, 9 changing clothes, 10 frying cutlets, 11 go for a walk outside, 12 
coffee and cake time with guests, 13 relight wood stove, 14 dinner, 15 sweep (windows open), 16 closing bedroom door, 17 
sleeping with windows open (Easter fire outside) 
 

It was clear from this experiment that the individual exposure profiles were influenced by the 

microenvironments where people spend time (in this case at home and outside), by location of the 

microenvironment and by the type of human activity (smoking, cooking, cleaning, dusting, vacuuming, 

school events, travel). Although not shown in the diagram for the participant P8, travel episodes, in 

the vast majority of situations, represent a substantial part of the daily routine, enabling reaching 

destinations such as workplace, education, shopping, leisure, and other. However, results depend on 

the travel mode. The findings from Broich et al. (2012) were consistent with the a priori expectations. 

Overall, the highest concentrations of PM10 and PM2.5 were recorded while riding a bus, while the 

lower concentrations of PM2 5 were measured on train. On average, bicycle riders had a lower PM10 

exposure than car riders, but higher PM2.5 exposure. PM concentrations while travelling by car varied 
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considerably; the level was strongly influenced by outdoor traffic conditions, whether the windows 

were open, the number of passengers, the car ventilation system and cleanliness of the car (Liu and 

Frey, 2011). 

 

The higher exposure for pedestrians and cyclists compared to car drivers was previously described by 

Gulliver and Briggs (2004), who explained the increased exposure due to the longer journey times on 

foot compared to car. Unless the achieved reduction in traffic volumes is sufficient to provide 

compensatory reductions in ambient pollution levels, at least on certain routes, this aspect has to be 

considered when recommending increasing physical activity levels along roads with heavy traffic 

(Good et al., 2016). Hankey et al. (2012) found spatial patterns of estimated mortality rates 

for ischemic heart diseases that are attributable to increased PM2 5 with greater rates in high- than in 

low-walkability neighbourhoods. The results from Kelly et al. (2014) also suggested that physical 

activities such as walking (groups reporting an additional 11.25 MET_hours per week) and cycling can 

lead to 11% and 10% reductions in all-cause mortality. 

 

Yet, for the global average urban background PM2.5 concentration (22μg/m3) benefits of physical 

activity outweigh risks from air pollution even under extreme levels of active travel, as shown by Tainio 

et al. (2016) (also discussed in Section 2.3.1). The authors estimated tipping (maximum benefits 

reached) and break-even points (no longer net benefits) for the average and most polluted cities in 

each region included in the WHO Ambient Air Pollution Database, with information on 1,622 cities. 

Very few cities would have the tipping points for cycling and walking presented in their study. For 

example, the background PM2.5 concentration would need to be 95 μg/m3 to reach the tipping point 

for 30 min of cycling every day, 160 μg/m3 for break-even point. For a 30 min walk, the tipping and 

break-even point appear at PM2.5 levels above 200 μg/m3, which suggests that physical activity is 

beneficial in most urban areas (ibid, p.235). Kaur et al. (2005) examined pedestrian exposure in central 

London to PM2.5 and ultrafine particles and concluded that the level of this exposure is influenced by 

pavement position and the side of the road the pedestrian choose to walk upon. Walking on the 

building side of the pavement (as opposed along the pavement kerb) will keep a minimal exposure 

level. 

 

As indicated in 2.3, the review of the existing literature by Steinle et al. (2013) acknowledged the 

recent trend towards real-time personal exposure assessment (and maturity of the field) and their 

benefits for epidemiological studies. With the help of data provided by portable active pollutant 
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monitors, GPS devices, video cameras and smart phones (tending to gradually replace the time-activity 

diaries and questionnaires), researchers can generate exposure profiles that highlight the role of 

concentration, activity duration and intensity. At the same time, increasing privacy and confidentiality 

issues are also a concern, as pointed out by Steinle et al. (2013). 

 

More recently, in an empirical study conducted in Scotland (a country with highly heterogeneous 

environments) in November 2012 and May 2013, Steinle et al. (2015) tested a low-cost particle 

counter, Dylos 1700, for short-term exposure assessment. The novelty of their study lies in the insights 

gained into an individual’s exposure through measurements taken across different places (six 

microenvironments (ME) defined through their contextual characteristics) and during various 

activities. GPS devices and time-activity diaries (TAD) were used by 17 volunteers for data collection 

and provided 35 profiles, which highlighted the variability of individual exposures arising from both 

microenvironments visited and personal activities. An example of a personal profile across the 6 ME 

considered is illustrated in Figure 3. The colours indicate the MEs where the person was at a particular 

point in time. Note the difference in scale on the y-axis. 

 

These measurements have an important value by raising awareness of activities and habits and how 

individual stressors and heterogeneous microenvironments can dictate the level of exposure (Che et 

al., 2016). This study has also shown that a low-cost monitoring device combined with different 

available data methods can provide reliable information on exposure. 
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Figure 3: a) Profile P1-03 showing PM2.5 by ME using a 1-min resolution (13/11/2012). b) Profile P1-
05 showing calculated PM2.5 at 1-min resolution (13/11/2012) 

Sloan et al. (2015) tested the feasibility of using GPS-enabled monitors to collect personal exposure 

to PM2.5 from 10 participants and compared these against measurements at 15 fixed locations 

throughout a community from Utah during Sept-Oct 2014. Each participant’s PM2 5 exposure was 

mapped according to their personal location and graphed by the time-of-day. The highest exposure 

levels were recorded outside and while driving, pointing out to vehicle emissions and road factors as 

major contributors to outdoors individual PM exposure, while restaurants contributed to a high level 

of indoor exposure. The PM measurements from the 15 microenvironments provided a better 

estimation of the personal exposure and exceeded the readings from the stationary centralised 

outdoor monitor. Similarly, Gariazzo et al. (2016) carried out a dynamic urban exposure study in Rome, 

Italy using distribution maps derived by mobile phone traffic and modelled air pollutants 

concentrations (including PM2 5) detecting large variations of exposure due to time and space. 
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2.4 Differentiated Effects of Exposure 

The literature has already highlighted the spatial gradient of pollutants (Gulliver and Briggs, 2004, 

2005; Greaves and Bertoia, 2006; Wilson et al., 2006; Lawson et al., 2011; Dirks et al., 2016) and that 

intensity of activity and health conditions may lead to higher risk of exposure and its outcomes. Socio-

economic characteristics and circumstances may also influence the relation between pollutants and 

health: 

• Lower socio-economic status is associated with greater exposure to air pollutants (people 

living closer to roads and polluting industrial facilities, or with greater occupational exposure); 

• Also, lower socio-economic status groups may have poorer health in general and have less 

access to health care than other populations, creating an exacerbation of any health response 

and making them more vulnerable.  

This combination of increased susceptibility and exposure suggests that SES indicators may be useful 

for characterising populations that could be subject to disproportionate environmental air pollution 

(Apelberg et al., 2005; Brown, 1995; Neufeld et al. 2001; Faber and Krieg, 2002; Finkelstein et al., 2005; 

Morello-Frosch et al., 2002; Sexton et al., 1993). Several studies addressed relationships among socio-

economic factors, air pollution, and health (e.g., Jerrett et al., 2004, 2005b; Martinis et al., 2004; 

O’Neill et al., 2004; Perlin et al., 2001; Wojtyniak et al., 2001; Speidel 2000; Zanobetti and Schwartz, 

2000). Most studies (but not all – e.g. Zanobetti and Schwartz, 2000, pointed out only gender 

differences and modest SES related to effects of PM on mortality) have shown a social gradient in 

traffic-related air pollution exposure with respect to SES (Gunier et al., 2003; Kingham et al., 2007), 

greater exposure to indoor air pollutants and even occupational exposure to air pollutants for those 

in lower income brackets (e.g., Rotko et al., 2000).  

 
The detailed analysis undertaken in this research prevents us from achieving a population-based 

susceptibility assessment. In addition, SES has little variation across the sample; therefore, instead of 

controlling for SES, this research includes location information within the modelling framework of 

quantifying relationships between activities and exposure to ambient PM. 

2.5 Activities Conducive to Exposure 

Regardless of the level of detail, the definitions of exposure acknowledge the interaction between the 

pollutant and the individual at a particular location in space and point in time (Gulliver and Briggs, 



 

 

23 

2005; Greaves and Bertoia, 2006; Nuckols et al., 2004). However, as Section 2.3.1 shows, the spatial 

and temporal resolution varies, from microenvironments and time intervals to GIS and time stamps. 

In their study, Buonanno et al. (2012) looked at both deposited particle number and surface areas 

while considering activity patterns and microenvironments. Their findings show that lifestyle and 

indoor environments are significant factors in the daily dose. Higher particle doses were recorded 

mainly during cooking and transport activities. When it came to comparing Italian and Australian 

people in terms of received particle dose, Italians recorded higher doses, mainly due to specificity of 

their cooking activities. 

 

Abdullahi et al. (2013) reviewed several studies that presented cooking as a source of particulate 

matter for both indoor and outdoor locations around the world. The composition of aerosol derived 

from cooking is quite different and depends upon various factors (raw food composition, cooking oil, 

temperature, cooking method and spices used). Their research showed that cooking activities 

generate particles - mainly ultrafine - with a high efficiency of deposition in the respiratory tract. It 

was suggested that better capture and filtration of cooking emissions would result in a reduction in 

human exposure through air quality improvements. Other domestic activities generating PM emission 

include: solid fuel heating, burning wood, dusting, cleaning, gardening, lawn mowing (Guo et al., 2010; 

Reisen et al., 2011; Kumar et al. 2013; Vu et al. 2015). Examples of empirical evidence are provided 

below. 

 

Ferro et al. (2004) focused on indoor activities that increase PM exposure indoors and identified 

dusting of furniture and textiles, dry dusting, folding clothes and blankets and bed-making with the 

highest exposure to PM. The intensity of activity and flooring type were considered as being important 

factors that dictated dust re-suspension.  

 

Baldauf et al. (2006) examined the results of a study initiated by the US Environmental Protection 

Agency (EPA). The aim was to evaluate the exposure to pollutants (including to PM2.5) generated by 

lawn and garden equipment (Small Engine Exposure Study). They reached the conclusion that 

operators can attain elevated levels of exposure during operation times and that the operator’s 

activity and the environment factors, especially the wind, are crucial for exposure. 

 

Wallace and Ott (2011) documented personal exposures to UFP (ultrafine particles) inside homes, cars 

and restaurants. The UFP indoor/outdoor ratios were much lower than for PM2.5 or PM10, suggesting 
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difficulty of outdoor UFP in penetrating homes. Their study suggested that indoor home sources such 

as heating, cooking, dusting, are responsible for approximately 47% of the total daily UFP exposure, 

whereas outdoor sources for about 36% and in-vehicle environment for 17%. Bramwell et al. (2016) 

examined the effect of the residential flooring type and showed that the highest exposure 

corresponded to high-density cut pile carpeting. 

 

Although to a lower scale in Australia than in many parts of the world, smoking can substantially affect 

indoor exposure. Invernizzi et al. (2014) warned that environmental tobacco smoke (ETS) is a major 

source of PM pollution, contributing to indoor PM concentrations up to 10-fold those emitted from 

an idling eco-diesel engine. This result was based on a study that compared PM emissions from three 

cigarettes, lit sequentially for 30 min against 30 min running of a diesel engine (TDCi of 2,000 cc).  

 

Loffredo et al. (2016) considered the major contribution of smoke to PM2.5 and investigated in 2005-

2006 the level of PM2 5 in several workplaces in Cairo (Egypt) where restrictions/enforcement policies 

towards no smoking (cigarettes and waterpipes) varied substantially. Their study used a SidePak 

device which took over 3,200 individual measurements from 96 venues. PM2.5 varied across locations, 

ranging from 72-81 μg/m3 for indoor venues where smoking was banned, to 478 μg/m3 in cafes where 

waterpipes were allowed, 612 μg/m3 in Ramadan tents, and 171-704 μg/m3 in public buildings with 

poor enforcement of smoking restriction. The conclusions from this research is important to inform 

policy makers when considering smoke-free regulations and for projects for air quality improvement 

through reduction tobacco exposure.  

 

In a study comparing indoor and outdoor sources, Wheeler et al. (2011) measured the concentrations 

of PM2.5 (particulate matter), UFP and BC in Windsor, Ontario, an area largely affected by large 

volumes of commercial truck traffic and considered one of the important border crossings from 

Canada into the United States. They found that the five-day mean outdoor concentrations of all PM2.5, 

UFP and BC are significantly higher than the indoor concentrations. Also, outdoor concentrations 

recorded overnight decreases followed by morning increases during peak hours. Noteworthy was that 

indoor concentrations of UFP and PM2.5 showed higher levels between 5 and 7pm as compared with 

their daily means, stressing the importance of cooking activities as a source for UFP and PM2.5 

pollutants. 
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In Australia, several studies were conducted with the objective to describe exposure in various 

microenvironments. Molloy et al. (2012) carried out a comprehensive study of indoor air quality in 40 

dwellings located SE of Melbourne and found that major influences were dictated by dwelling age and 

combustion and cooking activities, and that reported levels were comparable with or lower than other 

Australian or overseas studies. Weekly indoor quality readings averaged PM2.5 (8.4 ± 4.0 µg/m3), PM10 

(20.4 ± 8.1 µg/m3). This study revealed the importance of adequate ventilation for maintaining indoor 

air quality (IAQ). 

 

Johnston et al. (2013) showed that coordinated interventions, community education campaigns and 

strategies, together with law enforcement and incentives can led to decreased air pollution and 

improved air quality, along with an overall trend of cardiovascular and respiratory mortality. In this 

instance, home owners in Launceston, Tasmania, were encouraged to replace wood with electricity 

as primary source of heating. 

 

In 2011, Reisen et al. wanted to check if and to what extent the controlled fires (stubble and forest 

burning, wildfires) impact the air quality in rural southern Australia. They found that the prescribed 

burning does affect the indoor air quality and this influence depends on the duration of the smoke 

event and on the ventilation rate of the affected residence. In the case of the short-duration events, 

the household activities impact the indoor air quality, while during longer events this is determined 

by external conditions together with household ventilation rate. 

 

According to the Department of Environment and Energy, (DEE, formerly DSEWPC) (2011), and 

Doctors for Environment Australia (https://www.dea.org.au), in general, in Australia, short-term high 

exposures are due to natural sources such as bushfires and windstorms. Other sources of PM are 

through bulk material handling, combustion and mineral processing. Therefore these high 

occupational exposures are found particularly in exploration, mining and construction - in on- and off-

road activities (National Pollutant Inventory). 

2.6 Transport Emissions and Exposure 

Increased traffic levels lead to higher pollutant concentrations and consequently higher exposure 

levels (Scoggins et al., 2004; Zhu et al., 2002; Bigazzi and Figliozzi, 2012). This trend may continue in 

the future, despite advances in fuel and vehicle technologies or several travel demand and traffic 

calming measures. 
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Yan et al. (2011) presented in their work four global emissions PM projections from 2010 to 2050, 

based on types and age of vehicle and number of emitters with very high emissions. The illustrated 

models showed how vehicle populations and consequently emissions, respond to general trends in 

fuel usage and introduction of emission standards. They projected mainly for North America, Europe 

and Pacific, a continuous emission decrease due to implementation of tighter and cleaner emission 

standards. Yet, the population growth and mobility may offset some of the technology benefits.  

In addition, in many parts of the world (especially Asia and Africa), car travel and the less stringent 

standards (less emission controls) cause substantial health issues (Huang et al., 2014). 

 

Again, at a global scale, Huang et al. (2015) compiled an organic carbon (OC) inventory covering the 

period 1960 to 1990 to assess OC emission intensity (EI, defined as quantity of OC emissions per unit 

of fuel consumption) and the ratios of OC to PM2.5. They found that OC emissions have increased for 

developing countries, despite continuously diminishing emission densities EI and OC/PM2.5 ratios since 

1960, a result of increasing combustion efficiency and gradual replacement of solid fuels with clean 

fuels. As indicated, the outcome is due to a rapid motorisation of many countries in Asia, Africa, East 

Europe, and Middle East. 

 

Also, in the context of future tighter regulations in terms of emission standards and cleaner fuels, 

Kumar et al. (2013) reviewed 11 non-vehicle exhaust sources (NES) and their contribution to urban 

nanoparticles. Some notable comparisons emerged, such as: 1kg of fast and slow wood burning 

produces nearly the same number of particles as a km driven by a heavy-duty vehicle (HDV) and a 

light-duty vehicle (LDV), respectively (pp. 265-266). About 1 min of cooking on gas can generate a 

similar number of particles as 10 min of cigarette smoking or 1 m travel by a HDV. Kumar’s review 

concluded that more research is needed to provide adequate quantification of nanoparticle sources 

and to understand the biological mechanisms through which the nanoparticles affect human health, 

and so provide a future base to regulate the levels of airborne nanoparticles. 

 

Although not directly contributing to pollution, active travel (walking and cycling) may be associated 

with environmental exposure, sometimes even higher than in the car (in environments where air 

quality is concerning, de Hartog et al., 2010; Good et al., 2016; de Nazelle et al., 2012, 2017). Walking 

has been found to contribute up to 25% of the personal exposure to PM10 (Bramwell et al. 2016). Yet, 

in a study investigating associations between air pollution and benefits of cycling and walking urban 
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areas, Tainio et al. (2016) showed a positive bottom line effect even for areas with ‘less than clean’ air 

and reported that in the vast majority of settings air pollution risk is unlikely to negate the health 

benefits of active travel (de Nazelle et al., 2012). According to their results, background 

PM2.5 concentrations of 100 μg/m3 are safe enough to allow up to 1h:15 min of cycling and 10h:30 min 

of walking per day.  

 Spatial and temporal variation 

As already shown by the personal profiles (section 2.3.1), the substantial spatial and temporal 

variations need to be considered in exposure assessments, irrespective of the pollutant. For example, 

the spatial gradient of pollutants such as nitrogen dioxide (NO2) and ultrafine particles (UFP) 

associated with traffic is so heavy, that the variation within cities may exceed variations between cities 

(Briggs, 2000; Zhu et al., 2002; Kingham et al., 2007). Hence, exposure experienced within cities may 

exert significant health effects. In regard to temporal variation, Contini et al. (2012) showed that fluxes 

for both aerosol and CO2 in an urban area presented a clear daily and weekly pattern and a weekly 

pattern correlated with traffic rate. 

 

But what has enabled substantial advancement of knowledge in the field of exposure analysis was the 

recent advances in Geographical Information Systems (GIS) and associated statistical techniques 

(Collins, 1998; Melnick, 2002). These technological and methodological innovations have fuelled 

research on intraurban exposure due to the high computing speed available. Coupling of dispersion, 

atmospheric, and time-activity models with GIS capabilities has led to even more sophisticated 

attempts to characterise intraurban exposures (Kramer et al., 2000; Mukala et al., 2000). GIS-derived 

predictor variables such as traffic-intensity, population, and land-use were used within the ESCAPE 

project by Eeftens et al. (2012), who modelled variation in air pollution in order to estimate individual 

exposure of participants in cohort studies. GIS and Global Positioning System (GPS) were recently used 

by Brantley et al. (2014) and Mukerjee et al. (2015) to develop traffic exposure zones (TEZs) using 

measurements including PM. More details on the role of GIS in pollution exposure and the spatial 

characteristics were presented in Section 2.3. 

 

Streets et al. (2013) reviewed studies of satellite data applied to emission estimation. For particulate 

matter, NASA has worked with two relevant instruments since the late ‘90s: the Moderate Resolution 

Imaging Spectroradiometer - MODIS (Barnes et al., 1998) and the Multi-angle Imaging 

Spectroradiometer - MISR (Diner et al., 1998). These devices offered the tools to estimate PM 
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characteristics over land. One of the parameters retrieved by MODIS and MISR was the aerosol optical 

depth (AOD), also known as aerosol optical thickness (AOT). MODIS and MISR data provided the 

opportunity for developing large-scale air pollution monitoring. Nguyen et al. (2015) obtained good 

results for satellite-derived PM2.5 data compared to ground-based PM2.5 in a study that integrated PM 

measurements and meteorological data, in order to examine temporal PM variations across different 

regions in Vietnam.  

 Input-Output Ratios 

Since both indoor and outdoor environments contribute to exposure, it is expected that the 

concentrations and the reciprocal effect are accounted for in exposure assessments (Ott, 1982). In 

Australia, substantial research has been undertaken in monitoring criteria pollutants and their indoor-

outdoor distribution effects. Guo et al. (2010) monitored in Brisbane, Queensland, both the particle 

number (PNC) and mass concentrations (PM2.5) in a school. They concluded that outdoor PM, both 

counts and mass concentrations, were significantly affected by human activities (smoking, lawn 

mowing); while indoor particle number was affected by outdoor PM, the latter being a direct result of 

vehicular emissions. The particle size distributions, for both outdoor and indoor environments, were 

influenced by mobile emission sources and relatively fixed daily activities (e.g., vehicle emissions vs. 

classroom cleaning). The Input-Output (I/O) ratios could be attributed to diffusion processes or 

gravitational settling. 

 

Lawson et al. (2011) looked at the indoor air quality of 27 dwellings in Melbourne, Australia in order 

to analyse the effect of major road proximity (Near Road vs. Far Road) on IAQ. Indoor and outdoor 

PM10 and PM2.5 (among other air pollutants) were measured. The indoor mean concentration of PM10 

was significantly higher at ‘Near Road’ dwellings compared to ‘Far Road’ dwellings, and this was not 

associated with the elevated outdoor concentration of PM10. Four-hour monitoring processes during 

morning peaks revealed no significant outdoor differences between ‘Near Road’ and ‘Far Road’ 

locations in terms of their PM2.5 concentrations, but higher PM2.5 indoor levels for ‘Near Road’ 

dwellings.  

 

Bo et al. (2017) also reviewed PM I/O ratios reported in different studies. Variations of PM10 and PM2.5 

were recorded both between and within outdoor and indoor environments. External factors such as 

ventilation type, meteorological conditions, proximity to the source and architectural characteristics, 

all have a significant contribution to outdoor pollution, which in turn influence the level of indoor 
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exposure. The general tendency is a higher outdoor concentration, compared to the indoor, thus a 

ratio >1. This ratio can be reversed in case of a powerful indoor source(s). Spatial, temporal and 

seasonal variability of the report I/O have been recorded. One of the most influential factors of the 

I/O ratio is the human activity/occupant behaviour: I/O ratios can vary from values tending to zero in 

microenvironments with no or very low indoor activities, to values over 10 in spaces with intense 

indoor activities or powerful indoor emissions (from smoking, cooking, heating, or cleaning). 

Resuspension, ventilation type and particles settling may change these ratios. Several studies use 

correlations to indicate I/O links. Liu et al. (2004) showed a wide range of correlations for PM10 (R2 

varying between 0.32 and 0.99), with the highest correlation for classrooms, where there are no 

indoor sources. When comparing activities during the week, Branis et al. (2005) found lower 

correlations (0.707, R2=0.5) during weekend nights, but higher for workdays and particularly nights 

(0.884, R2=0.781). In summary, where indoor sources are limited the I/O ratios are <1 and good 

indicators of the outdoor emission levels, and where human activities are intense within the indoor 

environments, I/O ratios exceed unity (>1). 

 

 PM emissions 

The studies on urban PM pollution concur on the deleterious effects of motorised traffic (both exhaust 

and break-tyre-road wear PM emissions), varying from cardiorespiratory diseases to cancer and 

diabetes. This means that reduction of traffic has been adopted as a corrective measure in many cities 

around the world (Giles et al., 2011). For example, in 2010, the city of Naples introduced travel 

restrictions, allowing cars to travel in alternate days and in different time slots, in an attempt to reduce 

PM10 concentrations (Polichetti, 2017). Unfortunately, the results did not meet the a priori 

expectations and the imposed restrictions did not show any significant improvement in air quality. 

Further studies are needed for more reliable results, as indicated by Polichetti (2017). Other mitigation 

measures refer to use of alternative transport (transport or active transport – Xia et al., 2015; de 

Nazelle et al., 2017), restrictions of heavy traffic in certain areas of cities (Holman et al., 2015), speeds 

and fuel or vehicle related measures, such as adoption of electric vehicles (Bel et al., 2015; Ke et al., 

2017).  

 

A recent review by Vu et al. (2015) aimed to synthesise and analyse existing knowledge on PM in urban 

environments with a focus on their concentration and size distribution. Their study characterised the 

particle number size distribution (PNSD) from seven major sources of urban particles including traffic, 
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industrial activities, biomass burning, cooking, transported aerosol, marine aerosol and nucleation. 

Then they discussed atmospheric physical processes such as coagulation or condensation, which have 

a strong influence on the distribution of particle sizes. Finally, the implications of PNSD datasets for 

source modelling were briefly presented. Based on their review, it was concluded that concentrations, 

modal structures and temporal patterns of urban particles are strongly influenced by traffic emissions, 

identified as the main source of PM number in urban environments. Information derived from particle 

number and size distributions is beginning to play an important role in source apportionment studies. 

 

The findings are similar across the globe, irrespective of the size of the city or the climate. Dallmann 

et al. (2014) measured PM emissions from on-road motor vehicles driving through a highway tunnel 

in San Francisco in July 2010. Their study revealed a high degree of similarity in organic aerosol (OA) 

and black carbon (BC) emitted by petrol and diesel engines. This may be due to the advances in vehicle 

and fuel technologies. Whereas in the past, diesel cars were considered larger emitters (Delucchi, 

2000; Zhu et al., 2002), this situation has changed in the last decade. Platt et al. (2017) showed that 

petrol vehicles emit 10 times more carbonaceous PM at 220C and 62 times more at -70C compared to 

diesel cars.  

 

A study by Perez-Martinez et al. (2014) inside two tunnels in Sao Paolo, Brazil, demonstrated direct 

dependence of pollutant concentration on traffic conditions. Perez-Martinez et al. (2014) measured 

carbon dioxide, carbon monoxide (CO), nitrogen oxides (NOx) and particle matter (PM2.5) and noted 

high concentrations when traffic was intense, especially during workdays. The species in the pollutant 

load influenced the emission factors. Wang et al. (2011) performed continuous measurements of 

number and size distribution of ultrafine particles (UFP) in New York, during 2001 and 2010. The 

results (daily patterns, morning and afternoon peaks and particle formation events) suggested 

important impacts of highway traffic and industrial sources. This was also found by Kheirbeck et al. 

(2016), who concluded that the main contributors to the total PM2.5 concentrations from all on-road 

mobile sources in NYC were trucks and buses (27%) and cars (10 - 25%). 

 

Recently, in Australia, Smit et al. (2017) conducted a tunnel study to validate the emission factors from 

software COPERT and PIARC. Air monitoring equipment was installed in a Brisbane’s tunnel (CLEM7) 

and five-minute average air monitoring data was collected for the main criteria pollutants (PM2.5 and 

PM10 included), along with meteorological variables characterising conditions in the tunnel 

(temperature, humidity, atmospheric pressure). The in-tunnel fleet mix had lower emissions (by a 
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factor of about 2) than the average on-road fleet. Compared to other international studies, the 

validation results are encouraging, particularly for PM, which have the lowest prediction errors.  

 

However, other urban sources of pollution exist and should be considered in addition to traffic. 

González et al. (2017) concluded that in Manizales, a medium-size Colombian city, buses from the 

public transport were contributing with 47% to PM10 and the difference of 53% came from point 

sources of emission (e.g., food and beverage facilities). Huang et al. (2014) suggested that in order to 

control China’s PM2.5 emissions, not only primary particulate emissions need to be cut, but also it is 

important to reduce the secondary aerosol, both organic (SOA) and inorganic (SIA), such as fossil fuel 

combustion and biomass burning. In Singapore, Betha et al. (2014) investigated particle number 

concentrations (PNC) and particle size distributions (PSDs) of submicron particles between June and 

September 2009, including four days of biomass burning in August. On a typical normal day, distinct 

peaks were recorded during morning, afternoon and evening times corresponding to local traffic rush 

hours (Onat and Stakeeva, 2013). The afternoon peak was attributed to new particle formation. 

Notably, formation events were suppressed during a hazy episode that caused heavy particle loading 

in the atmosphere. No peaks were observed during hazy weather conditions caused by wild forest and 

peat fires, however the PNC increased by 1.5 times when compared to non-haze periods. 

 

Prior research (Dockery et al., 1993; Moreno et al., 2007; Pope et al., 2002; WHO Working Group, 

2003, 2007) also shows that the adverse effects of PM represent the biggest trigger of policies to 

improve air quality. Yet, the connection between air quality, measured as concentration of pollutants, 

and the end health effects is not fully understood and quantified, given the incomplete 

characterisation of the pollutant and the complexities of exposure mechanisms. Even when air 

dispersion and chemistry models are accounting for the spatial distribution of pollutant concentration, 

they still incompletely assist the modelling of exposure, because the type of microenvironment 

(indoor and in-vehicle vs. outdoor) and type of daily activity are not commonly considered. Indoor 

exposure is likely to dominate because people spend more than 80% of their time indoors (Jo and Lee, 

2006; Kotzias, 2005; Olaru, 2005; Bigazzi and Figliozzi, 2012). Based on an extensive literature review 

and further analysis of the published data, Ji and Zhao (2015) suggested that a better indoor protection 

of the occupants of a building against outdoor PM exposure could significantly improve public health 

outcomes. 
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This is consistent with the assessment by Morawska et al. (2008), who reviewed and synthesised the 

existing literature on ultrafine particles (UF) and concluded that more needs to be done to quantify 

the influence of UF particles on environment and human health. As a result, they outlined the need to 

understand the characteristics, trends and spatial distribution of UF. This would provide the basis not 

only for future human epidemiology studies, but also for setting future emissions and air quality 

standards based on particle number. Monks et al. (2009) suggest additional key areas for further 

research, such as (for aerosols) compositional studies using advanced instrumentation, mechanisms 

of formation of primary and secondary particles, and surface area vs. number of particles. 

2.7 Air Quality Guidelines and Standards in Australia 

Air pollutants have been regulated internationally and the standards are used to indicate the air 

quality. In literature and other contexts, the pollutants are usually referred to as ‘criteria pollutants’. 

The standards for these pollutants are based on well-documented health and environmental effects 

and tend to have similar values for different geographical zones. International research has outlined 

the PM effects on human health. For example, in 2009, the US Environmental Protection Agency (EPA) 

and later, in 2013, WHO Regional Office for Europe linked long-term and short-term exposure to PM2.5 

to respiratory conditions. The International Agency for Research on Cancer (IARC) classified outdoor 

pollution as carcinogenic to humans (IARC, 2012, 2013), while in 2010 Australia and New Zealand 

(through the Environment Protection and Heritage Council, EPHC) associated reproductive and 

developmental effects to PM2 5 exposure. Given the large-scale of evidence of health effects, there is 

common ground for internationally harmonising the standards for the main pollutants (including for 

PM2.5 and PM10). Consistent with the legislation and norms in Europe and US, the Australian National 

Environment Protection Measure for Ambient Air Quality, since June 1998, set standards for the 

following pollutants: 

• Carbon monoxide (CO) 

• Ozone (O3) 

• Nitrogen dioxide (NO2) 

• Sulphur dioxide (SO2) 

• Lead (Pb) 

• PM10 

In addition, there are several guidelines for O3, NO2, carbon dioxide CO2, CO, PM and standards for 

asbestos fibres, in ambient air, but not for UFP or BC. Similar to USA (as a multistate country), Australia 
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has developed national standards for criteria pollutants and each state has to ensure compliance to 

these imposed standards. On the other hand, each state can regulate the level of pollutants, as long 

as they maintain the national requirements. All guidelines and standards are reviewed and re-

evaluated when new data and information become available. The main difficulty in stating policies 

around (PM) pollution is when trying to demonstrate if a threshold exists or not when it comes to 

health effects, due to inconclusive dose-response studies (Beelen et al., 2014). The key issue is 

ascertaining whether threshold concentrations can be identified and related to adverse health effects 

(i.e. causes of illnesses, death, mortality, cardio-respiratory, non-cardio-respiratory diseases), as 

highlighted by Brunekreef and Holgate (2002). 

 

The following summary from the DEE 2014 AAQ NEPM Draft Variation Impact Statement prepared in 

July 2014 (available at https://www.environment.gov.au/system/files/pages/dfe7ed5d-1eaf-4ff2-

bfe7-dbb7ebaf21a9/files/aaq-nepm-draft-variation-impact-statement.pdf) presents the WHO 

guidelines and the adopted standards for PM10 and PM2.5 in Australia and other 

countries/regions/territories. As expected, the standards have become stricter, especially for PM2.5, 

which was converted from 1998 advisory reporting value to standard reporting value (Table 1). 

 

Table 1: Summary of International Air Quality Standards for PM10 and PM2.5 

Organisation / 
Country / 
Region 

PM10 PM2.5 

Annual 
Mean 
standard 
(µg/m3) 

24-hour 
standard 
(µg/m3)(a) 

Annual Mean 
standard 
(µg/m3) 

24-hour 
standard 
(µg/m3)(a) 

WHO 20 50(b) 10 25(b) 
AUSTRALIA - 50 (5) 8(c) 25 (0)(c) 
Canada -(d) 120(d,e) 10/8.8(f) 28/27(f) 
China 70 150 35 75 
European Union 40 50 (35) 25(g) - 

New Zealand 20(h) 50 (1) - 25(h) 

Singapore 20 50 12(i) 37.5(i) 

UK (all) 40 50 (35) 25 - 
UK (Scotland) 18 50 (7) 12 - 
United States (all) - 150 (1)(j) 12(j) 35(j,k) 

United States (California) 20 50 12 - 

Note: 
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(a) Number in brackets shows allowed exceedances 
per year 

(b) Stated as 99th percentile 
(c) Advisory standard 
(d) Some provinces have standards for PM10 
(e) Objective 
(f) By 2015/2020  

(g) The 25µg/m3 value is initially a target, but will 
become a limit in 2015. There is also an indicative 
‘Stage 2’ limit of 20 µg/m3 for 2020 

(h) Guideline 
(i) By 2020 
(j) Averaged over three years 
(k) States as 98th percentile 

The values clearly indicate that Australia does not only comply with the WHO standards, but in some 

respects, is ahead of many other nations or regions. These standards of PM10 and PM2.5 concentrations 

are met most of the time in Australia. Exceeding concentrations is usually a result of a specific event 

(bush fire, dust storm, controlled burnings), rather than a permanent issue (Reisen et al., 2011; DEE, 

2011). The DEE 2015 NEPC Agreement (The National Clean Air Agreement, 15 Dec 2015) for PM10 and 

PM2.5 confirms more stringent policies of the current standards and goals for Australia for the next 

decade (Table 2).  

 

Table 2: Standards and Goals for Australia (PM2.5 and PM10) 

Pollutant 
STANDARDS/GOALS 

Averaging 
period 

Maximum concentration 
standard 

Maximum allowable 
exceedances 

Particles as PM10 1 day 
1 year 

50 µg/m3 

25 µg/m3 
None 
None 

Particles as PM2.5 1 day 
1 year 

25 µg/m3 

8 µg/m3 
None 
None 

Particles as PM2.5 1 day 
1 year 

20 µg/m3 by 2025 
7 µg/m3 by 2025 

None 
None 

 
As already indicated, the focus on PM2.5 is related to the absence of a threshold for health effects. 

WHO Working Group (2013) noted that “health benefits will result from any reduction of 

concentrations, whether or not the current levels are above or below the limit values” (p.38). A similar 

position is outlined in the DEE 2014 AAQ NEPM Impact statement on the draft variation where one of 

the main objectives of the Australian government is to attain “ambient air quality that allows for the 

adequate protection of human health and wellbeing” (p.16). This document highlighted the EU 

exposure-reduction approach as the most suitable model for inclusion in DEE 2011a AAQ NEPM.  

 

Rather than focusing on hot spot reductions, the exposure-reduction approach considers the general 

reduction in exposure, which can be achieved by making the PM standards more stringent and 

implementing rigorous emission controls (especially for emissions from industry, vehicles, hot spots). 

Consequently, the Australian annual average and 24 hr PM2.5 particles is likely to be amended from 8 
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μg/m3 and 25 μg/m3 respectively to 7 μg/m3 and 20 μg/m3 by 2025 (Federal Register of Legislation 

2016, NEPM AAQ).  

2.8 Environmental Justice 

Existing literature has consistently linked the health outcomes and the health inequalities to the socio-

economic characteristics of population. These characteristics and the way they change or develop can 

be crucial in adopting efficient interventions, regulations, policies to create, maintain and sustain a 

more reliable health system with better health outcomes, as well as cleaner environments and, 

consequently, reduced economic costs of health. According to the World Bank (2014, Secondary 

World Development Indicators), Japan and Australia (along with other developed countries) have a 

life expectancy of over 80 years, while in some African countries (Sierra Leone, for instance) life 

expectancy reaches only 45 years. This is substantially attributed to the quality of living  (including air 

quality) and numerous national governments and international agencies now flag health inequities as 

a central concern, thus increasingly paying attention to a measure known as environmental justice 

(Whitehead, 1992; World Bank, 2014; World Development Indicators, 2014; Wolch et al., 2014).  

 

Yet, inequalities not only occur between different countries, but also within countries – as recently 

highlighted in her analysis of health systems by Baum (2016). For example, differences in life 

expectancy within the same country are triggered by differences in the population’s socio-economic 

status (SES). This is because individual access to a healthcare system is influenced by education, 

income, social support and the nature of the healthcare system itself (Marmot, 2015); thus healthcare 

systems have a crucial role in reducing the health inequities. Moreover, SES and cultural 

environments, as well as location, may exacerbate them. For example, Cuba achieved a better infant 

mortality rate than USA, mainly due to the existent healthcare system in place, but also as a result of 

joint action on several factors, such us providing clean water and air, sanitation, public education, and 

good nutrition (Baum 2016).  

 

Measuring the quality of a health system is challenging, primarily because of the distinct indicators 

used by various organisations/jurisdictions and various time horizons used for assessment. In England, 

Asaria et al. (2016) worked with four main indicators of the National Health System (NHS): primary 

care supply, primary care quality, preventable hospitalisation, and amenable mortality (representing 

deaths resulting from conditions and diseases potentially avoidable through an optimal health care 

system). They compared these indicators between 2004/05 and 2011/2012 and found improvements 
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to all of them, which means inequalities have been reduced. Despite this conclusion, Asaria et al. 

(2016) agreed that the task of reducing inequality in healthcare outcomes is more demanding and 

complex than reducing inequality of access. A complex coordination of factors inside and outside the 

healthcare system, especially for the preventable hospitalisation and amenable mortality is required 

and they include general and individual aspects (living conditions, access to natural environment, daily 

routines). Albeit there have been many developments in the “use of political philosophy as a means 

of analysing questions in transport planning and policy” (Mullen et al., 2014, p.2). This work is still at 

relatively early stages and has tended to consider broad transport issues and focus on access and 

safety, rather than exposure to pollutants.  

 

Mackenbach et al. (2016) worked with rate difference and rate ratio based on the data available from 

five European countries, spanning four decades, from 1970 to 2010. They analysed what combination 

of changes and starting levels of mortality by socio-economic group produces a narrowing or a 

widening of inequalities in mortality.  

 

Although these sources do not explicitly or exclusively refer to air pollution, it is well documented that 

quality of air is a substantial aspect of public health and that lower socio-economic status is associated 

with higher exposure to criteria pollutants. Less affluent households tend to be located in proximity 

to industrial areas and close to major urban traffic, where sources of pollution are stronger. Factors 

such as the structure of the urban environment and social disparities are significant in dictating the 

levels of exposure to traffic pollutants. Jephcote and Chen (2012) examined the associations between 

residential exposures to road-transport emissions as PM10 and the incidence of respiratory hospital 

admissions for children aged 0 to 15 years, in Leicester (UK), during 2000-2009. Their findings showed 

that children from the lower social class were likely to live in areas with higher levels of road-transport 

emissions and with poorer air quality, hence suggesting that the level of deprivation can be considered 

an important predictor of children’s respiratory hospitalisation incidents. Another finding of their 

study was that a subset of inner city neighbourhoods displayed high traffic pollution levels despite 

their relatively low contribution to traffic. These neighbourhoods were also associated with high levels 

of economic exclusion, which in addition to the lack of financial freedom (enabling them to choose 

where to live), created an environmentally unjust situation.  

 

Bell and Ebisu (2012) investigated if and how exposures to PM2.5 and some (14) of its components 

differ by race/ethnicity, age and SES. Daily air pollution measures were obtained for the period 2000 
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to 2006 (US EPA, 2016) in the Draft Integrated Review Plan for the National Ambient Air Quality 

Standards (NAAQS) for Particulate Matter, also US EPA 2017a and b) and pollutant monitors were 

matched to US census tracts. The results showed higher estimated exposure for persons with lower 

SES (based on indicators such as education, unemployment, poverty/earnings). From the 

race/ethnicity point of view, the white population displayed the lowest exposure whereas, overall, the 

highest PM2.5 exposure was associated with non-Hispanic blacks, which had a low level of education 

and employment, thus more likely to experience social exclusion and environmental inequities. Larger 

disparities were estimated for exposure to PM2 5 components, rather than to total PM2.5. Although the 

study outlined exposure differences among population groups, it has not linked them to health 

outcomes.  

 

An important point, often neglected is that daily activities differ by lifecycle and population groups 

(based on SES, ethnicity) and these are key for exposure assessment. In this sense, Adamkiewicz et al. 

(2011)’s paper represents a relevant work, through the clarity with which they highlighted the role of 

socio-economic and institutional factors in addressing inequity in the quality of indoor residential 

environments. Their simulations showed that, at low PM2 5 exposure levels, outdoor sources had a 

higher contribution (close to double) to indoor concentration than indoor sources (63% versus 37%), 

but this trend was reversed at higher concentrations of PM2 5 (when 90% of exposure rose from indoor 

sources). These trends, highlighted in Section 2.3, indicate the significant contribution of indoor 

sources to the high exposure experienced by certain individuals and the importance of the household 

characteristics and source use patterns. Several models have shown that indoor exposure can exceed 

outdoor concentrations and, associated with the amount of time spent indoors versus outdoors (e.g., 

lower socio-economic groups are less mobile, live in larger number in the same dwelling, and cook 

indoors for longer times), can impact the level of personal exposure to multiple pollutants, which in 

turn can influence health.  

 

In addition to aggregated objective metrics of exposure and health effects, self-reported measures of 

health are widely used for assessing air quality and environmental equity. Hu et al. (2016) used surveys 

conducted in 17 European countries between 1990 and 2010 and analysed the aged-standardised 

prevalence of less-than-good self-assessed health (SAH) by education and occupation, using absolute 

rate differences and relative ratios of socio-economic inequalities. The results showed that whereas 

SAH absolute inequalities remained constant, the relative inequalities increased. In all countries, less-

than-good SAH was more prevalent in lower educational and manual working/labourer groups. The 
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findings of their study confirm the need for a deeper and better understanding of the factors causing 

inequalities, so that policies and interventions can become more efficient. Evandrou et al. (2016) went 

further and analysed the health outcomes and self-reported health of ethnic communities in the UK. 

Specifically, they looked at black and minority ethnic elders, who generally experience poorer health 

outcomes, a result which reflects the need to develop health policies considering social and economic 

differences. Although ethnicity made a difference (the poorest health outcome and self-rated report 

came from elders with origin in Pakistan and South Asia), the length of residency time in UK had no 

significant impact on health.  

 

Even when spatial and socio-economic characteristics do not mean substantial differences in exposure 

to pollutants, the ageing of the population needs special attention in terms of exposure differentials, 

given the susceptibility of this population group. Kojima et al. (2016) have conducted an extensive 

review (over 5,000 studies) and meta-analysis of a large body of studies examining the association 

between frailty and quality of life among community-dwelling elderly people. This evaluation 

demonstrated a consistent inverse association between frailty, pre-frailty and quality of life among 

elder people. Interventions aimed at reducing frailty may improve the quality of life. This finding is 

important especially considering the current population trends.  

 

The findings presented above can apply at various geographical scales. Recently, Fecht et al. (2015) 

reported on air pollution disparities at national, regional and urban levels, both in England and The 

Netherlands. They compared air pollution concentrations (for particulate matter PM10 and nitrogen 

dioxide NO2) against publicly available population characteristics (poverty, ethnicity, proportion of 

children and elderly). Overall, concentrations in both countries were higher in the communities with 

>20% non-white residents, but PM10 concentrations were higher in some neighbourhoods with lower 

than 20% non-white population (East of England, Yorkshire, Leeds and Amsterdam). As expected, the 

results suggested a complex association (that can vary by country, area – urban or rural, population 

subgroup) between air pollution and socioeconomic characteristics, ethnicity and age. The findings of 

the study illustrated two essential components influencing environmental inequity in exposure to air 

pollution: urban or non-urban structure of the analysed neighbourhood with various sources of 

pollution and socio-economic conditions. 
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 Solutions for reducing environmental disparities 

The first option to improve environmental justice across space is to reduce sources of emissions, 

especially in zones with high levels of traffic or industrial activities, and improve access to green space 

(Wolch et al., 2014). Boyce and Pastor (2013) focused on the importance of policies aimed at reducing 

fossil fuel (coal, oil and natural gas) combustion and thus limit emissions of carbon dioxide (CO2). The 

impact will see not only improvements in climate, but also in the reduction of emissions of nitrogen 

oxides (NOx), sulphur oxides (SOx), PM, and other hazardous air pollutants generated in fossil fuel 

combustion. These associated emissions, collectively, are known as ”co-pollutants” (Boyce and Pastor, 

2013). They examined the variations (intersectoral, intrasectoral and spatial) in co-pollutant intensity 

across industrial sources in the USA and investigated options for integrating co-benefits of emission 

reductions for climate policy. Co-pollutant intensity may vary quite substantially across space and a 

general approach assuming similar emissions from various fixed and mobile sources might be 

ineffective. Instead, policy makers should consider sectors where air quality co-benefits are larger as 

a result of emission reductions and promote those actions. Boyce and Pastor (2013) proposed the 

following options to mitigate pollution impacts: monitoring impacts on co-pollutants; zonal/sectoral 

permits; allocation of funds resulting from carbon/permit taxes to less affluent communities; and use 

of regulatory tools, such as emissions standards or imposed technologies. A wise implementation of 

these options would lead to substantial benefits, for public health and for the environment. The 

second option to improve environmental justice is to improve the SES of the population and 

awareness in terms of exposure conditions, which is expected to diminish inequalities in exposure to 

risk (either accidents or physical harm from pollution). This is not trivial and sometimes the 

interventions require multi-disciplinary and multi-agency efforts (Mullen et al., 2014). 

 

Marshall et al. (2014) evaluated how reduction of fine diesel particulate matter (PM) emissions from 

five specific sources (on-road and off-road mobile, ships, trains and stationary) in Southern California 

can change four environmental goals (impact, efficiency, equality and justice). Results indicated that 

trade-offs are made among these four targets. If a major air quality impact is sought, then action is 

necessary towards reducing on- and off-road emissions, as these two sources represent a major part 

of the total emissions. At the same time, this reduction will also potentially improve environmental 

equality and justice. On the other hand, reducing train emissions will see an improvement in justice, 

equality and exposure efficiency because of the access they provide to a wider range of SES groups, 

but have little impact on air quality, as trains contribute only ~ 3% of total PM emissions. Emissions 

reduction from ships would broaden existing population inequities. 
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Responding to the call for connecting population characteristics, exposure parameters, and health 

impacts, the aim of this study was to firstly identify the main triggers of exposure and then to focus 

on those that can be actioned, in order to diminish exposure or improve health factors. For instance, 

characteristics of a house such as its size cannot be easily changed, but a person’s daily activities and 

their locations, the sources of emission and ventilation (air flow/rate) can be more easily 

influenced/adjusted. This has implications for policy making and education campaigns should get a 

higher priority on the public agenda. 

 

During 1990s the United Nations reached a consensus and pencilled the ‘Millennium Development 

Goals’ (MDG) to tackle issues as poverty, primary education and child mortality, mainly aiming at 

poorer countries. More recently, at the end of 2015, a more ‘universal’ list of 17 broad goals and 169 

specific targets came into effect under Sustainable Development Goals, SDG 

(https://sustainabledevelopment.un.org/). These are goals intending to eradicate hunger and poverty 

while promoting peace, prosperity, health, education and combating climate change and achieving 

sustainable communities. Thus the Air Quality and Wellbeing, along with Clean Energy, Sustainable 

Cities, Climate Action (Goals # 3, 7, 11, 13), represent a vital part of the efforts made to improve quality 

of life, while minimising the environmental impacts. In addition, Goal # 10 (Reduced Inequalities) and 

Goal #16 (Peace, justice and strong institutions) focus on reducing inequalities within and among 

countries and providing access to justice for all while building inclusive, accountable and effective 

institutions. Given that 88 countries took part in the consultation, the SDG have a positive outlook. It 

remains to see how well the implementation is achieved. 

 

For clean air and health, in the light of the legislation, action is required not only by taking measures 

to reduce known sources of PM pollution, but also by better monitoring and characterisation of the 

PM sources and advancing knowledge on the connections between pollutant exposure and human 

activities. This research attempts to address exposure to pollutants at the individual level, following 

people in their daily travel between locations, accounting for their activities, and measuring their 

personal exposure. A combination of PM air pollution modelling (accounting for continuous spatial 

and temporal variability of air pollutant) with personal monitoring of exposure and daily activities, 

combined with an analysis of pollutant composition, will contribute to more accurate exposure 

assessments.  
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3 RESEARCH METHODOLOGY AND DATA COLLECTION 

This research aims to provide a richer evaluation of exposure to PM pollution, by accounting for the 

detailed PM composition and for the spatio-temporal profile of daily activities. Distinguishing between 

the microenvironments where people live, work, move, and so on, is essential for exposure evaluation 

because the time spent on various activities (working, travelling, sleeping, shopping, recreating, both 

indoors and outdoors), and intensities and frequencies of the activities dictate our exposure level (Liu 

and Frey, 2011). During a day, we spend time in many places (buildings, vehicles, outdoors) and 

distinct sources of PM exist in various locations (NRC US Monitoring and Modeling of Air Indoor 

Pollution, 1981; Ferro et al., 2004; Olaru et al., 2005; Guo et al., 2010; Wheeler et al., 2011; Buonanno 

et al., 2012). This research focuses on the airborne PM, known to have a significant contribution to 

personal exposure and health effects. According to a recently released document by the WHO (May, 

2016), ambient air pollution (small and fine PM) is the greatest environmental risk to health.  

 

In order to assess individual exposure to PM and potential location differences, a combination of 

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and gravimetric 

methodology was applied to characterise the chemical composition of PM; then multivariate data 

analysis was applied to link the concentration to daily activities using a spatial and temporal approach. 

The equipment for monitoring included: Gilian (GilAir 3/5 and Gilian 5000) air sampling pumps, used 

for personal passive monitoring, and DustTrak SidePak monitors for continuous aerosol measurement.  

The electron microscopes and monitoring devices used in this study are described in detail in Sections 

3.3.2 and 3.5.6.  

As indicated, this research relies on a detailed chemical composition of PM, rather than the commonly 

used gravimetric measurements. The decision for SEM high-resolution imaging is based on its ability 

to offer details on morphology, shape, size, and particle distribution. These data are complemented 

by the EDS information on chemical and elemental composition. In order to fully exploit the richness 

of the data obtained by the SEM and EDS analyses, multivariate data approaches were applied to 

characterise the chemical elements and compounds. Spatial visualisation of activity locations and time 

use further assisted in understanding the exposure levels and types, encountered by participants 

indoors and outdoors. 

 

These objective and steps of the research can be summarised in the following guiding research 

questions/propositions: 
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1. Are environmental sampling results comparable when using passive/integrative and 

continuous monitoring? 

2. What elements and classes of elements dominate exposure to PM in the analysed case? 

3. To what extent indoor, outdoor, and travel activities are contributing to environmental 

exposure?  

4. Is location in a building associated with different exposure to PM?  

5. How important are activity duration and the physical intensity of an activity in explaining the 

diurnal variation of exposure?  

 

3.1 Measurement of PM – Fixed Stations vs. Personal Integrative Sampling and 

Personal Monitoring 

 Fixed monitoring 

In assessing indoor and outdoor air quality, measurements of PM are usually made to check 

compliance with standards required for specific areas, and only recently have been applied to evaluate 

PM morphology, concentration and composition. As noted before, human activities (patterns of 

mobility and use of time, including transport) represent major sources or factors in urban pollution 

exposure.  

 

This study is undertaken in Perth, Western Australia, which currently relies on several fixed stations 

spread across the metropolitan area for monitoring the air quality. The design of the monitoring 

network is based on information related to emissions sources, pollutant chemistry and meteorology 

features. The station locations are presented in Figure 4. The Perth Station – Queen’s Building (QB), 

marked in red on the map (Figure 4) and located in Perth CBD, on William Street, is the closest to the 

workplace where much of the empirical work was undertaken (UWA). 







 

 

45 

 
Figure 6: Reconstruction PM10 and PM2.5  

Note: Data provided by 2015 WA Air Monitoring Report, pp. 45-48 

Even in California, considered to be at the avant-garde of sustainability initiatives in the USA, the 

average concentrations of PM10 are substantially greater (Figure 7).  

 

 

Figure 7: PM10 Trends for USA – Western Region 

 

Figure 8: PM2.5 Trends for USA – Western Region 

 

The charts show in USA a 34% decrease in regional average PM2.5 (Figure 8) and a 58% decrease for 

PM10 between 2000 and 2015. In Western Australia (WA) the PM2.5 concentration appears to have 
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stabilised at around 15 μg/m3 and for PM10 around 30 μg/m3. These values represent the reference 

for the concentration obtained in the study. For Perth region, PM2.5 ranges (differences between max 

and the min values) are tighter than for the PM10. 

 Personal monitoring 

Although PM readings are well within the Australian standards, they are too aggregated to represent 

the individual exposures. This is because individuals travel between various locations to undertake 

daily activities and also spend considerably less time outdoors than in microenvironments such as 

their work place, inside homes, buildings, shopping centres, vehicles or other means of transport 

(Olaru et al., 2005; Liu and Frey, 2011). PM has also been recognised as having significant weight in 

assessing the indoor air quality (Yassin et al., 2012).  

 

Hence, the primary goal of this research was to obtain a more reliable assessment of exposure, 

accounting for the microenvironment, and to characterise the particles collected in these 

microenvironments. Detailed objectives of this study include:  

a) compare the gravimetric measurements and the particulate matter concentration provided 

by a personal monitor air pump;  

b) complement the information provided at the aggregate level or cumulated over time with 

data regarding particles’ shape, size, possible composition, and membership of certain 

particle-class types; 

c) account for activity and location. 

This research was designed in two stages; one following people in their daily activities (Study 1), and 

another differentiating exposure between fixed locations and mobile activities (Study 2).  

3.2 Gravimetric vs. Elemental Analysis  

The gravimetric approach in Australia represents the reference method for PM10 and PM2 5. It relies on 

weighing a filter before and after sampling, in order to determine the collected PM mass (DEE 2014, 

AAQ NEPM Impact Statement on the draft variation). The most common gravimetric standard method 

that is used to measure changes in PM mass concentration during specific time intervals is a Tapered 

Element Oscillating Multi-balance (TEOM). However, this measurement does not differentiate the PM 

exposure by elements or classes. To better understand exposure (identify the specific elements and 

classes of elements), exposed filters need to be thoroughly examined using a range of optical and/or 

electron microscopy (SEM and EDS inclusive) methods (Spurny, 1994). The benefit of electron 
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microscopy methods is that they reveal elemental, chemical composition, and fibre identification, as 

well as size, shape, concentration, and determination (Spurny, 1994; Casuccio et al., 2004; Liu et al., 

2014). Different microscopy techniques, such us Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM), Electron Microprobe Analysis (EMPA), and Energy Dispersive X-ray 

Spectroscopy (EDS) offer images and analysis at nano, molecular, and atomic resolution.  

 

SEM is a surface-imaging tool using a non-destructive process through which topographical and 

compositional information can be obtained. It is routinely used for examining in detail a variety of 

specimens. TEM analysis provides information about composition and chemistry of the sample. Using 

a range of optional microanalysis techniques, images with atomic resolution can be obtained and 

further used to investigate the crystallinity of the samples, particles’ sizes and shapes, as well as 

composition. EMPA is a microanalytical technique, which provides major and minor element 

quantification, and has some capacity for trace element analysis of polished samples; whereas EDS 

microanalysis allows for qualitative analysis of the elements present in particulates, rough or 

unpolished samples. As the electron beam hits the sample, it generates X-rays that have characteristic 

energies for each element, thus allowing the elements present in the sample to be identified 

(www.cmca.uwa.edu.au). Regardless of the type of analysis (gravimetric or more detailed), personal 

PM exposure requires sampling, usually done with the help of a pump, which draws a known volume 

of air through a membrane filter where the PM is retained.  

 

The fieldwork in this research used portable air sampling pumps. PM collected on the filters mounted 

on the GilAir 3/5 and Gilian 5000 devices was then characterised using SEM to determine shapes and 

size distributions. Elemental composition was derived following an EDS microanalysis. As the ability to 

see fine details often determines the level of understanding of physical, chemical, and biological 

processes, applying SEM and EDS in this research is augmenting the information on PM exposure in 

both structure of PM and level of detection. 

 

 Gravimetric measurements 

To determine the final mass load of the filters, each filter was weighed twice, before starting the 

monitoring and after completing the monitoring, to calculate the difference in mass. The level of 

exposure (mg/m3) for the monitoring pump was then derived considering the volume of airflow 
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pumped (1,700 cc or cm3/min), the daily average duration of running the pump (e.g., 490 min) and 

the mass load, using the formula below: 

 

Total exposure [mg/m3] = mass load [mg] / (flow rate [cm3/min] * duration [min]) * 106  (1) 

 

This aggregated value was then compared to the counts on the filters and related to the activities 

undertaken during the monitoring period. 

 

 SEM and EDS analysis  

This analysis was conducted to investigate particles presented on the filters from the air sampling: 

elements, belonging to particle-classes and, when achievable, possible compounds were identified 

and counted. The samples/filters collected from the pumps were analysed using two different 

instruments, both located in the Centre for Microscopy, Characterisation and Analysis at the 

University of Western Australia (UWA): 

• a Zeiss Variable Pressure 1555VP Scanning Electron Microscope (VPSEM) (Figure 9) in SEM 

mode equipped with an Oxford Instruments thin-window LINK Analytical energy dispersive X-

ray detector and ISIS operation and data reduction software; and  

 
Figure 9: Zeiss 1555 VP FESEM 

• a TESCAN VEGA3 VPSEM (Figure 10) equipped with an Oxford Instruments X-Max 50 silicon 

drift EDS detector with AZtec and INCA software for data collection and management.  
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Figure 10: Tescan VEGA3 

The INCA Feature Software package, only available on the TESCAN SEM, allows automated collection 

of information regarding the size, shape and chemical composition of particles. It offers a key 

advantage from a processing time perspective and the reporting templates available. However, the 

automated analysis can be used only after manual calibration. 

 Daily activities and intensities 

Given that exposure depends on the contact between pollutant and individual, activities’ durations 

and intensities are equally as important as pollutant concentrations. For a more accurate evaluation, 

metabolic expenditures (METs), representing the energy costs for undertaking a specific physical 

activity relative to a reference metabolic rate, were associated to each main activity of respondents. 

The MET scores (see Table 3) were extracted from the Ainsworth Compendium of Physical Activities 

(Ainsworth et al., 2011).  Additional information on the METs is provided in section 4.2.1. Given the 

large range of values for activities, the table scores are just indicative for the relative level of intensity 

of the activity, however more objective measurements could be undertaken in the future. 
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Table 3: Activity Codes and Subcodes – MET Scores (Ainsworth Compendium of Physical Activities) 

Activity 
code Subcode Activity 

MET code MET 
score 

0 Indoor Home 07011 1.00 
1 Indoor working 09040 1.80 
2 Travel differentiated by:   
  2.1 Travel by car 16010 2.00 
  2.2 Travel by motorcycle 16030 2.50 
  2.3 Travel by public transport 17151 2.00 
  2.4 Travel by walking 17161 2.50 
  2.5 Travel by cycling 01015 7.50 
3 Gardening 04246 3.00 
4 Other Indoor (store, deposit, industrial) 11850 8.50 
  4.1 Shopping 05060 2.30 
5 Outdoor activities (eating Out, movies outdoor) 09100; 09115 1.50 

 

 Preparation of samples and equipment 

The pumps collected PM on paper filters positioned (loaded) on top of a support pad in a disassembled 

‘cawl cassette’ of the pump. The cassette was reassembled, closed tightly and secured with plastic 

tape. A unique identification number was assigned to each membrane filter. For the best results of 

SEM-EDS analysis, the filters should have a flat surface, minimal charging, and minimal noise when 

EDS spectra are considered [extract from EPA 2002 guidelines for the application SEM/EDS techniques 

to PM samples]. Filters for imaging were mounted on a glass slide (trying to obtain a flat surface and 

avoiding air bubble formation) using double-sided C-tape and then coated with 25 nm of carbon 

together with carbon painted edges to minimise charging.  

 

Whereas for the first study (Study 1) a single filter was used, in the second stage of experiment (Study 

2), a filter was allocated for each type of activity (indoor home/indoor work/travel/outdoor). Each 

type of activity was coded as shown in Table 3 (as in Section 3.3.3).  The area of a filter is ~ 4.90 cm2 

and it contains approximately 25 complete grids, each having an area of about 2.80 mm2 (see Figure 

11 and Figure 12). 
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               Figure 11: A Fraction of a Filter 

 
                 Figure 12: A Grid on a Filter 

Secondary electron (SE) imaging and backscattered electron imaging (BSE) were used to obtain 

information on surface morphology. SEM imaging, especially when it comes to fine or ultrafine 

particles, has a few disadvantages. A good quality image requires high magnification, so that the 

parameters such as number of particles, size, contour, and shape can be easily identified. 

Unfortunately, increasing magnification generates a limited field of view, which in turn leads to a 

reduced number of particles that can be analysed from a single image. Therefore, more images are 

required for a single filter. Furthermore, small particles may be overlooked or can be difficult to 

distinguish within particle agglomerates.  

 

Microscopy and imaging preparation starts with a quick scan of the sample (filter) performed, usually, 

at a low magnification in Secondary Electron (SE) mode (Figure 11). This offers a good representation 

of the whole filter or significant segments of it, primarily with respect to particle distribution. Then 

moving to a higher magnification (this can vary between 500 and 1000), still in SE mode (Figure 12), 

enables a preliminary observation of the size and shape of particles collected on the filter. Switching 

to Back Scattered Electron (BSE) mode allows for adjustment of contrast, which makes the presence 

of metals more visible once a preliminary and detailed examination of the filter is conducted. The EDS, 

BSE and SE, SEM together with INCA parameters analysis conditions for this research are presented in 

Table 4. 
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Table 4: Equipment, Software Conditions & Settings 

Instrument/Software Conditions SE/BSE Settings 
 
 
ZEISS VPSEM 

Accelerating Voltage (high current) 20 kV 
Working Distance 10 mm 
Aperture 60µm 
X-ray collection live time 60 seconds 

 
 
 
 
TESCAN VEGA 

Accelerating Voltage 20 kV 
Beam current ~1 nA 
Working Distance 15mm 
Aperture n/a 
X-ray collection live time 20 seconds 

 
  
 INCA Parameters 

Signal BSE 
Feature magnification 1,896 
Smallest expected feature width 0.2637 µm 
Ignore feature smaller than area 20 pixels (0.67 µm ecd6) 

 

For validation purposes, this research also used a personal aerosol monitor (DustTrak SidePak AM510), 

which is a laser photometer, providing real-time aerosol mass concentration and eight-hour time-

weighted average (TWA). These devices are commonly used in occupational exposure studies (e.g., 

workers in the resources industry, inside buildings, forestry sector, www.tsi.com) and have a 

convenient data logging system, which enables extraction of graphs and reports. More details on the 

DustTrak SidePak AM510 are provided in Section 3.5.6. 

 Analysis differences between studies 

As indicated in Section 3.2, in Study 1, the task of acquiring and interpreting the particles’ images was 

onerous, given the exclusively manual processing. As a result, only a limited number of particles were 

analysed. On the Zeiss VPSEM Microscope, considering the time efficiency of the method, only 120 

particles were analysed per filter: 40 particles with size greater than 2.5 µm, considered coarse and 

80 particles smaller than 2.5 µm, as fine particles. The strategy adopted in Study 1 was saving the 

spectrum for each of the 120 particles, but acquiring images only for several particles per filter, 

randomly selected. Both images and spectra were attained and analysed manually. The chemical 

elements from major and minor peaks of each particle were counted, particle-classes identified with 

their possible sources and effects noted. This approach required a considerable amount of time for 

each filter. Consequently, the total length of the study made infeasible a replication or an extension 

                                                 
6 Equivalent Circle Diameter, ecd = square root of (4 * Area)/π 
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in similar conditions. During this stage, the importance of finding an automatic procedure (if and when 

possible) became a priority, especially considering the plans for Study 2.  

 

It is important to note that the analysis of fixed locations from Study 1, initially performed manually, 

using the Zeiss microscope, was repeated during Study 2 using the Tescan microscope, following a 

more automated process. This was deemed a useful and necessary cross-validation of the results 

obtained using two distinct data extraction and processing methods. Results of this comparison are 

provided in the Appendix – Section 7. Although the results were not the same, given that X-ray counts 

are affected by the surface morphology (and the analysed samples did not have a flat surface) and 

completely identical instrument settings are impossible, significantly high correlations were obtained 

between measurements (on average above 0.78). Finally, the carbon layer used to coat each filter 

contributed to the carbon peak seen in the spectra and was consequently ignored in the analysis (see 

Sections 3.3.2 and 4.3.2.1). 

 

In Study 2, an important step in preparing for data analysis was to select a representative area of the 

filter. The choice was for a circle (manually selected by the operator and containing several grids) with 

an area of approximately 50 mm2 chosen to reflect the PM distribution on the whole filter. The 

operator moved from the initial (X, Y) coordinates using a fixed step, arbitrarily set to 4 units on the 

X-axis and 6 units on the Y-axis. This systematic approach ensured a consistent analysis across all 

samples. The circle selected for analysis was then partitioned by the software into approximately 36 

subfields. Each subfield was scanned separately to obtain both the count and the spectra (elemental 

analysis) for all particles deposited on the filter. An important stage before running the automated 

analysis was the pre-selection of the grey scale threshold, which made the distinction between a real 

particle and the filter background. A correct set-up of this parameter, together with the right contrast, 

was essential. The right choice of these parameters is not a simple task and requires substantial 

practice on the instrument. At the end of each analysis, the ‘filter particles’ (i.e. the false positives, for 

which the spectra showed only C and O) were removed.  

 

The X-ray spectrum was accumulated for 20 seconds with a beam current of approximately 1 nA at an 

accelerating voltage of 20 kV. The relative percentage of the elements was normalised to reach a sum 

of 100. The magnification (set at 1,896) gave a detection field area of ~ 48 x 59 µm2. Particles with 

equivalent diameter smaller than 0.67 µm were ignored. The INCA software scanned each field 

detecting and counting singular particles and recording for each of them the elements and their 
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morphology, measuring several parameters (length, breadth, area, aspect ratio, perimeter etc.). In 

addition, the digitalised image and spectrum for each particle were saved (see Appendices, Section 2 

– INCA Sample Report, A8-A14). The process time selected was 5 (on a scale 1 to 6), with the aim to 

reduce ‘noise’ and to obtain a better peak resolution. Before each filter measurement, a quant 

optimisation was performed, using pure Co as the optimisation element (recommended for a 20 kV 

accelerating voltage). 

 

The Spectrum Match criterion (95% match) was finally used for a spectrum that appeared 

representative of the filter and had reasonable counts. Another important setting was Intensity 

Matching, which was turned off to avoid looking for other peaks of a comparable size and thus 

confounding the results. The INCA software scanned each field and each particle detected on every 

sub-field of the chosen circle, recording its pixelated image with the shape, morphology and chemical 

composition (spectrum). These characteristics were recorded and transferred on a report template 

selected by the operator.  

 

3.3 Data Analysis Methods: Multivariate and Spatial Analysis 

This research applied a combination of multivariate data analysis techniques to identify significant 

differences between exposures to PM in different locations and to connect exposure to activities and 

socio-demographics.  

 

Firstly, Factor Analysis (FA) was applied to summarise the presence of chemical elements, then 

Multivariate Analysis of Variance (MANOVA) compared the ‘aggregated’ counts by location (e.g. floor 

and side of a building) or microenvironments. A regression analysis furthered the exploration, by 

linking the weighted exposure with sources and activities, location and socio-economic indicators. 

Finally, descriptive statistics and correlation analysis provided information on the consistency 

between the integrative measures of exposure (counts of elements and classes) (Section 3.3 with 

results presented in Sections 4.3.2 and 4.3.3), the overall mass loading obtained through gravimetric 

methods (Section 3.3.1 with results shown in 4.2.1), and the average PM concentration measured by 

the DustTrak SidePak equipment (Section 3.2 with results presented in 4.3.4). 
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 Factor Analysis (FA) 

FA is an interdependent technique particularly suitable for examining underlying patterns of complex 

data and determining whether the information can be condensed in a smaller set of factors or 

components (Hair et al., 2010). This research applied FA to uncover potential relationships between 

counts of elements found on the filters and summarise them as proxy ‘concentrations’, by deriving 

factor scores for particulate matter (PM). The method is assuming that chemical compounds forming 

the PM require the elements to be highly correlated to each other across size groups. The four 

‘metrics’ used in the analysis were M, m, C, f and they refer to the type of peaks in the spectra (major, 

M and minor, m) peaks, and the sizes of particles (coarse, C and fine, f). Results of this analysis are 

included in Section 4. 

 MANOVA – Comparison by location and activity 

MANOVA analysis is concerned with group differences (combinations of factor levels, usually set in 

experimental conditions) across multiple continuous dependent variables. It provides the tools 

necessary to judge whether observed differences are systematic and due to particular factors or if 

they reflect random sampling variability (Hair et al., 2010). MANOVA was performed here to assess 

whether location or activity impacted on the number of particles and their type. The analysis was 

performed for two factors: mode of collecting PM on the filters (fixed vs. mobile) and location of the 

offices (floor and side of the building).  

 

Aggregation of continuous DustTrak SidePak PM measurements (readings per 1 sec and then averaged 

for 1-min and 15-min intervals) was also used to identify activities that could potentially trigger 

increased levels of exposure and health associated conditions. They were further accumulated and 

the results were correlated with the number of particle counts from SEM and the mass load. Significant 

correlations would be particularly useful to show whether one type of measurement could substitute 

the others. Results of this analysis are provided in Section 4.3.5. 

 Regression analysis 

Multiple regression analysis (MLR), a form of general linear modelling, is a dependence technique used 

to quantify linear associations between a continuous response variable and multiple discrete and 

continuous predictors. Each explanatory variable or predictor is “weighted by the regression analysis 

procedure to ensure maximal prediction” from the regression variate (the set of independent 
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variables) (Hair et al., 2010: 161). Here MLR was applied to find out the main determinants of 

exposure. Results of this analysis are provided in Section 4.4.2. 

 Spatial visualisation and analysis of activities 

The possibility to display data using spatial visualisation is fundamental to obtaining insights into the 

associations between exposure and activities and for communicating and presenting findings (Fischer 

and Getis, 2010). This is important especially because human activities and pollutant dispersion are 

intrinsically spatial processes and subject to spatial and temporal variability.  

 

Spatial analysis is a set of techniques investigating patterns across space (Anselin, 2010). This 

perspective is useful to capture any spatial dependence (meaning that a spatial characteristic, such as 

PM concentration, is more strongly related at points that are close in space than at points further from 

each other) and heterogeneity (the spatial property, here concentration or exposure, that varies from 

point to point), which is more than the information that can be gleaned from maps.  

 

In this study, the exposure was mapped/visualised by location and activity to ascertain whether 

certain areas are potentially in greater contact with PM sources than others. Given the limited sample 

size, a detailed spatial analysis was not feasible. However, the maps enhanced interpretation of the 

results and some insights were obtained in terms of spatial heterogeneity. GIS visualisation is 

presented in Section 3.4.4 with results in 4.4. Maps of locations where monitoring was conducted 

were used to indicate the spread across the city and variability of concentrations and exposures, even 

in places in close proximity.  

3.4 Data Collection Stages 

Data collection was undertaken in two stages: fixed locations (Study 1) and personal monitoring (Study 

2). Forty-three individuals agreed to be part of this study for one or two days of monitoring. Ethics 

approval was obtained from the university’s research ethics committee for both studies. No incentives 

were offered to the participants. 

 

For recruitment purposes, an internal email was sent to two specific departments in the university. 

The two departments were chosen based on their location with respect to the natural and campus 

features and included a building where substantial renovation work was undertaken (‘treatment’ 

case). According to Hameed et al. (2004), renovations should be wisely planned and carried out, in 
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order to minimise degradation of the indoor and outdoor air quality. The first hypothesis was that 

individuals in the newly built establishment will record a higher exposure during the working hours 

than their colleagues at other locations. 

 

After recruitment, short training sessions were organised in small groups, to explain the objective of 

the research to the participants and describe how the monitoring is conducted. The devices and their 

associated materials (chargers, filters, cawl-cassettes) were presented/demonstrated by the student 

and each session concluded with Q&A.  

 

During the two studies, each individual carried one or two monitoring devices, depending on the 

availability of equipment and willingness of participants to engage in the data collection. Each 

participant also completed a questionnaire on general socio-demographics and her or his daily 

activities and routines. At the end of the monitoring period, the student collected the equipment, 

materials and questionnaires and conducted a short re-construction and validation interview, eliciting 

feedback on the study. Then, the data was downloaded, the equipment was reset and recharged in 

preparation for the following monitoring operation. 

 Subjects 

The experimental work was mainly conducted within the university campus, due to the fact that the 

respondents (the great majority being university staff) spent substantial part of their waking time 

within the campus. Fewer participants were people working elsewhere, students and pensioners, 

moving around their interests between home, work place, and other locations. As indicated, the final 

sample comprised 43 individuals (24 women and 19 men, aged between 20 and 70 with a mean age 

of 42.9), having secondary and/or tertiary education. These socio-demographic characteristics are 

further summarised in the Results Section 4 (Table 5). Thirty participants were involved in the first 

study and thirteen in the second (plus an additional study monitoring fixed office spaces), with only 

two people taking part in both studies. The participants contributed either one or two days of 

environmental monitoring data, depending on their time availability. Although the portable devices 

were fully charged, the monitoring duration varied, with some pumps failing to work within 12 hours, 

the minimum duration expected for the battery to last. As indicated, respondents answered generic 

socio-demographic questions and provided data on their daily activities. The activity diary was aimed 

to capture participants’ routines through recording the locations and durations of each trip and 

activity (Wheeler et al., 2011).  
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Long. 115051’E) and spreads along the coast for more than 150 km. Perth is the fastest growing city in 

Australia and now home for more than 2 million residents (ABS, 2015, 2016a). Perth is a young city, 

with a history of less than 200 years (it was established in 1829 by Captain James Stirling), however it 

has experienced dramatic changes, especially in the past century (Haslam McKenzie, 2016). Although 

considered among the most remote cities in the world, Perth has ranked 8th in the 2015 list of the 

Economist Intelligence Unit (EIU) and 7th in the 2016 and 2017 lists (EIU, 2016, 2017) of the world’s 

most liveable cities and ranked as a ‘Beta’ class world city (GaWC 2012, 

http://www.lboro.ac.uk/gawc/world2012t.html). 

 

A liveable city, one that is diverse, vibrant, green, safe, attractive and inclusive, is dependent on good 

air quality and outstanding opportunities for outdoors activities. As confirmed by the criteria pollutant 

concentrations measurements across the metropolitan area, Perth is a city with clean air, which enjoys 

one of the most pleasant climates on the continent, with highest temperatures during January-

February (dry summers with average temperatures of 28-350C) and lowest July-August (8-100C), and 

an annual mean of daily sunshine over 8 hours. The proximity of the Indian Ocean, along with the sea 

currents and the geography of the western coast can bring extreme weather, but the dominant South-

westerly wind direction, especially during summer months (the ‘Fremantle Doctor’), is a welcome 

afternoon sea breeze that occurs in the coastal area with positive effects on weather and air quality. 

This breeze every so often recirculates pollutants blown offshore by the easterly morning winds. 

During winters, Perth encounters cold fronts of weather with rain and winds. On calmer and stable 

nights, high concentrations of emissions from wood fires and vehicles accumulate near ground level.  

 

The Monitoring Plan for WA (DER, 2015) describes Perth as a city on a coastal plain, about 25 km wide, 

rising to about 40 m above sea level and bounded to the east by the Darling Escarpment. Most of 

Perth’s population lives on the coastal plain, with a clear preference for near-coastal locations. The 

document indicates that the industry activities are well represented in the Kwinana Industrial area, 

about 40km south of the CBD (alumina refinery, coal/gas power station, fertiliser works, fuel and 

nickel refineries, other light industries centres and manufacturing and storage facilities). Emissions in 

Perth are categorised as: industrial, motor vehicle, other mobile sources (railways, shipping and 

boating, aircraft, off-road vehicles) and biogenic sources. The smoke from woodfire, bush fire, dust 

storm, or controlled burnings are also significant contributors to airborne emissions (ibid.). 
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 Geographical setting and descriptive statistics  

The 2011 Census data showed for WA an even population distribution across genders and groups and 

a median age of 36 years (ABS, 2016a). The average number of people per household was 2.6, and 

each household owned on average 1.9 motor vehicles, and had a median weekly household income 

of $1,415. These statistics are also valid for Perth, the capital city of WA. 

 

Due to recent economic booms, WA’s population increased to over 2.6 million in 2016 from 1.96 in 

2006 (ABS, 2016a). Similarly, Perth’s population increased by 14.3% from 2006 to 2011 and by 22% 

between 2011 and 2016 (ABS, 2011, 2016a). WA also recorded the largest increase (14.4%) in the 

number of passenger vehicles in its fleet between 2010 and 2015 and a 35.4% increase in the 

passenger vehicle registrations for the same period. Notably, according to ABS, the national vehicle 

fleet grew by 2.1% between 2015 and 2016 and number of registered vehicles increased in all states 

and territories (http://www.abs.gov.au/ausstats/abs@.nsf/mf/9309.0/). All these changes are 

expected to be linked to aggregate air quality statistics. Yet, as Figure 6 shows, the overall PM2.5 

remained relatively stable during the 2006-2015 decade. 

 

DEE 2014 NEPM projections for WA indicate that most of the PM10 is in fact PM2 5 (currently about 550 

tonnes/year – p. 40) and that on a day-to-day basis PM concentrations are variable (Cope, 2012; DEE, 

2014 – p. 48). Seasonal variation is also substantial, both in urban (Perth) and non-urban areas. 

Notwithstanding small variations, Department of Environment Regulation, through its Air Quality 

Index rated the daily air quality as being “very good” at four monitoring stations in Perth (Caversham 

[CA], Duncraig [DU], Quinns Rocks [QR], and South Lake [SL]). AQI represents the percentage of the 

National Environment Protection (Ambient Air Quality) Standard reached for each pollutant (DER 

2016, Air Quality Index at: https://www.der.wa.gov.au/your-environment/air/air-quality-index) and 

scores below 33 are considered as being “very good”. In Perth, AQI for PM 2.5-10 ranged at the time of 

submission between 24 and 28, with an average of 25 µg/m3.  

 Sample description 

This research targeted its recruitment around two faculties within the same university, located on the 

same campus. As a result, the fixed locations monitored in the study were offices and laboratories in 

two buildings positioned on a diagonal on the campus, about 1.5 km from each other (Figure 14) and 

a third building located another 2 km north of the ‘central’ location (on the opposite side of Stirling 

Hwy). Figure 14 and Figure 15 show the work locations of most participants in the study. 
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Figure 14: UWA Campus: Business School (SE) and Physics School (NW) are Circled on the Map 

 
Figure 15: Health Campus, M Block Area Circled on the Plan 

The monitoring time covered mainly the standard working time, Mondays to Fridays, 9 am to 5 pm, 

(representing usual business hours for non-academic staff). Additionally, the time spent outside work, 

in other environments (at home, in their own vehicles or while riding public transport, outdoors, etc.) 
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was captured in the activity diaries and environmental monitoring. The monitoring was conducted in 

summer 2009 and autumn 2011, during two weeks with no precipitations (Section 3.5.6). 

 

The monitored buildings on campus have more than one level and face a main road, the river, or the 

other university buildings within the campus. At the time of sampling, one of the buildings had 

undergone construction and renovation activities. This was considered the case of interest, whereas 

the other buildings represented the control case. The sampling included several offices and open plan 

areas located at all levels (ground, first and second). All windows of the offices remained closed.  

 

As indicated, for this research, participants were followed in their daily routine. An important part of 

the exposure assessment was the travel between various locations, both north and south of the city. 

A map of all locations is given in Figure 16 and also in Appendices – Section 8 (A61).  

 
Figure 16: Locations for Both Studies 

In the first stage (Study 1), each participant was monitored during a whole day using a single 

integrative device (air sampling pumps with a single cassette). This means that the exposure to PM 

occurring during various activities (working, travelling, spending time home indoors or outdoors) was 

cumulative. The filters were not separated, hence exposure to the indoor and outdoor environments 
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 Conditions of monitoring 

In the main sampled building (in both studies), all windows of the offices were closed, therefore, air 

circulation, entry and exit come only from the doorway and from the air conditioning, set on vent 

position and centrally controlled. The doorway of every office leads to a corridor connected either to 

the staircase or to the main entrance of the building. The rooms K020, K021, P010 are open-plan 

rooms, where offices are partitioned by separating panels. The room K122 is the ‘staff room’, 

equipped accordingly (kettle, microwave, coffee maker, fridge, sandwich maker, several chairs and a 

big round table). This room is mainly used at the arrival times and during morning and afternoon 

teatime breaks (10:30 am and 3:30 pm) and lunchtime break (between 12 and 2 pm). The rest of the 

rooms are normal offices, located on corridors with access from these corridors through the doorway. 

All offices and the corridors of the building are carpeted, whereas the staff room has linoleum. 

 

Each location was monitored with air sampling pumps (GilAir 3/5 and Gilian 5000) for two days 

consecutively as in the schedule presented in Appendices – Section 4, A49). Due to equipment 

limitations (eight air pumps and only one DustTrak SidePak AM510), the second device, was used for 

a single day in each location. 

 Deployment of instruments 

Studies use different categories of nephelometers for monitoring of PM2.5 and PM10 and some 

examples follow:  

o The Impact statement from the Draft Variation to the National Environment Protection (DEE, 

2014) prepared for the National Environment Protection Council, described a combination of 

instruments and methods for data collection: a) manual gravimetric approach (in which a filter 

is weighed before and after sampling to determine the PM mass); b) the Tapered Element 

Oscillating Microbalance  (TEOM) as a standard method (able to report PM concentrations on 

a continuous basis); and c) the nephelometry (optical instrumentation that use laser to count 

particles and estimate their sizes).  

o But other devices have also been employed in empirical studies. For example, Wallace et 

al. (2011) studied the personal exposure to UFP during various activities (cooking, driving, 

smoking, eating out) and locations (homes, cars, restaurants) using a portable condensation 

particle counter (CPC, Model 3007) for detection of particles. This device uses isopropanol to 

form a supersaturated vapor that condenses around UFP causing them to grow to a size 

making easier their detection by laser; the device can examine particles with diameters 
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between 10 nm and 1µm. The CPC is powered by batteries with a life of up to 10 hrs and they 

operate at a flow rate of 0.7 l/s.  

o Conner et al. (2001) aimed to establish a relationship between outdoor PM concentrations 

and personal PM exposure for an elderly subpopulation from a retirement centre and they 

used for sampling the Versatile Air Pollution Sampler (VAPS) for fine and course PM collection. 

The monitoring period was 24 hrs.  

o ESCAPE Project used personal sampling pump units (BGI) for PM2.5 sampling. The personal 

samplers were carried by each participant in backpacks, with the cassette mounted at the 

shoulder level. PM2 5 concentrations were determined by pre- and post-weighing of filters. 

o Capanelli et al. (2011) applied EM characterisation for airborne particles (nano- and 

microparticles). They used two different air pumps – a TCR TECORA and a Gilian AIRCON2, 

similar to the GilAir and Gilian pumps used in this project. The authors suggested using an air 

rate lower than 2.3 m3/hr, the recommended rate in the European Standard directive 

EN12341. 

o Wheeler et al. (2011) have also used personal samplers and DustTrak monitors.  

These examples show a variety of commercial instruments applied, depending on the objectives of 

the study and geographical area, yet the principles are similar – cumulative exposure uses filters, the 

continuous exposure relies on various techniques for counting ‘in real time’. 

 

Section 3.2 explained the two stages of the research. For Study 1, a group of 30 participants carried a 

GilAir (air pump) for one day and only six people carried an additional DustTrak SidePak AM510 

(aerosol monitor). As the data collected at that time from the samples included PM exposure from 

both office time and other activities, differentiation of microenvironments (indoors vs. outdoors) was 

not possible. This study was undertaken between 8th and 18th of December 2009 (the beginning of 

summer). 

 

To overcome the limitations of Study 1 data collection and to complement the investigation, Study 2 

(conducted between 23rd of May and 4th of June 2011, late autumn) monitored people at fixed and 

mobile locations (home, work, and during their daily routines) using multiple filter cassettes. 

Participants were provided with and instructed to change the filters of the air pumps when moving to 

another microenvironment. This means that Study 2 enabled analysis exposure according to the 

activity-type and location (e.g., home, work, shopping, recreation indoor, or outdoor, as shown Table 

3 in Section 3.3.3). 
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Both studies / stages of data collections used the following devices: 

• Two types of air sampling pumps (Figure 18) – (GilAir 3/5 and Gilian 5000) with a fully charged 

battery pack and the attached tubing to the pump (www.sensidyne.com). These pumps 

provide a dynamic air sampling system operating at flow rate 1-5,000cc/min. 

 

  
Figure 18: Air Sampling Pumps (GilAir 3/5 and Gilian 5000) Used for Data Collection 

Although they are relatively small (Figure 19), and easy to mount on a belt/portable devices, as 

illustrated in (Figure 21) these pumps are relatively noisy and often during teleconferences and 

meetings they were turned off to avoid interfering with the daily routine. 

 

 
Figure 19: Size of a GilAir Pump 

The GilAir 3/5 and Gilian 5000 pumps use cowl cassettes, connected through a PVC tube to the pump, 

and filters (shown in Figure 20 together with some Petri dishes used for storage purposes). The filter 

paper used in this research was a mixed cellulose ester membrane filter ADVANTEC, with a pore size 

of 0.8 µm. As during the second study, the cassettes were changed between microenvironments, the 

candidate used Petri dishes for the storage of loaded filters, before and after the analysis. 
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Figure 20: Cowl Cassette, Paper Filter and Petri Dishes 

The respondents were advised to place/position the cowl cassette in the breathing zone, attached 

securely to a clothing item (Figure 21).  

 
 
 

 

 

 
 
 
 

 

 

Figure 21: Wearing the Monitoring Device at the Belt Level 
 

• Aerosol Monitor DustTrak SidePak AM510 (Figure 22) is a personal aerosol monitor showing 

in both real-time aerosol mass concentration and eight-hour time-weighted average (TWA) 

(see http://www.tsi.com/sidepak-personal-aerosol-monitor-am510/). A wide variety of size-

selective inlet conditioners can be attached to the pump. The DustTrak SidePak AM510 

monitors were continuously carried by the participants from one microenvironment to other. 

For this study, the pre-setting used were 10 µm cut point at a flow rate of 1.7 litres/minute. 
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Figure 22: Aerosol Monitor DustTrak SidePak AM510 

In Study 2, because the emphasis was on differentiating between fixed and mobile locations, each 

fixed location was monitored for two days consecutively using the GilAir pump. During one day, the 

pumps run side by side together with the DustTrak SidePak AM510. A pre-calibration was performed 

before each running of the air pumps to ensure the correct setting of the desired flow rate. The post-

calibration of each air pump was also used to ensure that the flow rate stayed within +/- 5% of the set 

flow. To ensure accurate data, especially for low aerosol concentration, the DustTrak SidePak AM510 

was also zeroed before each test. 

3.5 Survey Instrument 

Each participant in this research was asked to answer a questionnaire, which elicited information on 

socio-demographic characteristics and potential indoor sources of PM exposure. Respondents were 

also asked to complete a diary of activities of the day. While the time-use diaries allowed for a detailed 

account of activities, given the limited sample size, the activities were grouped into several larger 

categories for analysis: home, at work, other indoor activities, travel, and outdoors. This is consistent 

with current scholarly work – see for example Wheeler et al. (2011). Prior to monitoring, the 

participants were trained by the student on how to use the devices for monitoring, how to charge 

them and how to change the filters, but also it was explained to them the importance of completing 

the questionnaires. Training took place at the university, in small groups, of 2-4 individuals. The 

participants recorded their daily activities, including the location and duration of each trip in the paper 

instrument and a reconstruction interview took place at the end of monitoring to check the 

completeness, receive feedback on the monitoring, record self-reported level of health. A copy of the 

questionnaire is provided in Appendices – Section 1, A4-A6. 
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 Analysis of filters 

Considering the 15 months between the two studies, various scientific equipment devices were used 

for the chemical analysis of filters. 

o Study 1: A Zeiss VPSEM microscope was used with each spectrum and image being acquired 

manually. However, this method is very time consuming and does not provide the expected 

efficiency for a large number of samples. Later on, these filters were re-analysed, this time 

using the TESCAN VEGA3 microscope and INCA Software, which provided automation of 

several tasks and analysed the batch of filters more efficiently, once the parameters were set 

up. 

o Study 2 - The filters from the fixed locations were studied initially using SEM/EDS techniques 

on the Zeiss VPSEM microscope. The images and the spectra were both attained manually, 

which limited the analysis to 120 particles per filter. 

The samples were re-analysed using a TESCAN VEGA3 microscope and its INCA Software, using 

SEM/EDS techniques. The advantage was that once the parameters were set up, the analyses could 

be performed in an automated manner. Details of analyses are provided in Section 4. A sample report 

for one filter (S1_F688) out of 75 from INCA Software is presented in Appendices – Section 2, A8-A14. 

 

4 RESULTS 

Several different datasets were prepared in order to analyse exposure to pollutants and its relation to 

location and activities: 

• Analysis at particle level (geometry and chemical composition – element counts and classes); 

• Analysis at filter level (aggregation of elements and classes, as well as gravimetric weight, 

measures of entropy, exposure duration); 

• Analysis at individual level (aggregation elements and classes, activities and durations, 

location, sources of exposure, socio-demographics); 

• For continuous PM monitoring using DustTrak Sidepak AM510, averages for 1 min, 15 min, 

and total per individual were calculated. 

The results of these analyses are presented in the following sections.  



 

 

70 

4.1 Sample Description 

The descriptive statistics of respondents participating in both studies are provided below (Table 5, 

together with Figure 23 and Figure 24). The results show that an average of 10-11 hours of monitoring 

from each respondent were available for analysis, a duration that covered most of the waking time of 

the participants. 

 

Table 5: Descriptive Statistics for Respondents in Studies 1 and 2 

Descriptive Statistics Study 1 (N=30) 
Mean (std. deviation) or  
% (count) 

Study 2 (N=15) 
Mean (std. deviation) or  
% (count) 

Age 43 (11.57) 42.33 (7.99) 
Gender (F) 50 (15) 87 (13) 
Education (Tertiary level) 90 (27) 67 (10) 
# activities/day 6.13 (2.83) 5.54 (1.76) 
Exposure (proportion) to cigarette’s 
smoking 

31 (9) 6.7 (1) 

Main type of heating  
• wood 
• gas 
• electric 

 
13 (4) 
37 (11) 
43 (13) 

 
0 (0) 
47 (7) 
40 (6) 

Main type of cooking 
• gas 
• electric 

 
57 (17) 
43 (13) 

 
53 (8) 
47 (7) 

Number of reported activities per day 
• indoors 
• travel 

TOTAL 

 
2.87 (1.55) 
1.63 (1.81) 
6.13 (2.83) 

 
2.53 (1.12) 
1.80 (1.47) 
5.54 (1.76) 

Exposure duration (min) 628 (134) 677 (109) 
 

While acknowledging the sample size limitations, the results show a substantial variation both in socio-

demographic characteristics and circumstances. The participants had reduced exposure to smoking 

and only few used wood heating. Most of their daily activities were conducted indoors. In terms of 

gender split, Study 1 included an equal number of male and female respondents, however women 

dominated Study 2. Figure 23 displays the age distribution for all participants, and Figure 24 their 

education attainment.  
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Given the detailed monitoring undertaken in Study 2, it was possible to compare the indoor exposure 

by floor and wing. The gravimetric measurements of PM (filter loading and the exposure adjusted 

data) are presented in daily average (Table 8). The mass loading varied from 0.08 to 0.15 mg (90.036 

µg/m3), with highest loads (highlighted in bold) found in open areas from K wing (towards the campus).  

 

Although the ambient air quality is good in Perth, as shown in the Western Australia Air Monitoring 

Report (DER, 2015a) and 2014-2015 Annual Report (DER, 2015b), complying with the AAQ Ambient 

Air Quality NEPM standards (DER, 2016) and the National Environment Protection Council NEPC (DEE, 

2011a), the indoor exposures values shown in Table 8 draw attention to potentially concerning 

exposures. These were during and immediately following building work and renovations, which may 

especially affect individuals with prior medical conditions (asthma, cardio-vascular diseases) and who 

spend long periods of time indoors within these environments. 

 

The findings from this research are not unprecedented (Hameed et al., 2004). Many international 

studies have also highlighted high indoors exposures. Fromme et al. (2007) evaluated the indoor air 

quality in 64 schools in Munich and found higher concentration in winter (19.8 µg/m3 for PM2.5 and 

91.5 µg/m3 for PM10). A similar study (Borgini et al., 2011) of personal exposure among students in 

three schools in Milan, found an overall mean of 75.94 µg/m3 for PM2.5 (a minimum of 42.78 µg/m3 

and a maximum of 142.81 µg/m3). 

 
Table 8: PM Measured Gravimetrically and by Adjusted Exposure 

Location PM (2.5 and 10) 

Exposure µg/m3 
Mass loading 
(mg/filter) 

K224 90.04 0.15 
K223 66.03 0.11 
K225 48.02 0.08 
P213 84.03 0.14 
K020 66.03 0.11 
K122 78.03 0.13 
K021 90.04 0.15 
P010 78.03 0.13 
P111 84.04 0.14 
P112 48.02 0.08 
 

 

Section 2.7 presented the WHO and US EPA air quality standards, averaged over a 24-hr period for 

PM10 (50 μg/m3 - WHO and 150 μg/m3 – US EPA) and for PM2.5 (25 μg/m3 - WHO and 35 μg/m3 - EPA). 
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It has also been shown (DEE, 2011a, 2015b) that air standards are similar or even lower than these 

international standards. The agreed statement (The National Clean Air Agreement, p.1) after the 

meeting of Environment Ministers (December 2015) set new and tougher standards for airborne 

particles. The annual average and 24-hours PM2 5 concentration is aiming to move from 8 μg/m3 and 

25 μg/m3 respectively to 7 μg/m3 and 20 μg/m3 by 2025. It was also agreed to establish for PM10 

particles an annual average standard of 25 μg/m3, with Victoria and ACT considering an even more 

rigorous standard of 20 μg/m3. It is also worth mentioning that according to the Australian National 

Pollutant Inventory (NPI), the 8-hr TWA exposure limit for dust is 10 mg/m3 of air. This means that 

while overall compliance with the standards may be achieved, increased attention should be paid to 

specific cases, where short-term exposure may exceed recommended values. 

 

In addition to the indoor sources, one of the causes for higher indoor exposures is the ventilation and 

associations with outdoor sources. As shown by Koponen et al. (2001), MacNeill et al. (2014), a high 

dependence between the indoor particle concentrations and the outdoor concentrations is expected 

when ventilation is natural. In our setting, it is clear that ventilation, activity patterns and location are 

important factors influencing the relatively high PM concentration and exposure levels indoors. These 

research findings highlight potential strategies to diminish the indoor PM concentrations in the indoor 

microenvironments examined here: implementing special filters in the ventilation systems or 

continuously adjusting the airflow and adopting alternative cleaning policies (such as more frequent 

and more thorough in order to achieve a better removal of dust particles, or changing flooring surfaces 

in high traffic areas). 

 

Figure 27 and Figure 28 show the distribution of metabolic expenditures across participants and the 

weighted exposure (measured gravimetrically) by duration (numerical data included in Appendix 9). 

The average MET value during monitoring was 1.79 (st.dev. = 0.61), with higher physical activity levels 

and its variability recorded during Study 1. This is expected, because most of the monitoring time 

occurred during working hours and it was dominated by indoor and outdoor light physical activities. 

In terms of weighted exposure, this was higher for study 2, 0.25 mg (vs. 0.142 in study 1), with a 

maximum of 0.47 mg. As the figures illustrate, the intensity of the physical activity and exposure to 

PM do not covary, which means that duration and metabolic expenditures should be considered 

separately in the exposure assessment. 
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Figure 27: Metabolic Expenditure (kcal/kg*h) Weighted by the Duration of Activity 

 
 
Figure 28: Exposure (%) Weighted by Duration of Activities 

 

Table 9 shows the activity split (indoors, outdoors, and travel) of exposure times for filters and 

aggregated by participant, as well as the weighted MET during exposure. Again, because of the low 

kcal/kg*h 
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correlations between exposure time and MET, duration is not sufficient to fully characterise the 

exposure, nor the intensity of activities, measured in METs. While most filters captured indoor 

exposure, two filters were specifically used for outdoor activities and 15 for travel (see Appendix 9). 

Durations over 1,440 indicate that the individual participated on multiple days of monitoring. 

Individuals spend almost 71% of the monitoring time indoors and 24% in travel, with limited 

monitoring outdoors. 

 

Table 9: Exposure Times by Activity/Location (% of Total Time) 

ID Total Duration 

(min) 

Weighted MET 

during exposure 

Av Indoors 

(%) 

Average of 

Outdoors (%) 

Average of 

Travel (%) 

1            1,026  0.31 100.0 0.0 0.0 
2                355  0.17 50.0 0.0 50.0 
3             1,187  0.23 45.3 21.4 33.3 
4             1,222  0.43 66.7 0.0 33.3 
5                228  0.09 100.0 0.0 0.0 
6             1,695  0.36 70.0 0.0 30.0 
7             1,930  0.39 100.0 0.0 0.0 
8                920  0.23 75.0 0.0 25.0 
9                340  0.22 25.0 25.0 50.0 
10                562  0.11 58.1 0.0 41.9 
11            1,572  0.31 50.0 25.0 25.0 
12            1,385  0.34 91.2 0.0 8.8 
13                315  0.10 50.0 0.0 50.0 
14                975  0.22 33.6 2.6 63.9 
15                755  0.23 46.6 0.0 53.4 
16            1,310  0.37 73.9 17.9 8.2 
17             1,680  0.26 96.6 0.0 3.4 
18                765  0.17 37.5 2.8 59.7 
19             1,725  0.20 96.3 0.0 3.7 
20                935  0.09 85.6 1.6 12.8 
21                210  0.06 100.0 0.0 0.0 
22                420  0.25 24.2 7.3 68.5 
23                433  0.06 45.0 0.0 55.0 
24                330  0.05 81.8 0.0 18.2 
25                720  0.12 52.9 0.0 47.1 
26                645  0.04 79.1 0.0 20.9 
27                530  0.08 91.5 0.0 8.5 
28                300  0.07 80.0 20.0 0.0 
29                525  0.07 92.4 0.0 7.6 
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4.3 Analysis of Elements and Compounds 

 Sources of information 

Section 3.3.5 indicated the steps followed for analysis of the filters. For Study 1, 120 randomly selected 

particles (considering the threshold of 2.5 µm) - 40 coarse (C) and 80 fine (F) - were analysed on each 

filter. The X-ray spectrum of each particle was assessed based on the height of the recorded peaks 

(major-M and minor-m) and the elements identified. Figure 31 to Figure 34 display examples of the 

shapes and sizes of several particles, together with their associated spectra. 

 

  
Figure 31: Example of Smooth Surface of a Spherical Particle Containing Silicon (Si) and Its Spectrum 

  
Figure 32: Example of Protuberances on a Spherical Particle Containing Aluminium (Al), Si and Fe 

  
Figure 33: Example of Rectangular Particle Containing Magnesium (Mg) with a Layered Structure 
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major peaks in the spectrum, while elements present in minor (1-10 wt %) or trace amounts (<1 wt %) 

will have small or undetectable peaks in the spectrum (AMMRF, 2016).  

 

Figure 35 indicates that most particles are very small (75% with area less than 2.5 μm2) and have an 

extremely skewed distribution (skewness =104.39).  

 

 

 

 

 

 

 

 

 

 
a) Area of particle (μm2); mean = 3.17; stdev = 23.36          b) Aspect ratio; mean = 1.60; st.dev. = 0.45 

Figure 35: Histograms of Particle Shapes and Sizes 

They also have relatively regular shapes (isometric particles with ratio length over diameter < 3), and 

only few elongated particles (skewness =3.59). Many particles also form aggregates, as shown in 

Figure 34. 

 

As indicated, O is a major presence in the spectra, followed by Si, Na, and Ca. Their distribution across 

samples is shown in Figure 36. However, whilst dominating the major peaks, other elements have 

higher frequencies for the minor peaks – Si, Na, Cl, Ca, S, Potassium (K) and Fe. The co-presence of O 

and metals might suggest that oxides can form more easily on smaller surfaces. 

 



 

 

84 

  

 

 

 

Figure 36: Histograms of Element Counts by Weight (Na, Cl, Si) 

Also, the large number of small particles may indicate that in an office environment the air velocities 

are low and consequently, the smaller particles of lower weight tend to stay longer in the air compared 

to larger particles, which can be quickly deposited on surfaces. However, the element distributions 

from Figure 36 show distinct patterns. Most of the elements display right tailed distributions, such the 

example of Si, whereas Na and Cl have bimodal distributions. Their similar physical appearance also 

suggests that salt is the most probable compound in the samples collected in this study. 

 

Finally, Table 10 indicates that fine particles also include metals such as Copper (Cu), Manganese (Mn) 

and Ni; in general, they are present in manufacturing or industrial environments, and in this research, 

they are perhaps reflective of the larger number of participants from a faculty recently moved to a 

new building. 

 

For that particular building (considered the ‘treatment’ sample), the element counts were further 

analysed, comparing the presence of various chemical elements by wings and levels/floors, with the 
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aim to evaluate any spatial differences. Table 11 displays the frequency of elements by wing of the 

building. Although a statistical comparison cannot be undertaken, given the reduced sample size, the 

results indicate that most elements have a constant and even presence on both wings. O, Si, and Cl 

are the dominant elements. The next prevailing elements are Na, Ca, and Fe, indicating the presence 

of marine salt in the K wing and sand and metal oxides, especially in the P wing. 

 

Table 11: Elemental Composition by Building Wing 

Element K wing P wing 
O 120 119.4 
Si 51.10 62.75 
Cl 63.70 38.00 
Na 57.10 40.12 
Ca 48.50 57.75 
Fe 34.30 39.62 
Al 24.40 34.13 
S 24.40 25.25 
Mg 21.70 18.00 
K 16.70 20.62 
Ti 10.10 13.50 
Cu 7.80 18.53 
Mn 4.50 3.00 
Zn 2.80 3.00 
P 1.40 3.12 
Cr 0.90 3.64 
Br 0.10 4.35 
Ni 0.10 0.87 
Bi 0.10 4.38 

Note: Wings of the study building identified in Figure 17. Higher ‘concentrations’ between wings are highlighted in bold. 
 

Al and Cu have a stronger representation on P wing, whereas Mg and Mn on the K side. Although the 

traces of the last four elements in the table (Cr, Br, Ni and Bi) are reduced, their presence is relevant, 

considering their documented health effects (Chen et al., 2017; Gonzáles et al., 2017). 

 

When investigating frequencies by the levels of the building (Table 12), the elements’ distribution is 

quite even, with Na, Cl, Si, and Ca present on every level and a higher count for Fe, Al, S, K, and Cu on 

the 1st and 2nd levels. The latter could be explained by the renovation work being still in progress on 

the upper floors at the time of the study.  
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Table 12: Elemental Composition by Floor 

Element Ground Floor 1st Floor 2nd Floor 
O 119.67 120.00 119.67 
Si 50.33 64.67 53.67 
Cl 53.83 50.50 52.5 
Na 53.33 53.83 41.5 
Ca 60.00 51.00 46.83 
Fe 27.67 41.50 40.83 
Al 23.83 33.67 28.67 
S 20.83 28.17 22.33 
Mg 20.50 17.83 21.83 
K 17.83 23.00 14.50 
Ti 13.83 11.83 9.17 
Cu 12.16 15.33 9.67 
Mn 4.67 4.67 2.17 
Zn 3.50 2.83 2.33 
P 1.83 3.00 1.67 
Cr 3.00 2.17 1.17 
Br 2.50 3.33 0.17 
Ni 0.17 1.00 0.17 
Bi 3.83 2.00 0.00 

 
As suggested in Table 12 and confirmed by a correlation analysis, several elements appear connected 

to each other. For example, the positive Pearson correlations between metals and Cl and S (many 

above 0.2) suggest that chlorides and sulphates are likely to be present in the building (the reader is 

referred to Appendix - Section 5 for more information). These correlations were then compared to the 

analysis of classes of elements, independently undertaken and presented in 4.3.3. 

 

To conclude, the most frequently encountered elements in the university building were Si, Ca, Na and 

Cl, explained by the river proximity and the sand/salt presence in the costal environment. Across 

university locations, the highest number of elements was recorded in the new building and in a 

chemistry laboratory (Figure 37: Elements Found in PM in Study 1). 
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Figure 37: Elements Found in PM in Study 1 

 Study 2 

The findings from Study 1 also apply for Study 2, with the new building displaying the highest 

frequency of elements (Figure 38: Elements Found in PM in Study 2). 
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Figure 38: Elements Found in PM in Study 2 

 
 Comparison of the elements across the two studies and locations 

Figure 39 presents examples of distributions, for the most frequent elemental counts, differentiated  

by study and for fixed location vs filters used in many microenvironments (mobile). All charts show a 

substantially higher dispersion of concentrations in the samples collected in Study 1 and 

differentiation between fixed and mobile locations.  
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a) Si 

 
b) Na 
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c) Cl 

 
d) Ca 
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e) Fe 

 
f) Al 

 
  

Concentration 

Concentration 
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g) Mg 

 
Figure 39: Distribution of Elements Across Studies – Study 1 (S1) and Study 2 (S2), Mobile and Fixed 
Locations 

 

For example, Si, Na, Ca, Fe, Mg, Al, Cl had higher values in mobile location, whereas Cr and Mn had 

higher frequencies in the samples from fixed locations (Table 13).  

Overall, similar to the comparisons between studies and between fixed and mobile locations 

presented in Table 6 and Table 7, the descriptive statistics from Table 13 show a higher exposure to 

PM for mobile locations. The findings are partially consistent with the work presented by Guéguen et 

al. (2012), who indicated Fe, Al, Cr, Mg and Ni as being generated primarily from industrial activities, 

whereas Cu and Mn are primarily attributed to heavy traffic. Consequently, it was expected that 

counts of Cu (not shown in Table 13) and Mn would be higher for the mobile locations, which was not 

the case here. This calls for additional research. 

 

Table 13: Counts of Elements for Fixed and Mobile Locations 

Element Mobile Fixed 
Average Std.dev. Average Std.dev. 

Si 95.804 145.818 82.839 126.773 
Na 114.41 161.481 88.54 112.78 
Cl 103.756 154.817 76.706 106.578 
Ca 58.464 84.155 50.610 75.049 
Fe 35.131 31.504 31.154 29.587 

Concentration 
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Element Mobile Fixed 
Average Std.dev. Average Std.dev. 

Al 44.169 77.719 40.854 81.499 
Mg 20.505 31.427 17.344 28.003 
Cr 0.096 0.255 0.142 0.345 
Mn 0.036 0.09 0.048 0.131 

 

 Classes of particles 

These classes were obtained in two ways: factor analysis and visual inspection of the spectra and co-

occurrence of elements. The chemical data derived from the spectra were used to classify the 

particles. The classes of particles could disclose valuable information about possible origin of particles 

and, if any, potential effects in the microenvironments where they exist. The most representative 

classes for coarse and fine particles, for each fixed location, can be observed in Figure 40 (Study 1) and 

Figure 41 and Figure 42 (Study 2). 

 

 Study 1 

Consistent with the distribution of elements, the new building and a laboratory within the campus 

displayed the highest number of classes of particles. With one exception, all classes include Na and Cl. 

The most prominent is the consistent incidence of the class Na Cl Mg S Ca, followed by Na Cl Mg S. 
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Si 30 Silicon oxides (quartz) 
Fe 19 Iron oxides, rust, pigments in paintings, coatings 
Mg-Si 16 Unknown 
Cl-Na 15 Salts 
Al 12 Aluminium oxides, used as abrasive material and sometimes in cosmetics 

 
Although both coarse and fine particles include similar elements (Ca, Si, Cl, Na, Mg), different classes 

prevail in each particle group. Table 15 shows that Cl-Mg-Na and O-Cu were observed only for the fine 

particles. 

 

Table 15: Classes of Elements for FINE Particles 

Particle class F Counts F Compounds (including O, present in each class) 
Cl-Na 238 Salts 
Fe 145 Iron oxides, rust, pigments in paintings, coatings 

Ca 118 
Calcium oxides, CaO or calcium carbonate CaCO3 considering the 
presence of C  

Al-Si 40 Aluminosilicate, clay 

Ca-Si 25 
Calcium silicates, used in construction (bricks, roof tiles, insulation, 
cements) 

Cl-Mg-Na 21 Salts 

Cu 21 
Cuprous oxide (Cu2O) or cupric oxide (CuO) oxides, used as pigments 
for marine paints and ceramics  

Si 14 Silicon oxides (quartz) 
Al-Ca-Si 12 Calcium aluminosilicate, feldspar or food additive 

Al 10 
Aluminium oxides, used as abrasive material and sometimes in 
cosmetics 

 

Particles containing Ca and Ca-Si were predominant in coarse particles, while Cl-Na and Fe were more 

frequent in fine particles. Ca was well represented in both coarse and fine particles when compared 

by different floors. The class Cl-Na was clearly dominant on the ground and first level, while Ca was 

on the second level. It is worth mentioning that Cu had the strongest representation on the first floor 

and had a very low level on the second floor, but it was not detected at all on the ground floor. Drawing 

on Conner et al. (2001), who reported different particle classes for different locations at a retirement 

centre in Baltimore and provided possible sources for these occurrences, we also found Al rich 

particles in the building (which may be soil-derived). Ca and Mg rich particles (components of marine 

aerosols) were present on the filters used for the fixed locations in this study. 
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 Comparison of the classes across the two studies and location 

The analysis of counts by classes shows interesting patterns. The distributions of classes for ‘mobile’ 

locations are extremely skewed and kurtotic, with several outliers, which lead to averages an order of 

magnitude larger than for fixed locations, as presented in Figure 43 and Table 16. Another explanation 

is that a wider repertoire of classes was noted for the fixed locations, yet with reduced frequencies. 

The statistics presented here refer to the main classes of elements encountered on all filters. 

 

a) Na Cl 
Mg S (+/- 
Ca) 

 

Concentration 
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b) Na Cl 
Mg 

 
  
c) Na Cl 

 
  

Concentration 

Concentration 
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d) Al Si Fe 

 
e) Na Cl S 

 
Figure 43: Classes of Elements by Location Across Studies 

Whereas the salts are disproportionately higher in the mobile samples, the class Al-Si-Fe appears more 

balanced across samples. The high standard deviations confirm the results displayed in Figure 43.  

Concentration 

Concentration 
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Table 16: Counts of Classes of Elements for Fixed and Mobile Locations 

Class Mobile Fixed 

Average Std.dev. Average Std.dev. 

1 Na-Cl-Mg-S 30.30 47.35 2.79 3.86 

2 Na-Cl-Mg 19.12 34.72 1.57 2.41 

3 Na-Cl-Mg-S-Ca 23.58 38.05 3.28 4.30 

4 Na-Cl 18.42 38.00 1.07 1.53 

5 Al-Si-Fe 4.73 7.55 2.93 3.99 

6 Na-Cl-S 60.00 15.65 14.00 0.73 

 

 Continuous measurement of PM 

The objective of the continuous measurement of PM was to ascertain to what extent the cumulative 

exposure is reflective of the daily exposure (concentration and exposure) and what additional 

information is offered by the temporal profile. The software associated with the DustTrak SidePak 

equipment provides graphics of aerosol concentration; as an example, the average concentration for 

two different days of monitoring in locations P213 and P111 are illustrated in Figure 44. PM charts for 

all locations, including raw data (readings per second and averaged for 1 min) are presented in 

Appendices – Section 3, A17-A47. The averaging was aimed at correcting to a certain extent or 

diminishing the impact of possible errors of measurement or noise associated with the isolated peaks. 

 

Figure 44 shows two different profiles. Although both spaces had similar conditions, one presents a 

peak non-existent in the second. The locations are offices with no open windows, with centralised air 

conditioning and each doorway connecting the room to a common corridor. The offices had their door 

closed most of the time and there were no significant differences in the outdoor atmospheric 

conditions (temperature, humidity) between those two locations. This suggests that location of the 

offices in the building and the indoor activities performed in the two offices (meetings, file cabinet 

sorting, versus food preparation and staff gatherings) were the main factor distinguishing the 

exposures in the two rooms. 

The chart line for Room P213 displays a larger variation in the aerosol concentration at 12 pm 

compared with the first location - Room P111. This is also reflected in the ratio of the average standard 

deviation for both locations: 0.011/0.005. In room P111, the peak concentrations can be related to 

higher traffic in the room (arrival, departure times, lunch times, morning and afternoon tea breaks), 
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The small sample size of monitoring periods with DustTrak Sidepak AM510 prevents a statistical 

comparison across locations and types of activities, yet concentrations were higher during travel and 

indoor activity episodes (e.g., dinner preparation or at work) and some outdoor episodes (e.g., 

gardening). These observations are common across all charts presented in Appendix, Section 3. If only 

peak concentrations are analysed (28 for travel by car, eight for travel by public transport (PT) and 

active modes, 32 at work, and 19 at home), in relation to the total time spent in those 

microenvironments, it appears that outlying values appear during travel by PT, cycling, and walking 

(on average, an extreme value each 49 min), then for car driving (each 72 min) and indoors (each 213 

min). Being aware of the small number of episodes, the results may suggest that travel is associated 

with short-term higher exposure, which is consistent with the results of the monitoring using 

integrative sampling. The overall findings mirror results obtained elsewhere: Elliot et al. (2001), 

Gulliver and Briggs (2004), Hameed et al. (2004), Heinrich et al. (2005), Greaves and Bertoia (2006), 

Wheeler et al. (2011), Lawson et al. (2011), Johnston et al. (2013), Chen et al. (2017). 

 Statistical results 

 Factor analysis 

The element counts from analysis of filters were factor analysed to better summarise the information 

and confirm spectral data. Principal components method of extraction has suggested a single 

construct, explaining 50.91% of the variance in the ‘concentration’. Component analysis was preferred 

as data reduction was the primary goal. Bartlett’s test of sphericity (significant at 0.001 level) and 

Keiser-Meyer-Olkin measure of sample adequacy (0.517) support the analysis. Although the reliability 

of the construct, Cronbach alpha, is only 0.542, the focus was not on understanding the relations 

between major (M) and minor (m), coarse (C) and fine (f) counts of elements, but on data reduction. 

Noteworthy, the highest loadings were for major peaks (0.868 for Major Coarse (MC) and 0.832 for 

Major fine (Mf) – in Table 17, suggesting that major peaks are probably the best way to quantify the 

exposure. 

Table 17: Factor Loading for Elements 

Particle / Peak Loading 

Major Coarse (MC) 0.868 
Major Fine (Mf) 0.832 
Minor coarse (mC) 0.073 
Minor fine (mf) 0.039 
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The composite scores were calculated as: 0.499*MC + 0.224*mC + 0.479*Mf + 0.216*mf, where MC, 

mC, Mf, and mf represent the counts for major coarse, minor coarse, major fine, and minor fine 

particles. Subsequently, the scores were compared using the MANOVA analysis. Results of factor 

analysis are included in the Appendices – Section 5, Table A51-A52. 

 

 MANOVA 

With the objective to find whether different floors or wings of the building exhibit differences on the 

exposure to PM, the set of composite scores for elements, the mean PM concentration from DustTrak 

SidePak, and the gravimetric mass load were used as dependent variables. All multivariate tests 

(Pillai’s Trace, Wilks’ Lambda, Hotelling’s Trace, and Roy’s Largest Root) showed significant results at 

0.05 level. For MANOVA using wing as a factor, the significance was 0.046, whereas for MANOVA using 

floor as factor the significance was 0.007, confirming that location matters in exposure assessments. 

The limited number of observations prevented testing of a model with both floor and wing included 

as factors and hence, hindering the possibility to assess interactions between the two. 

With few exceptions (O, and average PM concentration DustTrak SidePak), Levene tests of 

homogeneity of variance were not significant (p>0.05) indicating that the assumption of 

homoscedasticity was met. The tests of between-subjects effects illustrated that not all elements 

varied between sides of the building and floors. Table 18 presents only the statistically significant 

differences by wing of the building, whereas Table 21 is by floor. 

 

Table 18: Significant Differences between Building Wings 

 
Variable 

Mean Score K 
winga 

Mean score P 
winga 

Total Significance 
Level (p) 

Ca 17.0332 21.8318 19.6991 0.067 
Fe 17.025 10.8219 13.5788 0.016 
S 7.1855 5.3225 6.1505 0.045 
Ti 0.1620 0.0216 0.0840 0.003 
PM load (mg) 0.1100 0.1360 0.1262 0.013 
Average 0.0035 0.0088 0.0066 0.001 

Note: Wings of the study building identified in Figure 17. 
 
Rather than summing up the counts of particles, Table 18 displays the factor scores of the elements 

by wing of the building. This is a better reflection of the size and count of particles, acknowledging 

their relative proportion in the PM composition, i.e. giving more prominence to the presence of major 

particles.  
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However, a statistical comparison of all elements cannot be undertaken, given the limited sample size. 

The results indicate that most elements have a constant and even presence on both wings (Table 19). 

O, Si, and Cl are the dominant elements. The next prevailing elements are Na, Ca, and Fe, indicating 

the presence of marine salt and iron oxides, especially in the K wing. 

 

Table 19: Elemental Composition by Wing (Factor Score) 

Element K winga P winga Total 
O 46.88 39.65 43.67 
Si 19.14 19.36 19.24 
Cl 19.57 18.35 19.03 
Na 19.69 16.48 18.27 
Ca 19.03 17.19 18.21 
Fe 14.85 11.00 13.14 
Al 9.91 9.36 9.66 
S 9.23 9.73 9.45 
Mg 8.11 7.67 7.92 
K 7.75 6.83 7.34 
Ti 5.09 3.33 4.31 
Cu 3.07 4.42 3.67 
Mn 0.22 2.40 1.19 
Zn 1.38 0.82 1.13 
P 1.01 0.77 0.90 
Cr 0.50 0.51 0.51 
Br 0.62 0.06 0.37 
Ni 0.27 0.33 0.30 
Bi 0.29 0.00 0.16 
Ar 0.14 0.15 0.15 
V 0.09 0.21 0.15 
As 0.09 0.18 0.13 
Ne 0.09 0.18 0.13 
Se 0.04 0.09 0.06 

Note: Wings of the study building identified in Figure 17. 
 
Mn and Cu have a stronger representation on P wing, whereas Ti, Br, and Bi on K wing. Although the 

traces of the last five elements in the table (Argon Ar, Vanadium V, Arsenic As, Neon Ne, and Selenium 

Se) are reduced, their presence is relevant, given documented health effects associated with them: 

respiratory, pulmonary, dermal and carcinogenic effects. Further research is needed to assess the 

health and risk effects at lower exposure levels of As (Matschullat, 2000; DeWitt, 2016). 

 

When investigating frequencies by the floors of the building (Table 20), the elements’ distribution is 

quite even with Si and Ca present on every level and a higher count for Fe, Al, S, K, Cu and Cr on the 
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second level. The latter could be explained by the renovation work being still in progress on the second 

level at the time of the study. Al-rich particles might be soil derived, S and K could be seen as marine 

air components, Fe, Cu, Cr, as well as Ni/V presence can have transport and/or industrial origin 

(Conner et al., 2001). A few other elements appeared only on the filters from the second floor, 

although their presence is minor (Chrome Cr, Brome Br, Ni, Bismuth Bi, Argon Ar, As and Ne). Neon’s 

presence on filters could be explained by the laboratory environment conditions: Ne is used in vacuum 

tubes, wave meter, and cryogenic procedures. 

 

Table 20: Elemental Composition by Floor (Factor Score) 

Element Ground Floor 1st Floor 2nd Floor Total 
O 41.91 42.28 46.82 43.67 
Si 18.60 17.89 21.22 19.24 
Cl 18.95 22.34 15.79 19.03 
Na 16.50 20.84 17.45 18.27 
Ca 18.77 19.10 16.77 18.21 
Fe 8.10 9.54 21.78 13.14 
Al 8.51 8.47 12.01 9.66 
S 8.20 8.23 11.91 9.45 
Mg 8.14 8.60 7.02 7.92 
K 5.70 6.10 10.24 7.34 
Ti 3.60 4.31 5.01 4.31 
Cu 3.56 2.05 5.40 3.67 
Mn 0.04 2.70 0.84 1.19 
Zn 1.33 1.18 0.88 1.13 
P 0.98 0.44 1.30 0.90 
Cr 0.44 0.31 0.77 0.51 
Br 0.20 0.07 0.83 0.37 
Ni 0.20 0.07 0.61 0.30 
Bi 0.00 0.00 0.48 0.16 
Ar 0.00 0.00 0.44 0.15 
V 0.08 0.17 0.19 0.15 
As 0.00 0.00 0.38 0.13 
Ne 0.00 0.00 0.38 0.13 
Se 0.00 0.00 0.19 0.06 

 
P wing has the highest average concentration (8.8 µg/m3) - more than double the concentration on K 

wing. On P wing it is also noticed the highest frequency for Ca, compared to the highest count of Fe 

and S elements on the K wing. Table 21 shows significantly higher counts of Al, Ca, Cr, Si on the second 

floor, and the strong presence of K, Na, Cl, and Zn on the ground floor, consistent with the charts 

presented in Section 4.3.3. 
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Although data is insufficient for making testing significant associations between level or intensity of 

activities in the offices and concentration and exposures or between health effects and 

concentrations, it is important to indicate that complaints about indoor air quality were more 

numerous on the second floor of the building. Similarly, spaces with higher human traffic (staff room, 

IT room) recorded higher concentrations of PM and higher counts. This suggests that solutions to 

minimise exposure while at work need to be considered by the organisation, either by reducing PM 

concentration (maybe through adaptive filtering systems or more thorough cleaning policies), or by 

offering alternatives for work activities (meetings, workshops) in larger areas with better air 

conditioning and ventilation. 

 

Table 21: Significant Differences by Floor 

Variable Mean Score 
Ground Floor  

Mean score 
1st Floor 

Mean score 
2nd Floor 

Total Significance 
Level (p) 

Al 8.556 11.815 14.792 11.721 0.006 
Ca 19.006 15.460 24.631 19.699 0.007 
Cl 28.585 21.320 9.940 19.948 <0.001 
Cr 0.144 0.639 1.618 0.800 0.001 
Fe 9.402 14.516 16.818 13.579 0.058 
K 5.334 3.958 5.616 4.969 0.049 
Na 28.415 11.723 12.008 17.3819 0.001 
Si 18.361 16.611 25.188 20.053 0.047 
Ti 4.196 2.145 4.189 3.510 0.020 
Zn 1.220 0.458 0.709 0.796 0.004 

 

 Correlational analysis 

When correlating PM loading (gravimetric) with the average concentration (DustTrak SidePak AM510), 

the Pearson coefficient was modest (Table 22) questioning the ability of gravimetric methods to 

reliably capture the exposure to PM.  

 

Table 22: Correlations between PM Averages (1-min), PM Counts and Gravimetric Measurements  

    Gravimetric Sum counts 
elements SEM 

Average 
DustTrak 

Gravimetric Pearson r 1 
  

    
p-value     

Sum counts 
elements SEM 

Pearson r 0.5681 1 
  

  
p-value 0.0038   

Average 
DustTrak 

Pearson r 0.4237 0.7924 1 
  p-value 0.0391 <0.001 
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Nevertheless, the cross-validation of the SEM elemental results with the continuous PM 

measurements is encouraging (r = 0.79), lending further credibility to the detailed compositional 

analysis, as well as to the continuous monitoring. 

 

 Continuous PM measurements 

Table 23 provides overall statistics for continuous 1-min average PM measurements (both arithmetic 

and geometric means). The results show that at the individual level there are no significant differences 

in the PM distributions for indoors and outdoors activities and that geometric means are lower than 

the arithmetic means. The results also confirm that 1-min concentrations have exceeded the standard 

values. 

Table 23: PM Averages (1-min) for Indoor and Outdoor Activities 

Mean (1-min) 

 

N 

 

Mean 

 

Std. 

Deviation 

Minimum 

 

Maximum 

 

Significance 

Level (p) 

Arithmetic 

mean 

Outdoors 21 0.0158 0.0183 0.003 0.084  

0.842 Indoors 24 0.0175 0.0348 0.001 0.168 

Total 45 0.0167 0.0280 0.001 0.168 

Geometric 

mean 

Outdoors 21 0.0124 0.0169 0.003 0.081  

0.665 Indoors 24 0.0104 0.0138 0.001 0.060 

Total 45 0.0113 0.0152 0.001 0.081 

 

 Entropy 

Differences in the elemental composition and classes across locations and microenvironments 

described in Sections 4.3.2 and 4.3.3, every so often in opposite directions, suggested the possibility 

that some exposures may be to a variety of elements and classes, while others, even at high 

concentrations, may have a lower chemical variability. To assess this aspect, entropy of chemical 

composition was derived and compared between indoors and outdoors settings, between fixed and 

mobile locations, between gender groups and across various indoor sources. This measure uses 

Shannon’s Entropy definition from information theory and represents the diversity in the composition: 

𝐸𝐸 = −∑ 𝑝𝑝𝑖𝑖 ln𝑝𝑝𝑖𝑖𝑛𝑛
𝑖𝑖=1           (2) 

where pi is the proportion of elements/classes in the mix calculated for each filter. High values of 

entropy indicate a variety of elements, whereas low values denote few distinct elements. 
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None of the ANOVA comparison was statistically significant, which implies that while the amount of 

airborne PM pollutant varies, the variability of chemical composition is similar across groups. An 

example of the entropy distributions for elements is given in Figure 46 and Figure 47, confirming again 

the negative skewness in the elemental and compositional analysis, with several elements dominating 

in numerous filters. 

 

 
Figure 46: Distribution of Entropy (Mobile Filters) 

 
Figure 47: Distribution of Entropy (Fixed Location Filters) 
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4.4 Daily Activities and Spatial Exposure 

 Mapping of exposure 

Drawing on Heinrich et al. (2005) conclusion that self-reported and modelled assessment of exposure 

to air pollutants are only weakly associated, a ”map” of exposure based on the reported locations at 

the time of this study and the results from personal monitoring was generated (Figure 48). The findings 

of this research were consistent with the formal response of a health and safety investigation 

requested in one of the buildings monitored (Rappa, 2012, internal communication). Although PM 

concentrations are below the established standards, given the extended time spent in some 

microenvironments (work in the lab, high traffic areas, cooking and cleaning at home) and the 

intensity of activities, the weighted exposure may exceed the values. 

 

 
Figure 48: Exposure Weighted by Duration and Metabolic Expenditure (MET) - Fixed Locations 

 
The map highlights the locations of high weighted exposure (larger red squares and purple circles): 

four buildings in the university campus and a workshop. Lower exposures were noticed in home 

environments, where the monitoring was for shorter durations. The map also indicates spatial 
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differentiation/heterogeneity in close locations. Within the campus, there is a substantial variation in 

exposure across buildings, and even within the same building. 

 Regression analysis 

The final step was to assess the relationship between exposure and intensity of physical activity, 

duration of exposure and several socio-demographics. The hypothesised model has the structure 

presented in Figure 49. 

 

Figure 49. 

 

 

 

 

Figure 49: 

Conceptual Model 
Exposure 

Note: Moderators are gender and METs 

 

This model assumes that the concentration depends on location and sources, as well as the types of 

activities undertaken at the point of contact with PM. This is represented in the model by the solid 

arrows pointing to concentration, entropy, and weighted exposure. The interaction of the pollutant 

with the duration determines the exposure, which is also affected by the intensity of physical activity 

(called ‘Weighted exposure’ in the model). These effects are presented with dashed arrows. However, 

as the analysis was done at the individual level, thus limited by the sample size (n=45), the complex 

structure was simplified to estimate only multiple regression models with the form: 

 

Concentration = f (Fixed/Mobile, Type and duration activities, Location/Indoor Sources, Socio-

demographics)            (3) 

Entropy = f (Fixed/Mobile, Type and duration activities, Location/Indoor Sources, Socio-demographics) 

           (4) 

Weighted daily exposure = f (Fixed/Mobile, Type and duration activities, Location/Indoor Sources, 

Socio-demographics)           (5) 

 

Type (and 
duration) of 
various activities 

Fixed/Mobile 

Location/ Indoor 
sources 

Socio-
demographics 

Concentration 

Entropy exposure 

Weighted exposure 

Intensity activity (METs) 
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Even so, the number of explanatory variables cannot exceed 5, for a power of 0.8 and a min R2 of 30-

40% (Hair et al., 2010: 174). 

 

The first two regression models had a very poor predictive power, which is not surprising given the 

data collection process (convenient sample). The last regression model is presented in Table 24, which 

shows, unsurprisingly, that the strongest predictor of exposure is the time spent indoors, followed by 

intensity of activity. On average, female participants had a higher weighted exposure than males by 

0.018 mg (everything else kept constant). Also, travelling by car or motorcycle has resulted in an 

increase of weighted exposure by 0.032 mg, everything else being constant. 

 

Table 24: Regression results 

Predictor Unstandardised 
Coefficients 

Standardise
d 

Coefficients 

t Significance 

Level (p) 

B Std. Error Beta 
(Constant) -0.003 0.012 

 
-0.235 0.814 

MET 0.014 0.003 0.235 4.028 0.000 
Travel motorised mode 0.032 0.010 0.204 3.111 0.002 
Time spent indoors 1.2E-04 1.9E-05 0.436 6.499 0.000 
Gender Female 0.018 0.009 0.117 2.040 0.042 

R2-adj=0.379, see = 0.022 

Note: The daily exposure was scaled up/down to account for 1,440 min daily and make the comparison 

across individuals meaningful.  

 

These results clearly indicate that especially in environments with low concentrations of criteria 

pollutants (below occupational levels), a combined analysis of activities and exposure reveals the role 

of intensity of activity (measured in METs) and duration spent in the microenvironment. 

 

5 DISCUSSION  

Complementing the measurement of the quantity of particulate mass in indoor air, this study 

considers the PM ‘quality’, evaluated by using Scanning Electron Microscopy (SEM) coupled with 

Energy Dispersive X-ray analysis Systems (EDS) and continuous PM monitoring. This research provides 

a new (qualitative) characterisation of particulate matter (elements and classes) and suggests a new 

quantitative way to convert spectra data into exposure concentration, via factor analysis. This is 
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essential, because the composition may highlight certain elements and components with their 

differentiated health effects. Even at the same level of total exposure (as measured gravimetrically or 

by counts), the impact may be distinct, if the constituents differ (e.g., metals vs. non-metals). 

 

Whereas gravimetric measurements offer only a total exposure and the continuous monitoring using 

DustTrak Sidepak AM510 offers a temporal profile of the exposure, they are unable to offer a detailed 

analysis of the chemical composition of the PM10 or PM2.5. This is achieved through the SEM/EDS 

analysis. The content of the filters used in the GilAir Pump for air sampling has shown that similar PM 

concentrations may lead to different exposures by elements and classes, and consequently health 

effects.  

 

This study shows that locations, types of activity, and duration have significant influences on exposure.  

The analysis of fixed locations further confirms that even in a limited geographical area (much smaller 

than the area “allocated” to a fixed monitoring station) and with similar types of activity conducted 

(office work and research) there are differences of PM concentration (depending on the indoor 

sources, the deposition processes, air exchange rates, etc.) and exposure. 

In the new building the presence of marine salt, oxides, and compounds from construction materials 

and paints is clear, but to various degrees, depending on the location (the side of the 

building/orientation and the flooring materials). This significant spatial variation, even within the same 

building, highlights the need for more spatially refined exposure assessments - currently lacking, 

primarily due to prohibitive costs, especially for the collection of indoor measurements of air 

pollutants (Banerjee and Annesi-Maesano, 2012).  

 

The use of time diaries allows for better understanding of the source of exposure. For example, 

outdoor sources are due to sea spray, sand, dust, and road traffic/combustion, whereas the main 

indoor sources were domestic activities such as cooking, heating, cleaning/dusting, or work in a 

workshop or lab where grinding and fumes were present. Moreover, it provided information on the 

intensity of the activities, which was found to be a significant predictor of exposure. Although roughly 

approximated, based on compendium by Ainsworth et al. (2011), the results show that special 

attention is needed for activities physically intensive (either work/domestic work, walking/cycling, or 

sports) conducted in environments with higher concentrations, such as the workshops studied in this 

research. 
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The continuous PM measurement showed peaks of PM coinciding with the morning AM and evening 

PM peak traffic hours, as well as higher concentrations during lunch-time and morning/afternoon 

breaks, when numerous pedestrian movements occur within and between buildings. This 

complementary use of technology for data collection provides a richer understanding of exposure, 

which is not currently possible by using a single device/tool. 

 

The study has shown the dominance of PM2.5 (>75% of the total PM obtained in the two samples), 

known to increase detrimental health effects. This profile is explained by the deposition mechanisms, 

which are effective for large particles. When comparing the results of this study with EPA and WHO 

standards and guidelines, it is clear that exposures are comparable or higher than the standards for 

PM2.5, but much lower than the standard for dust (10 mg/m3 - according to the Australian National 

Pollutant Inventory [NPI] and National Occupational Health and Safety Commission Worksafe 

Australia) [Safe Work Australia, 2011]. It is important to mention that the air quality short-term 

exposure guidelines for PM were initially set up for outdoor environments, based on 24-hrs average 

(50 and 25 µg/m3 for PM10 and PM2.5). In 2011 WHO adopted the same guidelines for indoor 

environments (Tasic et al., 2012). In this research, the comparison with 24-hr averages is only 

indicative of a possibly high exposure, and an hourly rate (if a standard is available) would seem more 

appropriate.  

 

In addition to highlighting the spatial and temporal variability of exposure during the day, this research 

showed the high influence of the time spent indoors (working or studying environments, residential 

microenvironments) and travel in the total exposure. Whereas the contribution to the value of total 

personal exposure of activities indoors may be explained by the high percentage of time spent indoors 

and not necessarily by higher indoor concentration, during travel, the concentrations may be an order 

of magnitude higher than the background average level, although for shorter durations (Lim et al., 

2012). 

 

This research represents a first step towards gaining a deeper understanding of personal exposure 

and the contribution of different microenvironments to it, by using a combination of integrative and 

continuous air quality monitoring and activity analysis. The various sources cross-validate and offer 

supplementary information. For example, the high correlation (0.79) between counts of elements and 

the average PM measurements using DustTrak Sidepak AM510 provides support for the reliability of 
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assessment, also suggesting the possibility of “pooling” detailed chemical composition of exposure 

with a temporal profile. 

 

The richness provided by the time-use diary helps in identifying sources and intensities of activities. In 

this research, little variability occurred because of the relatively homogenous sample in terms of socio-

demographic characteristics and activities. Yet, in a population-based study, the time-use and 

background information may assist in distinguishing groups of individuals at risk because of their 

circumstances and health pre-conditions. Hence, establishing associations between concentration of 

PM at individual level and exposure allows for better interventions to mitigate potentially hazardous 

exposures. 

6 CONTRIBUTIONS OF THE THESIS 

This research demonstrates the benefits of a combined methodology for improving assessments of 

exposure to airborne pollutants. Although the focus is on particulate matter, the ideas may be applied 

or extended to other pollutants. The contributions of the work may be classified in two categories: 

furthering the scholarly work on exposure and reducing the gap between emission concentrations and 

health effects and improving the state-of-practice in data collection and analysis for exposure. They 

are presented below in more detail. 

6.1 Academic 

The motivation for this study was to explore the feasibility and benefits of using multiple data sources 

to capture exposure to PM in an urban area. Whereas traditionally, jurisdictions relied on one or two 

sources (e.g., environmental data from the monitoring stations, personal monitoring with one type of 

device), work on putting together data collection kits (using multiple equipment, time-use survey, plus 

reconstruction interview) and detailed compositional analysis has yet to be done. In this respect, the 

research provides a proof of concept for combining integrative and continuous monitoring, while 

accounting for activities. This multi-level research brings together transport, time-use/activity 

analysis, air pollution concentration and composition, and spatial analysis, to improve our knowledge 

on the properties and effects of PM exposure, and hence to better understand the links between 

mobility and health (Gehring  et  al.,  2015; van Wee and Ettema, 2016).  

 



 

 

117 

Usually separated from transport and activity studies, the SEM imaging techniques with dispersive X-

ray spectrometry provide morphology, chemical and structural characteristics of particles, which were 

not presented in transport and exposure to pollutants before. This multidisciplinary approach is 

required and this research responds to the call previously made by many scholars (Buonanno et al., 

2014; Morawska et al., 2012; Nieuwenhuijsen et al., 2016). The detailed analysis of the constituents 

of PM, in comparison to most exposure studies that consider only one or two pollutants 

(measured as concentrations or particle counts) is another contribution of the work. 

 

This research has shown that nature and duration of activities is key for exposure assessment and that 

even at low concentrations there is substantial variability by location and time-activity patterns. This 

is consistent with previous research which has shown that the extent of the health effects “depends 

on the duration and accumulation of exposure, but also to personal characteristics” (van Wee and 

Ettema, 2016: 243). The availability of time-use/activity-travel diaries made it possible to identify the 

time spent indoors, outdoors, travel and intensity of activity (measured in METs). Although diaries are 

used in health research and sociology (Wheeler et al., 2011; Harms et al., 2017), they are different in 

travel research. In activity-travel diaries the focus is on precise time and location and mode(s) of 

transport and they are event driven, whereas the diaries used in health research generally use time 

blocks of 15 min for activities at various locations and may record level of enjoyment and self-report 

of health status. This research used a combined approach, which enabled not only a more precise 

location, but also understanding of the activities performed and their intensity (albeit not measured 

directly).  

 

The research has also shown/re-confirmed the weak to moderate association between the gravimetric 

data and integrative measures and the strong correlation between integrative and continuous 

measurements of PM, which gives support to the combination of detailed chemical composition with 

a temporal profile of variation. The two studies showed that PM2.5 was prevalent (Table 23 and Figure 

35), with dominance of salts, sand, Ca, Fe, Mg, as a result of higher duration of exposure in indoor 

work microenvironments. Overall, the chemical composition and entropy (diversity) of exposure was 

not significantly different across indoor and outdoor environments for the two studies, still, 

differences by floor and building orientation were noticed. This is reinforcing the need to account for 

the spatial and temporal variability of pollution (and exposure) due to changes in source conditions, 

meteorology, and exchange processes (Dirks et al., 2016).  
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This research has also shown that factor analysis may be used to both identify classes of elements 

(using the higher correlation of the counts and validated by the analyst) and better summarise the 

concentration of PM, therefore a reliable but quicker way to perform quantitative analysis of exposure 

concentrations. 

 

Although evidence on the role of exposures to PM at low concentrations is not conclusive, nor the 

impact of very short and sharp peaks, there is sufficient concern to warrant further investigation, as 

suggested by Gehring et al. (2015), Cakmak et al. (2014), or Kozlovtseva et al. (2016).  

 

This research started with a number of propositions/hypotheses (mostly summarised in Figure 49): 

H01 – comparable environmental sampling results are obtained using passive/integrative and 

continuous monitoring; this was confirmed through the correlational analysis and enabled 

cross-validation; 

H02 – comparable indoor and outdoor exposures are observed across the samples; this was 

confirmed for counts of individual elements and gravimetric measurements (ANOVA) and 

highlights the role of outdoor sources in predicting indoor concentrations; 

H03 – location in a building does not affect exposure; this was refuted for elements and classes 

of elements and total concentration (ANOVA analysis) and draws attention to local indoor 

sources and the possibility of hazardous exposure levels even within the same location, 

especially for individuals with prior medical conditions or more susceptible to air pollutant 

effects (Gehring et al., 2015; Cohen et al., 2017; Khreis et al., 2017); 

H04 – exposure during travel by car is not significantly higher than during indoor and other 

outdoor activities; disproved by the total concentration of elements and continuous PM 

measurement, as well as the regression model. Although for the two samples, the travel 

duration represented 14% of the monitoring time, travel contributes 21% to the total 

exposure. This is consistent with evidence that traffic exhaust is a considerable source of PM 

(e.g., Adamkiewicz et al., 2011; more than 50% of PM10, as shown by Heinrich et al., 2005: 

517);  

H05 – the physical intensity of an activity is not a significant predictor of exposure; disproved 

by the regression model which shows that MET is significant in differentiating the diurnal 

variation of exposure. Van Wee and Ettema (2016) recommended that activity intensity is 

included in exposure assessments, and when possible MET derived from accelerometry, 

considering the imperfections of the self-reported measures or reliance on lookup tables; 
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H06 – similar exposures are recorded across a number of socio-demographic groups; although 

the sample comprised relatively homogeneous highly educated middle age participants, this 

was disproved in the regression when accounting for activities. Similar results have been 

obtained by other scholars (e.g., Buonanno et al. 2014 reported that cooking and cleaning 

activities were associated with higher exposures for women and men had higher exposures 

during travel, also found in this study).  

 

Despite the relative small sample size, which prevented testing more complex structures, this study 

provided additional evidence that exposure has strong spatial, temporal, and behavioural 

components, which cannot be aggregated in “one number”, usually provided by an outdoors 

monitoring station. The unequal distribution of elements even in the same building, as well as the 

variability in the intensity of activities conducted in various locations, draws attention to potential hot 

spots and unequal environmental conditions, with deleterious effects for those with higher 

susceptibility to PM pollution (in this study prior respiratory and cardiovascular conditions). Although 

children and senior citizens were not included in this research, the findings are relevant for these two 

segments, usually regarded as the groups at risk. 

 

This reinforces the need for continuous and stronger multidisciplinary effort in exposure assessment, 

which was pointed out by Nieuwenhuijsen et al. (2016) who issued the alert that “there seems to be 

less emphasis on the role of transport in public health despite mounting evidence on the negative 

environmental, social, and associated economic impacts of current transport planning practices“ 

(p.150) and that public health should become a priority. 

6.2 Practical implications 

The use of multiple devices is beneficial and one of the strengths of this work. However, equipment 

difficulties should be carefully considered and several lessons were learnt the hard way: 

- in order to have accurate measurements, the pumps must be checked to deliver a constant 

flow rate, the batteries fully charged and in good status, a number of filter cassettes available 

for change, the settings carefully verified, constant maintenance undertaken and lots of 

spares available, in order to eliminate the possibility of malfunctions; 

- for the SEM/EDS analysis – given the importance of settings and the time required for constant 

data and images review, visual inspection of the probes, and detection of the threshold 

between background and particles collected on the filter – the use equipment at high 
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magnification with associated computerised software is recommended, in order to automate 

many tasks. This means that instead of randomly selecting particles from a filter, a full census 

can be achieved for images and spectra;  

- a number of types of filters and coating procedures were also tested to assess whether their 

material (paper, plastic) and chemical (C, Pt) makes a difference in the analysis; during the 

preparatory work it was found that paper filters better “attracted and retained” the PM and 

that C coating was providing clearer images, although it has the disadvantage that C is 

eliminated from the analysis; 

- for the DustTrak Sidepak AM510 devices, calibration and good long-life batteries or chargers 

are required to eliminate interruptions in monitoring. Another suggestion is to use the 

impactors provided with the pump and separate specific particle size fractions. There are 

three impactors that can provide cuts at 1.0, 2.5 and 10µm (corresponding to PM1.0, PM2.5, 

and PM10), which would align the INCA settings on the EM to these size fractions, further 

analysing coarse and fine particles. But in environments with low background level of PM, this 

separation would be feasible only for longer durations of monitoring (at least 48 hours); 

- in terms of field data, it is useful to provide participants with multiple sets, to minimise their 

“active” role in checking pumps, charging devices, or changing cassettes. This would reduce 

the burden of participation in environmental monitoring and consequently increase the 

duration of sampling; it is also envisaged that creating pouches or mini backpacks to hold the 

pumps and charging them from a power bank will be more convenient for participants, who 

will focus only on having the tubes clipped properly in the breathing area and on completing 

their time-use diaries. Technology advances also enable completion of the kit with cameras 

having GPS incorporated, so activities, location, temperature and humidity are collected 

passively (Harms et al., 2017).   

These recommendations may assist researchers to better anticipate the duration and costs of data 

collection and the requirements when planning their studies. 

6.3 Limitations and Further Research 

Each method used in this research has its limitations and applications should take into account their 

individual capabilities/features. The monitoring in this research was conducted in ten locations, with 

a reduced number of devices (e.g., only one DustTrak SidePak), hindering the possibility of comparing 

on a one-to-one basis the results from multiple sources of data. The scale of the project was limited 

not only by availability of the equipment, but also by the willingness of participants to engage in such 
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an onerous data collection project and comply with the conditions of monitoring. Although portable, 

carrying around two pumps during the day was not an appealing option for the participants, and 

infeasible in some circumstances (if also having to carry work equipment, running). As indicated, the 

devices require additional accessories and some active engagement from the subject – changing 

cassettes, charging devices, etc., which was perceived as inconvenient. Also, the noise produced by 

the pumps precluded from even contemplating a population-based study in this way. Furthermore, 

the kit was often perceived as intrusive or even suspicious by other members of the public present in 

the microenvironments where the monitoring occurred (e.g., while riding public transport or being in 

a shopping centre or even in the club of the University where the study was conducted, as commented 

by numerous other guests). No comments were received on the potential impact of the equipment or 

data collection on the daily routine. For further research, it would be useful to offer some monetary 

or non-monetary incentives for participation and/or monitor only “fixed” locations where individuals 

spend considerable time during the day. It would also be useful to run the monitoring for two to three 

days consecutively in order to cover more reliably the daily variation in activities. 

 

Notwithstanding these limitations, this research has shown the importance of accounting for exposure 

(mainly indoors) in a more detailed manner and opened the avenue for future research approaches 

combining (and data mining) multiple data sources. For example, joining monitoring of fixed locations 

with personal monitoring data creates a hybrid model of PM air pollution, based not only on traditional 

gravimetric PM measurements or integrative exposure, but also on continuous measurement of PM 

in real-time. This could be achieved by using portable fast-responding and easy to operate devices, 

capable of providing air pollution concentration levels (here PM of various fractions) at very short 

intervals (minutes). 

 

Finally, with larger sample sizes, this type of research can benefit from complex spatial analyses and 

multi-level structural equation models, where data at various levels of aggregation (particle, filter, 

activity, individual, group) could be analysed together. 
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SECTION 1 - Questionnaire A4-A6 



Dear participant, 

Accurate measurement of exposure to pollutants plays a crucial role in studies 
investigating relationship between pollutants and health effects. This study will help by 
providing a better understanding and awareness of the exposure to indoor and outdoor 
pollutants and by showing the importance of having more informed decisions about 
adopting alternative ways to diminish harmful impacts on pollutants in human health. 
As explained in the information sheet, you are asked to wear a badge, both home and 
when you are out. Please record each trip in the following questionnaire 

This questionnaire has 3 parts: 

Part A – seeks information about your daily trips 

Please record each trip you made and tick the appropriate trip or activity box: 

 

 
 

 

 

 

 
 

 
 

 

First Trip / Activity 

Date:  ___________________ 
From: ___________________ 

To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Second Trip / Activity 

Date:  ___________________ 
From: ___________________ 

To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Third Trip / Activity 

Date:  ___________________ 
From: ___________________ 

To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 
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Fourth Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Fifth Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Sixth Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Seventh Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Eighth Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 

Ninth Trip / Activity 

Date:  ___________________ 
From: ___________________ 
To: ______________________ 

Starting Time: (am/pm _____) 

Type of Trip or Activity: 

Work 
Education 
Personal Business 
Take/fetch person 
Home 
Play/watch sport 
Attend cultural event 
Eat out 
Food shopping 
Other shopping 
Other 

Finish Time: (am/pm________) 
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Part B –  seeks information about potential sources of exposure relevant to this study. 
Please tick the appropriate box in each case. 

• What type of heating do you have at home:

Wood Gas Electric 

• What type of oven and cook top do you have at home:

Gas Electric 

• Is anybody smoking in your home:

Yes No 

• Do your other daily activities take you into a smoking area

Yes No 

 Part C  - seeks personal information 

• Gender:
Male Female 

• Age:

                         

• Education:
Secondary Post - Secondary 

We appreciate your support in agreeing to participate in this survey which will take 
around 5 – 10 minutes to complete. By returning this questionnaire, you agree to the 
information being incorporated in the study. 

For any further questions, please do not hesitate to contact Dana Crisan: 
Telephone: 6488 2770 or 0423 708 569 
Email: Daniela.Crisan@uwa.edu.au 

Thank you. 

20 – 30 31 - 40 41 – 50 51 - 60 Over 60 
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SECTION 2 - INCA Sample report A8-A14 

















  
  
SECTION 3 (a, b, c) - CHARTS  

- per Study, Activities (Mobile) and Fixed Locations A17-A47 
  

SECTION 3 a: STUDY 1 – Activities (Mobile) A17-A22 
S1_I32 and S1_I30 A17 

S1_I23 A18 
S1_I36_1 and S1_I36_2 A19 

S1_I38 A20 
S1_I33_1  A21 
S1_I33_2 A22 

  
SECTION 3 b: STUDY 2 – Activities (Mobile) A24-A39 

S2_I11_1 and S2_I11_2 A24 
S2_I11_3 and S2_I10_1 A25 
S2_I10_2 and S2_I10_3 A26 

S2_I9_1 and S2_I9_2 A27 
S2_I9_3 and S2_I7_1 A28 

S2_I7_2 and S2_I6 A29 
S2_I5_1 and S2_I5_2 A30 

S2_I5_3 and S2_I13_1 A31 
S2_I13_2 and S2_I3_3 A32 

S2_I18_1 and S2_I18_2 A33 
S2_I18_3 and S2_i1_1 A34 

S2_I1_2 and S2_I1_3 A35 
S2_I2 and S2_I4_1 A36 

S2_I4_2 and S2 and S2_I3_1 A37 
S2_I3_3 and S2_I12_1 A38 

S2_I12_2 A39 
  

SECTION 3 c: 
STUDY 2 – Fixed Locations (working environment offices) 

A41-A47 

S2_I6 and S2_I1 A41 
S2_I12 and S2_I18 A42 
S_I43 and S2_I7_1 A43 

S2_I7_2 and S2_noID_c A44 
S2_noID_b and S2_noID_a A45 

S2_I4 and S2_I42 A46 
S2_I3 and S2_I11 A47 

  
  

 



 

  
  
  
  
SECTION 3 (a, b, c) - CHARTS  

- per Study, Activities (Mobile) and Fixed Locations A17-A47 
  

SECTION 3 a: STUDY 1 – Activities (Mobile) A17-A22 
S1_I32 and S1_I30 A17 

S1_I23 A18 
S1_I36_1 and S1_I36_2 A19 

S1_I38 A20 
S1_I33_1  A21 
S1_I33_2 A22 















 

  
  
  
  
SECTION 3 (a, b, c) - CHARTS  

- per Study, Activities (Mobile) and Fixed Locations A17-A47 
  

  
SECTION 3 b: STUDY 2 – Activities (Mobile) A24-A39 

S2_I11_1 and S2_I11_2 A24 
S2_I11_3 and S2_I10_1 A25 
S2_I10_2 and S2_I10_3 A26 

S2_I9_1 and S2_I9_2 A27 
S2_I9_3 and S2_I7_1 A28 

S2_I7_2 and S2_I6 A29 
S2_I5_1 and S2_I5_2 A30 

S2_I5_3 and S2_I13_1 A31 
S2_I13_2 and S2_I3_3 A32 

S2_I18_1 and S2_I18_2 A33 
S2_I18_3 and S2_i1_1 A34 

S2_I1_2 and S2_I1_3 A35 
S2_I2 and S2_I4_1 A36 

S2_I4_2 and S2 and S2_I3_1 A37 
S2_I3_3 and S2_I12_1 A38 

S2_I12_2 A39 
  
  



































 

  
  
  
  
SECTION 3 (a, b, c) - CHARTS  

- per Study, Activities (Mobile) and Fixed Locations A17-A47 
  

  
SECTION 3 c: 

STUDY 2 – Fixed Locations (working environment offices) 
A41-A47 

S2_I6 and S2_I1 A41 
S2_I12 and S2_I18 A42 
S_I43 and S2_I7_1 A43 

S2_I7_2 and S2_noID_c A44 
S2_noID_b and S2_noID_a A45 

S2_I4 and S2_I42 A46 
S2_I3 and S2_I11 A47 

  

















SECTION 4 – Monitoring Schedule A49 





SECTION 5 – Elements Correlation (Factor Analysis) A51-A52







SECTION 6 –  STUDY 2: Building Elements Distribution  (Zeiss) A54-A55



STUDY 2 – Building Element Distribution (Zeiss)

Filter
Peaks

/
Spectra

Size
Side 

building 
KW

Floor O Al Br Ca Cl Cr Cu Fe K Mg Mn Na Ni S Si Ti Zn Instrument

S2_F1232_F Major Coarse 1 38 14 0 16 2 0 0 2 5 5 0 0 0 0 21 1 0 Zeiss
S2_F1232_F Major Fine 1 80 10 0 13 34 2 1 23 0 8 0 0 0 4 13 4 0 Zeiss
S2_F1232_F Minor Coarse 1 2 3 0 10 12 0 0 14 0 2 1 15 0 13 7 1 2 Zeiss
S2_F1232_F Minor Fine 1 0 5 0 20 2 0 10 8 6 11 4 6 0 11 20 4 0 Zeiss
S2_F1262_F Major Coarse 1 39 10 0 7 2 0 0 17 1 0 0 1 0 2 22 1 0 Zeiss
S2_F1262_F Major Fine 1 80 6 0 6 41 0 0 17 0 3 1 42 0 0 7 0 1 Zeiss
S2_F1262_F Minor Coarse 1 0 6 0 9 4 0 0 10 13 1 0 14 0 7 14 4 0 Zeiss
S2_F1262_F Minor Fine 1 0 5 0 10 8 0 3 5 1 17 0 9 0 10 19 2 0 Zeiss
S2_F1157_F Major Coarse 1 1 40 14 0 8 5 0 0 4 3 0 0 3 0 0 0 0 0 Zeiss
S2_F1157_F Major Fine 1 1 80 6 0 13 33 2 19 8 2 1 0 0 0 1 5 0 0 Zeiss
S2_F1157_F Minor Coarse 1 1 0 5 0 12 6 0 0 4 7 0 1 10 0 9 4 3 2 Zeiss
S2_F1157_F Minor Fine 1 1 0 3 0 10 3 0 5 0 2 6 0 5 0 2 11 2 0 Zeiss
S2_F1353_F Major Coarse 2 39 14 0 18 3 0 0 0 2 2 0 1 0 0 19 2 0 Zeiss
S2_F1353_F Major Fine 2 80 6 0 16 11 2 0 36 1 2 0 10 0 5 11 5 0 Zeiss
S2_F1353_F Minor Coarse 2 1 3 0 11 18 0 0 16 20 6 0 20 0 13 6 4 0 Zeiss
S2_F1353_F Minor Fine 2 0 10 0 0 0 0 19 7 3 11 4 6 3 22 36 5 2 Zeiss
S2_F311_F Major Coarse 1 2 41 15 0 23 4 0 0 1 3 1 0 6 0 0 26 1 0 Zeiss
S2_F311_F Major Fine 1 2 80 18 0 18 5 1 1 27 3 1 0 8 0 3 19 2 1 Zeiss
S2_F311_F Minor Coarse 1 2 0 13 10 1 22 0 14 5 12 1 0 20 0 7 4 0 0 Zeiss
S2_F311_F Minor Fine 1 2 0 4 0 15 8 3 7 8 5 8 2 10 0 7 26 5 2 Zeiss
S2_F186_F Major Coarse 1 2 36 6 0 20 1 0 0 1 0 2 0 1 0 1 21 0 0 Zeiss
S2_F186_F Major Fine 1 2 80 8 0 31 9 1 1 26 0 1 0 9 0 0 19 2 0 Zeiss
S2_F186_F Minor Coarse 1 2 4 7 0 9 13 1 0 7 10 5 0 16 0 11 11 4 0 Zeiss
S2_F186_F Minor Fine 1 2 0 0 0 18 7 4 9 10 0 3 11 11 0 12 32 12 3 Zeiss
S2_F1270_F Major Coarse 1 0 40 11 0 15 1 0 0 2 0 14 0 1 0 0 31 1 0 Zeiss
S2_F1270_F Major Fine 1 0 80 5 0 18 38 0 1 13 4 2 0 37 0 1 0 7 2 Zeiss
S2_F1270_F Minor Coarse 1 0 0 5 0 13 15 0 0 17 14 3 0 13 0 16 6 8 2 Zeiss
S2_F1270_F Minor Fine 1 0 0 5 1 10 4 1 5 5 3 11 0 6 1 11 19 0 2 Zeiss
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STUDY 2 – Building Element Distribution (Zeiss)

Filter
Peaks

/
Spectra

Size
Side 

building 
KW

Floor O Al Br Ca Cl Cr Cu Fe K Mg Mn Na Ni S Si Ti Zn Instrument

S2_F1207_F Major Coarse 1 0 38 7 0 19 3 0 0 1 1 2 0 3 0 3 23 1 0 Zeiss
S2_F1207_F Major Fine 1 0 79 6 0 7 44 0 0 6 0 8 0 44 0 1 4 2 0 Zeiss
S2_F1207_F Minor Coarse 1 0 1 5 0 14 19 0 0 14 15 3 0 20 0 19 9 5 3 Zeiss
S2_F1207_F Minor Fine 1 0 0 1 0 10 13 0 4 3 3 16 16 15 0 5 14 0 0 Zeiss
S2_F1396_F Major Coarse 0 40 13 0 15 5 0 0 1 4 1 0 5 0 1 19 1 0 Zeiss
S2_F1396_F Major Fine 0 80 2 0 8 53 0 2 12 0 2 0 53 0 2 3 3 1 Zeiss
S2_F1396_F Minor Coarse 0 0 0 0 16 16 0 0 12 16 2 0 13 0 14 8 7 3 Zeiss
S2_F1396_F Minor Fine 0 0 2 0 13 8 1 4 0 1 9 0 8 0 10 14 4 0 Zeiss
S2_F1045_F Major Coarse 1 2 38 20 14 8 0 7 23 0 0 24 0 3 0 0 0 0 0 Zeiss
S2_F1045_F Major Fine 1 2 80 10 0 45 3 1 0 10 0 0 0 4 0 0 25 1 1 Zeiss
S2_F1045_F Minor Coarse 1 2 2 1 0 14 12 0 0 5 11 4 0 20 0 12 12 10 1 Zeiss
S2_F1045_F Minor Fine 1 2 2 1 0 14 12 0 0 5 11 4 0 20 0 12 12 10 1 Zeiss
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SECTION 7 –   STUDY 2: Elemental Composition.
Validation Tescan vs Zeiss

A57-A59



STUDY 2 – Elemental Composition. Validation Tescan vs Zeiss

Filter Peaks/Spectra Size O Al Br Ca Cl Cr Cu Fe K Mg Mn Na Ni S Si Ti Zn Instrument
S2_F1232_F Major Coarse 22 6 0 12 0 0 0 1 0 0 0 3 0 1 10 0 0 Tescan
S2_F1232_F Major Coarse 38 14 0 16 2 0 0 2 5 5 0 0 0 0 21 1 0 Zeiss
S2_F1232_F Major Fine 75 16 1 26 2 0 1 22 1 0 0 4 0 0 23 0 1 Tescan
S2_F1232_F Major Fine 80 10 0 13 34 2 1 23 0 8 0 0 0 4 13 4 0 Zeiss
S2_F1232_F Minor Coarse 0 7 0 9 2 0 0 7 3 5 0 7 0 5 5 3 0 Tescan
S2_F1232_F Minor Coarse 2 3 0 10 12 0 0 14 0 2 1 15 0 13 7 1 2 Zeiss
S2_F1232_F Minor Fine 0 15 0 16 4 2 6 13 7 7 0 12 0 11 15 2 2 Tescan
S2_F1232_F Minor Fine 0 5 0 20 2 0 10 8 6 11 4 6 0 11 20 4 0 Zeiss
S2_F1353_F Major Coarse 26 8 0 6 0 0 0 1 0 1 0 2 0 1 15 1 0 Tescan
S2_F1262_F Major Coarse 36 1 0 11 0 0 0 15 0 1 0 2 0 0 8 1 0 Tescan
S2_F1262_F Major Coarse 39 10 0 7 2 0 0 17 1 0 0 1 0 2 22 1 0 Zeiss
S2_F1262_F Major Fine 100 12 0 19 12 0 2 35 1 3 0 16 0 3 26 3 0 Tescan
S2_F1262_F Major Fine 80 6 0 6 41 0 0 17 0 3 1 42 0 0 7 0 1 Zeiss
S2_F1262_F Minor Coarse 0 15 0 5 5 0 0 4 5 7 0 11 1 5 14 2 0 Tescan
S2_F1262_F Minor Coarse 0 6 0 9 4 0 0 10 13 1 0 14 0 7 14 4 0 Zeiss
S2_F1262_F Minor Fine 0 20 0 21 12 4 2 18 9 22 0 14 0 24 34 2 1 Tescan
S2_F1262_F Minor Fine 0 5 0 10 8 0 3 5 1 17 0 9 0 10 19 2 0 Zeiss
S2_F1353_F Major Coarse 39 14 0 18 3 0 0 0 2 2 0 1 0 0 19 2 0 Zeiss
S2_F1157_F Major Coarse 37 9 0 11 5 0 0 2 2 0 0 5 0 1 17 0 1 Tescan
S2_F1157_F Major Coarse 40 14 0 8 5 0 0 4 3 0 0 3 0 0 0 0 0 Zeiss
S2_F1157_F Major Fine 172 47 0 32 13 0 11 25 5 1 0 21 0 6 58 1 0 Tescan
S2_F1157_F Major Fine 80 6 0 13 33 2 19 8 2 1 0 0 0 1 5 0 0 Zeiss
S2_F1157_F Minor Coarse 0 7 0 15 8 0 0 4 10 9 0 14 0 15 9 2 4 Tescan
S2_F1157_F Minor Coarse 0 5 0 12 6 0 0 4 7 0 1 10 0 9 4 3 2 Zeiss
S2_F1157_F Minor Fine 0 27 0 56 20 1 6 12 21 19 0 46 1 30 39 4 0 Tescan
S2_F1157_F Minor Fine 0 3 0 10 3 0 5 0 2 6 0 5 0 2 11 2 0 Zeiss
S2_F1353_F Major Fine 168 33 0 32 1 1 1 30 2 8 0 12 0 2 58 4 2 Tescan
S2_F1353_F Major Fine 80 6 0 16 11 2 0 36 1 2 0 10 0 5 11 5 0 Zeiss
S2_F1353_F Minor Coarse 0 10 0 11 2 0 0 4 4 1 0 10 0 6 5 1 0 Tescan
S2_F1353_F Minor Coarse 1 3 0 11 18 0 0 16 20 6 0 20 0 13 6 4 0 Zeiss
S2_F1353_F Minor Fine 0 39 0 49 11 1 7 24 20 15 0 31 0 26 39 10 2 Tescan
S2_F1353_F Minor Fine 0 10 0 0 0 0 19 7 3 11 4 6 3 22 36 5 2 Zeiss
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STUDY 2 – Elemental Composition. Validation Tescan vs Zeiss

Filter Peaks/Spectra Size O Al Br Ca Cl Cr Cu Fe K Mg Mn Na Ni S Si Ti Zn Instrument
S2_F311_F Major Coarse 13 1 0 2 0 1 0 0 1 0 0 0 0 0 9 0 0 Tescan
S2_F311_F Major Coarse 41 15 0 23 4 0 0 1 3 1 0 6 0 0 26 1 0 Zeiss
S2_F311_F Major Fine 61 11 0 24 0 1 1 7 0 0 0 3 0 1 21 2 1 Tescan
S2_F311_F Major Fine 80 18 0 18 5 1 1 27 3 1 0 8 0 3 19 2 1 Zeiss
S2_F311_F Minor Coarse 0 8 0 9 0 0 0 3 2 1 0 7 0 2 2 0 1 Tescan
S2_F311_F Minor Coarse 0 13 10 1 22 0 14 5 12 1 0 20 0 7 4 0 0 Zeiss
S2_F311_F Minor Fine 0 13 0 17 0 0 0 7 5 10 0 13 0 8 9 0 1 Tescan
S2_F311_F Minor Fine 0 4 0 15 8 3 7 8 5 8 2 10 0 7 26 5 2 Zeiss
S2_F186_F Major Coarse 16 1 0 13 0 0 0 0 0 0 0 0 0 0 3 0 0 Tescan
S2_F186_F Major Coarse 36 6 0 20 1 0 0 1 0 2 0 1 0 1 21 0 0 Zeiss
S2_F186_F Major Fine 180 13 0 116 0 1 6 25 0 2 1 2 0 3 35 1 1 Tescan
S2_F186_F Major Fine 80 8 0 31 9 1 1 26 0 1 0 9 0 0 19 2 0 Zeiss
S2_F186_F Minor Coarse 0 12 0 3 4 0 0 2 1 0 0 5 0 2 11 6 1 Tescan
S2_F186_F Minor Coarse 4 7 0 9 13 1 0 7 10 5 0 16 0 11 11 4 0 Zeiss
S2_F186_F Minor Fine 89 0 22 15 2 8 13 4 7 1 24 1 16 114 40 1 Tescan
S2_F186_F Minor Fine 0 0 0 18 7 4 9 10 0 3 11 11 0 12 32 12 3 Zeiss
S2_F1270_F Major Coarse 27 2 0 8 2 0 0 1 1 3 0 2 0 0 16 0 0 Tescan
S2_F1270_F Major Coarse 40 11 0 15 1 0 0 2 0 14 0 1 0 0 31 1 0 Zeiss
S2_F1270_F Major Fine 104 9 0 30 17 2 0 15 4 1 0 25 0 1 32 0 1 Tescan
S2_F1270_F Major Fine 80 5 0 18 38 0 1 13 4 2 0 37 0 1 0 7 2 Zeiss
S2_F1270_F Minor Coarse 0 13 10 6 0 0 12 12 10 0 14 0 12 5 3 0 Tescan
S2_F1270_F Minor Coarse 0 5 0 13 15 0 0 17 14 3 0 13 0 16 6 8 2 Zeiss
S2_F1270_F Minor Fine 0 32 0 34 9 0 0 15 22 28 1 20 0 36 28 3 1 Tescan
S2_F1270_F Minor Fine 0 5 1 10 4 1 5 5 3 11 0 6 1 11 19 0 2 Zeiss
S2_F1207_F Major Coarse 47 9 0 12 4 0 0 2 1 0 0 5 0 0 34 0 1 Tescan
S2_F1207_F Major Coarse 38 7 0 19 3 0 0 1 1 2 0 3 0 3 23 1 0 Zeiss
S2_F1207_F Major Fine 84 19 0 56 42 4 1 28 1 2 0 51 0 9 66 1 1 Tescan
S2_F1207_F Major Fine 79 6 0 7 44 0 0 6 0 8 0 44 0 1 4 2 0 Zeiss
S2_F1207_F Minor Coarse 0 22 0 20 12 0 0 14 10 12 0 22 0 15 7 5 2 Tescan
S2_F1207_F Minor Coarse 1 5 0 14 19 0 0 14 15 3 0 20 0 19 9 5 3 Zeiss
S2_F1207_F Minor Fine 0 68 0 62 50 1 3 30 38 69 1 66 0 74 47 8 5 Tescan
S2_F1207_F Minor Fine 0 1 0 10 13 0 4 3 3 16 16 15 0 5 14 0 0 Zeiss
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STUDY 2 – Elemental Composition. Validation Zeiss vs Tescan

Filter Peaks/Spectra Size O Al Br Ca Cl Cr Cu Fe K Mg Mn Na Ni S Si Ti Zn Instrument
S2_F1396_F Major Coarse 20 5 0 6 4 0 0 0 0 1 0 6 0 0 13 0 0 Tescan
S2_F1396_F Major Coarse 40 13 0 15 5 0 0 1 4 1 0 5 0 1 19 1 0 Zeiss
S2_F1396_F Major Fine 182 11 0 51 20 0 2 32 0 1 0 28 0 2 58 1 1 Tescan
S2_F1396_F Major Fine 80 2 0 8 53 0 2 12 0 2 0 53 0 2 3 3 1 Zeiss
S2_F1396_F Minor Coarse 0 9 0 9 7 0 0 8 9 10 0 8 0 11 2 3 2 Tescan
S2_F1396_F Minor Coarse 0 0 0 16 16 0 0 12 16 2 0 13 0 14 8 7 3 Zeiss
S2_F1396_F Minor Fine 0 171 1 81 162 1 9 42 54 181 0 154 0 180 124 51 10 Tescan
S2_F1396_F Minor Fine 0 2 0 13 8 1 4 0 1 9 0 8 0 10 14 4 0 Zeiss
S2_F1045_F Major Coarse 57 5 0 33 2 0 0 4 3 0 0 6 0 1 17 0 0 Tescan
S2_F1045_F Major Coarse 38 20 14 8 0 7 23 0 0 24 0 3 0 0 0 0 0 Zeiss
S2_F1045_F Major Fine 591 20 1 352 1 2 2 56 2 4 1 5 0 6 78 3 5 Tescan
S2_F1045_F Major Fine 80 10 0 45 3 1 0 10 0 0 0 4 0 0 25 1 1 Zeiss
S2_F1045_F Minor Coarse 0 45 2 17 21 0 0 10 8 6 0 17 0 8 40 14 2 Tescan
S2_F1045_F Minor Coarse 2 1 0 14 12 0 0 5 11 4 0 20 0 12 12 10 1 Zeiss
S2_F1045_F Minor Fine 0 300 6 102 91 2 14 45 38 27 6 85 1 64 386 111 9 Tescan
S2_F1045_F Minor Fine 2 1 0 14 12 0 0 5 11 4 0 20 0 12 12 10 1 Zeiss
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  Figure 1 - Study area and monitoring locations 
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 Figure 2 - Exposure weighted by duration 
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SECTION 9 – Additional Supporting Evidence A63–A66 



<<A63>> 

Table 1: Metabolic Expenditure (MET) and Weighted Exposure of Participants (Measured 
Gravimetrically) 

Participant ID 

MET (kcal/kg*h) by duration 
of activities 

Weighted exposure (%) by 
duration 

Study 1 Study 2 Study 1 Study 2 
I1 1.44 0.47 
I10 1.71 0.11 
I11 1.70 0.31 
I12 1.71 1.66 0.11 0.29 
I13 1.28 0.18 
I14 1.76 0.15 
I15 1.77 0.09 
I16 2.04 0.06 
I17 1.60 0.11 
I18 1.86 0.11 
I19 1.78 0.07 
I2 1.29 0.15 
I20 1.62 0.09 
I21 1.00 0.06 
I22 0.66 0.09 
I23 3.69 0.06 
I24 1.71 0.05 
I25 1.99 0.12 
I26 1.21 0.04 
I27 1.80 0.08 
I28 3.10 0.07 
I29 1.62 0.07 
I3 2.18 0.23 
I30 1.72 0.06 
I31 1.21 0.10 
I32 1.48 0.08 
I33 1.65 0.04 
I34 1.84 0.10 
I35 2.49 0.12 
I36 1.64 0.08 
I37 1.53 0.06 
I38 4.39 0.20 
I39 1.56 0.08 
I4 1.71 0.45 
I40 1.60 0.09 
I41 1.82 0.06 
I42 1.80 0.14 
I43 1.80 0.08 
I5 1.38 0.18 



<<A64>> 

Participant ID 

MET (kcal/kg*h) by duration 
of activities 

Weighted exposure (%) by 
duration 

Study 1 Study 2 Study 1 Study 2 
I6 1.61 1.77 0.10 0.26 
I7 1.70 0.46 
I8 1.55 0.32 
I9 2.00 0.18 



<<A65>> 

Table 2: Exposure Times by Activity/Location (% of Total Time) 

Filter Study Total 
Duration 
(min) 

Indoors 
(%) 

Outdoors 
(%) 

Travel 
(%) 

Walk & 
Cycle 
 (%) 

Weighted MET  
(kcal/kg*h) 
during 
exposure 

F002 1 275 72.7 21.8 5.5 0.0 0.090 
F1074 1 330 81.8 0.0 18.2 18.2 0.050 
F1104 1 245 85.7 0.0 14.3 14.3 0.120 
F1109 1 335 47.8 35.8 16.4 0.0 0.060 
F1129 1 300 80.0 20.0 0.0 0.0 0.070 
F1139 1 730 93.2 0.0 6.8 0.0 0.110 
F1145 1 670 97.0 0.0 3.0 3.0 0.060 
F1152 1 780 87.8 0.0 12.2 0.0 0.110 
F1177 1 530 83.0 11.3 5.7 5.7 0.060 
F1185 1 525 92.4 0.0 7.6 1.9 0.070 
F1201 1 530 91.5 0.0 8.5 4.7 0.080 
F1264 1 700 90.7 0.0 9.3 0.0 0.080 
F1278 1 1016 69.9 11.0 19.1 0.0 0.060 
F1280 1 935 85.6 1.6 12.8 0.0 0.090 
F1296 1 433 45.0 0.0 55.0 38.1 0.060 
F1337 1 720 75.0 5.6 19.4 0.0 0.110 
F206 1 720 52.9 0.0 47.1 25.0 0.120 
F229 1 645 79.1 0.0 20.9 0.0 0.040 
F233 1 895 88.3 0.0 11.7 0.0 0.080 
F296 1 580 51.7 0.0 48.3 0.0 0.204 
F415 1 905 80.1 0.0 19.9 7.2 0.100 
F426 1 210 100.0 0.0 0.0 0.0 0.060 
F471 1 725 89.0 4.1 6.9 0.0 0.100 
F602 1 585 82.1 0.0 17.9 0.0 0.100 
F688 1 660 90.9 0.0 9.1 0.0 0.080 
F692 1 790 60.6 14.2 25.2 12.5 0.090 
F774 1 885 67.2 5.1 27.7 8.5 0.150 
F844 1 660 93.2 0.0 6.8 0.0 0.090 
F934 1 745 92.6 0.0 7.4 2.7 0.070 
F965 1 526 51.3 4.8 43.9 0.0 0.039 
F001 2 70 0.0 0.0 100.0 0.0 0.080 
F002 2 75 0.0 0.0 100.0 0.0 0.080 
F006 2 80 0.0 100.0 0.0 0.0 0.090 
F009 2 270 100.0 0.0 0.0 0.0 0.100 
F012 2 210 85.7 0.0 14.3 0.0 0.100 
F013 2 105 0.0 0.0 100.0 0.0 0.080 
F014 2 140 100.0 0.0 0.0 0.0 0.240 
F015 2 140 0.0 0.0 100.0 0.0 0.090 
F016 2 75 0.0 0.0 100.0 0.0 0.060 
F018 2 90 0.0 0.0 100.0 0.0 0.070 
F019 2 100 0.0 0.0 100.0 0.0 0.100 
F020 2 240 50.0 50.0 0.0 0.0 0.120 
F021 2 220 0.0 0.0 100.0 27.3 0.110 



<<A66>> 

Filter Study Total 
Duration 
(min) 

Indoors 
(%) 

Outdoors 
(%) 

Travel 
(%) 

Walk & 
Cycle 
 (%) 

Weighted MET  
(kcal/kg*h) 
during 
exposure 

F022 2 255 100.0 0.0 0.0 0.0 0.020 
F023 2 228 100.0 0.0 0.0 0.0 0.090 
F024 2 382 16.2 0.0 83.8 0.0 0.060 
F026 2 120 100.0 0.0 0.0 0.0 0.080 
F027 2 180 100.0 0.0 0.0 0.0 0.050 
F044 2 45 0.0 0.0 100.0 0.0 0.060 
F1015_F 2 420 100.0 0.0 0.0 0.0 0.040 
F1045 2 750 100.0 0.0 0.0 0.0 0.150 
F1078 2 95 0.0 0.0 100.0 0.0 0.140 
F1157_FII 2 975 100.0 0.0 0.0 0.0 0.306 
F1207_F 2 950 100.0 0.0 0.0 0.0 0.150 
F1232_F 2 910 100.0 0.0 0.0 0.0 0.140 
F1259_F 2 395 100.0 0.0 0.0 0.0 0.130 
F1260_F 2 450 100.0 0.0 0.0 0.0 0.070 
F1262_F 2 970 100.0 0.0 0.0 0.0 0.080 
F1270_F 2 977 100.0 0.0 0.0 0.0 0.110 
F1318 2 190 0.0 0.0 100.0 39.5 0.090 
F1353_F 2 938 100.0 0.0 0.0 0.0 0.140 
F1360 2 291 100.0 0.0 0.0 0.0 0.100 
F1396_F 2 980 100.0 0.0 0.0 0.0 0.130 
F186_F 2 1047 100.0 0.0 0.0 0.0 0.110 
F211 2 60 0.0 0.0 100.0 100.0 0.050 
F233 2 120 0.0 0.0 100.0 0.0 0.080 
F304 2 55 0.0 0.0 100.0 0.0 0.100 
F311_F 2 960 100.0 0.0 0.0 0.0 0.080 
F338 2 240 100.0 0.0 0.0 0.0 0.040 
F601 2 167 35.9 64.1 0.0 0.0 0.100 
F656 2 180 100.0 0.0 0.0 0.0 0.060 
F686 2 300 100.0 0.0 0.0 0.0 0.070 
F721 2 270 100.0 0.0 0.0 0.0 0.100 
F846 2 180 100.0 0.0 0.0 0.0 0.040 
F854_F 2 465 100.0 0.0 0.0 0.0 0.110 




