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Thesis Synopsis 

 
The quality of the air indoors is important in the urban world, where people spend as 
much as 90% of the day inside. It is likely that near to two-thirds of that time is in the 
home. The literature on indoor air quality (IAQ) is extensive and yet there is still much to 
learn about reactive chemistry and the production of secondary pollutants.  The field of 
whole system reactive indoor chemistry is currently lacking, and there is evidence that 
IAQ can be significantly and immediately influenced by our actions and behaviour but this 
is not greatly understood (Chapter 1). This work provides an extended examination of the 
chemistry of indoor air in this context. 

The project involved developing a new methodology for sampling very low concentrations 
of an extended range of relevant indoor gas-phase volatile organic compounds (VOC). 
Calibrations were successful for 39 of the extended indoor VOC suite (Chapter 2). Using 
this method, field studies to collect observational data from 70 homes across two seasons 
were conducted. They provided the most comprehensive base-line assessment of indoor 
VOC in West Australian residences to date. Median individual VOC concentrations ranged 
from 0.06 µg/m3 for dibutyl-ether to 26.6 µg/m3 for cis/trans 2-butene. The seasonal 
variations in Perth were found to be significant, and different to those recently reported in 
Melbourne homes, with inferences made due to differences in the climate and the 
occupant behaviours (Chapter 3).   

The Southern Hemisphere Indoor Air Chemistry (SHIAC) model (a highly detailed 
chemical box model for the investigation of reactive indoor air chemistry for suburban 
residences) has been developed utilising data from the sampling campaigns to constrain 
the model for these environs. The model construct is based on the Master Chemical 
Mechanism (MCMv3.2) framework, with updated photolysis code tailored for the region 
and the indoor environment. Indoor VOC emission rates were modified to reflect typical 
Australian air exchange rates and the indoor/outdoor ratio of VOC concentrations from 
the data. Representative outdoor O3 and NOx (NO and NO2) profiles were generated using 
local air quality monitoring station (AQMS) data over the field campaign period as well as 
data collected in the study (Chapter 4).  

Applying the SHIAC model to realistic scenarios has demonstrated that the attenuation of 
solar radiation indoors, air exchange, concentrations of terpene and alkene species, as well 
as seasonal trends of ambient pollutants can significantly impact the gas-phase chemistry 
that is occurring in homes. Results show that radical chemistry (OH. and NO3.) is affected 
by seasonal changes of ambient NO and that this is an important factor for determining 
which radical species dominate. Modelling scenarios were constructed to alter the 
attenuation of sunlight, which was observed to vary considerably in homes tested. The 
models show that the transmission of UV-A radiation through standard window glass has 
a substantial influence on the production of secondary pollutants, including ozone and 
PANs, as well as radical profiles. Changing terpene and alkene concentrations has an 
important effect on the production of secondary pollutants as well as ozone chemistry and 
shows they are among the most important reactive species knowingly introduced indoors 
(Chapter 5). 

Results from the modelling study indicate that occupant behaviour and house design can 
have a marked influence on indoor air chemistry and secondary pollutant production. This 
work reinforces the importance of regionally tailored, whole system chemical 
measurement and modelling studies for the advancement of our understanding of indoor 
air quality. Furthermore, it provides information for future IAQ research and local 
governments for the planning of effective building controls to optimise indoor air quality 
in the region (Chapter 6). 
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Thesis Outline 

 

The individual Chapters in this thesis follow a logical pathway, integrating observational 

indoor air quality studies with the computational modelling of reactive gas-phase 

chemistry. Each step of this process has been presented as a Chapter that forms a discrete 

study. Chapters are presented as either a manuscript prepared for publication or detailed 

reports, alongside supplementary materials that examine logistical and methodological 

developments over the course of the project. When compiled, the Chapters collectively 

explore the topic of reactive gas-phase chemistry in the indoor urban environment of 

Western Australia. 

 

Chapter 1 gives a broad overview of the field of indoor air and developments that have 

been made to understand the reactive chemistry in this environment. Deficits in the 

knowledge are highlighted and the broad themes of this thesis are given. 

 Chapter 2 describes the methodology for the indoor air sampling campaign.  The logistical 

demands of a multi-site indoor air sampling campaign are met with the development of a 

low detection, wide-ranging sampling method. The needs and limitations of sampling 

indoors are explored, as are the sampling options available. 

 Chapter 3 presents the findings of one of the most extensive base-line VOC studies 

performed in Australia to date.  Many of the results from this study were obtained by 

applying the methodology developed in Chapter 2. It examines these results in the greater 

context of the literature and draws conclusions about indoor air quality, occupant 

behaviour and seasonality in homes in a temperate climate. 

Chapter 4 introduces the southern hemisphere indoor air chemistry (SHIAC) model. This 

computational model utilises the MCM protocol to create a near explicit examination of 

gas-phase reactive chemistry, constrained by observational data from Chapter 3. 

Chapter 5 explores the model and draws meaning from the SHIAC model output. New 

modelling tools are applied to trace the origin of secondary reactive products to their base 

primary reactants and identify key model sensitivities pertaining to housing 

characteristics that influence indoor air quality. 

Finally, Chapter 6 reviews this work as a whole, acknowledging that each subsequent 

Chapter in the thesis has relied primarily on data and findings from previous Chapters. It 

concludes with an integrated discussion of the implications of this work to the field of 

indoor air quality. 
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Chapter 1: An Introduction to 

Indoor Air 

 

1. Aim and Content 

This project has focused on exploring the nexus between indoor air quality studies and the 

computational modelling of reactive gas-phase chemistry.  In this Chapter I discuss the 

field of indoor air quality and how developments in computational modelling research 

have laid the path for my work. It also serves to explain the cohesion of the project by 

presenting the hypothesis and research questions. This thesis is presented as a series of 

manuscripts prepared for publication together with their supporting data. Each has its 

own introduction making reference to the relevant literature. The purpose of this 

preliminary Chapter is to position the work done in its greater context.   
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1.1 Indoor Air: An Introduction 

 

The field of indoor air quality (IAQ) research focuses on investigating factors that diminish 

the purity of air in the indoor environment, as well as health effects that may result from 

poor IAQ. These factors include airborne constituents of both biogenic and anthropogenic 

origins, such as gas-phase chemical compounds (organic and inorganic), suspended 

particulate materials and biological pollutants (e.g. bacteria and moulds). Exploring these 

elements encompasses a wide range of disciplines from biology and epidemiology to 

physics, architecture and chemistry. Together these have given a substantial body of work 

to answer many of the questions associated with IAQ, yet there are still many unknown 

avenues to be explored.  

 

The potential influence that indoor air quality has on population health is pervasive and 

widespread.  In 2008, for the first time, more people in the world lived in cities than in 

rural areas (UN, 2011).  This means the majority of the world's population now spends a 

large proportion of their lives inside. This can easily be more than 90% of the time, 65% of 

that being inside our homes (Pellizzari et al., 1986; Jenkins et al., 1992). Indeed, 

individuals spend more time at home than in any other indoor environment, ensuring that 

the home is a large contributor to the cumulative dose of air pollution to which we are 

exposed (US EPA, 1997).   

Exposure to pollutants and the consequent health of the population is the understandably 

ultimate rationale for studying indoor air quality. However, health is not necessarily the 

immediate focus of much of the research associated with the topic and indeed it is not the 

focus of the work presented in this thesis. Nevertheless, the findings of this research, and 

others like it, ultimately aim to assist in the formation of policy and best practice for 

healthier indoor air. For example, the banning of tobacco smoking in most public indoor 

spaces of Europe, North America and Oceania is perhaps the most measurable triumph in 

this field to date. In fact, all such legislation has stemmed directly from adverse findings of 

IAQ research (Clausen et al., 2011; DHSS, 1986).  

 The focus of the work presented in this thesis, and therefore the focus of the discussion 

presented herein, is the fate of gas-phase chemical compounds in the indoor suburban 

environment. 
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1.2 Exploring IAQ - a Brief Time-line 

 

 The presence of a harmful organic fraction in indoor air was first identified by Pettenkofer 

in 1854, over 100 years before significant scientific attention was given to the issue 

(Sundell, 2004).  Beginning in the 1950s, scientific research of indoor air quality focused 

on the relationship between outdoor and indoor air pollution and macro pollutants such 

as asbestos and biological contaminants (e.g. Gruber and Alpaugh, 1954). During the 

1970s, the focus widened to the influence of specific indoor pollutants, such as cigarette 

smoke and formaldehyde (Andersen, 1972; Andersen et al. 1975).  By the late 1970s, the 

field of indoor air quality had been established, acknowledging that outdoor exposure 

studies were inadequate for understanding human exposure to airborne pollutants and 

that the contribution of indoor air to this exposure was significant. This inspired the 

research community, with Indoor Environmental Quality (IEQ) the first international 

indoor climate symposium held in 1978, a dedicated journal, Indoor Air, established in 

1990, and a society, the International Society of Indoor Air Quality and Climate (ISIAQ) 

established in 1992 (Fanger and Valbjørn, 1979; Clausen et al., 2011).  

A rapid increase (beginning from the late 1970s) in non-specific health complaints and 

ailments from inhabitants of new buildings prompted the World Health Organisation 

(WHO) to define 'sick building syndrome' (SBS) and address the effect of indoor air quality 

on occupant health and productivity (WHO, 1983 and 1986). Volatile Organic Compounds 

(VOCs) were identified as the likely cause and attention was focused on these species 

(Mølhave, 1986; Mølhave et al., 1986).  This coincided with a demand for higher energy 

efficiency in newer buildings, resulting in 'tighter' buildings, with reduced ventilation. 

Significant interest in the effects of diminished IAQ inspired a 'healthy buildings' 

movement (e.g. Hicks, 1984; Sexton and Hayward, 1987). During the 1980s, IAQ research 

placed VOC speciation and source in the spotlight. Emission from building materials and 

products, and the influence they had on IAQ and health, were important areas of research 

(e.g. Samet et al., 1987; 1988; Tucker, 1991; Sack et al., 1992). The first of the large multi-

city exposure studies that encompassed indoor air testing was undertaken in the mid-

1980s in the United States (Pellizzari et al., 1986; Hartwell et al., 1992). By the 1990s, 

several large, multi-city studies were conducted in many parts of the world (e.g. Jantunen 

et al., 1995) and an overview of air pollutants in a number of indoor environments had 

been established.  

 

Beyond the primary emitted pollutants it was recognised that VOCs could undergo 

chemical transformations through reactive chemical processes (Nazaroff and Cass, 1986). 

An unaccounted lost carbon fraction was suspected to be transformed to secondary 
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pollutants through reactive chemistry, with evidence that SBS symptoms increased when 

these reactions occurred (Sundell et al., 1993). This initiated debate about the value of 

observational studies if secondary reactions were not being considered or explored 

(Wolkoff et al., 1997). Research highlighted what was already understood in ambient 

(outdoor) air; the significance of ozone as a powerful oxidiser and a primary route for 

oxygenated reaction products, predominantly formed from common indoor species such 

as terpenes (e.g. limonene, pinene), alkenes (Weschler et al., 1992; Glasius et al., 2000; 

Nazaroff and Weschler, 2004) and also from human skin (Wisthaler and Weschler, 2009). 

The significance of radical species such as hydroxyl and nitrate already established in 

ambient air chemistry were shown to be important drivers for indoor reactive chemistry 

(e.g. Nazaroff and Weschler 2004). However, there is still much that is not understood of 

these processes (Sarwar et al., 2002). Beyond the gas-phase, indoor reaction species have 

been identified as potential precursors for secondary organic aerosol (SOA) formation, 

with far greater health consequences at low concentrations and greater difficulty in 

assessment (e.g. Sunil et al., 2007). The potential for gas-phase chemical reactions to 

interface with the large, reactive surface areas indoors, e.g. carpets, for secondary 

pollutant formation has been identified as a significant reaction pathway and is 

competitive with those in the gas-phase (Kleno et al., 2001; Morrison and Nazaroff, 2002).  

The potential pathways for gas-phase chemistry of indoor pollutants are complex. 

Therefore, computational modelling has been adopted as a tool to aid in understanding 

these interactions (Sarwar et al., 2002; Sarwar and Corsi, 2007). However, despite the 

significant attention that has been paid to reactive chemistry in recent years, there remain 

gaps in our understanding. For example, the complex interactions of gas-phase chemical 

species and the interface with solid and liquid surfaces have not been exhaustively 

characterised (Weschler, 2009), and the role of gas pollutants as precursors to 

heterogeneous reactions and liquid phase aerosols are also of significant interest and are 

not yet fully understood.  

Working with isolated reactions, simplified modelling and chamber testing provides vital 

clues as to how VOC species behave and the important reaction pathways for secondary 

pollutant formation. However, simplifying the chemistry in modelling projects does not 

allow full understanding of the sensitivities of these reaction pathways, such as factors of 

occupant behaviour and building design. In the 'real world' context of IAQ, the outcomes of 

whole system interaction are largely unknown. Perhaps the most explicit model for indoor 

air chemistry has been presented by Carslaw (2007) and Carslaw et al. (2012), and 

includes a near explicit reaction framework, which will be discussed later (see Section 

1.5). This model, based on approximated indoor situations, has highlighted some of the 

sensitivities of photochemical reactions indoors to reaction conditions, though does not 
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included specific observational data. It is this point of research and gap in our 

understanding that provides the background to the thesis presented here; with the aim to 

extend the research to date by developing a near explicit computational model, 

constrained by observational data. This will enhance what is understood about the 

formation of secondary pollutants. Using this model we explore the occupant behaviour, 

building design and IAQ conditions of a typical urban setting.  

1.3 Volatile Organic Compounds in the Indoor Environment 

 

 Volatile Organic Compounds (VOCs) is a wide-ranging term for organic chemicals in the 

gas-phase under standard conditions. A widely adopted definition by the WHO (1998) 

states that VOCs include all organic compounds in the boiling point range of 50°C to 260˚C, 

excluding pesticides. These short to medium-chain organic compounds represent an 

important, though minor, fraction of the air and have long been associated with a range of 

adverse health outcomes as a result of inhalation (Samet et al., 1987; 1988). Individual 

compounds are known to be irritants, neurotoxins and carcinogens, and associations have 

been reported between indoor VOC concentrations and sick building syndrome, upper 

airway irritation and asthma-like symptoms (Mølhave, 1991).  

 The huge anthropogenic contribution to these species in ambient air has resulted in 

government and organisational mitigation efforts and there is evidence that some outdoor 

concentrations are decreasing; for example the reduction of benzene in petrol (Simon et 

al., 2004). Therefore the most significant source of exposure to VOCs, in an urban context, 

is likely indoors (Logue et al., 2011). The contribution of indoor sources to IAQ is 

considerable and dynamic.  In the domestic environment VOCs are emitted from a large 

range of sources (Namieśnik et al., 1992; Weschler, 2009). These include building 

materials, furniture, household products and solvents (Sack et al., 1992), cooking 

(Katragadda et al., 2010) as well as fragrances and cleaners (Steinemann et al., 2011). In 

addition, architectural aspects of house design, such as attached garages and basements, 

are also known to influence IAQ (Dodson et al., 2008).  

The speciation of indoor chemical pollutants has been investigated through source 

characterisation, chamber testing and modelling (e.g. Weschler et al., 1992; Destaillats et 

al., 2006). The emission products of building materials, carpets, cleaning products and 

furnishings are now routinely assessed in many countries. However, while the 

contribution of a single source may be minor, there are hundreds of products in any given 

indoor environment adding to the VOC fraction of indoor air. Indeed the total VOC 

concentration (TVOC) is an important assessment criterion for exposure (Mølhave, 1999; 

Salthammer, 1999).  Indoor TVOC concentrations have been consistently reported to be an 
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order of magnitude higher than outdoor concentrations, with a combination of indoor and 

outdoor sources attributed to indoor levels (Jia et al., 2008A; 2008B; Weschler et al., 

1992).  

 Air exchange between the indoor and outdoor environment is an important factor for IAQ. 

There may be a buildup of pollutants where air exchange with outdoor air is low, 

increasing indoor concentrations and influencing occupant health (Apte et al., 2000).  

Typically, air exchange in homes varies between countries because of house design, 

climate and occupant behaviour (Wallace et al., 2002; Haste et al., 2009). Global concern 

about excessive energy consumption and the effect of the production of CO2 on climate 

change has influenced building design and the drive for tight 'green' buildings with 

minimal air exchanges (Sundell et al., 2011). The result for IAQ is likely an increased 

accumulation of VOCs indoors. This means that the behaviour of inhabitants and the 

products they bring into and use indoors is increasingly important (Salthammer and 

Bahadir, 2009), as is the way these gas-phase pollutant interact with one another and their 

surrounds. 

 

1.3.1 Species and Sources  

 Recording the types and quantities of species emitted from indoor sources has aided the 

recognition of the factors that determine indoor VOCs. Consequently, the primary 

emission of VOCs from indoor furnishings and materials have been well characterised 

(Salthammer and Bahadir, 2009). 

    

Aromatic Hydrocarbons:  Benzene, toluene, ethyl benzene and the xylene isomers, 

collectively known as BTEX, are ubiquitous in the indoor and outdoor environments (Ilgen 

et al., 2001). BTEX are predominantly observed where petrol and diesel fuels are used for 

combustion and in Australia are often highest near and around roads (Hinwood et al., 

2007). In addition to BTEX, other combustion products such as styrene, trimethyl benzene 

isomers and propyl benzene are routinely observed in indoor environments around the 

world (e.g. Raw et al., 2004; Weisel et al., 2005; Guo et al., 2009). Other indoor sources of 

these species are solvents and building products (e.g. Guo et al., 2004). 

 

Terpenes: Key examples of these species include α-pinene, β-pinene, δ-limonene, 

eucalyptol, terpinene, camphene and 2- & 3-carene. These fragrant compounds are used in 

a large number of products indoors as well as having biogenic sources.  Indoor sources 

include: cleaning products, soaps and oils, disinfectants, air fresheners, personal 

fragrances, furniture waxes and polishes, as well as citrus fruits and some woods 

(Steinemann et al., 2011). The presence of a carbon double bond in these compounds 
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makes them important for reactive air chemistry and the formation of secondary 

pollutants indoors (Youseffi and Waring, 2012; Carslaw, 2007).  There is evidence that the 

prevalence of these species indoors has increased due to increased use of consumer 

products and they play an increasingly important role in secondary pollutant formation 

(Nazaroff and Weschler, 2004; Moran et al., 2012).  The reactive chemistry of terpenes will 

be discussed later (Section 1.4).  

 

Alkanes and Alkenes:  Petroleum-based fuels are a significant source of these species in 

ambient air and by proxy these contribute to indoor air quality (Conner et al., 1995).  

These species are also commonly used as solvents and are emitted from carpets, furniture 

and paints (Wolkoff et al., 1993). The ‘new smell’ commonly associated with cars and 

furniture is attributed to butadiene and high levels of cis and trans butene have been 

observed as decomposition products of high density foams used in soft furnishings 

(Löfgren and Peterssen, 1992). The double bond in alkene species contributes to their 

reactivity and short chain species, C4 - C6 alkenes, have been found to contribute to the 

production of OH radicals indoors (Orzechowska and Paulson, 2001). 

 

Aldehydes and Ketones: Perhaps the most extensively studied VOC is formaldehyde 

(HCHO).  This species is reactive and known to influence health, in particular respiratory 

health, at relatively low concentrations (Wolkoff and Nielsen, 2010). Primary sources of 

formaldehyde, acetaldehyde, acrolein, acetone and crotonaldehyde include hardwoods, 

pressed wood products, adhesives, solvents and building products (Liu et al., 2006; 

Possanzini et al., 2002; Zhang and Lioy, 1994). Aldehydes are also known to be secondary 

pollutants, emitted from ozonolysis reactions (Morrison and Nazaroff, 2002). These 

species are reactive and readily undergo chemical transformation (Carslaw, 2007). 

In addition to the broad groups discussed above, there are a number of other VOC groups 

with important indoor sources. For example, halogenated species, such as 

tetrachloroethylene, from dry-cleaning and water disinfection products (Wallace, 1990), 

and glycol ethers, emitted from cleaning products and some paints (Singer et al., 2006). 

Indeed, there are many more VOCs in the indoor environment; those that are discussed 

here have been found to be the most prevalent and important for chemical reactivity in the 

current urban indoor environment (Weschler, 2009). 
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1.3.2 VOCs in Residential (or Non- Industrial) Buildings 

The presence of VOCs in residential buildings has been well documented for over 30 years 

in many areas of the globe, particularly in developed countries. As a consequence, there is 

extensive literature available to examine the changes in the indoor air profile over this 

time, including multiple comprehensive reviews (e.g Brown et al., 1994; Weschler, 2009; 

Logue et al., 2011). Several broad-scale indoor air exposure studies have been undertaken, 

encompassing multiple cities over many years. These include studies in the USA (e.g. 

Pellizzari et al., 1986; Hartwell et al., 1992; Weisel et al., 2005), Europe (e.g. Edwards et al., 

2001; Jantunen et al., 1995; Raw et al., 2004) and Asia (Guo et al., 2009,).  Many smaller 

scale studies have been carried out in a number of locations around the world (e.g. Lee et 

al., 2001; Menichini, 2007; Schlink et al., 2004). In Australia there have been personal 

exposure studies (e.g. Hinwood et al., 2007) as well as limited indoor VOC studies in 

Melbourne and Perth (e.g. Brown, 2002; Maisey et al., 2009; Molloy et al., 2012).   

Assessment of the pooled mean concentrations of the worldwide studies by Brown et al. 

(1994) determined indoor VOC concentrations to be low, with individual species rarely 

exceeding 50 µg/m3 and typically below 5 µg/m3 in normal homes. Recently built or 

renovated homes can exceed these concentrations by an order of magnitude (Brown, 

2002). Weschler (2009) described the changing profile of the species that have been 

observed in indoor air; the increase and subsequent decrease of formaldehyde, benzene 

and chlorinated hydrocarbons and more recently the dominance of terpenes indoors. The 

increases in terpenoid species and other fragrances in chemical and household products 

observed indoors within the past 10 years are important for reactive chemistry, and 

understanding the impact that this has on IAQ is significant for future research (Moran et 

al., 2012). 

 

1.3.3 Inorganic Gas-Phase Pollutants in Indoor Air 

Many other pollutants are emitted indoors, including NO2, NO and O3, which are all 

important inorganic pollutants for gas-phase chemistry in the indoor environment 

(Weschler, 2000; Weschler and Shields, 1999). Their role in the formation of secondary 

pollutants will be discussed later (Section 1.4). 

Ozone (O3) is a very powerful oxidising agent and is important for indoor reactive 

chemistry. In ambient air, O3 is formed through a complex series of reactions from the 

action of solar radiation on the prevailing mixture of VOCs and NOx (NO and NO2). O3 

ultimately forms as a result of photolysis of NO2, producing NO and O, when the oxygen 

atom combines with O2. In the urban setting, NO2 occurs predominantlyfrom traffic 

sources and there is potential for O3 to be transported indoors. However, it is also known 



Chapter 1: An Introduction to Indoor Air 

9 
 

to be produced by photocopiers, printers and some electrical goods (Lee et al., 2001) and 

can be a product of photochemical reactions indoors (Carslaw, 2007).  

Oxygenated nitrogen species NO and NO2 (collectively NOx,) are also well characterised in 

ambient air. In an urban setting their main source is known to be from vehicle exhaust 

(NPI, 2010) and they can be transported indoors (WHO, 2005). Indoor sources of NO2 are 

predominantlygas and kerosene appliances (heaters and cookers), wood combustion and 

tobacco smoke (Kornartit et al., 2010). Nitrate radicals (NO3) can be produced through 

reactions between NO2 and O3 and their role for indoor air chemistry will be discussed 

later (Section 1.4). 

1.4 Reactive Chemistry of Gas-Phase Indoor Pollutants 

 

The chemical compound lists used in empirical exposure studies (Pellizzari et al., 1986; 

Hartwell et al., 1992) traditionally contain primary emitted species. Chemical pollutants 

that form as a result of reactions between primary species (i.e. secondary pollutants) are 

not always represented. Wolkoff et al. (1997) asked ‘are we measuring the relevant indoor 

air pollutants?’ This initiated discussion about unexplored reaction products from reactive 

emission products, and the potential health consequences even in very low 

concentrations. These unexplored secondary products number in the tens of thousands 

and are very likely to be precursors for SOAs. The health effects of SOAs are still being 

explored and there is evidence to suggest they may be more severe, even at lower 

concentrations, than gaseous pollutants (Baltensperger et al., 2008).  

Importantly, many VOCs have the potential to undergo photochemically initiated 

degradation, the products of which may have a greater effect on health than the original 

constituents (Weschler, 2004). These chemical reactions, collectively termed indoor 

reactive chemistry, have been an area of interest since a publication by Nazaroff and Cass 

(1986) highlighted the importance of indoor chemistry. In a review of indoor air, Weschler 

(2009) emphasised the importance of research to increase what is known of the fate of 

chemical constituents in the indoor environment.  In the indoor environment the lower 

exchange rate of air means it is more ‘aged’ than ambient air, and the oxidation products 

that result from photochemically derived reactions are complex (Goldstein and Galbally, 

2007). This degradation of VOCs through photochemical reactions is very well 

characterised in ambient air, yet relatively little is known about the indoor environment 

(Gery et al., 1988; Jenkin et al., 1997; Saunders et al., 2012). This knowledge has been 

derived from a large body of literature concerned with the study of photochemical kinetics 

and chamber studies in ambient conditions, though much is relevant for the indoor 

environment. 
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The sequence and competitiveness of reactions indoors are different to those in ambient 

air because of differing conditions, including altered photolysis rates due to differences of 

light and solar radiation (Carslaw, 2007).  Photochemistry is the absorption of photons to 

induce chemical reactions that produce secondary products and radicals which in turn 

initiate further reactions. The photolysis rate (J value, equation 1) for these reactions is a 

function (for each wavelength, λ) of actinic flux (I, photon/cm2 sec), absorption cross 

Section (σ, cm2/molecule) and the quantum yield (Φ) (the number of photons of a specific 

wavelength that are reaching the reaction location, the photon wavelengths the molecule 

in question can absorb and the fraction of absorbed photons which will initiate the 

reaction). 

 

 J �������  	 
 ������������� 
�                (1) 

 

Actinic flux is calculated by integrating the spectral radiance over all directions of 

incidence of the light for a specific wavelength (IUPAC, 1997). Actinic flux is influenced by 

the solar zenith angle (a factor of latitude and longitude as well as the time of day and 

year) and the absorption capacity of the atmosphere at the point of reference. Values are 

calculated from what is understood from literature and observation about the absorbance 

capacity of the atmosphere for a specific wavelength. The tropospheric ultraviolet and 

visible (TUV) radiation model (NCAR/ACD, 2003) is an important tool developed to 

determine J values in ambient air based on literature as well as the time, location and 

altitude of the reaction.   

The solar radiation (actinic flux) reaching indoors will have significant impact on the gas-

phase photochemistry that is occurring. In the indoor environment, the intensity of solar 

radiation is diminished and so species with a very short lifetime outside can potentially 

exist for longer. Species that are very reactive outdoors may be able to accumulate 

indoors. Reactions that are not competitive with photochemical reactions outdoors may 

play a more important role in the reaction of organic compounds indoors; this in turn 

affects the cycle of other chemical reactions.  

The daytime attenuation of ambient visible light and UV radiation to the indoors through 

window glass is not uniform. The overall design of the building and glass used in 

construction will dictate the extent to which different wavelengths are able to be 

transmitted (Lim and Kim, 2010). There are little data available in the literature on indoor 

photolysis rates (e.g. Weschler, 2009). However, it is generally well known that external 

UV radiation (UVR) at the Earth's surface is divided into UV-B (280 - 320 nm) and UV-A 

(320 - 400 nm), with visible radiation from 400 - 800 nm. The Standard glass used in 

houses and cars filters approximately 90% of UV radiation (97% UV-B and 37% UV-A) and 
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transmits approximately 80 - 90% of visible radiation (400 – 800 nm).  Recent work by 

Lim and Kim (2010) supports these generalisations, suggesting that only ~3% of UV-B and 

~65% of UV-A permeates clear glass. Their room simulations show factors of 25 - 60 

reductions in UV-A intensity from positions of 0, 1, 2 and 3 metres away from the window.  

Many important photolysis reactions require photons in the UV range to initiate the 

reaction. Therefore, indoors, where radiation in this range is diminished, other reactions 

may become more important.  

These gas-phase reactions must be competitive with surface deposition rates in order to 

have an effect on indoor air quality. In the indoor environment, many surfaces (e.g. 

carpets, soft furnishings) act as irreversible sinks for VOCs (Weschler et al., 1992). For this 

reason, a number of gas-phase reactions that occur in ambient air will not occur indoors or 

else will form part of heterogeneous surface reactions. Those reactions that are successful 

indoors will likely involve short-lived radical species and reactive compounds with fast 

rates of reaction (Nazaroff and Weschler, 2004). 

Hydroxyl (OH) radical initiated chemistry is the key pathway for degradation of VOCs in 

the troposphere in the daytime. This is because OH radicals are highly reactive and 

abundant in ambient air.  In ambient air, photolysis of O3 is the major source of OH radicals 

(Equations 2 and 3, Finlayson-Pitts and Pitts, 2000); 

 

O3 + �� � �� � � � � O2  (290nm≤λ≥335nm)   (2) 
 

A small fraction of O � % & � reacts with water to form OH radicals 

 

O � � � �+ H2O � OH                    (3) 
 

Although some indoor ozone is known to be transported from outside, it is unlikely that 

OH radicals are transported indoors from ambient air, as a result of their very short 

lifetime (half-life 10-9 s, Sies, 1993).  The rate at which Reaction 2 occurs indoors will be 

limited by the considerable attenuation of UV radiation. Therefore, ozone-alkene reactions 

are more likely to be the important pathway for OH radical production indoors (Nazaroff 

and Cass, 1986; Weschler and Shields, 1999). Gas-phase reactions between ozone and 

unsaturated hydrocarbons are also known to produce acids, aldehydes and ketones 

(Atkinson et al., 1984; Atkinson, 2000). This is considered one of the primary routes for 

secondary product and aerosol formation indoors (Weschler, 2004).  The likely indoor 

mechanism for these reactions (Reactions 4-6) is through the formation of stable Creigee 

bi-radicals (Uhde and Salhammer, 2007).  

 

 



 

                         O3 + R1R2C=CR3R4  [ozonide]

[ozonide]  R1 C(O)R2 +[R

[ozonide]  R3 C(O)R4 +[R

[R1R2COO]* + M  R1R2

                         [R1R2COO]*  [R1CH=C(OOH)R

 
 Reactions of O3 with isoprene, ethene and a number of terpenes are known pathways for 

OH formation (Atkinson et al., 1992; Aschmann 

either undergo collisional stabilisation reactions (

hydroperoxide and produce an OH radical (

al., 2002).  The production of OH radicals is presumed to be only through di
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production can be predicted from knowledge of 

species (Aschmann et al., 2002). For example, yields from O

including limonene, 2-carene and α

have been observed to range from 

reaction source of OH indoors (Aschmann 

  Terpenes are perhaps the most studied group of unsaturated hydrocarbons for reactions 

with ozone, particularly as a gas-phase route for SOA (e.g. Weschler and Shields, 1999; 

Sarwar et al., 2004; Youseffi and Waring, 2012). Structurally, terpenes are hydrocarbon 

chains of the base unit, isoprene (C

Isoprene bases may join to form chains or rings. 

Concentrations of ultrafine aerosol increase by more than 7 times the original levels 

following the use of products containing terpenes (e.g. pinene, limonene) indoors, (Long 

al., 2000). This is because the products of these reactions

ketones, have lower vapour pressures and thus are likely to condense to the liquid phase 

(Walser et al., 2007). 

 Reduced air exchange has been shown

to increase particle formation (Sarwar and Corsi, 2007). 

very high concentrations of ozone have been 

reactions. For example, the average O
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times more than  typically observed concentrations (e.g. Lee 
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[ozonide]               (4) 

+[R3R4COO]*                   (5) 

+[R1R2COO]*                                 (6) 

2COO + M     (7) 

CH=C(OOH)R2]  R1CHC(O)R2 + OH            (8) 

with isoprene, ethene and a number of terpenes are known pathways for 

, 1992; Aschmann et al., 2002).  Creigee intermediates

either undergo collisional stabilisation reactions (Reaction 7) or isomerise to a 

hydroperoxide and produce an OH radical (Reaction 8) (Calvert et al., 2000; Aschmann 

002).  The production of OH radicals is presumed to be only through di-substituted 
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2002). For example, yields from O3 reactions with C10 terpenes, 

carene and α-pinene are expected to range from 0.75 - 0.83 and 

from 0.55 - 0.88, which supports that this is a significant 

reaction source of OH indoors (Aschmann et al., 2002). 

Terpenes are perhaps the most studied group of unsaturated hydrocarbons for reactions 

phase route for SOA (e.g. Weschler and Shields, 1999; 

2004; Youseffi and Waring, 2012). Structurally, terpenes are hydrocarbon 

chains of the base unit, isoprene (C5H8), a highly reactive unit with two double bonds
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important species, such as NOx and other alkenes, are held at typical background 

concentrations (e.g. 70 ppb NO2 and 1.5 ppb NO) or not included at all (zero air used), 

while terpene concentrations, such as limonene, are elevated (150 - 700 ppb) (Coleman et 

al., 2008). The observed correlation between ozone concentration and particle formation 

may not be representative of the typical indoor environment.  The concentration of O3 in 

the indoor environment is likely <20 ppb or lower. For example, in a recent Australian 

study, mean indoor O3 concentrations ranged from 0.4 - 0.9 ppb (winter and summer) 

(Cheng et al., 2010A). Thus to extend this research and what is understood about 'real life' 

situations, studies that incorporate observational data would provide greater and useful 

insight to the chemistry that occurs indoors.  

 

Nitrate radicals are the dominant reactive night-time radical in the troposphere, acting as 

a sink for ozone through a slow oxidation reaction (Reactions 9 and 10). The severe 

attenuation of light indoors means it is possible that the radicals are also important during 

the day. Thus, Nazaroff and Weschler (2004) suggest that nitrate radicals (NO3) may be 

the dominant oxidising species indoors. Ozone interactions with NOx species are thought 

to be of great importance for the production of nitrate radicals indoors (Uhde and 

Salthammer, 2007).   

 

O3 +NO � NO2 + O2    (9) 
O3 + NO2�NO3 + O2  (10) 

                                                      NO3 + R-H � HNO3 + R            (11) 
 

Nitrate radicals typically readily absorb visible light and have lifetimes of approximately 5 

seconds in full sun (Reactions 12 and 13; Finlayson-Pitts and Pitts, 2000). 

 

NO3 + �� � NO2 + �� , - �       (λ≤640nm)   (12) 
                   � NO + O2       (595nm ≤λ≤635nm)                  (13) 

 

 Ozone and NO2 indoors must therefore be of significant concentration for this reaction 

pathway and the production of NO3 to be dominant.  Indoors sources of NOx are mixed, a 

combination of transported outdoor air and indoor combustion sources (Kornartit et al., 

2010). Therefore NOx are can be higher indoors during winter periods when gas heating 

appliances are in use. For example, in London homes without gas appliances, NO2 ranged 

from 3 - 15 µg/m3 over the year compared to 6 - 39 µg/m3 for those with gas indoors 

(Kornartit et al., 2010). Unflued gas heaters were shown to be the main contributor to 

residential indoor NO2 in winter in Perth, Australia (Farrar et al., 2005).  Location is also a 

factor, for example residential median indoor NO2 concentrations ranged from 13 - 23 



Chapter 1: An Introduction to Indoor Air 

14 
 

µg/m3 in three European cities, over all seasons (Kousa et al., 2001), compared to 7.9 - 9.1 

µg/m3 in Australian studies (Franklin et al., 2006; Sheppeard et al., 2006). 

 

In an investigation of the role of the NO3 radical in indoor air chemistry, Nøjgaard (2010) 

presents the first NO3 radical measurements for the indoor environment. He supports the 

hypothesis of Nazaroff and Weschler (2004) that NO3 may be the dominant indoor radical. 

However, this should perhaps be being prefaced with a caveat of the indoor conditions 

that would promote this dominance. Beyond the scant data available for indoor NO3 

radicals, modelling output for the radical differ considerably.  Carslaw (2007) reports NO3 

output around 0.03 ppt, where Sarwar et al. 2002 (0.15 ppt) and Nazaroff and Cass (1986) 

(4.2 ppt) are considerably higher. A point of issue in Nøjgaard’s (2010) discussion is the 

NO3 - N2O5 equilibrium (not discussed in Carslaw’s model) as a sink or source of NO3 

(Reaction 14). 

 

NO2 +NO3 +M . N2O5 + M    (14) 
 

 

Nevertheless, the conditions that favour the right hand product are low temperatures with 

high NO2 levels, and are not expected in temperate climates with low ambient pollution, 

such as Australia (e.g. Franklin et al., 2006). 

Nøjgaard’s model combines NO3 and N2O5 to give an effective NO3 concentration much 

higher than those given by Carslaw (2007) and this could be a consideration for future 

models. However, the low NO concentrations included and observed by Nøjgaard (2010) 

are not typical for all locations. Higher concentrations of NO, based on UK ambient data, 

were included in Carslaw’s (2007) model. Indeed, NO reacts quickly with NO3 in standard 

conditions, thus the importance of the NO3 radical indoors could be dependent as much on 

NO concentrations as NO2 and O3 concentrations. The balance of these species will have a 

large impact on the dominant radical pathways and are of significant interest for this 

thesis. 

1.5 Computational Models of Gas-Phase Photochemistry 

 

Computational modelling has enabled an important increase in our understanding of the 

chemical and physical processes in the atmosphere. Modelling demands a compromise 

from the complexity of 'real life' to a simplified representation of the system to meet 

logistical and conceptual limitations. Although, with advances in software tools and 

computational power this boundary can be pushed. 



Chapter 1: An Introduction to Indoor Air 

15 
 

Observational data from atmospheric studies can be interpreted by incorporating the 

physical and chemical components of the environment into the model. These models add a 

temporal dimension to the single 'snapshot' of observed data and allow us to make 

predictions for future and alternate scenarios. This means that significant detail can be 

extracted to assist in policy formation and predictions by constraining models with actual 

or estimated atmospheric data.  

Within a model, the physical component can be described with relative simplicity; 

temperature, mixing ratios (if required), surface/volume ratio etc. The chemical 

component, however, is more complex.  The chemical mechanism (reaction scheme) used 

will dictate, in a large part, the way a model approximates or simplifies a real life system. 

The development of chemical mechanisms requires insight into the photochemical kinetics 

of the species and reactions that are included in the model. There are a number of 

chemical mechanisms that have been developed for tropospheric photochemistry, with 

varying approaches to the simplification of the system. The choice of mechanism therefore 

depends on the type of model as well as the desired output. Surrogate and Aggregate 

mechanisms employ simplifications by grouping some or all species, Explicit mechanisms 

contain highly detailed reaction mechanisms for each compound included.   

 

Surrogate and Aggregate Mechanisms 

These mechanisms are used in complex whole atmosphere models that require simpler 

mechanisms to fit within the constraints of current computational power. These models 

are inherently large simplifications of the real atmospheric system and lack detail of many 

individual species. Yet their development and use is predominantly for air quality 

monitoring and predictions, where exploratory detail is not needed. 

 

 The carbon bond mechanism IV and V, (CBMIV and CBMV) (Gery et al., 1988; Yarwood et 

al., 2005), is a popular mechanism because the grouping, simplifications and surrogates it 

employs allow for fast computational time. Aggregates are based on organic groups within 

molecules, thus the model species are represented as concentrations of these constituents 

rather than individual compounds. It does nevertheless include explicit mechanisms for 

some important reactive species: ethene, isoprene and formaldehyde. However, neither 

CBMIV nor CBMV perform satisfactorily for simulating aromatic chamber data (Yarwood 

et al., 2005). CBMV has a total of 51 chemical species and 156 reactions 

 

The Statewide Air Pollution Research Centre mechanism (SAPRC 99, 07 and 11),  (Carter, 

2010; Carter and Heo, 2012) was originally designed for highly polluted areas. The 

mechanism groups model species by molecule type. Concentrations in the model are 
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representative of this and it can be run in lumped or detailed formats (secondary species 

reactions are lumped for both). Limitations for aromatic mechanisms in earlier SAPRC 99 

and 07 models have been addressed in the latest update. The more explicit mechanism can 

group 400 categories of VOCs.  A modified and detailed version of SAPRC 99 was used in 

the development of the Indoor Chemistry and Exposure Model (ICEM) by Sarwar et al. 

(2002). The updated mechanism contains the alkene/O3 reaction schemes known to be 

important for indoor air chemistry. A limitation of the mechanism is the lack of detail it 

gives for reactions of secondary species.  

The regional air chemistry mechanism (RACM1 and 2) was developed for regional 

monitoring and places a higher emphasis on slower, low concentration emission 

chemistry (Stockwell et al., 1997) from the RADM2 mechanism (Stockwell et al., 1990). 

RACM2 currently has 118 model species with 356 reactions and is predominantly used as 

an alternative to explicit mechanisms for the monitoring of regional atmospheric 

chemistry (Stockwell et al., 2012). Because of its ambient air focus, it does not contain the 

terpene/O3 reaction schemes known to be important for indoor air chemistry. 

 

Explicit Mechanisms 

It is not possible to construct a fully explicit mechanism using the current photochemical 

kinetic data available. Those that are close to explicit employ assumptions and estimations 

where specific data are not available and this becomes one of their major limitations. 

Radical - radical reactions and the complex mechanisms for some biogenic species are the 

areas where information is most lacking (Stockwell et al., 2012). Explicit mechanisms are, 

however, useful for examining whole system interactions in detail. 

The simplest of atmospheric models are box models. These are constrained by a defined 

perimeter of well mixed (homogenous) air and, if considered in three dimensions, include 

a changing aspect of time whereby species and conditions may change, enter or leave the 

box. Explicit mechanisms are usually limited to simpler box models because of their 

complexity. This is not a limitation for indoor modelling because the indoor environment 

closely resembles a box. 

Box models can group chemical fractions of the air that share similar reactivity, and this 

simplifies the number of calculations necessary to explore potential reactions taking place.  

The output of the model can be explored and investigated by altering the parameters of 

the ‘box’, such as photolysis rates, temperature, humidity, actinic flux and base-line 

concentrations. Thus a model employing an explicit mechanism can be tailored to 

approximate a specific environment in great detail.  
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The National Centre for Atmospheric Research (NCAR1 and 2) Master Mechanism is a near 

explicit mechanism with over 800 chemical species that considers 4930 reactions 

(Madronich and Calvert, 1990) and has been superseded by perhaps the most 

comprehensive reaction scheme, the Master Chemical Mechanism (MCM), currently 

available. The MCM is a near-explicit chemical mechanism that describes the 

photochemical degradation of VOCs as well as the generation of ozone and secondary 

pollutants. The latest version (v3.2) includes 143 VOCs in 16,500 reactions (Jenkin et al., 

1997; Saunders et al., 2003 for non-aromatic schemes; and Jenkin et al., 2003; Bloss et al., 

2005 for aromatic schemes).  

The MCM employs three simplification techniques to moderate the number of reactions 

that are included in the scheme: 

(1) Reaction routes of low probability are excluded, e.g. the number of pathways resulting   

from OH oxidation of VOCs is limited. 

(2) Peroxy radicals are pooled to represent the many permutation reactions of each 

peroxy radical (Jenkin et al., 1997; Saunders et al., 2003), and 

(3) The degradation reactions of minor reaction products are simplified. 

 

The MCM considers the complete degradation of gas-phase VOC to CO2 and H2O as 

represented in Figure 1.5.1. The process is initiated through interactions with OH and NO3 

radicals, O3 and photolysis. First generation radicals (reaction intermediates) peroxy (RO2) 

and oxy (RO) as well as Creigee biradicals (R'R"COO) are generated and undergo further 

reaction with the production of many secondary species. The system feeds back upon itself 

and continues with these degradation pathways until completion. 

 

Figure 1.5.1: Degradation scheme of gas-phase VOCs as considered by the MCM protocol (Jenkin et al., 

1997; Saunders et al., 2003; Bloss et al., 2005). 
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The importance of this near explicit chemical modelling framework is evident in the 

increasing international and cross-disciplinary recognition it attracts, such as citation in a 

recent Nature article (Leliveld et al., 2008). The MCM framework has formed the basis of 

many modelling studies, including airshed (e.g. Derwent et al., 1996, 1998), environmental 

chamber (e.g. Hynes et al., 2005, Wagner et al., 2003) and field campaign measurements 

(e.g. Carslaw et al., 1999).  The current MCM provides a valuable resource used heavily by 

the atmospheric science community, particularly in Europe, and more recently in the USA 

(Sommariva et al., 2008) and SE Asia (Cheng et al., 2010B).  

 

Indoor Modelling of Reactive Chemistry 

Explicit mechanism protocols, like the MCM, enable us to build models that examine the 

role that individual compounds have on secondary pollutant formation and to predict 

which scenarios are likely to result in poor IAQ. This is an area that has not been fully 

explored in the literature. The chemical modelling mechanisms discussed here contain 

many of the species that are important indoors, despite not being developed for the indoor 

environment.  Indoor modelling studies have utilised reduced reaction schemes (e.g. 

Sarwar et al. (2002) used the SAPRC 99 mechanism) and have often investigated single 

reactive systems, such as limonene - ozone, in isolation as in Sarwar and Corsi (2007). Few 

have looked at whole system chemistry in great detail. 

Carslaw’s (2007) novel work and subsequent developments (Carslaw et al., 2012) utilising 

the MCM reaction framework are some of the most detailed studies of indoor gas-phase 

chemistry, The recent addition of limonene to the MCM is very important for its 

applicability for indoor modelling but was not included in Carslaw's  2007 study (Carlaw 

et al., 2007). Carlaw's studies highlight the importance that attenuation of light and air 

exchange rates have on radical production and chemical pathways. Radical chemistry was 

shown to be important, despite the attenuation of solar radiation indoors. Hydroxyl 

radical concentration output from the model was only 10 - 20 times lower than outdoor 

concentrations and remained high even during the day in some scenarios. Alkene or 

monoterpene/O3 reactions were significant, though OH production was strongly 

influenced by changing hydroperoxy (HO2) radical and NOx chemistry, which were in turn 

influenced by the conditions of the model.  Consequently, the model predicts PAN and 

nitrate species to be higher indoors than previously thought, though it also highlights the 

dearth of indoor measurements for these species for comparison. The sensitivity tests 

performed on the model demonstrate the importance of using relevant observational data 

to constrain the model for the scenario and location being assessed. An evaluation of 

indoor modelling studies concludes that there is great importance in tailoring models to 

the scenario and location of interest by using relevant data (ECA, 2007). In particular, the 
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importance of O3 and NOx data, given the influence on radical formation. Details of indoor 

radical concentrations, PANs and photolysis rates are not well characterised and will 

benefit future modelling studies. Finally, concurrent indoor and outdoor measurements of 

air pollutants will be of great benefit for ensuring the relevance of future tailored models 

of indoor reactive chemistry (ECA, 2007). 
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1.6 The PhD Project 

 

The work presented here has been formed around an area of the literature not yet fully 

explored. The study of whole system reactive indoor chemistry is currently lacking, and 

there is evidence (as discussed) that indoor air quality can be significantly and 

immediately influenced by our actions and behaviour. Evidence also suggests that the 

chemical fate of gas-phase pollutants indoors is similarly affected. To date, only a few 

modelling studies have attempted to assess whole system indoor air chemistry under real-

life conditions. None have as yet directly incorporated observational data and occupant 

behaviour.  

 

Therefore we test that; 

 

There are important physical and chemical characteristics of the indoor environment that 

significantly influence the photochemical and radical initiated gas-phase chemistry and the 

production of secondary pollutant species. By combining observational data with a 

computational modelling approach we can create tailored models to explore these impacts in 

detail.  

 

This thesis seeks to answer two broad questions: 

 

1. What are the photochemical reactions that occur in the indoor environment with 
regards to the degradation of gas-phase organic constituents and the formation of 
secondary products? 

2. How do the physical and chemical characteristics of indoor environments 
influence this chemistry? Specifically;  

-The degree of attenuation of visible and ultraviolet radiation. 

- Occupant activities such as cleaning and renovations. 

- Sensitivity to observational data. 

-Seasonality and the impact of outdoor ambient conditions. 

- The rate of air exchange and VOC emission rates. 
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Chapter 2: Method Developments 

for the Perth Baseline IAQ Study 

 
 

2.  Aim and Content 

This Chapter discusses the methodology for the detection of very low concentrations of 

VOCs in suburban homes.  It outlines developments made during the course of the project 

and provides a discussion and evaluation of the methodological choices for indoor VOC 

monitoring. It contains: (i) a background evaluation of the sampling methods considered 

for this project, (ii) a manuscript on the development of a sampling protocol for the 

detection of low concentrations of highly relevant VOCs, (iii) details of a temporal study 

undertaken to test this methodology, and (iv) details of the methods used to recruit 

households to participate in the observational study.  
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2.1 Review of the Methodology for Sampling VOCs in Indoor Air 

 

Understanding the sources and influences of VOCs in the indoor environment is important 

for deciding on the type of sampling that should be used to assess indoor air quality. The 

purpose of the study and intended use of the data will also have significant influence on 

the methodology chosen. The sampling approach is important because it determines what 

representation of the air is being assessed and how the subsequent data can be used. 

Beyond real-time instrumentation analysis, such as proton transfer mass spectrometry 

(PTR-MS) (Lindinger, 1998), sampling of air ex situ necessitates a compromise. It is this 

collection step that will determine the information that is provided by the sample (Król et 

al., 2010). In addition to these considerations, sampling indoors can present logistical 

problems of space and time, as well as occupant activities and demands that need to be 

considered when choosing the method most appropriate for the study.  

 

2.1.1 Collection of Air Samples 

 

 In most urban settings, the concentration of VOCs in the indoor environment is low and 

typically observed in the range of µg/m3 (Raw et al., 2004; Weisel et al., 2005). To ensure a 

sufficient mass of analyte is captured to meet detection thresholds of analytical 

instruments, a pre-concentration step is usually required for sampling. There are a 

number of options for how an air sample can be collected and pre-concentration (i.e. 

cryogenic trapping) performed, either immediately or as an additional step. Once the air is 

sampled, analysis is usually more straightforward. Analysis is usually conducted by either 

gas chromatography (GC) and detection through flame ionisation detection (FID) or mass 

spectrometry (MS) (Woolfenden, 2010A). 

 Though there is no single method that is best for sampling all VOCs in air, some methods 

are better suited to the demands of observational IAQ studies. As discussed here, one of 

the most popular and versatile methods for indoor air sampling (and the method chosen 

for work in this thesis) is active sampling onto sorbent tubes. However this method has 

limitations that should be weighed against the benefits of other options (Woolfenden, 

2010A).  The following is a brief review of these other methods.  

 
Tedlar Bags 

Whole air sampling can be achieved using bags of polyvinyl fluoride (Tedlar bags), 

polyterephthalic ester (Nalofan) or fluornated ethylene.  This cheap, reusable medium is 

typically capable of taking 100 - 500 ml air samples (Ras et al., 2009). The bags are fitted 

to a mechanical pump at a predetermined flow rate.  Double walled bags fitted with 
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hygroscopic materials can overcome common issues of interference from humidity 

(Calliou and Guillot, 2006). However, sample integrity is generally lost after 28 - 48 hours, 

and issues of surface interactions and permeation of bag walls restricts the number of 

compounds that can be successfully recovered from this method (Wang and Austin, 2006).  

 
Canisters 

Whole air samples can also be taken in evacuated canisters that draw in surrounding air 

when opened. Samples can be taken as an instantaneous 'grab' sample by opening the 

canister fully, more slowly over a period of a few hours with a flow regulator, or over a 

longer term with a pump.  Canister volumes are typically 3 - 6 L and they can be 

pressurised above 3 atmospheres.  The internal walls of these stainless steel vessels have 

been passivated with either chrome - nickel oxide (Summa passivation) or silicon coatings 

to minimise surface reactions with the VOCs being sampled (Wang and Austin, 2006). 

Samples can be stored in the cans for a prolonged period of time, up to 30 days for most 

compounds, without significant degradation because of the pretreatment of the internal 

surface (Kelly and Holdren, 1995). However, surface interactions with some important 

compounds, such as benzene and longer chain hydrocarbons are of concern when storing 

samples (Wang and Austin, 2009). To minimise these interferences and to ensure the 

reproducibility of samples, it has been determined that a humidifying step prior to 

sampling is required. However this adds to the expense and time required to use this 

method. 

Canister sampling has been validated for over 150 VOCs by the US-EPA with the TO-14 

compendium method for the determination of volatile organic compounds in ambient air 

using specially prepared canisters with subsequent analysis by gas chromatography 

(Manning et al., 1999).  Canister sampling is, usually, more expensive than other options, 

primarily due to initial canister costs as well as the process required to ensure the internal 

walls are cleaned and passivated after use (Harper, 2000).  

 
Sorbent Tubes 

Derivative samples can be taken directly onto solid state sorbents which are generally 

packed into stainless steel tubes (thermal desorption tubes, [TD]), typically 0.5 cm in 

diameter and 10 - 15 cm in length. Other sorbent sampler configurations include trays and 

porous tubes. This sampling technique utilises instant pre-concentration; sorbents 

provide active sites for VOCs to adhere to as air passes across the material. There are a 

number of solid state sorbent materials that can be used alone or in combination. The 

compound list and desired outcome of the study is the determining factor for sorbent 

selection, thus the characteristics of different sorbents are important.  A comparison of 

sorbent options is given in Table 2.1.1.     
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Based on these characteristics (Table 2.1.1), carbonaceous sorbents in multi-bed tubes are 

the sorbent choice that allows for the widest range of VOC species at low concentrations. 

Multi-sorbent tubes overcome many of the disadvantages of single sorbent tubes (Harper, 

2000). The sorbents are arranged in order of strength, with the weakest adsorbing 

materials at the front to allow low weight compounds to be adsorbed first, progressing to 

heavier compounds at the back of the tube which are adsorbed by the stronger sorbents. 

Analytes are then recovered from the tube by desorbing in the opposite direction to 

sampling, thus minimising irreversible adsorption (Harper, 2000). This presence of strong 

sorbents limits the time that samples should be stored, with unacceptable levels of 

internal transport and irreversible sorption observed in samples left for over 14 days (Ros 

et al., 2009). This limitation can be overcome by having only short delays between 

sampling and analysis and ensuring tubes are kept at low temperatures in the interim 

(Ros et al., 2009). 

 

Sampling that relies on adsorption or whole sample collection is not suitable for all VOCs. 

Highly reactive compounds such as aldehydes cannot be accurately assessed with these 

methods. These compounds are better suited to sampling via a deriving agent such as 2,4-

dinitrophenylhydrazine (DNPH), as recommended by the USEPA in the TO-11 

compendium method determination of formaldehyde in ambient air (Winberry et al., 

1999).  Samples are taken in a similar way to sorbent tubes. However, instead of an 

adsorbent site, analytes react with the DNPH to form a stable derivative that is then 

processed via high pressure liquid chromatography (HPLC). 

                                                .  



 

 
 

Table 2.1.1 : Comparison of sorbent properties for use in thermal desorbtion tubes for  sampling VOCs in the gas-phase . 

 

Sorbent Type material VOC range Pros Cons 

Tenax® Semi-crystalline 
polymer 

(C2-C12) - High thermal stability and low background 
artifacts (Brown, 1996). 
 
- Low concentration sampling possible 
(Harper, 2000). 
 
- Recommended by the US-EPA TO-17 
sampling method for VOCs on sorbent tubes 
(Woolfenden and Mc Clenny, 1999). 
 

- Propensity for ozone to react with and 
compromise the absorbed sample (Harper, 
2000). 
 
- Mid- low retention, not suitable for high 
volume sampling (Brown, 1996). 
 

Chromosorb® 106 Porous polymer (C3-C18-20) - Able to retain a wide range of VOCs and has 
a greater retention factor (Brown, 1996). 

- High background noise on sample 
chromatographs (Brown, 1996). 
 
- Low thermal stability, therefore artifacts 
including styrene can be an issue if the 
material is heated past threshold 
temperatures (Harper, 2000). 

Carbopack™ and Carboxan Carbonaceous (C2-C23) 
depending on 

sorbent 

- No surface ions or active groups which can 
limit adsorption (Woolfenden, 2010B). 
 
- The high surface area and smaller pore size 
means it is suitable for sampling larger 
sample volumes (Ros et al., 2009). 

The potential for irreversible adsorption 
(analytes adsorb to sites and are retained, 
despite gas purging) for some low weight and 
halogenated compounds (Ros et al., 2009). 

Multi-sorbent beds, e.g. 
 - Perkin Elmer Air Toxics tubes 

- Carb CarbopackTM  X/Carboxen-
569TM 

- Tenax® TA/CarbonsieveTM -III 

Carbonaceous / 
Polymer 

(C2-C23) - Low concentration sampling possible 
(Harper, 2000). 
 
- Larger sample volume thresholds compared 
to single sorbents, as well as excellent analyte 
recovery and agreement between replicates 
(Ribes et al., 2007). 
 

- Only suitable for active sampling as the front 
sorbent will not retain all compounds and 
passive diffusion is insufficient to transport 
analytes to stronger sorbents at the back of 
the tube (Woolfenden, 2010B). 
 
- Internal breakthrough and irreversible 
sorption observed for samples left for over 14 
days (Ros et al., 2009). 

3
3
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2.1.2 Modes of Sampling on Adsorbent Material 
 

There are two approaches to sorbent sampling of VOCs; 

 -Active 

 -Passive 

 
Active techniques capture gas-phase chemical species through the forced passage of air 

across adsorbent materials, usually via a mechanical pump. The size of the sample is 

therefore determined by the flow rate and by the time that the pump is in operation. 

Detection limits for active sampling can be very low because the detection threshold of the 

analytical instrument is based on the lowest detectable mass, thus the larger the sample 

volume the smaller the effective detectable concentration. However, an important 

limitation of active sampling is the breakthrough and loss of the compounds. The 

'breakthrough volume' is the volume of gas that will purge an analyte from a desorption 

tube, resulting in loss from the sampling tube.  One of the most utilised and endorsed IAQ 

sampling methodologies, the US-EPA TO-17 Compendium Method (TO17) for the 

determination of VOCs in ambient air using active sampling on sorbent tubes (Woolfenden 

and Mc Clenny, 1999), determines this threshold, where a maximum 5% loss of analyte is 

observed for a sample volume at a specific temperature.  As previously discussed, 

irreversible adsorption is also a problem for high-volume multi-sorbent tube sampling, 

(Pankow et al., 1998; Harper, 2000). Sample volume should therefore be determined as a 

balance of detection limit, breakthrough volumes and recovery limits. 

 

Passive techniques rely on the diffusion of analytes to the sorbent material. They have the 

advantage of requiring scant equipment. On the other hand, because adsorption is 

diffusion limited, the sampling time for this option is significantly longer; typically up to a 

week or more than active sampling. Additionally, passive sampling does not enable the 

time resolution of any short term variation in VOC concentration as active sampling does, 

but rather provides a longer time averaged measurement.  

There are two modes of diffusion; axial and radial, which have been developed as reliable 

techniques for passive sampling. Axial diffusers are similar to the TD tubes used in active 

methods, with one end remaining capped during sampling. The dimensions of these tubes 

have been designed as such to ensure even diffusion of the air to the sorbent surface, 

allowing for a quantifiable uptake rate (Brown et al., 1981). The low diffusion rates for 

these samplers make then unsuitable for short term sampling in low concentration 

environments (Woolfenden, 2010A). Radial diffusers house the sorbent materials in a 

porous body that allows diffusion of air at a steady rate equivalent to the active rate of 30-
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50 ml/minute and are therefore suitable for short to medium term sampling. Undesirable 

back diffusion (loss of adsorbed analytes to ambient air) has been observed for 

compounds more volatile than benzene, while heavy compounds (less volatile than 

naphthalene) can interact and adhere to the porous surrounds (Woolfenden, 2010A). 

Radial diffusers are, therefore, most suitable for low concentration short term sampling of 

compounds C6 - C10. 

Studies of VOC uptake rates to solid sorbents indicate that molecular mass and compound 

volatility are significant factors to consider, with low mass species not following a linear 

adsorption pattern as is assumed when determining concentration in the air (Roche et al., 

1999). This is an important limitation to consider at very low concentrations. The 

uncertainty of sample diffusion to the sorbent material is also increased in areas of 

significant temperature and wind speed variation, making sample placement important 

(Ros et al., 2009). 

 

2.1.3 Conclusion 

 
There is no single method that is most optimally suited to measuring VOCs indoors. The 

decision must take into account the purpose of sampling and limitations of the study. The 

Perth IAQ study required exploratory low concentration samples to be taken in a number 

of locations. Seasonality was also being examined, which meant samples needed to be 

taken within the 3 month winter and summer periods. Because the data were being 

applied to the modelling study it was important that short term events, such as cleaning 

and cooking were captured to enable sensitivity testing. The method most suited for these 

requirements and limitations was determined to be active sampling on TD tubes. The 

choice of sorbent and single or multi-bed conformation, as well as the sampling protocol, 

required further investigation to develop the most suitable methodology for the Perth IAQ 

study. 
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2.2 Development of Sampling Techniques 

 

Context 

 The standard compound suites for assessment of VOCs (such as US-EPA TO-17) did not 

meet the criteria of the proposed active indoor air sampling campaign. The development 

of a sampling system for specific use in the home environment was required to address 

the lack of applicability and flexibility in the standard methodology. The following 

manuscript presents the testing and validation of a new method for sampling very low 

concentrations of VOCs that is widely applicable in the indoor environment using single 

bed and multi-bed sorbents. 
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Abstract 

The US-EPA TO-17 Compendium Method for the determination of volatile organic compounds 

(VOCs) in ambient air using active sampling on sorbent tubes is valid for indoor air studies. 

However the certified list of compounds associated with the method has not been targeted for 

the assessment of base-line indoor VOCs, and contains many halogenated species that have 

rarely been observed indoors. Analysis of the available literature has identified a more 

appropriate VOC suite, tailored to assess low concentrations of a wide range of species 

expected indoors. This lists the Radiello suite of 33 compounds that was designed for indoor 

occupational air studies using diffusive samplers, with an additional 17 VOCs.  

 

Overall this study reports on the validation of the recovery of a new and more suitable VOC 

suite relevant for indoor air, by active sampling on Tenax® TA adsorbent (as used in the TO-17 

method for ambient air) and extends this method to the commercially available multi-sorbent 

Perkin Elmer AirToxic TD tubes, in order to extend the range of VOCs that can be analysed. The 

results of a pilot study, using an air sampling methodology developed to conform to the QA/AC 

requirements of the TO-17 method and analyzing for this new suite of indoor VOCs, are also 

presented. A sampling and analysis methodology was developed to adhere to the quality 

assurance and quality controls (QA/QC) of the method, to enable a pilot study in 3 homes. 

Calibration was successful for 39 of the extended indoor VOC suite, and in the homes tested, 

32 of these 39 compounds were detected in more than 50% of the samples taken. The results 

provide a newly validated and highly appropriate VOC suite for IAQ studies. 

Keywords. : Indoor, volatile organic compounds, air analysis methodology, thermal desorption, 

TO-17 
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1A. Introduction 

Volatile Organic Compounds (VOCs) are an important class of gas-phase contaminants 

assessed in indoor air quality (IAQ) studies. A wide variety of VOCs are emitted indoors from a 

range of sources including building materials, solvents, and cleaners and are introduced 

indoors from ambient air (Namieśnik et al., 1992; Weschler, 2009). The methods used to 

assess these compounds have often been designed for sampling in ambient air or longer term 

indoor sampling (e.g. Woolfenden and McClenny, 1999; Manning et al., 1999 and ISO EN 

16017). A review of methodologies for sampling VOCs noted that any effort to determine best 

practice for sampling indoor air quality must take into consideration the purpose and 

limitations of the study and that the established sampling protocols do not always satisfy these 

criteria (Dettmer and Engewald 2002).  

  Domestic IAQ campaigns concerned with base-line VOC exposure need to measure a wide 

range of species in low concentrations. Allocated space for sampling equipment indoors can be 

restricted and large numbers of samples are often required, with limited budgets. For these 

reasons methods that are usually considered more sensitive and reproducible, such as whole 

air sampling with deactivated steel canisters (US-EPA TO-14A by Manning et al., 1999), may 

not be practicable (Ras et al., 2008). Here an effective methodology has been developed for 

base-line VOC studies in residential areas and addresses important features deficient in 

existing protocols. These include a highly relevant compound list for indoor VOC analysis 

offering low detection limit, ease of transport, economical processes and adaptability to time 

constraints.  

  This paper reports the validation of an extended suite of compounds on Tenax®TA sorbent 

and multi-sorbent AirToxic tubes using an active sampling technique. This technique is 

complimentary to the widely used US-EPA TO-17 Compendium Method (TO-17 from here on) 

for the determination of VOCs in ambient air using active sampling on sorbent tubes 

(Woolfenden and McClenny, 1999) and the expansion of purpose and evaluation of 

performance in indoor air by McClenny and Colon (1998).  

 

1.1A Target Compounds 

The target compounds in an air quality study are the species of interest and relevance for the 

purpose of the research aim. The target compounds are of great importance as they determine 

the information that is to be taken from the sample. It is therefore important that these lists 

contain relevant and contemporary species likely to exist in the indoor environment. Some 

important air pollutants such as benzene, toluene, ethyl benzene, xylene (BTEX) and styrene 

are included in the compound suite for the US-EPA TO-17 method (Woolfenden and McClenny, 

1999). Nevertheless, the majority of species in the TO-17 suite are halogenated and not often 
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observed indoors (Weschler, 2009) and many important indoor species are not included. There 

has been considerable investigation to identify key indoor pollutants of interest to IAQ studies 

(e.g. Namieśnik et al., 1992; Wolkoff, 1995). These include monoterpenes such as δ-limonene 

and α-pinene from common cleaners and fragrances (Steinemann et al., 2011), low- to mid-

weight alkenes and alkanes used as solvents and found to be emitted from carpets (Weschler 

et al., 1992), glycol ethers, aromatic compounds and many others (Nazaroff and Weschler, 

2004). Target compounds for exploratory IAQ studies should therefore include many of these 

species. 

 The target list for Radiello diffusive samplers, commonly used for occupational exposure 

sampling, contains many important indoor species (Cocheo et al., 1996). This 33 compound 

suite is highly appropriate for IAQ studies and is used primarily with specialised diffusive 

samplers. Certified reference material for this mixture is commercially available, and facilitates 

calibration and QA/QC testing. This reduces cost and time factors associated with custom VOC 

mixture preparation. A literature survey (e.g. Namieśnik et al., 1992; Wolkoff, 1995; Wolkoff et 

al., 1997; Nazaroff and Weschler, 2004; Steinemann et al., 2011) identified 17 additional 

compounds as important potential constituents of indoor air, and in this study (Section 2A), 

these were included to provide a comprehensive indoor VOC suite.  

 
1.2A Detection Limit  

The exploratory nature of base-line IAQ studies means they have different requirements from 

routine indoor occupational hygiene exposure assessments and the sampling methodology 

needs to reflect this. For example base-line studies require a limit of detection well below 

occupational exposure levels (Namieśnik et al., 1992). Passive diffusion sampling such as the 

Radiello technique can achieve low detection limits but require 2 - 7 days exposure to achieve 

a 0.1 - 0.05 µg/m3 limit of detection (LOD) (Cocheo et al., 1996). The low diffusion rates for 

radial samplers mean that short-term sampling in low concentration environments is not 

effective (Woolfenden, 2010). This limits the degree of temporal resolution the data can have 

and may not satisfy time constraints of multi site sampling. Earlier studies by our group (data 

not reported) have shown that week-long passive radial sampling (with Thermal Desoprtion 

tubes) in a large number of low VOC homes returned non-detectable results for most Radiello 

species (LOD 4 µg/m3).   

Active sampling, achieved by a flow controlled electric pump allows for sufficient mass of each 

VOC to be adsorbed during sampling to meet instrument sensitivity. The larger sample volume 

enables a lower limit of detection. Yet this is tempered by the retention or breakthrough 

volume of each compound for the sorbents used. Analyte breakthrough leads to the loss and 

consequent under-representation of the species in the data. Hence the breakthrough volume 
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is considered the minimum sample volume for which the extent of loss of a compound exceeds 

the quality control measures of the method. The type of sorbent, sampling rate and 

temperature are important factors for determining breakthrough volume (Woolfenden, 2010), 

and are investigated here. 

 
 1.3A Sorbent Type 

The US-EPA TO-17 method has been validated for Tenax®TA adsorption materials, however, 

other sorbents can be validated if considered fit for purpose (Woolfenden and Mc Clenny, 

1999). The low specific surface area of Tenax®TA makes it unsuitable for sampling highly 

volatile compounds and it does not perform well for large sample volumes (Dettmer and 

Engewald, 2002). A dual sorbent of carbotrap and carboxen 1000 was evaluated for TO-17 and 

found to be acceptable for C4 - C10 compounds at higher sample volumes (McClenny and Colon, 

1998). The combination of weak and strong adsorbing materials within a single tube ensures 

that VOCs that typically display very low breakthrough volumes are retained for larger 

volumes. The Perkin Elmer AirToxic multi-sorbent TD tubes have been developed to be 

comparable to the US-EPA TO-14 methodology for canister sampling (Hazard et al., 1994). 

Importantly, they have been shown to have recovery and precision comparable to canister 

methods, as this has been one of the weaknesses of multi-sorbent tubes (Tipler et al., 1994; 

Harper, 2000). These results are a good indication that the use of AirToxic TD tubes with a 

targeted and extended list of indoor VOCs will meet the TO-17 sampling criteria, and hence 

was selected as an appropriate multi-adsorbent for this study. 

 

2A. Study 1: Retention and Breakthrough 

2.1A Breakthrough 

The extent of breakthrough of an individual VOC is determined by spiking a known amount of 

standard onto a sorbent packed TD tube, connecting a second clean tube in series and drawing 

a known volume of N2 through the first (front) into the second (back) tube. Compounds that 

breakthrough from the front tube will be adsorbed to the back tube. Both tubes are analysed 

according to US EPA TO-17 method, which defines a <5% breakthrough (i.e. loss from the first 

TD tube) to be acceptable (Woolfenden and Mc Clenny, 1999).  

Thirty one of the 33 Radiello suite compounds were assessed for retention and recovery from 

Tenax® TA and the full suite for AirToxic thermal desorption tubes (The list of compounds is 

given in the results Section, Table 2A). An additional custom suite of 17 compounds, found to 

be relevant to indoor air from the literature (Section 1.1.1A), were assessed for breakthrough 

on AirToxic tubes. To prepare the solution for spiking the tubes, a standard mixture of Radiello 

compounds (Spex Certiprep Group, 1000 µg/ml in methanol) and 3 custom mixtures of 
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compounds (Certiprep, 3000 and 1000 µg in methanol), were diluted to a final concentration 

of 100 µg/ml with methanol (Lab Scan, HPLC grade). Custom mix 1 consisted of cis and trans 2-

butane, 2-methylbutane, custom mix 2 contained (+)-pulegone, 1,1-oxybisoctane, 3-carene, 

linalool, phellandrene and custom mix 3 had α-terpineol, dibutyl ether, cyclohexene, 2-

ethyltoluene, 4-ethyl toluene, cumene, 2-methyl-1-propanol, methylcyclohexane, 

propylbenzene, 4-phenylcyclohexene. Three solutions were required to ensure the stability of 

the reference solutions. One µL of diluted Radiello standard was injected onto blank Tenax® TA 

TD tubes (Supelco) to give a 100 ng deposition of each compound. Spiked and clean tubes 

were paired and the front tube fixed to a  temperature controlled and flow regulated AR grade 

nitrogen source (150 ml/min).  Triplicate tests for: 0.1 L (zero volume control; sample injected 

with 1 minute of N2 flow), 1 L, 2 L and 3 L were performed. For multi-sorbent tubes, 1 µL of 

each of the three standards were injected onto blank AirToxic TD tubes (Perkin Elmer). This 

process was repeated in duplicate for 0.1 L, 5 L, 10 L, 15 L and 20 L volumes of N2 (100 ml/min, 

26˚C +/- 2˚C). In addition to these tests, variability of flow rate while maintaining a large 

sample size was examined on AirToxic tubes.  For tehse tests, tubes were prepared as 

described for breakthrough and tested at 200, 150, 50 ml/min flow rates for consistency of 

breakthrough and recovery for the 20 L sample volumes.  

  
2.2A Sample Analysis 

To facilitate peak identification three standard tubes were prepared concurrently with AirToxic 

tubes, one for each of the compound mixtures (custom mix 2 and 3 were combined). These 

tubes were used to identify the retention time for each of the compounds with reference to 

the NIST library of standard mass spectra (Stein et al., 2005). This formed the basis of an 

automated ion selective method (Varian Workstation version 6.5) for the identification and 

integration of each compound. Peak area was used to evaluate breakthrough. 

Analysis of all TD tubes was performed on a Perkin Elmer Automatic Thermal Desorption 

system (ATD-650) coupled with a Varian 4000 GCMS.  The sample tube was rapidly heated to 

250˚C, held for 3 minutes and purged with helium (50 ml/min) for 10 minutes. The fully 

desorbed sample was refocused to the ATD’s temperature regulated multi-sorbent trap held at 

-10°C.  This trap was then rapidly heated to 250°C where it was held for 3 minutes. The sample 

was then transferred to a Varian gas chromatograph (CP3800) coupled to a Varian Saturn 4000 

MS/MS via a transfer line held at 220˚C. The sample that would normally have been split was 

re-collected onto the original sampling tube. The sample was introduced to the analytical 

column (Zebron Phenonemex 30m x 0.25 mm i.d. fused silica capillary column coated with 0.5 

µm, 5% phenyl- 95% dimethylpolysiloxane [ZB-5MSi] stationary phase) which was interfaced to 

an ion trap quadrupole MS/MS system for detection. The GC temperature program had an 
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initial temperature of 30˚C, which was held for five minutes with temperature increased 

10˚C/minute thereafter to 250˚C and held for 5 minutes, giving a 32 minute analysis time. 

Helium was used as the carrier gas in the column at a constant flow rate of 1.5 ml/min. Data 

were processed with the Varian MS workstation software (Version 6.5) 

 
2.3A Results and Discussion 

On Tenax®TA, breakthrough to the clean tube was observed for up to 5 compounds of the 31 

that were able to be quantified (Table 1A). The majority of species satisfied this test (limit of 5 

% breakthrough), but compounds that exhibited unacceptable breakthrough over 2 litres 

were:  ethyl tert-butyl ether (ETBE), methyl tert-butyl ether (MTBE), dimethyl disulfide, and 

1,1,1-trichloro ethane. These results were expected, given the high volatility of these 

compounds. From these results a 3 L sampling volume is acceptable for the specified Radiello 

compounds on Tenax® TA, with exceptions noted. Most of these failed species are known to 

be from vehicle emission sources. This means other indicators such as BTEX and propyl 

benzene can be used to assess the influence of traffic on indoor air. Some species that are not 

able to be experimentally determined in this study will need to be estimated by proxy using 

concentrations of like species. 

For the AirToxic tube samples, most compounds from the complete compound suite 

experienced breakthrough close to 0%, satisfying the 5% threshold determined by the TO-17 

method (Table 2A). An exception was dimethyl disulfide, which exceeded the breakthrough 

threshold for all sample volumes, and 2-ethyl toluene had breakthrough exceeding 5% for one 

15 L sample though was within the threshold for all other tests. Similarly for the flow rate 

tests, most compounds experienced a breakthrough of <5%. At 150 ml/min, toluene had 5.4% 

breakthrough yet this was not observed in other tests, including the higher flow rates.  

Co-elution was observed on samples from the AirToxic tubes for some compounds; styrene 

and 4-phenyl cyclohexene co-eluted at 20.43 minutes in a large sharp peak. These compounds 

were separated by ion selectivity in post analysis ensuring each species was individually 

quantified. Some compounds could not be identified in the spectra in these tests. These 

included methyl tert-butylether, ethyl tert-butylether, 2-ethoxyethyl-acetate and 2-

methoxyethyl-acetate, ethylhexan-1-ol and 2-ethoxy ethanol. One compound, 1,1,1-trichloro 

ethane was observed in the flow rate testing only and it is possible that this compound had 

been lost from the standard used for volume analysis. These compounds are known to have 

low breakthrough volumes and the loss/unsuitability of some compounds from the initial 

exploratory list was expected. 
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Table 1A  Percentage (%) Breakthrough analysis for Radiello suite of compounds on Tenax® TD tubes at 0.1 L, 1 L, 

2 L and 3 L volumes. Only compounds with breakthrough >1% are shown. 

 

 

 

For the AirToxic tubes, recovery from the 0.1 (zero volume) L samples was consistently lower 

than all other volumes. It was suspected that the weak adsorbent used in front Section of the 

multi-sorbent AirToxic mixture resulted in poor and superficial retention for many compounds 

(Woolfenden, 2010). For this reason the relative standard deviation (RSD) does not include 

these tubes. The RSD was found to be good for most compounds though exceeded 10% for 

dichloro benzene, trichloro-ethane and styrene.  

An important consideration for multi-sorbent tubes is that increased sample size and flow rate 

can potentially risk internal breakthrough and the irreversible adsorption of compounds, 

(Harper, 2000). In the event of internal breakthrough it would be expected that analyte 

recovery would be reduced for larger samples. In these tests it was noted that peak area was 

consistent for the two largest sample sizes; 15 and 20 L for all compounds. Internal 

breakthrough was therefore unlikely to be occurring for the compounds assessed despite the 

increased sample size. 

 

 

 

 

 

 

 

 

Breakthrough compounds 1 2 3 Breakthrough compounds 1 2 3

0.1L 2L

Benzene 3.5 4.5 3.9 Benzene 3.6 4.5 4.1

Dimethyl disulfide - 4.8 4.8 Dimethyl disulfide 5.8 5 4.1

Ethyl tert-butylether 4.5 - 3.8 Ethane, 1,1,1-trichloro- - 30 13

Methyl tert-butylether 36 39 38 Ethyl tert-butylether - 68 39

Ethane, 1,1,1-trichloro- - - 2.6 Methyl tert-butylether 16 85 71

Hexane - - Hexane - - 1.9

1 L m&p- xylene - 1.6 1.3

Benzene 3.5 3.8 10 3 L

Dimethyl disulfide 4.7 4.5 4.3 Benzene 3.8 3.7 4.2

Ethane, 1,1,1-trichloro- - 14 233 Dimethyl disulfide 4.3 4.3 4.3

Ethyl tert-butylether 30 28 381 Ethane, 1,1,1-trichloro- 22 32 30

Methyl tert-butylether 80 66 197 Ethyl tert-butylether 55 75 71

Hexane - 2 4.7 Methyl tert-butylether 71 87 92

α-pinene - - 11 m&p- xylene 1.1 1.1 1.1

Replicate Replicate
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Table 2A  Percentage (%) breakthrough analysis of 47 compounds on Air Toxics multi-sorbent TD tubes, names in 

italics are non-Radiello suite compounds. Figures in bold are over the 5% threshold. 

 

 

 

average % values from replicates RT (min) 0L 5L 10L 15L 20L 100ml/min150mL/min200ml/minRSD %

2-ethyl toluene 12.99 0 0 3.6 24 4.9 0.17 0 0.13 1.8

4-ethyl toluene 13.80 0.12 0 0.07 0.14 0.09 0.2 0 0.16 1.1

4-Phenylcyclohexene 20.43 0.74 0 0 0.46 0 0.46 2.15 0.54 1.1

a-terpineol 18.05 0 0.32 0.93 0.41 0.46 0 0 0 3.2

Benzene 5.65 6.6 1.5 4.1 3.3 3.4 4.9 4.3 4.2 5.3

Benzene, 1,2,4-trimethyl- 15.54 0 0 0.07 0.33 0.021 0.17 0 0.13 1.7

Benzene, 1,4-dichloro- 15.64 0 0 0 0 0 0 0 0 29

Benzene, ethyl- 11.50 0.46 0.028 0.12 0.23 0.16 0.75 3.83 0.79 1.7

Dibutyl ether 13.18 1.2 0.71 1.0 4.2 1.2 0.54 0 1.1 1.3

Butylacetate 4.66 0 0 0.23 0.52 0.2 0 0 0 2.0

Carene 14.96 0.33 0 0 0 0 0 0 0.08 1.3

cis or trans 2-butene 2.17 - 1.6 0 2.2 3.0 5.0 0 3.0 3.5

Cumene 13.39 0 0 0.093 0.4 0.12 0.2 0.04 0.15 1.1

Cyclohexane 5.94 0.36 0 0 0.45 0 0 0 1.3 1.4

Cyclohexene 7.40 0 0 0 0 0 0.34 0.1 0 4.7

Decane 14.17 0 0 0 0.11 0.21 0 0 0 5.7

Disulfide, dimethyl- 1.59 25 71 16 15 8.2 0 0 0 5.1

Ethanol, 2-butoxy- 13.93 - 1.7 2.5 2.6 3.0 0.54 0 1.08 0.39

Ethanol, 2-methoxy- 8.10 0 2.7 0 3.4 3.8 0 0 0 -

Ethene, tetrachloro- 11.80 0 0 0 0 0 0 0 0 -

Ethylene, trichloro- 6.78 0 0 0 0 0 0 0 0 29

Heptane 7.35 0 0 3.6 3.8 2.6 0 0 0 2.2

Hexane 12.14 0 0 0 0 0 0.65 0 2.54 5.6

Isopropyl acetate 3.75 0.26 2.96 0.19 0.49 0 0 0 0 11

Limonene 16.38 0 0 0 0 0 0 0 0 1.9

Linalool 14.15 0.31 0.32 0.16 0.46 0.54 0.35 0.13 0.37 2.2

Meth-1-oxy, 2-propanol- 8.05 0 0 0 0 0 0 1.06 0 0.53

Methyl Cyclo hexane 7.84 0 0 0 0.24 0.17 0 0 0 4.6

Nonane 12.60 0.26 0 0 0 0.21 0 0 0 0.84

Octane 10.21 0 0 0 0 0 0 0 0 -

Phellandrene 14.74 0 0 0 0 0 0 0 0 6.6

Pinene, .alpha.- 14.45 0 0 0.25 0.58 0.34 0 0 0 3.4

Propyl benzene 13.62 0.2 0.06 0.13 0.21 0.19 0.19 0 0.16 1.1

Pulegone 18.79 0 0 0 0 0 0 0 0 6.1

Styrene 20.43 0.75 0 0.06 0.45 0 0.47 0 0.53 11

Toluene 8.95 3.6 3.8 0.86 3.7 1.1 1.1 5.4 1.4 2.8

Undecane 14.21 0 0 0 0 0 0.52 0 1.1 1.3

Xylene, m- & p- 11.67 0.37 1.2 1.3 3.1 1.5 0.36 1.0 0.48 1.7

Xylene, o- 12.21 1.9 3.4 2.9 3.0 3.1 0 2.2 0.38 2.0

Acetate, 2-ethoxyethyl- - - - - - - - - - -

Acetate, 2-methoxyethyl- - - - - - - - - - -

Ethanol, 2-ethoxy- - - - - - - - - - -

Ethane, 1,1,1-trichloro- - - - - - - 0 0 0 4.2

Ethyl tert-butylether - - - - - - - - - -

Hexan-1-ol, 2-ethyl- - - - - - - - - - -

Methylbutane, 2- - - - - - - - - - -

Methyl tert-butylether - - - - - - - - - -

Sample Volume Flow Rate
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3A. Study 2: Field Study 

A pilot field study was conducted in three houses, each with variable VOC scenarios. Typical 

activities were undertaken during sampling times in each home. House 1 was sampled during 

meal preparation but otherwise minimal activity. House 2 and 3 were sampled twice, on 

separate days: as vacuuming and cleaning took place and then with minimal activity by the 

occupants. House 2 was within 50 m of a major road. House 3 had minor renovations (painting, 

new furniture and carpet) 2 months prior to testing. All homes had minimal active ventilation 

during sampling (no open doors or windows). A sampling time of 100 minutes at a flow rate of 

200 ml/min using small pumps (SKC pocket pump 210-1002) was used to collect VOC samples 

on AirToxic TD tubes. Equipment was placed indoors at a height of 1.2 - 1.5 m in the main living 

area of the homes and outdoors within 5 m of the front of the house.  At the end of the 

sampling period tubes were recapped with PTFE sealed brass caps and stored with a field blank 

until analysis.  

To quantify the analysis of VOCs in the air sample, calibrations using standard mixtures for the 

complete compound suite (Section 2.1A) were achieved by exposing gas standards onto 

AirToxic tubes. Separate calibration gas mixtures were prepared for Radiello and custom 

standard mixtures. The Radiello mixture was prepared by injecting 76±0.1 µL of the Radiello 

standard (Spectra Gases Inc, West Branburg NJ, 1000 µg/mL in methanol) into an evacuated 

Silco canister (Silco 3 L). The can was then pressurised to near 200 kPa with A.R. N2 gas (approx 

1 ppm concentration). The three custom mixtures (as described in Section 2.1A) were 

combined and made to a 0.1 ppm(V) gas concentration to minimize solvent interference. Two 

injections of 2.5±0.1 µL (SPEX Certiprep, Metuchen NJ, 3000 µg/mL in methanol) and one of 

7.5±0.1 µL (SPEX Certiprep, Metuchen NJ, 1000 µg/mL in methanol). The can was then 

pressurised to near 200 kPa with A.R. N2 gas. 

 Seven calibration concentrations for each mixture were prepared ranging from 1.88–50.2 ng 

(Radiello) and 1.58 - 51.1 ng (custom mixes). The gas compositions were quantitatively injected 

onto AirToxic TD tubes. A gas syringe was used to introduce the gas mixture to standard 

volume stainless steel tube coils (0.301 ml and 5.481 ml) with inlet flow controlled by a 6 way 

valve. Each gas injection was followed with a one minute flow of AR grade N2 (30 ml/min). 

Multiple injections were performed for each calibration step.  Repeat standards were prepared 

for low- and mid-range concentrations. Air samples were analysed bracketed by the calibration 

standards. Post-processing analysis was performed with the Varian Workstation software 

(version 6.5).  
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3.1A Results and Discussion 

Calibration was successful for 39 compounds of the complete compound suite. Examples of 

typical calibration curves are presented in Figure 1A, and show excellent (r2 >0.95) linearity on 

AirToxic tubes for low concentrations of VOCs in the indoor environment (Raw et al., 2004; 

Guo et al., 2009). From these results a detection limit was determined from the smallest 

recoverable standard used in the calibration and confirmed by replicate. For a 20 L sample 

volume the method detection limit (MDL) for this method was 0.06 µg/m3 for the majority of 

Radiello suite compounds, but higher (0.18 µg/m3) for tetrachloro ethene, trichloro ethylene, 

α-pinene, dimethyl disulfide, hexane and octane). For most of the additional custom list of 

compounds a MDL of 0.08 µg/m3 was achieved, but higher (0.25 µg/m3) for linalool, pulegone, 

methylcyclohexane, cis/trans 2-butene. 

 

Figure 1A Example calibration curves from the extended compound suite recovered from Air Toxics TD tubes 

 

Results from the pilot study are presented in Table 3A and demonstrate the ability of the 

method to assess low concentration VOCs in a number of typical house scenarios. A large 

range (32 of 39) of compounds was detected in more than 50% of samples. This supports the 

applicability of the extended compound list for IAQ assessment. For example from these 

results alkanes, alkenes and BTEX compounds are the dominant groups of VOCs in this 

environment, both indoors and outdoors. This is a greater range of alkane species than have 

typically been reported for IAQ studies. Conversely some glycol ethers and larger terpenes, 

which are known components found in cleaning products (Nazaroff and Weschler, 2004) and 

halogenated compounds, were rarely above the detection limit. 
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Table 3A Results of Pilot tests of various typical scenarios conducted in house 3, µg/m
3
, * indicates results that 

have been extrapolated above the limits of calibration.  

 

 

 

From the data obtained there is evidence these tests can capture the influence of occupant 

behaviour on indoor VOC concentrations. For example, ΣVOCs were highest when cleaning and 

cooking took place during sampling compared to minimal activity. Outdoor concentrations 

were largely unchanged during these periods. Additionally, ΣVOC concentrations were higher 

(10 - 20 times) indoors compared to outdoors and this difference was greatest for the recently 

renovated homes, which is in agreement with previous observations of renovated dwellings 

(e.g. Brown, 2002). Limonene and α-pinene, common fragrances in cleaners, were up to 15 

times higher during cleaning events and had a consistent indoor presence (Steinemann et al., 

2011). This potential for high concentration of some species necessitates a greater breadth of 

calibration standards for these compounds than was attempted here. The results of pilot study 

Field Blank

In Out In Out In Out In Out In Out

activity  cooking cooking/cleaning minimal cooking/cleaning minimal 

Σ VOCs 32.4 3.13 156 16.1 140 9.16 212 9.84 194 8.46 1.19

Benzene 3.18 BDL 1.38 0.91 2.00 0.35 4.07 0.36 2.89 0.62 0.24

Toluene 7.1* 0.81 6.10* 2.63 10.2 1.01 11.0* 1.11 8.4* 1.55 BDL

Benzene, ethyl- 1.48 0.12 0.78 0.27 0.83 0.10 1.96 0.12 2.01 0.16 BDL

Xylene, m- & p- 1.32 0.22 0.94 0.49 0.96 0.19 1.67 0.18 1.08 0.31 0.09

Xylene, o- 0.91 0.20 0.79 0.43 0.82 0.14 1.26 0.18 0.85 0.23 0.08

Σ xylene 2.23 0.42 1.73 0.92 1.78 0.33 2.92 0.36 1.94 0.53 BDL

ΣBTEX 14.0 1.34 9.99 4.73 14.8 1.79 20.0 1.95 15.3 2.86 BDL

Styrene 9.6* BDL 0.23 BDL 0.22 BDL 10.8* BDL 9.48* 0.01 BDL

2-ethyl toluene 0.92 0.11 0.24 0.15 0.25 0.05 1.15 BDL 0.98 0.07 0.23

4-ethyl toluene BDL BDL BDL BDL BDL BDL 0.09 BDL BDL BDL BDL

propyl benzene 0.02 BDL BDL BDL 0.20 BDL BDL BDL 0.02 BDL BDL

Benzene, 1,2,4-trimethyl- 0.57 0.24 0.40 0.29 0.46 0.10 0.83 0.10 0.52 0.13 BDL

Benzene, 1,4-dichloro- BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL

4-Phenylcyclohexene BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL

Limonene 0.36 BDL 9.84* 0.10 12.1* 0.09 13.6* BDL 6.86* 0.07 BDL

Pinene, .alpha.- BDL BDL 6.22* BDL 6.72* 0.22 10.6* BDL 3.75 BDL BDL

a-terpinol BDL BDL 0.21 BDL 0.37 BDL BDL BDL BDL BDL BDL

Carene BDL BDL 0.25 BDL 0.53 BDL 0.49 BDL 0.24 BDL BDL

Cumene 0.49 0.10 0.21 BDL 0.17 BDL 0.74 BDL 0.33 BDL BDL

Phallandrene 0.47 BDL BDL BDL BDL 0.52 BDL BDL BDL 0.26 0.13

Pulegone BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL

Linalool BDL BDL BDL BDL BDL BDL 1.22 BDL 0.52 BDL BDL

cis or trans 2-butene BDL BDL 78.3* 9.69* 59.2* 5.94 102* 7.28* 74.9* 4.26 0.42

Hexane 0.46 BDL 1.27 0.38 3.25 BDL 0.67 0.23 1.59 BDL BDL

Heptane 0.62 BDL 0.09 0.23 0.96 BDL 0.93 0.09 0.81 0.08 BDL

Octane 0.17 BDL 0.26 0.02 0.82 BDL 0.80 BDL 0.71 0.07 BDL

Nonane 0.38 BDL 10.1* 0.02 1.73 0.09 10.8* 0.06 1.05 0.08 BDL

Decane 0.37 BDL 30.5* BDL 32.2* BDL 24.7* BDL 37.9* 0.11 BDL

Undecane 0.27 BDL BDL BDL 0.61 0.15 0.66 BDL 1.12 0.23 BDL

Cyclohexane 0.47 BDL 0.54 0.13 1.66 BDL 1.42 BDL 1.31 BDL BDL

Cyclohexene 0.98 BDL 1.01 0.15 1.89 0.12 0.82 0.13 1.51 0.14 BDL

Methyl Cyclo hexane 0.37 BDL 0.10 BDL 0.19 BDL BDL BDL 0.16 BDL BDL

Hexan-1-ol, 2-ethyl- 0.37 BDL 4.80 BDL BDL BDL 7.74* BDL 33.3* BDL BDL

Meth-1-oxy, 2-propanol- BDL BDL BDL BDL 0.25 BDL BDL BDL 0.17 BDL BDL

butyl ether 0.03 BDL 0.14 BDL 0.56 0.01 0.46 BDL 0.31 0.01 BDL

Butylacetate 1.05 BDL 0.41 0.24 0.65 BDL 1.04 BDL 0.42 BDL BDL

Isopropyl acetate BDL 1.34 BDL BDL BDL BDL BDL BDL BDL BDL BDL

Ethane, 1,1,1-trichloro- BDL BDL BDL 0.02 BDL BDL 0.06 BDL BDL BDL BDL

Ethylene, trichloro- BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL

Ethanol, 2-butoxy- 0.36 BDL 0.62 BDL BDL 0.08 BDL BDL 0.59 0.08 BDL

Ethanol, 2-methoxy- BDL BDL BDL BDL 0.66 BDL BDL BDL 0.46 BDL BDL

House 1 House 3House 2
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have demonstrated the usefulness and applicability of the developed methodology for active 

air sampling on multi-sorbent AirToxic adsorbent tubes, and have been analysed for the newly 

validated VOC suite, appropriate for IAQ studies in residential indoor environments. 

 
4A. Conclusion 

This study reports the results of the validation of the recovery of a new and more suitable VOC 

suite relevant for indoor air, by mid-high volume active sampling on Tenax® TA and AirToxic 

adsorbents. The air sampling methodology used was developed to conform to the QA/AC 

requirements of the TO-17 method. 

For the Tenax®TA adsorbent, most compounds (24 of 31) from the Radiello subset were 

recovered within acceptable analytical parameters. Even so, some important IAQ species did 

not meet the quality assurance and control standards for the tests.  Sample volumes up to and 

including 3 L showed a good sensitivity and minimal breakthrough. Based on these data, it is 

possible to analyse indoor air samples for a subset of VOCs from the Radiello suite on 

Tenax®TA sorbent when the expected concentration range in the air is between 1 - 15 ppb (for 

3 L sample volume). Higher concentrations can still be quantified providing a proportionally 

smaller volume is sampled. From the results presented, for air samples taken on Tenax®TA 

thermal desorption tubes, based on the lowest standard that is reasonably quantified for this 

test; is 6 ng on the tubes, which is equivalent to a concentration of 2 µg/m3 for a 3 L sampling 

volume. 

The results obtained for the Tenax®TA methodology have shown that a new suite of 24 VOCs 

relevant to IAQ can be quantitatively assessed; nevertheless this adsorbent would be 

inadequate for very low concentration indoor base-line VOC studies aiming to capture a wider 

range of VOCs.   

The multi-sorbent AirToxic tubes were found to retain a greater number of species at higher 

sample volumes than Tenax®TA (i.e 39 of 50 in the complete compound suite). Up to and 

including the 20 L sample size were within acceptable breakthrough limits for most 

compounds. It is reasonable to interpolate from these findings that sample volumes of 20 L 

and less will return results within the recovery and breakthrough bounds set by the TO-17 

method at standard ambient temperatures. The RSD for tests presented here give evidence 

that this method may be used for the reproducible validation of 39 key IAQ compounds in the 

complete compounds suite. Detection limits ranging from 0.06 - 0.25 µg/m3 for individual 

compounds were achieved with this method. 

The results of the pilot study successfully demonstrated the applicability of the methodology 

with the analysis of the new extended indoor VOC suite for the assessment of very low 

concentrations of a large number of VOC species (39) that are relevant to IAQ research. This 
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study also highlighted the need for a wide calibration range to encapsulate the higher 

concentrations expected for some species as well as the very low. The high temporal 

resolution afforded by this technique allows occupant activities, such as cooking and cleaning, 

to be examined for their influence on IAQ. This nevertheless, is a limitation of the method if 

applied to assessing background exposure of VOCs indoors, as the occupant behaviour during 

the study will have a more direct influence on outcomes than would be observed in longer-

term sampling methods and needs to be taken into consideration.  
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2.3 Temporal Study of Sampling Methodology 
 

From the assessment of methods described in Sections 2.1 and 2.2, the preferred sampling 

methodology for the Perth IAQ study was active sampling on sorbent tubes. The limitation 

of this method is the reliance on a single 'snapshot' 100 minute sample used to define the 

air quality of the indoor environment. It is possible that VOC concentrations and species 

fluctuate as a result of outdoor emission patterns, ventilation habits and occupant 

behaviour and this may bias samples. It was important to examine if trends evident 

outdoors, such as BTEX from traffic, influenced indoor VOC concentrations depending on 

the time of day samples are taken. Consequently, a short temporal study in a typical Perth 

home (as defined in Section 3.1) was devised to assess the variation in indoor VOC 

concentration over multiple 100 minute sampling periods. 

In the Perth IAQ study many participants had family commitments that limited their 

availability to participate between 9am and 3pm. This was considered to be outside peak 

traffic emissions, the major source of ambient VOCs in Perth (DEC, 2000). It was 

hypothesised that the variation of VOC concentrations from outdoor sources would have 

minimal impact on indoor VOCs during this period. This would make it viable to sample up 

to three houses per day and for the data to be compared, despite the variable timing of the 

sampling. Furthermore, taking 100 minutes samples throughout a period of a day would 

enable an assessment on how short-term events such as cooking or cleaning might 

influence results observed. For consistency, all sampling should take place in the central 

living area of the home at a height of 1 - 1.5 m. 

 

2.3.1 Methods 

 
A typical Perth 'brick and tile' house located 50 m from a busy highway was chosen as an 

extreme case for the influence of variable/high traffic volumes outdoors influencing IAQ. 

Samples were taken over 8 hours on 2 non-consecutive days and encompassed both the 

morning and evening peak traffic periods. This enabled a ‘worst case scenario’ for traffic 

influence on indoor VOC concentrations.  Day one had a high air exchange, with doors and 

windows open throughout the sampling period. On day two the house was closed with 

reverse cycle air conditioning in operation for the sampling period.  A log was taken of the 

household activities undertaken during each sampling period. VOC sampling equipment 

was placed indoors and outdoors as described in Section 2.2. That is to say; indoors, 

equipment was placed at the back of the house in the open living/kitchen area at a height 

of 1.2 m.  Outdoors, equipment was placed 5 m from the front door at a height of 1 m.  

Ozone (O3), NO2 and climate data were measured concurrently (as described Section 3.1). 

Thermal desorption (TD) tubes were changed every 100 minutes.   Samples were analysed 
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as described in Section 2.2 for a reduced 28 compound list (Radiello suite). Vehicle 

numbers passing on the nearby highway were estimated by 5 minute counting surveys of 

vehicles in both directions and translated to a vehicles/hour figure.   

 
2.3.2 Results and Discussion 

 
Vehicle Volume 

The volume of vehicles passing on the nearby highway was consistently high, with an 

estimated average of 4570 vehicles/hr. A small peak period in the afternoon between 2pm 

and 4.30pm was observed on both days. 

 
Table 2.3.1 Estimated traffic flow on Leach Highway nearby to test house. Values are estimated vehicle 

flow/hour from two 5 minute counting surveys in both directions within the stated time frame. 

 

vehicles/hr 06:30-08:30 08:30-10:30 10:30-13:00 13:00-14:00 14:00-16:30 16:30-18:30 

Day 1 - - 4440 4780 5208 4224 

Day 2 4300 4350 4440 4390 4970 - 

 

Weather 

Ambient maximum temperatures were 31°C and 35°C day 1 and 2. A moderate (5 - 10 

km/hr) south-easterly wind was persistent during day 1, and a slight (1 - 3 km/hour), 

south-westerly breeze was recorded during day 2.  Indoor temperatures varied from 18 -

25°C during day 1 and were maintained at 23 - 24°C during day 2. 

 

NO2 and O3 

A marked difference was observed for indoor O3 concentrations between the two sampling 

days. High concentrations of ozone were observed indoors on day one (high ventilation), 

peaking to 18 µg/m3 in the late afternoon. Day two (low ventilation, a/c on) had a stable 

yet low concentration of indoor ozone oscillating between 0 - 2 µg/m3 over the day. This 

was at the threshold of the instrument’s limit of detection and BDL values are reported as 

0 µg/m3 in Figure 2.3.1. Outdoor O3 concentrations were similar for both days with 

sustained high levels, peaking to 160 µg/m3 in the early afternoon. These results are 

significant for interpreting the inorganic gas pollutant data from the Perth IAQ, and 

indicate that when the house is 'open' (i.e. has high air exchange) the time of sampling will 

influence the concentration of O3 that is observed and should be taken into account. 
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Figure 2.3.1. A) Indoor ozone, B) Outdoor ozone; µg/m3 Day 1: high ventilation, Day 2: house closed with 

air conditioning.  
 
Indoor NO2 was recorded below detection limit (BDL) for all indoor sampling periods. The 

instrument used outdoors was suspected to have malfunctioned on day 1. Nevertheless, 

day 2 showed a peak in the morning period and sustained concentrations in the afternoon 

and this agreed with the steady traffic volumes that were observed. The concentrations 

reported are very high (peak 550 µg/m3) and it is possible that high temperatures during 

sampling may have led to overheating of the sampling head and thus causing the 

artificially high concentrations being reported.  

To further assist with the main Perth IAQ study, the ozone and NO2 data recorded at the 

house were compared with those from a government ambient air monitoring station. The 

concentrations of both species outside the house were higher than recorded at the nearby 

air quality monitoring station, located in a suburban area (DEC, 2012). Ambient ozone was 

reported with a peak of 36 and 34 µg/m3 on days 1 and 2. Ambient NO2 was reported with 

peaks between 20 - 40 µg/m3 on the two sampling days (DEC, 2012). The close proximity 

of the house to the busy highway was the likely source of the elevated concentrations 

recorded there. Though the government monitoring site is in a suburban environment it is 

not located in a high traffic area.  
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VOC data 

A summary of the results of the VOC sampling are given in Table 2.3.2. These indicate 

ventilation as a significant consideration for sampling indoor VOCs. There are marked 

differences between indoor VOC concentrations between the two days, with day 2 (low 

ventilation) being much higher. Outdoors VOC concentrations were low, though a 

persistent breeze from the direction of the nearby highway and freeway on day 1 was 

likely to have influenced the higher outdoor VOC concentrations compared to day 2.  The 

maximum concentrations for each compound have been shown in bold (Table 2.3.2) to 

examine trends. The 16:30 - 18:30 sample on day 1 has highs that track the outdoor 

concentrations from 14:30 - 16:30 suggesting a time lag for infiltration from outdoors. 

This sampling period also coincided with the return of the family and increased activity in 

the home. This trend was not evident for day 2 when ventilation was much reduced. 

Instead, peak concentrations appear to match activity for the period, for example the 

presence of terpenes when cleaning was occurring and pine scented insect spray used. 



    

 
 

Table 2.3.2 Temporal Pilot study, Indoor and Outdoor VOC concentrations (µg/m3) over  two days in a high traffic suburban location 

 

samplng period 11:00-13:00 14:00-16:00 16:30-18:30 11:00-13:00 14:00-16:00 16:30-18:30 6:30-8:30 8:30-10:30 10:30-12:30 12:30-14:30 14:30-16:30 16:30-18:30 6:30-8:30 8:30-10:30 10:30-12:30 12:30-14:30 14:30-16:30 16:30-18:30

activity Cooking family@home Toiletries Cleaning Cooking insect spray

ΣVOC 3.94 8.23 30.9 4.68 32.7 32.7 32.7 140 84.3 84.3 150 86.8 7.11 0.49 3.48 3.37 4.19 3.09

Benzene 0.30 1.02 BDL 0.33 1.00 BDL BDL BDL 1.60 0.72 BDL BDL BDL BDL BDL BDL BDL 1.42

Toluene 0.90 1.62 7.42 1.35 5.83 1.28 7.16 14.76 7.90 BDL 10.93 6.39 3.04 BDL 1.47 1.28 1.66 0.85

Benzene, ethyl- 0.07 0.32 1.54 0.25 0.39 0.56 0.91 2.63 0.76 0.24 2.60 0.48 0.31 BDL 0.16 0.13 0.17 0.13

Xylene, m- & p- 0.27 0.56 1.38 0.53 0.69 0.28 1.10 2.23 0.98 0.90 1.41 0.62 0.57 0.11 0.24 0.24 0.33 0.23

Xylene, o- 0.23 0.45 0.95 0.35 0.52 0.19 0.92 1.69 0.91 1.89 1.11 0.47 0.50 0.10 0.23 0.18 0.24 0.21

ΣXylene 0.50 1.02 2.33 0.88 1.21 0.47 2.02 3.92 1.89 2.79 2.51 1.09 1.06 0.20 0.47 0.42 0.57 0.44

ΣBTEX 1.77 3.99 11.29 2.81 8.44 2.31 10.09 21.30 12.15 3.74 16.05 7.96 4.41 0.20 2.10 1.83 2.40 2.83

Styrene BDL 0.09 10.08 BDL 0.21 8.19 0.27 14.58 0.14 BDL 12.33 0.12 BDL BDL BDL BDL BDL BDL

Benzene, 1,2,4-trimethyl- 0.21 0.33 0.39 BDL BDL BDL 35.81 33.15 28.96 BDL 49.30 0.31 BDL BDL BDL 0.13 0.12 BDL

Benzene, 1,4-dichloro- BDL BDL 0.60 0.10 0.19 0.14 0.46 1.12 0.59 BDL 0.67 42.93 0.34 BDL 0.13 BDL BDL 0.25

Limonene 0.21 0.46 0.38 BDL 4.09 BDL 11.53 18.29 13.17 BDL 8.90 5.87 0.11 BDL BDL 0.12 0.07 BDL

Pinene, .alpha.- BDL 0.40 BDL BDL 3.23 BDL 7.30 14.14 6.55 35.18 4.87 3.98 BDL BDL BDL 0.29 BDL BDL

Hexane 0.83 0.44 0.48 0.45 2.33 BDL 1.49 0.90 3.14 BDL 2.07 0.94 0.43 BDL 0.30 BDL 0.07 BDL

Heptane 0.28 0.43 0.64 0.37 1.47 0.13 0.11 1.25 0.86 11.11 1.06 0.53 0.26 BDL 0.11 BDL 0.09 BDL

Octane BDL BDL 0.18 BDL BDL BDL 0.31 1.07 0.71 BDL 0.92 0.36 0.03 BDL BDL BDL 0.07 BDL

Nonane 0.10 0.11 0.37 0.08 0.19 BDL 11.82 14.55 0.52 0.51 1.36 0.54 BDL BDL 0.08 0.10 0.08 BDL

Decane BDL BDL 0.39 BDL 0.43 BDL BDL 10.37 11.12 13.19 43.26 19.91 BDL BDL BDL BDL 0.14 BDL

Undecane BDL 0.63 0.28 BDL 1.10 BDL BDL 0.89 2.40 0.67 1.45 0.28 BDL BDL BDL 0.19 0.25 BDL

Cyclohexane 0.34 0.50 1.03 0.12 1.49 BDL 1.18 1.10 1.20 0.27 0.55 0.24 0.17 BDL 0.18 0.16 0.15 BDL

Isopropyl acetate BDL BDL 3.32 BDL 7.01 1.86 1.62 5.46 0.30 2.06 3.75 1.21 1.06 0.29 0.48 0.44 0.67 BDL

Butylacetate 0.31 0.48 1.10 0.52 1.62 BDL 0.48 1.40 1.29 0.72 1.96 1.07 0.28 BDL BDL BDL BDL BDL

Meth-1-oxy, 2-propanol- BDL BDL BDL BDL BDL BDL BDL BDL BDL 1.05 0.60 BDL BDL BDL BDL BDL BDL BDL

Ethylene, trichloro- BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.13 BDL BDL BDL BDL BDL BDL BDL BDL

Ethene, tetrachloro- BDL 0.28 BDL 0.15 0.77 BDL BDL BDL BDL 0.91 BDL BDL BDL BDL BDL BDL BDL BDL

Ethanol, 2-methoxy- BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.23 BDL BDL BDL BDL BDL BDL BDL

Ethanol, 2-ethoxy- BDL BDL BDL BDL BDL BDL BDL BDL BDL 2.18 BDL BDL BDL BDL BDL BDL BDL BDL

Ethanol, 2-butoxy- BDL 0.11 0.40 0.08 BDL 0.13 0.72 BDL 1.13 7.34 0.77 0.57 BDL BDL 0.08 0.11 0.08 BDL

Hexan-1-ol, 2-ethyl- BDL BDL BDL BDL 0.16 BDL 5.63 BDL BDL 0.67 BDL BDL BDL BDL BDL BDL BDL BDL

Ethane, 1,1,1-trichloro- BDL BDL BDL BDL BDL BDL BDL 0.09 BDL BDL BDL BDL 0.02 BDL BDL BDL BDL BDL

Day 1 Day 2

In OutOutIn

5
7 
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Conclusion 
This was a small exploratory pilot study to validate the proposed VOC sampling methods 

for the main Perth IAQ study and the limitations inherent to small sample size are 

acknowledged. The results from this pilot study indicate that the proposed sampling 

period 9am - 3pm will have minimal variation as a result of fluctuation of outdoor VOCs. 

However ozone concentrations are significantly influenced by air exchange.  Ventilation 

appears to be a significant factor for indoor BTEX and some alkanes during peak traffic 

periods. For all that, in this study BTEX variations were minimal within the proposed 

sampling timeframe of 9am - 3pm. The relatively short sampling time (100 minutes) will 

enable investigation on how activities that are taking place during sampling influence the 

VOC concentrations. Consequently it is important that questionnaires be given to 

participants to track the activities taking place during sampling.  These preliminary results 

suggest that sampling a variety of homes under different conditions will give a broad view 

of the variability and nature of the VOC profile in suburban homes. 
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2.4 Conclusion - The Methodology for Sampling in the Perth IAQ Study 

The review of options, method validation and trials explored here gives a comprehensive 

overview of the preliminary developments made for studying IAQ in residential 

properties. The evidence presented here gives confidence in applying these techniques to 

sampling IAQ in Perth homes. The methodology is summarised as follows: 

 
All houses were sampled between 9am - 3pm during weekdays. Occupants were 

encouraged to carry out their normal routines and details of these activities, including the 

ventilation practices, during sampling were recorded. 

VOCs were sampled with Perkin Elmer multi-sorbent Air Toxics TD tubes at a flow rate 

close to 200 ml/min for 100 minutes to ensure a 20 L sample was captured. Other 

equipment for dust, O3, NO2 and climate was be collocated.  Equipment was placed at a 

height that simulated approximate breathing height and out of reach of children and pets, 

nominally 1.2 - 1.5 m from the ground.  Indoors equipment placement was in the main 

living area, as this is the area where most activity occured. Outdoors equipment was 

placed within 5 m of the house, away from doors and windows.  

Once samples were collected the tubes were recapped with PTFE seals and kept in an air-

tight container in cool conditions until analysis. There was no more than 14 days between 

sampling and analysis and a field blank accompanied every group. Analysis was performed 

as described in Section 2.2 with the validated 39 VOC explored. Care was taken to ensure 

that calibration curves contained repeat standards at low concentrations and a broadened 

upper range. Quality assurance and control recommendations from the US-EPA TO-17 

method were adhered to. 

While due process has been paid to the development of this methodology, within the 

constraints and framework of the study, we acknowledge there are a number of 

limitations if considering the proposed air sampling to be representative of base-line 

indoor VOC concentrations. 

· The sampling time of 100 minutes may lead to an over representation of some 

compounds introduced through occupant behaviour, such as cleaning,  

· The sampling period: 9am - 3pm is outside of the peak traffic period; therefore 

traffic related VOCs such as BTEX may be under represented.  

· Ventilation/air exchange in the sampled home may have significant impact on the 

concentration and types of pollutants observed and should be recorded by proxy 

(i.e. number of open doors and windows). 

· Very high concentrations of individual VOCs, though not commonly expected, may 

have to be reported as an extrapolated figure.
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Chapter 3:  The Perth Baseline 

IAQ Study 

 

3. Aim and Content 

This Chapter presents the findings of the Perth base-line IAQ study and discusses the 

concentration of various indoor air pollutants in homes in suburban Western Australia. It 

contains: (i) a manuscript prepared for submission to the journal Atmospheric 

Environment reporting the results of three field campaigns undertaken in Perth on base-

line VOC concentrations, one of which was conducted as part of the work for this thesis, 

(ii) further discussion of the results from the Perth IAQ study, (iii) details of additional 

data collected as part of the study, and finally (iv) a comparison of the Perth IAQ study 

with another recent Australian study, based on homes in Melbourne, Victoria. Further 

details of household recruitment are available in Appendix A, details of sample analysis 

are available in Appendix B and full details of study data are available in Appendix D. 
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3.1 The Perth Baseline IAQ Study 

Context 

To date there have been few base-line studies involving a wide range of VOCs in the 

Australian suburban environment (Brown, 1997; Environment Australia, 2001; DEWHA, 

2010).  Hence part of this project involved designing and conducting a study of indoor air 

quality in homes in Perth, Australia, utilising the methodology presented in Chapter 2. This 

field data has been used to constrain the southern hemisphere indoor air chemistry 

(SHIAC) model presented in Chapter 4. In addition, by combining this data with that of two 

previous indoor investigations in Perth homes, an extensive base-line overview of VOCs in 

suburban Australian homes is provided. This paper presents a subset of the data collected 

in the base-line studies by focusing on concentrations of VOCs (including formaldehyde) in 

homes and the house characteristics and seasonal factors that influence these 

concentrations.  

 

Presentation of article 

 

Title An extended base-line examination of VOCs in 
Australian homes: seasonal observations in Perth, 
Western Australia 
 

Authors Shannan Maisey, Sandra Saunders, Nigel West, Peter 
Franklin 
 

Details of publication To be submitted to Atmospheric Environment. 
 

Contribution of PhD 

Candidate 

I have contributed a level of approximately 80% to this 
work.  I devised and implemented the IAQ study termed 
'Study 3' in the paper. This included gaining human 
ethics approval, recruiting households, fieldwork to 
collect samples, analysis of samples and analysis of data. 
For the manuscript presented here I performed the 
processing and statistical analysis of the data from all 
three studies. I also contributed most of the writing. 
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Australia 

2
ChemCentre, Resources & Chemistry Precinct, Bentley WA 
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Abstract 

This multi-seasonal investigation of indoor air quality reports indoor VOC levels in 386 

suburban homes over 6 years and three sampling periods. Houses were located in the 

temperate environment of Perth, Western Australia.  Details of indoor and outdoor VOC 

concentrations, temperature, relative humidity, and information on house characteristics and 

occupant activities were collected during the sampling periods.  

The concentration of VOCs observed in typical homes was low and individual compounds 

rarely exceeded 5 µg/m3.  Long-term (7 day) passive VOC sampling over the period 2006 - 

2011, is contrasted with the shorter term (100 min), active sampling through 2010 - 2011. 

Using passive sampling, only five VOCs (the BTEX compounds of benzene, toluene, 

ethylbenzene and xylene, as well as styrene) were observed above detection limits in more 

than 50% of houses sampled. The shorter term active sampling, with improved sensitivity, 

enabled 40 VOCs to be measured and quantified. Median individual VOC concentrations 

ranged from 0.06 µg/m3 for 1,1,1 trichloroethane and butyl ether to 26.6 µg/m3 for cis/trans 2-

butene. Statistical analyses showed house age and attached garages were not significant for 

any of the VOC tested. The largest differences were seen for 'recently renovated' homes with 

significantly higher concentrations of VOCs than in 'typical’ homes, including ∑VOCs (p = 

0.026), ∑BTEX (p = 0.03), ∑xylene (p = 0.013), toluene (p = 0.05), cyclohexane (p = 0.039), and 

propyl benzene (p = 0.039) in the summer months and o-xylene (p = 0.046) during winter. The 

seasonal variations of indoor VOCs in Perth were less acute than overseas observations and 

different to those reported in recent Australian studies, with inferences made to differences in 

the climate and the occupant behaviours. The results are a base-line profile of indoor VOCs 

over the period 2006 - 2011, in an Australian city of low population density and of generally 

low ambient pollution.  

Keywords: Indoor VOC, indoor air pollution, passive sampling, active VOC sampling 
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1B. Introduction 

For many years there has been ongoing interest and research on indoor air pollution (IAP) and 

the potential for poor indoor air quality to influence health (Clausen et al., 2011).  Building 

characteristics, occupant behaviour and the chemical composition of what is used and brought 

into the indoor environment influence indoor air quality (IAQ) (Namieśnik et al., 1992; Dodson 

et al., 2008; Steinemann et al., 2011). Attitudes towards the introduction of pollutants indoors 

have changed over the past 60 years and continue to change as more is understood about 

their influence (Hodgson and Levin, 2003; Weschler, 2009). As behaviours change it is 

important to continue to monitor the levels and types of pollutants in indoor environments to 

understand contemporary contributing factors to IAP (Weschler, 2009).  

 

Volatile organic compounds (VOCs), including formaldehyde, are a diverse and important 

group of chemical pollutants with many known health effects (Logue et al., 2011). They are a 

common group of indoor pollutants and in the domestic environment VOCs are emitted from a 

large range of indoor sources (Namieśnik et al., 1992; Weschler, 2009). These include building 

materials, furniture, household products and solvents (Sack et al., 1992), cooking and heating 

appliances (Katragadda et al., 2010), as well as fragrances and cleaners (Steinemann et al., 

2011). Structural aspects of house design such as attached garages and basements can also 

influence VOC concentrations (Dodson et al., 2008). Finally, ambient outdoor concentrations of 

VOCs, particularly from motor vehicle exhausts, can affect indoor VOC profiles, (Hinwood et 

al., 2007; Jia et al., 2008B; Lawson et al., 2011). 

 

To date, much of the published IAP data in homes are either from areas known for high 

ambient pollution, such as dense inner city locations, or complaint houses (e.g. Brown, 2002; 

Schlink et al., 2004; Jia et al., 2008B; Takeshi et al., 2009).  Examples of key base-line studies 

from Europe (Jantunen et al., 1998; Raw et al., 2004), North America (Wallace et al., 1987; 

Weisel et al., 2005.) and Asia (Guo et al., 2009) are from large cities with known elevated 

ambient air pollution. There are few studies that focus on typical, non-complaint homes, in 

areas where the ambient pollution is low. This paper presents data on VOCs including 

formaldehyde from three multi-seasonal indoor air monitoring studies from homes in Perth, 

Western Australia. The results of these studies have been combined to provide a base-line 

profile of VOCs in a city of generally low ambient pollution. 
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2B. Methods 

2.1B Location 

Perth is an isolated metropolitan city with a population of about 1.5 million (ABS, 2012) on the 

west coast of Australia.  It comprises a mixture of small areas of high urban density around 

regional city hubs, large areas of low-density suburbs, semi-rural and mixed industrial sites. 

Criteria ambient air pollutants rarely exceed national air quality guidelines (DEC, 2012). Though 

VOCs are not routinely monitored, an ambient air toxics study in 2000 found very low levels of 

VOCs in the outdoor air (DEC, 2000). Ambient pollutant sources are attributed mostly to traffic 

and, in winter, wood heaters (AQCC, 2011).  

 
2.2B Protocol 

Residential indoor air pollution data was collected from three separate studies. These were;  

Study 1 - Asthma and IAP study: VOCs, formaldehyde, temperature and humidity were 

monitored in the main living area of 68 homes of asthmatic children. Measurements were 

collected in each home up to 8 times over a 12 month period. The study was conducted 

between 2006 and 2008. Formaldehyde (24 hour sampling) and other VOCs (7-day sampling) 

were measured using passive sampling methods, while temperature and humidity were 

collected in real time using data loggers.  

Study 2 - IAP and infant lung function study: Indoor air was sampled in houses of 250 pregnant 

women over the period 2009 - 2011. Each house was monitored on one occasion only. Passive 

sampling methods were used for both VOCs (7-day) and formaldehyde (24-hour). VOCs were 

collected in the main living room, while formaldehyde was monitored in both the living room 

and main bedroom.  

Study 3 - Indoor reactive chemistry study: VOCs were monitored using an active sampling 

technique in 69 homes over two seasons in 2010 - 2011. Samples were collected both inside 

and outside the home for a period of 100 minutes on one day during summer and/or winter. 

Measurements were taken from the main living room of the house and within 5 m of the home 

outside. Indoor and outdoor temperatures and humidity were logged throughout the sampling 

time. Sampling occurred on weekdays between 9 am and 3 pm.  

 

2.3B Techniques  

2.3.1B VOC Standards 

Two sampling methods were used for VOC collection; passive and active sampling. The 

standard thermal desorption tube sampling protocol; US-EPA compendium method TO-17 (TO-

17 Method) (Woolfenden and Mc Clenny 1999) species list (35 compounds) was used for 

passive sampling in Study 1. The Radiello suite (Fondazione Salvatore Maugeri IRCCS, 2007) of 
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31 predominantly IAP compounds was used to assess the passive samples from Study 2. The 

Radiello suite plus an extended list of 14 compounds compiled from important species 

recovered in previous studies, was used for the actively sampled Study 3. These species lists 

are presented in Table 2B. The TO-17 Method protocols (Woolfenden and Mc Clenny, 1999) 

were followed for analysis, quality control and assurance assessment and all data reported are 

for VOCs for which standards and calibrations were performed. 

 

Sampling Methods 
 

Passive Sampling 

Passive sampling was performed in Study 1 and Study 2. VOCs were collected through passive 

diffusion over 7 days. Thermal desorption (TD) tubes (Standard Perkin Elmer packed with 0.3 g 

Tenax adsorbent) sealed with PTFE ferruled brass caps, were opened and placed in the main 

living area of the home for the duration of the sampling, at a height above 1 m. Results were 

calculated from manufacturer uptake rates (Perkin Elmer, Tenax adsorbent). Compounds with 

unknown uptake rates were calculated using a typical value of 1.5 ng ppm-1 min-1. The limit of 

detection (LOD) was 4 µg/m3. 

 
 Active Sampling  

Active sampling was performed in Study 3VOCs samples were taken actively on TD multi 

sorbent tubes (Perkin Elmer Air Toxics). These were connected to air sampling pumps (SKC 

pocket pump 210-1002) at a measured flow rate as near to 200 ml/minute as practicable, 

enabling a 20 L sample volume to be collected over 100 minutes. After sampling the TD tubes 

were capped with PTFE ferruled brass seals and stored in an airtight container for a maximum 

period of 10 days prior to analysis.  The limit of detection ranged from 0.06 - 0.25 µg/m3 

depending on the particular VOC. Sampling took place between 9am - 3pm and consisted of a 

continuous 100 min block. 

 
Sample Analysis 

Analysis of all TD tubes was performed on a Perkin Elmer Automatic Thermal Desorption 

system (ATD-650) coupled with a Varian 4000 GCMS.  The sample tube was rapidly heated to 

250˚C, held for 3 minutes and purged with helium (50 ml/min) for 10 minutes. The fully 

desorbed sample was then refocused to the ATD’s temperature regulated multisorbent trap 

held at -10°C.  This trap was then rapidly heated to 250°C where it was held for 3 minutes. The 

sample was then transferred to a Varian gas chromatograph (CP3800) coupled to a Varian 

Saturn 4000 MS/MS via a transfer line held at 220˚C. The sample that would normally have 

been split was re-collected onto the original sampling tube. The sample was introduced to the 
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analytical column (Zebron Phenonemex 30m x 0.25 mm i.d. fused silica capillary column 

coated with 0.5 µm, 5% phenyl/ 95% dimethylpolysiloxane [ZB-5MSi] stationary phase) 

interfaced to an ion trap quadrupole MS/MS system for detection. The GC temperature 

program had an initial temperature of 30˚C, which was held for five minutes, the temperature 

increased at 10˚C/minute thereafter until 250˚C, and then was held for a further 5 minutes, 

giving a 32 minute analysis time. Helium was used as the carrier gas in the column at a 

constant flow rate of 1.5 ml/min. Data were processed with the Varian MS workstation 

software (Version 6.5). 

 
2.3.2B Formaldehyde 

Formaldehyde was measured in Study 1 and Study 2. It was collected and analysed according 

to the passive method of Levin et al. (1989). Briefly, glass fibre filters were treated with 2,4-

dinitrophenylhydrazine (DNPH) as a deriving agent for formaldehyde and exposed for 

approximately 24 hours; exposure times were recorded. Samples were analysed using high 

pressure liquid chromatography (HPLC).  The assumed diffusion rate was 61 ml/min with a 

relative standard deviation of 5% for air velocities of 0.1 - 0.5 m/s (Levin et al., 1989). A 24 hour 

sampling period enabled a 14.4 L equivalent sample collection with a 0.5 ppb (V) LOD. A new 

filter was exposed for each day of the week. Samplers were placed in the living room and one 

bedroom. 

 
2.3.4B Temperature and Humidity 

In Study 1 temperature and humidity were recorded in the main living room of each house for 

the monitoring period (1 week) using real time data loggers (Tinytalk, HDL, NSW). For Study 3 

meteorological parameters were measured for the 100 minute sampling period using a 

weather station (Davis Instrument, Vantage Pro 2). For both studies this equipment was 

collocated with air sampling devices and data was logged (at 5 min intervals) over the sampling 

period.  Ambient conditions were monitored with complimentary equipment directly outside 

the houses sampled in Study 3. Ambient meteorological data, minimum and maximum 

temperatures, for the entire sampling period (2006 to 2011) were obtained from the 

Australian Bureau of Meteorology (BoM, 2012).  

 
2.3.5B Housing Data 

Information on the house age, location and type of construction, heating and cooking fuels, 

distance from main roads, type of garage and recent renovations was collected using a 

questionnaire completed by the home owners. For Study 3, information was also collected 

about typical chemical, cleaning and ventilation habits, as well as activities undertaken during 

the sampling period.  
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2.3.6B Statistical Analyses 

Raw data were explored to determine the proportion of samples above the minimum 

detection limit (MDL). Statistical analysis were conducted only on those compounds which 

were detected in more than 75% of the indoor samples, with those values below the limit of 

detection replaced with a value of the MDL/2 (Croghan and Egeghy, 2003). Where data were 

not normally distributed log transformations were applied and normality was retested. Most 

of the data could not be transformed to normal. To be consistent all analyses were 

subsequently conducted using raw data and non-parametric statistical testing. 

Analyses were conducted to determine which housing factors were associated with indoor 

VOC concentrations. For nominal variables, associations with indoor and outdoor VOCs were 

assessed using either the Mann-Whitney u-test or Kruskal Wallis test. For continuous variables 

Spearman's rank correlation tests were used. Seasonal differences in VOCs were assessed 

using Wilcoxon signed rank tests in a subsample of homes (n=16) from Study 3 that had 

matched summer and winter measurements. Finally, a general linear model was used and 

factors with a significance of p ≤ 0.1 in the univariate analyses were included. Three factors, 

house age, attachment of garage and whether the home was within 100 m of a primary road, 

were included de novo because of evidence in the literature that these are major influences on 

indoor VOC concentrations (Brown, 2002; Jia et al., 2008A, Lawson et al., 2011). Other factors 

in the model included: home heating/cooling type, flooring, furnishing and recent renovations. 

All statistical analyses were carried out using SPSS version 20 (SPSS, 2011). 

 
3B. Results and Discussion 

3.1B Sampling Sites 

 Overall 91% of homes in the studies were detached and freestanding. This is the most 

common housing type in Perth comprising nearly 80% of the Perth housing stock (ABS, 2012). 

Homes were predominantly single brick structures with tiled or iron roofs (97%). It was typical 

for houses to have single pane windows and no seals on the doors or windows. House data for 

the three studies are presented in Table 1B.  
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Table 1B House data and factors for all homes sampled 2006-2011 given in frequencies (%). 

 

 
a
 ABS (2012) Perth Metropolitan Area, 

b
ABS (2006) All Western Australian dwellings 

* Any renovations in the last 6 months including: structural changes and additions, significant changes to internal fittings e.g.  new kitchen,  extensive new flooring, indoor 

painting or furnishings. 

 

3.2B Meteorological Data   

Indoor temperatures of the homes sampled (Study 1 and 3) as well as outdoor meteorological 

conditions for the entire study period (2006 to 2011) are presented in Figure 1. Compared with 

outdoors, indoor temperatures were cooler in summer and warmer in winter. There was a 

15.6˚C variation in average outdoor maximum temperatures across the summer and winter 

seasons (BoM, 2012), which is not reflected in the indoor temperatures. The average 

maximum outdoor temperature ranged from 30.5°C in February to 15.0°C in July. During the 

same period the average maximum temperatures indoors ranged from 27°C in February to 

25°C in July (Figure 1B). Minimum temperatures were similarly higher indoors in winter and 

cooler in summer compared to outdoors (Figure 1B). Observations indicate indoor 

Study 1 Study 2 Study 3 Perth Average

Percentage (%) n=  68 n= 250 n= 68 n  ~626,818
a

House Type 

Detached 93 92 88 78.6
a

Semi detached 3 3 5 11.9
a

Appartment/flat 4 1 7 9.1
a

Age 

<1 year - 4 -

1-5 years 14 40 14

6-20years 38 34 22

21-35 years 23 8 24

35 years + 25 9 40

ND 5 - -

Main Flooring Type

Carpet 43 90 41

Hard floor 32 4 28

Floorboards 25 6 31

Primary heating

Gas 40 35 38 50
b

Reverse cycle/Electric 32 30 44 21
b

Air Conditioning (any) 75 78 84 71
b

Evapourative 34 29 18 32
b

Reverse cycle/Refrigerative41 49 42 25
b

Gas Cooking n/a 83 70

Attached Garage 44 59 28

Recent Renovations* n/a 11 15
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temperatures of homes fluctuate over a very narrow range of temperatures both diurnally and 

throughout the year.   

 

Relative humidity indoors (data not shown) was stable (50 - 55%) over the year with a slight 

increase (60 - 65%) in late winter to early spring.  Humidity was higher indoors, and fluctuated 

less, compared to the outside average, with the greatest difference observed in the summer 

months.  

 

Figure 1B. Study 1 and 3:  Indoor temperature (˚C) statistics for Perth homes and monthly, maximum and 

minimum ambient temperature for Perth. Both indoor and outdoor data have been averaged for the study 

periods (2006 – 2011) (BoM 2012). 

 

3.3B Indoor VOCs 

The concentrations of VOCs observed in Perth homes were low and individual compounds 

rarely exceeded 5 µg/m3 in ‘typical’ houses (Table 2B), although they were often elevated in 

recently renovated homes (see Section 3.4B below).  Most compounds measured with the 

passive sampling technique in Studies 1 and 2 were frequently below detection level. In Study 

1, only five VOC, the BTEX compounds (benzene, toluene, ethylbenzene and xylene) as well as 

styrene, were observed in more than 50% of samples. In Study 2, none of the species were 

observed in 75% or more of homes. The BTEX compounds were still the most abundant but 

were only observed between 9.2% (benzene) and 49% (toluene) of the time. The other most 

commonly observed compounds in Study 2 were limonene (45%) and pinene (32%). The active 

sampling in Study 3 allowed for a lower detection limit and nearly half the compounds (20/41) 

were observed in >75% of samples. In Table 2B, the species observed in over 75% of homes for 

each study (and thus included in statistical analysis) are highlighted in bold. Only species that 

overlap with the extended compound suite and those observed in over 75% of samples are 

included for Study 1. 
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The different methodologies (active and passive) demonstrate the significance that sampling 

methods can have on observed species (Król et al., 2010). Even though the two methods were 

not used in the same homes, the marked difference in both the proportion of observed species 

and levels of various compounds demonstrate the suitability of the different strategies for 

understanding sources.  The target compound list in Study 2 (33 VOCs - 7 day passive sampling) 

was a subset of the larger compound list (40 VOCs - 100min active sampling) in Study 3 and 

provides a point of comparison. The week long passive samples give a longer term average 

concentration. These show that background levels of VOCs in homes are generally low, with 

many below detection limit. This may reflect the many hours when there is very little activity in 

the homes, particularly for compounds that are short-lived and source specific such as cleaning 

products and fragrances. Many more VOC species were detected in Study 3 when active 

monitoring was conducted only when occupants were at home and in most cases, carrying out 

normal household activity.   

The different sampling techniques may also help us understand the lifetime of species indoors. 

For example, the terpenes limonene, α-pinene and α-terpineol, were observed in a high 

proportion (80- 100%) of homes in Study 3 but much less often in Study 2 (30 - 44%).  This is 

most likely a reflection of sources of these compounds, which are very intermittent and 

include products such as 'air fresheners' and cleaning agents. Furthermore, the highly reactive 

nature of these compounds contributes to their decay, with a combination of the sources and 

sinks, including reactions with other compounds (Nazaroff and Weschler, 2004).  Hence, a 7-

day passive sampling period will not capture the fluctuations that were observed in the short-

term active sampling. Longer term sustained use of terpenes, such as timed insect and air 

freshener sprays, can be observed in passive sampling and some houses in Study 2 had high 

limonene and pinene values.  

In contrast, BTEX concentrations were often observed with higher maximum values for the 

passive rather than active sampling. Again, this likely reflects the predominant source of these 

compounds, which in Perth is traffic exhaust (Hinwood et al., 2007). The elevated BTEX levels 

expected during peak traffic periods would not have been captured during Study 3's off peak 

sampling period. The longer-term passive samples will capture more of the BTEX peaks (two 

peak traffic periods each day), contributing to the higher overall concentrations for these 

species.  

The alkane species were observed in both passive and active monitoring regimes. There are a 

wide range of known indoor and outdoor sources of these compounds and the similar 

detection from both methods suggested that their emission was steady in the houses studied. 

(Wolkoff et al., 1993; Conner et al., 1995). For new construction materials there is an initial 

short-term rapid decay of alkanes followed by sustained low emission over long time periods 
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(KwangHoon et al., 2012). In this study cis and trans 2-butene had the highest concentration of 

any species and this is likely due to the large number of sources of this compound, particularly 

from the decomposition of foams in furniture, solvents, as well as from traffic (Löfgren and 

Petersson, 1992).  The frequency of detection of cyclohexene, cyclohexane and alkanes C4 - C10 

was close to or above 75% in both seasons, making them some of the most common indoor 

VOCs observed. These compounds have not been previously reported in Australian studies. 

Table 2B.  A. 2009-2011; B. 2006-2008; Indoor VOC data for typical Perth homes. Medians, maximums and inter-

quartile range (IQR) presented (µg/m
3
). Bolded figures were observed with a frequency >75%. 

 

 

(n=250)
b

med max IQR med max IQR med max IQR

Benzene BDL 18 (BDL) BDL 2.7 (BDL-0.90) 1.31 4.9 (0.4-1.5)

Toluene BDL 84 (BDL-2.1) 2.62 50.7 (0.96-3.8) 10.10 36.8 (2.0-12)

ethyl- Benzene BDL 56 (BDL) 0.20 2.6 (0.07-0.39) 1.36 18.1 (0.45-2.0)

m & p- Xylene BDL 45 (BDL) 0.42 5.1 (0.19-0.75) 2.08 30.6 (0.49-2.0)

o- Xylene BDL 13 (BDL) 0.32 3.1 (0.14-0.49) 2.05 30.7 (0.49-1.6)

Σ Xylenes BDL 58 (BDL) 0.74 8.2 (0.33-1.3) 3.75 61.2 (0.98-3.5)

Σ BTEX BDL 216 (BDL) 3.66 64.2 (1.3-7.1) 15.85 121.0 (4.5-24)

Styrene BDL 7 (BDL) 0.07 1.0 (BDL-0.40) 6.29 12.4 (0.077-3.9)

2-ethyl  Toluene - - - 0.24 1.1 (0.11-0.56) 0.55 2.3 (0.29-0.94)

4-ethyl  Toluene - - - 0.10 0.5 (BDL-0.18) 0.51 0.8 (0.09-0.36)

propyl- Benzene - - - 0.07 3.3 (BDL-0.10) 0.14 25.7 (BDL-0.17)

1,2,4-trimethyl -Benzene BDL 31 BDL 0.32 2.2 (0.09-0.50) 2.49 3.7 (0.28-2.2)

1,4-dichloro -Benzene BDL 6 BDL BDL BDL (BDL) BDL 0.25 (BDL)

1,1,1-trichloro- Ethane BDL 1 BDL BDL BDL (BDL) 0.06 BDL (BDL)

trichloro- Ethylene BDL 3 BDL BDL BDL (BDL) BDL 0.1 (BDL)

tetrachloro -Ethene BDL 9 BDL BDL 3.74 (BDL-0.07) 0.37 6.90 (BDL-0.17)

cis/ trans  2-Butene - - - 10.08 82.5 (BDL-28) 26.60 46.6 (0.29-24)

Hexane BDL 57 BDL 0.33 2.31 (0.13-0.57) 2.45 5.09 (0.40-1.8)

Heptane BDL 75 BDL 0.36 4.39 (0.08-0.46) 0.77 3.29 (0.23-1.0)

Octane BDL 2.2 BDL BDL 0.9 (BDL-0.20) 0.35 1.7 (BDL-.41)

Nonane BDL 9.4 BDL 0.22 1.6 (0.06-0.39) 0.36 1.0 (0.093-0.48)

Decane BDL 160 BDL 0.26 3.4 (BDL-0.87) 0.10 1.8 (BDL-0.26)

Undecane BDL 20 BDL 0.07 3.86 (BDL-0.71) 0.27 2.57 (BDL-0.24)

Cyclohexene - - - 0.48 2.19 (0.20-0.67) 0.64 1.36 (0.20-1.0)

Cyclohexane BDL 6 BDL 0.46 2.6 (0.16-0.79) 0.29 3.4 (BDL-0.64)

methyl- Cyclohexane - - - 0.15 0.77 (BDL-0.18) 0.09 1.03 (BDL-0.088)

4-phenyl- Cyclohexene - - - 0.50 21.4 (BDL-0.53) BDL 0.2 (BDL)

Dibutyl ether - - - 0.06 0.49 (BDL-0.10) BDL 0.31 (BDL)

Butylacetate BDL 6 BDL 0.27 0.9 (BDL-0.56) 0.73 3.1 (BDL-0.76)

isopropyl -Acetate BDL 4.2 BDL BDL - (BDL-BDL) BDL - (BDL)

2-butoxy -Ethanol, BDL 40 BDL 0.21 2.8 (BDL-0.44) 0.33 0.8 (BDL-0.35)

2-methoxy -Ethanol, BDL 2.3 BDL BDL 7.13 (BDL) BDL 2.92 (BDL)

2-ethyl -Hexan-1-ol, BDL 520 BDL 0.37 2.82 (BDL-1.1) 0.17 1.98 (BDL-.28)

meth-1-oxy  2-Propanol- BDL 120 BDL BDL 1.19 (BDL) BDL 0.32 (BDL)

Linalool - - - BDL 0.58 (BDL) BDL BDL (BDL)

Pulegone - - - BDL 0.32 (BDL) BDL BDL (BDL)

Phellandrene - - - BDL 0.66 (BDL-0.14) 0.37 17.92 (BDL-0.35)

Cumene - - - 0.10 0.7 (BDL-0.17) 0.13 1.6 (BDL-0.10)

Carene - - - BDL 0.75 (BDL-0.09) 0.19 1.65 (BDL-0.15)

Limonene BDL 37 (BDL-3.2) 1.57 18.8 (0.28-4.7) 2.40 20.2 (0.37-6.9)

α-Pinene BDL 17 (BDL-1.6) 1.01 32.3 (0.16-2.9) 1.54 15.3 (BDL-3.4)

α -Terpineol - - - 0.18 0.4 (0.10-0.29) 0.15 6.8 (0.04-0.18)

Σ VOCs - - - 38.12 152.0 (17-65) 62.57 192.0 (24-97)

(n=31) (n=33)

Study 2 Study 3

All year Summer Winter

A 
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IQR= Inter quartile range, med = median, max = maximum. 
a
 Number calculated from discrete week long samples, individual houses could be represented more than once. 

b 
Only maximum values are given as the rate of detection for this study was very low. Median values are consistently BDL. 

 
Formaldehyde (HCHO) concentrations were also low (Table 3B) and well below the current 

indoor guidelines of 0.1 mg/m3 (WHO, 2010).  No significant (p= 0.3) difference was observed 

between samples in different locations within the house suggesting uniform source and 

ventilation throughout the homes, as has been observed previously in Australian homes 

(Garrett et al., 1997; Franklin and Dingle, 2002). In the current studies, HCHO levels were 

considerably lower than those reported in an earlier study of Perth homes (Franklin and 

Dingle, 2002). They were also lower than concentrations reported in homes from country 

Victoria (Garrett et al., 1997) and more recently in Melbourne homes (Molloy et al., 2012). 

Coincidentally, low concentrations, similar to those measured here, have been reported for 

homes in New South Wales (Sheppeard et al., 2006). Indoor HCHO concentrations can be 

influenced by home ventilation, though previous studies of passive air -exchange rates in these 

cities indicate that air exchange is similar in typical single brick homes in Perth, Sydney and 

Melbourne (Harrison, 1985; Biggs et al., 1988; Ferrari, 1991; Haste et al., 2009). Still, occupant 

behaviour and air-conditioning/heating demand influenced by local climate can change the 

active ventilation rate and could account for the differences observed (NAEEEC, 2006). 

Reasons for decreasing concentrations of formaldehyde in homes measured in the early 90s 

(Franklin and Dingle, 2002) to the current study are unknown but similar decreases have been 

observed in Sydney homes over the past 20 to 30 years (McPhail, 1991; Sheppeard et al., 

2006). This may be due to changes in either building practices (more open spaces) or reduced 

formaldehyde levels in building products and general household products (Weschler, 2009). 

For example, during the past 5 to 10 years new controls have been put in place to reduce 

Study 1

med max IQR med max IQR

Benzene 0.5 2 (BDL) 0.5 2.3 (BDL-0.59)

Toluene 0.9 94.0 (BDL-0.70) 3.0 8.9 (BDL-2.80

ethyl- Benzene 0.5 28.0 (BDL) 0.5 190.0 (BDL-0.56)

m & p- Xylene 0.5 95.0 (BDL) 1.3 230.0 (BDL=2.5)

o- Xylene 0.5 43.0 (BDL-1.0) 0.5 85.0 (BDL-1.2)

Σ Xylenes 1.0 138.0 (0.5-2.3) 1.8 315.0 (0.5-2.1)

Σ BTEX 3.5 186.0 (1.3-3.8) 5.5 511.5 (2.1-9.3)

Styrene 0.5 0.5 (BDL) 0.5 3.0 (BDL)

2-ethyl  Toluene - - - - - -

4-ethyl  Toluene - - - - - -

propyl- Benzene - - - - - -

1,2,4-trimethyl -Benzene BDL 2 (BDL) BDL 2.1 (BDL-0.56)

1,4-dichloro -Benzene BDL 1 (BDL) BDL BDL (BDL)

1,1,1-trichloro- Ethane BDL 1 (BDL) BDL 3.6 (BDL)

trichloro- Ethylene BDL 1 (BDL) BDL BDL (BDL)

tetrachloro -Ethene BDL 1 (BDL) BDL 0.5 (BDL)

Summer Winter

(n=69)
a

(n=204)
a

B 
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HCHO emissions in composite wood products in California and there has been pressure on 

Australian manufacturers to follow (GBCA, 2005; CARB, 2007). 

 

Table 3B: Study 1 and 2 Formaldehyde (µg/m
3
) concentrations observed in Perth homes.  

 

  IQR = Inter quartile range, n= number of single day samples, individual houses are represented more than once. 
 
3.4B VOCs and Housing Characteristics 

House characteristics have been shown to influence indoor VOC concentrations, including 

recent renovations and house age (Brown, 2002), garages attached to residences (Batterman 

et al., 2007), new carpet and furnishings (Weschler et al., 1992) and the use of aerosol spray 

cans (Nazaroff and Weschler, 2004). In the current studies only, ‘major renovation in the last 6 

months’ was associated with increased concentrations of VOCs. This was only observed in 

Study 3, the only study with a sufficient number of homes with recent renovations for the 

analyses. 

The off-gassing of construction materials in homes within the first 2 - 6 months of renovation 

or construction often leads to elevated concentrations of indoor pollutants (Brown, 2002; 

Herbarth and Matysik, 2010). In Study 3, homes categorised as 'recently renovated' had 

significantly higher VOC concentrations than observed in 'typical’ homes. Compounds elevated 

in renovated homes included ∑VOCs (p = 0.026), ∑BTEX (p = 0.03), ∑xylene (p = 0.013), toluene 

(p = 0.05), cyclohexane (p = 0.039), and propyl benzene (p = 0.039) in the summer months, and 

o-xylene during winter (p = 0.046). The glycol ethers commonly associated with household 

paints and cleaning products (Sparks et al., 1999), were observed at concentrations between 

0.1 - 7 µg/m3, in homes that were reported to have been painted indoors within a few months 

of sampling, but were otherwise in very low concentrations (<0.33 µg/m3or BDL). Also, VOCs 

that have been associated with soft furnishing and carpets (Weschler, 2009) such as cis/trans 

2-butene, cyclohexene, cyclohexane and 4-phenylcyclohexene were observed in 

n Median Max IQR n= Median Max IQR Median Max IQR

Whole year 2897 5.3 126.0 (0.6-11.5) 235 4.6 21.7 (1.3-4.5) 3.8 23.9 (1.1-4.8)

January - - - - 32 1.9 13.4 (1.4-3.3) 2.0 12.9 (1.3-2.5)

February 53 10.1 61.9 (3.8-13.8) 29 3.6 13.4 (2.0-7.0) 3.7 13.7 (2.2-5.6)

March 199 4.9 44.1 (0.3-10.9) 32 1.8 10.4 (1.0-2.8) 1.5 23.9 (0.9-2.3)

April 286 8.5 65.9 (2.5-14.3) 31 3.1 16.6 (1.8-4.8) 3.5 13.7 (2.2-6.0)

May 368 7.0 83.8 (0.9-12.6) 7 4.2 21.7 (2.5-6.4) 4.5 15.0 (2.2-6.2)

June 424 5.7 64.1 (0.7-10.5) - - - - - - -

July 284 3.7 126.0 (0.3-8.0) - - - - - - -

August 310 6.7 115.3 (1.0-11.1) - - - - - - -

September 252 6.4 86.1 (0.3-12.3) 19 0.5 1.4 (0.3-0.8) 0.5 1.9 (0.2-0.9)

October 284 4.3 45.6 (1.3-10.1) 23 1.1 9.0 (0.5-2.8) 0.8 10.8 (0.4-2.8)

November 296 1.4 21.7 (0.3-5.1) 31 3.5 9.2 (1.9-5.0) 4.2 9.6 (2.6-6.9)

December 141 5.0 76.8 (0.3-11.0) 31 3.7 13.9 (2.5-5.9) 3.2 9.5 (1.7-4.7)

Study 1 Study 2

Bedroom Loungeroom
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concentrations of up to 50 µg/m3 in newly renovated dwellings and homes with new 

furnishings. These species were observed in most homes but concentrations were typically 

below 5 µg/m3 in ‘non-renovated’ homes. 

 
House age has often been found to be a significant factor for indoor VOCs (e.g. Brown, 2002) 

and formaldehyde (Franklin and Dingle, 2002). However, beyond the initial new building 

period of 6 - 12 months little difference has been reported for building material emissions in 

different aged homes (Park and Ikeda, 2006). In this study, house age was found to not be 

statistically significant for any of the VOC species tested. It has been suggested that newer 

homes are more airtight and thus air exchange rates influenced by residence age is the primary 

factor for the observed difference (Jia et al., 2008B). While Australian homes built in the last 20 

to 30 years are also increasingly airtight (Biggs et al., 1986; Haste et al., 2009) Perth has a 

temperate climate and ventilation practices, such as open doors and windows, probably lessen 

the influence of house age.  

 
Attached garages have been reported to be a source of VOCs, particularly of petrol-related 

aromatic compounds, through the migration of garage air into the main living area (Batterman 

et al., 2007; Dodson et al., 2008). Many homes (53%) in this study had attached garages, yet 

this was not found to be a significant factor in indoor VOC concentrations. This may be 

indicative of the timing of sampling (9am - 3pm) which meant it was less likely that garages 

were in use. In addition, climate conditions in Perth do not require vehicles to remain idle and 

this likely results in a lower accumulation of engine exhaust (Batterman et al., 2007). 

 

In Study 3 the sum of sampled terpene concentrations (α-pinene, δ-limonene, 2-carene, 

phellandrene) exceeded 10 µg/m3 in 30% of homes, with a median value of 4.5 µg/m3. This is 

lower than a study of European dwellings that reported sum terpene concentrations (including 

β-pinene and 3-carene) with a median of 36.1 µg/m3 (Schlink et al., 2004). Typically, 'air 

freshener' products and cleaning agents contain these chemicals for their fragrance and 

disinfectant properties. In a survey of household cleaning practices in Study 3, most residents 

reported very low use of traditional cleaning products and sprays with a tendency towards 

'natural' products. There is evidence that the prevalence of these species indoors has 

increased from the use of consumer products (Moran et al., 2012). These natural products are 

more likely to contain monoterpenes, which give a citrus or pine smell. On the other hand, 

other monoterpene-based fragrance compounds such as phellandrene and carene that are 

also present in common household cleaning products and fragrances were rarely observe 

above the detection limit in this study (Sack et al., 1992; Steinemann et al., 2011). 
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3.5B Seasonal Variation of Indoor VOC 

Concentrations of most individual species were observed to be higher indoors in winter. But, 

the magnitude of this difference was small and not uniform across all species (Table 2B). Data 

from Study 3 were assessed for seasonality and although winter and summer samples were 

taken in Study 1, detection limits were below 75%; as a result, statistical analysis was not 

performed. The ΣVOC for the 41 observed species in Study 3 was significantly larger in the 

winter (p = 0.013).  Individual species that were significantly higher in winter included benzene 

(p = 0.019), toluene (p = 0.009), xylene (meta & para p = 0.011; ortho  p= 0.003), propyl 

benzene (p = 0.07), ethyl benzene (p = 0.04), 1.2.4. trimethyl benzene (p = 0.025),  cis/trans 

butene (p = 0.04), hexane (p= 0.006), heptane (p = 0.011) and  octane (p = 0.03). Although 

there were monthly variations in formaldehyde there was no significant seasonal trend. These 

results are comparable to the findings of a similar study (Jia et al., 2008A) where the house 

type and source attribution reported are comparable to the observations in Perth homes. 

 
Seasonal variation of VOCs in this study is less than has been observed in regions with more 

extreme climate fluctuations. The ΣVOC concentrations in Perth homes during winter are 1.5 

times higher than in summer. This is considerably less than the seasonal difference (3 - 4 

times) that has been reported in Europe (e.g. Schlink et al., 2004). This may reflect the 

ventilation of homes and ventilation practices of occupants (Wallace et al., 2002). Australian 

homes are known to have high air exchange rates; 1.4 - 26.3 h-1 in a typical home without 

active ventilation (Biggs et al., 1986; Haste et al., 2009), compared to the 0.61 - 1 h-1 observed 

in North America (Wallace et al., 2002). Most participants in Study 3 reported having their 

doors and windows open for some period of the day or night during most times of the year. 

Houses were shut and climate control used only during periods when outdoor temperatures 

were very hot or cold and this could be part of or all of the day. Consequently, active 

ventilation practices in Perth homes seem to differ significantly from that reported for 

European climates where windows are likely to be open only a half of the time in summer and 

very rarely in the winter months (Wallace et al., 2002).   

A recent IAQ study of homes in Melbourne, Australia noted seasonal trends that were in 

contrast to observations made in the Perth IAQ study (DEWHA, 2010; Molloy et al., 2012). 

Summer BTEX concentrations were 3 - 4 times higher in Melbourne than Perth, though winter 

concentrations were comparable. Analysis of differences between the two studies suggests 

that the likelihood of lower active ventilation in the summer months in the Melbourne homes 

(compared to Perth homes) could be the main factor to account for this difference. 
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3.6B Outdoor VOCs 

Concurrently sampled outdoor VOCs were measured in Study 3 and concentrations were 

generally low. The species with the highest concentrations were toluene (median 

concentrations; summer winter respitively 1.18 - 2.6 µg/m3), cis/trans 2-butene (2.77 - 1.64 

µg/m3), o-xylene (0.18 - 0.6 µg/m3), hexane (0.25 - 0.58 µg/m3), m&p-xylene (0.3 - 0.52 µg/m3), 

benzene (0.36 - 0.51 µg/m3) and ethylbenzene (0.16 - 0.41 µg/m3 Winter concentrations were 

mostly higher than summer, but differences were not large and only statistically significant for 

a few species. These were ethylbenzene (p = 0.006), 1,2,4-trimethylbenzene ( p = 0.001), 

hexane (p = 0.002), o-xylene (p = 0.000), m&p xylene (p = 0.005)  and ΣBTEX (p = 0.006). Three 

species; α-terpineol (p = 0.02), 4-phenylcyclohexane (p = 0.007) and methylcyclohexane (p = 

0.012), were significantly higher in summer.  More species were below detection in the 

outdoor monitoring than indoors, a reflection of the low ambient pollution in Perth and that 

the compound list was tailored to the indoor environment. The value of the indoor/outdoor 

(I/O) VOC concentration ratio was larger for most species in winter than summer (Table 4B). 

These I/O ratios are similar in their variation to the North America seasonal study by Jia et al., 

(2008B), which attributed seasonal variations of I/O ratios to the mixed contribution of indoor 

and outdoor sources. Summer benzene is the sole compound with a median I/O value of <1. 

These results most likely reflect the very low outdoor concentrations of VOCs as well as the 

predominantly indoor sources of many of the compounds observed, apart from benzene 

where the main source is likely to be traffic.  

 
Table 4B: Study 3 2010-2011: Indoor/Outdoor ratios for Perth homes 

 

 

 

Median IQR Median IQR

Benzene 0.92 (0.3-1.4) 1.59 (0.82-3.2)

Toluene 1.77 (0.72-6.16) 3.1 (0.62-6.5)

ethyl- Benzene 1.59 (0.71-4.6) 2.13 (0.93-5.9)

m & p- Xylene 1.57 (0.98-3.2) 1.84 (0.78-4.7)

o- Xylene 1.74 (0.98-5.3) 1.65 (0.8-3.9)

Σ Xylenes 1.58 (0.62-3.7) 3.83 (1.1-6.2)

Σ BTEX 1.43 (0.83-3.7) 1.9 (0.61-4.3)

2-ethyl  Toluene 1.85 (0.46-3.9) 2.04 (1.0-4.3)

4-ethyl  Toluene 1.18 (0.78-3.0) 3.27 (2.0-5.7)

1,2,4-trimethyl-Benzene 1.9 (1.0-6.2) 2.73 (0.74-5.5)

cis/ trans  2-Butene 1.19 (0.13-4.5) 3.51 (1.0-17.5)

Hexane 1.34 (0.76-3.2) 1.43 (0.47-2.9)

Heptane 1.59 (0.69-4.0) 1.65 (0.68-5.36)

Octane 1.00 (1.0-5.7) 2.4 (0.97-9.2)

Decane 8.47 (1.0-18.1) 1.00 (0.91-10.3)

Cyclohexane 3.14 (1.1-9.2) 2.37 (0.59-5.2)

cyclohexene 1.61 (1.0-10.1) 1.00 (1.0-3.0)

Limonene 12.85 (1.5-60.8) 18.03 (4.1-49.8)

α -Pinene 9.48 (1.1-37.7) 12.14 (1.0-2.5)

α -Terpineol 3.85 (1.3-7.2) 1.14 (1.0-5.1)

Σ 44 VOCs 1.72 (0.95-3.7) 1.85 (0.89-4.1)

Summer Winter
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4B. Conclusions 

In a low density suburban setting as presented here the concentrations of both ambient and 

indoor VOCs are very low (0.06 - 5 µg/m3 for most species). Only homes with current or recent 

renovations were found to have significantly increased concentrations of VOCs compared with 

typical Perth homes. When compared with studies performed in cities with higher ambient air 

pollution the results for Perth homes are low. The lower concentrations of all VOCs, not just 

those known to be from ambient sources, may reflect a higher rate of air exchange in Perth 

homes resulting in limited accumulation of VOCs. 

 Apart from the BTEX compounds, which are among the most common VOC species in many 

studies, the high incidence of terpenes indoors agrees with other observations of the 

increasing ubiquity of this class of compounds in the indoor environment (Nazaroff and 

Weschler, 2004; Steinemann et al., 2011). On account of the high reactivity of these 

compounds and their importance in ozonolysis, these are species that may need to be 

monitored to ensure there are no unintended consequences for occupants trying to improve 

the air quality in their homes.  

An important factor for the low levels of indoor VOCs in Perth is likely to be the ventilation 

practices of its inhabitants. There is evidence to suggest that the typically higher ventilation in 

Australian homes reduces the concentration of indoor air pollutants. Nevertheless, in recent 

years there has been a renewed focus on energy efficiency that may result in new homes 

having increasingly lower passive air exchange rates in the future. The penetration of air 

conditioning in Australian homes has increased dramatically over the past decade (NAEEEC, 

2006) and people may be less inclined to use natural ventilation for temperature control. The 

effect of reduced ventilation on domestic air quality needs to be monitored. 

The limitations of this research should be acknowledged. For each study the recruitment was 

based on volunteer householders. This could have attracted a larger percentage of volunteers 

who were aware of indoor pollution, particularly those from Study 1 and 2 who were recruited 

for a health study. This may have lead to an underestimate of VOC levels in Perth homes and 

may have contributed to the very low concentrations observed. Volunteers were also more 

likely to be more educated and of higher socio-economic status (SES). Household smoking was 

an exclusion criterion for studies 1 and 2, which again would have limited the number of lower 

SES homes. As a final point, although the houses sampled across each of the studies were 

representative of the main housing type in Perth (stand-alone single-brick construction homes) 

other dwelling types, such as units, flats and duplex homes, were under-represented. These 

may have different IAP patterns and occupant behaviour not explored here. 
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The data presented here for Perth adds to the only other study (DEWHA 2010; Galbally et al., 

2011, Molloy et al., 2012) on Australian base-line indoor VOCS, for ‘typical’ residential 

properties in Melbourne, a city three times larger than Perth. The studies are 

contemporaneous and present new data for a generally low air pollution country with 

different outcomes. The concentrations of VOCs that were measured in both cities (i.e. BTEX ), 

were found to be similar, despite the difference in size of the cities. Even so, the Melbourne 

study reported VOC concentrations to be higher in summer than winter, which is in contrast to 

Perth and also other overseas studies. These findings demonstrate that specific climate, 

construction, and occupant behaviour in the indoor environment can result in elevated VOC 

concentrations. Our analysis suggests that high ventilation rates in Perth are the likely cause 

for the very low VOC concentrations observed in this study. 

 

5B. Acknowledgements 

The project is partially supported by a Cooperative Research Centre (CRC for Asthma) grant. 

Thank you to the participating households and J. Loveday who assisted with field sampling in 

study 3. Appreciation to staff as in the Environmental and Emergency Response division at 

ChemCentre WA for assistance with analysis as well as Arthur Greico and Jason Wooster from 

DEC WA for assistance with data from the AQMS sites. 

 

6B. References 

Air Quality Coordinating Committee (AQCC), 2011. Perth Air Quality and management plan 
report card 2009-2010. Department of Environment and Conservation Air Quality 

Management Branch. Available online: www.dec.wa.gov.au/component/option 

,com_docman/.../Itemid, /,20 August 2012.  

Australian Bureau of Statistics (ABS), 2006. 4652.5 - Domestic Use of Water and Energy, WA, 
Oct 2006, Available online: www.abs.gov.au/AUSSTATS/abs@.nsf /Lookup/4652.5 
Main+Features1Oct%202006, 2 October 2012.   

Australian Bureau of Statistics (ABS), 2012. The 2011 Census QuickStats: Greater Perth, 
Available online: www.censusdata.abs.gov.au/census_services/getproduct/census 
/2011/quickstat/5GPER, 9 August 2012.  

Batterman S., Jia C., Hatzivailis G., 2007. Migration of volatile organic compounds from 
attached garages to residences: A major exposure source, Environmental Research, 
104, 224-240.  

Biggs K.L., Bennie I., Mitchell D., 1987. Air permeability of some Australian homes, Building and  

Environment, 21, 89-96.  
Brown S.K., 2002. Volatile Organic Pollutants in New and Established Buildings in Melbourne, 

Australia, Indoor Air, 12, 55-63. 
Bureau of Meteorology (BoM), 2012. Climate statistics for Australian locations: Summary 

Statistics Bickley, Commonwealth of Australia, Available online: 

www.bom.gov.au/climate/averages/tables/cw_009240.shtml, June 10 2012. 
Californian Air Resources Board (CARB), 2007. ATCM to Reduce Formaldehyde Emissions from 

Composite Wood Products, California Environmental Protection Agency. Available 
online; www.arb.ca.gov/regact/2007/compwood07/compwood07.htm., October 12 
2012. 



Chapter 3: The Perth IAQ Study 

 

80 
 

Clausen G., Bekç G., Corsi R. L., Gunnarsen L., Nazaroff W. W., Olesen B. W., Sigsgaard T., 
Sundell J., Toftum J., Weschler C. J., 2011. Commemorating 20 years of Indoor Air 
Reflections on the state of research: indoor environmental quality, Indoor Air, 21, 219-
230.  

Conner T.L., Lonneman W.A., Seila R.L., 1995. Transportation-related volatile hydrocarbon 
source profiles measured in Atlanta. Journal of Air and Waste Water Management 

Association, 45, 383–394. 
Croghan C., Egeghy P.P., 2003. Methods of Dealing with Values below the Limit of Detection 

Using Sas. Presented at Southern SAS User Group, St. Petersburg, FL, September 22-
24. available online: cfpub.epa.gov/ordpubs/nerlpubs/recordisplay.cfm?deid=62970, 
28 June 2012. 

Department of Environmental Protection Western Australia (DEC), 2000. Volatile Organic 
Compounds Monitoring in Perth - Baseline Air Toxics Project, Western Australian State 
Government, Available online: http://www.dec.wa.gov.au/content 
/view/6945/2491/1/12/. 24 July  2012. 

Department of Environment and Conservation (DEC) 2012, The 2011 Western Australia Air 
Monitoring Report, Department of Environment and Conservation, Perth, Western 
Australia. Available online: www.dec.wa.gov.au/content/view/6945/2491/1/4/, 21 July 
2012. 

DEWHA, 2010. IndoorAirProject, Part 1: MainReport - IndoorAir in Typical Australian Dwellings. 
Department of the Environment, Water, Heritage and the Arts. Available 
online:www.environment.gov.au/atmosphere/airquality/publications/indoor-air-
project.html, 3 May 2012. 

Dodson R.E., Levy J.I., Spengler J.D., Shine J.P., Bennett D.H., 2008. Influence of basements, 
garages, and common hallways on indoor residential volatile organic compound 
concentrations, Atmospheric Environment, 42, 1569-1581. 

Ferrari L., 1991. Control of Indoor Air Quality in Domestic and Public Buildings, Australian and 

New Zealand Journal of Occupational Health Safety, 7, 163-167. 
Fondazione Salvatore Maugeri IRCCS, 2007. Radiello Instruction Manual: Volatile Organic 

Compounds (VOCs) - thermally desorbed, Available online: 
www.radiello.com/english/cov_term_en.htm, 21 July 2012. 

Franklin P.J., Dingle P., 2002. Formaldehyde Levels and the Factors Affecting These Levels in 
Homes in Perth. Western Australia, Indoor Built Environment, 11, 111-116. 

Galbally I., Keywood M., Powell J., Lawson S., Cheng M., Dunne E., Gillett R., Molloy S., Selleck 
P., Ward J., Reisen F., 2011. An overview of the CSIRO 2008-2009 indoor air quality 
study. Air Quality and Climate Change, 45, 27-35. 

Garrett M.H., Hooper M.A., Hooper B.M., 1997. Formaldehyde in Australian homes: Levels and 
sources. Clean Air, 31, 28–32. 

Green Building Society of Australia (GBSA), 2005. Call to phase out formaldehyde-based glues 
in MDF & other products. Available online: www.gbca.org.au/news/call-to-phase-out-
formaldehyde-based-glues-in-mdf-other-products/731.htm, 12 October 2012.  

Guo H., Kwok N.H., Cheng H.R., Lee S.C., Hung T., Li Y.S., 2009. Formaldehyde and Volatile 
organic compounds in Hong Kong homes: concentrations and impact factor, Indoor Air, 
19, 206-217. 

Harrison, V.G., 1985. Natural Ventilation and Thermal Stimulation Studies of West Australian 
State Housing Commission Houses, Master of Building Science Thesis, University of 
Western Australia. 

Haste B., Moran S., Wilkinson S., James E., 2009. A Best Practice Approach to Shelter-in-Place 
Strategies in the Event of a Chemical Release.  Proc. 27th Conf.  Australian Institute of 
Occupational Hygienists ’09 Canberra. 

Herbarth O., Matysik, S., 2010. Decreasing concentrations of volatile organic compounds (VOC) 
emitted following home renovations, Indoor Air, 20, 141–146. 



Chapter 3: The Perth IAQ Study 

 

81 
 

Hinwood A.L.,  Rodriguez  C., Runnion  T., Farrar  D., Murray  F., Horton  A., Glass  D., 
Sheppeard  V., Edwards  J.W., Denison  L., Whitworth  T., Eiser  C., Bulsara  M., Gillet  
R.W., Powell  J., Lawson  S., Weeks  I., Galbally  I.; 2007. Risk factors for increased BTEX 
exposure in four Australian cities. Chemosphere, 66, 533-41. 

Hodgson A.T., Levin H., 2003. Volatile organic compounds in indoor air: a review of 
concentrations measured in North America since 1990. Lawrence Berkeley National 
Lab Report, Availbale online: energy.lbl.gov/ie/pdf/LBNL-51715.pdf., 5 June 2012. 

Ilgen E., Levsen N.K., Anderer J., Scheider P., Heinrich J., Wichmann H.E., Dunemann L., 
Begerow J., 2001. Aromatic hydrocarbons in the atmospheric environment: Part I. 
Indoor versus outdoor sources, the influence of traffic, Atmospheric Environment, 35, 
1235-1252. 

Jantunen M.J.  Hänninen  O., Katsouyanni  K., Knöppel  H.,  Kuenzli  V., Lebret  E., Maroni  M., 
Saarela  K., Srám  R., Zmirou  D., 1998. Air pollution exposure in European cities: The 
"EXPOLIS" study, Journal of Exposure Analysis and Environmental Epidemiology, 8, 495-
518. 

Jia C., Batterman S., Godwin C., 2008A. VOCs in industrial, urban and suburban neighborhoods, 
Part 1: Indoor and outdoor concentrations, variation, and risk drivers, Atmospheric 

Environment, 42, 2083-2100. 
Jia C., Batterman S., Godwin C., 2008B. VOCs in industrial and suburban neighborhoods, Part 2: 

Factors affecting indoor and outdoor concentrations, Atmospheric Environment, 42, 
2101-2116. 

Katragadda H.R., Fullana A., Sidhu S., Carbonell-Barrachina Á.A., 2010. Emissions of volatile 
aldehydes from heated cooking oils, Food Chemistry, 120, 59-65. 

Król S., Zabiegała B., Namieśnik J., 2010. Monitoring VOCs in atmospheric air II. Sample 
collection and preparation, Trends in Analytical Chemistry, 29, 1101-1112. 

KwangHoon H., Zhang J.S., Wargocki P., Knudsen H.N., Varshney P.K., Guo B., 2012. Model-
based approach to account for the variation of primary VOC emissions over time in the 
identification of indoor VOC sources, Building and Environment, 57, 403-416. 

Lawson S.J., Galbally I.E., Powell J.C., Keywood M.D., Molloy S.B., Cheng M., Selleck P.W., 2011. 
The effect of proximity to major roads on indoor air quality in typical Australian 
dwellings, Atmospheric Environment, 45, 2252-2259. 

Levin J.O., Lindahl R., Andersson K., 1989. Monitoring of parts-per-billion levels of 
formaldehyde using a diffusive sampler, Journal of the Air Pollution Control 

Association, 39, 44-47. 
Löfgren L., Petersson G., 1992. Butenes and butadiene in urban air, Science of the Total 

Environment, 116, 195-201. 
Logue J.M., McKone T.E., Sherman M.H., Singer B.C. , 2011. Hazard assessment of chemical air 

contaminants measured in residences, Indoor Air, 21, 92–109. 
McPhail S., 1992. Formaldehyde in homes. Journal of Occupational Health and Safety - Aust. 

N.Z, 7, 139-144. 
Molloy S.B., Cheng M., Galbally I.E., Keywood M.D., Lawson S.J., Powell J.C., Gillett R., Dunne 

E., Selleck P.W., 2012. Indoor Air Quality in Typical Temperate Zone Australian 
Dwellings, Atmospheric Environment, 54, 400-407. 

Moran R.E., Bennett D.H., Tancredi D.J., Wu X., Ritz B., Hertz-Picciotto I., 2012. Frequency and 
longitudinal trends of household care product use, Atmospheric Environment, 55, 417-
424. 

NAEEEC (National Appliance and Equipment Energy Efficiency Committee), 2006.  Status of air 
conditioners in Australia; available online: www.energyrating.com.au 
/library/pubs/200509-ac-aust.pdf, 7 August 2012. 

Namieśnik J., Górecki T., Kozdroń-Zabiega ła B., Łukasiak J., 1992. Indoor air quality (IAQ), 
pollutants, their sources and concentration levels, Building and Environment, 27, 339-
356. 



Chapter 3: The Perth IAQ Study 

 

82 
 

Nazaroff W.W., Weschler C.J., 2004. Cleaning products and air fresheners: exposure to primary 
and secondary air pollutants, Atmospheric Environment, 38, 2841-2865. 

Park J.K., Ikeda K., 2006. Variation of formaldehyde and VOC levels during 3 years in new and 
older residences, Indoor Air, 16, 129-135. 

Raw G.J, Coward S.K.D, Brown V.M., Crump D.R., 2004. Exposure to air pollutants in English 
homes, Journal of Exposure Analysis and Environmental Epidemiology, 14, S85-S94. 

Sack T.M., Steele D.H., Hammerstrom K., Remmers, J., 1992. A survey of household products 
for volatile organic compounds, Atmospheric Environment, 26A, 1063–1070. 

Schlink U., Rehwagen M., Damm M., Richter M., Borte M., Herbarth O., 2004. Seasonal cycle of 
indoor-VOCs: comparison of apartments and cities, Atmospheric Environment, 38, 
1181-1190. 

Schneider P., Gebefugi I., Richter K., Wolke G., Schnelle J., Wichmann H.-E., Heinrich J., 2001. 
Indoor and outdoor BTX levels in German cities, Science of the Total Environment, 
267, 41-51. 

Sheppeard V., Morgan G., Corbett S., 2006. New South Wales Indoor Air Survey: Part 1 Sources 
and Concentrations of Pollutants in Homes in New South Wales. Environmental Health, 
16, 15-24. 

Sparks L.E., Guo Z., Chang J.C., Tichenor B.A., 1999.  Volatile Organic Compound Emissions 
from Latex Paint – Part 1. Chamber Experiments and Source Model Development. 
Indoor Air, 9, 10-17. 

SPSS, 2011. IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk, 
NY: IBM Corp.  

Steinemann A.C., Macgregor I.C., Gordon S.M., Gallagher L.G, Davis A.L., Ribeiro D.S., Wallace 
L.A., 2011. Fragranced consumer products: Chemicals emitted ingredients unlisted, 
Environmental Impact Assessment Review, 31, 328-333. 

Takeshi O., Takeshi A., Shen X., Li S., Zhang P., Zhu L., 2009. Comparative study on indoor air 
quality in Japan and China: Characteristics of residential indoor and outdoor VOCs. 
Atmospheric Environment, 43, 6352-6359. 

Wallace L.A., Emmerich S.J., Howard-Reed C., 2002. Continuous measurements of air change 
rates in an occupied house for 1 year: the effect of temperature, wind, fans, and 
windows, Journal of Exposure Analysis and Environmental Epidemiology, 12, 296–306. 

Wallace L.A., Pellizzari E.D., Hartwell T.D., Sparacino C., Whitmore R., Sheldon I., Zelon H., 
Perritt R., 1987. The TEAM (Total Exposure Assessment Methodology) Study: personal 
exposures to toxic substances in air, drinking water, and breath of 400 residents of 
New Jersey, North Carolina, and North Dakota, Environmental Research, 43, 290–307. 

Weisel C.P., Zhang J., Turpin B.J., Morandi M.T., Colome S., Stock T.H., Spektor D., 2005. 
Relationships of Indoor, Outdoor, and Personal Air (RIOPA). US-Environmental 
Protection Agency, Maryland. 

Weschler C.J., 2009. Changes in indoor pollutants since the 1950s, Atmospheric Environment, 
43, 153-169. 

Weschler C.J., Hodgson A.D, Wooley J.T., 1992. Indoor Chemistry: Ozone, Volatile Organic 
Compounds and Carpets, Environmental Science and Technology, 26, 2371-2377. 

Woolfenden E.A., McClenny W.A., 1999. Compendium of Methods for the Determination of 
Toxic Organic Compounds in Ambient Air Second Edition Compendium Method TO-17 
Determination of Volatile Organic Compounds in Ambient Air Using Active Sampling 
Onto Sorbent Tubes. Centre for Environmental Research Information Office of 
Research and Development U.S. Environmental Protection Agency Cincinnati, USA. 

Wolkoff P., Clausen P.A., Nielson P.A., Gunnarsen L., 1993. Documentation of field and 
laboratory emission cell “FLEC”— identification of emission processes from carpet, 
linoleum, paint, and sealant by modelling, Indoor Air, 3, 291–297. 

World Health Organisation (WHO), 2010. WHO guidelines for indoor air quality: Selected 
pollutants, The WHO European Centre for Environment and Health, Bonn Office, ISBN 
978 92 890 0213 4. 



Chapter 3: The Perth IAQ Study 

 

83 
 

3.2 Further Discussion on Results from the Perth IAQ Study 

 

Beyond the scope of the base-line IAQ paper, there were a number of important issues 

from the findings of this study that have relevance for indoor air chemistry and the 

development of a tailored reactive indoor air chemistry model (see Chapter 4). This 

discussion will focus solely on Study 3 (from here on referred to as the Perth IAQ study) as 

these are the data that were used for the IA reactive chemistry model that comprises the 

remainder of the thesis. Differences between data collected in this study and both 

international and interstate data are highlighted in this Section. 

 

3.2.1 The Significance of Terpenes in Indoor Air 
 

Terpenes are known to be important for reactive air chemistry (Chapter 1) and the 

formation of secondary pollutants indoors (Carslaw, 2007; Youseffi and Waring, 2012). 

Thus they are much shorter lived as a primary IAP than many other species. This may 

explain in part why they were not observed with high frequency in the longer term passive 

sampling campaigns; this was discussed in Section 3.1. The sources of these compounds 

have intermittent use, such as 'air freshener' products and cleaning agents (Steinemann et 

al., 2011). Hence their major indoor sources give rise to short term elevated 

concentrations best detected during short-term active sampling (Section 2.1).  

In the Perth IAQ study the sum of sampled terpene concentrations (α-pinene, δ-limonene, 

2-carene, phellandrene) exceeded 10 µg/m3 in 30% of homes with a median value of 4.5 

µg/m3. This was lower than a European study of inner city dwellings, with a median 

Σterpene (including β-pinene and 3-carene) of 36.1 µg/m3 (Schlink et al., 2004). In 

contrast, a recent Hong Kong study of IAQ in apartments reported terpenes in only 20% of 

homes (Guo at al., 2009). The Hong Kong study (Guo at al., 2009) reported significant 

differences in the cleaning habits in homes with one person compared to families. Larger 

households used cleaning products and air fresheners on a more regular basis. In homes 

with < 3 occupants the mean terpene concentrations were BDL, compared to >3 occupants 

with a mean limonene concentration of 16.7 µg/m3. This suggests that occupant numbers 

and demographics can have significant influence on the concentration of terpenes indoors. 

Similar trends are reported in a North American study on household cleaning (Moran et 

al., 2012). The majority of households tested in the Perth IAQ study were family homes 

and the high frequency of terpene observed follows this trend. 

 
 Limonene and α-pinene were the dominant terpenes observed in Perth. Other terpenes, 

such as phellandrene and carene were not observed in either significant concentration or 

frequency despite their presence in common household products (Sack et al., 1992; 
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Steinemann et al., 2011). Concentrations of terpenes were higher in winter months, 

perhaps indicative of the reduced air exchange expected in this period. Reduced solar 

radiation and temperatures in this season may also have had an effect on reactivity and 

therefore increase their lifetime indoors (Mohamed et al., 2002).  

Overall, the concentration and frequency of the terpene compounds varied between 

houses (as demonstrated by the IQR, Section 3.1), and this is indicative of the reactivity 

and sporadic introduction of these species in the indoor environment.  Certainly their 

emission is not steadily elevated, rather there are short periods of peak emission and this 

should to be taken into account in modelling exercises. There is evidence that some homes 

will not have elevated terpene concentrations and a comparison of these scenarios is of 

interest. 

 

3.2.2 Ventilation in Australian Homes 

 

In light of the findings of the Perth IAQ study (where VOCs were generally very low), it is 

significant to note that many of the maximum VOCs (Table 3.2.1) were observed in 

renovated homes with heating or cooling systems in use at the time of sampling that 

required doors and windows to be closed. The combination of low natural ventilation and 

reliance on climate control systems potentially influences the IAQ.  

Ventilation in homes is a point of significance given the renewed focus on energy efficiency 

in house design. In Australia the new Nationwide House Energy Rating Scheme (NHERS) 

ranks new dwellings on their energy efficiency for climate control indoors, with some 

regions requiring this rating for the sale or lease of residential dwellings (Ministerial 

Council on Energy, 2012; ACT government, 2011).  Based on these assessment criteria, 

dwellings with large natural ventilation will rate poorly on this scale.  

The energy crisis of the 1970s had a similar effect on the passive ventilation of buildings. 

The consequent spread of sick building syndrome inspired action to reduce VOC emissions 

from building materials (Weschler, 2009).  As ventilation rates once again are reduced in 

contemporary buildings it is possible that newer indoor pollutants, such as increased rates 

of terpene use, will have a larger of influences on IAQ. 

It would be of interest for future studies to assess the impact that this energy rating 

scheme might have on the ventilation observed in Australian homes and the subsequent 

effect on concentrations of indoor air pollutants. For this reason, various modelling 

scenarios using the SHIAC model to examine a wide range of ventilation conditions were 

developed (Chapter 5). 
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3.2.3 Incidence of High VOC Concentration in Renovated Houses 

 

The median VOC values for all homes tested in the Perth IAQ study were very low. 

However, there were some homes where high concentrations were observed. It should be 

noted that values >10 µg/m3 are extrapolated as they lie outside the calibration range. The 

maximum concentrations of the most frequently observed VOCs are presented in Table 

3.2.1 for typical and renovated homes.  

Renovated homes recorded some very high individual VOC concentrations and previous 

research suggests these concentrations diminish significantly over time (3 - 6 months) 

(Brown, 2002; Herbarth and Matysik, 2010). For this reason homes were categorised as 

'renovated' if construction had taken place within 6 months or if the property was being 

renovated at the time of sampling. The maximum levels observed in these homes are 

greatly (100 times in the case of toluene) in excess of median values observed for 'typical' 

homes in both this study (Section 3.1) and other studies around the world (Wallace et al., 

1987; Jantunen et al., 1998; Raw et al., 2004;).  

 

Table 3.2.1 Study 3: 2010-2011 Maximum observed values for significant VOCs in ‘typical’ and ‘renovated’ 

Perth homes (µg/m3). 

 

 

Summer Winter Summer Winter

Benzene 2.7 4.9 1.2 5.0

Toluene 51 47 72 830

ethyl- Benzene 2.6 18 0.8 23

m & p- Xylene 5.1 31 7.7 32

 o- Xylene 3.1 31 13 25

Σ Xylenes 8.2 61 21 57

Σ BTEX 64 130 94 920

propyl- Benzene 3.3 26 5.8 BDL

Styrene 11 12 4.8 5.5

1,2,4-trimethyl -Benzene 2.2 3.7 44 20

2-ethyl  Toluene 1.1 2.3 38 8.6

4-ethyl  Toluene 0.5 11 21 3.2

4-phenyl- Cyclohexene 21 0.2 190 BDL

α -Terpineol 0.4 6.8 1.2 0.2

α -Pinene 32 15 23 4.9

Limonene 19 20 8.5 26

Cumene 0.7 1.6 9.0 0.1

cis/ trans  2-Butene 82 81 71 28

Decane 3.4 1.8 2.4 2.5

Nonane 1.6 6.5 5.2 1.6

Cyclohexane 2.6 3.4 3.1 60

Octane 0.9 1.7 1.6 2.1

Butylacetate 0.9 3.1 1.6 0.4

Typical Houses Renovated/New
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When residents were living in situ during renovations, there is evidence from these results 

that exposure to indoor air pollutants is significantly higher.  No homes tested in these 

studies were considered to be 'complaint' houses, by Brown’s (2002) definition. On the 

other hand, VOC concentrations in excess of 500 µg/m3 were observed, which is greater 

than the WHO (2010) recommended limit of exposure of a single airborne constituent. 

These results highlight the dearth of medium term indoor exposure guidelines and the 

potential for elevated exposure to VOCs over several months.  

3.3 Comparing the Perth IAQ study to a Recent Australian Baseline VOC Study 

A contemporaneous study in Australia (DEWHA, 2010; Molloy et al., 2012) assessed 

homes located in and around Melbourne; a city 3 times the size of Perth. Forty homes were 

assessed for a range of indoor air pollutants, twice per day over a one week sampling 

period in two seasons. Though the total VOC sample volume of the two studies was 

comparable (~ 16.8 L Melbourne, 20 L Perth) the Perth samples represent a much smaller 

sampling window (100 minutes of a single day). The Melbourne study was considered to 

be representative of Australian homes in the temperate climate zone (Molloy et al., 2012). 

 
Species and Concentrations 

 Average VOC concentrations for the two studies are similar, as are the indoor - outdoor 

difference (IOD) values (Tables 3.3.1 and 3.3.2).  Average indoor ozone conentration was 

higher in Perth (8.2 ± 10 µg/m3 summer, 3.8 ± 3.8 µg/m3 winter) compared to Melbourne; 

1.6 ± 1.8 µg/m3 summer and 0.8 ± 0.8 µg/m3 winter. Nevertheless, giving consideration to 

the different sampling time frames it is likely that the Perth figure represents a daytime 

indoor concentration compared to Melbourne's longer term average. Although Perth and 

Melbourne have similar levels of ambient ozone concentrations in summer, levels are 

higher in Perth in winter (EPA Victoria, 2011; DEC, 2012). 

 

Table 3.3.1 Comparison of mean indoor VOC concentrations (µg/m3), Perth IAQ study (2010-2011) to 

Melbourne IAQ (DEWHA, 2010)  
 

 

Summer Winter All Data Summer Winter All Data

(n) 31 33 All Data 40 39 79

Benzene 0.4 ± 0.7 1.1 ± 1.1 0.9 ±  1.1 1.5 ± 0.8 1.1 ± 0.9 1.3 ± 0.9

Toluene 4.3 ±  15 8.5 ± 140 20.4 ±  100 12.4 ± 24 9.1 ± 8.9 10.7 ± 18

ethyl- Benzene 0.31 ±  0.5 2.0 ± 5 1.5 ±  3.6 1.3 ± 0.6 1.1 ± 1.0 1.2 ± 1.1

m & p- Xylene 0.62 ±  1.5 2.7 ± 7.6 2.2 ±  5.5 4.5 ± 3.4 3.8 ± 3.2 3.1 ± 3.3

o- Xylene 0.4 ±  2.2 2.4 ± 6.6 2.0 ±  5.0 2.8 ± 2.1 1.9 ± 1.7 2.3 ± 2.0

Σ Xylenes 1.7 ±  3.7 6.6 ± 1.4 4.2 ±  10 7.3 ± 6.5 5.7 ± 6.0 6.5 ± 6.3

Σ BTEX 8.7 ± 19 45 ± 160 27 ±  110 39 ± 27 16.9 ± 15 19.7 ± 22

Perth IAQ Study DEWHA (2010)

 Indoor Concentrations       (Average ± StdDev)
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Seasonality 

The seasonality of IAP in these two studies is different, despite both cities being in the 

same climatic zone (BoM, 1997). In the Melbourne study BTEX, TVOC, NO2 and O3 were 

reported to be higher during summer/spring compared to winter/autumn. The opposite 

was observed in the Perth study for VOCs and TVOCs (Table 3.3.1) (DEWHA, 2010; Molloy 

et al., 2012). 

  The Melbourne study reported a significant and strong negative correlation with house 

age for the BTEX species. This was attributed to the older homes having a higher rate of 

passive air exchange and suggests BTEX species accumulate when ventilation is lower 

(Molloy et al., 2012). Active ventilation rates during the Melbourne study were only 

slightly higher in the summer/spring months (1.3 ach-1) than during winter/autumn (0.9 

ach-1) and were found not to be statistically different (DEWHA, 2010). In the Perth study 

ventilation was not directly measured, though 64.5% of homes reported open 

doors/windows during sampling in the summer period compared to 9% during winter.   

No significance was found for age as a factor in the Perth study, and it is possible that the 

high incidence of open doors and windows during the summer sampling influenced this 

result.  Outdoor BTEX and TVOC concentrations in the two cities reflected the different 

seasonality observed indoors. Melbourne concentrations were higher in the 

summer/spring months and Perth in the winter months. Coupled with ventilation factors, 

this may account in part for the seasonality observed in both studies.   

Beyond the seasonal trends, the magnitude of the difference for IOD values between 

seasons is much greater in Perth than is observed in the Melbourne study (Table 3.3.2). 

This could be also be attributed to a larger difference in ventilation in Perth homes 

between seasons, as discussed in Section 3.1. 

 

Table 3.3.2 Comparison of mean indoor - outdoor differences (IOD) (µg/m3), Perth IAQ study (2010-2011) 

to Melbourne IAQ (DEWHA, 2010). 

 

 

Summer Winter All Data All Data Summer Winter 

(n) 31 33 64 75 40 39

Benzene 0.02 ± 0.9 0.48 ± 1.3 0.27 ± 1.1 0.5 ± 0.9 0.5 ± 0.8 0.5 ± 0.9

Toluene 5.0 ± 15 50.4 ± 147 28.6 ± 103 7.0 ± 17 8.2 ± 23 5.9 ± 9.2

ethyl- Benzene -1.3 ± 0.1 2.4 ± 5.1 1.33 ± 3.7 0.6 ± 1.1 0.7 ± 1.2 0.6 ± 1.0

m & p- Xylene 0.6 ± 1.6 3.4 ± 7.8 2.05 ± 5.8 2.1 ± 3.2 2.2 ± 3.3 1.8 ± 3.2

o- Xylene 0.6 ± 2.4 2.9 ± 7.1 1.73 ± 5.3 1.5 ±2.0 1.9 ± 2.1 1.2± 1.8

Σ Xylenes 1.2 ± 4.0 6.3 ± 15 3.77 ± 11 3.7.± 6.2 4.1 ± 6.3 3.3 ± 6.2

Σ BTEX 6.3 ± 19 59 ± 161 33.9 ± 114 11.8 ± 21 13.4 ± 25 10.3 ± 15.7

IOD    (Average ± StdDev)

Perth IAQ Study DEWHA (2010)
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The compound list of species used in the Perth IAQ study was more extensive (39 VOCs) 

than has previously been reported for Australian seasonal studies (7 compounds, Molloy 

et al., 2012; DEWHA, 2010) and includes species known to be predominantly from indoor 

sources (e.g. limonene). The majority of species show the largest IOD during winter than 

summer (Table 3.3.3). 

 

Table 3.3.3 Seasonal indoor - outdoor differences (IOD) (µg/m3) for the Perth IAQ study (2010-2011) 

 

 

 

 

 

Median Average Std Dev Median Average Std Dev Median Average STD Dev

ΣVOC 17.1 91.8 190.0 14.8 23.4 52.3 17.1 59.5 141.0

Benzene 0.3 0.5 1.3 0.0 0.019 0.9 0.035 0.3 1.1

Toluene 2.7 50.4 147.0 0.8 5.0 14.7 0.9 28.6 104.0

ethyl- Benzene 0.5 2.4 5.1 0.1 0.1 0.6 0.1 1.3 3.7

m & p- Xylene 0.3 3.4 7.8 0.2 0.6 1.6 0.2 2.0 5.7

o- Xylene 0.3 2.9 7.1 0.1 0.6 2.4 0.2 1.7 5.3

Σ Xylenes 1.0 6.3 15.0 0.3 1.2 4.0 0.4 3.8 10.9

Σ BTEX 4.1 59.4 162.0 1.0 6.3 19.1 1.3 34.0 115.0

Styrene 0.1 0.6 5.8 0.0 -0.8 3.8 0.0 -0.1 4.9

1,2,4-trimethyl -Benzene 0.5 1.8 3.7 0.1 2.3 8.0 0.2 1.9 6.2

propyl- Benzene 0.0 1.6 4.5 0.0 0.3 1.2 0.0 0.9 3.3

2-ethyl  Toluene 0.4 0.7 1.5 0.1 1.1 7.4 0.2 0.9 5.4

4-ethyl  Toluene 0.1 0.7 1.9 0.0 0.9 3.8 0.031 0.7 3.0

4-phenyl- Cyclohexene 0.0 -0.1 0.3 0.0 -3.5 23.8 0.0 -1.8 16.9

α -Terpineol 0.005 0.5 1.3 0.1 0.2 0.3 0.1 0.3 0.9

Carene 0.0 0.5 1.5 0.0 0.1 0.2 0.0 0.3 1.0

Cumene 0.0 0.1 0.5 0.0 0.1 2.1 0.0 0.1 1.5

Linalool 0.0 0.0 0.006 0.0 -0.2 0.8 0.0 -0.1 0.6

Limonene 2.1 2.7 9.6 1.4 2.7 5.4 1.5 2.7 7.7

α -Terpineol 0.4 2.3 4.0 1.6 3.3 7.5 1.2 2.7 6.0

Phellandrene 0.0 1.1 3.2 0.0 -2.7 8.0 0.0 -0.9 6.2

Pulegone 0.0 0.0 0.006 0.0 0.02 0.1 0.0 0.013 0.040

Dibutyl ether 0.0 0.0 0.1 0.0 0.03 0.1 0.0 0.028 0.1

Butylacetate 0.1 0.3 0.9 0.1 0.2 0.5 0.1 0.3 0.7

isopropyl -Acetate 0.0 -0.4 1.2 0.0 -0.2 0.8 0.0 -0.2 1.0

cis/ trans  2-Butene 8.0 12.1 18.8 6.6 10.0 21.7 7.0 10.9 20.2

Hexane 0.1 1.3 3.1 0.1 0.0 0.7 0.1 0.7 2.2

Heptane 0.1 3.3 10.0 0.1 0.3 0.7 0.1 1.8 7.0

Octane 0.1 0.3 0.6 0.0 0.1 0.3 0.0 0.2 0.5

Nonane 0.1 0.5 1.2 0.0 0.4 0.9 0.1 0.4 1.0

Decane 0.007 0.4 1.0 0.3 0.7 1.1 0.1 0.5 1.0

Undecane 0.0 0.2 0.5 0.1 0.8 1.7 0.0 0.5 1.3

Cyclohexane 0.0 3.5 10.6 0.2 0.3 1.0 0.0 2.0 7.5

Cyclohexene 0.3 1.3 3.4 0.3 0.3 0.6 0.3 0.9 2.4

2-ethyl -Hexan-1-ol, 0.0 0.2 0.6 0.3 0.4 1.3 0.0 0.3 1.0

meth-1-oxy  2-Propanol- 0.0 -0.1 0.3 0.0 0.1 0.3 0.0 0.0 0.3

tetrachloro -Ethene 0.0 0.4 1.2 0.0 0.1 0.4 0.0 0.2 0.9

2-butoxy -Ethanol, 0.1 0.5 1.2 0.1 0.8 1.6 0.1 0.6 1.4

methyl- Cyclohexane 0.0 1.2 3.8 0.032 0.1 0.2 0.0 0.7 2.6

Winter Summer All Data
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Conclusion 

 

The observations made for indoor pollutants in the Perth IAQ study are generally similar 

to those reported in Melbourne and suggests that residents in these suburban homes are 

exposed to similar levels of VOCs, despite the difference in size and population of the 

cities.  Indoor and outdoor BTEX averages during winter closely agree, though there is a 

higher degree of variation in the Perth data. It is likely that the different sampling 

techniques used for the two studies contributed to some of the observed differences, with 

the Perth data failing to encapsulate peak traffic periods. At the same time, evidence from 

both these studies suggests that increased ventilation during the summer months in Perth 

homes may account for the difference in seasonality observed.  

3.4 Additional Data from the Perth IAQ Study 

The field measurement campaigns for the Perth IAQ study also included additional 

measurements and analysis beyond the scope of the paper presented in Section 3.1. These 

data are discussed in Sections 3.4.1 and 3.4.2 below, and are of relevance to the SHIAC 

model development (Chapter 4). 

 

3.4.1 Ozone and NO2  

 

High quality assessment of NO2 and O3 in air such as routine monitoring undertaken by 

government bodies typically require larger and more expensive instruments than were 

viable for use in this study. As an alternative, we made of use of novel, handheld monitors 

(Aeroqual 500) for a more general assessment of the levels of NO2 and O3 concentrations 

inside and outside homes. These instruments have been designed for real-time data 

logging of trace concentrations of inorganic gas species. The specialty sampling heads 

make use of solid state tungsten oxide resistors to determine gas concentrations. 

Preliminary testing, outlined in appendix D, was undertaken to compare Aeroqual 

instrument response to that of the standardised instruments used at the Swanbourne air 

quality monitoring station run by the Western Australian Department of Environment and 

Conservation. The O3 and NO2 monitoring instruments were found to agree within 0.5ppb 

of the DEC instruments for the majority of the multi sampling period. Nevertheless, the 

lower degree of QA/QC protocol associated with the Aeroqual instruments compared to 

the DEC AQMS instruments meant that care has been taken to acknowledge these 

limitations in the robustness of the data and consequently the way these data have been 

applied. Using the handheld Aeroqual instruments, NO2 and O3 were assessed 

concurrently in the Perth IAQ study in 35 homes in winter 2010 and 50 homes in summer 

2011. Ozone and NO2 are important indoor pollutants for primary exposure as well as 
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their role in reactive gas-phase chemistry. The importance of local indoor data for these 

species in the development of a tailored indoor air chemistry model is discussed in 

Chapter 1. 

 
Methods 

 NO2 and O3 were sampled with portable WO2 resistor electronic monitors (Aeroqual 500). 

These were fitted with low sensitivity heads; 0.000 to 0.500 ppm (± 0.001 ppm) from 0 to 

0.100 ppm (±10%) (0.100 to 0.500 ppm), 1ppb = 0.001 ppm = 1.9 µg/m3 NO2 and 2 µg/m3 

O3. Continuous monitoring at 1 minute intervals for O3 and NO2 ensured around 100 data 

points for the sampling period. Instruments were allowed to warm-up for at leat 60 

minutes prior to the first sampling period and remained on for subsequent sampling 

periods during the day. These samples were taken concurrently alongside the VOC data as 

described in the Perth IAQ paper (Section 3.1). Data was downloaded to the instrument 

software and processed in MS Excel.  Data points recording a negative value were 

considered to be BDL and assigned as 0.0 ppm.   

 

Results and Discussion 

 The homes were the sameas those reported for the VOC observations in 'Study 3' (Section 

3.1). The electric sampling heads required one hour of preheating before sampling. This 

was to overcome resistance and allow for very small levels of electric flow, thus ensuring 

very low detection limits could be achieved by the instrument. However, the instruments 

did not have any mechanism for temperature regulation. It is believed that exposure to 

elevated temperatures in summer in the outdoor environment caused the sampling head 

to overheat, causing instrument failure. Data from these days were very high and 

therefore considered unreliable.  For this reason, all outdoor NO2 data and 6 outdoor O3 

data sets have been excluded from analysis. 

There was considerable variation of NO2 and O3 concentrations both indoors and 

outdoors, highlighting the importance of location specific data.  Indoor concentrations of 

both species were higher during summer than winter and this matched the outdoor trend. 

In ambient air a partial diurnal pattern was observed for O3 with concentrations peaking 

in the early afternoon and in summer as high as 120 µg/m3 (60ppb) at peak times on a 

very warm (42°C), sunny afternoon. Maxima at the closest air quality monitoring site 

(AQMS) are reported at 40 - 45ppb on such days (DEC, 2012). More commonly peaks of 60 

- 80 µg/m3 were observed outdoors in summer, and in 40 - 50 µg/m3 winter and this is 

only slightly (~5 ppb) higher than the AQMS (DEC, 2012).  Indoors, O3 was observed above 

the minimum detection limit (MDL) in 46 of 50 homes in summer at an average 

concentration of 8.2 ± 10 µg/m3. Concentrations of 4 - 20 µg/m3 were typically observed 

and some homes had peak values of 50 - 80 µg/m3. During winter O3 was recorded in 
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lower frequency and concentration, averaging 3.8 ± 3.8 µg/m3. Twenty-eight of the 35 

homes recorded values above the MDL with levels of 0 - 8 µg/m3 and little variation 

throughout the 100 minute sampling period. Indoor outdoor ratios of ozone are 

dependent on air exchange, ratios of 0.05 (tight home) to 0.85 (highly ventilated) are 

indicative of outdoor ozone being a significant contributor to indoor ozone (Weschler, 

2000). The average indoor/outdoor ratio in summer was 0.14 ± 0.16, in winter this figure 

was 0.09 ±0.18.  Be that as it may, a comparison of maximum O3 concentrations (Figure 

3.3.1) shows poor agreement and very low correlation of indoor and outdoor values (r2 

=0.0224 summer, 0.341 winter).  It is likely that indoor ozone reactivity (explored in 

Chapter 4 and 5) coupled with surface deposition influences indoor concentrations more 

than outdoors, thus the variable conditions inside are accountable for this lack of 

relationship with outdoor levels, which are more likely to be consistent between different 

urban locations (Chapter 1). 

 

 
 

 

Figure 3.4.1 Comparison of indoor (y axis) and outdoor (x axis) ozone (µg/m3)   from the Perth IAQ study. 

 
NO2 was observed indoors above the MDL in just 4 of the 35 of homes tested in winter, 

though peak values of 57 - 72 µg/m3 were observed in 4 of the homes. In summer NO2 was 

observed above the MDL in 33 of the 50 houses sampled with considerable variation. Peak 

concentrations ranged from 28 - 76 µg/m3 with a median value of 38 µg/m3. Outdoors NO2 

concentrations in winter were similar across locations at 65 - 80 µg/m3 (30 - 40 ppb) 

compared to ~25 ppb reported by AQMS (DEC, 2012), though it is possible that 

instrument differences could account for this divergence. In general, the houses tested in 

the Perth IAQ study were closer to major roads than the reference AQMS station and this 

could in part account for the higher levels recorded in situ.  Outdoor summer NO2 data 

were discounted due to instrument failure.  It is important to note that samples were 

taken during the middle of the day therefore the contribution in the evening and morning 
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from combustion and vehicle sources was not observed in this data. A summary of all the 

NO2 and O3 measurements is provided in appendix D. 

Results from the Perth IAQ study are similar to what has previously been reported indoors 

in Europe and Australia, though sampling techniques were different. The European 

EXPOLIS study reported indoor NO2 mean concentrations ranging from 24 - 61 µg/m3 

(Kousa et al., 2001). Lawson et al. (2012) reported homes near roads averaging 10 µg/m3, 

and homes away from major roads, 6.8 µg/m3. Previous studies have shown that unflued 

gas heaters are an important indoor source of NO2 (no homes in the Perth IAQ study had 

this type of heating) as is gas stove cooking (Farrar et al., 2005). Further discussion of 

indoor ozone compared to a recent Australian study is included in Section 3.4. 

 

3.4.2 Total VOCs (TVOC) 

 

The total VOC (TVOC) concentration, from gas chromatographic analysis, is often quoted 

as a means to compare and assess combined exposure to VOCs, though limited meaning is 

derived from this figure alone. The definition of what the TVOC calculation entails can 

vary, in some cases being only the combined values of certified compounds. In other cases 

it is a more complicated integration of the whole chromatogram.  A review of the concept 

by Mølhave et al. (1997) argued that for this reason most TVOC values reported in the 

literature are not comparable. A definition of a 'best practice' method by which to calculate 

the TVOC value was provided because of the dearth of standard methods for this 

calculation (Mølhave et al., 1997). The method, QA and QC checks proposed by Mølhave et 

al. (1997) were therefore used in this study. The mass per volume TVOC figure is a 

combination of calculated compounds (from calibration) and unknown/un-calibrated 

species rationalised from the toluene peak. This ensures that a good approximation of the 

entire air sample is attempted, though it should be defined by the compound range which 

it brackets. TVOC values calculated with this method, it is argued, are more useful at 

evaluating IAQ and concentrations over 25mg/m3 (25,000 µg/m3) are considered to be of 

concern for health (Mølhave et al., 1997). By following this methodology a TVOC value was 

calculated for each of the samples obtained in the Perth IAQ study. 

 
Method 

The method used to calculate TVOCs was similar to that proposed by Mølhave et al. 

(1997). All peaks from cis/trans 2-butene to styrene were integrated in the chromatogram, 

to give a total area. The combined total area of known, calibrated peaks was then 

subtracted from this figure to give a total 'unknown' area. Large peaks identified as 

column artifacts were also subtracted.  Field blanks were treated as for samples. The total 

blank area (for each sampling batch) was then subtracted from each sample to give a 
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blank corrected 'unknown' area. The unknown area was characterised as for toluene. The 

now quantified 'unknown' portion of the chromatogram was added to the mass of known 

compounds. This gave a total blank corrected mass on the sampling tube, which was 

transformed, to a concentration by dividing by the sampling volume.  The resultant TVOC 

figure is therefore presented as µg/m3. Full details of TVOC calculations are available in 

appendix D. 

 

Results and Discussion 

The method for calculating TVOC proposed by Mølhave et al. (1997) aims to be 

comprehensive, requiring the quantification of 64 known compounds. The resultant 

'unknown' fraction should therefore be small, accounting for around a third of the final 

TVOC figure (Mølhave et al, 1997). In the Perth IAQ study, 39 compounds were quantified, 

and though extensive this is not an exhaustive figure. The typical ratio of known to 

unknown in the TVOC calculation was much smaller, 5-20%, and gives reasonable 

confidence that the calculated TVOC encompasses the majority of air mass sampled. The 

degree to which quality assurance controls are met for the TVOC figure defines its 

usefulness and reliability. In the case of the Perth IAQ study, great care was taken to 

ensure the validity of certified compound results. Nevertheless, as mentioned, calculation 

of the TVOC does not meet some of the QA controls. Consequently it is important that the 

limitations of these values are acknowledged and the absolute value of the TVOC figure 

should therefore be treated with caution regarding comparison to other studies. 

Comparison within the study however, is useful and gives information of the balance of 

VOCs between indoors and outdoors, as well as seasonal variation. 

 
 
Figure 3.4.2 Box and whisker comparison of TVOC concentrations from Perth IAQ study. Log10 scale 

(µg/m3). 
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The results indicate a wide range of indoor VOC concentrations. The maximum observed 

values in both seasons were observed in homes that had recently undergone renovation. 

No value exceeds the 25 mg/m3 threshold for health concerns and the range of values fit 

within what has previously been reported (Liu et al., 2011; Mølhave et al, 1997).  

The median TVOC values indoors were similar in summer (507 µg/m3) and winter (511 

µg/m3). Outdoor medians were lower; 214 µg/m3 and 386 µg/m3 respectively. Figure 3.4.2 

compares the spread of TVOC values, the larger range of values during summer indoors 

compared to winter is perhaps indicative of the greater degree of ventilation in the houses 

that was noted during the sampling period (Section 3.1). Seasonal trends for TVOCs 

compare well to those reported for individual species in Section 3.1. 
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Chapter 4: The Development of 

the Base-case Southern 

Hemisphere Indoor Air Chemistry 

Model 

 

4.  Aim and Context 

This Chapter discusses the development of the base-case Southern Hemisphere Indoor Air 

Chemistry (SHIAC) model. Primarily, this is a journal manuscript prepared for publication 

detailing the development and major findings of the SHIAC model in the context of the 

current literature.  Supplementary material with full explanation of photolysis updates 

produced for the SHIAC development is also given. 
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4.1  Development of the SHIAC Base-case Model 

 
Context 

 

A  UK modelling study by Carslaw (2007) presented a highly explicit model of indoor 

reactive chemistry.  This work was innovative in applying the Master Chemical Mechanism 

(MCM) reaction framework, developed for ambient air, in the indoor environment. Many 

of the modelling inputs were taken from literature and generalised local data. 

Consequently, a limitation of this work was determining the impact that location specific 

data has on modelling output (Carslaw, 2007). For that reason, a recommendation was 

made for future studies to adapt the model construct with tailored observational data.  In 

the time since this publication, the MCM has been updated to include the degradation of 

limonene, which has been shown to be of significance to indoor air chemistry and had 

previously been approximated and simplified in modelling studies (e.g. Sarwar et al., 2002; 

Carslaw, 2007).  By applying the updated MCM protocol and the seasonal observational 

data outlined in Chapter 3, we have developed a new and highly explicit tailored model of 

indoor air chemistry in Westeern Australian homes.  Details of the development of this 

model, comparisons to the Carslaw (2007) model and a seasonal adaptation are discussed 

in the following manuscript. 
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Abstract  

 

A highly detailed chemical box model has been developed to investigate reactive indoor air 

chemistry in the suburban environment under realistic scenarios. The model construct is based 

on the Master Chemical Mechanism (MCMv3.2) framework and comprises in excess of 16,500 

reactions and 4,500 chemical species, with an updated photolysis code tailored for the region 

and the indoor environment.  

Measurement data from sampling campaigns across two seasons of houses in the 

southwestern Australia region have been used to constrain the near explicit chemical model 

for these environs. Indoor volatile organic compound (VOC) emission rates were modified to 

reflect the typical air exchange rate expected for the type of houses sampled, and based on 

the measured ratio of indoor/outdoor VOC concentrations. Representative outdoor O3 and 

NOx (NO and NO2) profiles were generated using local air quality monitoring station (AQMS) 

data over the field campaign period. 

The findings obtained increase our knowledge on how reactive chemistry impacts the air 

quality indoors, and show large effects on secondary product formation as a result of seasonal 

observational data. This work extends what is understood about whole system gas-phase 

reactivity indoors and has applications in providing information for the local government on 

planning effective building controls to optimise indoor air quality.  

 

 

Key words: VOCs, Indoor air pollution, Master Chemical Mechanism.  
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1C. Introduction 

 
Over the past two decades there has been increasing research and publication on indoor air 

pollution, recently reviewed by Weschler (2011). The relationship between air quality indoors 

and out and population health is well recognised (e.g. Bernstein et al., 2008; Tabaku et al., 

2011).  Articles from a recent dedicated journal volume (Solomon et al. eds., 2011) highlight 

the multidisciplinary research currently being undertaken in efforts to advance our 

understanding of health outcomes, in this highly complex indoor environment. Nevertheless, 

there are relatively few studies on whole system secondary airborne product formation 

indoors (Sarwar et al., 2002; Carslaw, 2007; Uhde and Salthammer, 2007; Weschler, 2011), 

with the majority of the studies being conducted as either measurements of primary emitted 

indoor volatile organic compounds (VOC) (see for example, Guo et al., 2009; Molloy et al., 

2012), or focusing on specific areas of chemical reactivity, such as the terpene-O3 interaction 

(Weschler and Sheilds, 1999; Coleman et al., 2008; Wisthaler and Weschler, 2010).  

It is considered important that future research encompasses detailed indoor chemical models 

tailored for the specific location and constrained by observational data taken from concurrent 

measurements of indoor and outdoor pollutants (ECA, 1997, Weschler, 2011). Understanding 

the decomposition of indoor pollutants and the identification of short-lived products of indoor 

air chemistry are considered as major deficits in the research to date (Weschler, 2011). 

Developing a detailed, tailored and constrained indoor chemical model for homes in this study, 

in part, has been designed to address this deficit.  

 
The greater Perth region is the most populated in Western Australia. With its high economic 

growth, expanding industrialisation and urbanisation, the whole region is facing increasing air 

pollution issues both indoors and out. Elevated levels of ambient criteria pollutants (e.g. O3 

above 100 ppb(v), PM10 above 50 µg/m3) are currently observed on only a few days per annum 

(DEC WA, 2012). Nevertheless, the latest Australian Bureau of Statistics report (ABS, 2009) 

indicates the population will increase by 400,000 in the next decade, and this will have a large 

impact on developing new infrastructure and subsequent air quality impacts. As a 

consequence, this will largely increase air emissions from power generation, large transport 

sources and the construction industry. Notably, the current residential property stock does not 

meet the requirements of the increasing population, and the next decade will see the growing 

new housing sector continue to rise. This will utilise a large array of modern construction and 

furnishing materials. Therefore, the potential for secondary product formation as highlighted 

by Uhde and Salthammer (2007) must be taken into consideration.  
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2C. Indoor Box Model Developments for Southwestern Australia 

2.1C Model Description and the Master Chemical Mechanism (MCMv3.2) 

 

A detailed photochemical indoor air box model was developed incorporating the most recent 

version of the Master Chemical Mechanism (MCMv3.2, 2011), available from 

http://mcm.leeds.ac.uk/MCM.  The degradation mechanisms are based on the protocols of 

Jenkin et al. (1997) and Saunders et al. (2003) for non-aromatic reaction schemes; and Jenkin 

et al. (2003) and Bloss et al. (2005) for aromatic reaction schemes. 

The indoor air box model followed the construct of Carslaw (2007), modified to reflect typical 

residences in suburban southwestern Australia and constrained using field observation data, 

and herein defined as the Southern Hemisphere Indoor Air Chemistry (SHIAC) model. The 

base-case model was developed with summer observations and as described by Carslaw 

(2007), assumes a well mixed box. The concentration of each defined species, i, can be 

calculated from the expression: 

 

       (1) 

 

In the SHIAC model deposition velocity values, Vd, were as described in Carslaw et al. (2012). 

Briefly, an attenuation factor of 0.05 was applied to outdoor deposition values given by Zhang 

et al. (2002). Species with similar functional groups, e.g. organic nitrates, were grouped and a 

generic factor was applied (Carslaw et al., 2012). Total house surface area (Ai) and volume (Vi) 

were determined from field observations, and for the base case models, typical 3x2 single 

storey Perth homes, were assigned as 670 m2 and 335 m3, respectively.  Indoor (Ci) and 

outdoor (Co) VOC concentrations were initially calculated from mean summer observed values 

(Table 2C). VOCs for which observation data were not available were defined, as described by 

Carslaw (2007), by functional group.  The air exchange value (λr) was set to a typical rate for 

Australian brick and tile homes of 1.3 h-1 (MFESA, 2011). Indoor emission rates (Qi) were 

calculated in mmolh-1 as described in Sarwar et al. (2002) using the measured mean 

indoor/outdoor concentrations for observed species that are included in the MCM (Table 2C). 

Outdoor radical profiles were approximated as given by Carslaw (2007) and reaction rates (Rij) 

were taken from the literature (as described in mcm.leeds.ac.uk/MCM/). The model was 

integrated using FACSIMILE® software version 4.1.50 (Curtis and Sweetenham, 1987). Four 

days (96 hours) were modelled to allow an approximate steady state to be reached and the 

results from the simulated final 24 hours were used for analysis, to minimise any influence due 

to the initial conditions. 
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The latest MCMv3.2 includes the complete degradation of δ-limonene, a significant indoor air 

constituent that had previously been approximated (Carslaw, 2007) but is now included in the 

most recent study (Carslaw et al. 2012). A number of terpenes were measured in the Perth 

residences (Table 2C). Complete degradation mechanisms from the MCM are only included for 

α & β-pinene, δ-limonene and β-caryophyllene. β-Pinene was not measured but was 

approximated in the model as  half the α-pinene concentration (Carslaw, 2007).  To account 

for the reactions of the other measured terpenes structural characteristics were grouped, i.e. 

2-carene was grouped with β-caryophyllene and phellandrene with limonene. α-Terpineol is 

readily formed by the acidification of α-pinene and was treated as a likely degradation 

product.  

 

2.2C Photolysis 

Observations of indoor light conditions were made during the Perth IAQ study. Many of the 

houses in the study had very large windows in the main areas of the home. It was common for 

the back wall of the home to be covered with floor-to-ceiling windows. This meant a significant 

amount of solar radiation was able to penetrate these homes and artificial light was minimal 

during daylight hours. 

 Updated ambient photolysis rates for the summer season and geographic location of Perth 

(32°54.5’S, 11°54’E), representative of the regional air-shed, were calculated from the 

Tropospheric Ultraviolet and Visible Radiation Model (NCAR/ACD-TUVv5, Madronich, 2012). 

The base-case model assumed indoor photolysis was derived from the ambient radiation only, 

with attenuation based on maximum indoor photolysis considering the window glass 

transmission only.   

Surprisingly little data are available in the literature on indoor photolysis rates (e.g. Weschler, 

2011). However, it is generally well known that standard clear window glass filters 

approximately 90% of UV radiation (97% UV-B and 37% UV-A) and transmits approximately 80-

90% of visible radiation (400 – 800 nm), while blocking 90% below 300 nm. Recent work of Lim 

and Kim (2010) supports these generalisations, reporting that only ≈3% of UV-B and ≈65% of 

UV-A permeates clear glass. The attenuation factors for the photolysis rates in the model were 

based on an analysis of the different photolysis reactions included in the MCM using the 

Keller-Rudek and Moortgat, (2011) MPI database of cross-Sections and quantum yield data. 

This did not take into consideration the variation in the luminescence indoors compared to 

out, but rather defined a maximum for the indoor photolysis. For the base-case model a high 

transmittance photolysis scenario was used (Table 1C). 
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Table 1C Details of MCM reactions relevant to photolysis and indoor attenuation of solar radiation. 

 

 
a
Data from Keller-Rudek and Moortgat, (2011) MPI database used to define the absorption regions in the 

electromagnetic spectrum. MCM notation is used for reaction products. Indoor attenuation rates are a fraction of 1.  

 

2.3C Initial Indoor Conditions 

The initial concentrations were defined according to data from in-situ monitoring in Perth 

homes (Maisey, 2012; Maisey et al., 2011). Over the summer 2010 - 2011 period, the total 

concentrations of quantified VOC species varied over the range 10 - 400 µg/m3. Averaged 

indoor VOC concentrations were used for observed species in the MCM (Table 2C). Where data 

were not available, emission rates were determined from known concentrations of species 

MCM species            

code Reactant species Reaction products

 

photolysis 

code Max. absorp. region summer winter

Inorganics 

O3 ozone  O(1D) +O2 J(1) visible 0.8 0.4

                       O(3P) +O2 J(2) visible 0.8 0.4

 H2O2 hydrogen peroxide  OH + OH J(3) UV-C 0.03 0.015

NO2 nitrogen dioxide  NO + O(3P) J(4) visible 0.8 0.4

NO3 nitrate  NO + O2 J(5) visible 0.8 0.4

                                NO2 + O(3P) J(6) visible 0.8 0.4

HONO nitrous Acid  NO + OH J(7) UV-A 0.6 0.3

HNO3 nitric acid  NO2 + OH J(8) UV-C 0.03 0.015

Carbonyls Carbonyls 

HCHO formaldehyde  H + HCO J(11) UV-A 0.6 0.3

                                            H2 + CO J(12) UV-A 0.6 0.3

CH3CHO acetaldehyde  CH3 + HCO J(13) UV-B/A 0.1 0.05

C2H5CHO propionaldehyde  C2H5 + HCO J(14) UV-B/A 0.1 0.05

C3H7CHO butanal  n-C3H7 + HCO J(15)  UV-B/A 0.1 0.05

                                            C2H4 + CH3CHO J(16) UV-B/A 0.1 0.05

IPRCHO iso -butanal  n-C4H9 + HCO J(17) UV-B/A 0.1 0.05

MACR methacrolein  CH2=CCH3 + HCO J(18) UV-A 0.6 0.3

                                            CH2=C(CH3)CO + H J(19) UV-A 0.6 0.3

CH3COCH3 acetone  CH3CO + CH3 J(21) UV-B 0.03 0.015

MEK 2-butanone  CH3CO + C2H5 J(22) UV-B 0.03 0.015

MVK butenone  CH3CH=CH2 + CO J(23) UV-A 0.6 0.3

                                           CH3CO + CH2=CH J(24) UV-A 0.6 0.3

GLYOX glyoxal  CO + CO + H2 J(31) visible 0.8 0.4

                                             HCHO + CO J(33) visible 0.8 0.4

                                              HCO + HCO J(32) visible 0.8 0.4

MGLYOX methyl -glyoxal  CH3CO + HCO J(34) visible 0.8 0.4

BIACET dimethyl- glyoxal  CH3CO + CH3CO J(35) visible 0.8 0.4

Organic Peroxides  

CH3OOH methyl -hydroperoxide  CH3O + OH J(41) UV-C 0.03 0.015

Organic Nitrates 

CH3NO3 methyl -nitrate  CH3O + NO2 J(51) UV-B 0.03 0.015

C2H5NO3 ethyl -nitrate  C2H5O + NO2 J(52) UV-B 0.03 0.015

NC3H7NO3 propyl- nitrate  n-C3H7O + NO2 J(53) UV-C 0.03 0.015

IC3H7NO3 isopropyl- nitrate  CH3C(O.)CH3 + NO2 J(54)  UV-C 0.03 0.015

TC4H9NO3 t-butyl  nitrate  t-C4H9O + NO2 J(55) UV-B 0.03 0.015

NOA 

1-(nitrooxy)- 2-

Propanone,  CH3C(O)CH2(O.) + NO2 J(56) J(57) UV-B 0.03 0.015

MCM Photolysis reaction Indoor attenuation
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with similar structural groupings, with an attenuation factor determined from ratios of like 

species reported in Sarwar et al. (2002). Base-line emission rates calculated from this 

observational data are lower by an order of magnitude compared with those estimated by 

Sarwar et al. (2002) (Table 2C). Average concentrations were used as initial values; for those 

VOC not measured, but included in the model, initial concentrations were set to 0.2 ppb to 

give approximately 90 ppb in TVOCs.  

 

Table 2C Indoor and outdoor pollutant levels, I/O ratios, and indoor emission rates (Ei) for the Perth IAQ study 

compared to emission rates from Sarwar et al. (2002). 

 

 

(Sarwar et al., 2002)

Emission Rates 

mmols/hr

Compounds Summer Winter Summer Winter Summer Winter Summer Winter All year

Hexane 0.44 1.2 0.40 0.81 52 1.1 2.3E-03 9.4E-05 4.8E-03

Heptane 0.40 0.68 0.22 0.46 6.3 2.3 1.5E-03 5.7E-04 2.4E-03

Octane 0.14 0.34 0.08 0.14 83 32 5.5E-04 4.2E-04 6.6E-03

Nonane 0.25 0.53 0.09 0.11 2.2 8.1 4.9E-04 5.2E-04 8.4E-03

Decane 0.69 0.40 0.09 0.11 1.5 1.3 7.9E-04 9.3E-05 8.4E-03

Undecane 0.41 0.24 0.08 0.07 14 6.6 1.1E-03 1.9E-04 6.0E-03

Cyclohexane 0.54 0.55 0.30 0.26 18 16 2.8E-03 8.9E-04 1.0E-02

Methyl Cyclo hexane 0.15 0.15 0.08 0.07 7.1 8.8 5.9E-04 2.0E-04 -

1,1,1-trichloro -Ethane 0.07 0.07 0.03 0.03 1.2 1.1 4.1E-05 3.6E-06 7.2E-02

Aldehydes, ethers, alcohols

Formaldehyde 3.8 5.6 1.0 1.0 3.8 5.6 4.3E-02 7.1E-02 2.8E-01

Dibutyl ether 0.08 0.07 0.06 0.03 3.3 6.8 2.9E-04 9.9E-05 -

Butylacetate 0.27 0.65 0.18 0.24 73 115 1.0E-03 8.1E-04 -

Isopropyl acetate 0.09 0.07 0.18 0.26 3.5 1.1 3.0E-04 4.8E-06 -

2-butoxy -Ethanol, 0.35 0.24 0.06 0.07 13 12 1.3E-03 2.7E-04 1.2E-03

2-methoxy-Ethanol 0.34 0.30 0.06 0.11 1.3 1.1 4.2E-04 2.7E-05 -

meth-1-oxy  2-Propanol- 0.12 0.07 0.03 0.09 1.1 2.5 3.5E-05 8.3E-05 -

2-ethyl -Hexan-1-ol, 0.64 0.27 0.30 0.09 3.6 1.8 1.8E-03 1.5E-04 -

Aromatics

Benzene 0.52 1.1 0.51 0.85 1.1 1.1 1.5E-04 1.1E-04 2.7E-02

Toluene 4.1 9.3 2.4 4.5 8.9 13 1.8E-02 1.4E-02 8.6E-02

m- Xylene 0.30 1.2 0.21 0.38 5.1 4.3 1.2E-03 1.5E-03 1.1E-02

o- Xylene 0.40 2.1 0.43 0.86 23 13 1.7E-03 2.7E-03 1.6E-02

p- Xylene 0.30 1.2 0.21 0.38 5.1 4.3 1.2E-03 1.5E-03 1.1E-02

ethyl- Benzene, 0.36 1.8 0.27 0.54 5.4 6.1 1.3E-03 2.1E-03 1.4E-02

Styrene 0.79 2.9 1.7 2.1 15 8.2 3.3E-03 3.6E-03 4.2E-03

2-ethyl-T oluene 0.30 0.65 0.86 0.33 2.8 5.5 7.4E-04 6.4E-04 -

4-ethyl -Toluene 0.11 0.58 0.24 0.10 2.1 22 2.1E-04 6.7E-04 -

1,2,4-trimethyl -Benzene 0.42 1.3 0.51 0.5 6.7 31 1.4E-03 1.5E-03 3.6E-03

1,4-dichloro -Benzene 0.07 0.07 0.03 0.03 2.1 1.8 1.2E-04 3.0E-05 3.5E-02

isopropyl-Benzene 0.12 0.22 0.38 0.14 7.6 3.9 4.1E-04 2.0E-04 1.2E-03

propyl- Benzene 0.18 1.2 0.11 0.06 9.2 26 6.0E-04 1.4E-03 0.0E+00

Terpenes and Alkenes 0.0E+00

cis  2-butene 7.7 8.1 4.0 2.2 3.6 3.4 5.4E-02 1.8E-02 2.4E-03

trans  2-butene 7.7 8.1 4.0 2.2 3.6 3.4 5.4E-02 1.8E-02 2.4E-03

Cyclohexene 0.49 0.58 0.25 0.36 1.5 1.1 8.8E-04 9.8E-05 -

4-Phenyl -Cyclohexene 2.2 0.07 10.5 0.08 60 1.1 6.4E-03 6.1E-06 -

tetrachloro -Ethene 0.20 0.36 0.17 0.09 1.1 1.1 2.6E-05 1.5E-05 -

trichloro- Ethylene, 0.07 0.07 0.03 0.03 21 9.3 2.3E-04 6.9E-05 -

Limonene 3.2 4.6 0.73 2.2 4.1 2.4 8.1E-03 2.9E-03 4.0E-02

α-Pinene, 3.0 2.5 0.70 0.41 1.5 1.1 3.3E-03 1.3E-04 4.8E-03

Phellandrene 0.08 0.89 2.2 0.09 5.0 34 2.3E-04 9.2E-04 -

α-Terpinol 0.18 0.47 0.1 0.04 8.1 5.9 4.8E-04 3.7E-04 -

Carene 0.12 0.43 0.07 0.07 1.5 2.5 1.3E-04 2.7E-04 2.4E-03

Linalool 0.13 0.07 0.37 0.04 2.7 3.3 2.5E-04 4.6E-05 -

Pulegone 0.07 0.07 0.04 0.04 76 73 2.1E-04 6.6E-05 -

mmols/hr

Indoor/Outdor ratio

Perth IAQ study

Indoor Concentration Outdoor Concentration Emission Rates

µg/m3 µg/m3
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Indoor O3 concentrations averaged 4.1 ± 5 ppb with maximum values up to 25 - 40 ppb and 

starting concentrations were set at 12 ppb in the model. Indoor NO2 ranged over 5 - 40 ppb 

and was initially set at 15 ppb. NO was not measured in situ, therefore the initial value was 

determined by consideration of the outdoor NO concentrations, determined as an attenuation 

from the local AQMS stations (Figure 1C). The starting concentrations were set for NO at 0.5 

ppb in the base-case model. Concentrations were kept constant for CO (600 ppb), CH4 (1800 

ppb) and SO2 (1 ppb).  

 

2.4C Meteorological and Air Quality Data 
 

The meteorological conditions for the region were taken from the Bureau of Meteorology 

(BoM, 2011) as well as local data taken on site at during field sampling. The stations gave real 

time data for relative humidity, rainfall and temperature. Average relative humidity was 30% in 

summer and 50 - 55% indoors. Ambient high temperatures ranged from 29 – 42°C in summer, 

though indoor temperatures remained more constant with indoor climate controls in 

operation (20 – 27 °C).  

Average diurnal profiles were calculated to give an hourly input of the outdoor concentrations 

for O3, NO and NO2 from the Department of Environment and Conservation Air Quality 

Monitoring Sites (DEC AQMS) data (DEC WA, 2012) during the field campaign period. Outdoor 

hydrogen peroxide and nitric acid remained reasonably constant and were fixed at 2 ppb 

(Carslaw 2007). The outdoor concentrations of VOCs were taken from the averaged in situ 

observations (Table 2C). 

 
2.5C Summary 

Section 2C above describes the full development of the base-case SHIAC model tailored for the 

specific location of suburban southwestern Australia, constrained by using observational data 

derived from concurrent measurements of indoor and outdoor pollutant concentrations, and 

utilising a highly explicit and comprehensive reaction mechanism (MCMv3.2). Preliminary work 

on the SHIAC model has been reported elsewhere (Maisey et al. 2011 and 2012) and the 

experimental design and full details of the field sampling campaign measurements are 

reported by Maisey (2012). Hence, only a brief outline of the observational data used to 

construct the base-case model has been provided here. 
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3C. Results and Discussion 

 

3.1C Base-case Summer Model 
 

The framework of the model was not designed to reproduce the limited observational data, 

but rather to give a representation of base-case conditions from residential properties in 

suburban Perth. The model concepts and constructs have been extensively used in the past 

and reported in the literature, supporting the robustness of the chemistry and model 

framework employed (e.g. Derwent et al., 1996, 1998; Hynes et al., 2005; Wagner et al., 2003; 

Carslaw, 2007). Table 2C, shows the observed VOC distribution in suburban Perth homes, with 

concentrations lower than those reported in northern hemisphere studies (e.g. Raw et al., 

2004; Guo et al., 2009). For example the concentrations reported by Sarwar et al. (2002) were 

on average an order of magnitude larger than those observed in Perth homes (Table 2C). By 

comparison, concentrations were more similar to those of a study in Melbourne homes 

(Molloy et al., 2012), at least for the BTEX compounds. The number of VOCs analysed and 

quantified in this study is the more extensive than any other study conducted in Australia. 

The base-case summer SHIAC model output for O3, NO and NO2 (Figure 1C) resembles those of 

the Carslaw (2007) study, though in this study the results are based on more specific local 

summer ambient AQMS data rather than the London, UK, annual averages. The outdoor ozone 

profile is similar in both studies, peaking around 35 ppb. The UK NO profile peaks around 12 

ppb with the morning rush hours, whilst the Perth profile just exceeds 5 ppb and has a more 

distinct second rush hour peak in the afternoon. Both NO2 profiles are bimodal, though the UK 

study generally has a concentration twice as large as that seen in Perth. 

The SHIAC indoor O3 concentration peak (33 ppb) is approximately twice that modelled in the 

UK study (Carslaw, 2007). The high indoor O3 concentrations that were typically observed in 

bright, sunny homes during the field measurements (Maisey, 2012) are reproduced in this 

summer base-case model, with indoor concentrations 50 - 80% of outdoors. This degree of 

indoor/outdoor attenuation is also applicable for the indoor NO2 and reflects the high air 

exchange. The indoor and outdoor profiles of O3 and NO2 track well, with a slight delay in the 

timing of peak concentrations as previously reported (Weschler et al., 1994; Carslaw, 2007). 

There is evidence of a delayed morning spike in indoor NO corresponding to outdoor NO and 

NO2 peaks (Figure 1C). The indoor/ outdoor ratio of these species (NO>NO2> O3) coupled with 

ambient NO:NO2 during the peak morning period reflect those reported for Burbank, California 

(Weschler, 1994) and this is in contrast to the findings for London, UK by Carslaw (2007). This 

could be confirmation of higher ground level solar radiation during summer in Australia 

compared to the UK average. 
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Figure 1C: Indoor and Outdoor O3, NO2 and NO for the base-case SHIAC model (over 24 hours). 

  

The UV-A radiation (Section 2.2C) in the base-case SHIAC model is higher, by an order of 

magnitude, than earlier modelling studies have used (e.g. Weschler and Shields, 1996; Sarwar 

et al., 2002; Carlslaw, 2007). This is significant, as it has previously been assumed that 

photolysis processes indoors do not dominate, due to the very low transmittance of UV 

radiation (Carslaw, 2007).  This is also an important difference between models designed for 

the northern hemisphere and those for the southern hemisphere where ground level UV 

radiation is seasonally higher. As a result, the indoor production of OH radicals has been 

thought to be significantly influenced by non-photolytic reactions, which accounts for the 

lower concentration of this species indoors (peaking ≈4 x 105 molecules cm-3 indoors compared 

with 2 x 106 molecules cm-3 outdoors in the UK summer). The results of the base-case SHIAC 

model show OH concentrations similar to what may be expected in ambient air during the 

peak sunlight hours (Figure 2C). This suggests that in these conditions photolysis is the 

dominant route of OH production indoors. 

There is a switch in the day-time/night-time dominance of the peroxy (RO2 – comprising the 

pool of all organic peroxy radicals) and hydroperoxy (HO2) radicals. The profile of HO2 follows a 

narrower diurnal pattern compared with the OH profile (Figure 2C), and is in close agreement 

with the trend shown by Carslaw (2007), though it peaks at a concentration 3 times larger (8 

x108 molecules cm-3) (Figure 3C). This again mirrors the higher photolytic production in the 
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Perth study. The UK study also had the RO2 peak concentration 1.75 times higher than the HO2 

concentration. In this study the HO2 dominates RO2 during the daytime, but increases above 

HO2 at night. This further supports the daytime photolytic production of high levels of OH and 

HO2, and a switch to alternative radical production mechanisms in the night.  

 
 
 

Figure 2C: Indoor OH radical concentration (molecules cm
-3

) from the base-case SHIAC model (over 24 hours). 

 

 
 

Figure 3C: Indoor RO2 and HO2 radical concentrations (molecules cm
-3

) from the base-case SHIAC model (over 24 

hours). 
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The concentrations of the PAN-type species (PANTOT), of general formula R-CO3NO2, and total 

organic nitrate species (NO3TOT), i.e R-NO3, where R is an alkyl or aryl group both with and 

without other functionalities (Figure 4C), are lower by around a factor of 20 than those 

predicted by the Carslaw (2007) study. However, these differences can be linked to the 

relatively small VOC emissions, as well as increased air exchange in the base-case SHIAC model.  

 

 

 

 

Figure 4C: Indoor PAN-type species (PANTOT) and total organic nitrates NO3TOT (ppb) as predicted by the base-

case SHIAC model (over 24 hours). 

 

That reactive terpene and alkenes are significant in driving secondary product formation in the 

indoor environment has been extensively reported (Nazaroff and Weschler, 2004; Carslaw et 

al.,  2012). Terpenes and some of their degradation products (cumene, α-terpineol,) have been 

directly measured (Table 2C). In this study the combined levels of terpenes and alkenes, 

account for up to 30% of quantified VOCs. Nevertheless, these observed concentrations and 

predicted emission rates used in the SHIAC model are an order of magnitude smaller than 

reported by Sarwar et al. (2002).  The base-case SHIAC model output shows that the biogenic 

terpenes as well as their degradation products all have small concentrations (<0.05 ppb), and 

under these conditions the first generation degradation product, limonionic acid, highlighted 

as an important precursor for secondary organic aerosol (SOA) production (Glasius et al., 

2000), is very low. For example, cis/trans 2-butene, which had the largest measured indoor 
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alkene concentration (Table 2C), gave a simulated model output of around 1 ppb, which was 

indicative of the fast reactivity in the gas-phase of these unsaturated VOCs. A recent modelling 

study of Carslaw et al. (2012) included estimations of gas-particle partitioning for limonene 

degradation in order to examine SOA production and composition. It would be of interest to 

apply the measured concentrations and predicted emission rates, high photolysis and air 

exchange in this study to determine to what level SOA production occurs in Perth summer 

conditions.  

 

3.2C Winter Model 

The Carslaw (2007) study used an averaged diurnal profile based on 1 year of UK measurement 

data, for outdoor NO, NO2 and O3. The base-case summer SHIAC model used only summer 

period AQMS data (DEC WA, 2012) and a number of differences were noted between the 

summer and winter period datasets. Therefore, a tailored wintertime model was constructed 

as a comparison to the summer base-case.  

There were significant differences in the monthly averaged AQMS data for the summer and 

winter seasons in this study. In particular, two AQMS sites (DEC, 2012) defined as urban 

residential, located >10 km inland from the coast and in close proximity to suburban traffic 

corridors and industry, had elevated levels of NO in winter when the air sampling was 

occurring (around 80 ppb in peak traffic, and spiking higher on some days), whereas the AQMS 

site only 500 m from the ocean had lower levels of around 15 ppb. This site was defined as 

coastal and experienced greater dispersion from any land-sea breeze effects, and was not as 

close to main traffic corridors. The very high ambient NO measurements were not typical of 

the region, but specific to the AQMS location (and >10 km from the houses sampled) and the 

time period when VOC measurements were made. For this reason, an attenuation of 0.2 of the 

ambient urban residential AQMS site profiles were used as a more realistic representation 

from the available measurement sites. The attenuation of ambient NO indoors is dependent 

on air exchange, which was set 3 times lower in the winter base model. Consequently, the 

initial winter indoor NO concentration was set at 7 ppb.  

In addition to ambient data, findings reported by Maisey (2012) showed a strong degree of 

seasonality for both indoor and outdoor VOC concentration measurements. The winter model 

was constructed as for the base-case using the seasonally appropriate data (Table 2C) and an 

air exchange rate of 0.41 h-1 (Haste et al., 2009). Winter photolysis rates from the TUV model 

(Madronich, 2012), as described in Section 2, were used to adapt the photolysis functions for 

the season (Table 1C) and attenuation factors were halved. In winter the measured indoor O3 

concentrations averaged 1.9 ± 1.9 ppb and were set to start at 4 ppb in winter. Indoor NO2 
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observations were largely below the 1 ppb MDL in winter, though peaks up to 35 ppb were 

observed in some houses and therefore initially set at 7.5 ppb in the model, assuming there 

were no indoor sources. Winter indoor temperatures remained more constant (15 – 22 °C) and 

humidity 60 - 65 %. 

3.3C Comparing Seasonality of Results 

 

 

 

 

 

Figure 5C: top: Indoor O3, NO2 and NO for the winter SHIAC model (over 24 hours). bottom: Outdoor: O3, NO2 and 

NO for the winter SHIAC model (over 24 hours). 

 

0

10

20

30

40

50

60

70

0:00 4:00 8:00 12:00 16:00 20:00

P
P

B

O3 in

NO in

NO2 in

0

5

10

15

20

25

30

0:00 4:00 8:00 12:00 16:00 20:00

P
P

B

O3 PPB

NO PPB

NO2 PPB

O
3
, N

O
3
 a

n
d

 N
O

 c
o

n
ce

n
tr

at
io

n
 (

p
p

b
) 

O
3
, N

O
3
 a

n
d

 N
O

 c
o

n
ce

n
tr

at
io

n
 (

p
p

b
) 

Time of Day 



Chapter 4: The Development of the Base-case SHIAC Model 

 

112 

The variability of winter weather in Perth is echoed in the ambient O3, NO and NO2 profiles 

(DEC, 2012) and the observations made in homes during this season (Maisey, 2012). The 

winter SHIAC model represents a typical sunny winter's day, therefore the indoor O3 peak (~15 

ppb) in the profile was higher than the average concentrations that were observed, however 

the modelled peak lies within the range of the observed concentrations (Maisey, 2012). The 

peak winter indoor O3 concentration was approximately half of that modelled in the summer 

base-case, and was consistent with the observation trends. Perhaps the most notable 

difference in the winter compared to the summer model output was the indoor NO profile 

(Figure 5C).  The species increases overnight, influenced by the elevated early evening outdoor 

NO concentration, and there was an initial drop in concentration at dawn when 

photochemistry begins, but this was compensated for by the increasing outdoor morning rush 

hour peak profile. The high outdoor NO bimodal profile peaks are at ≈15 ppb, a factor of 3 

higher than the summer base-case, and feed into the high indoor modelled levels. Examination 

of the entire four day model output showed that NO levels reach a steady state after day 1, 

indicating a chemical lifecycle of reaction and replacement. The winter NO2 profiles were also 

bimodal and were similar to the summer base-case trends (Figure 1C), showing a lag in the 

peak development indoors (~19:00 hr) compared with outdoors (~17:00 hr). Though again the 

winter model had elevated peak concentration of indoor NO2 (15 ppb) compared with the 

summer base-case (10 ppb). 

 

 

Figure 6C: Indoor PAN--type species (PANTOT) and total organic nitrates (NO3TOT) (ppb) as predicted by the 

winter SHIAC mode (over 24 hours). 
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The profile was much narrower than was observed in summer, indicative of the reduced 

photolysis in winter. Nevertheless, a strong diurnal profile gave evidence of the influence of 

the modelled concentrations of total PAN-type species (PANTOT) and organic nitrate species 

(NO3TOT) peaked at around 0.04 ppb and were lower, almost halved for organic nitrates, in 

the winter model. These concentrations were lower than those of the Carslaw (2007) work, 

and reflected the high NO concentrations.  

The timing of the peaks showed a slight lag to the NO3 and OH (Figure 7BC) and this is perhaps 

inactive of the primary reaction pathways for the formation of these species. 

It has previously been suggested that the diminished light indoors increases the lifetime (and 

thus the dominance) of the nitrate radical (Nazaroff and Weschler, 2004; Nøjgaard, 2010). The 

importance of the NO3 radical for indoor gas-phase chemistry in the SHIAC model is dependent 

on the seasonal conditions and while scant indoor observational data makes it difficult to 

verify model output, concentrations are within the range of levels recently reported for a low 

NO environment (Nøjgaard, 2010). The high photolysis, matched with elevated O3 and NOx 

reaction conditions in the summer base-case SHIAC model (as a result of a large summer-time 

AER) contributed to the NO3 profile (Figure 7C) which was comparable in concentration to OH 

during the day and up to 4 orders of magnitude larger at night (Figure 2C, Figure 7C). The NO3 

concentrations were an order of magnitude larger than the highest reported in the Carslaw 

(2007) study, where low light, NO2 and O3 concentrations were used. The results from the 

base-case SHIAC model were closer to the predictions made by Weschler et al. (2006) and 

Sarwar et al. (2002) for Californian conditions (as with the indoor NO2, O3 and NO profiles).  

In contrast the indoor winter NO3 and OH profiles were markedly different to the summer 

base-case. Elevated NO concentrations outdoors were reflected in high indoor NO 

concentrations during the nighttime and this dominated over NO3, most likely as a result of the 

diminished photolysis and the lower O3 concentrations. Analogous to the Carslaw (2007) study, 

the NO3 reacted rapidly with NO and any reactive monoterpenes and alkenes present, and the 

concentration reached a similar order of magnitude (~0.1 ppt). The short-term spike in early 

evening NO3 radical production (Figure 7C) coincided with sunset and the depletion of PAN and 

organic nitrate concentrations (Figure 6C). 
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Figure 7C: top: Summer Indoor OH (primary axis) and NO3 (secondary axis) radical profile (molecules cm
-3

) as 

predicted by the base-case and winter SHIAC models (over 24 hours), bottom: Winter: Indoor OH (primary axis) 

and NO3 (secondary axis) radical profile (molecules cm
-3

) as predicted by the base-case and winter SHIAC models 

(over 24 hours). 
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4C. Conclusions 

A highly detailed reactive indoor air chemistry model combining an updated and extended 

version of the MCM (v3.2), indoor emissions, deposition, exchange with ambient air, and 

photochemical processing, was developed and employed to simulate the formation of 

secondary oxidants indoors, under idealised but realistic scenarios, in suburban residences of 

southwestern Australia. 

In general, the base case model was able to simulate the observed indoor ozone and NOx 

profiles, and had similar features to the Carslaw (2007) model. Extending that model 

framework, utilising observational VOC, O3 and NOx data from over two seasons enabled two 

distinct model constructs to be tailored for the different summer and winter measurements 

and conditions in the southern hemisphere, are shown to vary considerably from UK 

conditions. 

The model’s output demonstrated that the local seasonal AQMS measurements of outdoor O3 

and NOx, used to constrain the models, had a large impact on the radical production indoors, 

with clear differences seen in summer and winter for the indoor OH and NO3 profiles. An 

updated assessment of solar radiation transmission indoors and photolysis in the summer 

model generated OH radical concentrations indoors that are comparable with ambient air 

during the daytime. These locally tailored models suggest that under the conditions in Perth, 

indoor ozone / alkene reactions (driving radical production) may not be as significant as 

suggested by the model conclusions of Carslaw (2007), based on typical UK residences. 

Future work will focus on the sensitivity of this model to adjusted indoor scenarios and 

investigating the dominant reaction pathways.  
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4.2 Updating the Photolysis in the SHIAC Model. 

 

Photolysis rates differ with the target species as well as solar zenith angle (SZA). The SZA 

is a factor that is time, date and location specific. Hence it was important that photolysis in 

the SHIAC model was tailored to Perth and the summer and winter seasons. The 

photolysis rates in the MCM are expressed as trinomial functions  of the SZA and are 

determined from measured cross Sections (σ) and quantum yields (Φ) for these reactions. 

However, these data have not been updated since 1997 and further development of σ and 

Φ data by the IUPAC and NASA panels (Atkinson et al., 2004; Atkinson et al., 2006; NASA, 

2006; Atkinson et al., 2007; Atkinson et al., 2008; IUPAC, 2008) mean that new data are 

available. As a result the photolysis expression in the SHIAC model was revised to include 

these updates. 

Data were taken from the latest version of the Tropospheric Ultraviolet and Visible 

radiation (TUV) model v5, developed by the National Center for Atmospheric Research 

(NCAR) atmospheric chemistry division (cprm.acd.ucar.edu/Models/TUV/). The TUV 

model is used, over the wavelength range 121 - 750 nm, for calculating spectral irradiance, 

actinic flux, and photo-dissociation rates in ambient air (Madronich, 2012). The TUV 

model requires a number of location specific inputs, including the latitude, longitude and 

elevation of the site, as well as the date and ozone column depth. Output from the model 

gives photolysis rates (J values) for up to 81 tropospheric reactions, and includes most of 

the photolysis reactions considered in the MCM. Reactions not included in the TUV model 

were treated using the most similar surrogate reaction. For example butanal was assigned 

the same photolysis rate as propanal.  Integration issues with the Facsimile® software 

made it more computationally efficient to tailor the original MCM photolysis functions to 

the TUV model photolysis rates by a multiplication factor. Examples of the closeness of fit 

that was achieved for these expressions are given below (Figures 4.2.1-4) The original 

MCM curve, based on summertime conditions in the UK, is also given for reference. 

Because of seasonal differences in solar radiation both a summer and winter photolysis set 

were created with TUV data from the solstices.   

Because of difficulties with the integration routines beyond 24 hours, using a 5 parameter 

polynomial gave the best fitting to the current TUV data. To overcome these issues, the 

method used here (applying a factor to the older photolysis data of the 3-parameter MCM 

coding) was the most successful. The aim was to ensure that the photolysis profiles used in 

the SHIAC model more closely represented the TUV output (which is based on the more up 

to date cross-Section and quantum yield data). However, because of this process there is a 

slight offset for the maximum rate coefficient of the SHIAC compared to the TUV. 
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Figure 4.2.1 Comparison of ambient photolysis coefficient (s
-1

) curves as output by the TUV and estimated for the 

SHIAC base-case summer model for the NO3  photolytic degradation reaction.  

 

 
 

 
Figure 4.2.2 Comparison of ambient photolysis coefficient (s

-1
) curves as output by the TUV and estimated for the 

SHIAC base-case summer model for the CH2O ���� H2 + CO reaction. 
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Figure 4.2.3 Comparison of ambient photolysis coefficient curves (s
-1

) as output by the TUV and estimated for the 

SHIAC Winter model for O3  photolytic decomposition reaction. 

 
 

 

 
 
Figure 4.2.4 Comparison of ambient photolysis coefficient curves (s

-1
) as output by the TUV and estimated for the 

SHIAC winter model for CHOCHO photolysis reactions. 
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Indoor attenuation factors (discussed in Sections 4.1 and 5.1) were added to these 

ambient profiles to calculate the indoor photolysis profiles. Thus the photolysis functions 

used in the SHIAC model are derived from the MCM fitted to the TUV model and indoor 

attenuation as given in Table 4.2.1.  Sensitivity tests (described in Chapter 5) were carried 

out by altering the indoor attenuation coefficient. 

 
Table 4.2.1 Details of the photolysis functions (function of SZA) calculated for the SHIAC base-case model 

 

 
 

Photolysis code

Indoor 

attenuation

TUV 

multiplication 

factor MCM function

J<1> 0.8 2.3 6.073D-05*(COSX@(1.743))*EXP(-0.474*SECX) 

J<2> 0.8 1.3 4.775D-04*(COSX@(0.298))*EXP(-0.080*SECX) 

J<3> 0.03 1.5 1.041D-05*(COSX@(0.723))*EXP(-0.279*SECX) 

J<4> 0.8 1.6 1.165D-02*(COSX@(0.244))*EXP(-0.267*SECX) 

J<5> 0.8 1.2 2.485D-02*(COSX@(0.168))*EXP(-0.108*SECX) 

J<6> 0.8 1.3 1.747D-01*(COSX@(0.155))*EXP(-0.125*SECX) 

J<7> 0.6 1.6 2.644D-03*(COSX@(0.261))*EXP(-0.288*SECX) 

J<8> 0.03 2.5 9.312D-07*(COSX@(1.230))*EXP(-0.307*SECX) 

J<11> 0.6 2 4.642D-05*(COSX@(0.762))*EXP(-0.353*SECX) 

J<12> 0.6 2.3 6.853D-05*(COSX@(0.477))*EXP(-0.323*SECX) 

J<13> 0.1 10 7.344D-06*(COSX@(1.202))*EXP(-0.417*SECX) 

J<14> 0.1 4.2 2.879D-05*(COSX@(1.067))*EXP(-0.358*SECX) 

J<15> 0.1 4.2 2.792D-05*(COSX@(0.805))*EXP(-0.338*SECX) 

J<16> 0.1 4.2 1.675D-05*(COSX@(0.805))*EXP(-0.338*SECX) 

J<17> 0.1 4.2 7.914D-05*(COSX@(0.764))*EXP(-0.364*SECX) 

J<18> 0.6 0.5 1.140D-05*(COSX@(0.396))*EXP(-0.298*SECX) 

J<19> 0.6 0.5 1.140D-05*(COSX@(0.396))*EXP(-0.298*SECX) 

J<21> 0.1 6.3 7.992D-07*(COSX@(1.578))*EXP(-0.271*SECX) 

J<22> 0.1 9 5.804D-06*(COSX@(1.092))*EXP(-0.377*SECX) 

J<23> 0.6 1.1 1.836D-05*(COSX@(0.395))*EXP(-0.296*SECX) 

J<24> 0.6 1.1 1.836D-05*(COSX@(0.395))*EXP(-0.296*SECX) 

J<31> 0.8 1.2 6.845D-05*(COSX@(0.130))*EXP(-0.201*SECX)

J<32> 0.8 3.4 1.032D-05*(COSX@(0.130))*EXP(-0.201*SECX) 

J<33> 0.8 3.4 3.802D-05*(COSX@(0.644))*EXP(-0.312*SECX) 

J<34> 0.8 3.1 1.537D-04*(COSX@(0.170))*EXP(-0.208*SECX) 

J<35> 0.8 1.5 3.326D-04*(COSX@(0.148))*EXP(-0.215*SECX) 

J<41> 0.03 1.8 7.649D-06*(COSX@(0.682))*EXP(-0.279*SECX) 

J<51> 0.03 0.19 1.588D-06*(COSX@(1.154))*EXP(-0.318*SECX) 

J<52> 0.03 1.56 1.907D-06*(COSX@(1.244))*EXP(-0.335*SECX) 

J<53> 0.03 1.56 2.485D-06*(COSX@(1.196))*EXP(-0.328*SECX) 

J<54> 0.03 1.56 4.095D-06*(COSX@(1.111))*EXP(-0.316*SECX) 

J<55> 0.03 1.9 1.135D-05*(COSX@(0.974))*EXP(-0.309*SECX) 

J<56> 0.03 5.9 7.549D-06*(COSX@(1.015))*EXP(-0.324*SECX) 

J<57> 0.03 5.9 3.363D-06*(COSX@(1.296))*EXP(-0.322*SECX) 
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 An example of the difference in photolysis profiles used in the SHIAC summer and winter 

base-case models is given below (Figure 4.2.5). 

 

 

 

Figure 4.2.5 Comparison of different J1 (O3  photolytic decomposition reaction) photolysis coefficient (s
-1

) applied 

to the summer and winter base-case SHIAC model. 
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Chapter 5:  Scenario and 

Sensitivity Testing of the SHIAC 

Model 

 
 
 
 
 

5. Aim and Content 

 The base-case SHIAC model described in Chapter 4 presents a realistic, yet idealised 

representation of the indoor environment of Western Australian homes. In this Chapter, a 

number of modelling scenarios were created to explore sensitivity of this model to the 

observational inputs used in the base-case. These examined air exchange, solar 

attenuation factors, indoor and ambient pollutant profiles and deposition rates. Four focus 

topics were chosen for discussion of these results, taken from areas currently of interest in 

the literature or identified as a deficit in the knowledge (Chapter 1). These were: (i) indoor 

photolysis and the attenuation of solar radiation (ii) the role of NO3 radicals in the 

chemistry of indoor air (iii) the terpene/alkene ozonolysis reactions and (iv) the influence 

of location specific data. In this Chapter the results from each of these modelling studies 

are presented and discussed in the context of these topics. 
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5.1 SHIAC Model Scenario and Sensitivity testing 

 

The Attenuation of Solar Radiation Indoors and Photolysis in the SHAIC model 

As was discussed in Chapter 4, many homes that were examined in the Perth IAQ study, 

built within the past 20 - 30 years, had open plan living/dining and kitchen areas with 

large floor to ceiling windows. The amount of solar radiation entering the home was 

therefore significant. Lux meter readings of visible radiation (SKC 545 Light Meter and 

Data logger) taken close to these windows had intensities that were 60 - 80% of outside 

readings. These results were in agreement with the findings of Lim and Kim (2010) and 

Kim and Kim (2010). For this reason, a significant update of the SHIAC model compared to 

the UK model presented by Carslaw (2007) was made by dividing the UV radiation into 

fractions of A, B and C with differing rates of attenuation.  

The photolysis rates of important reactions included in the model are driven by specific 

regions of solar radiation, many in the UV-A region (Table 1 in Chapter 4). Few studies 

have been conducted to assess indoor photolysis rates, and the severe attenuation of UV in 

the Carslaw (2007) model (at 97%) was applied over the whole UV range.  Lim and Kim 

(2010) showed factors of 25 - 60% reductions in UV-A intensity from positions of 0, 1, 2 

and 3 metres away from the window and transmittance of UV-B and UV-C close to zero. 

Given the high air exchange rates in homes during summer (in the SHIAC model) it was 

assumed that the circulation of air close to the window would also be high. For this reason 

the base-case attenuation rates were calculated from the observations made in the 

literature within 1 metre of the window.  This base-case was considered to be a high 

photolysis scenario applying observations from very bright homes in the Perth IAQ study. 

To examine the sensitivity of model outputs to this indoor high attenuation factor the 

scenarios outlined in Table 5.1.1 were explored. 

 

Table 5.1.1:  Solar attenuation scenarios used for sensitivity testing of the SHIAC model 

 

 
 

 

 
 
 
 

Max. Absorp. 

Region

High 

Transmittance

Low 

Transmittance UV off UV-B/C off Carslaw  (2007)

Visible 0.8 0.4 0.8 0.8 0.1

UV-A 0.6 0.3 0 0.6 0.03

UV-B/C 0.1 0.05 0 0.1 0.03

UV-B 0.03 0.015 0 0 0.03

UV-C 0.03 0.015 0 0 0.03
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Table 5.1.2: Maximum values over 24hrs from sensitivity testing of solar radiation attenuation factors in 

the SHIAC model 

 

 

molec = molecule, Limononic = Limononic acid, NO3TOT = total organic nitrate compounds, PANTOT= total 

peroxyacetyl nitrate type compounds 

 

It has previously been suggested that an important route for OH production indoors is 

through O3/alkene/terpene reactions (Nazzaroff and Weschler, 2004). However, 

comparison of the indoor OH profiles from the SHIAC model showed a significant 

sensitivity to the attenuation of outdoor solar radiation and it was unclear if this was from 

increased O3 concentrations during the day. The 'UVB/C' and 'UV off' scenario OH profiles 

were similar to the base-case model.  The 'low transmittance' and 'Carslaw (2007)' 

scenarios showed that OH was proportionally affected by the increased attenuation factor 

of visible wavelengths (Figure 5.1.1). The diurnal profile was maintained in all scenarios 

and nighttime concentrations were uniform and significantly diminished.   

 

 

 

 

 

 

 

 

 

OH HO2 RO2 O3 NO NO2

Attenuation Scenario molec cm
-3

molec cm
-3

molec cm
-3

ppb ppb ppb

Summer base (HT) 3.0E+06 8.2E+08 5.1E+08 37.9 8.0 11.5

Summer  Carslaw (2007) 5.1E+05 4.5E+08 4.8E+08 20.4 2.7 10.8

Summer LT 1.5E+06 5.8E+08 4.8E+08 27.9 6.0 11.3

Summer no UV 2.9E+06 7.0E+08 4.8E+08 36.6 8.9 11.6

Summer no UVB/C 3.0E+06 8.1E+08 4.8E+08 37.7 8.3 11.5

Winter Carslaw  (2007) 2.3E+05 2.8E+08 3.1E+07 14.2 60.6 16.0

Winter base (LT) 5.9E+05 2.7E+08 1.1E+07 19.3 64.9 15.8

Winter HT 1.2E+06 3.1E+08 9.9E+06 27.4 67.8 15.8

NO3 N2O5 HCHO Limonoic TVOC NO3TOT PAN-TOT

Attenuation Scenario molec cm
-3

ppb ppb ppb ppb ppb ppb

Summer base (HT) 2.5E+07 0.006 0.70 5.83E-17 8.1 0.051 0.063

Summer  Carslaw (2007) 2.2E+07 0.005 0.62 6.75E-10 9.0 0.022 0.017

Summer LT 2.4E+07 0.006 0.65 1.13E-12 8.1 0.032 0.036

Summer no UV 2.5E+07 0.006 0.76 4.82E-15 8.1 0.048 0.055

Summer no UVB/C 2.5E+07 0.006 0.68 9.50E-17 7.9 0.049 0.058

Winter Carslaw  (2007) 5.6E+06 0.002 0.90 1.08E-08 13.0 0.012 0.017

Winter base (LT) 4.0E+06 0.002 0.90 1.17E-08 11.1 0.022 0.039

Winter HT 4.2E+06 0.003 0.90 1.78E-09 9.9 0.030 0.059
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This sensitivity of OH to changing photolysis was noteworthy because (as discussed in 

Section 5.2) the production of NO3 radicals did not show sensitivity to the attenuation 

factors of the solar radiation explored here, and in low light scenarios NO3 was produced 

in higher concentrations than OH. In these conditions these results may support 

conclusions from previous modelling studies, which suggest that OH radicals may not be 

the dominant oxidation species indoors (e.g Nazzaroff and Cass, 1987; Sarwar et al., 2002). 

 

 

 

Figure 5.1.1: Comparison of the OH radical diurnal profile (molecules cm-3) under differing attenuation of 

solar radiation in the SHIAC model. 

 
 

Nevertheless, in the highly sunny summer scenario presented as the base-case, and typical 

for observations made in Perth homes, the OH radical profile was significant. In the winter 

models, as discussed in Section 5.2, additional factors diminish the influence of other 

oxidation species and the OH radical was shown to be as important during the day as NO3. 

Enhanced production of the alkyl peroxy (RO2) radicals occurred predominantly during 

the night in the SHIAC model when the NO3 radical concentration was high; therefore 

production was less sensitive to the attenuation of solar radiation. The hydroperoxy (HO2) 

radical, whose formation was largely dependent on the photolysis of aldehydes, had a 

similar sensitivity as OH to changing attenuation of solar radiation (Table 5.1.2). 
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Figure 5.1.2: Comparison of TVOC concentrations (ppb) under differing photolysis conditions in the 

summer SHIAC model (over 24 hours). 

 

The concentrations of VOCs in the SHIAC model imitated observational data and were very 

low. The TVOC concentration showed little sensitivity to changing attenuation rate; with 

the exception of the Carslaw (2007) photolysis scenario model (Figure 5.1.2). 

Nevertheless, there was evidence that increased photolysis indoors under these 

conditions increased secondary product formation of species such as the PAN type 

compounds, (Figure 5.1.3), formaldehyde and other aldehydes (Figure 5.1.4) and organic 

nitrate species.  Production of the PAN type compounds was shown to be more sensitive to 

the attenuation of visible light. Therefore, bright homes with UV-filtering glass might still 

expect higher PAN production. 
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Figure 5.1.3: Comparison of PANTOT concentrations (ppt) under differing photolysis conditions in the 

summer SHIAC model (over 24 hours). 

 

The concentration of formaldehyde (HCHO), a known primary and secondary pollutant 

displayed a unique sensitivity to the solar attenuation. HCHO is sensitive to the UV-A 

region for photolysis, therefore when this fraction of solar radiation was switched off in 

the SHIAC model, HCHO concentrations were highest (Figure 5.1.4) Under the very low 

light conditions of the Carslaw (2007) scenario, formaldehyde was the lowest and 

increased with the transmittance of solar radiation.   

 

Figure 5.1.4: Comparison of formaldehyde concentrations (ppb) under differing photolysis conditions in 

the summer SHIAC model (over 24 hours). 
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Air Exchange 

The air exchange rate (AER) of the home (λr) was set at 0.41h-1 in winter (Haste et al., 

2009) and 1.3 h-1 in the summer (MFESA, 2011) base-case models.  Yet previous 

observations of air exchange in Australian homes have noted a wide degree of variation 

depending on circumstance (1.4 - 26.3 h-1) (Biggs et al., 1986; Haste et al., 2009). The AER 

was not directly measured as part of the Perth IAQ study. Nevertheless, observations were 

taken at the time of sampling for open windows and doors, with 65% of the houses 

sampled in summer being open and just 9% in winter.   Consequently, sensitivity tests 

were performed for air exchange with fixed emission rates derived from the base model 

ventilation.  The base-case model was tested for 0.4, 4 and 20 h-1 air exchanges.  The 

winter model was tested for a very low (0.1 h-1) scenario.  

 
Table 5.1.3:  Maximum values over 24hours from sensitivity testing of air exchange in the SHIAC model 

 

 
molec = molecule, Limononic = Limononic acid, NO3TOT = total organic nitrate compounds, PANTOT= total 

peroxyacetyl nitrate type compounds 

 

OH, O3 and NO2 showed minimal sensitivity to air exchange. However, secondary species 

including HCHO, organic nitrate compounds and PANs as well as the TVOC figure, showed 

a much greater degree of sensitivity. This is a high photolysis base-case model, indicating 

that the rate at which the oxidant species were being created and destroyed was adequate 

to ensure a near steady state whereas secondary pollutants were able to accumulate 

indoors as air exchange was diminished. The concentrations of these species in the SHIAC 

base-case models were low, however trends evident from summer output indicate that for 

every order of magnitude change in the AER, organic nitrates were inversely altered by a 

factor of 4 and PANTOT by a factor of 6 - 10. During winter however, this difference was 

more acute and TVOC concentrations doubled with a 0.3 h-1 change in the AER.  The winter 

OH HO2 RO2 O3 NO NO2

Ventilation Scenario molec cm
-3

molec cm
-3

molec cm
-3

ppb ppb ppb

Summer low (0.1 h
-1

) 3.2E+06 1.1E+09 1.7E+09 41.3 4.1 10.7

Summer base (1.4 h
-1

) 3.0E+06 8.2E+08 5.1E+08 37.9 8.0 11.5

Summer high (4 h
-1

) 3.0E+06 5.7E+08 2.3E+08 35.9 11.2 11.7

Summer very high (20 h
-1

) 2.6E+06 4.1E+08 5.2E+07 33.9 12.8 11.9

Winter base (0.41 h
-1

) 5.9E+05 2.7E+08 1.1E+07 19.3 64.9 15.8

Winter low (0.1 h
-1

) 1.2E+06 6.1E+08 3.9E+07 26.0 52.3 17.6

NO3 N2O5 HCHO Limonoic TVOC NO3TOT PAN-TOT

Ventilation Scenario molec cm
-3

ppb ppb ppb ppb ppb ppb

Summer low (0.1 h
-1

) 1.5E+07 0.003 1.47 0.00E+00 34.3 0.243 0.613

Summer base (1.4 h
-1

) 2.5E+07 0.006 0.70 5.83E-17 8.1 0.051 0.063

Summer high (4 h
-1

) 2.4E+07 0.006 0.55 1.04E-14 5.6 0.025 0.018

Summer very high (20 h
-1

) 2.4E+07 0.004 0.50 1.42E-14 4.5 0.012 0.002

Winter base (0.41 h
-1

) 4.0E+06 0.002 0.90 1.17E-08 11.1 0.022 0.039

Winter low (0.1 h
-1

) 4.0E+06 0.002 1.20 1.70E-07 21.7 0.074 0.217
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model considered a lower rate of photolysis, which combined with the reduced AER lead 

to an accumulation of VOCs, including oxygenated and nitrated species, indoors.  

 

Dry Deposition Rates 

Irreversible loss of gas-phase species through deposition on surfaces, collisions and other 

interactions, were included in the SHIAC model as a first-order loss process.  However, 

heterogeneous surface chemistry was not considered.  Dry deposition rates are available 

for the common reactant species (e.g. O3, NO2, HO2) but are not well characterised indoors 

for many of the ~1600 species included in the MCM for which deposition is significant 

(Carslaw, 2007). This meant that approximations were made in the SHIAC model based on 

the most recent literature. In the original UK study (Carslaw, 2007), dry deposition rates 

were estimated as described by Sarwar et al. (2002). Yet, more recently Carslaw et al. 

(2012) described an attenuation of more explicit ambient values, which is thought to be a 

better representation of these velocities (see Chapter 4 for details). These new values 

represent a higher rate of deposition of the PAN type and hydroperoxide species than 

previously used. The impact of these deposition rates on the indoor chemistry was 

explored, creating scenarios by halving and eliminating the velocities in the base model.  

 

Table 5.1.4 : Maximum values over 24hours from sensitivity testing of deposition velocities in the SHIAC 

model 

 

 

molec = molecule, Limononic = Limononic acid, NO3TOT = total organic nitrate compounds, PANTOT= total 

peroxyacetyl nitrate type compounds 

 

The dry deposition velocities provided an important estimation of the net loss of gas-

phase VOCs to surfaces.  The values used in the SHIAC model have been determined from a 

mixture of outdoor surfaces with an attenuation of this figure applied. Model output 

(Table 5.1.4) confirmed that the inclusion of a deposition velocity factor in the model was 

necessary for approximating a realistic situation; nevertheless, there are inherent 

assumptions associated with this figure. The assumption that the loss was irreversible and 

consistent for all surfaces was a simplistic representation of the mixing and rate of 

diffusive transport of the species to the surfaces.  The sensitivity tests conducted for the 

OH HO2 RO2 O3 NO NO2

Deposition Scenario molec cm
-3

molec cm
-3

molec cm
-3

ppb ppb ppb

Summer base 3.0E+06 8.2E+08 5.1E+08 37.9 8.0 11.5

Summer: half deposition rates 4.0E+06 1.1E+09 1.1E+09 84.8 7.2 19.8

Summer deposition off 6.1E+06 4.7E+09 1.4E+09 1245.6 0.3 28.3

NO3 N2O5 HCHO Limonoic TVOC NO3TOT PAN-TOT

Deposition Scenario molec cm
-3

ppb ppb ppb ppb ppb ppb

Summer base 2.5E+07 0.006 0.70 5.83E-17 8.1 0.051 0.063

Summer: half deposition rates 2.2E+08 0.091 1.47 5.04E-19 11.0 0.172 0.214

Summer deposition off 2.1E+10 4.101 32.42 0.00E+00 180.1 11.806 3.877
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SHIAC model showed very large sensitivity to O3 and TVOC concentrations. Ozone 

interactions with a variety of indoor surfaces (e.g. carpets and paints) are known to be a 

source of secondary aldehydes (e.g. Weschler et al., 1992; Reiss et al., 1995; Morrison and 

Nazaroff, 2002). Unlike the primary emission from the off gassing of new materials, the 

production of secondary species has been shown to be less sensitive to age because of the 

potential for some surfaces to act as reservoirs (Wang and Morrison, 2010). The SHIAC 

model inherently considers these products by the inclusion of emission grids derived from 

observational data. Nevertheless, because this was a gas-phase model, there was no 

consideration of how different surfaces may influence the net difference between surface 

emission and loss.  The sensitivity of the SHIAC model to changes in surface deposition 

velocities re-enforces the discussion raised by Carslaw (2007) of the need for well 

characterised indoor deposition velocities derived from observational studies.  

 

Indoor and Ambient Pollutant Profiles 

The SHIAC model was developed to be tailored with location specific data. In order to 

construct the base-case model, average VOC concentrations and derivative ambient 

profiles were used.  The very low VOC concentrations observed in the Perth IAQ study 

were used to calculate, as described by Sarwar et al. (2002), the hourly emission rates in 

the base-case SHAIC models. The VOC concentrations used for these calculations were 

mean values from typical homes. However, as described in Chapter 3, a number of homes 

in the Perth IAQ study had recently undergone renovations, and concentrations of some 

VOCs were elevated. For this reason, a renovated home scenario with the average values of 

these target homes was created. In addition, a summer and winter scenario increasing 

base-case emissions by an order of magnitude was created to elevate emission values to 

be similar to those reported by Sarwar et al. (2002) and used in the UK model (Carslaw, 

2007). Finally a cleaning event scenario model was created to simulate short term periods 

of elevated terpenes.  In this model limonene and α and β-pinene emissions were 

increased by a factor of 1000 for one hour at 11am on each day of the model simulation 

(Table 5.1.5). 
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Table 5.1.5: Maximum values over 24hrs from sensitivity testing of indoor and ambient pollutant profiles 

in the SHIAC model 

 
 

 
molec = molecule, Limononic = Limononic acid, NO3TOT = total organic nitrate compounds, PANTOT= total 

peroxyacetyl nitrate type compounds 

 

The summertime renovated homes scenario showed elevated indoor air pollutants 

compared to the base-case. TVOCs are 6 - 10 times higher than in the typical homes.  The 

high degree of reactivity that has been reported for the base-case summer model was 

echoed in the renovated scenario, although concentrations of most radical species were 

lower, suggesting their transformation to secondary species.  For example, formaldehyde 

concentrations were 4 times higher in this model and the profile showed a bimodal peak 

of production during the day (Figure 5.1.5). This was perhaps a result of higher cis/trans 

2-butene and toluene concentrations included in this scenario (as discussed in Section 

5.4). 

VOC concentrations were increased in the SHIAC model (by an order of magnitude) to 

reflect the concentrations used in the UK model (Carslaw, 2007). Beyond the VOC 

emissions, the most significant difference between these modelling studies was the 

expressions of photolysis that have been tailored for the specific locations of the models. 

Though the AER in the summer SHIAC model was higher, the winter model was 

OH HO2 RO2 O3 NO NO2

EmissionScenario molec cm
-3

molec cm
-3

molec cm
-3

ppb ppb ppb

Summer base 3.0E+06 8.2E+08 5.1E+08 37.9 8.0 11.5

Summer renovated homes 3.3E+06 1.4E+09 8.9E+08 44.0 2.8 9.7

Summer cleaning events 2.8E+06 1.4E+09 1.7E+09 37.2 8.1 11.4

Summer x 10  VOC emissions 3.4E+06 2.0E+09 2.3E+09 48.0 1.5 8.4

Winter x 10 VOC emission 1.7E+06 1.5E+09 6.9E+08 34.9 10.8 18.0

Winter base (0.2 NO) 5.9E+05 2.7E+08 1.1E+07 19.3 64.9 15.8

Winter 0.05NO 1.3E+06 5.2E+08 7.9E+07 30.3 19.1 13.3

Winter 0.08 NO 7.0E+05 4.0E+08 3.9E+07 20.7 20.0 14.1

Winter 0.3NO 1.7E+05 2.3E+07 2.0E+06 5.6 137.0 16.9

Winter full high NO 5.0E+03 8.7E+03 8.9E+02 0.4 1182.4 30.0

NO3 N2O5 HCHO Limonoic TVOC NO3TOT PAN-TOT

EmissionScenario molec cm
-3

ppb ppb ppb ppb ppb ppb

Summer base 2.5E+07 0.006 0.70 5.83E-17 8.1 0.051 0.063

Summer renovated homes 7.8E+06 0.002 2.93 0.00E+00 49.4 0.349 0.737

Summer cleaning events 2.5E+07 0.006 1.91 6.88E-15 50.0 1.797 1.118

Summer x 10  VOC emissions 6.2E+06 0.001 6.77 0.00E+00 70.5 0.432 0.800

Winter x 10 VOC emission 2.3E+06 0.002 8.62 4.24E-08 172.9 0.784 3.449

Winter base (0.2 NO) 4.0E+06 0.002 0.90 1.17E-08 11.1 0.022 0.039

Winter 0.05NO 1.4E+07 0.008 0.89 7.23E-10 9.3 0.031 0.070

Winter 0.08 NO 9.6E+06 0.006 0.89 1.45E-08 10.4 0.023 0.049

Winter 0.3NO 8.6E+05 0.001 0.85 1.30E-10 12.5 0.008 0.007

Winter full high NO 3.6E+02 0.000 0.81 2.43E-14 15.4 0.001 0.000
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comparable to the rate used by Carslaw (2007). The UK model had reduced photolysis 

compared to both SHIAC base-case scenarios. Comparison with the UK model (Carslaw, 

2007) revealed comparatively higher concentrations of the secondary pollutants in the 

SHIAC models (Table 5.1.5). For example, Carslaw (2007) reported HCHO concentrations 

~ 25 ppb for most scenarios compared to 6 - 8 ppb observed in the high emission SHIAC 

models and 0.7 - 1.7 ppb for the base-case scenarios. These results for the SHIAC model 

were within the range of concentrations observed in Perth. A few species types, such as   

PANTOT ~ 2.5 ppb were comparable with the winter SHIAC output (3.8 ppb), however, 

Carslaw (2007) reported up to 9 ppb under high photolysis conditions compared to the 

0.8 ppb from the summer x10 emissions SHIAC model. This difference may be explained 

by the higher indoor NO2 and O3 in the SHIAC model. 

 
 

Figure 5.1.5: Comparison of HCHO (ppb) in the summer base-case (primary axis) and summer renovated 

(secondary axis) SHIAC models (over 24 hours). 

 

Indeed the concentration of the reactive oxidative species and radicals (i.e. OH, O3, RO2 and 

HO2) were higher by an order of magnitude in the SHIAC model than for any of the UK 

model scenarios. This increased overall reactivity, from the high light situations in the 

Australian homes modelled compared to the UK homes, results in lower simulated indoor 

VOC concentrations. As discussed in Chapter 4, this observation from the modelling study 

agreed with results from field studies of the differences in IAQ between these locations. 

The difference of reactivity between the summer and winter season was evidenced by the 

trans 2-butene profile for the elevated emission models (Figure 5.1.6). This reactive, 

unsaturated alkene was able to accumulate overnight in the winter model when general 
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radical and O3 concentrations were minimal.  During summer, when overnight NO3 radical 

concentrations were elevated trans 2-butene was maintained at a lower concentration. 

 

 
 

Figure 5.1.6: Comparison of the trans-2-butene (ppb) in the summer and winter 10x emissions SHIAC 

model (over 24 hours). 

 

The indoor O3, NO and NO2 profiles were largely dependent on the ambient profiles as the 

primary source of these species in the SHIAC model.  These data were from local AQMS 

sites in the Perth region. As discussed in Chapter 4, the NO profiles were dramatically 

different between the three reference sites in the winter months. Perth is a coastal city, 

and the impact of the sea-land winds was evident at the coastal site (max NO: 16 ppb) 

compared to the inland (~5 - 10 km from coast) sites (max NO: 170 ppb). The base-case 

winter model included a 0.2 attenuation of the high inland AQMS NO data as a compromise 

between the different sites. Sensitivity tests were therefore performed to assess the 

impact that this attenuation factor might have on the indoor chemistry and species 

profiles in the winter model.  Results from these tests in the context of how this influenced 

nitrated species in the SHIAC model are presented in Section 5.2. 

5.2 Role of the NO3 Radical and the Influence of Seasonal NO  

 
It has been proposed that the nitrate radical may be the most dominant oxidising species 

indoors, because of reduced photolysis rates and an accumulation of O3 and NO2 

(Nazzaroff and Weschler, 2004; Nøjgaard, 2010). The NO3 radical profile from the base-
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case SHIAC model was shown to be insensitive to attenuation of solar radiation because it 

photolysed rapidly in the visible range, and therefore was only stable at night. Evidence 

from the summer base-case SHIAC model suggested that at severely attenuated photolysis 

rates, the NO3 radical destruction by photolysis was only impacted to a small extent so that 

the net production was only marginally higher (Figure 5.2.1). 

 

 

 

Figure 5.2.1: Comparison of the NO3 radical profile (molecules cm-3) under differing attenuation of solar 

radiation in the summer SHIAC model (over 24 hours). 

 

By comparison, in the winter base-case where indoor NO concentration was high, the 

concentration of NO3 was an order of magnitude lower than in summer, when NO 

concentrations were also lower. This NO - NO3 balance was of significance in this work 

because of the extreme seasonality of the ambient NO that was observed and included in 

the SHIAC model. Both species are highly reactive and the high NO concentrations paired 

with low NO3 concentrations during the nighttime in the winter base-case SHIAC model 

are testament to this.  This daytime/nighttime relationship was reversed in the summer 

base-case (Figure 5.2.2).  
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During summer, the NO3 radical was comparable to the OH radical concentration during 

the daytime and higher by several orders of magnitude at night (Chapter 4.1, Figure 7). In 

winter, the NO3 radical existed in notable concentrations only during the day in levels 

comparable to the OH radical. 

 

 

In addition to the NO - NO3 relationship, the potential for nitrate chemistry indoors is 

influenced by the NO3 and N2O5 equilibrium reaction (1). 

 
NO3 + NO2 . N2O5          (1) 

 

Under low temperatures and high concentrations of NO2, the formation of N2O5 is 

preferred over NO3, making it an important reservoir of NO3 radicals (Nøjgaard, 2010).   

Therefore, the sum of NO3 and N2O5 is thought to give a better representation of the 

potential for NO3 chemistry (Nøjgaard, 2010). The profiles for the NO3 and N2O5 species 

(Figure 5.2.3) showed sizable reservoirs for NO3 radical formation from the N2O5 species. 

Nevertheless, the two compounds followed similar diurnal profiles. This suggests that 

when these species were at their peak, NO3 chemistry was likely to dominate. 

Observational data of these species indoors given by Nøjgaard (2010), show the 

proportional sum to be 32% NO3 and 68% N2O5.  In the SHIAC model this proportion 

varied over the day, with NO3 comprising 4 - 33% of the sum of the compounds, indicating 

a large potential for NO3 chemistry under these conditions. Also by comparison, the 

concentration of indoor NO3 was observed to be 0.6 - 1.4 ppt (Nøjgaard, 2010) with SHIAC 

model output comparable at 0.01 – 1.1 ppt during both seasons. Conversely, during 

periods of peak NO concentration, NO3 and N2O5 concentrations in the SHIAC model were 

very low (0.01 - 0.1 ppt). This scenario was considered by Nøjgaard (2010) but only low 

NO scenarios were investigated. Comparison of NO3 and N2O5 was not made by Carslaw 

(2007) in the UK model, and only a base-line maximum of 0.03 ppt was reported for NO3, 

despite the low (0.7 ppb) NO conditions. Other modelling studies, including Nazaroff and 

Cass (1986), give high NO3 concentrations (4.2 ppt) under relatively high NO conditions 

(27.2 ppb) and although the NO3 concentration was lower (2.9 ppt) when NO 

concentrations were increased (38.1 ppb) the effect was not as pronounced as observed in 

the SHIAC base-case models. This may be due to an increased influence of photolysis and 

the highly explicit reaction mechanism used in the SHIAC models compared to previous 

studies.  
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Figure 5.2.2: Comparison of the NO (primary axis) and NO3 (secondary axis) profiles (molecules cm-3) in 

winter (top) and summer (bottom) base-case SHIAC models (over 24 hours). 
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By comparison between seasons (Figure 5.2.3), there was proportionally more nitrogen 

stored as N2O5 in winter than summer. Conversely, the period for which there was peak 

concentration of these species was significantly longer in summer. This means that though 

there was a short term period of increased potential for NO3 initiated chemistry 

throughout the evening in winter (16:00 - 20:00), during summer it was likely that NO3 

was the dominant radical for the entire non-photolysis period of the day. 

 

 
Figure 5.2.3 Comparison of the N2O5 and NO3 profiles (molecules cm-3) in winter (top) and summer 

(bottom) base-case SHIAC models (over 24 hours). 
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The NO3 profile in the winter model was influenced by the degree to which ambient NO 

was attenuated in the model. At higher levels (above 0.2*NO attenuation) free NO existed 

in large excess during the evening and morning, inhibiting NO3 concentrations during the 

peak period, beginning in the late afternoon and continuing into the evening. This was 

particularly evident by the flat red line in Figure 5.2.4 for the unattenuated, full NO 

scenario. A scenario with an attenuation of 0.1*NO was attempted; however this model 

could not be run to completion. This appeared to be a turning point between when NO was 

limiting the ozone concentration indoors and a change in chemical reactivity and 

dominating reactions. Concentrations of NO3 dropped significantly from the 0.08*NO 

models to 0.2*NO, which suggests a NO/O3 chemistry turning point around the 0.1*NO 

attenuated concentrations. 

 

 
Figure 5.2.4: Comparison of the NO3 profile (ppb) for winter SHIAC models with varying ambient NO 

attenuation (over 24 hours). 

 

 The formation of secondary PAN-type species was also influenced by the NO attenuation. 

The PANTOT profile decreased as ambient NO attenuation increased and a delay (4 hours) 

was observed in the peak after the 0.08*NO scenario. The unattenuated full outdoor 

ambient profile (red line) showed the near zero concentrations of PANs when NO 

concentrations were large in ambient air. The effective rates of loss of PANs were 

influenced by the NO/NO2 ratio and Figure 5.2.5 shows a much larger change in the 

0.3*NO scenario than for the <0.2*NO scenarios. The short-lived peak of PAN production 

was bracketed by a large dip in the NO: NO2 ratio. This interplay of reactant concentrations 
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and contributing reactions exemplifies the complex chemistry that influenced the 

production of secondary species (Figures 5.2.5-6).  

 
 

Figure 5.2.5: Comparison of the PANTOT profile (ppb) for winter SHIAC models with varying ambient NO 

attenuation. 

 
 

Figure 5.2.6: Comparison of the NO: NO2 ratio for winter SHIAC models with varying ambient NO 

attenuation (over 24 hours). 

 
 From this examination of the nitrate species in the SHIAC model we may conclude that 
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The inclusion of observations of high ambient NO in the base-case winter SHIAC model has 

significant influence on the dominance that NO3 has on indoor chemistry and has been 

shown to be very different to the summer scenario. Furthermore, the influence of the 

attenuation of NO indoors (which was determined by location and air exchange rates) was 

large and when it is very high it effectively halts the production of nitrated species 

indoors. 

5.3 Terpene/Alkene Ozonolysis Reactions 

 
Terpene and alkene reactions with ozone have received significant interest in the indoor 

air chemistry literature. Recently, the focus has been placed on the terpene - ozone 

interactions, in part because of the ubiquitous nature of terpene species, such as limonene 

and pinene, in the indoor environment. In the Perth IAQ study, terpenes were important 

species, accounting for up to 30% of the observed TVOC.  Yet, one of the highest species 

observed was the 2-butene isomers.  Coupled with the high levels of indoor ozone that 

were observed, it was likely that these ozonolysis reactions were of considerable 

importance to indoor air chemistry in Perth homes. These reactions were therefore of 

interest to investigate in the SHIAC models. 

After the first day, output from SHIAC modelling scenarios gave limonene concentrations 

of zero (Section 5.1). This was in contrast to the models presented by Carslaw (2007) and 

Carslaw et al. (2012) which showed limonene at ~3 ppb. The reactivity of limonene in the 

SHIAC model was evidenced by the cleaning event scenario.  

 
 

Figure 5.2.7:  Comparison of the PANTOT profile (ppb) under differing indoor emission rates in the 

summer SHIAC mode (over 24 hours). 
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There are significant short-term increases in TVOC, NO3TOT and PANTOT at the time of 

the cleaning event. This short term increase in secondary product formation was 

significant because it represented a common household activity resulting in a peak of 

secondary products, much larger than the base-case model. Though it was not sustained, 

the short-term peak for the cleaning event was 1.5 times as large as for the 10x emission 

model (Figure 5.2.7). 

TVOC concentrations in the base case model were low, with little variation over the day. 

The profile for the cleaning event model followed this trend with the exception of a 3 hour 

window (11:00 - 14:00) when concentrations spiked to 50 ppb before returning to levels 

similar to the base-case. The short time frame of this event suggests that a high degree of 

reactivity and loss through air exchange were sufficient to compensate for the event. By 

comparison, for the cleaning event in winter the TVOC concentration changed little 

throughout the day with no significant peaks. 

It was unclear from the model output which reaction pathways were taken to produce 

these peak TVOC concentrations as a result of high terpene events. Though comparison of 

reaction rates indicate that the terpene - O3 reaction was rapid (Nazaroff and Weschler, 

2004), the complex system being examined, including the high photolysis factors in the 

base-case model, needs to be taken into account. Evaluation of the influence of the 

alkene/terpene - O3 reactions in the SHIAC model could not be performed without 

examining the dominant routes of production.  This analysis was performed using newly 

developed modelling tools and is described in detail in Section 5.4. 

5.4   Analysis of Reaction Routes 

 

In order to gain an understanding of dominant sources and sinks for any given species or 

intermediate within a complex chemical kinetic system, it is important to be able to trace 

pathways, branching, and yields and to de-convolute what was driving the chemical 

product suite at any given time along a simulation. A rate of production analysis (ROPA) 

enabled the determination of what reactions were dominating the overall production of 

any defined target species in the modeling system at different times of the day. 

Investigation of the routes of production for a selection of secondary products were 

carried out using a suite of ROPA tools, constructed in python script and made available by 

the MCM Development Group at Leeds University, UK, that enables complex ROPA analysis 

to be conducted (mcm.leeds.ac.uk/MCM/tools.htt). 

The ROPA tool identifies the reactions that contribute to the formation and loss of the 

target compound, thus one can assess how this changes over time and the important 

species that influence this change. The EXTRACTION tool can be used for deeper analysis. 
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The EXTRACTION tool performs a series of ROPA analyses from the starting target 

compound back to the original primary species in the model. The output files from the 

EXTRACTION can then be formatted by the graphviz program (open source graph 

visualisation software, http://www.graphviz.org/) to generate logical flow diagrams 

giving information about the reactions, rates and the contributing factor of each pathway 

for the formation of the target species.  

To use these tools, the SHIAC model was adapted to include sequential G number tags for 

each reaction in the MCM (~ 16,900 reactions) and then output was formatted to write 

tables, each containing 1000 G value reports. These output files gave the instantaneous 

rate for each reaction at one hour time steps over 96 hours of the simulation and were 

used as input for the ROPA and EXTRACTION routine calculations.   

 The number of reactions and influencing target compounds can be very large for the 

entire MCM, for example CH3CHO has 145 potential precursors and HCHO 349 (these can 

be readily viewed by searching the MCM website; mcm.leeds.ac.uk/MCM/roots.htt). For 

this reason it was prudent to restrict this search tool to the more important (significant) 

routes. This was done by adding filters in the tool operation commands lines, i.e. if the 

filter is set at 0.2 any reaction that contributes less than 20% of the production of the 

species in question is not considered and only the main routes are presented in the results. 

This was of great use for compounds such as HCHO, which have many production and loss 

pathways. 

Using these tools, ROPA and EXTRACTION analyses were carried out to determine the 

dominant precursor parent species and reaction pathways for given target compounds. 

Reaction routes contributing less than 10% (i.e. 0.1 fraction) were ignored to allow focus 

on the dominant pathways. In the reaction pathway flow diagrams given (Figures 5.4.1 to 

5.4.14), radical species are shown with a dotted border and VOC species with a solid 

border. All species names in the flow diagrams are as defined in the MCM code. The related 

chemical structures can be viewed using the search function on the web site 

(http://mcm.leeds.ac.uk/MCM/search.htt). Frac: represents the fraction through that 

reaction pathway, and Rate is the flux through that pathway in s-1. The reaction schemes 

(2) to (18) are adapted from the MCM website and may represent multiple reaction steps 

(http://mcm.leeds.ac.uk/MCM/roots.htt). They are provided to link the chemical species 

to the associated MCM species code names.  

  Applying this technique to formaldehyde and acetaldehyde for the base-case SHIAC 

models showed that the major source of this species as a result of reactive chemistry in 

this environment were rapid reactions of cis and trans 2-butene reactions with O3 and OH.  
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Figure 5.4.1 Primary route of production for acetaldehyde in the SHIAC base

(winter: red, summer: black). 

 
 

 

 
Figure 5.4.2 Primary route of production for acetaldehyde in the SHIAC base

(winter: red, summer: black). 

 

In the summer base-case model, the production of acetaldehyde during the nighttime 

primarily (84%) through the reaction of 

Reaction 2). This was an important route for t

By comparison, radical formation through reaction of the butene isomers with OH

accounted for nearly 100% of acetaldehyde production

5.4.2, Reactions 3-5) in a rapid reaction 2

winter time reaction pathways.  
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Primary route of production for acetaldehyde in the SHIAC base-case models at midnight

 

Primary route of production for acetaldehyde in the SHIAC base-case models at midday 

case model, the production of acetaldehyde during the nighttime 

primarily (84%) through the reaction of cis/trans 2-butene with ozone (Figure 5.4.1

This was an important route for the daytime winter model (combined: 46%).

comparison, radical formation through reaction of the butene isomers with OH

100% of acetaldehyde production at midday during summer (Figure 

in a rapid reaction 2 - 3 orders of magnitude faster than the night and 
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at midnight 

 

 

case model, the production of acetaldehyde during the nighttime was 

igure 5.4.1, 

46%). 

comparison, radical formation through reaction of the butene isomers with OH 

Figure 

magnitude faster than the night and 
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CH3CH=CHCH3     +     O3 

 
                CBUT2ENE 

 
 

via ozonide 

 
CH3CHO  +  CH3CHOOB 

  
            (Criegee biradical) 

(2) 

CH3CH=CHCH +  OH 
 

O2 

BUT2OLO2 

(3) 

 

  
RO2 or NO 

     +  RO + 
O2  

BUT2OLAO       ( or + NO2) 
 

(4) 

 

decomposition 

O2 2 CH3CHO   +   HO2       (5) 

        

 

CH3CHOOB 

 

decomposition 
CH3O2 + CO +OH    (6) 

CH3O2  +   NO3  CH3O  +  NO2   +  O2 (7) 

CH3O2  +    NO  CH3O   +   NO2    (8) 

CH3O  O2 HCHO + HO2 (9) 

CH3CHO 
hv  O2 

CH3O2 +HO2 + CO (10) 

 
MCM terminology is used in equations  
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Figure 5.4.3: Primary route of production for formaldehyde in the SHIAC base

(winter: red, summer: black). 

 
 
The butene isomers were also accountable for the production of

During the day the rapid alkene/O3

CH3CHO production (Figure 5.4.2), account

5.4.4, Reactions 2, 6-9). This daytime reaction path was not observed in the winter model 

for the production of HCHO. The rates of reaction for the formation of HCHO were rapid in 

both seasons, winter rates were an order of magni
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Primary route of production for formaldehyde in the SHIAC base-case models at midnight 

also accountable for the production of HCHO (Figures 5.4.3

3 reactions (Reactions 2, 10 above), also shown for 

accounted for 30% of the formation of HCHO (Figure 

This daytime reaction path was not observed in the winter model 

for the production of HCHO. The rates of reaction for the formation of HCHO were rapid in 

both seasons, winter rates were an order of magnitude lower than summer.  
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(Figures 5.4.3-4).  

also shown for 

Figure 

This daytime reaction path was not observed in the winter model 

for the production of HCHO. The rates of reaction for the formation of HCHO were rapid in 



 

 

 

 

 Figure 5.4.4 Primary route of production for formaldehyde in the SHIAC base

(winter: red, summer: black).

 

The route for HCHO formation presented here indicates that ~90% of HCHO production in 

the SHIAC model was accounted for by the 

butene isomers were in relatively high concentrations compared to other VOCs in the 

SHIAC model; consequently they 

the chains of reactions gi

other reactions were not fractionally significant and 

 

For this reason, as a comparison a model scenario was run where the 

butene concentrations were set to zero 

remained relatively stable, with slight losses during the peak photolysis period of the day 

(as described in Section

middle of day that coincided with the peak O

Overnight, concentrations of HCHO 

ozonolysis reactions shown to be occurring during this period 
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Primary route of production for formaldehyde in the SHIAC base-case model

(winter: red, summer: black). 

The route for HCHO formation presented here indicates that ~90% of HCHO production in 

he SHIAC model was accounted for by the 2-butene isomers, in both seasons. 

in relatively high concentrations compared to other VOCs in the 

SHIAC model; consequently they were dominating the ROPA.  It was therefore logical that 

iven by the EXTRACTION tool gives were not complicated because 

not fractionally significant and were therefore scaled out by the tool.

For this reason, as a comparison a model scenario was run where the 

tene concentrations were set to zero This model gave HCHO concentrations

remained relatively stable, with slight losses during the peak photolysis period of the day 

Section 5.1). The base-case model however, showed a peak during the 

middle of day that coincided with the peak O3/OH concentrations

Overnight, concentrations of HCHO remained higher because of the cis/

ozonolysis reactions shown to be occurring during this period (Figure 5.4.3)
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case models at midday 

The route for HCHO formation presented here indicates that ~90% of HCHO production in 

butene isomers, in both seasons. The 2-

in relatively high concentrations compared to other VOCs in the 

therefore logical that 

not complicated because 

therefore scaled out by the tool. 

For this reason, as a comparison a model scenario was run where the cis and trans 2-

HCHO concentrations which 

remained relatively stable, with slight losses during the peak photolysis period of the day 

case model however, showed a peak during the 

/OH concentrations (Figure 5.4.5). 

cis/trans 2-butene 

Figure 5.4.3). 
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Figure 5.4.5 Comparison of HCHO production (ppb) in the base

butene emission scenario 

 
As a comparison, the ROPA and EXTRAC

for HCHO formation in a zero 2-butene

important route for HCHO formation diurnally 

CH3CHO route that was important for daytime summer HCHO formation was the most 

significant, accounting for 42% of HCHO formation at

rapid reaction of 2-methoxy-ethanol (MO2EOL) with OH contributed 12% of HCHO 

production at midday.  

 
Figure 5.4.6 Primary route of production for formaldehyde in the SHIAC 
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Comparison of HCHO production (ppb) in the base-case SHIAC model and a zero cis/trans 2

the ROPA and EXTRACTION analysis of the rates and routes of reaction 

butene emission scenario indicated that styrene was an 

important route for HCHO formation diurnally (Figure 5.4.6 and Figure 5.4.7).

CHO route that was important for daytime summer HCHO formation was the most 

significant, accounting for 42% of HCHO formation at midday. An alternate route from the 

ethanol (MO2EOL) with OH contributed 12% of HCHO 

 

Primary route of production for formaldehyde in the SHIAC no 2-butene model at midnight 

8:00 12:00 16:00 20:00 0:00

No butene

Base-case

Time of Day 
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of the rates and routes of reaction 

indicated that styrene was an 

). The 

CHO route that was important for daytime summer HCHO formation was the most 

midday. An alternate route from the 

ethanol (MO2EOL) with OH contributed 12% of HCHO 

at midnight  

0:00



 

Figure 5.4.7 Primary route of production for formaldehyde in the SHIAC 

 

It is of interest to note that the major contributors of HCHO and CH

SHIAC model were reactions of 

OH. These were all most likely emitted from a combination of household furniture and 

traffic sources (Chapter 3) and represent a different scenario to the O

that have sometimes been a

comparable levels to the alkenes and aromatics in the SHIAC models.

reactions were significant in aldehyde formation in the SHIAC model

favoured in the lower light scenarios of winter and was not the majo

There are over 5000 uniquely identified species (primary compounds, secondary and later 

generation products and radicals) in the 

analysis can be performed

these species makes any interpretation speculative. 

carbonyl compounds, ROPA was conducted for only a few other species known from 

ambient studies to be significant pollutants (PAN) and 

et al., 2007; Altieri et al., 2008; Fu 
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Primary route of production for formaldehyde in the SHIAC no 2-butene model

It is of interest to note that the major contributors of HCHO and CH3CHO production in the 

SHIAC model were reactions of cis/trans 2-butene, styrene and 2-methoxy etha

OH. These were all most likely emitted from a combination of household furniture and 

3) and represent a different scenario to the O3/ terpene reactions 

that have sometimes been attributed to aldehyde formation, despite these species being in 

comparable levels to the alkenes and aromatics in the SHIAC models. Though alkene/O

reactions were significant in aldehyde formation in the SHIAC model

favoured in the lower light scenarios of winter and was not the major reaction pathway.

There are over 5000 uniquely identified species (primary compounds, secondary and later 

products and radicals) in the SHIAC model as variables, for which ROPA 

analysis can be performed. However, the paucity of observational indoor data 

these species makes any interpretation speculative. For this reason, beyond the key indoor 

carbonyl compounds, ROPA was conducted for only a few other species known from 

ambient studies to be significant pollutants (PAN) and an SOA precursor (glyoxal) (

, 2008; Fu et al., 2009). 
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se species being in 
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recursor (glyoxal) (Carlton 
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Figure 5.4.8: Primary route of production for PAN in the SHIAC base

summer: black). 

 

 
In the base-case models the primary produc

decomposition (Figures 5.4.8, 5.4.10)

during the day in summer (Figure 5.4.10

it was predominantly through photolysis (R

11). This route was also dominant at night

magnitude lower than during the day. This was most likely because PAN production at 

night was through the slower and singular

OH concentrations were minimal during the

 

                                              CH3CHO   +   OH

                                            CH3CHO   +   NO

CH3CO3 + NO

 

During winter, the production of PAN was more complicated. Though the primary route 

during the nighttime was the same as for the summer it only accounted for 18% o

production (Figure 5.4.8). As described earlier, the 0.1 route cut off excludes the minor 

production routes. However, during winter this presents as an oversimplification, as 82% 

of PAN production at midnight is unaccounted for.  Re

PAN production with the route limit set to 0.05 (i.e. 5%) revealed many more contributing 

pathways (Figure 5.4.9) with parent precur

benzene, toluene and ethyl-toluene 

leading to a cumulative concentration make it difficult to mitigate secondary product 

formation if concentrations of these species were elevated in the indoor environment. 

also demonstrates the complexity of whole system reactive ch

given in Appendix D.                                   
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Primary route of production for PAN in the SHIAC base-case models at midnight (winter: red, 

the primary production for PAN was through the acetaldehyde 

(Figures 5.4.8, 5.4.10). This was the dominant route of PAN production 

Figure 5.4.10, Reactions 10-13) and ROPA tests indicated that 

through photolysis (Reaction 10) and reaction with OH (Reaction 

also dominant at night, though the rate of reaction was 3 orders of 

magnitude lower than during the day. This was most likely because PAN production at 

night was through the slower and singular route with NO3, as solar radiation was zero and 

OH concentrations were minimal during the nighttime period (Figure 5.4.8, Reaction 12).

CHO   +   OH O2 CH3CO3   +    H2O (11)

CHO   +   NO3 O2 CH3CO3    +    HNO3 (12)

+ NO2     PAN (13)

During winter, the production of PAN was more complicated. Though the primary route 

during the nighttime was the same as for the summer it only accounted for 18% of PAN 

production (Figure 5.4.8). As described earlier, the 0.1 route cut off excludes the minor 

production routes. However, during winter this presents as an oversimplification, as 82% 

of PAN production at midnight is unaccounted for.  Re-analysis of the nighttime winter 

PAN production with the route limit set to 0.05 (i.e. 5%) revealed many more contributing 

with parent precursors including limonene, 1,3,5-trimethyl

 isomers. This was significant as multiple pathways 

leading to a cumulative concentration make it difficult to mitigate secondary product 

formation if concentrations of these species were elevated in the indoor environment. 

also demonstrates the complexity of whole system reactive chemistry.   Full image also 

                                   .                                                      
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and ROPA tests indicated that 

eaction 10) and reaction with OH (Reaction 

, though the rate of reaction was 3 orders of 

magnitude lower than during the day. This was most likely because PAN production at 

as solar radiation was zero and 

nighttime period (Figure 5.4.8, Reaction 12). 

(11) 

(12) 

(13) 

During winter, the production of PAN was more complicated. Though the primary route 

f PAN 

production (Figure 5.4.8). As described earlier, the 0.1 route cut off excludes the minor 

production routes. However, during winter this presents as an oversimplification, as 82% 

ghttime winter 

PAN production with the route limit set to 0.05 (i.e. 5%) revealed many more contributing 

trimethyl-

multiple pathways 

leading to a cumulative concentration make it difficult to mitigate secondary product 

formation if concentrations of these species were elevated in the indoor environment. This 

image also 

                                                      .              



 

 

 
 Figure 5.4.9 ROPA analysis of PAN with a 5% route cut off limit for the summer base

Chapter 5: Scenario and Sensitivity Testing of the SHIAC Model

ROPA analysis of PAN with a 5% route cut off limit for the summer base-case SHIAC model at midnight 
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 Figure 5.4.10 Primary route of production for PAN in the SHIAC base

black, summer: purple). 

 
The formation of glyoxal 

secondary reactions via the NO

were different for the summer day and nighttime chemistry the 

the same. In winter the 

formation diurnally (Figure 5.4.11). Glyoxal is a reactive species that is known to 

contribute to secondary product formation

factors have both indoor and ambient sources and were observed to be highest in 

renovated homes (Chapter

in recently renovated homes can contribute considerably to secondary product formation.
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Primary route of production for PAN in the SHIAC base-case models at midday

of glyoxal occurs through OH initiated reactions with aromatic species 

s via the NO3 radical (e.g. Reactions 14-18). Though the parent species 

were different for the summer day and nighttime chemistry the base-line

the same. In winter the p-ethyl toluene/ OH reaction contributes to over 80% of glyoxal 

diurnally (Figure 5.4.11). Glyoxal is a reactive species that is known to 

to secondary product formation: in the SHIAC model the major contributing 

factors have both indoor and ambient sources and were observed to be highest in 

Chapter 3). This indicates that the higher levels of aromatic compounds 

in recently renovated homes can contribute considerably to secondary product formation.
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through OH initiated reactions with aromatic species and 

18). Though the parent species 

line chemistry was 

OH reaction contributes to over 80% of glyoxal 

diurnally (Figure 5.4.11). Glyoxal is a reactive species that is known to 

in the SHIAC model the major contributing 

factors have both indoor and ambient sources and were observed to be highest in 

3). This indicates that the higher levels of aromatic compounds 

in recently renovated homes can contribute considerably to secondary product formation. 
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Figure 5.4.11 Primary route of production for 

red, summer: black). 
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Primary route of production for glyoxal in the SHIAC base-case models at midnight (winter: 

 

OETOH  + HO2 

  O2 

NOETOLO2 

 
   +    NO2/O2 

NOETOLO 

 

RO2      +   RO  +   O2 

NOETOLO 

 
 +    + NO2 

C7CDCCO2H                    GLYOX 
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(14) 

(15) 

(16) 

(17) 

(18) 



 The higher concentration aromatic compounds, toluene and ethyl

glyoxal formation. The rate of production was 3 orders of magnitude greater in the 

daytime. The midday routes are OH dominated while the

5.4.11) include a pathway via NO

in winter reduces the importance of this

 

 

 Figure 5.4.12 Primary route of production for 

red, summer: black). 

 
The production of organic nitrates 

nitrate species in the model) 

secondary compounds in the

identify some differences in

nitrate group.  These were chosen for the

nitrated species from their

compounds, and biogenic VOC

and Saunders et al. 2003)

SHIAC base-case model. 

the total organic nitrate species being produced in the SHIAC model. Their reaction flow 

diagrams are given in Figure 5.4.13 and Figure 5.4.14

same formation path: an

abstraction of hydrogen)
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The higher concentration aromatic compounds, toluene and ethyl-toluene dominated the 

glyoxal formation. The rate of production was 3 orders of magnitude greater in the 

daytime. The midday routes are OH dominated while the summer midnight routes (Figure 

5.4.11) include a pathway via NO3 (Reaction 15). The low overnight concentrations of NO

reduces the importance of this route in these months. 

Primary route of production for glyoxal in the SHIAC base-case models at mid

production of organic nitrates (as NO3TOT; a summation of over 460 individual 

nitrate species in the model) has been shown to be one of the most significant groups of 

in the SHIAC model (Section 5.1). As a result it was of interest to 

some differences in the flux rates for a few select representatives of the organic 

.  These were chosen for the high proportionality of production of the 

rom their parent VOCs, which includes >C5 alkanes, >C7 aromatic 

and biogenic VOCs, as defined in the MCM protocol (Jenkin et al

. 2003); these compounds were also identified as relatively abundant 

 These species therefore likely represent a significant fraction of 

the total organic nitrate species being produced in the SHIAC model. Their reaction flow 

Figure 5.4.13 and Figure 5.4.14, and in the daytime they had

n initiation reaction with OH (addition across a double b

abstraction of hydrogen) followed by addition of O2 to form a peroxy radical (RO
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toluene dominated the 

glyoxal formation. The rate of production was 3 orders of magnitude greater in the 

summer midnight routes (Figure 

(Reaction 15). The low overnight concentrations of NO3 

 

at midday (winter: 

(as NO3TOT; a summation of over 460 individual 

has been shown to be one of the most significant groups of 

5.1). As a result it was of interest to 

ives of the organic 

high proportionality of production of the 

which includes >C5 alkanes, >C7 aromatic 

et al., 1997, 2003 

were also identified as relatively abundant in 

e species therefore likely represent a significant fraction of 

the total organic nitrate species being produced in the SHIAC model. Their reaction flow 

, and in the daytime they had the 

initiation reaction with OH (addition across a double bond or 

to form a peroxy radical (RO2).  
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RO2 has a number of fates, and for this group of VOC the addition of NO to form the organic 

nitrate ranged from ~10 - 40% of the overall NO reaction (Jenkin et al, 1997, 2003 and 

Saunders et al. 2003). These are represented generically by reactions 19 and 20; 

 

VOC  + OH O2 RO2  (+ H2O for alkanes) (19) 

                                               RO2  + NO    R-NO3 (20) 

 

The difference in the rate of formation of these species during the nighttime compared to 

the daytime was 2 - 3 orders of magnitude lower (Figure 5.4.13 and 5.4.14). This was a 

reflection of lower concentrations of OH, the initiating radical for the majority of these 

organic nitrate species formation reactions. As with the other secondary products 

reported here, the comparative rate for the formation of these species in winter was lower 

by 1 - 2 orders of magnitude than in summer. For consistency, the same time-frames were 

compared, though examination of reactant species profiles (i.e. OH, NO) show a different 

diurnal pattern compared to summer. The peak production time of these secondary 

species in winter was observed to be 16:00 - 20:00 rather than at 12:00 in summer.  The 

limonene-derived nitrate formation was investigated, and was not shown to be produced 

in the SHIAC models, indicating that the rate of alternate reactions supersedes the 

formation of an organic nitrate species. A comparison of formation rates between species 

shows that the aromatic species readily react during the day, an order of magnitude faster 

than the alkanes. The terpene (pinene) rates were the slowest and suggest that as with 

limonene, alternate reaction pathways are likely more dominant (Figure 5.4.13 and Figure 

5.4.14). 



 

 

Figure 5.4.13:  Comparison of the formation of organic nitrate species in the base
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Figure 5.4.14: Formation of organic nitrate compound from the pinene parent species in the SHIAC base

case models (winter: red, summer: black) at midnight (top) and midday (bottom)

 
 
The analysis of the base-case SHIAC models show

alkenes/terpenes and aromatic compounds account

secondary product formation.  Notably, although O

significant in situations of reduced solar radiation (i

pathway for secondary species production. E

potential reactions occurring have been 

reactions examined here have been selected for their impo

so it is reasonable to suggest that, based on these findings,

transmittance indoors (as with the SHIAC base

species for degradation of VOCs, as in am

reduced capacity for OH reactions, though they remained a driving force

the winter base-case where NO3 concentrations were very low.
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Formation of organic nitrate compound from the pinene parent species in the SHIAC base

at midnight (top) and midday (bottom) 

case SHIAC models showed that OH reactions with 

alkenes/terpenes and aromatic compounds accounted for a significant amount of 

otably, although O3 - terpene/alkene reactions were more 

significant in situations of reduced solar radiation (i.e. winter), this was not the dominant 

secondary species production. Even so, only a few of the thousands of 

potential reactions occurring have been explored. Though, as discussed previously

examined here have been selected for their importance in the SHIAC context and 

, based on these findings, in the locations of high solar 

(as with the SHIAC base-case) the OH radical is the most significant 

as in ambient air during the day. At nighttime there was a 

reduced capacity for OH reactions, though they remained a driving force, particularly in 

concentrations were very low. 
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5.5 Conclusion 

 

The SHIAC model developed in this study was designed and tailored for specific location 

and home scenarios in Western Australia.  The observational data used in the models 

discussed here represent the typically low levels of indoor VOCs that have been observed 

in Australia. Key aspects of Australian homes, including the high degree of natural light 

and ventilation have been incorporated in the model and results indicate that this has a 

large impact on the indoor air chemistry, compared to work done in the UK (Carslaw, 

2007) and the US (Weschler and Shields, 1997; Sarwar et al., 2002). The high reactivity of 

VOCs in this setting appeared to reduce the overall TVOC concentration, however the 

production of secondary products such as organic nitrate and PAN type species were 

proportionally higher for the estimated VOC emissions than was predicted for the UK 

(Carslaw, 2007). Overall, the concentrations of these species remained low because parent 

species were low. This means the current, whole picture review for the Perth homes 

included in the SHIAC study is of very low background pollution.  The large seasonal 

differences observed in the Perth IAQ study (Chapter 3) were mirrored in the SHIAC 

winter and summer models and this influenced the major routes of reaction. Though it has 

generally been believed that air exchange is largely accountable for this difference, 

evidence from the modelling study suggests that the altered reactive chemistry between 

the seasons could, in part, be responsible.  During summer, RO2 and NO3 radicals dominate 

nighttime chemistry and these are severely diminished during nighttime in winter due to 

high ambient NO. As a result the production of organic nitrates continued into the night 

during summer but not in winter.  

As discussed in Section 5.4, the role of the OH radical indoors in the SHIAC model was 

important, though other reactant species (O3, NO3) also remained significant,  perhaps 

more so than in ambient air.  From this sensitivity testing it was evident that the reduced 

attenuation of UV-A radiation and the large degree of seasonality of NO are the most 

important observational factors included in the SHIAC model that influence indoor 

reactive chemistry. Though the model has been developed in the context of Australian 

homes it is highly adaptable to any observational data in locations around the world. 

Perhaps most importantly, this modelling study shows that the whole complex indoor air 

system is sensitive to a number of factors that are altered by occupant behaviour and that 

seemingly insignificant changes, such as the reduction of solar radiation indoors through 

windows, can upset the balance to dramatically alter secondary product formation and 

destruction. 
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5.6 Assumptions and Limitations of the SHIAC model 

 

Computational models are only approximate representations of a system, and the SHIAC 

model has been tailored as realistically as possible based on the currently available 

research data.  Nevertheless, a number of assumptions and limitations inherent in the 

model are recognised below. 

 

• Emission grids were set to be continuous throughout the day, averaging the 

emission of some products that were more likely to be sporadically 

introduced, such as terpenes: This can be adjusted as grids in the model are 

set per hour (as for the cleaning event model). 

• Air exchange is uniform for the whole day, whereas there are likely to be 

periods of low (i.e. nighttime) and high air exchange throughout the day. 

Modelling scenarios showed that air exchange had little influence on radical 

formation in the SHIAC model. However the concentration of TVOC and 

secondary products was likely to change with the AER as a result of loss and 

accumulation of stable species. 

•  SHIAC model photolysis does not currently consider the influence of 

overhead artificial light, especially at nighttime. Species that appeared to be 

more influenced by the visible spectrum, e.g. nitrate radical, may be affected 

by this. Future work will need to explore the influence this may have on 

model output. 

• The model currently considers the whole house as a single box with 

emissions, temperatures, air exchanges, influx of solar radiation and so forth, 

as uniform across the house. It would be of interest for the future to 

construct a multi - box model to examine how different microclimates within 

the house might influence indoor chemistry 

• The current model considers species only in the gas-phase. The potential for 

secondary aerosol (SOA) formation from reaction products with lower 

volatility than their parent species has begun to be addressed by Carslaw et 

al. (2012). Further discussion of this point is made in Appendix E.  
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Chapter 6: Summary and Final 

Remarks 

 

This thesis presents a study on the influence that location specific conditions and pollutant 

profiles, both indoors and out, has on the reactive gas-phase chemistry of the suburban 

indoor environment. The current literature falls short in considering whole system 

reactive gas-phase chemistry. In particular, how we might gain an increased 

understanding by combining observational data from assessments of IAQ with 

computational modelling.  The studies presented in this thesis were designed to explore 

typical scenarios that are realistic and common in the indoor environment and apply these 

conditions to a detailed chemical model.  This was done to improve our understanding of 

the major driving forces of reactive gas-phase chemistry, be they photochemical or, as the 

literature has previously suggested, through ozonolysis or nitrate radical reactions, and to 

explore the physical and chemical characteristics of the indoor environment through their 

influence on IAQ. 

To date, there have been very few attempts to model complex indoor chemical reactivity. 

The comprehensive, near-explicit modelling study presented in this thesis addresses this 

deficit with the examination of whole-system indoor air chemistry. A model framework 

developed and reported by Carslaw (2007) was considered a highly applicable starting 

point due to the novel application of the near-explicit Master Chemical Mechanism (MCM) 

in the indoor environment, despite lacking in location specific observational data. Recent 

updates including the complete limonene degradation scheme (not part of the Carslaw, 

2007 study and now included in the latest version of MCMv3.2) were incorporated and 

ensured that reactions known to be important indoors were included in the Southern 

Hemisphere Indoor Air Chemistry (SHIAC) model developed in this study. 

The dearth of location specific observational data to constrain modelling studies was 

acknowledged as a limitation by Carslaw (2007). It was therefore the aim of this project to 

develop a comprehensive indoor chemical model, constructed with an extensive suite of 

observational data. This model was used to demonstrate the benefits of tailored data, 

examine their impacts, and provide a model framework that can be readily adapted to 

other locations when observational data are available. This enabled us to explore the 

research questions outlined in chapter 1. To achieve this aim we have combined new 

sampling methodologies to collect field data from Australian homes and used these data to 
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construct a highly adaptable computational model. Though the model may be tailored to 

any indoor scenario and location, collaborative projects in the Perth (Australia) indoor 

environment meant that applicable and appropriately sourced data could be collected 

within the timeframe of the project. This provided the model with context and allowed us 

to focus on a region which had not been investigated in as much detail in the past. At the 

same time, the standard methodology used to assess indoor VOCs was determined to be 

inadequate for investigating the wide range of low concentration VOCs expected indoors. 

Early work presented in this thesis developed solutions to these shortcomings. The 

modelling study presents a novel investigation of the influence that location and climate 

specific observations have on IAQ. From these investigations we have shown that although 

the concentrations of indoor air pollutants are low, the potential for secondary pollutant 

production is proportionally higher than previous studies have indicated.  Modelling 

scenarios over a range of house characteristics, including window types, air exchange and 

location, were shown to have large effects on the simulated gas-phase chemistry that is 

occurring indoors. 

 

Chapter 2 describes a novel and useful adaptation to the current methodology for the 

sampling and analysis of VOCs in trace quantities. This development resulted in the 

validation and identification of up to 39 VOCs highly relevant to the indoors at 

concentrations as low as 0.05 µg/m3. The compounds included in this expanded VOC suite 

were taken from recent literature, and were identified as important in the modern indoor 

environment (e.g. Weschler, 2009). This VOC suite encompasses many of the terpene and 

alkene species known to be of importance in secondary pollutant formation (e.g. Nazaroff 

and Weschler, 2004).  

 Results from testing the new methodology in a pilot study indicated that the measured 

indoor VOC profile is highly susceptible to modest changes in occupant behaviour and 

activities. This new sampling method gives a high degree of temporal resolution and 

enables occupant activities, such as cooking and cleaning, to be examined for their 

influence on IAQ.  Future indoor air studies would benefit from this resolution to allow for 

a series of short-term measurements over a long time period to examine the typical flux of 

pollutants indoors. 

The Perth IAQ study (Chapter 3) was designed to address the shortcoming of earlier 

studies in Australia. Previous work by Molloy et al. (2012), Brown (2002), Sheppeard et al. 

(2006) and others has given valuable insight into the indoor environment in temperate 

regions of Australia. However, these studies have been limited in some way by the breadth 

of buildings sampled and/or number of VOCs being assessed. For example, though Brown 

(2002) investigated a wide range of compounds, the number of houses in this study was 
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limited (mostly complaint houses) and concurrent outdoor measurements were not taken. 

Conversely, Molloy et al. (2012) addressed these deficits but VOC data were restricted to 

formaldehyde and the BTEX compounds.   The study presented in chapter 3 combined 

three large multi-site indoor air quality assessments and examined the influence of 

sampling methodology and season, and made comparisons to previous studies. 

The low density suburban setting of the Perth indoor environment was found to have very 

low concentrations of both ambient and indoor VOCs (0.06-5 µg/m3 for most species). 

Several factors were assessed for impact on indoor VOCs concentrations, and only 

seasonality was determined to be of significance.  The BTEX compounds were observed in 

the highest frequencies and toluene had one of the highest median concentrations. Alkene 

and terpene compounds were significant; the sum of these species accounted for up to 

30% of the observed VOCs.  cis/trans 2-butene had the highest mean concentration and 

was observed in over 70% of homes.  Importantly, the concentration of these species was 

lower in the longer term passively sampled houses compared to  short-term actively 

sampled houses, perhaps indicative of their high reactivity. 

When compared with studies performed in cities with higher ambient air pollutant, the 

results for Perth homes were typically lower by a factor of 2-3, though they were up to an 

order of magnitude lower again in the summer months. The lower concentrations of all 

VOCs, not just those known to be from ambient sources, was thought to reflect a higher 

rate of air exchange (AER) in Perth homes resulting in limited accumulation of VOCs. 

Indeed, a high proportion of open doors and windows were observed in Perth homes 

during the summer sampling that was not seen during winter sampling.  

 An important observation made in the Perth IAQ study was the seasonality of pollutants 

indoors and in ambient air. Indoors, VOCs were observed to be higher in winter than in 

summer and this was considered indicative of the reduced AER during these months. In 

fact, the degree of seasonality observed in Perth homes was larger than has been reported 

for other Australian cities, and is comparable to northern hemisphere studies (chapter 3). 

Perhaps more significant is the large increase in ambient NO observed at the nearby AQMS 

site during the winter months. The variability of NO concentrations at the inland and 

coastal sites provided important location specific differences to be considered in the 

modelling study. 

The inclusion of the observational data in the SHIAC model allowed examination, not only 

of the Australian indoor environment but also allowed us to explore the central question 

of the thesis regarding how indoor reactive chemistry in general is influenced by variable 

conditions. One of the primary objectives for the project was to investigate 

photochemically initiated reactions compared to other reactions, such as the ozonolysis 

reactions of alkenes and terpenes, in the indoor environment. It is understood that the 
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reactions that are successful indoors will likely involve short-lived radical species and 

reactive compounds with fast reaction rates (Nazaroff and Weschler, 2004). During the 

day this is assumed to be primarily through OH and O3.  Nevertheless, it has also been 

suggested that the potential for lower photolysis rates indoors as a result of the 

diminished influence of solar radiation will inhibit the photolysis of O3 as the primary 

route of production of the OH radical. Instead, it is supposed that O3, which is known to be 

transported indoors as well as having indoor generation sources, reacts with alkenes and 

terpenes and these reactions provide the major source of OH production. The net results 

of these gas-phase reactions are the production of secondary aldehydes, such as 

formaldehyde and acetaldehyde. Investigation of the major routes of production for these 

species (Chapter 5) shows a mixed reaction route for the alkene species; although 

ozonolysis reactions are important during the nighttime, OH and NO3 were also shown to 

be important reaction pathways. 

It is a significant conclusion of this work that under the conditions observed in the Perth 

IAQ study and applied to the SHIAC model, photochemical reactions have a much greater 

influence on indoor chemistry than previously assumed. An important observation made 

during the Perth IAQ study was the high level of sunlight in the major living areas of many 

of the homes sampled, a result of large floor to ceiling windows. Indeed, the use of a lux 

meter in the indoor study showed the transmittance of visible light was up to 80% near 

these windows. This finding was in agreement with the work of Lim and Kim (2010) and 

Kim and Kim (2010) for the transmittance of solar radiation through standard window 

glass. The transmittance of the near UV wavelength through windows has been under-

represented in previous modelling studies. Model output showed that the concentration of 

indoor reactive radical species is very near what has been reported for ambient air. The 

SHIAC models showed that the OH radical reaction pathways are more important for 

secondary product formation than has been reported in the indoor northern hemisphere 

studies. 

Altering the attenuation of solar radiation indoors (Section 5.1) had a significant influence 

on the production of secondary species, including the PANs and organic nitrate 

compounds, and reduced the concentration profiles of primary species. Few secondary 

species have been assessed in observational studies, including the Perth IAQ study, so 

there is little data to draw comparisons from. Results from the SHIAC model indicate that 

the low concentrations of primary VOC observed in Perth, particularly during the summer 

months are, in part, the result of significant photochemical reactions and production of 

secondary species that remain to be measured. 
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Different NO conditions applied in the winter SHIAC model induced significant variability 

to the modelling output (chapter 5), particularly the impact on the NO3 radical profile and 

the subsequent nitrate chemistry.   The high level of NO indoors in the winter models 

prevented the NO3 chemistry during the nighttime, whereas during the day NO3 radical 

concentrations were comparable to OH.  On the other hand, in the summer model the NO3 

radical dominated at nighttime and was an order of magnitude higher than the OH radical 

during the day. The consequence was the continued, albeit diminished, production of 

organic nitrate species throughout the nighttime in the summer model compared to the 

minimal levels of secondary nitrated species overnight in winter. This degree of 

seasonality in the ambient AQMS data, and its influence on indoor reactive chemistry has 

not been discussed in the literature previously and highlights the impact that local 

observational data has on modelling outcomes and the potential for secondary pollutant 

formation. Applying observational data in the SHIAC model and performing sensitivity 

analysis therefore shows a large influence on the output depending on the conditions 

(outlined in the modelling Chapter 5). 

The limitations of the sampling methodology (Chapter 2), observational data (Chapter 3) 

and modelling studies (Chapter 4 and 5) have been acknowledged in their respective 

chapters. Nevertheless, there are two key areas that should be addressed for the study as a 

whole.  First, the dearth of data for indoor reactive species, including OH and NO3 as well 

as reaction products (including the PANs and organic nitrate compounds) limits the extent 

to which the model can be verified. Though comparison may be made with the little data 

that is available, the implied sensitivity of the model to situational data necessitates 

concurrent measuring of these species and this would be of significant value for future 

indoor modelling studies. Second, the model considers only reactions occurring in the gas-

phase. Yet it is understood that there is potential for secondary organic aerosol formation 

as a result of the reduced volatility of secondary intermediate products from terpene and 

alkene ozonolysis reactions.  A recent study by Carslaw et al. (2012) acknowledged this 

potential for heterogeneous chemistry indoors and an extended discussion of this paper in 

the context of the SHIAC model is given in appendix E. 

Overall, this thesis has presented a systematic study of indoor air quality in the context of 

the temperate climate of Australia.  A novel methodology was specifically developed to 

ensure that a large amount of information could be gathered from a comprehensive field 

study of indoor air quality in the suburban environment. Concentrations of primary VOCs 

in this environment were found to be generally low, though at times were elevated above 

what previous Australian studies have reported. The observational data, as outlined here, 

were used directly to constrain and explore a highly tailored modelling study of whole-

system reactive indoor air chemistry.   The influence of this observational data is evident 
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in the seasonality, photolysis and VOC concentration impacts on modeling output.  The 

development of the SHIAC model has shown that tailored and specific data is of high 

importance for understanding the gas-phase chemistry indoors and has significant 

influence on IAQ. For example, under the conditions observed to be typical for summer 

time in Perth, there was a high degree of photochemistry occurring indoors and this 

dominated the formation of secondary species. At nighttime, the NO3 radical was of 

significance for the production of nitrated species, which continued during the day. The 

role of ozone in the indoor chemistry was important, though it did not dominate during 

the day, as has previously been shown in indoor environments of much lower light 

(Carslaw, 2007).  The attenuation of solar radiation through glass, therefore, had a large 

influence on the SHIAC model outcomes. The novel inclusion of a reduced attenuation of 

UV-A radiation, based on the findings of recent studies, had a significant impact on the 

predicted indoor radical production and lifetimes.  

Finally, the flexibility of the model to be adapted to other indoor environments, defined by 

data from observational studies, means that is it a valuable tool for understanding how 

IAQ is influenced in different indoor spaces. It is intended that the outcomes and findings 

from the SHIAC model project can be used to extend the current understanding of reactive 

indoor chemistry and, as a practical application, in the provision of information for local 

government, to assist in the planning of more effective building controls to optimise 

indoor air quality in the region. 
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Appendix A: Volunteer recruitment and communication for the Perth IAQ 

Study 

The recruitment of volunteer households was undertaken with human ethics approval from 

the University of Western Australia reference: RA/4/1/2494. 

 
A.1 Recruitment of households for the Perth IAQ study 

 
To satisfy the requirements of the modelling study a representation of IAQ in a range of 

homes including those with recent renovations and those near main roads was needed. 

The number of homes recruited was chosen to encapsulate a wide range of indoor 

residential scenarios rather than be statistically significant of the population.  

 

Homes were recruited using a number of methods to ensure a mixture of house types and 

situations were assessed. Initially, potential participants were contacted from a cohort of 

volunteers from previous studies undertaken in the School of Population Health at the 

University of Western Australia. Approximately 80 homes were sent a letter requesting 

their involvement and outlining the requirements of the study (Section A.3). Following 

this, households were contacted via telephone to discuss their potential involvement and 

to arrange a time for the sampling to take place. To ensure a ‘top of mind’ response when 

volunteers were telephoned, recruitment letters were divided into groups of 

approximately 15 homes in a similar area and mailed every fortnight, with telephone 

follow up conducted early the next week. The time between first contact and sampling was 

therefore typically less than 1 month. This method proved to be effective, with a number 

of participants offering to ask friends and relatives outside of the cohort to participate. To 

ensure human ethics guidelines were met we asked that these recruitment volunteers 

gave permission for the study and forward their details at which time a written and 

telephone communication channel was established.  

The initial recruitment method was successful for typical homes, with few meeting the 

requirements for recent renovations or being close to main roads. Therefore a more 

targeted approach was employed.  An email, similar to original letter, was distributed 

within our research department as well as to contacts of the scientists involved in the 

study (Section A.4). Because the study was focusing on the air quality of homes, rather 

than the human occupants this was not considered to be a significant source of bias. This 

approach successfully increased the number of these house types in the study. The 

consequence for this less efficient form of recruitment was, however, time and the winter 

sampling season ended before the targeted number of households could be sampled (36 

homes). 
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At the conclusion of the winter sampling campaign participants were given information 

about the second, summer season of testing to take place and asked if they could be 

contacted again.  

  In the summer season, 5 months later, past participants were contacted in advance to 

give warning of the recommencement of sampling and to book a visiting time. Additional 

households were also recruited from a network of friends and colleagues. Human ethics 

permission was extended to allow letters to be placed in the letterboxes of targeted 

houses, such as those nearby busy roads or where construction/renovation was evidently 

taking place (Section A.4).  These combined recruitment techniques increased the number 

of homes assessed in the summer season of the sampling campaign, with 50 homes visited 

compared to the 36 in the winter. 

 

Presented here are the documents used to communicate with the volunteer households in 

the Perth IAQ study. It is University policy that all correspondence is addressed from the 

senior investigator, Dr Sam Saunders, however I wrote, compiled and administered all 

communication throughout the project. 

Included here are: 

A.2. House hold and activities questionnaire: Given to participants at the time of 

sampling to complete. 

A.3 and A.4. Recruitment letters: #1 or the initial cohort, #2 for broader recruitment, 

both included supplementary information. 

A.5. Results letter: sent to households at the conclusion of the study to provide 

feedback on our findings in the context of the whole study. 
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A.2. Household and Activities Questionnaire 

 
 

Housing Questionnaire 

 
 

A. Housing Characteristics 
 

A1. Approximately how old is this house?    _______ 

(This is referring to when the building was first constructed, not when it was remodelled, 
added to, or converted). 

 

A2. Which best describes this house?  
 

1. Separate house 
2. Semi-detached / row or terrace house 

/ townhouse 

3. A flat / unit / apartment  
4. Other, please specify: 

_______________________________. 
 

A3. How many storeys (floors) are in this building?                __________ 

(Count an attic or basement as a story if it has any finished rooms for living purposes.) 
 
A4. What is the main building material of the outer walls? 

 1. Brick     
 2. Timber/asbestos/fibro    
 3. Stone      
 4. Other,       
 

 
A5. What kinds of floor coverings do you have in your home?  (Mark all that apply.)  

      Living room Kitchen Bedroom Sitting 
room/general living 

Carpet    [  ]  [  ]  [  ]  [  ] 
 Timber    [  ]  [  ]  [  ]  [  ] 
 Linoleum    [  ]  [  ]  [  ]  [  ] 
 Concrete/slate/stone/tiles  [  ]  [  ]  [  ]  [  ] 
 Hard floor with rugs   [  ]  [  ]  [  ]  [  ] 
 
 
 

B. Smoking 

B1. (a) Do any members of this household smoke?   1. Yes � Continue below    2. No� Skip 
to question C1  

 

      (b) How many people smoke?  ___________ 
 

      (c) How frequently do they smoke at home?  
 

1. Daily                      2. Few times/week                     3. Few times/month               4. Rarely 
 

      (d) Do smokers smoke inside or outside the home? 
 

1. Always inside         2. Inside and outside                 3. Always outside 
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C. Cooking 

C1.Cooking 

 
(b) What are the types of systems you use for cooking inside your house? (Circle all that 

apply)    
 

1. Gas stove 
2. Gas oven 
3. Electric stove  
4. Electric oven 

5. None� Skip to question E1 
6. Other, please specify 

__________________. 

 
(b) Is your cooking stove or range vented or unvented?  

Vented cookers have flue, chimney or extractor fan connected. Unvented cookers do 
not.  
 

1. Vented 2. Unvented
            
 

D. Heating 

D1. Heating System 

(a) What is the primary system used for heating the home? 

 
1. Ducted reverse cycle air 

conditioning 
2. Split system reverse cycle air 

conditioning 
3. Other reverse cycle air 

conditioning 
4. Electric heater 
5. Gas heater 
6. Unflued kerosene heater 

7. Open fireplace 
8. Oil heater 
9. Combustion wood heater 
10. Pot belly 
11. Wood oven or stove 
12. None 
13. Other 

________________________ 
 

 
(b) If you use a gas heater is it   1. Flued? Or  2. Unflued 

(Unflued heaters are mostly the space heaters that are attached to a gas bayonet. 
Flued heaters have a chimney or are built into the wall with gases vented outdoors) 

 
(c) Do you have any other sources of heating? (Circle all that apply) 
1. Ducted reverse cycle air 

conditioning 
2. Split system reverse cycle air 

conditioning 
3. Other reverse cycle air 

conditioning 
4. Electric heater 
5. Gas heater 
6. Unflued kerosene heater 

7. Open fireplace 
8. Oil heater 
9. Combustion wood heater 
10. Pot belly 
11. Wood oven or stove 
12. None 
13. Other 

________________________. 

 

(d) If you use a gas heater is it   1. Flued? Or 2. Unflued 
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E. Organic Pollutants 

F1. In the past 12 months, has this house undergone any of the following renovations or 

refurbishments? (Please specify how long ago and in which room/s) 
 

1. Indoor walls painted_____________ 
2. New carpet___________________ 
3. New furniture_________________ 

4. Outside walls 
painted_________________ 

5. Commercial pesticide 
treatment_______ 
6. Major structural changes, please 
specify    
    
 ______ 

 

F2. In the past 6 months, were the curtains, carpeting, or furniture in your home steam 

or dry cleaned? 
 

1. Yes                         2. No 
 

F3. How often are the following products used in your home? 
 

 1.
Daily 

2. 
Most days 

3. 
Weekly 

4. 
Fortnightly 

5. 
Monthly 

6. 
Rarely 

Insect sprays 1 2 3 4 5 6 

Disinfectants 1 2 3 4 5 6 

Carpet cleaner 1 2 3 4 5 6 

Window cleaner     1 2 3 4 5 6 

Spray cleaners       

(e.g. Mr Muscle) 

1 2 3 4 5 6 

Bleach 1 2 3 4 5 6 

Paints or vanish    1 2 3 4 5 6 

Mineral turps         1 2 3 4 5 6 

Air fresheners     1 2 3 4 5 6 

Deodorants 1 2 3 4 5 6 

Hair sprays        1 2 3 4 5 6 
 
 

G. Outdoor Pollutants 

G1. Where are the cars or vehicles usually parked near your house? (Circle all that apply) 
1. In an attached garage 
2. In an attached carport 
3. Uncovered in the driveway 

4. On the street next to the house 
5. Other, please specify: 

__________________________.  
 

G2(a). How close is the nearest main road is from your house. 
1. Less than 50 metres 
2. 50 to 100 metres 
3. 100 – 500 metres 

4. Greater than 500 metres 
 

 
(b) What is the name of the nearest busy road?      
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Activities Questionnaire 
 
 

 Sampling Period Activities 
During the time that air samples were being taken in your home were any of the 

following done/used  

 Yes No 

Cooking [ ] [ ] 
Vacuuming (in sampling room) [ ] [ ] 

Smoking indoors [ ] [ ] 
Smoking outdoors [ ] [ ] 

Windows open [ ] [ ] 
Air-conditioning/heating used [ ] [ ] 

 
Insect sprays [ ] [ ] 
Disinfectants [ ] [ ] 

Carpet cleaner [ ] [ ] 
Window cleaner [ ] [ ] 
Spray cleaners [ ] [ ] 

Bleach [ ] [ ] 
Paints or vanish [ ] [ ] 
Mineral turps [ ] [ ] 
Air fresheners [ ] [ ] 

Deodorants [ ] [ ] 
Hair sprays [ ] [ ] 

 
 
 

 
If you answered yes to any of the above please give details: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

END OF QUESTIONNAIRE. Thank You. 
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A.3 . Recruitment letter #1 

 

 

 
«GreetingLine» 
 

We have obtained your contact details because you have 
previously indicated that you may be willing to participate in 
studies undertaken by the University of Western Australia. 

 
Hello, my name is Dr Sandra Saunders I am a research academic in the discipline of 

Chemistry at UWA. I am currently supervising Shannan Maisey, a PhD student who is 
conducting research on chemicals in air inside homes. For this study she is measuring 
air samples from a wide range of residential dwellings (houses, units, flats etc). She is 
particularly interested in new homes, homes that have had recent 
extensions/renovations and houses that are near very busy roads. This is because both 
new building materials and car exhaust contain many of the chemicals she is interested 
in.  

 
I am hoping to recruit your household to participate in this study. Personal 

participation is not required; rather we would be taking air samples inside and outside 
your home. The details of the air sampling we would like to perform in your home as 
well as brief overview of the project as a whole are included in the proceeding pages. 
Please note that although we are unable to pay you for participation you will be 
provided with details all of the results and explanation of air testing undertaken in 
your home. 

 
I hope you are able to take the time to read through this information and decide if 

you would like to participate. Shannan will contact you by telephone in the near future 
to discuss your participation, or if you would prefer, please contact Shannan on 6448 
4440 or myself: 64483153 during office hours or email: maises03@student.uwa.edu.au  

 
 

 

Sincerely, 
 
 
Sandra Saunders 

 

 

 

 

 

 

 

 

 

 
Sam Saunders – Associate Professor 

School of Biomedical, Biomolecular and 

Chemical Sciences 

CHEMISTRY 

T 6488 3153 
F 6488 1037 
E saunders@cyllene.uwa.edu.au 
 

CRICOS Provider Code: 00126G 

 

 



Appendix A            

            

179 
 

 
A.4 Recruitment letter # 2 

 
 

 

 

To the Householder 
 

 

 

 
Dear Resident, 
 

Hello, my name is Dr Sandra Saunders I am a research academic in the discipline of 
Chemistry at UWA. I am currently supervising Shannan Maisey, a PhD student who is 
conducting research on chemicals in air inside homes. For this study she is measuring 
air samples from a wide range of residential dwellings (houses, units, flats etc). She is 
particularly interested in new homes, homes that have had recent 
extensions/renovations and houses that are near very busy roads (but still needs 
homes of all types). This is because both new building materials and car exhaust 
contain many of the chemicals she is interested in.  
 

I am writing to you because your home may fit one of these criteria and I am hoping 
you may be interested in participating in this study. The study involves taking air 
samples inside and outside your home. This is done for 2 hours on one day. The 
monitoring will be done at convenient time during daylight hours on weekdays. We 
will provide you with the results of all the air sampling that we conduct in your home. 
 
 
The details of the project are included in the proceeding pages. We hope you are able 
to take the time to read through the study information and decide if you would like to 
participate.  If you would like to participate could you please fill out the attached 
survey and return in the reply paid envelope supplied. Alternatively you contact 
Shannan on 6488 4440 or myself: 64883153 during office hours or email: 
maises03@student.uwa.edu.au. Thank you for your time 
 
Yours sincerely, 
 
 
Sandra Saunders 

 

 

 
 

 

 

 

 
Sam Saunders – Associate Professor 

School of Biomedical, Biomolecular  

and Chemical Sciences 

CHEMISTRY 

T 6488 3153 
F 6488 1037 
E saunders@cyllene.uwa.edu.au 
 

CRICOS Provider Code: 00126G 
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Information Sheet 

This information sheet is for you to keep. 
 

Research Project:  Reactions of airborne chemicals in homes: using field observations 
to validate a model. 

 

 
Chief Investigator: Dr Sam Saunders 
 School: UWA School of Biomedical, Bimolecular and Chemical Sciences, 
 e-mail: sandra.saunders@uwa.edu.au 
 telephone:  6488 3153 
 
Student: Shannan Maisey 
 School: UWA School of Biomedical, Bimolecular and Chemical Sciences 
 e-mail: maises03@student.uwa.edu.au   
 telephone: 64884440 

 

Thank you for your interest in the study that we are conducting through the University 
of Western Australia. Information regarding the study is presented below.  
 
Background and Purpose of the Study 
 

The quality of indoor air is important because people spend a large proportion of their 
lives inside. Indeed vulnerable groups, such as the very young and elderly, this can be 
as much as 90% of the time.  Reactions can occur between chemicals in the indoor air 
and these are very different to the ones that occur outdoors. Not a lot is understood 
about the reactions of chemicals in indoor air. The purpose of this study is to get a 
better understanding of what reactions occur and what are the important factors that 
cause these reactions. 
One of the best ways of looking at these chemical reactions is to use a computer 
model. This study will take measurements of the air inside and outside the home to 
collect data to use in the computer model of the chemical reactions. We are interested 
in both the chemicals in the air as well as factors such as temperature, humidity and 
the intensity of sunlight indoors. 
 
Description of the Study 

 
If you are willing to participate in this study we need to visit your home to collect air 
samples. The monitoring will be done for a maximum 2 hour period over the day and 
we will organise to set it up at a period that is most suitable for you. The sampling 
should not interfere with your normal daily activities. 
 
Air Monitoring 

We are interested in five different types of pollutants that are often found in the air 
inside and outside the home. These are nitrogen dioxide, ozone, carbonyls and volatile 
organic compounds. We will also collect information on the temperature and humidity 
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inside and outside as well as the amount of sunlight inside the home. These are 
important factors that will help us understand how pollutants form and interact. 
 
Ozone, nitrogen dioxide and particles will all be measured with special measuring 
devices. These devices are relatively small. The ozone and nitrogen dioxide monitors 
are about the size of camera. Volatile organic compounds and carbonyls will be 
measured by drawing air through small tubes. The tubes are attached to air pumps.  
The pumps make a small amount of noise a bit like an old refrigerator. All the sampling 
equipment will be set up in the main living room of your home and will sit about 1.5m 
from the ground. Similar equipment will also be set-up just outside your home. We will 
also set-up a weather station outside the home.  
 
Air monitoring results will be made available to you as soon as they are available. 
 
Voluntary participation 

 
This study does not involve any additional procedure other than described above. 
Participation in the study is completely voluntary and you may withdraw from the 
study at any time. Though the results of this study may be published, your 
family/home will not be identified in any way. 
 
Consent  

 
If you agree to take part, you will be asked to sign a Study Consent Form. This is a 
standard form and you should only sign the consent form once you are satisfied that 
you have read and understood the information leaflet and that any questions you have 
asked have been answered to your satisfaction. Involvement in this study does not 
take away any of your normal legal rights. 
 
Complaints 

 
If you have any complaints about any aspect of the study you can contact the 
researcher or, alternatively to the Secretary, Human Research Ethics Committee, 
Registrar’s Office, University of Western Australia, 35 Stirling Highway, Crawley, WA 
6009 (telephone number 6488-3703). 
 
Further information 

 
If you have any questions about this study that and you would like further information 
you can contact Shannan Maisey (office hours 64884440) or Sam Saunders (6488 
7804). 
 
At the conclusion of the study, you will be provided with a summary of the results. 
Please note that these will be very preliminary results and will require further research 
to determine the implications of each pollutant level. 
 
Thank you for taking the time to find out more about this study. 
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PLEASE RETURN THIS FORM IN THE REPLY PAID 

ENVELOPLE 
 

I am unable to participate in the study at this time _ thank you for your time. 
I would be interested in participating in this study _ please complete below 
 
 
Thank you for your interest. In order to arrange a sampling time and date we need 
some more details 
 
Contact Information 

 

So that we can address further communication more personally we would like to know 

your  

 
Name________________________________________________ 
 
Please indicate which method of contact you prefer 

Email _ Email address_________________________________ 
Phone_ Phone number _______________________ Preferred contact 
time_____________ 
Postal Mail _Preferred contact address_____________________________________ 
 
Sampling  Date/ Time 

 

Do you have a day and time you would like to 
nominate?_______________________________ 
 
Which days of the week are most suitable for us to visit your home? (Please circle) or 
tick here if all are suitable  

Monday    Tuesday    Wednesday    Thursday    Friday 
am   pm       am  pm    am     pm         am   pm     am   pm 

 
House Information 

Type of residence (ie unit, single story home)_____________ 
 
Age of home (years)_________ 
 
 Has there been any major renovations in past 2 years, if so when?_____________
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A.5. Results letter for participant households 

 

 

 

 

«AddressBlock» 
 
«GreetingLine» 

 
I would like to take this opportunity to thank you once again for participating in the 2010-2011 
assessment study of indoor air in residential Perth homes. I appreciate that you will be eager 
for results regarding your home and thank you for your patience. We are pleased to be able to 
offer these to you now. 
Included in this package is a short explanation of the tests that were undertaken in your 
homes, why we chose to perform these tests as well as the results from your home, homes like 
your own and whole study medians (middle values). We hope that this gives you some context 
to see how the air in your home compares to those in your community. In general homes that 
were near major roads or had recently been built/renovated had higher levels of indoor 
chemicals. The study as a whole showed results that were lower than studies in other cities 
around the world. However please understand that we offer these results purely for interest 
and make no medical/ health recommendations or assessment based on them. 
 
 
 If you have any concerns or would like to discuss the results further, please contact Shannan 
Maisey either via email: maises03@student.uwa.edu.au or telephone 64884440. 

 

 

Sincerely, 
 

 
Sandra Saunders 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Sam Saunders – Associate Professor 

School of Biomedical, Biomolecular and 

Chemical Sciences 

CHEMISTRY 

T 6488 3153 
F 6488 1037 
E sandra.saunders@uwa.edu.au 
 

CRICOS Provider Code: 00126G 
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Explanation of Chemicals and Study Results 

 

1. Volatile Organic Compounds (VOCs) were sampled with a small metal 
tube attached to a pump. We assessed these samples for 52 compounds. Here 
is a brief explanation of some of the more interesting compounds. 

 
Benzene, Toluene, Ethyl benzene, Xylene and Styrene (1,2,4 trimethyl benzene). 
Collectively referred to as the BTEXS.  In residential areas they typically come from 
burning fuels and so are commonly observed in low concentrations wherever traffic is 
present. There are some indoor sources, although because of their status as potential 
carcinogens (benzene in particular is a known carcinogen) their use is restricted in 
household products. Most commonly styrene is known to be a breakdown product of 
carpets. All of these chemicals are found in cigarette smoke. 
 
Results in parts per billion (volume) (ppb(v)) 

BDL = Below Detection Limit 
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Winter In                     

Winter Out 

Summer In                   

Winter Out 

Normal Homes 

        

Winter In   Median 0.59 0.89 0.90 0.25 4.78 0.03 1.16 0.91 

Winter Out Median 0.45 0.30 0.35 0.04 1.69 BDL 0.41 0.47 

Summer In Median 0.11 0.19 0.15 0.03 1.95 0.10 0.39 0.29 

Summer Out Median 0.24 0.05 0.09 0.11 0.82 BDL 0.20 0.12 

Renovated/New 

         Winter In   Median 1.47 2.31 3.41 0.31 12.64 0.03 6.58 7.20 

Winter Out Median 1.01 0.44 0.71 0.21 9.09 0.03 1.33 0.95 

Summer In Median 0.45 1.02 0.37 0.16 3.52 0.76 0.78 0.64 

Summer Out Median 0.70 0.21 0.18 0.41 2.29 0.03 0.39 0.31 

Within 50m MainRoad 

Winter In   Median 1.29 1.19 0.78 0.73 2.81 BDL 0.49 1.01 

Winter Out Median 0.46 0.41 0.24 0.12 3.09 0.03 0.49 0.60 

Summer In Median 0.80 0.21 0.47 2.02 1.76 0.11 0.25 0.19 

Summer Out Median 0.73 0.73 0.57 0.21 6.47 0.05 0.87 1.08 
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α-Pinene, Limonene, Carene, Cumene and Linalool. These compounds are commonly 
used to add fragrance to cosmetics, air fresheners and cleaning products. Limonene 
and α-Pinene commonly observed indoors in concentrations exceeding 100ppb after 
cleaning has taken place. They are not know to be carcinogens but are of interest to us 
because they have the potential to react to form secondary products. 
Results in parts per billion (volume) (ppb(v)) 

 
 

 
Cis/trans 2-Butene 

This compound is commonly used in the production of high and low density foam as 
well as rubber products. For this reason it is often observed indoors. It is also a trace 
constituent of petroleum 
Results in parts per billion (volume) (ppb(v)) 
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Winter In                     

Winter Out 
         Summer In                   

Winter Out 

Normal Homes 

 
        

Winter In   Median 0.04 0.04 0.04 2.41 BDL 0.04 1.13 BDL 

Winter Out Median 0.04 0.04 0.04 0.13 BDL 0.04 0.03 BDL 

Summer In Median 0.16 0.04 0.04 1.44 0.04 0.04 1.39 0.04 

Summer Out Median 0.04 0.04 0.04 0.06 0.04 0.04 0.08 BDL 

Renovated/New 

         Winter In   Median 0.03 0.04 0.04 5.79 BDL 0.04 3.58 BDL 

Winter Out Median 0.04 0.04 0.04 0.39 BDL 0.04 0.39 BDL 

Summer In Median 0.55 0.04 0.18 3.57 0.04 0.15 2.90 0.04 

Summer Out Median 0.12 0.12 0.04 0.46 0.04 0.04 0.35 BDL 

Within 50m Main Road 

        Winter In   Median 0.04 0.04 0.04 1.45 BDL 1.28 3.51 BDL 

Winter Out Median BDL 0.04 BDL 0.28 BDL 0.04 0.08 BDL 

Summer In Median 0.10 0.04 0.04 0.22 0.04 0.04 0.15 BDL 

Summer Out Median 0.04 0.04 0.06 0.35 0.04 0.04 0.19 BDL 

 

Your Home Normal Homes 

Winter 
In 

Winter 
Out 

Summer 
In 

Summer 
Out 

Winter 
In 

Winter 
Out 

Summer 
In 

Summer 
Out 

    
7.07 2.26 9.53 3.71 

Renovated/New Within 50m MainRoad 

Winter 
In 

Winter 
Out 

Summer 
In 

Summer 
Out 

Winter 
In 

Winter 
Out 

Summer 
In 

Summer 
Out 

9.45 1.02 29.66 3.15 16.42 2.96 0.95 5.77 
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Methoxy ethanol, Ethanol, 2-butoxy-, Heptane, cyclohexane, (and more) 

This is the largest category because these are mostly benign, low boiling substances 
used as organic solvents for a myriad of products. For example hairspray, spray 
cooking oils, varnishes, paints, spray cleaner etc. all use these compounds. They are 
commonly found in trace amounts around the home. 
 

 
 

O3 and NO2 gases were tested using handheld electronic monitors (the white 
ones that buzzed every now and then). 
 

 From our perspective these two gases are important because they heavily influence 
the chemical reactions occurring indoors. You might be interested to know that the 
main source of NO2 is combustion, where the nitrogen that makes up most of the air 
we breathe is oxidized at high temperatures. That means that NO2 has a source inside 
the home from gas heaters and stove top gas cookers as well as from traffic outdoors. 
There have been a number of studies on the effect that NO2 has on lung function, in 
particular on asthmatics. The WHO recommends indoor NO2 concentrations below 
100ppb. O3 is a highly reactive molecule that you probably know best for the lack of it 
in our stratosphere in the early summer. At ground level ozone is one of the major 
pollutants that is responsible for photochemical smog. Thankfully we do not have a 
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Winter In                       

Winter Out 
          Summer In                     

Winter Out 
          Normal Homes 

 

         

Winter In   Median 0.04 0.03 0.14 0.03 0.03 0.42 0.70 0.19 0.23 

Winter Out Median 0.07 0.03 0.03 BDL 0.03 0.19 0.52 0.07 0.04 

Summer In Median 0.47 0.30 0.05 0.03 0.03 0.21 0.32 0.14 0.03 

Summer Out Median 0.08 0.03 0.03 0.03 0.03 0.10 0.14 0.03 0.03 

Renovated/New 

Winter In   Median 0.04 0.14 0.21 BDL BDL 0.40 4.89 0.37 0.26 

Winter Out Median BDL 0.03 0.03 BDL BDL 1.14 1.09 0.11 0.03 

Summer In Median 0.79 0.87 1.34 BDL 0.05 0.39 0.50 0.24 0.11 

Summer Out Median 0.27 0.16 0.03 BDL 0.03 0.20 0.59 0.06 0.06 

Within 50m Main Road 

         Winter In   Median 0.04 0.25 0.09 BDL 0.03 0.98 1.41 0.23 0.27 

Winter Out Median 0.04 0.03 0.03 BDL BDL 0.37 0.89 0.10 0.10 

Summer In Median 0.22 0.10 0.18 BDL 0.03 0.14 0.31 0.13 0.09 

Summer Out Median 0.53 0.07 0.12 BDL 0.03 0.59 0.73 0.20 0.19 
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smog problem in Perth as the traffic volume (the primary source of O3 in suburbia) is 
not dense. 
 
 

2. Ultrafine dust was sampled with Dustrak PM2.5 monitors (kept inside a 
shoe box to reduce noise for you!).  
 

PM 2.5 stands for particulate matter of 2.5µm and smaller. Don’t worry we weren’t 
checking how clean your house is! This is the invisible dust that your vacuum cleaner 
cannot remove. Because it is so small this dust can enter the lungs and depending on 
what the dust is made of, introduce harmful chemicals to the body. The United States 
Environmental protection agency recommends that long term exposure to PM2.5 does 
not exceed 15 µg/m3, while short term highs above 30 µg/m3 should be avoided. 

 

 
 
 
 

 
 
NR- Results not Valid

WINTER 

 

Outdoor 

O3 

(ppb) 

Outdoor 

NO2 

(ppb) 

Outdoor 

PM2.5 

(µg/m3) 

Indoor 

O3 

(ppb) 

Indoor 

NO2 

(ppb) 

Indoor 

PM2.5  

(µg/m3) 

 

       
  

Normal Homes 37.0 53.0 3.0 2.0 30.0 4.0 
 0-50m  from a main road  35.0 37.0 2.0 1.0 <1 2.0 
 Renovated/New 39.0 56.0 3.0 3.0 <1 7.0 
  

SUMMER 

 

Outdoor 

O3 

(ppb) 

Outdoor 

NO2 

(ppb) 

Outdoor 

PM2.5 

(µg/m3) 

Indoor 

O3 

(ppb) 

Indoor 

NO2 

(ppb) 

Indoor 

PM2.5  

(µg/m3) 

Normal Homes  35.0 NR 5.2 24.6 21.0 5.2 

0-50m from a main road  27.0 NR 5.0 20.7 21.0 5.5 

Renovated/New  52.0 NR 8.6 22.6 13.0 9.1 
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Appendix B: Analysis and Processing of VOC Data for the Perth IAQ Study 

   
B.1. Blanks 

Data from blank analysis tubes was obtained in each of the three sampling/analysis stages. 

Each batch of 20 samples (10 houses) was processed under the consideration of results 

from these blanks.  Artifacts from the gas chromatography column were identified on most 

blanks. Low levels of benzene and styrene contamination were observed on 2 field blanks, 

these were subtracted from the resultant data.  

 
Table B.1:  Description of blanks used in analysis for Perth IAQ study 

 

Origin of Noise/Contamination Description Frequency 

Field Transportation 

Clean, Sealed Air Toxics TD 
tube transported with all 
sample tubes for the duration 
of each batch sampling period. 

1 / sampling batch 

Calibration Preparation 

Clean Air Toxics TD tube 
exposed to 1 min AR nitrogen 
flow at 30ml/min rate at time 
of calibration. 

1/ Calibration batch 

GC/MS instrument 
Clean lab Tenax TD tube 
analysed at beginning and end 
of each batch analysis. 

2/ sampling batch 

 
 

  

 

 
Figure B.1: Examples of blank run samples including identification of large peaks from the Perth IAQ study 

 

Time (minutes) 
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B.2. Calibration Standards 

 
Calibration preparation was performed on the day of sample analysis.  Calibration 

standards were run in order directly after the instrument blank. Duplicate standards were 

analysed for every 10 sample standards and as the last tube of the sampling batch series. 

 
 

 
 

Figure B.2: Equipment set up for the preparation of calibration standard tubes with a stand gas mixture 
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Table B.2 Details of calibration standards for the Perth IAQ study 

 
 

An r
2
 value was obtained for each calibration by least squares regression in the Workstation software. An average 

value of this figure for all calibrations is given here. 

 

 

 

Compound Mw(g/mol)

Retention time 

(minutes)

Average r
2 

value
a

Benzene 78.11 5.65 0.9959

Toluene 92.13 8.95 0.9907

ethyl- Benzene 106.16 11.50 0.9987

m & p- Xylene 106.16 11.67 0.9991

o- Xylene 106.16 12.21 0.9986

Styrene 104.16 20.43 0.9959

2-ethyl  Toluene 120 12.99 0.9955

4-ethyl  Toluene 120.19 13.80 0.9969

propyl- Benzene 120.19 13.62 0.9983

1,2,4-trimethyl -Benzene 120.19 15.54 0.9952

1,4-dichloro -Benzene 147.01 15.64 0.9884

1,1,1 trichloro- Ethylene 131.4 6.78 0.9974

tetrachloro -Ethene 165.8 11.80 0.9659

cis/ trans  2-Butene 56.11 2.17 0.9464

Hexane 86.2 12.14 0.9972

Heptane 100.2 7.35 0.9859

Octane 114 10.21 0.9965

Nonane 128.6 12.60 0.9940

Decane 142 14.17 0.9951

Undecane 156 14.21 0.9946

Cyclohexene 82 5.94 0.9977

Cyclohexane 84 7.40 0.9944

methyl- Cyclohexane 98.2 7.84 0.9655

4-phenyl- Cyclohexene 158.2 20.43 0.9817

Dibutyl ether 88.15 13.18 0.9960

Butylacetate 116.1 4.66 0.9907

isopropyl -Acetate 102.1 3.75 0.9938

2-butoxy -Ethanol, 118.1 13.93 0.9985

2-methoxy -Ethanol, 76.1 8.10 0.9987

Linalool 154.2 14.15 0.9653

Pulegone 152.2 18.79 0.9762

Phellandrene 136.2 14.74 0.9853

Cumene 120.2 13.39 0.9955

Carene 136.2 14.96 0.9978

limonene 136.2 16.38 0.9981

α-Pinene 136.2 14.45 0.9993

α -Terpineol 154.2 18.05 0.9371

No calibration obtained

dimethyl -Disulfide

1,1,1-trichloro- Ethane

Acetate, 2-ethoxyethyl-

Acetate, 2-methoxyethyl-

Ethanol, 2-ethoxy-

Ethyl tert-butylether

Methylbutane, 2-

Methyl tert-butylether
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B.3. Sample Chromatograms 

 
Figure B.3: Example indoor air sample chromatogram with total ion count (TIC) and selective ion profiles. 

 
 
 
  

Target ions were identified using mass spectra from the NIST reference library. Sample 

chromatograms were selectively filtered for the significant ion of each compound. In the 

example above the red chromatogram gives the total ion count (TIC) for the entire sample. 

In Figure B.3 the green chromatogram has been selected for the 78 g/mol ions, therefore 

the benzene peak is clearly identifiable.  The orange chromatogram is selective for the 91 

g/mol ion and therefore the toluene peak is clearly identifiable. In the few instances of co-

elution this selective ion technique enabled the correct integration of peak area for the 

separate compounds.                                                                                                                                 .                                               

Chromatogram Plots

File: ...hannan's stuff\sampling\voc data winter 2010\100625 smaisey\009.sms

Sample: 009                               Operator:  rs

Scan Range: 1 - 4629 Time Range: 0.00 - 28.99 min. Date: 6/26/2010 8:48 AM
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Appendix C: Conference Papers 

 

During the time of my PhD candidature I presented the following conference papers and 

extended abstract as podium presentations. 

  

C.1 

 S.Maisey, S.M. Saunders, N.West, P.Franklin, Towards A Detailed Chemical Indoor Air 

Model for Residential Environs in the Southern Hemisphere Using A Dual Pathway Of 

Observational Data And The Master Chemical Mechanism (MCM) Framework.  Peer 

reviewed conference abstract, and podium presentation at 12th International conference 

on Indoor Air Quality and Climate, Austin, Texas, USA 5-10 June 2011. 

 

C.2 

 Maisey, S.J, Saunders S.M, West N., Franklin P.J. 2011 Modelling Seasonal influences on 

Reactive Indoor Air Pollution Chemistry for Residential Environs in the Southern 

Hemisphere, Chan, F., Marinova, D. and Anderssen, R.S. (eds) MODSIM2011, Peer reviewed 

conference paper and podium presentation 19th International Congress on Modelling and 

Simulation. ISBN: 978-0-9872143-1-7, 1788-1794. 

 

C.3 

 Maisey, S.J, Saunders S.M, West N., Franklin P.J. 2012 How can the structural 

characteristics of buildings affect the chemistry of the air indoors?. Peer reviewed 

conference paper and podium presentation 10th International conference on Healthy 

Buildings, Brisbane, Queensland, Australia 8-12 July 2012. ISBN: 978-1-9218987-40-5. 
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Towards A Detailed Chemical Indoor Air Model for Residential 
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Observational Data and the Master Chemical Mechanism (MCM) 

Framework 
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1 Introduction 

The impact of reactive indoor air 

chemistry on the quality of indoor air is not yet 

widely understood.  What is understood is that 

to expand our knowledge of health affecting 

pollutants indoors it is critical that the 

photochemical degradation reactions taking 

place which lead to secondary air pollutant 
formation, are studied.   

Recently a highly detailed model study for 

UK homes (Carslaw, 2007) suggested that free 

radical driven chemical degradation of 

constituents of indoor air contribute 

significantly to the formation of secondary air 

pollutants and indicated that observational data 

are lacking.  Furthermore the mechanistic 

pathways for indoor radical formation are 
different to the predominantly photolysis 

driven formation outdoors and are highly 

dependent on the O3 and reactive 
monoterpenes (MTs) present.  Carslaw’s 

(2007) computational model using the Master 

Chemical Mechanism (MCM) framework was 

developed to account for the complex and 

dynamic variables of the indoor air 

environment and how these features affect the 

types of chemical reactions that occur. This 

model was based on the climate and 

architecture of the northern hemisphere and 
did not include direct scenario based 

observational data.  Room size, air exchange, 

population density and VOC sources are 
highly variable. As such there is a need to 

further develop an indoor chemical model that 

can be adapted to account for these variations. 
The focus for this study therefore was 

indoor residential properties in Perth, Western 

Australia (WA). Data obtained from these 

houses were used in the development of a near 

explicit chemical model for indoor environs in 

the southern hemisphere (SH).  

 

 

 

2 Materials/Methods 

 

The observational study was conducted in 

residential homes in Perth, WA (Population; 

1.45 million, ABS 2008).   Details of house 

demographics including date of last 

renovations were collected with additional 
questions regarding behaviour during the 

sampling period. Indoor and outdoor 

measurements were taken as residents carried 
out their normal routine. VOC data were 

collected actively with adsorbent tubes (Perkin 

Elmer, Airtoxics 0.3 g) coupled to pump at 
200 ml/min (SKC Pocket Pump). Active O3 

and NO2 monitors (Aeroqual series 500, 

Auckland NZ) and weather monitoring 

equipment (Davis Instruments Vantage Pro 2) 

were placed in the main living area and at the 

front of each house (within 5 m) at a height of 

1.5 m. All samples were taken for 100 mins. 
A preliminary southern hemisphere 

indoor-air box model was developed based on 

an extended MCM framework, following the 

model construct of Carslaw (2007).  In 

addition to initial input data derived from the 

study’s observations, construction of the 

model required a number of inputs from 

literature. Indoor emission rates (Qi) were 

derived from values reported in Sarwar et al. 
(2002). These were modified to reflect the 

typical air exchange rate expected for the type 

of dwelling being examined as outlined in 
Haste et al. (2009). VOC species were grouped 

and initial conditions derived from the 

observational data obtained from Perth homes.  
A typical outdoor O3 and NOx profile was 

generated using air quality monitoring station 

(AQMS) data over the period of sampling 

(DEC 2010). The diurnal distribution of 

radicals OH, HO2 and CH3O2 as well as 

HONO were taken from literature (Platt et al. 

2002). Deposition and surface production 

reactions were as described in Carslaw (2007). 
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3 Results 

Data were collected from 38 homes over 

the period June – Sept. 2010 of which 30 were 
low density homes, 8 high density units and 

apartments. This is representative of the 

typical breakdown of Perth housing types 
(ABS 2008). Temperatures ranged from 11-

26°C during sampling, with rain observed on 5 

of the 21 days samples were taken. 
Observed O3 varied from 0-100 ppb 

outdoors, typically around 20-30 ppb. Indoors 

O3 ranged from 0-12 ppb with many houses 

not above the minimum detectable limit 

(MDL). Outdoors NO2 ranged from 0-120 ppb, 

typically varying between 20-40 ppb. Indoors 

NO2 was predominantly below the MDL. Both 

NO2 and O3 data showed expected variation 

with regards to the time of day in the outdoor 
environment; indoors this variation was less 

marked. Volatile organic compounds were 

analysed via the USEPA TO-17 protocol for 
51 species, which were observed in generally 

low levels, seldom exceeding 10 ppb. Species 

observed include BTEX compounds, MTs and 

numerous alkenes, aldehydes and alcohols 

with potential for chemical degradation.  

Secondary product formation is indicated 

through the observation of oxygenated species, 

such as hydroxyaldehyde and epoxy-carene 

(<1 ppb). Carslaw’s (2007) study showed the 
product [O3][limonene] as a sensitive indicator 

of secondary product generation indoors. The 

observed levels in our study are comparable 

with the base case model of Carslaw (2007). In 

addition our observations of a number of other 

MTs including pinene, carene, eucalyptol and 

others at low ppb levels, form a significant 

pool of MT’s to further support this case. 

The initial base case model constructed 

using a combination of observational 
measurements, showed model output profiles 

for O3 and NO2 broadly following the findings 

of Carslaw (2007), being consistent with 

indoor measurements made during the time of 

sampling. This is now providing the basis to 

investigate secondary product evolution. 

 

4 Conclusion 

This is the first detailed indoor air study in 

Perth, WA, combining measurements of O3, 

NO2, VOC, and meteorological parameters, to 
address the paucity of data available in this 

geographic location. The preliminary 

development of a detailed indoor air chemical 

model for the SH is a positive step to identify 

the key chemical processes occurring indoors 

in these environs. Continuation of this project 

to include summer observational data (Jan. to 

Mar. 2011) will enable the investigation of 

seasonal changes in the indoor air chemistry, 
and will facilitate the creation a robust, near 

explicit model. This will benefit the field with 

a greater understanding of the influence of 
reactive indoor air chemistry in comparison to 

models that consider physical processes alone. 
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In the developed world people spend over 80% of their time indoors. The quality of the air 
indoors is therefore very important for population health. Indoor air quality may be affected 
by the photochemical degradation of primary indoor air pollutants. These indoor reactions 
need to be understood because they lead to secondary pollutant formation, which may have 
potentially serious and often unknown health implications. A highly detailed computational 
model study for UK homes proposed that free radical driven chemical degradation of 
constituents of indoor air contribute significantly to the formation of secondary air pollutants. 
Furthermore that the reaction pathways for indoor radical formation are different to those of 
outdoors, being highly dependent on the levels of ozone (O3) and reactive monoterpenes 
(MTs) present (Carslaw 2007).  

The study presented here was undertaken to investigate indoor air chemistry of residential 
properties in Perth, (WA) across two seasons. Observational measurement data from these 
houses were then used to constrain a near explicit chemical model for indoor environs in the 
southern hemisphere (SH). This, like Carslaw (2007) is based upon the Master Chemical 
Mechanism (MCM) (http://mcm.leeds.ac.uk/MCM), as the model framework. Data were 
collected from 88 homes over two seasons.  

The southern hemisphere indoor-air box model was developed based on an extended 
MCM framework. This was developed to be a more refined and reflective model and to extend 
what has previously been reported on in the literature.  Indoor volatile organic compound 
(VOC) emission rates were modified to reflect the typical air exchange rate expected for the 
type of houses sampled. Representative outdoor O3 and NOx profiles were generated using air 
quality monitoring station (AQMS) data over the sampling period. Output data from this model 
were evaluated to investigate the seasonal changes in the indoor air chemistry. Here we 
observed subtle changes in the indoor air chemistry, as a consequence of house functioning 
(heating and air exchange) resulting from the changing outdoor climate conditions. As this is a 
base-line model, ongoing sensitivity testing over the range of observations made will give a 
greater understanding of the influence of reactive indoor air chemistry in comparison to 
models that consider physical processes alone. This is the first detailed indoor air study in 
Perth, WA, combining measurements of O3, NO2, VOC and meteorological parameters in this 
geographic location to then constrain a complex and highly explicit indoor air model. 

Keywords: Chemical modelling, reactive chemistry, VOCs, Indoor air pollution 
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INTRODUCTION 

 Indoor air quality (IAQ) directly influences population health, particularly in developing 
countries poor IAQ from indoor biomass burning is a major contributor to morbidity and 
mortality. However, IAQ is also important in the developed world where people spend a very 
high proportion of their lives indoors. Since the 1970s significant research has been 
undertaken to understand the factors that contribute to the introduction of air pollutants 
indoors (Weschler 2009). Secondary pollutants, whose presence in the air is the result of 
chemical reactions of volatile organic compounds (VOCs), are of high concern for their 
potential health implications (Sunil et al. 2007). Therefore the photochemical degradation 
reactions of VOCs indoors need to be studied in detail. Beyond traditional analytical testing, 
computational modelling is a valuable tool to determine which secondary species may be 
produced indoors. Carslaw (2007) presented a highly detailed computational model study for 
UK homes, but it lacked specific observational measurement data.  This work proposed that 
free radical driven chemical degradation of constituents of indoor air contribute significantly to 
the formation of secondary pollutants.  The conclusion being that the driving forces of 
chemistry indoors are commonly observed compounds. For example, the attenuation of light 
indoors shifts the primary route for OH production to favour reactions between O3 and 
monterpenes/alkenes. Similarly NO and O3 indoors determines peroxy radical production. 

This study intends to create a near explicit (143 VOCs, nearly 17,000 reactions) model 
adaptable for the specific indoor residential environment being modelled through the 
inclusion of observational data. Carslaw’s (2007) paper highlighted the importance of reducing 
assumptions for the variables and factors that influence indoor chemistry. The model was 
developed with the Master Chemical Mechanism (MCM) framework, 
(http://mcm.leeds.ac.uk/MCM) for the climate, architecture and typical conditions of Western 
Europe. We have worked to extend this model by reducing the number of assumed variables; 
through the collection of observed data. Room size, air exchange, population density, climate 
and VOC sources are highly variable and markedly different in the northern and southern 
hemispheres and so location specific data is important for model construction. We undertook 
an investigation of the indoor air chemistry of residential properties in Perth, Western 
Australia (WA) across two seasons. Observational measurement data from these houses were 
then used to constrain a near explicit chemical model for indoor environs in the southern 
hemisphere (SH).  

This paper briefly describes the analytical methods used to collect data from a number of 
Perth metropolitan homes and the subsequent inclusion of this data into a model construct. 
The output from these models was used to examine the influences that seasonal variations 
have on the reactive chemistry in the indoor residential environment. 

Field sampling 

Sampling Methodology 

A method for detecting a large number of trace chemical compounds was developed 
through a series of method validation tests. A customized compound list of certified reference 
materials (Spex Certiprep, Metuchen NJ) allowed for 52 VOC to be assessed. These were 
chosen based on the substantial literature reporting of common primary indoor species. 
Multisorbent thermal desorportion (TD) tubes were chosen because they are highly 
economical, transportable and reliable with measures taken to ensure that recovery and 
compound validation fell well within the US-EPA TO-17 compendium method guidelines 
(USEPA 1999). The Perkin Elmer Air Toxics (0.3g) TD tubes were connected to SKC calibrated 
Pocket Pumps at a measured flow as near to 200ml/m as achievable and a 20 L sample volume 
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to be collected. Sample analysis was conducted on a Perkin Elmer 650 Automatic Thermal 
Desorber paired with a Varian 4500 GCMS; the limit of detection was typically 0.04-0.06µg/m3. 

The data for the observational study were collected from residential homes in Perth, 
Western Australia (Population; 1.45 million, ABS 2008).  Volunteer households were recruited 
through a mixture of previous health study participants, letter drops and referrals from other 
volunteers. The location of the majority of homes, in the southern suburbs represented typical 
Perth suburban living (ABS 2008) see Figure 1. In order to assess a broad range of indoor air 
quality scenarios (low to high concentrations) specific household types were targeted:  

• ‘Typical’ Australian single storey brick residences built within the past 40 years,  

• Homes located within 100 m of a high traffic road (>40 vehicles/day, 
MainroadsWA(2010) ) (to determine the impact of traffic related pollutants),  

• Homes built or renovated within the past 12 months (which are likely to have elevated 
levels of indoor VOCs (Brown 2002)).  

Some apartment residences were also tested. Indoor and outdoor air measurements were 
taken as residents carried out their normal routine.  

,  

 
 

Figure 2: Map showing household locations 

 
Sampling took place weekdays between 9am and 3pm. Individual sampling periods were 

100 minutes within this time frame, with up to 3 houses sampled each day. This was 
determined to be a non peak traffic period with minimal household activities taking place. 
Data previously collected over the course of the day from one location showed minimal 
variation in this time period.  

Samples were taken inside the main living space of the home; this was usually an open 
plan living, kitchen and dining area towards the back of the home.  Equipment was set up in an 
area clear of activity at a height of 1 - 1.5 m. Alongside the TD tube/pump configuration were a 
weather station (Davis Instruments Vantage Pro 2), portable WO2 resistor electronic O3 and 
NO2 monitors (Aeroqual 500), and PM2.5 Dustrak monitors. The O3, NO2 and dust monitors 
were set to a 1 minute sample log rate. Identical equipment was placed directly outside the 
home for concurrent sampling. Where possible this was out the front of the home within 5 
meters of the front door. However in situations where this was not possible equipment was 
placed at the back of the home, within 5 metres. A questionnaire was given to all participating 
households in regards to the house age, location and construction as well as typical chemical, 
cleaning and ventilation habits and for activities during the sampling period. All participating 
households were non-smoking homes.      

   



Appendix C           

198 
 

Field Sampling Results 

 
Table 1. Average indoor VOC concentrations for species observed in >80% of samples 

 
 

Values in ppb Winter Summer  Winter Summer 

2-ethyl toluene 0.67 0.28 Heptane 0.63 0.43 
4-ethyl toluene 0.19 0.12 Hexane 1.1 0.47 

α-terpinol 0.54 0.20 Limonene 4.7 3.6 
Benzene 1.10 0.42 Nonane 0.29 0.27 

Benzene,1,2,4trimethyl 1.10 0.43 Octane 0.32 0.13 
Benzene, ethyl- 2.10 0.31 Phallandrene 0.97 0.090 

cis /trans 2-butene 13 17 α-pinene 2.4 3.50 
Cumene 0.25 0.12 Propylbenzene 1.4 0.21 

Cyclohexane 0.53 0.59 Styrene 2.6 0.15 
Cyclohexane, methyl 0.11 0.16 Toluene 8.6 4.3 

Decane 0.26 0.55 Xylene, m- & p 2.8 0.62 
Ethanol, 2-butoxy- 0.22 0.40 Xylene, o- 2.4 0.40 

Ethene, tetrachloro- 0.42 0.23    
 

 
Two field campaigns were undertaken; initially in the winter months of June-September 

2010 and again in the summer months January-April 2011. Data were collected from 38 homes 
over the winter period of which 30 were separate homes, and 8 were units or apartments. This 
is representative of the typical breakdown of Perth housing types (ABS 2008). Ambient 
temperatures ranged from 11 - 26°C during sampling, with rain observed on 5 of the 21 days 
samples were taken. Fifty homes (40 separate, 10 units) were sampled in the summer period 
but VOC data were available only for 31 homes. Ambient temperatures ranged from 29 - 42°C 
in the summer and there were no days with rain. VOC data were collected from 18 of the 
homes in both seasons. 

Average indoor VOC concentrations were lower in summer compared to the winter testing 
season (see Table 1) with similar species observed in both seasons. Of the 52 calibrated VOC 
species 48 were observed in at least 20% of samples. Benzene, toluene, ethylbenzene, xylene 
(BTEX), monoterpenes (i.e. pinene, limonene and carene) as well as several alkanes and 
alkenes were observed in over 80% of houses (indoors): these are important to note for indoor 
chemistry. Indoor concentrations were generally 5 or more times those observed outdoors in 
winter and 3 times greater in summer. These results were comparable to previous Perth VOC 
studies (Maisey et al. 2009). For NO2 and O3, there were differences in magnitude between 
homes but both consistently peaked towards the early afternoon. Summer outdoor O3 was 
observed as high as 120 ppb at peak times on a very warm, sunny afternoon. More frequently, 
peaks of 30 - 40 ppb were observed. Winter outdoor O3 was significantly lower with a season 
high of 40 ppb recorded and more usual peaks of 20 - 25 ppb.  Concentrations of O3 indoors 
had little seasonal variation, with low levels (0 - 6 ppb) typically being recorded in both 
periods. For indoor NO2 typical values peaked at 25 - 30 ppb in summer with a slightly higher 
maximum of 30 - 40 ppb in winter. 

Indoor Model Structure 

A preliminary southern hemisphere indoor-air box model was developed based on the 
most recent MCM framework. The chemical mechanistic information was taken from the 
Master Chemical Mechanism, MCM v3.2 (Jenkin et al. 1997, Saunders et al. 2003 for non 
aromatic schemes; and Jenkin et al., 2003; Bloss et al., 2005 for aromatic schemes), via 
website: http://mcm.leeds.ac.uk/MCM. The indoor-air box model followed the construct of 
Carslaw (2007), to reflect a base-line model for the typical Perth home. The MCM v3.2 (143 
VOC, 17,000 reactions) now includes the degradation of limonene, which evidence (Carslaw 
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2007, Forester and Wells 2011) suggests is an important driving agent for indoor air chemistry 
and had previously only been approximated. 

 
 
   (1) 

 
 

The base model equation (1) was taken from Carslaw (2007), Vd; deposition velocity values 
were grouped as described in Sarwar et al. (2002). Total house surface area (Ai) and Volume 
(Vi) was calculated from observations. The Ai and Vi of a typical 3x2 single storey Perth home 
with a large open plan living space was 670m2 and 335m3, respectively.  Indoor (Ci) and 
outdoor (Co) VOC concentrations were initially calculated from mean observed values.  VOCs 
for which observation data was not available was nominally set at 0.2 ppb.  The air exchange 
values of the home (λr) were set to 0.41h-1 in winter (Haste et al. 2009) and 1.3 h-1 in summer 
(MFESA 2011). Emissions species (Qi) were calculated as described in Sarwar et al. (2002) using 
mean indoor/outdoor concentration values for observed species that are included in the 
MCM.  For MCM species not observed in the study initial values were calculated based on 
values for observed species (with like species being grouped). Reaction rates (Rij) were taken 
from literature (as described in http://mcm.leeds.ac.uk/MCM/); Complex rates were updated 
to IUPAC 2009 and Atkinson et al. (2006).  Photolysis indoors was treated following Nazaroff 
and Cass (1986), with the base case initially run with attenuation factors (0.1) of outdoors, 
with photolysis rates updated using the TUV (Madronich 1998) model tailored for the Perth 
region seasonal solar declination and zenith angle. Outdoor radical profiles were approximated 
from available literature for; OH, CH3O2 and HO2 and were broadly consistent with field 
observations (Platt et al. 2002, Emmerson et al. 2005). HONO profile was set ~300 ppt at night 
and ~20 ppt during day (Alicke et al. 2003). 

Indoor Model Output 

 

Figure 2 Example of ‘typical’ temporal change in O3 and NO2 indoors   
 

 

The base-line models were run using the Facsimile 4D software program (mcpa 2011). 
Each simulation was run for 96 hours with the model output set hourly from 06:00 h. The final 
24 hours of output was used for analysis, as this represents a point where near steady state of 
OH radical formation is achieved. An example of model output displaying inorganic compound 
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temporal change is shown in Figure 2. Examples of individual VOCs as well as the total hourly 
change in total VOCs (TVOC) is also presented (Figures 3 and 4). 

 
 

Figure 3 Individual VOC concentration profiles (ppb)  

 
 

 
Figure 4 Hourly change in total VOC (TVOC) 

  

DISCUSSION AND CONCLUSIONS 

Presented in this paper is the preliminary construction model for indoor air reactive 
chemistry in Perth, WA. The reported data extends Carslaw’s (2007) work by including 
observation specific data and an updated MCM protocol. There are a number of points of 
interest raised from the results of this preliminary study. 

Constraining the model with a more realistic representation of the West Australian indoor 
VOC composition has begun to give insight into the influence it has on radical and secondary 
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product formation.  The order of magnitude and distribution of the O3 and NO2 output from 
the model (Figure 2) is in agreement with the observed data from homes in this study and this 
output suggests no obvious seasonal effect indoors. The OH radical concentrations from the 
model are also in reasonable agreement with those presented in Carslaw (2007) and follow the 
expected diurnal variation. The indoor profiles from this base case model are comparable with 
the observational data; however sensitivity testing on this factor has not yet been carried out. 
Here it is important to note the high variability of the O3 and NO2 measurement data between 
houses (see Section 2.2), as well as the ambient data from the Western Australian Department 
of Environment and Conservation (DEC 2011) air monitoring sites.  These emphasize the 
importance of location specific data and it will be valuable to perform model sensitivity tests to 
determine how such variations affect the chemistry of indoor air.   

Construction of the summer and winter models included observed data for temperature 
and humidity. Despite the substantial ambient temperature and humidity differences across 
the seasons, only a mild (2 - 5°C) increase in indoor temperature during summer was observed. 
The most significant difference between seasons is the larger air exchange rate in the summer 
months, due to seasonal winds and the greater chance of householders opening windows and 
doors. With these points in consideration we may note that despite the higher observed 
indoor VOCs in winter, the hourly change in TVOCs from the model output shows little 
difference between seasons. Figure 4 shows the trend for change in TVOC, which represents 
an expected morning low before increasing in the afternoon. Individual species, as given in 
some examples in Figure 3, did show a seasonal difference in both magnitude and temporal 
variation. 

Ongoing refinements of the model will explore the behavior of reactive components in 
indoor air, specifically the nitrate radicals and their substrates. These in particular have been 
highlighted (Nørgaard 2011) as of extreme importance for future studies. As new research 
emerges, with regards to surface reactions and deposition velocities for other species the 
model can readily be adapted to incorporate these results as important factors for indoor 
chemistry that is not applicable to ambient (outdoor) chemical models.  In addition the current 
photolysis representation does not include reaction factors for the influence of artificial light 
indoors and needs to be updated to better characterize the as yet undetermined flux of light in 
the typical residential indoor environment in Perth, WA.  

As has been emphasized the model presented in this paper presents the base-line 
development of an explicit computational model of reactive indoor air chemistry. Future 
developments with sensitivity testing of the chemical and physical parameters of household 
micro climates will enable ongoing study on how our behavior indoors has the potential to 
influence the quality of the air we breathe. 
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SUMMARY 

A detailed chemical box model utilizing the reaction framework of the Master Chemical 
Mechanism (MCM) has been developed for simulating the photochemical degradation 
of volatile organic compounds (VOC) inside residential properties. The models are 
tailored for the indoor environs of metropolitan homes in Perth, Western Australia, 
based on air sampling measurement data from 70 Perth residences, together with local 
seasonal air quality monitoring data. Key model variables were changed to assess 
potential influence of building design on the gas-phase chemistry. These factors 
included attenuated photolysis rates determined by window size and glass 
composition, surface to volume ratios based on room size and changes in air exchange 
rate. Results show distinct influences on radical profiles as well as the PAN and TVOC 
species.  The study benefits our understanding of the formation of secondary air 
pollutants indoors, where the results can be used to identify building design factors for 
improved indoor air quality. 
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1 INTRODUCTION 

The physical characteristics of a building play a large role in defining its indoor 
environment. Architectural trends and energy efficiency are a high priority, but the 
manner in which design contributes to indoor air quality (IAQ) must also be 
considered. While much is understood of the contributions to poor air quality indoors, 
it is of interest to understand how subtle building design choices might influence the 
chemical fate of indoor air pollutants. 
 
The most current review on IAQ research (Weschler, 2011) noted two areas where 
major research is lacking. This includes the decomposition of common indoor 
pollutants and identification of short-lived indoor reactive chemistry products. IAQ can 
be affected by the photochemical degradation of primary indoor air pollutants and the 
subsequent production of secondary pollutants and secondary organic aerosol (SOA). 
This study aimed to examine some of these processes in detail, to aid ongoing 
developments for healthy and sustainable buildings. 
 
A detailed chemical box model has been developed for simulating the photochemical 
degradation of volatile organic compounds (VOC) inside residential properties. The 
models have been tailored using air sampling measurement data from 70 metropolitan 
Perth, Australia residences, and local seasonal air quality monitoring data collected 
during the field campaign periods. Using the model this study explored how room size, 
lighting, climate and ventilation choices have the potential to influence the chemistry 
of indoor air pollutants. 

 

2 MATERIALS/METHODS 

The southern hemisphere indoor air chemistry (SHIAC) model is being developed by 
using the reaction framework of the Master Chemical Mechanism (MCM), 
incorporating the latest version (v3.2) which includes 143 VOCs in 16,500 reactions 
(Jenkin et al., 1997, Saunders et al., 2003 for non-aromatic schemes; and Jenkin et al., 
2003; Bloss et al., 2005 for aromatic schemes), accessible via the website: 
http://mcm.leeds.ac.uk/MCM.  The model construct takes a reference basis from the 
work of Carslaw (2007) but has been extensively extended and tailored for the 
southern hemisphere environment, and has been described previously in Maisey et al., 
(2011). 
 
A base-line SHIAC model has been construction for homes in Perth, Australia using 
observational data for VOCs, O3, NO2 and building characteristics collected from 
‘typical’ (single-storey, brick residences built within the past 40 years) properties. In 
addition local air quality monitoring data from the Western Australian Department of 
Environment and Conservation (DEC 2011) air quality monitoring sites (AQMS) were 
used to supplement ambient air data taken at the sampling location sites. 
 
For the purpose of this study, a series of test models were constructed to determine 
the sensitivity of key model outputs such as O3, OH, NO3, TPANs (Total 
Peroxyacetylnitrates) and TVOC. Four key physical parameters were chosen for their 
potential to influence indoor gas-phase chemistry; attenuation of photolysis rates 
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determined by window size and glass composition, surface to volume ratios based on 
room size and air exchange rates. 

 
The daytime attenuation of ambient visible light and UV extending to the indoors 
through window glass is not uniform. The overall design of the building and glass used 
for the windows in construction will dictate the extent to which different wavelengths 
are reduced. There is surprisingly scant data available in the literature on indoor 
photolysis rates (e.g. Weschler, 2011). It is generally well known that external UV 
radiation (UVR) at the Earth's surface is divided into UV-B (280-320 nm) and UV-A (320-
400 nm), with the visible range is beyond from 400 – 800 nm. House/Car standard glass 
filters approximately 90% of UV radiation (97% UV-B and 37% UV-A), while generally 
glass transmits approximately 80-90% of visible radiation (400 – 800 nm), while 
blocking 90% below 300 nm. 
  
To relate this to the recorded molecule absorption spectra and the absorption maxima, 
and to determine how window glass impacts the different photolysis rates in the MCM 
we used the Keller-Rudek and Moortgat, (2011) MPI database of cross-Sections and 
quantum yield data. This enables an assessment of all the photolysis reactions in the 
MCM, and the derivation of a table of attenuation factors for the base case scenario. 
This does not take into consideration the variation in the luminescence indoors 
compared to out, but rather defines a maximum for the indoor photolysis. 
 
Recent work of Lim and Kim (2010) supports these generalizations, suggesting that only 
~3% of UV-B and ~65% of UV-A permeate clear glass. Their room simulations show 
factors of 25-60 reductions in UV-A intensity from positions of 0, 1, 2 and 3 metres 
away from the window. Further consideration from typical lux readings, which show 
indoor luminescence is reduced by a factor of 10 - 100 in the visible range were also 
explored. Combining these factors  provides a number of potential scenarios (Table 1) 
to explore this variation, being principally based on i) maximum indoor photolysis 
considering the glass transmission only, and then ii) combined glass transmission and 
room reduced intensity to give a low mixed photolysis, with other variations between. 

Table 4: Ambient sunlight attenuation factors used to simulate the spectral range and intensity 

indoors under different window glass scenarios 

Model Reference  Visible UVA UVB/C 

Simple Base (SB)  0.1 0.03 0.03 
Simple High  0.7 0.25 0.25 
Tailored (HT)  0.8 0.6 0.03 
UV Off  0.8 - - 
Reduced UV  0.8 0.6 - 

 
In addition to photolysis considerations other physical factors were explored. Typical 
base-line air exchange rates (1.4 h-1 summer, 0.4 h-1 winter, Haste et al. (2009)) were 
exaggerated for both seasons (0.1 and 3 h-1). Surface to volume ratios were altered to 
represent a home with large open living rooms and apartments with smaller, discrete 
living areas. 
 
Each model was constructed from the base-line SHIAC model for a particular season. A 
single change was implemented in the subsequent model run and comparisons made 
are based on these simplified but representative scenarios. 
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3 RESULTS AND DISCUSSION 

The model output shows interesting and variable effects on the indoor air chemistry.  
In particular a substantial influence on O3, (Figure 1) OH and NO3 (Figure 2) profiles 
were observed for the photolysis attenuation model runs. 
 
The summer simple base shows a maximum indoor ozone concentration of around 15 
ppb in good correspondence with the results of Carslaw (2007), which had utilized an 
average of one year of UK - AQMS ambient data. In contrast, with more specific Perth 
AQMS data in the winter season, conditions of higher ambient NO concentration give 
much lower indoor ozone. Higher indoor NO would be expected indoors in homes of 
high air exchange. These model results supported the commonly observed indoor 
ozone measurements in the winter sampling campaign (Maisey et al., 2011). 
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 Figure 3:Diurnal plot (in hours) of the indoor ozone concentration (ppb), showing ozone 

formation variation with season and photolysis attenuation. The difference between winter SB and 

winter SB high NO, is driven by higher outdoor AQMS [NO] observed during the sampling campaign. 

 
Further investigation of the influence of season was made to assess the influence on radical 
formation. The markedly differing ambient NO concentrations between seasons in addition to 
seasonal differences in photolysis results are shown in Figure 2. Although the indoor OH 
concentration falls within the range of order of magnitude of the Carslaw (2007) northern 
hemisphere study, the largest difference in the indoor NO3 concentration is almost 1 order of 
magnitude, driven by the different summer and winter ambient air quality data and the 
photolysis attenuation. 

 



Appendix C           

209 
 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

12:00 AM 4:00 AM 8:00 AM 12:00 PM 4:00 PM 8:00 PM

Summer SB

Summer HT

Winter SB

Winter SB high NO

Winter HT

Winter HT high NO

 

0.00E+00

1.00E+06

2.00E+06

3.00E+06

4.00E+06

5.00E+06

6.00E+06

7.00E+06

8.00E+06

9.00E+06

1.00E+07

12:00 

AM

6:00 

AM

12:00 

PM

6:00 

PM

12:00 

AM

6:00 

AM

12:00 

PM

6:00 

PM

12:00 

AM

6:00 

AM

12:00 

PM

6:00 

PM

12:00 

AM

Summer SB

Winter HT high NO

Winter HT

 

Figure 4: Diurnal variation (in hours) of the indoor a.)OH and b.) NO3 concentration (molecules 

cm
-3

), showing variation with season and photolysis attenuation. 

 
These have not previously been reported, and will have a clear impact on the indoor 
nitrogen budgets, which will further influence secondary pollutant formation in the 
form of organic nitrates and PAN or PAN type compounds. A demonstration of 
secondary pollutant formation influenced by light attenuation is shown in Figure 3 for 
PAN in the summer model. Increasing the percentage of visible light almost doubles 
PAN formation compared with base-line model. Interestingly the high tailored model 
and the UVB/C off have identical PAN output profiles and are significantly higher than 
the UV off model. This demonstrates the influence that UVA light has on PAN 
productions. 
 
Examples, again using the summer models, of altering the air exchange rate and the 
surface to volume ratios (i.e. an apartment compared with the ‘typical’ Perth home) 
showed only small influences on the radical and ozone profiles, as can be seen in Figure 
4. The influence of air exchange was minimal though radical concentrations were 
slightly elevated in low exchange house scenarios 

B 

A 
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Figure 5: Diurnal plot (in hours) of the indoor PAN concentration (ppb) in summer, showing the 

influence of light attenuation. 
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Figure 6 : Multiple day diurnal variation of the O3 concentration (ppb), showing variation of surface 

to volume (house compared to apartment) 

 

The follow on impacts of complex secondary product formation has not yet been 
investigated, however this already points to future consideration for healthy building 
design to incorporate window glass coatings to filer more UV, and especially UV-A from 
the external environment. 
 
The summer and winter base case models included observed seasonal data for 
temperature and humidity. Despite the substantial ambient temperature and humidity 
differences across the seasons, only a small increase in indoor temperature (2 - 5°C) 
during summer was observed. Physically the most significant differences were the size 
of the residences (apartments compared with ‘typical’ Perth homes) effecting the 
surface to volume ratio, and between seasons the larger air exchange rate in the 
summer months, due to seasonal winds and householders opening windows and 
doors. However the model runs to date have not shown a large impact on the radical 
or ozone profiles. The biggest impacts were determined to be as a result of the 
photolysis attenuation and the prevailing outdoor ambient air quality data. 
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4 CONCLUSIONS 

This study provides an interesting insight into how the physical parameters of the 
indoor environment can influence indoor radical and secondary pollutant formation. 
The most significant results thus far lead to important consideration of window 
construction and placement in a building. Minimizing UV-A transmission indoors, which 
has recently been shown to be of the order of ~65% (Lim and Kim, 2010) through 
standard clear glass (predominantly used in domestic residential glazing) will not only 
influence the reactive chemistry indoors, but lessen our exposure to the now 
recognised increased carcinogenic affects of UV-A (Tewari et al., 2011). In addition the 
significant impact of the ambient outdoor air quality cannot be overstated. This study 
has shown the importance of constraining the models with appropriate and 
representative seasonal air quality data. Furthermore, it shows the influence that this 
can have on both the radical budgets and secondary product formation in the indoor 
air. 

 
While the results of the model are still considered preliminary; there is significant 
scope to refine this model to examine the behavior of reactive components in indoors 
air.  Future work will build comprehensive indoor scenarios to examine how different 
housing scenarios and occupant behaviour might influence the reactive gas-phase 
chemistry inside Australian homes 
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Appendix D: Summary of Data in the Thesis 

 

On the CD attached to this thesis are files detailing all data collected and used in this study. 
The details of these files are as follows; 

 
D.1 Full summary of VOC data from the Perth IAQ study. 

D.2 Full details of house sampling details, questionnaire results and sampling notes. 

D.3 Details and data from all day pilot studies. 

D.4 Winter O3 and NO2 data. 

D.5 Summer O3 and NO2 data. 

D.6 Details of TVOC calculations. 

D.7 Details of O3 and NO2 instrument validation tests. 

D.8 Full image of PAN production with a 5% cut off route (at midnight). 
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Appendix E:  Comments on recent work by Carslaw et al. (2012) 

 

At the time of writing this thesis, a paper was published (Carslaw et al. 2012) with results 

highly relevant to this work and with implications for the future development of the SHIAC 

model.  

The potential for secondary organic aerosol (SOA) formation from reactions between 

alkenes/ terpenes and ozone has been well defined in the literature (e.g. Weschler and 

Shields, 1999; Sarwar and Corsi, 2007; Coleman et al., 2008). The lower vapour pressure 

of many alkene/terpene oxygenated products (lower than their parent species) means 

there is significant scope for investigation of the nexus between the gas and liquid phase.  

However, the question of resolving highly uncertain SOA composition indoors has yet to 

be firmly considered by the literature.  

The paper presented by Carslaw et al. (2012) is concerned with addressing this deficit 

through employing an extension of the detailed chemical box model described by Carslaw 

(2007).  The model has been updated to include gas-to-particle partitioning of the 

oxygenated species (mainly peroxide and nitrated compounds) from the degradation of 

limonene. This was possible due to the recent inclusion of limonene in the MCM (v3.2). 

Applying the MCM frame-work has enabled the authors to examine these reactions in a 

complex environment. This means that unlike simplified chamber studies, other reactions 

and conditions that have the potential to influence SOA formation are taken into 

consideration.  

The paper describes the addition of gas-to-particle partitioning coefficients for 41 species 

found to account for almost 95% of species resulting from limonene chemistry. The 

partitioning coefficient is calculated from the thermodynamic equilibrium partitioning of 

the species between the gas and condensed phases. The authors acknowledge the dearth 

of relevant data in the literature for the definition of vapour pressure for each constituent 

which was found to have significant influence on the partitioning coefficient that is 

derived from it. The preliminary Figures presented in the paper are a tentative 

representation of what these values might be and further investigation will be highly 

beneficial. Nevertheless, the study provides novel insight into the fate of common chemical 

constituents in the indoor environment and highlights important chemical implications for 

the SHIAC model. 

To sum the major findings of this work; 

1. Air exchange, was shown to influence the organic nitrate and peroxide composition of 

SOAs produced as a result of ozonolysis of limonene. The composition of the SOAs in the 

modelling study differ to what had been explored in chamber testing and are in agreement 

with observations made in ambient air studies.  
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2. Ozone and limonene concentration influence the composition of SOAs. This means that 

the conditions in homes and their location (relative to ambient ozone concentrations) will 

influence the balance of peroxide and nitrated materials in the SOAs indoors.  

 

The work in this thesis has focused on developing and tailoring a near explicit model with 

specific and relevant observational data in the gas-phase only. It is possible that the low 

concentrations of VOCs observed in the Perth IAQ study, (ten times lower than used in the 

Carslaw et al. (2012) model) will limit the importance of the aerosol fraction, however 

such an investigation is beyond the scope of this thesis. In the future it would be useful to 

incorporate this new SOA partitioning information into the SHIAC model, to examine how 

the conditions of typical Australian houses influence the production and composition of 

SOAs. This would include tailoring the model with the lower concentrations of VOCs 

observed in the Perth IAQ study, the high air exchange of Australian homes and the 

influence of seasonality of indoor ozone (Chapter 4) on the composition and production of 

SOAs from alkenes/terpenes. 

 

References 

Carslaw N., 2007. A new detailed chemical model for indoor air pollution, Atmospheric 

Environment, 41, 1164-1179. 
Carslaw N., Mota T., Jenkin M.E., Barley M.H., McFiggans G., 2012. A Significant Role for 

Nitrate and Peroxide Groups on Indoor Secondary Organic Aerosol, Environmental 

Science and Technology, 46, 9290-9298. 
Coleman B.K., Lunden M.M., Destaillats H., Nazaroff W.W., 2008. Secondary organic aerosol 

from ozone-initiated reactions with terpene-rich household products, Atmospheric 

Environment, 42, 8234–8245. 
Sarwar G., Olson D.A., Corsi R.L., Weschler C.J., ,2004. Indoor fine particles: the role of 

terpene emissions from consumer products, Journal of the Air and Waste 

Management Association, 54, 367–377. 
Weschler C.J., Shields H.C., 1999. Indoor ozone/terpene reactions as a source of indoor 

particles, Atmospheric Environment, 33, 2301–2312. 
 
 


