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Thesis Summary 

Domestic wood combustion is the predominant source of winter air pollution in Tasmania. 

Inhalation of fine particulate matter of wood smoke (PM2.5) is detrimental to respiratory and 

cardiovascular health. Fine particles have the capacity to lodge deep into lung tissue and 

translocate into the circulation, subsequently inducing systemic inflammation and oxidative 

stress. Catalysed combustion is designed to reduce emission of PM2.5 generated from domestic 

wood heaters by enhancing the efficiency of combustion.  

The present study was the first community trial to quantify the influence of the catalytic 

device, Smartburn®, upon ambient air quality. The trial targeted Perth, a rural, northern 

Tasmanian town where approximately half of the residences use firewood for domestic 

heating. In June, 2014, almost 80% of wood heater residences accepted a catalytic device for 

installation in their firebox. Ambient PM2.5 concentration was measured from fixed air 

monitoring stations at Perth and the control towns, Longford, Hadspen and Westbury. In order 

to identify a significant reduction in Perth pollution, the mean pre-intervention and post-

intervention concentrations of Perth were compared. The mean post-intervention 

concentration of Perth was then compared with those of the control towns.  

The main finding of this study was the absence of a significant association between 

community-wide distribution of the catalytic device and ambient air quality. Perth ambient 

pollution was not significantly reduced after the trial. Catalysed combustion remains difficult 

to achieve in a residential setting without sufficient control over factors associated with 

domestic operation of the wood heater and maintenance of the catalyst. 

The first section of this thesis is a literature review of the health effects associated with fine 

PM exposure, the chemical characterisation of wood smoke, the technological aspects of 

wood combustion and previous interventions designed to reduce residential wood smoke. The 
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second section of the thesis is a research paper which investigates the potential for 

community-wide firebox installation of a catalytic device to reduce ambient PM2.5 

concentration in Perth, Tasmania. The manuscript is formatted according to the Instructions 

for Authors in the journal of Atmospheric Environment (Appendix A). 
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1.1 Introduction 

Ambient air pollution generated from domestic wood combustion is of global health 

significance. Wood combustion is a popular source of residential heating due to the 

affordability, accessibility and the renewable nature of wood, compared to fossil fuels 

(Sandradewi et al., 2008). However, it is also a prominent source of air pollution in residential 

areas. According to Bølling et al. (2012), atmospheric aerosols of wood combustion are 

heterogeneous mixtures of inorganic and organic material. Common constituents are 

chlorinated dioxins, carbon monoxide (CO), methane, volatile organic compounds (VOCs), 

polycyclic aromatic hydrocarbons (PAHs), nitric oxides (NOx), sulphur dioxide (SO2) and 

particulate matter (PM) (Riddervold et al., 2012).  

The public health consequences of wood smoke exposure are adverse. Some PAHs, ROS and 

VOCs are potentially carcinogenic and PM is predominantly associated with respiratory and 

cardiovascular morbidity and mortality (Riddervold et al., 2012; Gold and Mittleman, 2013). 

Particle-induced bronchoconstriction, mucosal secretion and airway obstruction collectively 

exacerbate asthma and increase the risk of developing chronic obstructive pulmonary disease 

(COPD) (Fullerton et al., 2011). Endothelial activation induces atherosclerosis, thrombosis, 

hypoxemia and infarction (Bønløkke et al., 2014). 

Variations in particle size, structure and surface area influence PM potency and capacity to 

transport metals and organic compounds via adsorption (Wang et al., 2010; Bølling et al., 

2012). Coarse particles are classified as those with aerodynamic diameters between 2.5 

micrometre (µm) (PM2.5) and 10µm (PM10). Particles with aerodynamic diameters less than 

2.5µm (PM2.5) are fine and those less than 0.1µm in diameter (PM0.1) are ultrafine (Donaldson 

et al., 2001). The increased surface area of fine and ultrafine particulates enhances their 

capacity to absorb chemical components, penetrate deep into lung tissue and stimulate 

inflammation (Strak et al., 2013). Activation of alveolar macrophages and pulmonary 
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epithelial cells releases pro-inflammatory mediators and ROS which rupture the respiratory 

membrane and translocate into the circulation (Danielsen et al., 2008). Systemic inflammation 

and oxidative stress overwhelm antioxidant defences, destroying host cells via lipid 

peroxidation and ultimately inducing apoptosis and carcinogenesis (Danielsen et al., 2011).  

The chemical composition of ambient pollution is highly variable according to the source of 

emission (Bølling et al., 2012; Su et al., 2013). Wood smoke is particularly variable in 

toxicity, according to fuel characteristics, conditions of combustion and the type of 

combustion appliance used (Heringa et al., 2011; Miljevic et al., 2010). The atmospheric fate 

of point source emissions is determined by land topography and meteorological conditions 

(Su et al., 2013). 

This review will discuss the human health consequences associated with exposure to fine PM. 

Meteorological and topographical influences related to community-wide air pollution will 

facilitate understanding of the complexity associated with human dose-responses. Residential 

wood combustion will be the primary focus, with emphasis on the chemical characterisation 

of wood smoke. However, toxicological comparisons will be made with additional PM 

sources, particularly diesel exhaust and tobacco smoke. Potential strategies to reduce 

emissions and address the variable nature of residential wood combustion will be reported. 

1.2 Respiratory implications of wood smoke exposure 

Chronic wood smoke exposure has been associated with respiratory diseases, especially 

asthma, pneumonia, COPD and lung cancer (McGowan et al., 2002; Sanhueza et al., 2009; 

Fullerton et al., 2011). Particulates may also exacerbate symptoms of viral respiratory 

infection (McGowan et al., 2002). Victims of acute exposure experience symptoms of cough, 

nose and throat irritations and elevated frequency of respiratory tract infection (Sehlstedt et 

al., 2010; Fullerton et al., 2011). Comparisons between wood and charcoal cooking stoves in 

Malawi homes detected an elevated prevalence of respiratory tract infection among residents 
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exposed to wood smoke (Fullerton et al., 2011). Similarly, a population-based study of Nepal 

detected significant airway obstruction and impaired lung capacity among individuals 

exposed to biomass fuels, as opposed to non-biomass fuels (Kurmi et al., 2013).  Shapiro et 

al. (2013) attribute the potency of wood smoke particulates to stimulation of transient receptor 

potential-ankyrin 1 (TRPA-1), a molecular sensor for oxidants in the respiratory tract 

expressed by bronchial, alveolar and endothelial cells. Particulate stimulation of the receptor 

induces mucosal irritation, bronchoconstriction and inflammation (Shapiro et al., 2013). 

According to Camp et al. (2014), COPD encompasses the phenotypes, bronchiolitis and 

emphysema. Biomass smoke induces bronchiolitis which is the airway-predominant 

phenotype associated with increased bronchial wall thickness and air trapping, or abnormal 

lung retention of air during expiration (Camp et al., 2014). Wood combustion emits 

significant concentrations of CO, which is a potent indicator of cardiovascular mortality 

(Fullerton et al., 2011; Steinvil et al., 2013). The product of incomplete combustion influences 

blood oxygenation, thereby reducing oxygen uptake and functional capacity. Exercise stress 

tests among healthy members of a population exposed to ambient CO revealed significant 

reductions in functional capacity as a result of chronic exposure (Steinvil et al., 2013).  

Respiratory ramifications of acute exposure remain less clear. Riddervold et al. (2012) and 

Sehlstedt et al. (2010) observed no acute wood smoke exposure-related alterations in lung 

function and inflammatory cytokine concentration of plasma and bronchoalveolar lavage fluid 

(BAL) among exposed subjects. However, Riddervold et al. (2012) detected inflammatory 

biomarkers in exhaled breath condensate (EBC) and Sehlstedt et al. (2010) detected an 

increase in BAL antioxidant glutathione (GSH) concentration, representing an acute response 

preventing oxidative damage to the bronchial epithelium. Differential research conclusions 

may be attributed to the duration of exposure and nature of participant selection. Camp et al. 

(2014), Fullerton et al. (2011) and Kurmi et al. (2013) selected subjects based upon chronic 
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histories of exposure to specific PM sources, while Riddervold et al. (2012) and Sehlstedt et 

al. (2010) measured respiratory responses to acute exposure among healthy volunteers with 

normal lung function and without bronchial hypersensitivity. 

1.3 Cardiovascular and carcinogenic implications of wood smoke exposure 

Inhalation of wood smoke PM is associated with systemic inflammation, oxidative stress and 

carcinogenesis. According to Danielsen et al. (2011), Bølling et al. (2012) and Strak et al. 

(2013), fine particulates induce systemic inflammation and oxidative stress via two distinct 

pathways: activation of pulmonary epithelial cells and alveolar macrophages to generate pro-

inflammatory mediators and ROS, subsequently rupturing the respiratory, alveolar-capillary 

membrane and entering the circulation; or via direct translocation of particulates and adsorbed 

constituents through the alveolar-capillary membrane (Strak et al., 2013; Danielsen et al., 

2011). Oxidative damage to DNA induces strand breaks and mutation, thereby initiating 

carcinogenesis (Danielsen et al., 2011). For instance, oxidation of guanine forms 8-oxoGua 

which instigates irreversible transversion mutations (Danielsen et al., 2008). 

Tumour necrosis factor (TNF)-alpha, interleukin-6 (IL-6) and interleukin-8 (IL-8) are early 

biomarkers of inflammation detected in the studies of Danielsen et al. (2011), Stockfelt et al. 

(2013) and Forchhammer et al. (2012) as chemo-attractants of additional inflammatory cells 

and stimulants of the liver and phagocytes to produce acute phase proteins and ROS, 

respectively. Systemic inflammation and oxidative stress induce endothelial dysfunction and 

subsequent development of atherosclerosis, hypertension, hypoxemia and myocardial 

infarction (Stockfelt et al., 2013). Acute wood smoke exposure has been shown to cause 

retinal arterial narrowing and oxidative damage to DNA (Louwies et al., 2013; Danielsen et 

al., 2008). According to Unosson et al. (2013), wood smoke-induced imbalances in autonomic 

innervation and endothelial function influence alterations in central arterial stiffness and heart 

rate variability (HRV) during exercise. Endothelial dysfunction is induced by depletion of the 
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vasodilator, nitric oxide (NO) (Gill et al., 2011; Allen et al., 2011a). The enzyme responsible 

for NO synthesis is destroyed by inflammatory mediators in human aortic endothelial cells 

(Allen et al., 2011a). Unosson et al. (2013) observed three-hour exposure to filtered air during 

exercise, followed by three-hour exposure to wood smoke during exercise, to increase heart 

rate and central arterial stiffness, while reducing HRV and exerting no influence upon blood 

pressure (Unosson et al., 2013). Arterial stiffness and reduced HRV are prominent risk factors 

for cardiovascular disease. Reduced variation to the interval between consecutive heartbeats 

(HRV) stems from particulate inhibition of parasympathetic innervation and particulate 

stimulation of sympathetic innervation (Unosson et al., 2013; Gill et al., 2011). Such 

autonomic imbalance contributes to arterial stiffness and elevated heart rate (Unosson et al., 

2013). These findings are consistent with those of a prospective, population-based study in 

Peru which found that residents cooking with biomass fuels recorded higher prevalence of 

carotid thickness, hypertension and carotid artery atherosclerotic plaques, compared to those 

cooking with cleaner fuels of kerosene and electricity (Painschab et al., 2013).  

On the contrary, Stockfelt et al. (2013) and Bønløkke et al. (2014) found acute exposure to 

wood smoke to not cause systemic inflammation or increase the risk of thrombosis and 

atherosclerosis via endothelial dysfunction. Reductions in the coagulant, fibrinogen and 

platelets indicated an inactivation of the endothelium to induce haemostasis. Similarly, 

Forchhammer et al. (2012) found no apparent effect of four-hour wood smoke exposure upon 

microvascular function, oxidatively damaged DNA and biomarkers of inflammation and 

oxidative stress. Discrepancies in results may be attributed to the nature of exposure. Exercise 

enhances ventilation, as opposed to exposure at rest (Unosson et al., 2013). Furthermore, 

Jensen et al. (2014) suggests that acute durations of exposure are inadequate for establishing 

the events of systemic inflammation, oxidative stress and DNA damage. Dietary consumption 

of antioxidants may resist particulate-induced oxidative stress (Jensen et al., 2014). According 
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to Riddervold et al. (2012), humans undergo an adaptive period which further inhibits 

establishment of responses after only a few hours of exposure. Most studies compensated for 

this by incorporating an acclimatisation period before the PM concentration was sustained at 

the desired threshold. 

According to Gold and Mittleman (2013), chronic PM exposure is more significant to 

cardiovascular health than acute exposure. Fine particulate exposure for durations of hours to 

weeks may provoke events of ischemic heart disease (IHD): myocardial infarction and heart 

failure. However, PM exposure over a number of years enhances the risk of cardiovascular 

mortality and reduces life expectancy by several years (Gold and Mittleman, 2013). The 

respiratory and cardiovascular ramifications of wood smoke exposure evaluated previously, 

predominantly pertain to individuals. Epidemiological studies articulate how such individual 

responses of clinical significance may be transformed into population-based statistics, 

representing trends of morbidity and mortality. McGowan et al. (2002) and Sanhueza et al. 

(2009) found daily ambient PM10 concentrations to be associated with mortality and hospital 

admissions for respiratory and cardiovascular disease. Such observations were made within 

residential areas where domestic wood combustion is the main source of particulate air 

pollution in winter. In Christchurch, New Zealand, McGowan et al. (2002) found a 14.8µg/m
3
 

increase in PM10 to be associated with a 1.3% and 3.4% rise in hospital admissions for 

cardiovascular and respiratory conditions, respectively. Respiratory admissions were 

particularly elevated among children, and hospital admissions for pneumonia and COPD were 

particularly high among the elderly. Furthermore, in Temuco, Chile, Sanhueza et al. (2009) 

identified a 100µg/m
3
 increase in PM10 to be associated with an 11.1% and 5.2% rise in 

respiratory and cardiovascular mortality, respectively. Hospital admissions for respiratory and 

cardiovascular conditions rose by 6.9% and 4.9%, respectively. Such an increase in PM10 

yields even greater risk of mortality among adults aged over 64 years with a 14% rise in both 
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causes compared to respective 9.5% and -13.6% admission rises among their younger 

counterparts (Sanhueza et al., 2009). Such trends between ambient particulate concentration 

and population mortality support the potential for interventions targeting wood smoke 

emissions to benefit public health.  

1.4 Meteorological influences upon ambient air pollution 

Respiratory and cardiovascular health risks of wood smoke are elevated during the winter due 

to local topography and seasonal variation of weather, coupled with the density and location 

of wood combustion sources (Su et al., 2013; Allen et al., 2011b). Thermal inversions, 

characterised by high relative humidity and low ambient temperature, wind speed and 

photochemical action, trap warm, polluted air at low altitude (Bergauff et al., 2008; 

McGowan et al., 2002). Air stagnation beneath the inversion layer accumulates pollutants at 

ground-level and inhibits dispersion from point source, thereby increasing the duration and 

intensity of residential exposure to ambient PM (Aymoz et al., 2007; Favez et al., 2010). 

Under conditions of high atmospheric pressure, coupled with an absence of vertical mixing 

and aerosol dilution, inversion layers may persist for several days and contribute to smog 

formation (Alfarra et al., 2007; Lanz et al., 2007). Primary organic aerosols (POAs) are 

emitted directly from point source in particulate or gaseous phase and undergo a series of 

atmospheric reactions to form secondary organic aerosols (SOAs) (Hennigan et al., 2011). 

Atmospheric ageing involves fragmentation and segregation of POAs via condensation, 

evaporation and oxidation (Heringa et al., 2011). Subsequent alterations in organic chemistry 

of primary aerosols imply that pure, immediately-generated wood smoke particulates do not 

accurately represent the toxicity of ambient wood smoke (Totlandsdal et al., 2014). 

Continuous atmospheric exposure and reaction with oxidants and hydroxyl (OH) radicals 

reduce their atmospheric stability (Hennigan et al., 2011). Nolte et al. (2001) detected 

differential PAH ratios between ambient and point source emissions as a consequence of 
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atmospheric ageing. Higher concentrations of PAH have been detected in ambient air (Ding et 

al., 2012). Contrary to these findings, Danielsen et al. (2011) found PAH concentrations to be 

higher in pure wood smoke emissions compared to ambient air within a wood smoke-affected 

area. Pure particulates tended to produce more free radicals, DNA damage and gene 

expression in vitro in response to inflammation and oxidative stress, compared to particulates 

of ambient wood smoke-polluted air (Danielsen et al., 2011). 

Ambient temperature is the most influential factor of PM concentration (Alfarra et al., 2007; 

Aymoz et al., 2007). Diurnal PM concentrations peak at midnight and fall to a minimum 

around midday due to alterations in meteorological conditions from low ambient temperature 

and absent photochemical action to increased temperature, optimal photochemical action and 

elevated wind speed (Jeong et al., 2008). In addition, low ambient temperature favours 

condensation of VOCs and positively corresponds with domestic wood heater usage (Lanz et 

al., 2007). Residential areas with high wood heater density are most vulnerable to the 

ramifications of wood smoke. Low elevation and hydrological catchment areas are equally 

susceptible to accumulating elevated pollutant concentrations (Su et al., 2013). During cold, 

calm nights, surface wind is influenced by drainage flow of wood smoke from up-slope 

sources (Su et al., 2013). During the day, vertical mixing exports pollutants from point source 

via elevated wind speed and photochemical action. During the night, pollutants remain close 

to the ground, with some dilution occurring from surface wind (Alfarra et al., 2007). 

According to Sanhueza et al. (2009) and Gold and Mittleman (2013), ambient temperature is 

associated with PM concentration and rates of mortality, hospital admission and incidence of 

respiratory and cardiovascular conditions, with peak rates likely to occur in winter when 

ambient temperature is minimal and PM concentration is elevated. 
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1.5 Chemical characterisation of PM 

The chemical composition of PM depends upon the source. According to Camp et al. (2014), 

particulates of tobacco smoke are chemically similar to those of wood smoke. It is the 

differential nature of inhalation between both sources that influences the health outcomes 

induced. Inhalation of wood smoke is sustained at chronic, low levels while inhalation of 

tobacco smoke is acute and encompasses two phases: indirect inhalation through the mouth 

before a slight pause, and complete inhalation of particulates penetrating deep into the lung 

(Sood et al., 2010; Camp et al., 2014). Subsequent deposition of tobacco smoke particulates at 

the lung parenchyma impairs gaseous exchange and ultimately induces respiratory failure 

(Camp et al., 2014). Sood et al. (2010) describe a potential synergistic relationship between 

tobacco and wood smoke, whereby wood smoke instigates lung cancer among tobacco 

smokers via abnormal modification of lung cancer-related genes. In addition, wood smoke 

facilitates the development of COPD among tobacco smokers via impaired lung function, 

airflow obstruction and chronic bronchitis (Sood et al., 2010). Particulate deposition and 

inflammatory potential depend upon particulate size, structure, surface area and components 

adsorbed to the surface, in addition to host airway geometry (Shapiro et al., 2013). Camp et 

al. (2014) found that female COPD patients with exposure history to tobacco smoke express 

differential airway diameters when compared to patients exposed to wood smoke. Both PM 

sources induce different phenotypes of COPD. Subjects of the biomass-exposed group 

expressed symptoms of bronchiolitis, the airway-predominant phenotype of COPD associated 

with increased bronchial wall thickness and air trapping. Tobacco smoke was found to induce 

a combination of bronchiolitis and the emphysema-predominant phenotype, characterised by 

reduced expiratory flow, emphysematous destruction of lung parenchyma and bronchiole 

narrowing (Camp et al., 2014). 
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According to Sehlstedt et al. (2010), particulates derived from wood smoke and diesel exhaust 

have few compositional similarities and elicit significantly different host responses. The 

population-based study of Bui et al. (2013) found that ambient wood smoke and emissions of 

diesel exhaust are both associated with asthma severity via exacerbation of airway 

inflammation. However, Sehlstedt et al. (2010) suggest that wood smoke is relatively less 

toxic to the airways. Particulates derived from diesel exhaust are soot aggregates with a 

carbonaceous core coated with hydrocarbons, metallic ash and volatile organic particles; 

while particulates of wood smoke are carbon soot particles coated with PAHs and reactive 

oxygenated species (Totlandsdal et al., 2014; Sehlstedt et al., 2010). According to Totlandsdal 

et al. (2014), wood smoke particulates are more heterogeneous according to variations in fuel 

characteristics and combustion conditions. Louwies et al. (2013), Sandradewi et al. (2008) 

and Kocbach et al. (2008) found wood smoke particulates to contain higher oxygen and PAH 

content due to the organic compounds generated during combustion. However, Totlandsdal et 

al. (2014) found higher organic carbon (OC) content in diesel exhaust and similar PAH 

content between both sources. The inflammatory and cytotoxic potentials of particulates 

derived from wood smoke and diesel exhaust are significantly different (Kocbach et al., 

2008). When exposed to monocytes and alveolar cells, traffic-derived particulates presented 

higher inflammatory potential, while those of wood smoke presented higher cytotoxicity, 

inducing a significant reduction in viable cell number (Kocbach et al., 2008). Contrarily, 

Totlandsdal et al. (2014) found that both the inflammatory potential and cytotoxicity of diesel 

exhaust particulates are significantly higher than those of wood smoke particulates when 

exposed to human bronchial epithelial cells. Variable fuel characteristics and combustion 

conditions may explain such discrepancies in results. Bølling et al. (2012) found that under 

specific combustion temperatures, wood smoke particulates were more toxic and exceeded the 
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inflammatory potential of diesel exhaust particles when exposed to human pulmonary 

epithelial cells. 

1.6 Chemical characterisation of wood smoke 

Anhydrides, produced from thermal degradation of cellulose, are the most copious constituent 

of biomass combustion emissions and commonly used tracers for ambient wood smoke 

(Bergauff et al., 2008). However, the atmospheric instability of levoglucosan compromises its 

capacity to serve as a reliable tracer over time (Heringa et al., 2011). The chemical 

composition of wood smoke depends upon fuel characteristics and conditions of combustion 

air and temperature (Fine et al., 2004; Bølling et al., 2012; Riddervold et al., 2011).  

Research has investigated the influence of wood species and moisture upon particulate 

emissions. According to Schmidl et al. (2008) and Weimer et al. (2008), wood species exerts 

minor influence upon the composition of wood smoke, despite variable ratios of levoglucosan 

and its derivatives detected between softwood and hardwood species. Combustion of high-

moisture fuel produces emissions of CO, PAHs and VOCs, due to the reduced temperature 

and combustion efficiency initiated by the significant amount of energy required to vaporise 

water (Shen et al., 2012; Schmidl et al., 2008). Duration and conditions of firewood storage 

between harvesting and burning influence fuel moisture content. However, the rate of drying 

varies among individual species (Nord-Larsen et al., 2011).  

According to Weimer et al. (2008) and Bølling et al. (2012), particulate emissions are 

predominantly associated with combustion phase and temperature. The combustion cycle is 

characterised by sequential variations in temperature, corresponding with dehydration, 

oxidation, pyrolysis and gasification (Weimer et al., 2008). The ignition or start-up phase 

reflects conditions of low temperature and elevated emissions whereby volatilisation of 

hydrocarbons, gasification of pyrolysis gases and evaporation of water occurs (Weimer et al., 

2008). Steady-state refers to pyrolysis, or thermal decomposition of biopolymers under high 
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temperature and reduced emission concentration (Bølling et al., 2012). Smouldering burn-out 

phase is characterised by declining temperature, oxidation of carbonaceous material and the 

presence of glowing chars (Bølling et al., 2012; Hukkanen et al., 2012). According to 

Tapanainen et al. (2012), particulates emitted from the start-up phase of combustion are most 

genotoxic and potent activators of apoptosis in human bronchial epithelial cells. Oxidative 

and inflammatory potentials of wood smoke particulates decrease with increasing combustion 

temperature (Bølling et al., 2012). These findings are supported by Danielsen et al. (2011) and 

Hytönen et al. (2009) who observed significantly higher proportions of PAH emitted during 

low-temperature and low-oxygen, smouldering conditions, compared to high-temperature and 

high-oxygen, flaming conditions. Production of ROS induced by low-oxygen wood smoke 

particulates in vitro may be attributed to the relatively high proportion of PAH generated from 

incomplete combustion (Danielsen et al., 2011; Tapanainen et al., 2012). PAHs induce 

oxidative stress via metabolism of intracellular enzymes (Tapanainen et al., 2012). 

Assessment of emissions generated from a conventional wood heater under incomplete 

combustion temperature range of 700°C to 1000°C revealed that particulates collected during 

lower temperature combustion were more toxic and higher in PAH content than those 

generated under higher temperatures (Bølling et al., 2012). These findings support the inverse 

relationship between combustion temperature and particulate toxicity (Bølling et al., 2012). 

Similarly, Lanz et al. (2007) found that low-temperature combustion generates higher 

concentrations of organic aerosols and CO, compared to high-temperature combustion. As 

supported by Stockfelt et al. (2013) and Weimer et al. (2008), Bølling et al. (2012) concluded 

that the content of VOCs and PAHs are highest during the start-up phase of combustion when 

temperature is at a minimum. However, thermal decomposition of PAHs may be achieved by 

combustion temperatures exceeding 900°C (Bølling et al., 2012). As temperature rises, 

volatile compounds are combusted more efficiently (Tapanainen et al., 2012). 
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1.7 Wood combustion technology 

Compared to modern combustion technology, conventional wood heaters may generate 

emissions of variable chemical composition and have reduced capacity to comply with 

national reporting standards for ambient air quality. Restricted air flow and unstable 

temperature control systems elevate smoke emissions and inhibit oxidation of VOCs and CO 

(Miljevic et al., 2010; Fine et al., 2004). Emissions of incomplete combustion are reduced by 

modern and automatic wood pellet burners designed to achieve more rapid and complete 

oxidation of hydrocarbons and CO with sophisticated airflow and heat convection systems 

(Heringa et al., 2011; Miljevic et al., 2010; Weimer et al., 2008; Tissari et al., 2008). 

Automatic loading of wood pellets maintains uniform combustion temperature (Heringa et al., 

2011). Secondary combustion air chambers of modern wood heaters facilitate the ignition of 

combustion gases and soot to ultimately reduce particulate emission into the atmosphere 

(Tissari et al., 2008). Particulate emissions generated from pellet burners and conventional 

wood heaters are significantly different (Heringa et al., 2011; Weimer et al., 2008). As 

observed by Miljevic et al. (2010), temperatures attained by the former are significantly 

higher across all stages of combustion and the elevated surface area of wood pellets increases 

combustion efficiency (Weimer et al., 2008). Controlled airflow reduces the formation of 

thermal NOx and provides oxidative conditions for combustion of VOCs (Weimer et al., 

2008). According to Heringa et al. (2011), automatic pellet burners produce significantly 

lower emissions of PM and PAHs, compared to conventional wood heaters. In addition, the 

ratio of carbon monoxide (CO) to carbon dioxide (CO2) is significantly reduced (Miljevic et 

al., 2010).  

Catalytic oxidation of combustible compounds may provide an economical solution to 

residential wood smoke pollution (Hukkanen et al., 2012). According to Kaivosoja et al. 

(2012), catalysts act upon benzene rings of PAHs to ultimately reduce genotoxic and 
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carcinogenic potential. Noble metals and transition metal oxides are two distinctive classes of 

catalysts, designed to facilitate combustion efficiency, generating heat from oxidation of 

hydrocarbons and CO (Liotta et al., 2010; Fine et al., 2004; Kaivosoja et al., 2012). Both 

catalyst classes have been found to reduce PAH, PM and CO emissions during all phases of 

combustion (Hukkanen et al., 2012; Kaivosoja et al., 2012). However, studies of Carnö et al. 

(1996) and Ferrandon et al. (1999) reported different catalytic capacities between both classes 

in relation to oxidation of methane, naphthalene and CO. As opposed to Ferrandon et al. 

(1999) and Carnö et al. (1997), Carnö et al. (1996) found platinum-based catalysts to be more 

stable with capacity to resist deactivation, while facilitating oxidation of combustible 

compounds. According to Kaivosoja et al. (2012), platinum-based catalysts also initiate 

chlorination of persistent organic pollutants (POPs). 

Fine et al. (2004) contend that catalytic elements generate more PAH via aromatisation of 

natural wood components and ultimately produce more elemental carbon (EC) via further 

initiation of pyrolysis of organic compounds. Of the 22 wood species tested in the study, 

catalytic combustion only reduced PM emission concentration for one and ultimately 

generated higher emission concentrations of EC and PAH, compared to non-catalytic 

combustion. These results are contradictory to those of Hukkanen et al. (2012) who found that 

incorporation of a platinum-palladium catalyst reduced PM emissions by 30%, compared to 

non-catalytic combustion, in addition to a 21% reduction in CO emissions. Similarly, 

Kaivosoja et al. (2012) found catalytic combustion to induce a 24% and 26% reduction in 

emissions of PAH and CO, respectively. 

Research indicates that catalysts are only effective under optimal conditions. Physical 

deposition and surface condensation of ash, soot and tar deactivate catalytic reactions, and 

water vapour inhibits oxidation of VOCs (Carnö et al., 1996; Yildiz et al., 2014). Inadequate 

combustion temperature and the presence of certain combustible compounds have been found 
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to impede catalytic activation. Methane has a very low oxidation rate and the presence of 

naphthalene impedes the conversion of CO to CO2 (Ozil et al., 2009; Carnö et al., 1997). 

Furthermore, catalytic activation requires attainment of a certain threshold temperature that is 

not achieved during the start-up and burn-out, smouldering phases of combustion which 

generate the highest proportion of particulate emissions (Ozil et al., 2009). Ideal temperature 

thresholds are variable between studies. However, Carnö et al. (1996) recommend that 

combustion temperature should exceed 400°C in order to achieve catalytic oxidation of 

methane, naphthalene and CO. Various strategies have been researched to overcome the 

temperature-dependent activation of wood combustion catalysts. Ferrandon et al. (1999) 

found pre-heating the catalyst during start-up phase via injection of hot air to reduce CO 

emissions by 67% within the first ten minutes of combustion. Incorporation of an electric 

heating system in the study of Ozil et al. (2009) was found to reduce CO and VOC emissions 

during ignition by 50% and 17%, respectively.  

1.8 Interventions to reduce residential wood smoke 

Air quality influences population mortality (Johnston et al., 2013). Strategies to reduce PM 

emissions are therefore essential to alleviate the health burdens of wood smoke in residential 

areas where wood combustion is a significant source of ambient air pollution (Sandradewi et 

al., 2008). In order to achieve public attainment of desired outcomes, such strategies must be 

economical (Carnö et al., 1996). Bui et al. (2013) suggest clean burning practices and 

replacement of conventional wood heating appliances, while Hine et al. (2011) suggest the 

provision of educational material and catalytic devices to wood heater households. The two-

week household implementation of high efficiency particulate air (HEPA) filters conducted 

by Allen et al. (2011a) found the filters to reduce mean indoor PM2.5 concentrations by 60% 

and to be associated with improved endothelial function. Reduced concentrations of 

inflammatory biomarkers and excretory products of oxidative degradation were detected in 
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the blood and urine among residents of a residential wood smoke-affected area. A wood 

heater replacement programme of Launceston, Tasmania was initiated during the winter of 

2001 to replace conventional wood heaters with electric heaters as the primary source of 

domestic heating (Johnston et al., 2013). The intervention achieved almost a 50% reduction in 

wood heaters as the primary source of domestic heating. Comparisons between pre- and post-

intervention periods reflected minor changes to all cause, cardiovascular and respiratory 

mortality rates during winter (Johnston et al., 2013). Throughout the period of 2005 through 

to 2007, a community-wide wood heater replacement program was implemented in Libby, 

Montana, a valley community of the United States, ultimately replacing 95% of conventional 

wood heaters with new, EPA-certified stoves or alternatives appliances (Noonan et al., 

2012a). The intervention achieved a 36% and 30% reduction to indoor and ambient PM2.5 

concentration, respectively, and more than 60% reduction to concentration of various PAHs 

(Noonan et al., 2012a). Childhood incidences of wheezing, bronchitis, mucosal irritation and 

influenza were also reduced, post-intervention, in addition to frequencies of illness-related 

school absences (Noonan et al., 2012b; Noonan et al., 2011).  

Hine et al. (2011) found wood heater installation of Smartburn® catalytic devices to exert 

direct reductions upon individual household emissions based upon householder self-

assessment of smoke plumes generated from 168 participating households within Armidale, a 

university city in New South Wales. Educational material informing appropriate wood heater 

operation was found to exert indirect influence upon emissions (Hine et al., 2011). However, 

results of education and catalytic combustion were limited to qualitative and intermittent 

assessment of emissions generated from individual households according to the apparent 

density of smoke plumes. In addition, the demographic profile of Armidale may not reflect 

those of susceptible wood-burning communities in terms of age and socioeconomic status 
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(Hine et al., 2011). The potential for the catalytic device to quantitatively improve ambient air 

quality and protect vulnerable groups, via community-wide adoption, remains unknown. 

1.9 Outcomes and limitations of research 

The human dose-response relationship of wood smoke is ambiguous, due to the discontinuous 

and variable nature of biomass combustion (Miljevic et al., 2010). The relative toxicity of 

wood smoke is therefore difficult to determine, compared to other PM sources (Totlandsdal et 

al., 2014; Bølling et al., 2012). Atmospheric ageing transforms the composition of pure wood 

smoke particulates further, into complex heterogeneous mixtures of variable toxicity (Heringa 

et al., 2011). Thus, inconsistent results among human dose-response studies may be attributed 

to variations in sample size, fuel characteristics, combustion conditions and PM dose, nature 

and duration of exposure. For instance, acute, pure wood smoke exposure may elicit 

differential host responses to chronic, ambient exposure. Wood smoke exposure during 

intervals of exercise, as opposed to rest, increases ventilation and subsequent respiratory 

deposition of particulates (Riddervold et al., 2012; Kurmi et al., 2013; Unosson et al., 2013). 

Despite such differences in experimental design, common conclusions are that inhalation of 

fine particulates elicits immediate and long-term, adverse ramifications for cardiovascular and 

respiratory health. Systemic inflammation, endothelial dysfunction and oxidative stress are 

events documented in several studies (Riddervold et al., 2012; Painschab et al., 2013; 

Danielsen et al., 2011). Chronic exposure has been shown to impair lung function, exacerbate 

asthma and initiate the development of COPD (Steinvil et al., 2013; Bui et al., 2013; Fullerton 

et al., 2011; Camp et al., 2014).  

Spatial monitoring has revealed elevated wood smoke concentrations beneath thermal 

inversion layers and within residential areas of high wood combustion density and low 

elevation (Aymoz et al., 2007; Su et al., 2013). However, the cytotoxic and inflammatory 

potentials of wood smoke particulates remain influenced by the combustion conditions under 
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which they are generated. Adequate temperature and combustion air are required for thermal 

decomposition of PAHs, NOx and VOCs, and oxidisation of CO, respectively (Fine et al., 

2004). Significant variability in wood heater operation among individual households 

contributes to the uncontrollable nature of residential wood smoke pollution. Even high-

efficiency wood combustion appliances have potential to generate pollution, especially when 

operated under suboptimal conditions (Noonan et al., 2011). Similarly, the potential for 

catalytic combustion to achieve significant emission reduction requires ideal fuel 

characteristics and combustion conditions for catalytic activation and sustained thermal 

oxidation of combustible compounds. Ideal conditions require adequate airflow, good design 

and careful, well informed operation. 

1.10 Conclusions 

Ambient air pollution generated from residential wood combustion is carcinogenic and clearly 

associated with respiratory and cardiovascular risks. Human exposure to ambient particulates 

is influenced by local topography and meteorological conditions, while the chemical 

composition of wood smoke alone depends upon fuel characteristics and combustion 

conditions. Conventional wood heaters remain popular in residential areas, despite the 

availability of alternative energy sources and wood combustion appliances of advanced 

efficiency. Replacement of conventional wood heaters has been found effective for reducing 

community-wide emissions. Furthermore, catalytic devices have been found to exert a direct 

effect upon wood smoke emissions. However, distribution throughout an entire community 

has not been evaluated with ambient PM concentrations quantified. There is potential for 

community-wide installation of a catalytic device to alleviate the public health burden of 

wood smoke. 
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1.11 Aims and Hypotheses 

The aim of the present study was to evaluate the potential for community-wide firebox 

installation of a wood combustion catalyst to reduce ambient air pollution generated from 

domestic wood heaters in Perth, Tasmania. Ambient air pollution of Perth and three control 

towns, unexposed to the catalytic trial, were simultaneously monitored in order to establish an 

association between catalyst use and air quality. It was hypothesised that post-intervention 

mean ambient PM2.5 mass concentration (µg/m
3
) of Perth would be reduced, compared to that 

of the pre-intervention phase and compared to those of the control towns, Longford, Hadspen 

and Westbury. 
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Abstract 

Residential wood combustion is the main source of winter air pollution in Tasmania. 

Inhalation of fine particulate matter (PM2.5) of wood smoke is detrimental to respiratory and 

cardiovascular health and potentially carcinogenic. The aim of this study was to evaluate the 

potential for community-wide distribution of a firebox catalyst to reduce ambient PM2.5 

concentration in Perth, Tasmania. In June 2014, residents of Perth were offered the device for 

placement in the firebox of their wood heater, in absence of receiving operational training in 

optimal use of their wood heater. Ambient air pollution was sampled from fixed air 

monitoring stations of Perth and three control towns, Longford, Hadspen and Westbury, 

throughout wood heater seasons of 2013 (pre-intervention) and 2014 (post-intervention). 

Participants were surveyed, post-intervention, to determine the conditions of combustion and 

catalyst treatment that were adopted throughout the intervention. A two-factor general linear 

model (GLM) was used to compare ambient PM2.5 concentrations among the sampled 

locations and between intervention phases. Almost 80% of Perth wood heater operators 

accepted a catalytic device. However, there was no significant post-intervention reduction to 

ambient PM2.5 concentration of Perth, compared to the control communities. Most 

participants failed to maintain ideal conditions for the catalyst within the firebox and observed 

no signs of catalyst function. Winter ambient air quality of Perth was ultimately not 

influenced by the catalytic trial. Poor maintenance of the catalyst and combustion appliance 

may have inhibited activation and function of the catalyst.  

Key words: residential wood combustion, catalyst, ambient PM2.5, Perth, Tasmania. 
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2.1 Introduction 

Residential wood smoke is a significant source of winter air pollution in various parts of the 

world. In Christchurch and Temuco, direct associations have been reported between ambient 

wood smoke and population mortality (McGowan et al., 2002; Sanhueza et al., 2009). 

Chronic exposure has been associated with the development of respiratory and cardiovascular 

disease, particularly asthma, chronic obstructive pulmonary disease (COPD), lung cancer, 

pneumonia, heart failure and stroke (Camp et al., 2014; Sood et al., 2010; McGowan et al., 

2002; Gold and Mittleman, 2013). The chemical constituents of wood smoke, responsible for 

these health effects, have become well known. Polycyclic aromatic hydrocarbons (PAHs), 

volatile organic compounds (VOCs) and particulate matter (PM) are carcinogenic and induce 

systemic inflammation and oxidative stress when inhaled (Danielsen et al., 2008; Stockfelt et 

al., 2013). In ambient air, the chemical profile of wood smoke becomes more complex and 

atmospheric aging increases toxicity (Hennigan et al., 2011; Ding et al., 2012). In Australia, 

ambient concentrations of fine PM (PM2.5) exceeding a daily average of 25µg/m
3
 are 

unacceptable, according to Schedule 2 of the National Environment Protection (Ambient Air 

Quality) Measure (National Environment Protection Council, 2003). However, the national 

reporting standards are not legally enforced. 

The toxicity of ambient wood smoke presents a threat to public health. Efforts to reduce wood 

smoke require ambient air quality monitoring to identify communities susceptible to pollution 

and to evaluate post-intervention effects. Implementation of air monitoring programs has 

become more affordable for government agencies around the world (Environment Protection 

Authority (EPA), 2014b; Environment Protection Agency (EPA), 2014c). Recent 

implementation of the Base Line Air Network of the EPA Tasmania (BLANkET) enables 

continuous, real-time and quantitative assessment of state-wide ambient air quality in 

Tasmania (EPA, 2012). As opposed to the three pre-existing regional stations, the network of 
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19 fixed air monitoring stations measures air pollution by town. This network enables 

comparisons to be made between communities exposed and unexposed to an intervention and 

between pre- and post- intervention air quality. Such comparisons may determine the 

influence of an intervention upon residential wood smoke pollution. 

Interventions designed to reduce residential wood smoke tend to adopt three distinct 

approaches: reduce the number of wood heaters within a community, replace conventional 

wood heaters with cleaner alternatives and improve wood heater operation via education. In 

Launceston, Tasmania, a wood heater reduction of almost 50% was achieved in 2001, and in 

Libby, Montana, a community-wide replacement programme of conventional wood heaters 

reduced ambient PM2.5 concentration by 30% (Noonan et al., 2012a; Johnston et al., 2013). 

Burn Wise is an educational program, coordinated by the EPA (EPA, 2014c) of the United 

States, designed to promote combustion of dry wood under ideal conditions using certified 

heaters. A similar intervention, Burn brighter this winter, was coordinated by the EPA of 

Tasmania, where communities susceptible to elevated wood smoke concentration were 

advised of appropriate burning practices via several forms of media (EPA, 2014a). However, 

regular assessment of smoke plume densities and ambient PM2.5 concentrations revealed no 

significant post-intervention reduction to wood smoke (EPA, 2014a). Approaches to reduce 

ambient wood smoke via elimination and replacement of domestic wood heaters may not be 

economical or politically acceptable in many circumstances. Educational approaches may be 

less successful due to public resistance to behaviour change (Reeve et al., 2013). 

Catalytic combustion is another, potentially more practical and economical approach to 

reducing residential wood smoke emissions. Wood combustion catalysts have been reported 

to reduce emissions of PM and PAH by up to 30% via thermal oxidation (Hukkanen et al., 

2012; Kaivosoja et al., 2012). Simple firebox installation of a catalytic device, in the absence 

of altering wood heater operation, may be more acceptable and achievable by most members 
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of a community. A commercially available, catalytic device has been promoted in Australia to 

reduce accumulation of soot and creosote within the flue and firebox (Smartburn Pty Ltd, 

2014). The steel tubular device encases a solid catalytic mixture. As combustion temperature 

rises, the mixture vaporises, escaping from open ends of the casing and facilitates combustion 

via ignition of gases and soot within the firebox (Smartburn Pty Ltd, 2014). The catalyst has 

been reported to reduce particulate emissions by up to 54% in the laboratory and reduce the 

density of smoke plumes generated from individual wood heaters (Smartburn Pty Ltd, 2014; 

Hine et al., 2011). However, the influence of this technology upon ambient pollution has not 

been quantified community-wide. 

The present study was set in Northern Tasmania, incorporating the rural towns, Perth, 

Longford, Hadspen and Westbury, with respective populations of 2567, 3053, 2063 and 1476 

(Australian Bureau of Statistics (ABS), 2011e; ABS, 2011c; ABS, 2011b; ABS, 2011d). As 

for most rural towns of Tasmania, wood combustion is the main source of air pollution, with 

approximately 50% of households operating a wood heater for domestic heating (Innis, 2012). 

Daily mean ambient PM2.5 mass concentrations often exceed 25µg/m
3
, especially on winter 

nights with low temperature and low wind speed (Innis, 2012). The four towns are surrounded 

by catchments of the Tamar River and have similar topography and climate (Innis, 2012; 

Department of Primary Industries, Parks, Water and Environment (DPIPWE), 2012). 

The present study was designed to evaluate the influence of community-wide distribution of a 

catalytic device upon Perth’s winter ambient air quality. It was hypothesised that the post-

intervention concentration of ambient PM2.5 would be lower compared to the pre-intervention 

phase, and lower compared to the three control towns. 
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2.2 Methods 

In June 2014, all Perth households identified as using firewood for domestic heating were 

offered a free catalyst. In order to raise community awareness prior to door-to-door 

distribution of the device, objectives of the study were promoted via Facebook and the 

website of the municipal Council, direct mail, television, newspaper and static display of 

posters in various local businesses of Perth.  

2.2.1 Community-wide distribution of catalytic devices 

On the weekend of June 14 and 15, 2014, 27 volunteers recruited from the University of 

Tasmania offered the catalytic device to as many wood heater operators of Perth as possible. 

Canisters were donated by Smartburn Australia and representatives instructed volunteers in 

inserting and maintaining the product. Company representatives were not involved in the 

design and implementation of the intervention, or the analysis and reporting of results. 

Volunteers’ recorded residential addresses visited and indicated whether residents’ were home 

and a wood heater was present, their willingness to participate and the number of canisters 

accepted per household (Appendix B). Residents were offered information sheets and written 

consent was obtained to contact them during September and evaluate their use of the device. 

Volunteers left flyers in mailboxes of houses that were visited twice with no response. The 

flyer directed residents to the Perth Roadhouse Service Station where it could be exchanged 

for a free canister (Appendix C). Sections of streets that were inadvertently missed were 

visited during the final week of June. Flyers were collected from the Roadhouse and new 

residential addresses were added to the database. 
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2.2.2 Fixed ambient air sampling 

The BLANkET air monitoring stations of Perth, Longford, Hadspen and Westbury were used 

to measure hourly mean PM2.5 concentrations and meteorological parameters. PM mass 

concentration was measured at 10-minute intervals via optical particle counters which are 

non-gravimetric, low-volume samplers that operate under the technique of light scattering 

(EPA, 2013a). Air particulates drawn into the monitoring chamber pass through a laser beam 

and scatter light which is then reflected to a detector. The amount of reflected light energy 

detected corresponds with a particular mass and diameter which may be converted to 

particulate mass concentration in micrograms (µg) per unit volume (m
3
) (EPA, 2013a). All 

samplers are calibrated against gravimetric samplers for PM2.5. The wireless Davis Vantage 

Pro 2 weather station measured meteorological parameters of wind speed, atmospheric 

pressure, ambient temperature and relative humidity via an anemometer, a barometer and 

temperature and humidity sensors (Davis Instruments Australia Pty Ltd, n.d.). 

2.2.3 Participant survey 

A survey was designed to identify observed impacts of the catalyst among participants and 

any factors that may influence function of the device (Appendix D). Respondents reported the 

type and age of their wood combustion appliance, and typical durations that complete primary 

combustion airflow is maintained after ignition and reloading. Wood moisture was indicated 

by self-reported durations and conditions of firewood storage. Respondents also reported the 

duration and conditions of placement and maintenance of the canister within the firebox. The 

Smartburn® catalyst has an average lifetime of three months. Within the firebox, the canister 

must be placed level and to one side and remain elevated, maintaining the openings free for 

vapour escape and subsequent oxidation of combustible compounds (Smartburn Pty Ltd, 

2014). Any changes to the wood heater observed throughout canister use were reported and 

intentions to purchase the catalyst in the future were indicated. 
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2.2.4 Statistical analyses 

Microsoft Excel 2010 was used to tabulate original PM and meteorological data obtained 

from BLANkET stations of the sampled locations. Mean hourly PM2.5 concentrations, across 

the entire sampling period, were graphically presented and the results of the participant survey 

and door-to-door distribution were tabulated. The entire study population was illustrated using 

QGIS version 2.6, to indicate proportions of wood heater houses that did and did not receive a 

catalytic device. Hourly PM2.5 concentrations were used to generate the mean 24-hour diurnal 

cycle of particulate pollution for all locations.  

In order to detect an association between catalyst use and ambient air quality, three control 

towns were incorporated: Longford, Hadspen and Westbury. Westbury was the reference 

community, as it was unexposed to any wood smoke intervention throughout the entire 

sampling period. A public education campaign, Burn brighter this winter was carried out in 

Hadspen and Longford during winter seasons of 2013 and 2014, respectively (EPA, 2012). 

Ambient air quality data of the four locations from 2013 and 2014 were analysed for the 

colder months only (i.e. excluding the seven months of October through to April). Data were 

allocated to one of three sampling phases as follows: pre-intervention, initiation and post-

intervention (Table 1). Initiation was terminated at completion of door-to-door distribution 

and once the highest proportion (18%) of flyers had been exchanged for a free catalyst. 

A generalised additive model (GAM) was generated with the response variable being mean 

hourly ambient PM2.5 concentrations of Perth, Longford, Hadspen and Westbury, and the 

predictor variables being ambient temperature, wind speed, relative humidity and atmospheric 

pressure. Respective associations between the meteorological parameters and PM 

concentration were established using a non-linear, quasi-Poisson model. A two-factor general 

linear model (GLM) was then conducted using the residual mean hourly PM2.5 concentrations 
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to identify an interaction between location and intervention phase. Two-factor GLMs were 

conducted for the hours of 11pm, 7am and 6pm, when ambient smoke concentrations were 

highest throughout the day. The analyses compared pre- and post- intervention phases in order 

to identify a post-intervention change to Perth air quality that was absent for the control 

communities. Graphical data were presented as mean hourly PM2.5 mass concentration 

(µg/m
3
), partial plots of PM2.5 mass concentration ± the standard error of the mean (SEM) and 

95% confidence intervals (CIs) of the mean. Significant results were defined as *p<0.05, 

**p<0.01 and ***p<0.001. Statistical analyses were conducted using R version 3.1.0. The 

research reported in this paper received official approval from the Tasmania Social Sciences 

Human Research Ethics Committee. 

Table 1: Durations of ambient air sampling phases for all sampled locations 

Sampling Phase Duration 

Pre-intervention May 17, 2013 to June 14, 2014 

Initiation June 14, 2014 to June 30, 2014 

Post-intervention July 1, 2014 to September 30, 2014 

 

2.3 Results 

2.3.1 Sample population 

Perth, Tasmania comprises 1,092 private residences (ABS, 2011a). Throughout the initiation 

phase, a total of 899 (82%) residences were visited, of which 46% were confirmed to have 

wood heaters. There was also identification of two open fires and one wood pellet burner. 

Distribution of catalytic devices was cumulative. Of the wood heater residences, 283 

(approximately 68%) received a catalytic device during door-to-door distribution on June 14 

and 15, 2014. The remainder were either not interested or not home and received a flyer in the 
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mail. Some residents reported to have replaced firewood with alternative heating sources. At 

the end of August 2014, flyer collection from the Perth Roadhouse raised the sample 

population to 326 households, representing approximately 78% of wood heaters in the Perth 

community (Figure 1). Wood heater presence was unknown for some houses, most of which 

received a flyer. However, a small proportion of residences (less than 1%) did not appear to 

have a mailbox or visitor access. 
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2.3.2 Ambient PM2.5 mass concentration for all sampled locations 

Mean hourly PM2.5 mass concentration, recorded for all sampled locations, followed a similar 

pattern throughout the entire sampling period (Figure 2). Figure 3 represents the observed 

correlation among the towns more closely, with two consecutive days of mean hourly PM2.5 

concentration extracted from the sampling period. All four sampled locations recorded similar 

mean particulate concentrations between pre- and post- intervention phases (Table 2). As for 

the proportion of sampling days in exceedance of 25µg/m
3
, PM2.5 concentrations tended to 

increase slightly, post-intervention for all locations. The highest concentrations were recorded 

for Longford (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Mean hourly ambient PM2.5 mass concentration of Hadspen (black), Longford (red), Perth (green) and 

Westbury (blue) throughout the entire sampling period (May 17-September 30, 2013 and May 17-September 30, 

2014). 
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Figure 3: Mean hourly ambient PM2.5 mass concentration over two consecutive smoky days (June 29 and 30, 

2014), showing the observed correlation among the four sampled locations. 

 

Table 2: Mean PM2.5 concentration and total exceedance days of 25µg/m
3
 by location and intervention phase. 

Location 

(treatment) 

Perth 

(catalytic trial) 

Longford 

(education) 

Hadspen  

(education) 

Westbury 

(control) 

Intervention 

Phase Pre Post Pre Post Pre Post Pre Post 

Mean PM2.5 

(µg/m
3
)* 17 20 19 22 17 19 12 15 

Days 

Exceeding 

25µg/m
3
 (%)* 

41 

(26) 

26 

(29) 

 48 

(30) 

33 

(37)  

42 

(26) 

27 

(30) 

7 

(4) 

14 

(16) 

Total Days 160 90 160 90 160 90 160 90 

*values have been rounded to the nearest integer 
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The mean diurnal cycles of ambient PM2.5 concentration were similar for Hadspen, Longford, 

Perth and Westbury, peaking at 11pm to 45µg/m
3
, 48µg/m

3
, 44µg/m

3
 and 27µg/m

3
, 

respectively; followed by secondary peaks at 7am (15µg/m
3
, 21µg/m

3
, 19µg/m

3
 and 15µg/m

3
) 

and 6pm (19µg/m
3
, 23µg/m

3
, 18µg/m

3
 and 16µg/m

3
), and minimum concentrations recorded 

at 1pm and 2pm (4µg/m
3
, 5µg/m

3
, 3µg/m

3
 and 3µg/m

3
) (Figure 4). 

Figure 4: Mean diurnal ambient PM2.5 concentration for Hadspen, Longford, Perth and Westbury across the 

entire sampling period (May 17-September 30, 2013 and May 17-September 30, 2014). 

 

2.3.3 Meteorological parameters for all sampled locations 

According to the GAM, all meteorological parameters of ambient temperature, wind speed, 

relative humidity and atmospheric pressure accounted for 57% of variation in ambient PM2.5 

concentration for all locations. Thus, a combined quasi-Poisson model, encompassing all 

meteorological parameters, was adopted.  
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2.3.3.1 Ambient temperature 

Mean ambient temperature was similar among the locations and between intervention phases; 

however, slightly lower in Westbury and post-intervention, for all locations (Table 3). 

Ambient temperature was inversely associated with PM2.5 concentration (Figure 5). 

According to the GAM, 41% of deviation in PM2.5 concentration was attributed to variation in 

temperature.  

2.3.3.2 Wind speed 

Mean wind speed was similar among the locations and between intervention phases; however, 

slightly lower in Longford and post-intervention, for all locations (Table 3). Wind speed was 

inversely associated with PM2.5 concentration (Figure 5). According to the GAM, 43% of 

deviation in PM2.5 concentration was attributed to variation in wind speed.  

2.3.3.3 Relative humidity 

Mean relative humidity was similar among the locations and between intervention phases; 

however, slightly lower in Perth and post-intervention, for all locations (Table 3). Relative 

humidity was directly associated with PM2.5 concentration (Figure 5). According to the GAM, 

22% of deviation in PM2.5 concentration was attributed to variation in humidity.  

2.3.3.4 Atmospheric pressure 

Mean atmospheric pressure was similar among the locations and between intervention phases; 

however, slightly higher in Perth and post-intervention, for all locations (Table 3). 

Atmospheric pressure was directly associated with PM2.5 concentration (Figure 5). According 

to the GAM, 15% of deviation in PM2.5 concentration was attributed to variation in pressure. 
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Table 3: Mean ambient temperature, wind speed, relative humidity and atmospheric pressure by location and 

intervention phase. 

 Location 

(treatment) 

Perth 

(catalytic trial) 

Longford 

(education) 

Hadspen 

(education) 

Westbury 

(control) 

Intervention 

Phase Pre Post Pre Post Pre Post Pre Post 

Temperature 

(°C) 9.45 9.12  8.83 8.40  9.17 8.66 8.29 8.04 

Wind Speed 

(m/s) 0.96 0.89  0.37 0.36  1.09 0.97 0.65 0.56 

Relative 

humidity (%) 83.8 81.7  84.9 83.6  85.0 83.6 85.8 83.7 

Atmospheric 

Pressure  

(hPa)* 1017 1020  1015 1018  1016 1019 1016 1019 

*values have been rounded to the nearest integer  
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Figure 5: Partial plots of ambient PM2.5 mass concentration (mean ± SEM) attributed to ambient temperature 

(a), wind speed (b), relative humidity (c) and atmospheric pressure (d). 

2.3.4 Mean PM2.5 concentration by location and intervention phase  

2.3.4.1 Interaction between location and intervention phase 

Hourly mean PM2.5 concentrations among Westbury, Hadspen, Longford and Perth were not 

significantly different at both pre- and post- intervention phases (p>0.05) (Figure 6). There 

was no significant interaction between location and intervention phase upon mean PM2.5 

concentration (p>0.05). 

2.3.4.2 Interaction between location and intervention phase at 11pm 

At 11pm, mean PM2.5 concentrations of Hadspen and Perth were significantly higher than 

those of Westbury, at both intervention phases (p<0.001 and p=0.0377, respectively) (Figure 

6). However, there was no significant interaction between location and intervention phase 

upon mean PM2.5 concentration at this hour (p>0.05).  

2.3.4.3 Interaction between location and intervention phase at 7am 

At 7am, mean PM2.5 concentrations of Hadspen, Longford and Perth, were significantly 

higher than those of Westbury, at both intervention phases (p<0.001, p=0.0361 and p<0.001, 
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respectively) (Figure 6). However, there was no significant interaction between location and 

intervention phase upon mean PM2.5 concentration at this hour (p>0.05).  

2.3.4.4 Interaction between location and intervention phase at 6pm 

At 6pm, post-intervention mean PM2.5 concentrations were significantly higher, across all 

locations, compared to those of pre-intervention (p=0.00317) (Figure 6). Mean PM2.5 

concentrations of Hadspen and Perth were significantly higher than those of Westbury at both 

intervention phases (p<0.001 and p<0.001, respectively). However, there was no significant 

interaction between location and intervention phase at this hour (p>0.05). 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Mean PM2.5 mass concentration (95% CIs) of the sampled locations (WE=Westbury, HA=Hadspen, 

LF=Longford and PE=Perth) and intervention phases (0=pre-intervention and 2=post-intervention), across all 

hours (a), at 11pm (b), at 7am (c) and at 6pm (d). 
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2.3.5 Participant survey 

Approximately 78% of the sample population provided consent for contact, via email or 

telephone (Appendix E). With a response rate of 52%, the survey reached 40% of the sample 

population. According to Table E.1, it may be concluded that throughout winter 2014, all 

respondents utilised a closed wood heater, as opposed to an open fire, wood pellet burner or 

any other appliance for domestic heating. Most (40%) wood heaters were relatively modern, 

aged less than ten years. As recommended by the EPA (2012), almost half of respondents 

reported to allow twenty minutes before reducing primary air intake after ignition and 

reloading. Firewood was stored in a dry, sheltered area by most (70%) respondents for up to 

six months (54%). Maintenance of the canister seemed ideal among 49% of participating 

residents, with the canister elevated and away from direct heat for more than two months 

(91%). However, 51% failed to maintain elevation within the firebox (Table E.1). About 41% 

observed combinations of clearance of soot from the flue and glass door, reduced smoke 

production from the firebox, elevated temperature and prolonged duration of combustion. 

However, most (51%) respondents observed no catalyst-related changes to their wood heater. 

Almost half (47%) of respondents intend to purchase the device in the future. 

2.4 Discussion 

Community-wide distribution of the Smartburn® device was not associated with a significant 

change to the ambient winter air quality of Perth. While the purpose of this study was not to 

evaluate educational interventions, Perth air quality data was compared with those of three 

nearby towns with different exposures to an EPA-coordinated public education campaign. 

There was no clear difference among the four communities that may be attributed to the 

catalytic trial. 
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Among the four sampled locations, there was little variation in hourly PM2.5 concentration 

and meteorology throughout the entire sampling period (Figure 2; Figure 3; Table 2; Figure 4; 

Table 3). As reported by Bergauff et al. (2008) and Innis (2012), cold, calm, humid conditions 

were found to correspond with elevated PM2.5 concentration (Figure 5). There was also a 

direct association established between atmospheric pressure and particulate pollution (Figure 

5). This may be due to high pressure systems creating calm, clear conditions that are 

conducive to the formation of thermal inversions (Alfarra et al., 2007; Lanz et al., 2007). 

Following adjustment for meteorological-induced variation in ambient pollution, there was no 

significant interaction established between location and intervention phase. This indicated that 

Perth air quality was not significantly different after the intervention, compared to the control 

communities. Post-intervention mean PM2.5 concentration was not significantly reduced, 

compared to pre-intervention; nor was it reduced, compared to the post-intervention PM2.5 

concentrations of Longford, Hadspen and Westbury (Figure 6). Despite the significant 

influence of meteorology upon ambient pollution, similarities among the sampled locations 

and between intervention phases in ambient temperature, wind speed, humidity and 

atmospheric pressure do not explain the present findings. However, there are several possible 

explanations. 

It is possible that the most polluting wood heater households of Perth were not reached by the 

catalytic trial (Figure 1). Within a community, only a small proportion of wood heater 

households generate the highest volume of particulate emissions (Todd 2013a). Wood heater 

operators among the 22% of Perth residents who declined participation may have represented 

such a proportion and therefore masked any significant influence that the trial may have 

induced upon ambient air quality. In absence of the intervention, the 78% of wood heater 

operators in receipt of a device may have contributed relatively little to community-wide 

emissions. Furthermore, close proximity to the air monitoring station of relatively smoky 
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chimneys may have disguised reductions to emissions achieved throughout the wider 

community. Future interventions to reduce ambient wood smoke may devise strategies to 

engage all residents of a community, especially those of the most polluting wood heater 

households. 

Maintenance of the catalyst within the firebox may have been inadequate among participating 

households. The participant survey revealed that more than half of respondents failed to 

maintain the canister elevated and most respondents reported no observed catalyst-related 

changes to their wood heater (Table E.1). Such information indicates that appropriate 

maintenance of the catalyst was difficult to achieve, possibly leaving most devices inoperable 

and lacking ideal conditions within the firebox (Smartburn Pty Ltd, 2014). Future 

development of product design may be invaluable with 47% of respondents intending to 

purchase the device again (Table E.1). Various features may be introduced to compensate for 

the difficulty of maintaining level and elevated placement of the canister, away from 

excessive heat within the firebox. Incorporation of a small tripod-like device may be 

sufficient. With only few residents owning a fire brick, most participants indicated no means 

of preventing burial of the device in the ash-bed. 

Poor and inconsistent conditions of combustion among participating households, from day to 

day, may have inhibited catalyst function. Subsequent alterations in temperature may have 

been particularly influential. Combustion of high moisture content-wood, insufficient 

provision of primary combustion air, and placement of logwood in configurations that prevent 

circulation of heat and oxygen within the firebox, create conditions of low-temperature 

smouldering combustion, under which catalytic activation is inhibited (Todd, 2013a; Ozil et 

al., 2009; Carnö et al., 1996). Catalytic performance may have been inhibited by durations of 

fast-burn combustion, under which sustained airflow and elevated combustion temperature 

increase the rate of vaporisation and exhaustion of the catalytic mixture (Smartburn Pty Ltd, 
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2014; Todd 2013b). Complete vaporisation of the catalyst may have occurred in less than 

three months. Most respondents reported that they allowed sufficient durations of complete 

combustion before reducing air intake and used firewood that had been stored in a dry, 

sheltered area for six months before burning (Table E.1). However, daily fluctuations in 

conditions associated with operation of both the combustion appliance and catalytic device 

were not objectively monitored throughout the intervention. Regular monitoring would have 

been impractical and potentially unacceptable to conduct among all participating households 

throughout the entire sampling period. As a consequence, participant self-reporting of 

combustion conditions risked misrepresentation of the true, day to day variability in fuel 

moisture and combustion air from household to household. Variability in these parameters 

would have influenced combustion temperature and subsequent activation and function of the 

catalyst (Todd, 2013b; Ozil et al., 2009; Smartburn Pty Ltd, 2014). 

The catalytic device may have lacked capacity to influence residential wood smoke emissions. 

While this was not a published finding of the only other study to have trialled the device, 

differences in experimental design are important to note (Hine et al., 2011). As opposed to 

subjective assessment of smoke plume density generated from individual wood heaters, the 

present study invited all wood heater households of a community to install the device and 

quantified wood smoke concentration in ambient air. In the laboratory, a significant 

association has been quantified between installation of the catalyst and reduced particulate 

emission generated from a single wood heater (Smartburn Pty Ltd, 2014). However, 

establishment of the same association in the field, with community-wide firebox installation 

of the catalyst and operation of wood heaters under ‘real-world’ conditions with quantitative 

assessment of ambient pollution, remains absent. In addition to catalyst design, techniques of 

wood heater operation require improvement before the influence of catalytic combustion upon 

ambient wood smoke may be established in a residential setting. The willingness of most 
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respondents to purchase the catalytic device in the future provides incentive for further 

research and development. 

Strengths of this study included the success of community awareness-raising strategies, with a 

large sample population encompassing almost 80% of Perth wood heater households. 

Continuous ambient air sampling at 10-minute intervals from BLANkET stations across four 

locations was almost complete with only a few hours of data missing due to temporary 

dysfunction. Limitations of the study included the possibility of inaccurate estimation of 

coverage. It was not confirmed that all distributed canisters were actually installed in the 

firebox, maintained under advised conditions and remained there for the duration of post-

intervention sampling. In most circumstances, volunteers were not invited in by residents to 

ensure appropriate installation of the device. While the participant survey was designed to 

partially compensate for this limitation, sole reliance upon self-reporting from only 40% of 

participants may have inadequately represented the daily fluctuations in conditions of 

combustion and catalyst maintenance among individual households. Researchers of future 

studies may redress these limitations by assessing combustion conditions at the time of 

catalyst installation and at regular intervals, post-installation. 

2.5 Conclusions 

Community-wide distribution of a catalytic device did not reduce winter ambient PM2.5 

concentration in Perth. Results of the community trial indicate that catalysed combustion is 

difficult to achieve in a residential setting, without effective control over factors associated 

with maintenance and operation of the catalyst and combustion appliance. Future research is 

required to improve catalyst design and simplify effective operation for consumers. Research 

may also identify typical conditions of residential wood heater operation that inhibit catalyst 

function and devise strategies to control them.  
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anthology), to text or data mine the article, even for commercial purposes, as long as they 

credit the author(s), do not represent the author as endorsing their adaptation of the article, 

and do not modify the article in such a way as to damage the author's honor or reputation. 

Creative Commons Attribution-NonCommercial-ShareAlike (CC BY-NC-SA): for 

non-commercial purposes, lets others distribute and copy the article, to create extracts, 

abstracts and other revised versions, adaptations or derivative works of or from an article 

(such as a translation), to include in a collective work (such as an anthology), to text and 

data mine the article, as long as they credit the author(s), do not represent the author as 

endorsing their adaptation of the article, do not modify the article in such a way as to 

damage the author's honor or reputation, and license their new adaptations or creations 

under identical terms (CC BY-NC-SA). 

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND): for 

non-commercial purposes, lets others distribute and copy the article, and to include in a 

collective work (such as an anthology), as long as they credit the author(s) and provided 

they do not alter or modify the article. 

To provide open access, this journal has a publication fee which needs to be met by the 

authors or their research funders for each article published open access.  

Your publication choice will have no effect on the peer review process or acceptance of 

submitted articles. 

 

The open access publication fee for this journal is $1000, excluding taxes. Learn more 

about Elsevier's pricing policy: http://www.elsevier.com/openaccesspricing. 

Language (usage and editing services)  

 

Please write your text in good English (American or British usage is accepted, but not a 

mixture of these). Authors who feel their English language manuscript may require 

editing to eliminate possible grammatical or spelling errors and to conform to correct 

scientific English may wish to use the English Language Editing service available from 

Elsevier's WebShop (http://webshop.elsevier.com/languageediting/) or visit our customer 

support site (http://support.elsevier.com) for more information. 

Submission  

 

Our online submission system guides you stepwise through the process of entering your 

article details and uploading your files. The system converts your article files to a single 

PDF file used in the peer-review process. Editable files (e.g., Word, LaTeX) are required 
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to typeset your article for final publication. All correspondence, including notification of 

the Editor's decision and requests for revision, is sent by e-mail. 

Referees  

 

Please submit the names and institutional e-mail addresses of several potential referees. 

For more details, visit ourSupport site. Note that the editor retains the sole right to decide 

whether or not the suggested reviewers are used. 

 

NEW SUBMISSIONS  

 

Submission to this journal proceeds totally online and you will be guided stepwise 

through the creation and uploading of your files. The system automatically converts your 

files to a single PDF file, which is used in the peer-review process. 

As part of the Your Paper Your Way service, you may choose to submit your manuscript 

as a single file to be used in the refereeing process. This can be a PDF file or a Word 

document, in any format or lay-out that can be used by referees to evaluate your 

manuscript. It should contain high enough quality figures for refereeing. If you prefer to 

do so, you may still provide all or some of the source files at the initial submission. Please 

note that individual figure files larger than 10 MB must be uploaded separately. 

References  

 

There are no strict requirements on reference formatting at submission. References can be 

in any style or format as long as the style is consistent. Where applicable, author(s) 

name(s), journal title/book title, chapter title/article title, year of publication, volume 

number/book chapter and the pagination must be present. Use of DOI is highly 

encouraged. The reference style used by the journal will be applied to the accepted article 

by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for 

the author to correct. 

Formatting requirements  

There are no strict formatting requirements but all manuscripts must contain the essential 

elements needed to convey your manuscript, for example Abstract, Keywords, 

Introduction, Materials and Methods, Results, Conclusions, Artwork and Tables with 

Captions. 

If your article includes any Videos and/or other Supplementary material, this should be 

included in your initial submission for peer review purposes. 

Divide the article into clearly defined sections. 

Line numbering text: 
Please ensure your paper has consecutive line numbering - this is an essential peer review 

requirement. 

Figures and tables embedded in text  

Please ensure the figures and the tables included in the single file are placed next to the 

relevant text in the manuscript, rather than at the bottom or the top of the file. 

REVISED SUBMISSIONS  
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Please ensure your manuscript contains line numbers. If line numbers are missing, your 

manuscript will be returned back to you, and peer-review will not proceed. 

Use of word processing software  

Regardless of the file format of the original submission, at revision you must provide us 

with an editable file of the entire article. Keep the layout of the text as simple as possible. 

Most formatting codes will be removed and replaced on processing the article. The 

electronic text should be prepared in a way very similar to that of conventional 

manuscripts (see also the Guide to Publishing with 

Elsevier: http://www.elsevier.com/guidepublication). See also the section on Electronic 

artwork.  

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 

'grammar-check' functions of your word processor. 

LaTeX  

 

You are recommended to use the Elsevier article 

class elsarticle.cls (http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle) to 

prepare your manuscript and BibTeX (http://www.bibtex.org) to generate your 

bibliography. 

For detailed submission instructions, templates and other information on LaTeX, 

see http://www.elsevier.com/latex. 

Article structure 

Subdivision - numbered sections  

Divide your article into clearly defined and numbered sections. Subsections should be 

numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section 

numbering). Use this numbering also for internal cross-referencing: do not just refer to 

'the text'. Any subsection may be given a brief heading. Each heading should appear on its 

own separate line. 

Introduction  

State the objectives of the work and provide an adequate background, avoiding a detailed 

literature survey or a summary of the results. 

Material and methods  

Provide sufficient detail to allow the work to be reproduced. Methods already published 

should be indicated by a reference: only relevant modifications should be described. 

Theory/calculation  

A Theory section should extend, not repeat, the background to the article already dealt 

with in the Introduction and lay the foundation for further work. In contrast, a Calculation 

section represents a practical development from a theoretical basis. 

Results  

Results should be clear and concise. 

Discussion  

This should explore the significance of the results of the work, not repeat them. A 

combined Results and Discussion section is often appropriate. Avoid extensive citations 

and discussion of published literature. 
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Conclusions  

The main conclusions of the study may be presented in a short Conclusions section, which 

may stand alone or form a subsection of a Discussion or Results and Discussion section. 

Appendices  

If there is more than one appendix, they should be identified as A, B, etc. Formulae and 

equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in 

a subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; 

Fig. A.1, etc. 

Essential title page information  

• Title. Concise and informative. Titles are often used in information-retrieval systems. 

Avoid abbreviations and formulae where possible. Locations should be contained in the 

keywords rather than in the title. Titles should not be sentences, questions or contain 

redundant, obscure or vernacular terms. 

• Author names and affiliations. Where the family name may be ambiguous (e.g., a 

double name), please indicate this clearly. Present the authors' affiliation addresses (where 

the actual work was done) below the names. Indicate all affiliations with a lower-case 

superscript letter immediately after the author's name and in front of the appropriate 

address. Provide the full postal address of each affiliation, including the country name, 

and, if available, the e-mail address of each author. 

• Corresponding author. Clearly indicate who will handle correspondence at all stages of 

refereeing and publication, also post-publication. Ensure that telephone and fax 

numbers (with country and area code) are provided in addition to the e-mail address 

and the complete postal address. Contact details must be kept up to date by the 

corresponding author. 
• Present/permanent address. If an author has moved since the work described in the 

article was done, or was visiting at the time, a "Present address" (or "Permanent address") 

may be indicated as a footnote to that author's name. The address at which the author 

actually did the work must be retained as the main, affiliation address. Superscript Arabic 

numerals are used for such footnotes. 

Abstract  

 

A concise and factual abstract is required. The abstract should state briefly the purpose of 

the research, the principal results and major conclusions. An abstract is often presented 

separately from the article, so it must be able to stand alone. For this reason, References 

should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard 

or uncommon abbreviations should be avoided, but if essential they must be defined at 

their first mention in the abstract itself. 

Graphical abstract  

 

Although a graphical abstract is optional, its use is encouraged as it draws more attention 

to the online article. The graphical abstract should summarize the contents of the article in 

a concise, pictorial form designed to capture the attention of a wide readership. Graphical 

abstracts should be submitted as a separate file in the online submission system. Image 

size: Please provide an image with a minimum of 531 × 1328 pixels (h × w) or 

proportionally more. The image should be readable at a size of 5 × 13 cm using a regular 

screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. 

See http://www.elsevier.com/graphicalabstracts for examples.  

Authors can make use of Elsevier's Illustration and Enhancement service to ensure the 

http://www.elsevier.com/graphicalabstracts


 

60 
 

best presentation of their images and in accordance with all technical 

requirements: Illustration Service. 

Highlights  

 

Highlights are mandatory for this journal. They consist of a short collection of bullet 

points that convey the core findings of the article and should be submitted in a separate 

editable file in the online submission system. Please use 'Highlights' in the file name and 

include 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point). 

See http://www.elsevier.com/highlights for examples. 

Keywords  

 

Immediately after the abstract, provide a maximum of 6 keywords, using American 

spelling and avoiding general and plural terms and multiple concepts (avoid, for example, 

'and', 'of'). Be sparing with abbreviations: only abbreviations firmly established in the field 

may be eligible. These keywords will be used for indexing purposes. 

Abbreviations  

 

Define abbreviations that are not standard in this field in a footnote to be placed on the 

first page of the article. Such abbreviations that are unavoidable in the abstract must be 

defined at their first mention there, as well as in the footnote. Ensure consistency of 

abbreviations throughout the article. 

Acknowledgements  

 

Collate acknowledgements in a separate section at the end of the article before the 

references and do not, therefore, include them on the title page, as a footnote to the title or 

otherwise. List here those individuals who provided help during the research (e.g., 

providing language help, writing assistance or proof reading the article, etc.). 

Units  

 

Follow internationally accepted rules and conventions: use the international system of 

units (SI). If other units are mentioned, please give their equivalent in SI. 

Math formulae  

 

Present simple formulae in the line of normal text where possible and use the solidus (/) 

instead of a horizontal line for small fractional terms, e.g., X/Y. In principle, variables are 

to be presented in italics. Powers of e are often more conveniently denoted by exp. 

Number consecutively any equations that have to be displayed separately from the text (if 

referred to explicitly in the text). 

Footnotes  

 

Footnotes should be used sparingly. Number them consecutively throughout the article. 

Many wordprocessors build footnotes into the text, and this feature may be used. Should 

this not be the case, indicate the position of footnotes in the text and present the footnotes 

themselves separately at the end of the article. Do not include footnotes in the Reference 

list. 

Artwork 
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Electronic artwork  

General points 

• Make sure you use uniform lettering and sizing of your original artwork.  

• Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.  

• Number the illustrations according to their sequence in the text.  

• Use a logical naming convention for your artwork files.  

• Indicate per figure if it is a single, 1.5 or 2-column fitting image.  

• For Word submissions only, you may still provide figures and their captions, and tables 

within a single file at the revision stage.  

• Please note that individual figure files larger than 10 MB must be provided in separate 

source files.  

A detailed guide on electronic artwork is available on our website:  

http://www.elsevier.com/artworkinstructions.  

You are urged to visit this site; some excerpts from the detailed information are 

given here.  

Formats  

Regardless of the application used, when your electronic artwork is finalized, please 'save 

as' or convert the images to one of the following formats (note the resolution requirements 

for line drawings, halftones, and line/halftone combinations given below):  

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.  

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 

dpi.  

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.  

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 

500 dpi is required.  

Please do not:  

• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the 

resolution is too low.  

• Supply files that are too low in resolution.  

• Submit graphics that are disproportionately large for the content. 

Color artwork  

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or 

PDF), or MS Office files) and with the correct resolution. If, together with your accepted 

article, you submit usable color figures then Elsevier will ensure, at no additional charge, 

that these figures will appear in color on the Web (e.g., ScienceDirect and other sites) 

regardless of whether or not these illustrations are reproduced in color in the printed 

version. For color reproduction in print, you will receive information regarding the 

costs from Elsevier after receipt of your accepted article. Please indicate your 

preference for color: in print or on the Web only. For further information on the 

preparation of electronic artwork, please 

see http://www.elsevier.com/artworkinstructions.  

Please note: Because of technical complications that can arise by converting color figures 

to 'gray scale' (for the printed version should you not opt for color in print) please submit 

in addition usable black and white versions of all the color illustrations. 

Figure captions  

Ensure that each illustration has a caption. A caption should comprise a brief title (not on 

the figure itself) and a description of the illustration. Keep text in the illustrations 

themselves to a minimum but explain all symbols and abbreviations used. 

http://www.elsevier.com/artworkinstructions.
http://www.elsevier.com/artworkinstructions
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Tables  

 

Number tables consecutively in accordance with their appearance in the text. Place 

footnotes to tables below the table body and indicate them with superscript lowercase 

letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data 

presented in tables do not duplicate results described elsewhere in the article. 

References 

Citation in text  

Please ensure that every reference cited in the text is also present in the reference list (and 

vice versa). Any references cited in the abstract must be given in full. Unpublished results 

and personal communications are not recommended in the reference list, but may be 

mentioned in the text. If these references are included in the reference list they should 

follow the standard reference style of the journal and should include a substitution of the 

publication date with either 'Unpublished results' or 'Personal communication'. Citation of 

a reference as 'in press' implies that the item has been accepted for publication. 

Reference links  

Increased discoverability of research and high quality peer review are ensured by online 

links to the sources cited. In order to allow us to create links to abstracting and indexing 

services, such as Scopus, CrossRef and PubMed, please ensure that data provided in the 

references are correct. Please note that incorrect surnames, journal/book titles, publication 

year and pagination may prevent link creation. When copying references, please be 

careful as they may already contain errors. Use of the DOI is encouraged. 

Web references  

As a minimum, the full URL should be given and the date when the reference was last 

accessed. Any further information, if known (DOI, author names, dates, reference to a 

source publication, etc.), should also be given. Web references can be listed separately 

(e.g., after the reference list) under a different heading if desired, or can be included in the 

reference list. 

References in a special issue  

Please ensure that the words 'this issue' are added to any references in the list (and any 

citations in the text) to other articles in the same Special Issue. 

Reference formatting  

There are no strict requirements on reference formatting at submission. References can be 

in any style or format as long as the style is consistent. Where applicable, author(s) 

name(s), journal title/book title, chapter title/article title, year of publication, volume 

number/book chapter and the pagination must be present. Use of DOI is highly 

encouraged. The reference style used by the journal will be applied to the accepted article 

by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for 

the author to correct. If you do wish to format the references yourself they should be 

arranged according to the following examples: 

Reference Style  

Responsibility for the accuracy of bibliographic citations lies entirely with the Authors. 

All publications cited in the text should be presented in a list of references following the 

text of the manuscript. The list of references should be arranged first alphabetically and 

then further sorted chronologically if necessary. 
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In the text refer to the author's name (without initials) and year of publication (e.g. "Since 

Vingarzan (2004) has shown that..." or "This is in agreement with results obtained later 

(Atkinson, 2000)". For three or more authors use the first author followed by "et al.", in 

the text. References should be given in the following form: 

In the text as: Crutzen (2004) or (Crutzen, 2004) according to content of sentence, list in 

alphabetical order of first author's surname at end of text as follows: Author's name(s), 

initials, year of publication, title. 

Periodicals title should be written out in full, volume number and inclusive page numbers. 

Beevers S.D., Carslaw D.C., 2005. The impact of congestion charging on vehicle 

emissions in London. Atmospheric Environment 39, 1-5. 

Books references, title pages, publisher's name and location: Heintzenberg J., 2002. 

Aerosols / Physics and Chemistry of Aerosols, in: Holton J.R. et al. (Eds.), Encyclopedia 

of Atmospheric Sciences, Elsevier, Amsterdam, pp. 34-40. 

Citing and listing of web references. As a minimum, the full URL should be given. Any 

further information, if known (author names, dates, reference to a source publication etc.), 

should also be given. Web references can be listed separately (e.g., after the reference list) 

under a different heading if desired, or can be included in the reference list. 

All cited material should be accessible to the public. Internal publications, conference 

proceedings, etc.; avoid if possible. If essential, include sufficient information for the 

reader to locate the reference. In particular references to conferences should contain the 

address of the organization responsible. 

Video data  

 

Elsevier accepts video material and animation sequences to support and enhance your 

scientific research. Authors who have video or animation files that they wish to submit 

with their article are strongly encouraged to include links to these within the body of the 

article. This can be done in the same way as a figure or table by referring to the video or 

animation content and noting in the body text where it should be placed. All submitted 

files should be properly labeled so that they directly relate to the video file's content. In 

order to ensure that your video or animation material is directly usable, please provide the 

files in one of our recommended file formats with a preferred maximum size of 50 MB. 

Video and animation files supplied will be published online in the electronic version of 

your article in Elsevier Web products, including 

ScienceDirect: http://www.sciencedirect.com. Please supply 'stills' with your files: you 

can choose any frame from the video or animation or make a separate image. These will 

be used instead of standard icons and will personalize the link to your video data. For 

more detailed instructions please visit our video instruction pages 

at http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot 

be embedded in the print version of the journal, please provide text for both the electronic 

and the print version for the portions of the article that refer to this content. 

AudioSlides  

 

The journal encourages authors to create an AudioSlides presentation with their published 

article. AudioSlides are brief, webinar-style presentations that are shown next to the 

online article on ScienceDirect. This gives authors the opportunity to summarize their 

research in their own words and to help readers understand what the paper is about. More 

http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
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information and examples are available at http://www.elsevier.com/audioslides. Authors 

of this journal will automatically receive an invitation e-mail to create an AudioSlides 

presentation after acceptance of their paper. 

Supplementary data  

 

Elsevier accepts electronic supplementary material to support and enhance your scientific 

research. Supplementary files offer the author additional possibilities to publish 

supporting applications, high-resolution images, background datasets, sound clips and 

more. Supplementary files supplied will be published online alongside the electronic 

version of your article in Elsevier Web products, including 

ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted 

material is directly usable, please provide the data in one of our recommended file 

formats. Authors should submit the material in electronic format together with the article 

and supply a concise and descriptive caption for each file. For more detailed instructions 

please visit our artwork instruction pages athttp://www.elsevier.com/artworkinstructions. 

Data deposit and linking  

 

Elsevier encourages authors to deposit raw data sets underpinning their research 

publication in data repositories, and to enable interlinking of articles and data. Please 

visit http://www.elsevier.com/databaselinking for more information on depositing and 

linking your data with a supported data repository. 

Google Maps and KML files  

 

KML (Keyhole Markup Language) files (optional): You can enrich your online articles by 

providing KML or KMZ files which will be visualized using Google maps. The KML or 

KMZ files can be uploaded in our online submission system. KML is an XML schema for 

expressing geographic annotation and visualization within Internet-based Earth browsers. 

Elsevier will generate Google Maps from the submitted KML files and include these in 

the article when published online. Submitted KML files will also be available for 

downloading from your online article on ScienceDirect. For more information 

see http://www.elsevier.com/googlemaps. 

Interactive plots  

 

This journal encourages you to include data and quantitative results as interactive plots 

with your publication. To make use of this feature, please include your data as a CSV 

(comma-separated values) file when you submit your manuscript. Please refer 

to http://www.elsevier.com/interactiveplots for further details and formatting instructions. 

 

Please ensure your manuscript contains line numbers. If line numbers are missing, your 

manuscript will be returned back to you, and peer-review will not proceed. 

Submission checklist  

 

The following list will be useful during the final checking of an article prior to sending it 

to the journal for review. Please consult this Guide for Authors for further details of any 

item.  

Ensure that the following items are present:  

One author has been designated as the corresponding author with contact details:  

• E-mail address  

http://www.elsevier.com/audioslides
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/databaselinking
http://www.elsevier.com/googlemaps
http://www.elsevier.com/interactiveplots
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• Full postal address  

• Telephone  

All necessary files have been uploaded, and contain:  

• Keywords  

• All figure captions  

• All tables (including title, description, footnotes)  

Further considerations  

• Manuscript has been 'spell-checked' and 'grammar-checked'  

• All references mentioned in the Reference list are cited in the text, and vice versa  

• Permission has been obtained for use of copyrighted material from other sources 

(including the Web)  

• Color figures are clearly marked as being intended for color reproduction on the Web 

(free of charge) and in print, or to be reproduced in color on the Web (free of charge) and 

in black-and-white in print  

• If only color on the Web is required, black-and-white versions of the figures are also 

supplied for printing purposes  

For any further information please visit our customer support site 

at http://support.elsevier.com. 

Additional Information  

• Make sure you use uniform lettering and sizing of your original artwork. 

• Save text in illustrations as "graphics" or enclose the font. 

• Only use the following fonts in your illustrations: Arial, Courier, Helvetica, Times, 

Symbol. 

• Number the illustrations according to their sequence in the text. 

• Use a logical naming convention for your artwork files. 

• Provide all illustrations as separate files. 

• Provide captions to illustrations separately. 

• Produce images near to the desired size of the printed version. 

• A detailed guide on electronic artwork is available on our website:  

http://www.elsevier.com/artworkinstructions. You are urged to visit this site; some 

excerpts from the detailed information are given here. 

• The word count includes the abstract, references and figure and table legends. Tables 

should be kept to a minimum and no table should be bigger than half a page. 

• References are in the correct format for this journal 

• Permission has been obtained for use of copyrighted material from other sources 

(including the Web) 

• Modelling studies should include some validation with observational data 

 

Use of the Digital Object Identifier  

 

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. 

http://support.elsevier.com/
http://www.elsevier.com/artworkinstructions
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The DOI consists of a unique alpha-numeric character string which is assigned to a 

document by the publisher upon the initial electronic publication. The assigned DOI never 

changes. Therefore, it is an ideal medium for citing a document, particularly 'Articles in 

press' because they have not yet received their full bibliographic information. Example of 

a correctly given DOI (in URL format; here an article in the journal Physics Letters B):  

http://dx.doi.org/10.1016/j.physletb.2010.09.059 

When you use a DOI to create links to documents on the web, the DOIs are guaranteed 

never to change. 

Online proof correction  

 

Corresponding authors will receive an e-mail with a link to our online proofing system, 

allowing annotation and correction of proofs online. The environment is similar to MS 

Word: in addition to editing text, you can also comment on figures/tables and answer 

questions from the Copy Editor. Web-based proofing provides a faster and less error-

prone process by allowing you to directly type your corrections, eliminating the potential 

introduction of errors. 

If preferred, you can still choose to annotate and upload your edits on the PDF version. 

All instructions for proofing will be given in the e-mail we send to authors, including 

alternative methods to the online version and PDF. 

We will do everything possible to get your article published quickly and accurately. 

Please use this proof only for checking the typesetting, editing, completeness and 

correctness of the text, tables and figures. Significant changes to the article as accepted for 

publication will only be considered at this stage with permission from the Editor.It is 

important to ensure that all corrections are sent back to us in one communication. Please 

check carefully before replying, as inclusion of any subsequent corrections cannot be 

guaranteed. Proofreading is solely your responsibility. 

Offprints  

 

The corresponding author, at no cost, will be provided with a personalized link providing 

50 days free access to the final published version of the article on ScienceDirect. This link 

can also be used for sharing via email and social networks. For an extra charge, paper 

offprints can be ordered via the offprint order form which is sent once the article is 

accepted for publication. Both corresponding and co-authors may order offprints at any 

time via Elsevier's WebShop (http://webshop.elsevier.com/myarticleservices/offprints). 

Authors requiring printed copies of multiple articles may use Elsevier WebShop's 'Create 

Your Own Book' service to collate multiple articles within a single cover 

(http://webshop.elsevier.com/myarticleservices/booklets). 

  

 

You can track your submitted article 

at http://help.elsevier.com/app/answers/detail/a_id/89/p/8045/. You can track your 

accepted article at http://www.elsevier.com/trackarticle. You are also welcome to contact 

Customer Support viahttp://support.elsevier.com. 
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Appendix C – Flyer 
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Appendix D – Participant Survey 

Firebox Project 2014 

University of Tasmania 

Menzies Research Institute Tasmania 

Evaluation for Perth Residents 

The purpose of this survey is for researchers to understand your techniques of wood heater 

operation and any observations made while using your free Smartburn canister. 

Please answer the 9 multi-choice questions below. Feel free to provide additional comments 

in section 10. 

1. For home heating, I use a(n): 

Open fire 

Closed wood heater 

Wood pellet fire 

Other 

2. Which is: 

<10 years old 

10-20 years old 

>20 years old 

3. a) After lighting the fire, air pockets are left completely open for: 

<5 minutes  10-20 minutes 

5-10 minutes >20 minutes 

b) After re-loading the fire, air pockets are left completely open for: 

<5 minutes  10-20 minutes 

5-10 minutes >20 minutes 

4. This question relates to fuel moisture. 

My wood is stored in:    and harvested: 

A dry, sheltered area    Winter 2014 
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Outside, unsheltered    Summer 2013/2014 

Other      Other 

5. After receiving a canister in June 2014, it was left in the firebox for: 

<1 month 

2 months 

>2 months  

6. Since placement in the firebox, the canister remained: 

Elevated, out of ash 

To the side, away from direct heat 

Both of the above 

None of the above 

Comments: 

7. While using the canister, I noticed changes in: (Please select all relevant answers)  

Appearance of the heater 

Operation of the heater 

I didn’t notice any changes 

Please specify any observed changes: 

8. I have noticed changes to the outside air quality of Perth this winter, compared to 

previous years. 

YES 

Unsure 

NO 

9. I would purchase a canister for my firebox in the future.   

YES 

Unsure 

NO 

10. Additional Comments 
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Appendix E – Results of Participant Survey 

Table E.1: Self-reported conditions of combustion and catalyst maintenance by number and proportion of 

respondents. Email received 31 responses and telephone received 100 responses.  

  No. Respondents % of Respondents
× 

Type and Age (year) of Wood Combustion Appliance (9% unsure) 

Wood heater 131 100 

< 10 52 40 

10 to 20 45 34 

> 20 22 17 

Complete Aeration (minute) after Ignition, Reloading (3%, 9% unsure) 

> 20 65, 61 50, 47 

10 to 20 47, 34 36, 26 

5 to 10 12, 13 9, 10 

< 5 3, 11 2, 8 

Conditions of Firewood Storage 

Dry, sheltered 92 70 

Outside 20 15 

Both 19 15 

Duration of Firewood Storage (13% unsure) 

Up to 6 months 71 54 

1-2 years 35 27 

> 3 years 8 6 

Canister Placement Conditions in Firebox 

Elevated & Side 64 49 

Side 55 42 

None 12 9 

Canister Placement Duration (month) in Firebox 

> 2 119 91 

< 2 11 9 

Observations during Canister Installation (8% unsure) 

No change 67 51 

Specific change 53 41 

Cleaner glass* 40 31 

Less smoke* 15 11 

Cleaner flue* 12 9 

Hotter fire* 11 8 

Longer burn* 11 8 

Intend to Purchase the Catalyst in Future (21% unsure) 

Yes 61 47 

No 43 33 
×values have been rounded to the nearest integer 

*more than one response may have been provided by individual respondents 

 

 


