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Biomassa, combustdo doméstica, material particulado, caraterizagdo quimica,
dose, toxicidade.

A combustdo de biomassa para aquecimento residencial é reconhecida como
uma fonte importante de material particulado ndo apenas no ar ambiente, mas
também no interior das habitacées. A exposicdo a particulas resultantes da
queima de biomassa tem sido associada a um vasto leque de efeitos adversos
na saude. Sabe-se que as propriedades fisicas e quimicas das particulas
inaladas afetam acentuadamente as respostas bioldgicas. Ao longo dos anos,
muitos estudos tiveram como foco os perfis de emissdo da combustao
residencial de biomassa. No entanto, com 0 aparecimento e a crescente quota
de mercado de novos equipamentos de pequena escala alimentados
automaticamente com biocombustiveis prensados, a investigagdo deve ser
direcionada para a caracterizagdo das emissdes desses sistemas de combustao
alimentados quer com novos pellets disponiveis no mercado, quer com pellets
produzidos a partir de novas matérias primas potencialmente relevantes. Apesar
da abundancia de publicagbes dedicadas as emissbes e composicdo das
particulas da queima residencial de biomassa, o impacto desta fonte na
qualidade do ar interior tem sido pouco estudado, sobretudo no que diz respeito
as caracteristicas quimicas e toxicolégicas do material particulado. Os dois
objetivos principais desta tese foram: i) obter os perfis quimicos e toxicologicos
para sistemas alimentados a pellets, e ii) avaliar o impacto de equipamentos
tradicionais na qualidade do ar interior, propriedades do material particulado,
dose depositada no trato respiratério e respostas biologicas. Para atingir o
primeiro objetivo, foram selecionados quatro tipos de pellets (duas marcas de
pellets com certificagdo ENplus A1, uma marca de pellets sem certificagéo e
pellets de acacia produzidos em laboratério) para realizar experiéncias numa
instalacdo laboratorial de combustao e determinar fatores de emissdo de gases
e material particulado (PM1o). Para atingir o segundo objetivo, realizaram-se
amostragens de particulas em duas habitagbes com equipamentos de
combustao distintos (lareira aberta e recuperador de calor), na auséncia de
outras fontes interiores. A dose de particulas inaladas no interior das habitacées
e depositadas no trato respiratério humano foi estimada utilizando um modelo
de exposi¢ao/dose (ExDoM2). A composicao quimica das PM1o resultantes quer
dos ensaios laboratoriais, quer dos microambientes residenciais, foi analisada
em termos de ides inorganicos sollUveis em agua, carbono organico e elementar
e especiagcao organica detalhada. Adicionalmente, nas amostras de particulas
colhidas no interior das habitacdes, foram também determinados elementos
maioritarios e trago. Foi utilizada uma bateria de ensaios in vitro para avaliar a
ecotoxicidade, citotoxicidade e mutagenicidade das amostras de PMjo.






resumo

Os resultados obtidos nos ensaios laboratoriais indicaram que o material
lenhoso alternativo selecionado para a peletizagdo contribuiu para um aumento
dramatico das emissdes de particulas, as quais apresentaram propriedades
guimicas distintas e um potencial toxicolégico elevado. Observou-se que mesmo
o material certificado nem sempre cumpre 0s requisitos de emissdo
estabelecidos pela diretiva Ecodesign. As particulas emitidas pela combustéao
de pellets apresentaram na sua composi¢ao maioritariamente ides inorganicos
soliveis em agua. O carbono elementar dominou a fragdo de material
carbonaceo nas particulas dos pellets comerciais, ao passo que o carbono
organico constitui a componente mais abundante nas amostras resultantes da
qgueima de pellets de acacia. Os resultados mostraram que as particulas dos
pellets de acacia foram as mais ecotéxicas e citotoxicas, enquanto nao foi
detetada mutagenicidade para nenhum biocombustivel. Na campanha de
amostragem realizada em microambientes residenciais durante a utilizagdo de
diferentes equipamentos de combustdo, observou-se uma exposicdo mais
elevada, dose depositada no trato respiratério humano mais alta e uma toxidade
superior para as particulas colhidas durante a operagdo da lareira aberta,
refletindo a menor eficiéncia de combustdo deste equipamento. Durante a sua
utilizacao, foi registado um aumento superior nos niveis de material particulado
(mais de 12 vezes relativamente as concentracdes de fundo) em comparacao
com o observado para o recuperador de calor (aumento de 2 vezes). O material
carbonaceo representou cerca de 44% da massa de PM1o nas amostras colhidas
durante a operacao da lareira, enquanto a operacao do recuperador de calor
reduziu quase pela metade o conteldo total de carbono nas particulas. Os ides
sollveis em agua e os elementos apresentaram contribuigdes variaveis para a
massa das particulas no interior das habitagdes, sendo geralmente superiores
durante a operagdo do recuperador de calor. Em ambos os microambientes
residenciais foram detetados varios tracadores quimicos de combustdo de
biomassa, assinalando a contribuicdo desta fonte para as particulas interiores.
A avaliacao da biorreatividade revelou que as particulas emitidas pela lareira
foram as mais ecotoxicas e citotdxicas, enquanto que nao foi detetada
mutagenicidade em quaisquer das amostras testadas. Varios constituintes
detetados nas particulas internas, como os hidrocarbonetos aromaticos
policiclicos, apresentaram correlagdes significativas com o aumento da
toxicidade. Considerando os resultados obtidos, os proprietarios devem ser
encorajados a atualizar a tecnologia de combustéo, a fim de reduzir os produtos
de combustéo incompleta dentro das suas habitagdes.
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Biomass combustion for residential heating is recognised as an important source
of particulate matter, not only in the ambient air, but also inside the dwellings.
Exposure to biomass burning particles has been linked to a vast array of adverse
health effects. The physical and chemical properties of inhaled particles are
thought to greatly affect the biological responses. Over the years, many studies
have focused on emission source profiles of residential biomass combustion.
However, with the advent and growing market share of new small-scale
appliances automatically fed with compressed biofuels, research efforts need to
be devoted to the characterisation of emissions from these appliances either
from new commercially available pellets or from pellets made from potentially
relevant raw materials. Despite the wealth of publications on emissions and
composition of particles from residential biomass combustion, the impact of this
source on the indoor air quality has been scarcely studied, especially with regard
to the chemical and toxicological characteristics of the particles. The two main
objectives of this thesis were: i) to obtain chemical and toxicological profiles for
pellet-fuelled heating systems, and ii) to evaluate the impact of traditional
appliances on indoor air quality, properties of particulate matter, deposited dose
in the respiratory tract and biological responses. For the fulfiiment of the first
objective, four types of pellets were selected (two brands of ENplus A1 certified
pellets, one brand of non-certified pellets, and laboratory-produced acacia
pellets) to carry out experiments in a laboratory combustion facility to determine
emission factors of gaseous compounds and particulate matter (PMio). To
achieve the second objective, particulate samples were collected in two
households equipped with distinct combustion appliances (open fireplace and
woodstove) in the absence of other indoor sources. The dose of inhaled indoor
particles deposited in the human respiratory tract was estimated using an
exposure dose model (ExDoM2). The chemical composition of PM1o from both
laboratory experiments and residential microenvironments was analysed for
water soluble inorganic ions, organic and elemental carbon and detailed organic
speciation. Additionally, in samples collected indoors, major and trace elements
were also determined. A battery of in vitro assays was used to assess the
ecotoxicity, cytotoxicity and mutagenicity of the PMio samples. The results
obtained from the laboratory measurements indicated that the alternative woody
raw material selected for pelletising contributed to a dramatic increase in
particulate emissions, with distinctive chemical properties and increased
toxicological potential. It was observed that even certified material does not
always meet emission requirements set by the Ecodesign directive. Particles
from pellet combustion were mainly composed of water soluble inorganic
constituents.
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The carbonaceous fraction of particulate samples from commercial pellets was
dominated by elemental carbon, while organic carbon was the most abundant
constituent in samples from the combustion of acacia pellets. The results showed
that particles from acacia pellets were the most ecotoxic and cytotoxic, while
mutagenicity was not detected for any biofuel. In the sampling campaign carried
out in residential microenvironments while using different combustion devices,
higher exposures, higher doses in the human respiratory tract and higher toxicity
of the particles collected during the operation of the open fireplace were
observed, as a result of the lower combustion efficiency. When using this
combustion equipment, a higher increase in particulate matter levels (over 12
times compared to background concentrations) was registered compared to that
measured with the woodstove (2-fold increase). The carbonaceous material
accounted for a PM1o mass fraction of about 44% in samples from the room
equipped with fireplace, while the woodstove operation almost halved the total
particulate carbon content. Water soluble ions and trace elements showed
variable contributions to the mass of the indoor particles and were generally
higher during the operation of the woodstove. Several chemical markers of
biomass combustion were detected in both residential microenvironments,
highlighting the input of this source to indoor particles. The bioreactivity
assessment showed that particles emitted by the fireplace were the most
ecotoxic and cytotoxic, while mutagenicity was not detected in any of the tested
samples. Combustion-related organic compounds in indoor particles, such as
polycyclic aromatic hydrocarbons, displayed significant correlations with the
increase in toxicity. In view of the results obtained, homeowners should be
encouraged to upgrade the wood burning technology in order to reduce the
products of incomplete combustion inside their dwellings.
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General Introduction

Chapter 1. General Introduction

Air pollution consistently ranks among the top risk factors for mortality worldwide (Health
Effects Institute, 2020). According to the most recent report from the Health Effects Institute, in
2019, air pollution was responsible for 6.67 million deaths worldwide. According to the same report,
26% of global deaths from stroke were attributable to total air pollution while the percentage reached
30% for lower respiratory infections and 40% for chronic obstructive pulmonary disease (COPD)
(Health Effects Institute, 2020). Among the pollutants present in ambient air, particulate matter (PM)
is regarded as one of the most harmful since it has been classified by the International Agency for
Research on Cancer (IARC) as a carcinogen to humans (group 1) (Loomis et al., 2013). PM is
generally classified by size into PM 9, PM2s and PM;, which are defined as the fraction of particles

with equivalent aerodynamic diameters less than or equal to 10 um, 2.5 pm and 1 pm, respectively.

Residential biomass combustion is a major source of atmospheric PM worldwide (Olsen et
al., 2020; Vicente and Alves, 2018). Furthermore, the impact of this source on indoor PM levels is
also noticeable (e.g. Bartington et al., 2017; Castro et al., 2018; de Gennaro et al., 2015; Guo et al.,
2008; McNamara et al., 2013; Parajuli et al., 2016; Salthammer et al., 2014; Saraga et al., 2015). In
developing countries, solid fuel combustion is an important source of household air pollution. Indoor
exposure can occur at concentrations orders of magnitude greater than those observed in the
developed world (Balmes, 2019; Clark et al., 2013; Naeher et al., 2007). Indoor emissions from
household combustion of biomass fuel (primarily wood) were categorised as probably carcinogenic
to humans (group 2A) by IARC (2010). In industrialised countries, residential biomass combustion
for heating purposes is still a common practice that contributes to significant exposures indoors and
outdoors, mostly in winter (Amann et al., 2018; Nacher et al., 2007; Sigsgaard et al., 2015). In the
European Union (EU), from 1990 to 2015, the use of biomass as a fuel for household heating doubled.
In Portugal, more than 40% of primary energy supply for residential heating in 2015 was based on
biomass (Bertelsen and Mathiesen, 2020). By 2030, the use of biomass in the residential sector is
projected to increase in the EU by 36% (Amann et al., 2018). In fact, in the scope of the updated
European energy policy (Clean energy for all Europeans package), the EU has set a target of 32%
for renewable energy sources in the energy mix by 2030 (Directive 2018/2001/EU), which might

increase the share of biomass of overall renewable energy production.

According to a recent report (Amann et al., 2018), in 2005, biomass combustion in the
residential sector was responsible for 46% and for more than 30% of total primary emissions of PM> s
in the EU and in Portugal, respectively. The widespread use of traditional small combustion units,

operated manually in batch mode, is a major problem since such combustion appliances generate
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higher PM emissions than modern, automatically fed combustion appliances (Olsen et al., 2020;
Vicente and Alves, 2018). In Portugal, even though a trend towards the replacement of conventional
stoves by more modern technologies (e.g. pellet stoves and boilers) is observed, traditional
appliances are still predominant since, even in recent years, conventional stoves and boilers, as well

as open fireplaces, represent about 80% of the consumption of wood (Pereira et al., 2020).

To tackle pollutant emissions from solid fuel combustion in small combustion installations
the EU legislation includes the Commission Regulation 2015/1185 (implementing Directive
2009/125/EC - Ecodesign requirements for energy-related products), which establishes a framework
for setting ecodesign requirements for solid fuel local space heaters, including emission requirements
for several pollutants (PM, CO, NOx, and organic gaseous compounds — OGC) to be met by 2022.
Additionally, the Regulation 2017/1369 sets the energy labelling framework for energy-related
products (Commission Delegated Regulation (EU) 2015/1186 and (EU) 2015/1187 for energy
labelling of local space heaters and solid fuel boilers, respectively) in order to specify a mandatory
energy label. This regulation also intends to inform consumers about the energy efficiency and to
encourage the purchase of more energy efficient products. Moreover, although the use of biomass in
the residential sector is expected to increase, the Energy Efficiency Directive (2018/2002/EU) and
Energy Performance of Buildings Directive (2018/844/EU) might indirectly contribute to the
reduction of emissions by decreasing energy consumption in the European Union (Amann et al.,

2018).

1.1. Biomass combustion: Principles and particle formation

Combustion is an exothermic reaction that needs three main ingredients to occur: oxygen,
heat and fuel. The combustion process can be divided into different stages (Fig. 1.1): heating-up,
drying, devolatilisation (or thermal pyrolysis), combustion of the volatiles and combustion of the
char (Williams et al., 2012). The first stage uses energy to evaporate the fuel moisture and dry the
fuel. If the moisture content is too high, the heating value of the wood and the combustion efficiency
decrease, since a considerable amount of energy is necessary to vaporise the water (Simoneit, 2002).
Usually the temperature at which the pyrolysis starts is around 160 — 250 °C (Williams et al., 2012).
At this stage, biomass large structures (e.g. cellulose, hemicellulose and lignin) are decomposed by
heat together with the vaporisation of water and extractives (Rogge et al., 1998; Simoneit, 2002). In
this step, a large part of the biomass (about 80%) is converted to volatile products (Williams et al.,
2012). The compounds released are completely or partially combusted in the flame and char

formation proceeds until the release of combustible volatile substances drops below the minimum
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level required for the flame propagation (Rogge et al., 1998; Simoneit, 2002). Although char
represents about 10-30% wt. of the total biomass, it can still contain up to a third of the energy content
of the biomass (Williams et al., 2012). The combustion process can be either continuous or batch
mode, which means that the combustion stages can overlap or take place separately, respectively

(Berndes et al., 2008; Nussbaumer, 2003).

Gaseous Emissions

HO Par?ict.llate
2 Emissions
Organic carbon
T ! J % Soot
¢ ® Ash particles
Y - :
e Lo Y ek Combustion of the Volatiles
< — ey —
Heating and Drying Devolatilisation/Pyrolysis Char Combustion Bottom Ash

Figure 1.1. Description of the biomass combustion stages.

The quality of the combustion is driven by the temperature achieved during the process,
availability of oxygen, sufficient residence time and enough turbulence to promote the mixture
between the combustion air and the fuel (Berndes et al., 2008; Nussbaumer, 2003). In addition to
CO; and water vapour, biomass combustion releases a wide range of different products, including

gaseous (e.g. CO, CxHy, NOy, NH3, N>O) and particulate compounds (Nussbaumer, 2003).

The physicochemical characteristics of the particles emitted from biomass combustion
devices is largely dependent on the equipment, operating conditions and fuel burned (Olsen et al.,
2020; Vicente and Alves, 2018). Particulate matter from small scale biomass combustion has been
characterised by a unimodal size distribution (Bari et al., 2011; Lamberg et al., 2013; Tissari et al.,
2008) and by mass median diameters (MMD), from both batch mode fed and automatically fed
combustion appliances, below 1 um in size (Boman et al., 2004, 2011; Lamberg et al., 2011a, 2013;
Pettersson et al., 2011; Tissari et al., 2008). Nevertheless, MMD have been reported to be higher
during log wood combustion in batch mode operated appliances (179 to 658 nm) (Lamberg et al.,
2011a; Pettersson et al., 2011) compared to the combustion of wood pellets (101 to 336 nm) (Boman
et al., 2011; Lamberg et al., 2011b, 2011a; Tissari et al., 2008).

Regarding the chemical composition of the particles generated from biomass combustion,

they can be categorised into three main classes: organic carbon, soot and inorganic particles (Bglling

et al., 2009; Obaidullah et al., 2012).



Chapter 1

Under incomplete combustion conditions, at low temperatures (300-500°C), the thermal
degradation of the wood constituents (cellulose, hemicellulose and lignin) releases organic carbon
(Bglling et al., 2009). At higher temperatures (~800-1000°C), and lack of oxygen, soot can be formed
from organic precursors inside the fuel rich area of the flame (Bglling et al., 2009; Nussbaumer,
2010). Soot particles contain a mixture of elemental carbon and organic carbon (Bglling et al., 2009;
Obaidullah et al., 2012). The mechanism of soot formation involves the release of hydrocarbons from
the fuel during the devolatilisation, formation of polycyclic aromatic hydrocarbons (PAHs) and
particle growth by surface reactions, coagulation and agglomeration (Nussbaumer, 2010; Obaidullah

et al., 2012).

Under favourable combustion conditions (high temperatures, good oxygen supply and
turbulence), achieved in modern combustion technologies, PM emissions are dominated by inorganic
ash particles (Bglling et al., 2009; Nussbaumer, 2010). These particles are mainly composed of
potassium compounds, such as potassium sulphate (K>SOs), potassium chloride (KCl), potassium
hydroxide (KOH) and potassium carbonate (K,COs3) (Boman et al., 2011, 2004; Johansson et al.,
2003; Pettersson et al., 2011; Sippula et al., 2007). The formation of inorganic particles is initiated
by the vaporisation of easily volatilised ash forming elements (e.g. S, Cl, Na, K and Zn) from the
biomass (Wiinikka and Gebart, 2005). Particles are formed by nucleation and subsequent growth by
condensation and coagulation (Sippula et al., 2007; Wiinikka and Gebart, 2005). The release of ash-
forming species during the combustion of biomass depends on both the fuel composition and
combustion temperature (Knudsen et al., 2004; Van Lith et al., 2006). For example, the study by
Knudsen et al. (2004) showed that the fuel content of Cl and Si largely affected the K release in
distinct ways: while CI favoured the release of K to the gas phase, Si promoted the retention of K in

bottom ash.

The fuel composition plays a major role in PM emissions from combustion in modern
appliances. Although wood and woody fuels are mainly composed of carbon (48.7 — 57.0% dry, ash
free basis), oxygen (32.0 — 45.3% dry, ash free basis) and hydrogen (5.4 — 10.2% dry, ash free basis)
(Vassilev et al., 2010), they also present minor amounts of other inorganic compounds, such as
nitrogen (N), calcium (Ca), potassium (K), magnesium (Mg), manganese (Mn), sulphur (S), chlorine
(Cl), iron (Fe), aluminium (Al), zinc (Zn), among others (Obernberger et al., 2006). Considering that
PM emissions are closely related to the fuel content of specific elements, fuel indexes were developed
and have been used to predict PM emissions from biomass combustion under favourable combustion
conditions (Feldmeier et al., 2019; Jeguirim et al., 2017; Sippula et al., 2017).

Whereas more efficient combustion conditions, achieved in automatically fired combustion
appliances, yield low organic emissions and favour formation of inorganic particles, the opposite is

observed for the operation of batch mode fired appliances (Olsen et al., 2020; Vicente and Alves,
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2018). In addition to the combustion appliance, the fuel and combustion conditions also play a key
role on the organic emissions from residential combustion (e.g. Czech et al., 2018; Gongalves et al.,
2011; Orasche et al., 2013; Schmidl et al., 2011). Organic emissions from biomass combustion are
composed of a wide range of compounds, including anhydrosugars, PAHs, phenolic compounds and
resin acids. Among these, levoglucosan has been one of the most analysed constituents. It is biomass
combustion tracer widely used to apportion the contribution of this source to the atmospheric levels
(Vicente and Alves, 2018). Levoglucosan emissions from traditional wood burning appliances have
been reported to vary throughout the combustion cycle, being enhanced during the start-up phase and
decreasing during flaming combustion (Calvo et al., 2015). During the operation of automatically
fired combustion appliances, Schimdl et al. (2011) only detected levoglucosan during the start-up
phase, while Alves et al. (2017) reported that, on average, the anhydrosugar particle mass fractions
obtained for the combustion of seven biofuels in a pellet stove were 30 to 70 times lower than the
values found for manually fired systems. The later researchers also observed differences in emissions
depending on the biofuel burned, including between combustion of diverse wood pellets.
Considering the decrease in organic emissions with the increase in combustion efficiency reported
in numerous researches (Olsen et al., 2020; Vicente and Alves, 2018), an update of the chemical
tracers might be needed if the trend towards the replacement of batch mode operated stoves by

automatically fed appliances continues.

1.2. PM-related health effects

An extensive research effort has been invested in examining the relationship between long-
and short-term exposure to ambient PM and the resulting health effects (Anderson et al., 2012;
Darquenne et al., 2020; Kim et al., 2015; Pope, 2000). PM-related health effects include both acute
(e.g. pulmonary inflammation, systemic acute phase response, exacerbation of chronic diseases, such
as asthma, change in blood pressure, heart rate variability) and chronic effects (e.g. lung cancer,
pneumonia, decreased lung function, decreased lung growth, cardiovascular mortality, myocardial
infarction, hypertension, premature death, stroke). The physical and chemical properties of inhaled
particles are thought to greatly affect the biological responses. Research work targeting PM
characteristics of concern have pointed out several possible properties, including particle size and
specific inorganic and organic chemical constituents, such as metals and PAHs (Kelly and Fussell,

2012; Kim et al., 2015).

Wood smoke exposure, in particular, has been linked to a vast array of adverse health effects

(Naeher et al., 2007; Sigsgaard et al., 2015; Zelikoff et al., 2002). Several studies compiled in the
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review conducted by Naeher et al. (2007) showed epidemiological evidence of respiratory symptoms
(e.g. wheeze, cough, nocturnal awakening, congestion, lung function decrement, bronchiolitis or
pneumonia) in children associated with the presence of woodstoves. Several respiratory symptoms
(cough, sore throat, chest tightness, and phlegm) in women living in non-smoking households were
also related to the use of fireplaces (Naeher et al., 2007). In Spain, a strong association between
indoor air pollution exposure, from wood or charcoal burning, and COPD in women was reported by
Orozco-Levi et al. (2006). Additionally, the PM levels in areas greatly impacted by wood smoke in
winter were associated with increased asthma emergency room visits, increased daily mortality, and
hospital admissions of cardiac and respiratory patients (Naeher et al., 2007). Sigsgaard et al. (2015)
reviewed epidemiological observations in areas of the developed world where biomass combustion
was a known source of ambient air pollution. Associations between PM and respiratory symptoms
(chest congestion and wheeze) in young children, low birth weight, otitis media, infant bronchiolitis,
cardiovascular mortality, increased medication use, decreased lung function, increased respiratory
and cardiovascular (excluding ischaemic heart disease) hospital admissions, emergency room Visits
for asthma and hospitalisations were among the positive correlations found in the reviewed studies.
Studies of health impacts following wood stove intervention strategies in USA, Canada and Australia
have been also reviewed by Sigsgaard et al. (2015). In the USA, after a community wood stove
exchange in Libby, Montana, the symptoms (wheeze, watery eyes, cold, bronchitis and throat
infection) among school children were significantly reduced. In Launceston (Australia), the
proportion of households burning wood was reduced from 66% to 30%, due to a government-
coordinated fuel switching intervention, which translated in male mortality significant reductions

(18% from cardiovascular and 28% from respiratory causes).

Exposure to household air pollution from solid fuel combustion is a major health hazard,
affecting strongly the population in developing countries (Health Effects Institute, 2020). In 2017,
3.6 billion people (47% of the global population) were exposed to smoke from solid fuel combustion,
accounting for about 1.6 million deaths worldwide (Health Effects Institute, 2019). The health
outcomes arising from exposure to biomass burning smoke in developing countries have been
extensively reviewed and comprise an increase in the incidence of respiratory illness, including
pneumonia, tuberculosis, asthma, and COPD, as well as non-respiratory illness, such as low birth
weight, cataracts and cardiovascular events (Fullerton et al., 2008; Kim et al., 2011; Laumbach and
Kipen, 2012). Wylie et al. (2014) analysed the data from two cross-sectional cohorts of pregnant
women, with identical case report forms and study procedures, to evaluate effects of exposure to
biomass smoke on birth weight, preterm birth and stillbirth. Although the authors found insignificant
associations between wood fuel use and reduced birth weight, a persistent adverse impact on preterm

delivery was recorded.
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In developing countries, air pollution from biomass fuel combustion is a major health
concern affecting mainly women and children owing to the considerable amount of time spent in the
proximity to combustion sources (Balmes, 2019; Sood, 2012; WHO, 2016). In 2012, women and
children accounted for over 60% of all premature deaths from household air pollution. In low- and
middle-income countries household air pollution causes over half of all pneumonia deaths in children
aged under 5 years. Additionally, household air pollution is the leading cause of diseases like stroke,
COPD, lung cancer and heart disease for women (WHO, 2016). Pathak et al. (2020) conducted a
meta-analysis aiming to investigate the association between indoor air pollution and risk of COPD
and chronic bronchitis. The pooled analysis showed that exposure to indoor air pollution arising from
solid biomass fuel combustion increased the risks of COPD and chronic bronchitis by 2.65 and 2.89
times, respectively, compared to non-biomass fuels. Similarly, in a systematic review, Kurmi et al.
(2010) found positive associations between the use of solid fuels and COPD and chronic bronchitis.
Pooled estimates for different types of fuel revealed that exposure to wood smoke while performing
domestic work presents a greater risk of development COPD and chronic bronchitis than other fuels.
According to the WHO global household energy database, in low- and middle-income countries,

more than 50% of residents use biomass as primary cooking fuel (WHO, 2016).

In developing countries, solid fuels are usually burned in simple and highly inefficient stoves
(e.g. pit in the ground, three rocks/stones, or U-shaped hole in a block of clay), without flues or
chimneys to vent the smoke outside, leading to extremely high pollutant concentrations in the vicinity
of the stove (ASHRAE, 2016; Balmes, 2019). Exposure is frequently aggravated by the unproper
space ventilation (Balmes, 2019). The use of cleaner fuels, such as electricity, would be the most
effective measure to reduce the exposure to solid fuel combustion smoke. However, taking into
consideration the unfeasibility of this option, other interventions have been targeted. Interventions to
reduce adverse respiratory outcomes from solid fuel smoke exposure in developing countries
included outdoor relocation of cooking with solid fuels, partitioning of kitchen from living space,
window in kitchen and improved cookstoves (Sood, 2012). Given the importance of the combustion
efficiency in the emission of contaminants, controlled trials have been conducted to assess the health
impact of reducing indoor air pollution through the improvement of the combustion technology
and/or fuel (Jack et al., 2015; Mortimer et al., 2017; Romieu et al., 2009; Smith et al., 2011).
Mortimer et al. (2017) hypothesised that replacing open fires with cleaner biomass cookstoves would
reduce pneumonia incidence in children. The researchers found no evidence that the intervention
contributed to a decrease in the risk of pneumonia in young Malawian children but observed a
reduction in burns. Smith et al. (2011) investigated the effects of a stove intervention on pneumonia
in rural Guatemalan children where, traditionally, cooking is performed using wood fuels in open

fires. Findings from the trial have shown that, although a significant reduction in severe pneumonia
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was recorded, the chimney stove did not significantly reduce physician-diagnosed pneumonia in
children. The researchers hypothesised that the reasons for no effect being detected could be mainly
attributable to insufficient exposure reduction. Parajuli et al. (2016) conducted a study in Nepalese
rural settlements in order to evaluate the indoor air quality in households with traditional and
improved cookstoves. Although the study reported remarkable lower particle concentrations in the
households with improved stoves than in the households with traditional cookstoves, the PM; ;s
average concentration was still very high (825 + 731 ug m™), largely exceeding the WHO indoor air
quality guidelines (PMys: 25 pug m™ 24-h mean). Onyeneke et al. (2019) utilised cross-sectional data
from Cross River State to analyse the impacts of improved cook stoves on the environmental and
health outcomes of rural women. This study found no evidence of the reduction of indoor air
pollution linked diseases associated with stove design and users' behaviour. The researchers pointed
the need to rethink the stove design and to consider the behaviour of the user while cooking. Although
several studies found no statistically significant effects on primary health outcomes, in the other
cases, the improvement of stoves has proven to be an effective measure in reducing morbidity in

developing countries (Laumbach and Kipen, 2012; McCracken et al., 2007; Romieu et al., 2009).

1.2.1. Deposition of particles in the respiratory tract

Upon inhalation, particles may deposit in the respiratory tract (RT) or be exhaled. Regarding
deposition of PM, the human RT can be divided into three main anatomical regions: i) extrathoracic
or nasopharyngeal region, ii) tracheobronchial region and iii) pulmonary or alveolar region (Fig. 1.2).
These regions are very distinct in terms of their structure, airflow patterns, function, retention time

and sensitivity to deposited particles (Hinds, 1999; Kulkarni et al., 2011; Lippmann et al., 1980).

The deposition of particles in the RT is governed by mechanisms of impaction, settling,
diffusion, and by some minor mechanisms, namely interception and electrostatic deposition
(Asgharian et al., 2018; Hinds, 1999; Hofmann, 2011; Lippmann et al., 1980). The deposition of
inhaled particles in regions of the RT is driven by the physicochemical properties of the particles
(e.g. size, hygroscopicity, shape, density) and the characteristics of individuals (e.g. age, gender,

health status, breathing pattern, anatomy of the airways, etc.) (Hinds, 1999; Lippmann et al., 1980).

The adverse response to inhaled particles depends on the time of interaction between the lung
tissue and the particles. For this reason, the retention of particles within the RT plays a major role on
the health outcomes (Kulkarni et al., 2011). After inhalation, particles can be cleared from the RT by
natural defence mechanisms that operate in different regions of the lung to eliminate foreign material.

In the extrathoracic region, mechanical clearance (e.g. sneezing, coughing or swallowing of the

10



General Introduction

deposited material) is the main protective mechanism. In the tracheobronchial region, mucociliary
clearance (e.g. secretion of mucus loaded with particles) is the mechanism to remove deposited
particles. At the alveolar surface, macrophages (white blood cells produced by the differentiation of
monocytes in tissues) help to engulf and relocate foreign material through their phagocytic activity.
Another clearance mechanism is translocation in which the material absorbed from the RT
(tracheobronchial or alveolar region) is transferred to other tissues in the body. Finally, particles can
be dissociated into material that can be absorbed into the blood (Hussain et al., 2011; Kulkarni et al.,

2011).
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Figure 1.2. Anatomical regions of the human respiratory tract. Adapted from ICPR (1994).
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The estimation of the deposition of inhaled particles is of great importance to understand dose-
response relationships and to assess the inhalation risks associated with PM. For this reason, research
effort has been devoted to quantify the deposition of particles in the RT through a vast array of

different techniques. The total lung deposition can be measured directly in vivo by monitoring the
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concentrations of inhaled and exhaled particles (Kim, 2009; Londahl et al., 2014, 2008; Muala et al.,
2015). The regional deposition can be estimated indirectly in vivo, for example, by means of
radioaerosol inhalation (Kim, 2009). Experimental determination of aerosol deposition patterns has
been also carried out using models and replica casts of human airways (e.g. Kim et al., 1994; Oldham
et al., 2000; Schlesinger et al., 1977; Zhou and Cheng, 2005). Additionally, numerous mathematical
models have been developed to predict the total and regional particle deposition in the human RT
(e.g. Aleksandropoulou and Lazaridis, 2013; Hofmann, 2011; Hussain et al., 2011; ICRP, 1994). The
comparisons between experimentally obtained and modelled total deposition fractions have shown

reasonable correlations (Hofmann, 2011; Lazaridis et al., 2001; Londahl et al., 2008).

1.2.2. Biological mechanisms

Several mechanisms have been proposed to explain the associations between exposure to
PM and adverse health effects found in epidemiological studies. The proposed mechanisms involved
in the physiopathology of disease include oxidative stress, inflammation, genotoxicity and
cytotoxicity.

Reactive oxygen species (ROS) are produced under normal cellular metabolism and are
involved in physiological reactions, which are beneficial against infection (Mazzoli-Rocha et al.,
2010). However, the imbalance between the production of ROS and the anti-oxidant defence can
trigger oxidative stress (Gurjar et al., 2010; Li et al., 2003; Mazzoli-Rocha et al., 2010). Oxidative
stress mediated by PM can arise from the direct generation of ROS (surface of particles or adsorbed
compounds) or upon particle-cell interactions (Knaapen et al., 2004; Mazzoli-Rocha et al., 2010;
Peixoto et al., 2017; Risom et al., 2005). At low levels of oxidative stress, several antioxidant and
detoxification enzymes are induced, and PM exposure does not lead to adverse biological outcomes.
When the antioxidant response fails or is inadequate to deal with increasing ROS production,
intermediate levels of oxidative stress can induce a pro-inflammatory response. At high levels of
oxidative stress, the antioxidant defences are overwhelmed, resulting in cytotoxic effects (Li et al.,
2003; Valavanidis et al., 2008). Cell death, under overpowering levels of ROS, may be the underlying
mechanism of the development or exacerbation of respiratory diseases, such as emphysema and
COPD (Peixoto et al., 2017). Oxidative stress and inflammation are closely related processes that

can be induced by each other (Traboulsi et al., 2017).

Inflammation is regarded as an important mechanism involved in PM-induced health effects
(Anderson et al., 2012; Schwarze et al., 2006). This process comprises cells of the immune system

and the production and release of signalling molecules, such as cytokines and chemokines, that
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mediate both immune cell recruitment and intracellular signalling control mechanisms (King, 2007;
Turner et al., 2014). Alveolar macrophages and epithelial cells play an important role in the onset of
inflammatory responses upon PM exposure (Corsini et al., 2019). The activity of the immune cells
stimulates the release of inflammatory mediators and ROS, which accumulate in the damaged area
and may lead to cell death. The vicious cycle that increases and/or prolongs the inflammatory
reactions can overwhelm the defence mechanisms and possibly progress to chronic inflammation
(Duan et al., 2020; Schwarze et al., 2006). The local lung inflammation stimulated by PM can leak
into systemic circulation and lead to cardiovascular system and reproductive adverse effects,

including low birth weight (Corsini et al., 2019).

There are three main pathways linking PM to adverse cardiovascular effects (Fig. 1.3). The
first one reflects the ability of small sized particles or particle constituents to translocate into the
systemic circulation, therefore, gaining access to different extra pulmonary sites. Through this
pathway, particles can have a direct effect on the cardiovascular system (Du et al., 2016; Fiordelisi
et al., 2017). Additionally, particles can affect the cardiovascular system by two indirect pathways.
One is mediated by pulmonary oxidative stress and inflammatory response and the other is related to
the ability of particles to impact the autonomic nervous system (Du et al., 2016; Fiordelisi et al.,
2017; Nemmar et al., 2013; Schwarze et al., 2006). PM exposure can lead to changes in autonomic
nervous system balance leading to changes in the pattern of breathing, and heart rate variability.
Heart rate variability can be associated with the higher risk of cardiac arrhythmias (Schwarze et al.,
2006). Additionally, PM may induce changes in blood coagulation, which can lead to the

development of myocardial infarction (Schwarze et al., 2006).

Particle-induced genotoxicity can result from primary (absence of pulmonary inflammation)
and secondary genotoxicity (particle-elicited inflammation). Primary genotoxicity can be induced by
distinct mechanisms, such as ROS generation (e.g. from particle surfaces), or DNA-adduct formation
by reactive metabolites of particle-bound organic compounds (e.g. PAHs). Secondary genotoxicity
involves a pathway of genetic damage resulting from the oxidative DNA attack by ROS/reactive
nitrogen species (RNS) generated during particle-elicited inflammation (Gurjar et al., 2010; Schins
and Knaapen, 2007). DNA attack by oxidants can lead to DNA structural alterations (e.g. base pair
mutations, deletions or insertions). Additionally, ROS and RNS can also interact with lipids and
proteins abundantly present in biomembranes, resulting in oxidised molecules. These, upon reaction,
can produce several products that are known to damage DNA and are associated with mutagenesis
(Knaapen et al., 2004). Cells have their own protective mechanisms (e.g. DNA repair, apoptosis, cell
cycle arrest) to maintain DNA integrity and prevent cell dysfunction and uncontrolled growth and
proliferation. However, erroneous DNA repair and apoptosis failure may eventually culminate in

malignant lung disease (Gurjar et al., 2010; Knaapen et al., 2004; Peixoto et al., 2017).
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Figure 1.3. Potential pathways linking PM exposure with cardiopulmonary morbidity and mortality. Adapted
from Pope and Dockery (2006).

As described above, PM can trigger cell death by distinct pathways, including inflammation,
oxidative stress, and DNA damage. There are three main cell death mechanisms: apoptosis, necrosis
and autophagy (Peixoto et al., 2017; Traboulsi et al., 2017). Apoptosis is a programmed cell death
characterised by cellular fragmentation, membrane blebbing and cell shrinkage. Necrosis is an
uncontrolled death pathway characterised by the loss of cell membrane integrity and cell swelling.
Autophagy is a form of programmed cell death. It is morphologically characterised by the
vacuolisation, degradation of cytoplasmic contents, and slight chromatin condensation (Fink and
Cookson, 2005; Peixoto et al., 2017; Traboulsi et al., 2017). The intensity of oxidative stress appears
to have a key role in the cell death pathway. Under tolerable levels of ROS, cells undergo apoptosis
in order to protect other cells from inflammation and avoid the proliferation of damaged cells. At
increasing levels of ROS, oxidised proteins trigger autophagosome formation and prevent further
oxidative stress to protect other cells. In the case of intense exposure to high PM levels, the

inflammation and exacerbation of oxidative stress may result in so much damage that mitochondrial
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dysfunction and destabilisation of the cellular mechanisms leads to necrotic cell death (Peixoto et al.,

2017).

1.2.3. PM toxicity in vivo

While the evidence of PM-induced health effects has been highlighted in epidemiological
studies, toxicological studies can shed light into the biological mechanisms involved in the recorded
associations. In vivo studies, both in humans and animals, have been conducted in order to assess the
effect of wood smoke on lung function and on specific biomarkers (e.g. measured in body fluids such
as urine and blood, tissue samples, exhaled breath) related to disease (Bglling et al., 2009; Lewtas,

2007; McCracken et al., 2012).

An overview of outcomes after exposure of animals to wood smoke were presented in the
reviews by Naeher et al. (2007) and Zelikoff et al. (2002). Overall, these reviews gather evidence
that wood smoke can compromise pulmonary immune defence mechanisms, which are vital for
resistance against pulmonary infections. Regarding acute exposures, Naeher et al. (2007) reviewed
the outcomes of in vivo wood smoke inhalation studies, using rabbits as test subjects, which included
epithelial cell injury, mucociliary escalator dysfunction, and inflammatory response. In short-term
experiments with rats and mice, loss of epithelium, lipid peroxidation and inflammatory response
were observed, because of wood smoke inhalation. The ability of short-term repeated exposure to
wood smoke to exacerbate allergic airway responses in already sensitised mice was investigated by
Barrett et al. (2006). The researchers reported that although the effects of wood smoke on allergic
airway parameters were relatively mild, they were comparable to those observed with other pollutant
mixtures, such as diesel exhaust. More recently, two studies examined the toxicological properties
of particles from different small-scale combustion appliances, representing old and modern
technologies, after exposure of healthy C57BL/6] mice by intratracheal aspiration (Happo et al.,
2013; Uski et al., 2012). In the aforementioned studies, particles from modern technologies evoked
greater inflammation compared to those from old technology appliances and increased inflammatory
activity was associated with ash components of the PM emissions. Moreover, Happo et al. (2013)
also found the highest cytotoxic and genotoxic activities for PM emissions from modern technology
appliances after evaluation of lung tissue damage. The effects of exposure to wood smoke particles
by intragastric or intratracheal instillation of Fischer 344 rats was investigated by Danielsen et al.
(2010). The researchers evaluated wood smoke particles collected under high and low oxygen supply

in order to produce particles with different physicochemical characteristics. Findings from this study
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demonstrated that exposure to wood smoke can induce oxidative stress and inflammation in both

liver and lung by the pulmonary and oral exposure routes.

Over the past years, several controlled human inhalation studies have investigated the
toxicity of wood smoke-derived PM to complement epidemiological observations. Unosson et al.
(2013) reported arterial stiffness and reduction in heart rate variability in subjects exposed to diluted
wood smoke (PM; = 314 + 38 pg m>, 3-h exposure) from a common Nordic woodstove. In a
controlled inhalation study with healthy humans, diluted smoke (PM,s = 240 - 280 pg m?, 4-h
exposure, 2 sessions 1 week apart) from wood combustion in a woodstove caused an inflammatory
response, and signs of increased oxidative stress, lipid peroxidation and altered coagulation factor
levels in blood (Barregard et al., 2008, 2006). However, Sehlstedt et al. (2010) found no acute airway
inflammatory responses after exposure of healthy subjects to diluted wood smoke (PMys5=224 + 22
ug m3, 3-h exposure) from a wood pellet boiler operating under incomplete combustion conditions
with PM emissions dominated by organic matter. Similarly, Stockfelt et al. (2013) reported that
markers of systemic inflammation did not increase after exposure of healthy adults to wood smoke
from the start-up and burn-out phases of the wood-burning cycle (PM,s= 295 ug m> and 146 ug m
3). Moreover, the researchers found that the effects on biomarkers of coagulation and lipid
peroxidation did not indicate an increased risk of cardiovascular diseases in healthy adults by short-
term exposure to wood smoke. Furthermore, Forchhammer et al. (2012) investigated the level of
oxidatively damaged DNA and biomarkers related to inflammation, oxidative stress and DNA repair
after exposure (3-h) of non-smoking atopic subjects to 14, 220, or 354 ug m> of particles from a
modern wood stove. The researchers concluded that wood smoke had no apparent effect on the

studied endpoints.

1.2.4. PM toxicity in vitro

In vitro assays are very useful to study the pathways activated by PM at cellular level using
simplified models. Despite their limitations, in vitro tests are less expensive and less time consuming
than in vivo experiments, which also have associated ethical issues. For this reason, the toxicity of
PM emissions from biomass burning has been assessed by several in vitro tests focused on different
endpoints (e.g. cytotoxicity, inflammation, oxidative stress, genotoxicity), which are selected

according to the mechanisms involved in the PM-related health effects.

Biomass burning particles have been reported to induce cytotoxicity and genotoxicity in
human and murine cell lines (e.g. Danielsen et al., 2009; Jalava et al., 2012; Kasurinen et al., 2016,

2017; Marabini et al., 2017; Tapanainen et al., 2011; Uski et al., 2014). It appears that particles
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derived from different combustion appliances induce differential cytotoxicity and genotoxicity. The
distinct responses have been associated with the chemical composition of the particles that is highly
variable under different combustion conditions in conventional or modern combustion appliances. In
fact, the physical and chemical properties of biomass burning particles, as well as the magnitude of
their emissions, can differ considerably for equipment with different combustion efficiency. While
studies using mouse RAW?264.7 macrophages reported that particles emitted from automatically fed
appliances and efficient combustion conditions are more cytotoxic than the ones arising from
traditional wood combustion appliances and intermediate and smouldering combustion conditions
(Leskinen et al., 2014; Tapanainen et al., 2011; Uski et al., 2014), the opposite result was reported
for the potency of the particles in inducing DNA damage (Jalava et al., 2012; Tapanainen et al., 2011;
Uski et al., 2014). Marabini et al. (2017) also observed higher DNA damage in A549 cells from
particles collected during log wood combustion than from those arising from pellet combustion. The
researchers attributed this result to the differences in the particulate PAH fraction. In addition to the
combustion appliance selected, the fuel burned also appears to play a key role on the bioreactivity of
the released particles (Kasurinen et al., 2017, 2016; Marchetti et al., 2019). For example, in the study
by Kasurinen et al. (2017), PM; samples collected from a modern soapstone masonry heater fuelled
with birch, spruce or beech logs were tested in a human lung epithelial cell line. The results indicated
that PM; samples from the combustion of beech logs reduced drastically the cellular metabolic
activity, whist the PM; from the combustion of spruce logs had the highest DNA damaging potential.
In an earlier study, Kasurinen et al. (2016) tested standard softwood pellets and three alternative
pellets (poplar, miscanthus, and wheat straw) and also found clear differences in the chemical

composition of the PM emissions, which was reflected in their toxicological effects.

The most widely employed methods to assess the cytotoxicity of biomass burning particles
are the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and lactate
dehydrogenase (LDH) assays. The MTT assay evaluates the metabolic activity of cells by measuring
the amount of formazan generated by active mitochondria that cleave the MTT salt, whereas the
LDH assay assesses the cell membrane integrity through the measurement of the cytoplasmatic
enzyme lactate dehydrogenase that leaks into the extracellular space (culture medium). While studies
employing the MTT test have reported that biomass combustion derived particles are cytotoxic
(Jalava et al., 2012; Kasurinen et al., 2017; Marabini et al., 2017; Tapanainen et al., 2011; Uski et
al., 2014), most research using the LDH test has observed no cytotoxic effects (Corsini et al., 2013,
2017; Dilger et al., 2016; Kasurinen et al., 2017; Kocbach et al., 2008b). The discrepancy between
LDH release data and the reduction in viability detected by MTT suggests that the impairment of
viability may be due to the induction of the apoptotic cell death pathway in which the integrity of the

plasma membrane is maintained (Peixoto et al., 2017).
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Contrasting results have been reported for the generation of ROS after cell exposure to
particles derived from biomass combustion. In the study carried out by Uski et al. (2014), particles
from efficient combustion caused concentration-dependent increase in the ROS production in murine
macrophages, while such effect was not detected with particles derived from less efficient
combustion. On the other hand, Corsini et al. (2013) reported only a slight increase, not statistically
significant, in ROS following exposure of lung epithelial cells to particles from the combustion of
both fir and beech pellets in a pellet stove. ROS formation was reported by Dilger et al. (2016) after
exposure of lung epithelial cells to particles collected from incomplete combustion of mixed fuels in
a tiled stove. Marabini et al. (2017) tested fir and beech biomass in two combustion appliances,
namely a pellet stove and a wood stove. The production of ROS, assessed after 24-h exposure of

A549 cells, was only significant for particles emitted by beech wood combustion.

The inflammatory potential of biomass burning derived particles has been described by
several studies using diverse cellular models, such as human blood monocytes (Corsini et al., 2013,
2017; Kocbach et al., 2008b), human lung epithelial cells (Corsini et al., 2017, 2013; Kasurinen et
al., 2017; Marchetti et al., 2019), human epidermal keratinocytes (Ke et al., 2018), human first
trimester trophoblast cell line (Erlandsson et al., 2020) and murine macrophages (Jalava et al., 2012,
2010; Kasurinen et al., 2016; Uski et al., 2014). These studies highlighted that PM-mediated
inflammation depends on the chemical composition of particles, which is mainly related to the
combustion technology and combustion conditions, and that different cells have distinct responses.
In addition to different cell types, distinct pro-inflammatory mediators have been selected to evaluate
the PM potential to trigger inflammation. Different mediators can also lead to divergent
interpretations of the results. For example, Tapanainen et al. (2011) compared particles emitted from
two different combustion appliances, a pellet boiler and a conventional masonry heater, reporting no
statistically significant differences in mouse macrophages inflammatory responses between the two
PM samples. The influence of combustion conditions (smouldering, intermediate and efficient) on
the inflammatory response was investigated by Uski et al. (2014). The results suggested that samples
from the intermediate condition were more potent inducing inflammation in mouse macrophages
than those from efficient and smouldering combustion. The effect of the fuel selected on the pro-
inflammatory effects of particles in THP-1 (Corsini et al., 2017), A549 (Corsini et al., 2017) and
RAW264.7 (Kasurinen et al., 2016) cells has also been reported.

In addition to cultures of eukaryotic cells, bacterial bioassays have been developed to provide
a cost effective, rapid and easy to perform tool to assess environmental pollution. Many of these tests
have been applied to investigate the genotoxicity of particles from residential biomass combustion
(Schulze et al., 2019; Shen, 2017, and references therein). Among bacterial assays, the Ames test has

been widely used. Developed by Bruce Ames and his colleagues in the 1970s, the Ames test is a
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short-term bioassay that allows the detection of potential mutagenic compounds. The detailed assay
guidelines can be obtained in the Organisation for Economic Co-operation and Development
(OECD) test guideline 471 (OECD, 1997). The Ames test can be carried out using different tester
strains of Salmonella typhimurium and/or Escherichia coli in order to detect point mutations, which
involve substitution, addition or deletion of one or a few DNA base pairs (OECD, 1997). The
mutagenic activity of the particulate extractable organic matter, and particularly the PAH extracts,
from residential combustion of solid fuels has been assessed over the years using the Ames test
(Canha et al., 2016; Shen, 2017 and references therein; Vu et al., 2012; Yang et al., 2010). The
literature review performed by Shen et al. (2017) indicates that T98 and TA100 strains are the two
most widely used and that the emissions from solid fuel combustion comprise not only compounds
requiring mammalian activation, but also compounds that are direct acting mutagens. Additionally,
the authors pointed out that the mutagenic potential of particles from biomass combustion appears to
depend on the combustion technology. Additionally, the combustion stage (flaming versus
smouldering) also plays a major role regarding the mutagenic potency of particles from biomass
burning, as described by Kim et al. (2018). The researchers found that, on a mass basis, flaming
samples were more active than smouldering samples. More recently, Champion et al. (2020) burned
two types of pellets in three cookstoves and evaluated the mutagenicity of the extractable organic
matter from the filter-bound PM. The mutagenicity emission factors obtained by the researchers

spanned 3 orders of magnitude and correlated with PAHs.

Toxicity assays using luminescent bacteria have been widely applied, including in the
investigation of environmental samples, such as particulate matter (Abbas et al., 2018; Girotti et al.,
2008; Kovéts and Horvath, 2016; Ma et al., 2014). According to Tositti et al. (2018), although the
light emission inhibition assays lack of specificity, they allow assessing the overall toxic potential of
any sample, providing a simple and efficient methodology useful as a screening tool. One of the most
commonly used bioluminescence inhibition assays is based on the Vibrio fischeri bacterium. There
are several commercial test kits using this strain (e.g. Microtox, LUMIStox and ToxAlert). The
bioassay has been widely applied to characterise the toxicity of ambient aerosols (Aammi et al., 2017;
Evagelopoulos et al., 2009; Kovits et al., 2012; Pintér et al., 2017; Roig et al., 2013; Romano et al.,
2020; Turdczi et al., 2012), particulate exhaust emissions (Acs et al., 2013; Corréa et al., 2017;
Kovits et al., 2013; Turdczi et al., 2012; Vouitsis et al., 2009), particles from solid fuel in fluidised
bed reactors (Barbosa et al., 2013, 2009; Skodras et al., 2009) and, to a lesser extent, residential
biomass combustion-derived particles (Turdczi et al., 2012). Turéczi et al. (2012) collected biomass
smoke samples downwind from softwood and hardwood burning in an open fireplace. The Vibrio
fischeri bioluminescence inhibition bioassay was employed to assess the overall ecotoxicity of PM.

The ecotoxicity of urban aerosol, diesel PM, resuspended road dust, particles from cigarette smoking
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and biomass burning particles was compared revealing that wood smoke was more ecotoxic than

particulates emitted from modern diesel engines.

1.3. Objectives

The mounting evidence on the importance of the contribution of residential biomass
combustion to the aerosol burden, led to carry out several studies focused on the characterisation of
emissions from this source, taking into account fuel and appliance specificities at country level
(Olsen et al., 2020; Vicente and Alves, 2018). In Portugal, within the nationally funded research
project BIOEMI (PTDC/AMB/65706/2006), characteristic emission profiles have been developed
for the prevalent Portuguese biofuels burned in representative traditional appliances (fireplace and
woodstove) in use in the country. In the framework of the AIRUSE-LIFE project, the influence of
operational practices on emissions from Portuguese batch fired combustion appliances was
evaluated. Moreover, several biofuels, including agro-fuels, were tested for their environmental
impact in an automatically fed pellet stove purchased in Portugal. The databases produced by both
projects included emission factors of both gaseous and particulate matter, as well as the detailed
chemical characterisation of PM (water soluble ions, trace elements, organic carbon, elemental
carbon, and several organic compounds). Despite the development of novel emission databases, for
the first time, with country-specific chemical signatures for residential biomass combustion in the
framework of these projects, there are still many gaps in knowledge. In fact, considering that modern
combustion appliances, such as pellet stoves, are gaining prominence among homeowners, and
taking into account the search for new raw materials for pellet production, as well as the introduction
of certified pelletised fuels in the market, research efforts need to be devoted into the characterisation
of emissions from these appliances fuelled either with new commercially available pellets or with
pellets made with new, potentially relevant, raw materials. Despite the wealth of publications on
emissions and composition of particles from residential biomass combustion (Olsen et al., 2020;
Vicente and Alves, 2018), the impact of this source on the indoor air quality of Portuguese
households has been far less studied (Canha et al., 2018), especially with regard to the chemical

characteristics and bioreactivity of the emitted particles.

Knowledge of PM-related biological effects is crucial for assessing human risk of inhalation.
In vitro toxicological studies have demonstrated that different toxic mechanisms are activated by
biomass burning particles, depending on the combustion appliances and fuels (studies described in
section 1.2.4). Although several studies encompassed toxicological and physicochemical

characterisation of PM from small combustion appliances, it is noteworthy that current data is based
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mostly on combustion appliances and fuels commonly used in Nordic countries (Danielsen et al.,
2009; Erlandsson et al., 2020; Jalava et al., 2012, 2010; Kocbach et al., 2008a, 2008b; Leskinen et
al., 2014; Tapanainen et al., 2011; Uski et al., 2014). Regarding indoor PM arising from the operation
of combustion appliances, there is still a paucity of toxicological data and physicochemical profiles
of the emitted particles. So far, only two studies have focused on the assessment of the in vitro
bioreactivity of the indoor PM produced by biomass combustion (Ke et al., 2018; Marchetti et al.,
2019). In spite of the scarce research on the subject, there is evidence that indoor combustion particles
from different biomass sources may impact on lung cells and keratinocytes according to different
pathways (Ke et al., 2018; Marchetti et al., 2019).

The main objective of this thesis was to assess the chemical composition and toxicity of
particles from residential biomass combustion, including different biofuels, small-scale wood or
pellet-fuelled heating systems. The investigation was based on laboratory and field measurements,
encompassing a comprehensive characterisation of particulate species.

In order to fulfil this general objective, the following specific aims were defined:

* to perform an extensive and critical bibliographic compilation of particulate emission factors
from residential biomass combustion obtained worldwide and to identify knowledge gaps and
research opportunities (Paper I);

* to characterise the particulate and gaseous emissions from the combustion of pelletised
commercial fuels under different operating conditions (Paper II);

* to determine the effect of an alternative pelletised raw material on particulate and gaseous
emissions from a residential pellet stove (Paper III);

* to evaluate the role of the type of pellet burned in the toxic potential of the PM emitted by using
a battery of approaches (Paper IV);

* to clarify how the operation of Portuguese wood burning appliances can affect the indoor levels
and chemical properties of PM (Paper V);

* to estimate the dose in the respiratory tract based on PM exposure during the operation of wood
combustion appliances, indoors and outdoors (Paper VI);

* to determine the role of distinct wood burning appliances in the biological effects associated
with the PM emitted and to explore links between the toxicological outcomes and the chemical

properties of particles (Paper VII).
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1.4. List of publications and author’s contribution

The research presented in this document was mostly held in the Department of Environment
and Planning, Department of Biology and Centre for Environmental and Marine Studies (CESAM)
of the University of Aveiro. An internship at the Centre of Environmental Sciences of the University
of Pannonia in Veszprém, Hungary, was also carried out. This thesis is based on the following seven

scientific research articles:

Paper I. Vicente, E.D., Alves, C.A., 2018. An overview of particulate emissions from
residential biomass combustion. Atmos. Res. 199, 159-185.
http://dx.doi.org/10.1016/j.atmosres.2017.08.027

Paper II. Vicente, E.D., Vicente, A.M., Evtyugina, M., Tarelho, L.A.C., Almeida, S.M.,
Alves, C., 2020. Emissions from residential combustion of certified and uncertified pellets. Renew.
Energy 161, 1059-1071. https://doi.org/10.1016/j.renene.2020.07.118

Paper III. Vicente, E.D., Vicente, A.M., Evtyugina, M., Carvalho, R., Tarelho, L.A.C.,
Paniagua, S., Nunes, T., Otero, M., Calvo, L.F., Alves, C., 2019. Emissions from residential pellet
combustion of an invasive acacia species. Renew. Energy 140, 319-329.
https://doi.org/10.1016/j.renene.2019.03.057

Paper IV. Vicente, E.D., Figueiredo, D., Gongalves, C., Lopes, 1., Kovits, N., Oliveira, H.,
Alves, C.A. (to be submitted). In vitro toxicity of PM o emissions from residential pellet combustion.
Environmental Research.

Paper V. Vicente, E.D., Vicente, A.M., Evtyugina, M., Oduber, F.I., Amato, F., Querol, X.,
Alves, C., 2020. Impact of wood combustion on indoor air quality. Sci. Total Environ. 705, 135769.
https://doi.org/10.1016/j.scitotenv.2019.135769

Paper VI. Vicente, E.D., Alves, C.A., Martins, V., Almeida, S.M. Lazaridis, M. (submitted).
Lung-deposited dose of particulate matter from residential exposure to smoke from wood burning.
Environmental Science and Pollution Research.

Paper VII. Vicente, E.D., Figueiredo, D., Gongalves, C., Oliveira, H., Lopes, 1., Kovits, N.,
Pinheiro, T., Alves, C.A (submitted). In vitro toxicity of indoor and outdoor PM,¢ from residential

wood combustion. Science of the Total Environment.

Paper I integrates a literature review on particulate emissions from residential biomass

combustion. It was written jointly by the author and C.A. Alves.
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Paper II presents pellet stove emissions for different commercial pellet fuels (certified and
non-certified) under distinct operating conditions. The laboratory experiments were designed by C.
Alves, L.A.C. Tarelho and the author. The author was responsible for conducting the experiments,
including sampling, with the assistance of L.A.C. Tarelho. The author carried out the ion and carbon
analyses and prepared the PM;o samples for the organic speciation by gas chromatography—mass
spectrometry (GC-MS). A.M. Vicente and M. Evtyugina were responsible for this latter analytical
determination. The author analysed and interpreted the data and wrote the manuscript under the

supervision of C. Alves and S.M. Almeida.

Pellets made of wood from an invasive acacia species were tested in a pellet stove.
Combustion emissions are analysed in Paper III. These pellets were manufactured by L.A.C. Tarelho.
The experiments, comprising sampling, were conducted by the author with the assistance of R.
Carvalho and S. Paniagua. The author performed the carbon and ion analyses under the supervision
of T. Nunes. The preparation and clean-up of PMo samples for the analysis of organic constituents
were also carried out by the author. A.M. Vicente and M. Evtyugina were responsible for the detailed
organic speciation. The author analysed and interpreted the data and contributed the most to writing

the manuscript. C. Alves, M. Otero and L.F. Calvo made a critical review.

Paper IV includes the evaluation of the ecotoxic, cytotoxic and mutagenic potential of PM;g
emitted from the combustion of four different pellets types (two brands of certified pellets, one
commercial brand of non-certified pellets and laboratory made pellets from an invasive species). The
conceptualisation of the work was made by the author and C. Alves. The evaluation of the ecotoxicity
of the samples was performed by the author under the supervision of N. Kovats. The cytotoxicity
assays were carried out by the author with the assistance of D. Figueiredo under the supervision of
H. Oliveira. The mutagenic potential of the samples was evaluated by the author and C. Gongalves
with the supervision of I. Lopes. The author performed the interpretation of results, statistical analysis

and writing of the paper, which was reviewed by the co-authors before submission.

Paper V involves the study of the impact of wood burning on indoor air quality. The field
measurements were conceptualised by the author and C. Alves. The author was responsible for
carrying out the field measurements. The analysis of metals was performed by F. Amato and X.
Querol, while the detailed organic characterisation of the PMio samples was conducted by A.M.
Vicente and M. Evtyugina after the preparation of the samples by the author and F. Oduber. The
author was in charge of carbon and ion analysis, interpretation of results and writing of the paper,

which was reviewed in detail by C. Alves before submission.

The lung-deposited dose of particulate matter from residential exposure to smoke from wood
burning was assessed in paper VI. The work was conceptualised by the author and C. Alves. The

author applied the ExXDoM?2 model with the support of V. Martins. M. Lazaridis validated the results.
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The author was responsible for the interpretation of results and writing of the paper, which was

reviewed in detail by all co-authors before submission.

Paper VI comprises the toxicity evaluation of indoor and outdoor PM o from residential wood
combustion using a battery of in vitro tests (Vibrio Fischeri bioluminescence inhibition assay,
cytotoxicity assays and Ames test). The work was planned by the author and C. Alves. The author
carried out the ecotoxicity assessment using the Vibrio Fischeri bacteria. The cytotoxicity of the
particulate samples was evaluated by the author and D. Figueiredo, whilst the mutagenicity
evaluation was performed by the author and C. Gongalves. The ecotoxicity, cytotoxicity and
mutagenicity assays were supervised by N. Kovats, H. Oliveira and 1. Lopes, respectively. Data
interpretation, statistical analysis and writing of the manuscript were performed by the author. All

co-authors reviewed the manuscript before submission.
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Abstract

Residential biomass burning has been pointed out as one of the largest sources of fine
particles in the global troposphere with serious impacts on air quality, climate and human health.
Quantitative estimations of the contribution of this source to the atmospheric particulate matter levels
are hard to obtain, because emission factors vary greatly with wood type, combustion equipment and
operating conditions. Updated information should improve not only regional and global biomass
burning emission inventories, but also the input for atmospheric models. In this work, an extensive
tabulation of particulate matter emission factors obtained worldwide is presented and critically
evaluated. Existing quantifications and the suitability of specific organic markers to assign the input
of residential biomass combustion to the ambient carbonaceous aerosol are also discussed. Based on
these organic markers or other tracers, estimates of the contribution of this sector to observed
particulate levels by receptor models for different regions around the world are compiled. Key areas

requiring future research are highlighted and briefly discussed.

Keywords: Biomass, Emission factors, Organic tracers, PM, Residential heating, Source

apportionment
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2.1. Residential biomass burning: importance and impacts

The term aerosol refers to solid and liquid particles suspended in the atmosphere that may
vary in size from a few nanometers to tens of microns (Calvo et al., 2013). Atmospheric aerosol
particles can have natural or anthropogenic sources and are either primarily emitted or formed in the
atmosphere from precursor gases (secondary aerosols). Aerosols consist of complex mixtures of
organic and inorganic compounds, exhibiting a wide spectrum of physical and chemical properties,
which determine their climate and health-related effects (Boucher, 2015; Poschl, 2005). The World
Health Organisation (WHO) reported that in 2012 around 7 million people died as a result of air
pollution exposure (WHO, 2014). Particulate matter (PM) is one of the pollutants of major concern
in Europe, since the daily average limit levels in the ambient air established by the EU Directive
2008/50/EC are frequently surpassed in many regions. According to the most recent data from the
European Environment Agency, in 2013, exceedances of the daily limit values were observed in 22
Member States, particularly in urban or suburban areas (EEA, 2015). It was estimated that, in 2015,
small scale residential combustion has been responsible for > 45% of total PM» s emissions in Europe
(DUH and DEC, 2016). In residential areas impacted by wood burning, concentrations of fine
particles can reach the same magnitude as the values recorded on the most polluted streets during
rush hour (DUH and DEC, 2016). Biomass combustion for residential heating is a major source of
atmospheric contaminants, which was estimated to contribute to a large share of PM emissions in
different European countries, e.g. Portugal and other Southern nations (Amato et al., 2016), Sweden
(Krecl et al., 2008), Switzerland (Szidat et al., 2007), Austria (Caseiro et al., 2009), Germany (Bari
et al., 2010), France (Favez et al., 2009) and Belgium (Maenhaut et al., 2012).

An investigation carried out in Greece (Saffari et al., 2013) indicated that air quality in the
Greek city of Thessaloniki has worsened during the recent economic crisis, because residents burn
more wood and other types of biomass to keep warm. Saffari et al. (2013) have found a 30% increase
in the concentration of PMz s emissions associated with residential wood combustion in 2012 and
2013. Evening samples encompassed a higher proportion of organic matter (74%) compared to the
morning samples (58%), again suggesting that more wood and biomass were used for heating in the
evening. Also, the concentrations of V and Ni, which imply combustion of residential fuel oil and
industrial activity, were 30 — 40% lower in 2013 compared with 2012 (Saffari et al., 2013).
Karagulian et al. (2015) performed a systematic literature review and analysed available source
apportionment studies on PM conducted in cities to estimate typical shares of the sources of pollution
by country and by region. Domestic fuel burning emerged as the main contributor to the PM mass

concentrations in Africa (34%), and in Central and Eastern Europe (32%), although based on very
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few records in this region. Domestic fuel burning was also important in the rest of the Americas
(25%), Northwestern Europe (22%), the Southern China region (21%), South Eastern Asia (19%),
and India (16%). A recent literature review performed by Chen et al. (2017) regarding the dominant
PM sources in China revealed that the contribution of biomass burning can represent from 19% to

37%, depending on the season.

The biomass based market for domestic heating has been in strong growth, not only in order
to meet the household demand, but also to promote the use of renewable sources. The use of solid
biomass for energy in the EU has been strongly encouraged as a measure to mitigate greenhouse gas
emissions by replacing fossil fuels. As regards the fuels employed in the residential biomass heating
sector, a wide range of options is available. Among them, wood logs (including softwoods and
hardwoods), briquettes and pellets are the most common. The development of new combustion
technologies allowed launching improved, automated and cleaner heating systems, which can
compete with the traditional oil and gas appliances. One of the reasons for the better performance of
such systems is the use of densified fuels. The use of pellets in automatic heating systems proved to
be advantageous since this fuel requires less space for storage and is ready to use. The global pellet
production has considerably increased over the last years. Between 2006 and 2012, pellet production
worldwide increased from 7 to 19 million tons, with Europe and North America being responsible
for almost all the production and consumption of densified products (Miranda et al., 2015).
International standards, such as the ISO 17225- series, have stablished general requirements for all
kind of pellets, including household and commercial applications, as well as industrial use. Despite
the technological advances and rapid developments in the biofuel market, it is worthwhile to mention
that in Portugal, as in many other countries, the old type manually operated combustion appliances
still predominate (Gongalves et al., 2012). In Europe, there are > 70 million solid fuel appliances and

the majority is outdated and often operated improperly (DUH and DEC, 2016).

The exposure to ambient particulate matter has been linked with a wide range of adverse
health outcomes. Among them, it is possible to highlight increased risk of dead from cardiovascular
and respiratory illnesses (Samet et al., 2000), exacerbation of existing allergic symptoms of mucous
membranes, including asthma (Rohr et al., 2014), aggravation of skin diseases, such as atopic
dermatitis (Ahn, 2014), decline in lung function (Roy et al., 2012) and increase in the blood pressure
(McCracken et al., 2007). Studies on the contribution of biomass combustion to pollution levels in
Europe provided evidence on the premature mortality in Europe which totals at least 40,000
premature deaths per year (Sigsgaard et al., 2015). Several epidemiological and experimental studies
have reported associations between wood smoke exposure and adverse health effects including eye,
nose, and throat irritation, decrements in lung function, reduced resistance to infections and increased

severity/incidences of acute asthma, especially in sensitive groups. Moreover, inhalation studies have

43



Chapter 2

demonstrated that wood smoke exposure may induce systemic effects, providing a possible link to
cardiovascular effects (Bglling et al., 2009, and references therein; Sigsgaard et al., 2015). Ambient
PM from wood smoke, which suffered physicochemical alterations in the atmosphere, have shown
equivalent or greater lung deposition fractions than primary wood smoke PM (Sigsgaard et al., 2015).
Naeher et al. (2007), in their review paper, addressed two questions: i) whether wood smoke should
be regulated and/or managed separately, even though some of its separate constituents are already
regulated in many jurisdictions; ii) whether wood smoke particles pose different levels of risk than
other ambient particles of similar size. Because wood smoke is made up of such a large mixture of
different chemicals, the authors concluded that it is impossible at present to accurately assess its
health impacts by simply summing the potential effects of individual constituents. It was also stressed
that although there is a large and growing body of evidence linking exposure to wood/biomass smoke
itself with both acute and chronic illness, the existing information is still scarce to answer firmly to
the above questions. Bglling et al. (2009) reviewed the physicochemical properties of smoke particles
from different combustion conditions in relation to wood smoke-induced health effects. It was
concluded that the influence of the physicochemical properties of wood smoke particles, and of the
combustion conditions, on various biological endpoints is presently largely unknown, although in
vitro studies suggest that particles from incomplete combustion conditions are more toxic than
particles generated under more complete combustion conditions. Major gaps in knowledge were also
identified: i) characterisation of the atmospheric transformations of wood smoke particles, ii)
characterisation of the physicochemical properties of wood smoke particles in ambient and indoor
environments, and iii) identification of the physicochemical properties that influence the biological
effects of wood smoke particles.

Aerosols are also a topic of great concern because of their influence on atmospheric
chemistry, radiative forcing, biogeochemical cycles, visibility, etc. (Frosch et al., 2011; Grantz et al.,
2003; Hodzic et al., 2007; Kim et al., 2006; Poschl, 2005). A recent study (Bond et al., 2013) found
that the influence of soot generated by wood burning on climate change has been greatly
underestimated. This study, which was the first comprehensive and quantitative analysis of the role
of soot (also called black carbon, BC) in the climate system, concluded that particles from wood
burning have twice the warming effect calculated in previous estimates. It was shown that BC has a
warming effect approximately two thirds that of carbon dioxide. Most climate models treat BC as
the sole light-absorbing carbonaceous particulate. Nevertheless, some organic aerosols (OA),
designated as brown carbon and mainly associated with biomass burning emissions, also absorb light.
Unlike BC, whose light absorption properties are relatively well understood (Bond and Sun, 2005),
brown carbon encompasses a wide range of very little known compounds that exhibit highly variable

absorptivities, with reported values spanning two orders of magnitude (Chen and Bond, 2010; Saleh
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et al., 2013). Saleh et al. (2014) performed smog chamber experiments to characterise the effective
absorptivity of OA from biomass burning under a range of conditions, showing that brown carbon in
emissions from this source is associated mostly with organic compounds of extremely low volatility.
Moreover, the researchers found that the effective absorptivity of OA in biomass burning emissions
can be parameterised as a function of the ratio of BC to OA, suggesting that aerosol absorptivity
depends largely on burn conditions, not fuel type. It was concluded that BC from biomass burning
can be an important factor in aerosol radiative forcing.

The mechanisms leading to the formation of secondary organic aerosol (SOA) are an
important subject of ongoing research for both air quality and climate. Recent laboratory experiments
suggest that reactions taking place in the atmospheric liquid phase represent a potentially significant
source of SOA mass. Gilardoni et al. (2016) reported direct ambient observations of SOA mass
formation from processing of biomass burning emissions in the aqueous phase. Aqueous SOA
(agSOA) formation was observed both in fog water and in wet aerosol. It was found that agSOA
from biomass burning contributes to the “brown” carbon budget and exhibits light absorption
wavelength dependence close to the upper bound of the values found in laboratory experiments for
fresh and processed biomass burning emissions. It was estimated that the agSOA from residential
wood combustion can account for up to 0.1 — 0.5 Tg of OA per year in Europe, equivalent to 4 — 20%
of the total OA emissions. Organic gases leading to SOA during atmospheric aging are broadly
unidentified, particularly in regions influenced by biomass burning. The lack of knowledge
associated with SOA, which dominates the atmospheric OA burden, contributes to huge uncertainties
when estimating the effects on climate and human health. Bruns et al. (2016) characterised primary
and aged emissions from residential wood combustion using high resolution mass spectrometry to
identify SOA precursors. It was argued that SOA precursors usually included in models account for
only about 3 — 27% of the observed SOA, while the authors could explain ~84 — 116% of the SOA
by inclusion of nontraditional precursors. It was also noticed that although hundreds of organic gases
are emitted during wood combustion, SOA is dominated by the aging products of only 22
compounds. In some cases, oxidation products of phenol, naphthalene and benzene alone encompass

up to ~80% of the observed SOA.

The few laboratory studies investigating SOA formation from residential wood burning have
shown that it can be very significant. It has been reported that aged OA was 1.8 — 5.3 times that of
primary OA for log wood burners during stable burning conditions (Grieshop et al., 2009a, 2009b;
Hennigan et al., 2011). SOA formation from residential wood combustion was also observed in
ambient measurements (linuma et al., 2010; Mohr et al., 2013). The SOA fractional composition
attributable to wood combustion in ambient measurements is largely unknown and more work is

needed to characterise quantities and composition. It has been observed, for example, that 59% of
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the carbon in semi- and low-volatility oxygenated organic aerosol (largely secondary) in winter in
Barcelona consisted of non-fossil carbon, suggesting an origin in sources such as biomass burning

and cooking (Mohr et al., 2012).

In a “potential aerosol mass” (PAM) flow reactor, substantial new OA mass was observed
from aging biomass burning smoke, resulting in total OA average of 1.42 + 0.36 times the initial
primary OA after oxidation (Ortega et al., 2013). This study confirmed that the net secondary- to-
primary OA ratio of biomass burning smoke is far lower on average than that observed for urban
emissions. In smog chamber experiments, Bruns et al. (2015) observed that OA concentrations in
aged aerosols from wood combustion increased by a factor of 3 + 1 for high load experiments
compared to 1.6 + 0.4 for average-load experiments. In the aerosol mass spectrometer, an increase
in aromatic signature ions at lower m/z values, likely fragments from larger functionalized
polyaromatic hydrocarbons (PAHs), was observed with aging. Filter samples also showed an
increase in functionalised PAHs in the particles with aging, particularly oxidised naphthalene
species. This raises serious health concerns because it is known that many of these oxidised species
often have higher toxicity than their precursors (Yu, 2002). Photochemical aging of smoke from
biomass burning can account for a significant enhancement of initial emitted OA mass. These
secondary processes, which include functionalisation and fragmentation reactions, need to be
included in climate- and air-quality models (Ortega et al., 2013).

A better understanding of the role of wood biomass heating as a major source of globally
harmful outdoor air pollutants is needed among national, regional and local administrations,
politicians and the public in general. It is difficult to tackle outdoor air pollution problems in many
parts of the world without addressing this source. It has been recognised that this is a sector in which
PM and BC emissions can potentially be reduced with greater cost-effectiveness than many other
emission reduction options (WHO, 2015).

The environmental and health effects are not only related to physical characteristics, such as
particle number, surface area, mass concentration, size, density and morphology, but also to chemical
properties (Bglling et al., 2009; Poschl, 2005). These physicochemical properties are determined by
the technology employed, quality and type of fuels and operating practices. Substantial efforts have
been made into categorising particles from biomass combustion processes. Taking into account the
physical and chemical characteristics of wood smoke particles, three main types were proposed by
Boglling et al. (2009) and Obaidullah et al. (2012) including soot, spherical organic carbon (OC)
particles and inorganic ash particles. The terms elemental carbon (EC), black barbon (BC) and soot
have often been used loosely and interchangeably in the literature. Soot, the product of incomplete
combustion of any carbon containing fuels, is used by the Intergovernmental Panel on Climate

Change to denote any light absorbing, combustion generated aerosols, whereas BC denotes the
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optical properties of soot defined as an ideally light-absorbing substance composed of carbon
(Karanasiou et al., 2015; Petzold et al., 2013). Light-absorbing is not strictly specific to carbon, but
BC features a much larger mass absorption cross-section than other aerosol constituents. In contrast,
EC refers to chemical properties, i.e. to thermally-refractory carbon, including graphitic structures.
The term EC is used when total carbon is volatilised from the sample, and EC is differentiated from
OC based on refractiveness properties (i.e. thermal methods) or optical measurements during the
course of the thermal analysis (thermal-optical methods) (Karanasiou et al., 2015). Sigsgaard et al.
(2015), within their position paper, gave broader information on particle size distributions by type,
as well as new findings on biomass combustion particle formation and toxicity. Inefficient traditional
combustion appliances generate an aerosol mainly composed of carbonaceous compounds, while
during efficient combustion conditions particles are mainly formed by ash related material (Alves et
al., 2011; Calvo et al., 2015; Fine et al., 2001; Frey et al., 2009; Kelz et al., 2010; Lamberg et al.,
2011a; Leskinen et al., 2014; Orasche et al., 2012; Sippula et al., 2007; Tissari et al., 2008a, 2008b;
Vicente et al., 2015a).

This paper critically reviews the extensive literature regarding particulate emissions from
biomass combustion for residential heating purposes to give an overview of the present state of
knowledge. Special attention is paid to particulate emissions and composition from different
technologies and fuels employed in residential combustion, as well as the dependence on the user's
behaviour. The main biomass burning organic tracers and their utilisation in receptor modelling to
assign the contribution of this source to the ambient particulate matter concentrations are also
discussed. This will contribute with updated databases to improve emission inventories, source
apportionment and climate models, and will help in the adoption of air pollution control measures.

Some of the research gaps and needs are also outlined.

2.2. Particulate emission factors

In the past years, a wealth of publications has reported on the particulate emissions from
residential biomass combustion. An emission factor (EF) is defined as the mass of targeted pollutant
emitted per unit mass of fuel burned or per unit of energy produced. The EF is based on pollutant
concentration and flue gas volume flow rate in relation to the fuel burned (g PM kg™' fuel burned) or
energy input (mg PM MJ™"). The detailed description of the calculation methods can be found in
several studies (e.g. Calvo et al., 2014; Ozgen et al., 2014). The PM EF can be also calculated based
on the carbon mass balance method. Following this method, the EF is obtained from the ratio between

the pollutant mass concentration and the total carbon emitted (gaseous CO, CO», total hydrocarbons
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and total particulate carbon) multiplied by the mass fraction of carbon in the dry fuel (Shen et al.,
2010; Zhang et al., 2000). The extrapolation of laboratory measurements is associated with large
uncertainties, not only due to the different PM EF calculation methodologies, but mainly due to the
variability in fuels, combustion appliances and household behaviour. Furthermore, although an
extensive amount of work has been carried out to quantify the PM emissions, different sampling
strategies for evaluating emissions are employed, which makes it difficult to compare the values

reported in the literature.

2.2.1. Sampling strategies

A significant number of different standard methods for PM sampling is available (Table Al).
Several researchers have followed different standards based on sampling from the undiluted flue gas
in the chimney (Fig. 2.1A), such as the EPA Method 5H, the VDI 2066 (Bari et al., 2011; Bologa et
al., 2011a; Carvalho et al., 2013) and the DIN-plus 13240 standard (Verma et al., 2012). The EPA
Method 5H allows the determination of PM and condensable emissions through a dual filter sampling
train. The two filters are separated by impingers, which are cooled such that the temperature in the
second filter is lower than 20 °C. The first filter, heated to 120 °C, collects the solid PM (Fig. Al).
According to the German standard VDI 2066, PM sampling is performed inside the stack (in-stack
sampling). The flue gas temperature in the chimney prevents water condensation on the filter and for
that reason the filter holder is not heated. Nevertheless, according to the standard, when the flue gas
is saturated, an out-stack filter should be used and the filter and sampling line must be heated to

prevent condensation.

Flue gas dilution before sampling is an alternative method that has been widely used to assess
particulate emissions. There are two main strategies: (i) partial flue gas dilution (Fig. 2.1B) using a
dilution tunnel according to the standard ISO 8178 (Frey et al., 2009; Lamberg et al., 2011b, 2013;
Tissari et al., 2008a, 2009; Sippula et al., 2007) and (i1) full flue gas dilution (Fig. 2.1C) based on
hood dilution systems (Alves et al., 2011; Calvo et al., 2014, 2015; Fernandes et al., 2011; Gongalves
etal., 2010, 2011; Vicente et al., 2015a, 2015b, 2015¢). Although it is not mentioned in any standard,
some authors perform the dilution using a compact dilution system which comprises two dilution
steps. In the first step, a sample flow is taken from the chimney and diluted with heated and filtered
air, to prevent particle losses and transformation, in a porous tube diluter. In the second step the
samples are further diluted with an ejector diluter to stabilise the sample (Lamberg et al., 2011a;

Nuutinen et al., 2014; Sippula et al., 2009a, 2009b; Tissari et al., 2007).
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Figure 2.1. PM sampling standards and procedures for wood combustion appliances.

The partial flue gas dilution is performed by carrying a portion of flue gas from the chimney
to a dilution tunnel through a heated sampling line, to prevent cooling and condensation. The dilution
in the tunnel is achieved with filtered air. The full gas dilution is achieved using a hood after the

chimney stack. The space between the stack and the hood ensures flue gas dilution (with ambient
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air) and effective mixing due to the turbulence generated. The NS 3058 standard (Ozgen et al., 2014;
Win and Persson, 2014), the EPA Method 5G (Purvis et al., 2000), and the AS/NZS 4012 and 4013
standards (Jordan and Seen, 2005) are examples of procedures relying on the full flue gas dilution
before PM sampling. The Norwegian and the Australian/New Zealand PM sampling train resemble
in many aspects the one used in EPA Method 5G (Fig. 2.1C). Apart from the PM sampling train,
there are significant differences in the test procedures among standards. Key differences include the
draught, fuel, reporting units, dilution, and sampling time. The EPA and the Norwegian standards
require four burn rate categories, while the Australian/New Zealand standard comprises three test
burns for three different flow settings (high, medium and low). The fuel is also specified in each
standard (e.g. softwood and hardwood, Norwegian and Australian/New Zealand, respectively).
Although the EN 13240 European standard does not comprise requirements for particulate matter
emissions, it describes the test method for heating appliances fired by solid fuels. The standard
comprises three test categories (nominal, slow and safety tests), which are performed with constant
forced draught at 12 Pa. The weight of the test fuel is the one defined by the manufacturer. The
German DIN-plus 13240 standard follows the test procedures of EN 13240.

The way of reporting emission values also requires standardisation. The most common forms
are: i) mass of PM per mass of fuel burned or, when the heating value of the fuel is known, mass of
PM per MJ (e.g. Alves et al., 2011; Béfver et al., 2011; Calvo et al., 2014, 2015; Lamberg et al.,
2011a; Sippula et al., 2007; Vicente et al., 2015b, 2015¢), or ii) mass of PM per volume sampled,
which might be normalised to different O reference concentrations (e.g. Bologa et al., 2010; Carroll
and Finnan, 2013; Fernandes and Costa, 2012; Limousy et al., 2013; Migliavacca et al., 2014; Verma
etal., 2011, 2012, 2013; Wiinikka et al., 2013). There are also significant differences in the reporting
units across standards. The Australian/New Zealand and the Norwegian standards set g kg™! as the
PM emission unit, the German DIN-plus 13240 and VDI 2066 establish mg Nm™ at 13% O, and

according to the EPA methods the emissions are expressed as particulate emission rate (g hour™).

The definition of dilution ratio can also be based on different principles: i) volumetric flow
rates (Calvo et al., 2014; Toscano et al., 2014; Vicente et al., 2015a, 2015b, 2015¢) or ii) CO;
concentrations (Hukkanen et al., 2012; Lamberg et al., 2013; Nuutinen et al., 2014; Ozgen et al.,
2013, 2014; Tissari et al., 2008a). An international standard method to determine PM emissions from
residential heating appliances should be implemented to allow the comparability of results and a
reliable assessment of the source impact.

Nussbaumer et al. (2008a) carried out a comparative study of PM sampling strategies and
reported that particulate EFs determined in dilution tunnels coupled to the exhaust stack are between
2.5 and 10 times higher compared with the ones obtained from measurements of solid particles in

the chimney. A dilution stack sampler simulates the cooling and dilution processes that occur in the
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plume downwind a combustion source, enabling the collection of organic compounds as PM after
their condensation under ambient conditions. Hildemann et al. (1989) conducted a field comparison
of a dilution stack sampler with EPA Method 5 concluding that this sampler collects about 10 times
as much organic material as the hot filter portion of the Method 5 train. Because the size and
complexity of dilution samplers is a major obstacle to more extensive application of these systems,
a more portable dilution sampler, without residence tank, was designed by Lipsky and Robinson
(2005) to provide measurements consistent with the widely cited Caltech dilution sampler
(Hildemann et al., 1989). Intercomparison experiments were performed using emissions from a
woodstove. Bias errors of 10% or less were observed between the portable field tunnel sampler and
the sampler based on the Caltech design for PM2 5 total mass, carbonaceous constituents measured
with filters, and integrated volume measured with a scanning mobility particle sizer (SMPS). Large
differences in total particle number were registered between the two samplers in experiments during
which nucleation occurred in the larger, laboratory sampler tunnel, but not in the smaller, field
sampler. These variations were attributed to differences in mixing rates between the two systems.
Experiments were also carried out to evaluate the effects of residence time on diluted exhaust. No
difference was observed in simultaneous measurements made 2.5 and 40 s after dilution. Theoretical
analysis indicated that the aerosol should achieve phase equilibrium in < 1 s. Thus, it was concluded
that the elimination of the residence time tank simplifies the design and operation of dilution
samplers. Additional experiments were conducted to observe the effects of dilution on fine particle
mass emissions from a woodstove. Filter measurements were made simultaneously using three
dilution sampling systems operating at dilution ratios ranging from 20:1 to 510:1 (Lipsky and
Robinson, 2006). Large decreases in fine particle mass emissions were observed with increases in
dilution. At low levels of dilution, semivolatile species mainly occur in the particle phase, but
increasing dilution reduces the concentration of these species, shifting the material to the gas phase
in order to maintain phase equilibrium. Emissions of EC did not vary with dilution. The application
of the partitioning theory indicated that dilution samplers need to be operated such that the diluted
exhaust achieves atmospheric levels of dilution. In fact, too little dilution can potentially overestimate

the fine particle mass emissions, while too much dilution can underestimate them.

To study the influence of sampling conditions, Ozgen et al. (2014) performed simultaneous
sampling in the hot and diluted flue gas from an advanced stove and found that the diluted EFs were
on average 4 times higher than the ones obtained in the hot flue gas. Mitchell et al. (2016) used two
different measurement methodologies to determine the PM emissions from a fixed bed stove and
found significant differences between the two approaches. The major difference between the methods
was the sampling temperature (sampling at 170 °C using the cyclone method and at 70 °C using the

gravimetric method). The higher PM EF for sampling at lower temperature is due to the condensation
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of organic material on the filter. Sampling at higher temperatures can significantly underestimate the

organic PM fraction.

Different PM fractions can also be sampled (e.g. PMi, PM,s and PM,p). However, several
studies have reported that residential biomass combustion typically generates emissions dominated
by particles with mass median diameter between 0.1 and 1 um (Béfver et al., 2011; Boman et al.,
2004, 2011; Garcia-Maraver et al., 2014; Lamberg et al., 2011a; Pettersson et al., 2011; Tissari et al.,
2008a; Verma et al., 2012). Thus, when comparing emissions of different size fractions, the error is

predictably low.

2.2.2. Emission values for different appliances, biofuels and operating

conditions

The variability in particulate emissions reported in the literature depends not only on the
sampling procedure, but also arises from the use of different fuels, combustion technologies and
operating conditions. Table 2.1 presents a compilation of bibliographical results for PM EFs (mg
MJ™") obtained in biomass combustion experiments based on flue gas dilution, comprising different
appliances, fuels and operating practices. Numerous models and designs of biomass burning
appliances (boilers, stoves and fireplaces) are available on the market. Emissions from domestic
combustion are highly technology-dependent and the standardisation of the burning appliances is
crucial to guide the transition to cleaner systems. Countries like Germany, Austria and Switzerland
have their own very strict national standards regarding the emissions of space heating appliances.
The European Commission has already established the framework on Ecodesign requirements for

domestic heating systems in order to regulate, among other parameters, the PM> s emissions.

2.2.2.1. Fireplaces

For open fireplaces, PM EFs range from values exceeding one hundred to over 1600 mg
MJ-!. The wide amplitude may be related not only to variations in sampling strategies, but also to
the great impact of operating conditions and/or fuels burned. McDonald et al. (2000) reported PM
emissions from combustion tests carried out in a fireplace for various types of wood with different
moisture contents. For softwood combustion, a maximum difference of 3 times in the PM EF was
observed, while between hardwood species emissions differed almost 2 times. Differences in the
moisture content and burn rates were the factors originating these variations. Although firewood

exhibits a wide range of different characteristics, with strong repercussions on emissions, its market
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is almost entirely unregulated and unsurveilled. Alves et al. (2011) tested different wood types in a
fireplace and observed a difference of around 2-fold between the lowest and the highest PM EF.
These results were further corroborated by Calvo et al. (2015). Purvis et al. (2000) reported PM
emissions from two standard closed fireplaces (one incorporated a room air blower) and one low
emission closed fireplace with secondary air injection. The authors included cold starts and full loads
in the emissions and tested different fuels, wood moistures and burn rates. The differences reported
were 4.5-fold higher for the less efficient fireplace compared with the fireplace with secondary air
injection. Particulate emissions from burning firewood in boilers, stoves or fireplaces are highly
dependent on the fuel moisture content (e.g. McDonald et al., 2000; Shen et al., 2013a), size of the
logs and batch (Johansson et al., 2004; Shen et al., 2013b; Tissari et al., 2009; Vicente et al., 2015b).
Tissari et al. (2009) found that big batch sizes increase the emissions significantly. Doubling the
batch size caused particle EFs to increase almost twice. Using equal batch sizes, emissions from
small logs were 4.8-fold greater than from big logs. When small batch sizes were used, but the logs
in them were small, PM EFs were 2.5 times higher than when big batches and big logs were burned.
Because glass fronted fireplaces keep fire temperatures for longer, produce higher heat outputs and
higher efficiency ratings, they allow better combustion to occur, thereby contributing to a reduction
of global emissions. Ozgen et al. (2014) reported a 4-fold difference between a closed and an open

fireplace.

2.2.2.2. Woodstoves

The PM EFs from wood combustion in woodstoves can be anywhere between 20 and nearly
1500 mg MJ~! (Table 2.1). Once again, both fuels and combustion practices have shown to play an
important role on particulate emissions. Calvo et al. (2014) investigated the particulate emissions
from softwood and hardwood combustion in a traditional brick fireplace and a cast iron woodstove.
Irrespective of the combustion appliance, PM emissions were about 1.5-fold higher for hardwood
combustion. Besides the influence of the type of firewood, a difference in the PM emissions reaching
2.8-fold was observed between the fireplace and the woodstove. Wood combustion in modern
woodstoves generates generally lower particulate EFs, in the range of about 20 to 220 mg MJ™.
Fernandes et al. (2011) reported PM emission factors from the combustion in a fireplace, woodstove
and eco-labelled woodstove. The average EF obtained by the authors for the fireplace was, on

average, around 7-fold higher compared to the modern ecolabelled woodstove.
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Table 2.1. PM emission factors (mg MJ!) obtained from biomass combustion based on measurements with flue gas dilution.

Combustion appliance ~ Fuel g;‘;f;‘l‘:; PM EF (mg MJ")) OC (wt.% PM) EC (wt.% PM)  Reference
Fireplaces

Open fireplace Hardwoods and softwoods PMa2.s 161 - 500 M 55.1-58.3%2 6.5-14.22 McDonald et al. (2000)

Open fireplace Portuguese woods (excluding golden wattle) and PM2s 330 - 1610% ™ 20-482 1.1-17% Gongalves et al. (2011)
briquettes

Open fireplace Portuguese woods and briquettes PM2s 550-1122 38.7-53.0 22-175 Alves et al. (2011)

Open fireplace Pine logs PMio 742 £ 2430 N/A N/A Calvo et al. (2014)
Eucalypt logs 1124 + 158D N/A N/A

Open fireplace Beech, false acacia, hornbeam, oak and spruce logs PMiot 434 - 611 N/A N/A Ozgen et al. (2014)

Closed fireplace Beech, false acacia, hornbeam, oak and spruce logs PMiot 152 -219 N/A N/A

Open fireplace Three common Southern and mid-European woods PMzs 322-778 67.2-75.0 4.63-741 Calvo et al. (2015)

Woodstoves

Woodstove Mixed hardwoods, oak PMas 128 - 4002 64.9 8.19 McDonald et al. (2000)

Modern woodstove Logvyood in accordance with ONORM CEN/TS 14961 PM; 46.1-47.2 N/A N/A Kelz et al. (2010)

Conventional woodstove ~ 4nd ONORM M 7132 55.5-74.2 N/A N/A

Woodstove Birch, pine and spruce logs PMiot 38 - 350° N/A N/A Pettersson et al. (2011)

Woodstove Portuguese woods and briquettes PMa s 233 -906 45.0 - 53.6 1.9-77 Alves et al. (2011)

Woodstove Portuguese woods (excluding golden wattle) and PMa s 92.2 -14332M 30 - 50° 0.82-9.32 Gongalves et al. (2011)
briquettes

Woodstove Spruce logs PMiot 85 - 250° 12.9 -21.6* 1.88-10.9* Orasche et al. (2012)
Beech logs 120 - 410* 12.5 342

Conventional woodstove Beech, false acacia, hornbeam, oak and spruce logs N/A 140 - 225 N/A N/A Ozgen et al. (2014)

Modern woodstove 120 - 176 N/A N/A

Woodstove Pine logs PMio 263 + 1311 N/A N/A Calvo et al. (2014)
Eucalypt logs 423 £137M N/A N/A

Woodstove Pine logs PMio 282-10832M 32.2-51.6% 8.37-30.82 Vicente et al. (2015a)
Beech logs 270 -6112M 34.1-429% 12.2-35.22

Woodstove Three common Southern and mid-European woods PMzs 157 -744 ™ 56.7 - 67.9 6.72 -20.0 Calvo et al. (2015)
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Chimney woodstove Beech, oak and spruce logs and briquettes PMio 63 -97 26.8 - 38.8 24.2-36.7 Schmidl et al. (2011)
Spruce logs PMjp  110-303° 35.1-51.6° 16.8 - 40.3¢
Modern chimney type Beech, oak and spruce logs and briquettes PMio 73 -89 22.2-35.6 29.8-37.6
woodstove
Spruce logs PMio 49 -91* 15.8 -42.8* 7.3-41.7%
Chimney type woodstove  Pine, eucalypt, cork oak and golden wattle logs PMio 621610 19.7-42.8 11.3-37.1 Gongalves et al. (2010)
Chimney type woodstove  Dry pine needles and leaves PMio 85-626 N/A N/A Kistler et al. (2012)
Seven hardwoods and five softwoods 20-222 N/A N/A
Pellet stoves and boilers
Pellet boiler Wood pellets in accordance with ONORM M 7135 PM, 6.0-6.2 N/A N/A Kelz et al. (2010)
Pellet boiler with burner A Six fuels: fresh and six-month stored material from PMiot 114 - 377 N/A N/A Boman et al. (2004)
Pellet boiler with burner B SOftwood sawdust, logging residues and bark 57.157 N/A N/A
Pellet boiler with burner C 64 -192 N/A N/A
Modern Scandinavian Pellets made of unknown mixture of pine and spruce ~ PMot 15 - 432 N/A N/A Boman et al. (2011)
pellet stove and pellets made with >90% pine and spruce
Conventional American 22 -47* N/A
pellet stove B N/A
Pellet stove Wood pellets in accordance with ONORM M 7135 PMio 3.0-8.5° 4.7 -22% 13.7-15.82 Schmidl et al. (2011)
Pellet boiler Pine steam wood pellets PM; 3.0-29* 2.30-10.6* 0.0-51.22 Lamberg et al (2011b)
Pellet stove Wood pellets PMio 16 - 312 N/A N/A Kistler et al. (2012)
Pellet boiler Softwood pellets in accordance with SS 187120 PMzs 62 - 842 N/A N/A Win et al. (2012)
Pellet stove Spruce pellets in accordance with ONORM M 7135 PMiot 36 -110° 8.33-32.7* 1.42-745% Orasche et al. (2012)
Pellet boiler 14 - 19° 507-1742 0.07 -2.05*
Pellet boiler Pellets made of wood and/or bark material PM, 9.7 -46 0.0-9.14 0.46 - 40.2 Lamberg et al (2013)
Pellets made of peat 29-51 0.0-145 1.18-3.10
Pellets made of of woody biomass and peat 5.2-28 0.98-9.81 0.43-16.0
Pellets made of straw 126 - 196 0.94-1.75 0.63-18.4
Pellets made of wood and reed canary grass 23 9.00 114
Pellet stove PMot 75 -139 N/A N/A Ozgen et al. (2014)
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Pellet boiler Low-quality pellets and pellets in accordance with 30-103 N/A N/A
DIN-PLUS
Pellet boiler — bottom fed ~ Softwood pellets in accordance with SS 187120 PM2s 51-62° N/A N/A Win and Persson
Pellet boiler — top fed 1 53 - 65° N/A N/A (2014)
Pellet boiler — top fed 2 50 - 65* N/A N/A
Pellet stove 43 -55* N/A N/A
Pellet stove Pellets made of golden wattle, cedar and pine. PMio 26.6 +3.14* 27.8 13.6 Vicente et al. (2015b)
Pellets made of lignocellulosic residues and dust from 86.4 £13.6* 16.6 42.6
the furniture manufacturing industry (75/25).
Pellets made of lignocellulosic residues and dust from 102 £ 8.63% 822 7.52
the furniture manufacturing industry (65/35).
Pellets made of waste woodchips and dust from the 75.6 £9.39* 20.1 271
furniture manufacturing industry (50/50).
Olive pit 169 +23.6* 28.8 5.24
Shell of pine nuts 117 £33.9* 16.0 32.6
Almond shell 112 +4.05* 10.8 7.86
Other appliances
Conventional masory Birch logs PM 100 - 6172 N/A N/A Tissari et al. (2008b)
heater
Modern tiled stove Logwood in accordance with ONORM CEN/TS 14961 PM; 28.0-31.3 N/A N/A Kelz et al. (2010)
Conventional sauna stove  Birch logs PM, 391 £ 101 N/A N/A Hukkanen et al. (2012)
Conventional Masonry Birch logs PMi 56.3 - 69.1 46.4 33.0 Nuutinen et al. (2014)
Heater (small)
Modern Masonry Heater 40.2-49.0 29.5 65.3
(small)
Conventional Masonry 94.1 - 106 37.4 51.1
Heater (large)
Modern Masonry Heater 44.5-448 22.6 73.5

(large)

adifferent combustion conditions; (Vassuming 18 MJ.kg'!; N/A: information not available.
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Although the emissions during cold start/kindling are known to be significantly higher (Gongalves
et al., 2011; Vicente et al., 2015b), usually the values reported in the literature only include the hot
start phase, i.e., PM sampling starts after loading a fuel batch to a hot charcoal bed. This may lead to

an underestimation of emissions, since the ignition phase is neglected.

In batch mode operated combustion appliances, the household behavior can make the
emissions fluctuate significantly. Schmidl et al. (2011) studied the influence of the operator's
behaviour on emissions from manually fired systems by changing the amount of fuel loaded and the
airflow setting. The authors reported that the operator can have an influence up to a factor of 6 on
particulate emissions from woodstoves. Tissari et al. (2008a) tested two different conditions,
designated as “normal combustion” and ‘“smouldering combustion”, on a conventional masonry
heater. A PM; EF about 6 times higher was obtained for smouldering combustion. Other authors
found high particulate emissions during smouldering conditions at reduced load and air starved
conditions (Vicente et al., 2015b). Vicente et al. (2015b) studied the influence of operating conditions
on emissions from a woodstove, including two ignition techniques (upside-down and bottom-up
lighting), hot start versus cold start, different fuel loads (low, medium and high load) and secondary
combustion air supply. In the case of high loads, the emissions of whole logs versus split pieces were
compared. This study showed that large variations in emissions can be easily achieved. In particular,
the ignition technique and combustion air supply exert a remarkable influence on emissions. The
lowest emissions were observed when secondary air was supplied to the combustion chamber. The
top-down ignition technique can reduce the PMo EF to less than half compared with the traditional
technique of lighting from the bottom. A similar result, i.e., a noteworthy reduction of PM emissions

by modifying the ignition technique, has been previously reported by Nussbaumer et al. (2008b).

2.2.2.3. Pellet stoves and boilers

EFs of pellet stoves and boilers are significantly lower than those from woodstoves and
fireplaces. The particulate emissions described in the literature for the combustion of wood pellets
range from around 3 to 140 mg MJ~! (Table 2.1). Lamberg et al. (2011a) collected particulate samples
from six combustion appliances: five woodstoves (including one modern combustion technology,
three conventional woodstoves and one sauna stove) and a modern pellet boiler. Advanced
combustion in the pellet boiler produced the lowest PM emissions whereas inefficient batch
combustion in a sauna stove released the highest emissions. Improved batch combustion with air-
staging produced PM; emissions about 2.5-fold higher compared to the modern pellet boiler.
Improved batch combustion and conventional batch combustion showed similar PM; emissions.

Schmidl et al. (2011) investigated the particulate emissions from two automatically and two manually
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fired combustion appliances and eight fuel types. The authors concluded that the combustion of wood
pellets and chips in automatically fired appliances emit almost one order of magnitude less PM. The
age of the combustion appliance is a factor influencing PM emissions. Johansson et al. (2004) tested
old and modern boilers and observed EFs ranging from 87 to 2200 mg MJ~" and between 18 and 89
mg MJ™, respectively.

A noticeable increase in the particulate emissions from automatically fired combustion
systems is achieved using pellets made with other raw material than wood or when burning non-
pelletised fuels (Boman et al., 2004; Garcia-Maraver et al., 2014; Lamberg et al., 2013; Limousy et
al.,, 2013; Verma et al., 2012; Vicente et al., 2015¢c). Besides the fuel properties, the emission
variations can also be related to the full or partial load operating mode (Boman et al., 2011; Lamberg
et al., 2011b; Tissari et al., 2008b; Verma et al., 2013; Wohler et al., 2017). Moreover, some
researchers include the non-steady-state phases (e.g. start-up, transient and shut-down phases) in the
reported particulate emissions, considering this to be more representative of the daily use pattern
(Toscano et al., 2014; Win and Persson, 2014; Wohler et al., 2017), while others contemplate only
the steady-state phases (Fernandes and Costa, 2012; Sippula et al., 2007; Vicente et al., 2015¢),

claiming that the duration of non-steady phases are much shorter than the steady operation.

Ozgen et al. (2014) tested low quality cheap pellets and high quality pellets with DIN-plus
certification in a pellet stove and a boiler. Average EFs of 109 mg MJ~! and 61 mg MJ~! were
observed, respectively, for the pellet stove and boiler. Vicente et al. (2015c) tested four different
types of wood pellets (high quality pellets made of wood and pellets composed of lignocellulosic
residues, waste woodchips and dust from the furniture manufacturing industry) and three agro-fuels
(olive pit, almond shell and shell of pine nuts) in a pellet stove. The non-pelletised agro-fuels resulted
in higher PM o EFs, possibly due to the fuel physical characteristics, which affect the fuel supply to
the burner and consequently the combustion behaviour. A 6-fold difference was found between the
PM;y EF obtained for the combustion of high quality pellets and olive pit. The fuel chemical
composition (e.g. K content) may also be related to the higher particulate emissions observed for the
agricultural fuels. A 3.8-fold difference between the PMo EF for the various types of pellets was
observed. For three types of non-certified pellets, high contents of zinc (14.6 to 19.9 wt% of total
inorganic mass) and lead (7.6 to 17.6 wt% of total inorganic mass) were recorded. It is important to
highlight that some woods, wood products and wastes arising from specific industrial sectors, such
as the furniture industry, may be subjected to phyto-treatments and if these products are directly used
as biofuels or as raw material for manufacturing pellets, upon burning, the emission into the
atmosphere of heavy metals, including copper, chromium and arsenic, as well as preservatives (e.g.
pentachorophenol) will take place. As regards the use of pellets, the physical characteristics like

dimensions (length and diameter), fine content and particle density can have great effect on the
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particulate emissions since those can affect the fuel supply to the burner and the combustion behavior
(Carvalho et al., 2013; Garcia-Maraver et al., 2014; Obernberger and Thek, 2004; Verma et al., 2012;
Wohler et al., 2017). In highly efficient and optimised combustion systems, particulate emissions
consist mainly of ash-related material (Tissari et al., 2008b). In several studies, the fuel ash content
has been found to correlate positively with the PM emissions (e.g. Carroll and Finnan, 2013; Sippula
et al., 2007). Furthermore, high concentrations of elements, such as potassium, chlorine and sulphur

in the fuel, have also been linked with higher particulate emissions (Sippula et al., 2007).

With the steadily increase in the pellet market, alternative raw materials for pellet production
are of great interest. In Portugal, as well as in other southern European countries, several sectors
generate large amounts of residues, which can be used for pellet manufacturing (Monteiro et al.,
2012). In recent years, attempting to verify the reliability of alternative raw materials for pellets
production, the agro-industry residues have been the focus of several researchers. Pellets made of
biomass residues, such as tomato, olive stove and cardoon, have been tested in a domestic mural
boiler by Gonzilez et al. (2004). Although the combustion efficiencies obtained with the three
residues were very similar to the one obtained with the pellets recommended by the boiler
manufacturer, the CO emission was higher. Olsson (2006) studied the combustion behaviour of
wheat straw and peat/wood pellets reporting relatively low emissions compared with softwood
pellets. However, the authors also observed higher emission of hazardous polycyclic aromatic
hydrocarbons (PAHs) from straw and peat/wood pellets. Furthermore, a higher ash content of such
biomass fuels generate high amounts of ash that need to be removed from the combustion appliance
in order to prevent the undesirable shut down due to ash accumulation and slag formation (Ohman
et al., 2004). Vicente et al. (2015b) have also reported slag formation on the pellet stove grate during
the combustion of agro-fuels. Therefore, the current pellet systems available on the market are not
designed for pellets made of agricultural residues, which can cause ash-related operational problems,
such as fouling, slagging and corrosion (Biedermann and Obernberger, 2005; Ohman et al., 2004;
Verma et al., 2012). For these reasons, the use of the above mentioned fuels should be reserved for
medium and large scale combustion plants, which have more sophisticated and robust combustion

systems (Obernberger and Thek, 2004).

It is almost impossible to track beyond the pellets production process to the processing
material sources and to determine if the high content in ash forming elements (e.g. K, S and Cl) is a
result of harvesting practices, use of waste materials, processing impurities or inappropriate handling
during production and distribution. Given the interest in increasing the use of pellets as a renewable
fuel, pellets standardisation is important to avoid the inclusion of hazardous materials during their
manufacturing and in this way preventing environmental impacts of toxic species that would be

emitted during the burning. Pellets standardisation and certification is a step towards the European
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pellet market development. For that reason and in order to follow the European standards for solid
fuels the ENplus quality label was introduced and is now used across the world. The quality
requirements of ENplus certification are based on the international standard ISO 17225-2, which has
replaced the European Standard EN 14961-2. This quality label requires even stricter quality criteria

than the international standard and addresses producers, traders and service providers.

2.2.3. Mitigation of emissions

In the past few years, the evaluation of emission reduction strategies for the residential
biomass combustion sector has been investigated with increasing interest. These strategies can be
oriented to the optimization of the combustion process and/or fuel improvement (primary measures)
or can be focused on flue gas cleaning technologies (secondary measures). As regards the
employment of primary measures into the combustion concept, a few studies have addressed the air
supply design, for example, through the implementation of air staged combustion (Carvalho et al.,
2016; Lamberg et al., 2011b; Nuutinen et al., 2014; Vicente et al., 2015b) or by pre-heating the
primary combustion air (Carvalho et al., 2016), as well as the household behaviour, as discussed
above. Other possible method to reduce the particulate emissions is the fuel improvement by using
additives to capture gaseous alkali compounds, and thus decreasing the formation of particles (Bifver
et al., 2009; Fournel et al., 2015). With respect to secondary measures, there are several pollution
control devices that can be applied to the flue gases, such as electrostatic precipitators (Bologa et al.,
2010, 2011a, 2011b; Kaivosoja et al., 2013; Migliavacca et al., 2014; Sippula et al., 2009a, 2009b),
condensing scrubbers (Grigonyte et al., 2014; Sippula et al., 2009a) and catalytic converters (Fine et
al., 2004; Hukkanen et al., 2012). In practice, small-scale electrostatic precipitators (ESPs) are not
options in the present, as they are not economically viable to control PM emissions from small scale
combustion appliances (Karvosenoja et al., 2007). Moreover, the removal efficiency of ESPs is
reliant on the particle resistivity. Therefore, the removal efficiency greatly changes with the
composition of the emitted particles (Migliavacca et al., 2014). According to Nussbaumer and Lauber
(2010), ESPs are designed to remove inorganic particles from the flue gases. Thus, depollution of
the flue gas from traditional residential combustion appliances, such as fireplaces and woodstoves,
is very problematic, because of incomplete combustions and high emission of condensables, which
can lead to a higher aerosol load at filter outlet compared to filter inlet (Nussbaumer and Lauber,
2010). Furthermore, the use of such depollution devices may alter the particulate emission
composition and, as result, some compounds might become enriched in the flue gas after the ESP,
changing the toxicity of the released particles. Kaivosoja et al. (2013) reported higher cytotoxicity

for particles collected after ESP rather than before, in the same wood powered district heating plant.
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According to the authors, that might be related to the relative enrichment in Ca, Zn and PAHs in the
particulate samples. Sippula et al. (2009a) also observed a change in the PM composition after an
ESP in a wood fired grate boiler. The same conclusion was drawn by Nuutinen et al. (2014) after the
implementation of air-staging in small scale heating appliances. An increase in the PAH particle
bound emissions, as well as in EC, from a catalytic woodstove in comparison with the emissions
observed during the non-catalytic mode tests of the same tree species was reported by Fine et al.
(2004).

Catalytic combustors have been widely used, including in the residential heating sector. The
main problem arising from the use of such devices is related to the low temperature of the flue gases
when using these devices in inefficient combustion appliances. Most of the chemical compounds in
wood smoke are only combustible at temperatures higher than 550 — 600 °C. When installed in the
early part of the chimney, connected to the outlet of the combustion chamber of small-scale
traditional appliances, these temperatures are hardly achieved. This is an issue especially problematic
during the start-up, when the emissions can be really high but temperature is very low. Another
disadvantage is associated with the ash/soot clogging and creosote fouling that may take place on the
surface of the catalyst, decreasing its efficiency. Thus, catalytic converters need to be cleaned in a
regular basis. Hukkanen et al. (2012) reported a decrease in the PM; emissions from a sauna stove
with catalytic converter (391 to 252 mg MJ™). The reduction occurred mainly during the gasification
stage through oxidation of condensable organic vapours and oxidation of soot particles. Fine et al.
(2004) used a catalyst equipped woodstove in order to assess the effects of the catalyst on fine particle
emissions. However, the catalyst was only engaged when the appliance reached the recommended
operating temperature. For that reason, it was not possible to record a large reduction on the PM

emissions, since a large share was likely emitted prior to catalytic operation.

Sippula et al. (2009a) studied the particle emissions of a fire-tube boiler based on rotating
grate combustion technology (district heating unit) equipped with a condensing flue gas scrubber.
The filtration efficiency of the particle removal device was, on average, 44% and 84% for PM; and

total suspended particles (TSP), respectively.

2.3. Carbonaceous content and organic tracers

Scientific effort has been devoted to identify the composition of organic aerosols due to the
potential use of statistically based techniques to estimate the contribution of various emission sources
to the ambient PM. However, to estimate the contribution of residential biomass combustion to the

atmospheric aerosol loading, only a small number of individual compounds are suitable. An ideal

61



Chapter 2

tracer should be source specific, resistant to degradation in the environment, its emission should be
relatively constant and should allow high precision of measurement (Khalil and Rasmussen, 2003).
Finding suitable tracers for residential biomass combustion is not an easy task due to the complex
nature of combustion chemistry, which results in high variability of the particle chemical
composition. Data reported in the literature show the influence of several factors, such as the stove
design, operating conditions, combustion conditions and biomass fuel burned (Eriksson et al., 2014;
Fine et al., 2004; Frey et al., 2009; Jordan and Seen, 2005; Lamberg et al., 2011a; Leskinen et al.,
2014; Vicente et al., 2015a, 2015¢, 2016; Weimer et al., 2008). Soot and organic particles are formed
during incomplete combustion in small-scale biomass combustion (Bglling et al., 2009; Obaidullah
et al., 2012), while during efficient combustion in modern domestic heating systems, the aerosol is
dominated by ash compounds (Kaivosoja et al., 2013; Lamberg et al., 2011a; Leskinen et al., 2014;
Orasche et al., 2012; Tissari et al., 2008b) and the carbonaceous content in the particulate mass can

be below 1% (Londahl et al., 2008).

2.3.1. Carbonaceous components

Table 2.1 displays the carbonaceous particulate mass fraction obtained in distinct biomass
combustion appliances. Calvo et al. (2015) reported the carbonaceous matter resulting from the
combustion of three different wood species in a fireplace and a woodstove. The EC mass fractions
in particles emitted from the woodstove (6.72 — 20 wt%) were higher than those of the fireplace (4.63
—7.41 wt%), while the opposite was observed for OC (67 — 75 wt% and 57 — 68 wt% for the fireplace
and woodstove, respectively). Vicente et al. (2015a, 2015c) assessed the effects of biofuel type and
operating practices on the particle chemical composition for two combustion appliances. In the case
of the woodstove, total carbon represented 54 — 73 wt% of the particulate mass, regardless of fuel or
operating conditions. The carbonaceous component was dominated by OC, especially when high
loads of fuel were burned (Vicente et al., 2015a). Vicente et al. (2015c¢) found a lower carbonaceous
content in the PM released during the combustion in a pellet stove than that reported previously
during the combustion of several wood fuels in traditional woodstoves and fireplaces. The OC mass
fraction in PM o ranged from 8 to 29 wt%, while EC ranged from 3 to 47 wt%. Higher carbonaceous
emissions were observed for agricultural fuels than for wood pellets. Fernandes et al. (2011)
compared the particulate carbonaceous content resulting from the combustion in a fireplace, a
traditional woodstove and a more efficient chimney type woodstove. The authors reported particles
with the lowest OC and the highest EC contents for the chimney type woodstove. An improved
combustion efficiency with higher combustion temperatures and vigorous flaming conditions in this

latter device contributed to enhanced EC emissions. Torvela et al. (2014) also reported a higher OC
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content in PM; in intermediate and smouldering combustions than in efficient combustion conditions.
Gongalves et al. (2011) evaluated the influence of cold and hot start-up conditions on the total carbon
content in particles emitted by traditional combustion appliances. However, the maximum
temperatures reached in these appliances do not exceed 600 °C and for that reason the starting
combustion temperature does not have significant influence on the particulate OC and EC fractions,
resulting essentially in the formation of organic particles. Soot formation occurs at high temperatures
in the fuel-rich zones. The total amount of produced soot is defined by the carbon-to-oxygen ratio.
Equilibrium considerations indicate that soot is formed when the mentioned ratio is > 1 (Wiinikka,
2005). Particles from residential biomass combustion present highly variable OC/EC ratios (Table
2.2), depending on the efficiency of the combustion equipment, burning rates, fuel moisture content,
etc. (Fernandes et al., 2011). Thus, the ratio is an indicator of the combustion temperatures and the
fuel burned (Fernandes et al., 2011; Gongalves et al., 2011; Khalil and Rasmussen, 2003; McDonald
et al., 2000). Average ratios of 14.4 + 7.2 and 16.4 + 7.6 were obtained by Alves et al. (2011) for
combustion experiments using Portuguese biomass fuels in a fireplace and a woodstove, respectively.
Low-combustion temperatures in traditional appliances produce large amounts of OC while hot,
flaming combustion results mostly in EC. Vicente et al. (2015¢) recorded OC/EC ratios ranging from
0.9 to 4.2 for the combustion of wood pellets in a pellet stove. Similar ratios were observed by
Gongalves et al. (2010). The authors reported OC to EC ratios in the range of 1.0 to 4.4 for hardwood
combustion in a chimney type woodstove and a ratio of 0.9 for softwood combustion. OC/EC
biomass burning emission ratios are a function of combustion conditions. However, in new and more
efficient burners, both OC and EC emissions are much lower compared to old combustion appliances
(Table 2.2). Obtaining lower ratios for softwood combustion than those observed for hardwood
combustion is consistent with the results reported by McDonald et al. (2000). The authors found a

ratio of 3.9 and 7.9 for softwood and hardwood combustion in a woodstove, respectively.

2.3.2. Major organic markers

Biomass is composed essentially of cellulose, hemicelluloses, and lignin, and in a lesser
extent of extractives and ash. Cellulose is a glucose polymer whereas hemicelluloses contain, besides
glucose, several other sugar monomers (e.g. galactose and mannose). Lignin is a phenolic polymer
that holds together cellulose and hemicellulose making up the plant cell wall (Agarwal et al., 2014;
Anwar et al., 2014; Saarnio et al., 2010). When biomass combustion takes place, large amounts of
numerous organic compounds are produced from the combustion of cellulose and hemicellulose,
including, among others, anhydrosugars, PAHs, methoxyphenols and resin acids. The particulate

bound organic compounds can result either from the volatilisation of the biomass organic molecules,
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followed by its condensation, or from the biomass biopolymers thermal breakdown (Fine et al.,
2001). Alves (2008) presented a comprehensive overview of organic tracers in biomass burning
aerosols. The detailed analysis of organic particle-bound compounds emitted from biomass burning
is very useful to apply source assignment methodologies. However, it is noteworthy to mention that
the amount of organic compounds released during biomass combustion decrease with increasing

combustion efficiency (Kjillstrand and Olsson, 2004; Pagels et al., 2013; Weimer et al., 2008).

2.3.2.1. Methoxyphenols

Methoxyphenols are major lignin pyrolysis products in biomass burning particulate samples
(Fine et al., 2004; Gongalves et al., 2010; Mazzoleni et al., 2007; McDonald et al., 2000), but are
thermally decomposed above 800 °C (Kjillstrand and Olsson, 2004; Kjillstrand and Petersson,
2001). They have been also detected in smoke-impacted atmospheric samples (e.g. Bari et al., 2009;
Nolte et al., 2001; Simpson et al., 2005). Lignins are polymers biosynthesised only by vascular plants
from substituted cinnamyl alcohol units with p-hydroxyphenyl, vanillyl, or syringyl residues.
Proportions of these alcohols differ between gymnosperm and angiosperm lignins. Gymnosperm
lignins are made up almost solely from coniferyl alcohol (vanillyl), while angiosperm lignins are
formed from both coniferyl and sinapyl alcohol (syringyl) units. Grass lignins have high proportions
of the coumaryl alcohol (p-hydroxyphenyl) units. Hence substitution patterns of simple phenols
produced by mild oxidation of lignins have been used as a geochemical tracer in identifying the
contribution of different vegetation types to smoke particles. Fine et al. (2004) found vanillin mass
fractions in the ranges 5.62 — 7.18 mg g~' OC and 4.80 — 9.02 mg g~ OC emitted by the combustion
of hardwoods and softwoods in a stove, respectively. Gongalves et al. (2011) found higher
methoxyphenol emissions during the cold start rather than during hot star-up using both a woodstove
(10.6 — 236.5 mg g' OC) and a fireplace (47.8 — 242.1 mg g OC). The predominant
methoxyphenols found by the authors were vanillic and syringic acids. Methoxyphenols have been
also detected in emissions from small-scale pellet combustion (Alves et al., 2017; Kjéllstrand and
Olsson, 2004). Alves et al. (2017) reported vanillin-to-OC mass fractions (mg g~' OC) in the ranges
477 — 29.3 and 4.67 — 8.64 for the combustion of wood pellets and agro fuels in a pellet stove,
respectively. These organic compounds have been pointed out as tracers for wood combustion
processes. However, since they are semi-volatile compounds partitioned between the gas and the
particulate phases (Hays et al., 2002; Mazzoleni et al., 2007; Schauer et al., 2001; Simpson et al.,
2005), they can suffer transformations in the atmosphere. Several studies have shown the reactivity

of methoxyphenols with OH radicals (Coeur-Tourneur et al., 2010; Lauraguais et al., 2012, 2014)
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and ozone (Net et al., 2011), which has significant implications for the use of such compounds as

molecular markers of biomass burning.

2.3.2.2. Resin acids

Resin acids, such as dehydroabietic, abietic, isopimaric acid, and pimaric acids, are
diterpenic compounds pointed out as tracers emitted only from the burning of resinous higher plants
(Alves et al., 2017; Fine et al., 2004; Fine et al., 2001; Gongalves et al., 2010, 2011; Mazzoleni et
al., 2007; McDonald et al., 2000; Rogge et al., 1998; Zhang et al., 2013). Some constituents, such as
abietic acid, are released in their unaltered form when the wood is burned, while others, such as
dehydroabietic acid, are formed from other resin acids during combustion (Alves, 2008). Resin acids
are resistant to chemical degradation in the atmosphere, however, dehydroabietic acid in the air can
be affected by relative humidity as it can be degraded under UV light when dissolved in water (Corin
et al., 2000). Mazzoleni et al. (2007) argued that fuel moisture may play an important role on the
abundance of the resin acids as compared to other carbonaceous species. Resin acids have been
shown to have toxic effects on the liver and the potential to damage DNA (Peng and Roberts, 2000;
Rigol et al., 2003). Dehydroabietic, abietic and isopimaric acids were detected at mass fractions of
4.42 — 10.8, 1.67 — 3.69 and 0.677 — 3.01 mg g~' OC, respectively, in fine particles from the
woodstove combustion of prevalent US softwood tree species, but were undetectable or
unquantifiable in emissions from hardwoods (Fine et al., 2004). Average isopimaric acid-to-OC mass
fractions (mg g™') of 24, 17.8 and 31.2 were reported in particles from softwood combustion in a
fireplace, traditional woodstove and ecolabelled woodstove, respectively (Gongalves et al., 2010,
2011). The mass fractions for hardwood combustion were 0.77, 1.29 and 0.37 mg g=' OC,
correspondingly. These three combustion residential devices, in the same order, emitted
dehydroabietic acid at 187, 119 and 5.44 mg g~' OC for softwood burning, while the equivalent mass
ratios for hardwood were 8.84, 7.17 and 0.12 mg g™' OC. Alves et al. (2017) reported that
dehydroabietic and isopimaric acids were represented in emissions whether from all type of pellets
or from shell of pine nuts, while abietic acid was only quantifiable in PM, s from the combustion of

pellets made of coniferous wood.

2.3.2.3. PAHs

PAHs have been reported to be emitted in large amounts during biomass combustion (Boman

et al., 2011; Eriksson et al., 2014; Gongalves et al., 2011; Jordan and Seen, 2005; Kaivosoja et al.,
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2013; Lamberg et al., 2011a; Leskinen et al., 2014; Orasche et al., 2012, 2013; Pettersson et al., 2011;
Rivaetal., 2011; Shen et al., 2013a; Vicente et al., 2016). The growing concern over PAHs and their
derivatives is a result of their associated health risk since some individual compounds have been
recognised to have mutagenic, genotoxic and carcinogenic properties (Abdel-Shafy and Mansour,
2015; Canha et al., 2016; Claxton et al., 2004; Happo et al., 2013; Jalava et al., 2010, 2012; Oanh et
al., 2002; Bglling et al., 2009; Pedersen et al., 2004; Vu et al., 2012; Yu, 2013). Previous studies
reported significantly higher PAH emissions from softwood than those for hardwood (Gongalves et
al., 2011; Vicente et al., 2016) during residential wood combustion. Apart from the fuel type, several
studies have shown the influence of combustion conditions on the PAH emissions (Gongalves et al.,
2011; Johansson et al., 2004; Jordan and Seen, 2005; Leskinen et al., 2014; Orasche et al., 2012;
Pagels et al., 2013; Shen et al., 2013a). Vicente et al. (2016) reported PAH emissions from the
combustion of different biofuels in two combustion appliances (woodstove and pellet stove). The
authors observed that emissions from traditional appliances may be up to 145 times higher than those
observed for automatic stoves. The devolatilisation phase during the combustion of conifer logs
(softwood) in the woodstove showed that benzo[a]pyrene (BaP) emissions can be > 1000 times
higher than the values recorded for any other combustion stage, appliance or biofuel. Resinous woods
are characterized by higher burning rates, which result in very hot flame and short, local drop of
oxygen concentration during the combustion. BaP, classified as the most potent carcinogen, is
formed on the way of pyrolysis and further pyrosynthesis, and depends strongly on temperature and
oxygen concentration in the burning chamber. In the literature, the lowest BaP levels have been
reported for pellet stoves and the highest for sauna stoves. Open fireplaces depict lower BaP, due to
easy access of air to the combustion chamber and low combustion temperatures. Chimney stoves
with closed chamber are characterised by variable BaP emissions. The highest BaP emissions are
noticeable for modern appliances, characterised by higher burning rates (Kistler, 2012, and
references therein). Thus, although a “new” combustion technology contributes to the reduction of
the overall PM emissions compared with “old” burning appliances, higher combustion temperatures
in modern logwood stoves may lead to higher PAH emissions. Among the PAHs determined in their
study, Vicente et al. (2016) described retene as the polyaromatic with the highest EF for almost all
the fuels. This pyrolysis product of resin acids has been pointed out as a tracer for softwood burning
(Ramdahl, 1983). However, retene and other PAHs have been identified in the emissions from other
combustion sources. In particular, retene was found to be one of the dominant PAHs in atmospheric
PM collected in a road tunnel (Alves et al., 2016). Besides biomass burning, there are other
anthropogenic activities responsible for the introduction of PAHs into the atmosphere, such as traffic,
coal burning and steel industry (Abdel-Shafy and Mansour, 2015; Jang et al., 2013; Shen et al., 2012),

thereby limiting their use as unique tracers. In order to distinguish among PAH sources in
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environmental media, diagnostic ratios have been widely used (Gongalves et al., 2011; Li and
Kamens, 1993; Vicente et al., 2016). Nevertheless, the use of this simple tool to accurately and
uniquely identify sources has been criticised (Galarneau, 2008; Zhang et al., 2005). Galarneau (2008)
pointed out that due to the large variability in the reported ratios within each source type, it is unlikely
that any single ratio will be representative of a source. Furthermore, the author mentions that PAH

concentrations are not conserved in the atmosphere.

2.3.2.4. Monosaccharide anhydrides

Although a rather extensive amount of chemical groups has been associated with biomass
combustion, the monosaccharide anhydrides (MA) represent the most frequently quantified.
Levoglucosan and its isomers are formed from the thermal breakdown of wood constituents at low
temperatures (Bglling et al., 2009; Simoneit, 2002; Simoneit et al., 1999). Moreover, these
compounds are in the particulate phase in the atmosphere due to their low vapour pressures (Saarnio
et al., 2010). Levoglucosan has been the most widely used organic tracer for assessing the impact of
biomass burning emissions on ambient particulate loads. Schkolnik and Rudich (2006) reviewed and
compared both established and emerging analytical methods for levoglucosan quantification in
ambient aerosol samples. More recently, Yttri et al. (2015) reported a European-wide
intercomparison on the analysis of MA based on ambient aerosol quartz fibre filter samples collected
at a Norwegian urban background site impacted by residential wood combustion during winter.
Thirteen laboratories participated, of which three applied high-performance anion exchange
chromatography (HPAEC), four used high-performance liquid chromatography (HPLC) or ultra-
performance liquid chromatography (UPLC) and six resorted to gas chromatography (GC). The
accuracy for levoglucosan, presented as the mean percentage error (PE) for each participating
laboratory, varied from 63 to 20%; however, for 62% of the laboratories the mean PE was within +

10%, and for 85% the mean PE was within + 20%.

The emissions of levoglucosan have shown to be highly variable depending on the type of
appliance, fuel burned, and operating practices (Fine et al., 2001, 2002, 2004; Gongalves et al., 2010;
Hedberg et al., 2006; Schmidl et al., 2008; Yttri et al., 2015). In fact, in addition to differences in the
cellulosic content of the different biofuels, the emission of saccharidic compounds may strongly
depend on combustion characteristics. Under controlled combustion conditions (150 — 1050 °C), Kuo
et al. (2008) determined the levoglucosan content in samples from 3 wood species. The anhydrosugar
was only detectable in low temperature samples (150 — 350 °C), with maximum yield obtained from

samples produced at 250 °C, regardless of plant species.
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Table 2.2. OC to EC and levoglucosan to OC ratios reported in the literature for residential biomass combustion.

Appliance Fuel Fraction Sampled OC/EC Levo/OC Reference

Fireplaces

Fireplace Softwoods PMzs 3.88 N/A McDonald et al. (2000)
Hardwoods 9.01 N/A

Fireplace Softwood PMio 40 0.258 Schauer et al. (2001)
Hardwoods 16.8 - 18.5 0.234 -0.522

Fireplace Softwoods PMzs 2.35-18.9 0.052 - 0.095 Fine et al. (2001)
Hardwoods 3.95-23.0 0.109 - 0.168

Fireplace Softwoods PM2s 5.61-7.08 0.099 - 0.159 Fine et al. (2002)
Hardwoods 12.0-61.8 0.036 - 0.047

Fireplace Portuguese woods and briquettes PMa:s 2.7-355% 0.101 - 0.582* Gongalves et al. (2011)

2.2-229° 0.080 - 0.506°

Fireplace Hardwoods PMzs 10.7 - 23.7 N/A Fernandes et al. (2011)
Softwood 4.84 N/A
Briquettes 199 N/A

Fireplace Hardwoods PMzs 5.86-24.1 N/A Alves et al. (2011)
Softwood 5.76 N/A
Briquettes 8.83 N/A

Fireplace Hardwoods PMa:s 10.3-24.0 0.078 - 0.357 Gongalves et al. (2012)
Softwood 4.68 0.208
Briquettes 20.3 0.125

Fireplace Oak logs PMzs 15.0+4.1 0.112 £0.027 Calvo et al. (2015)
Poplar logs 133+1.1 0.063 +0.008
Beech logs 9.9+2.7 0.091 £0.016

Woodstoves

Woodstove Pine, cedar, fir and jeffery pine logs PM: s 2.8+1.3 N/A Zhang et al. (2013)
Leaves/duff 12.1+3.3 N/A

Catalyst- Softwood PMzs 2.95 0.253 Fine et al. (2004)

equipped Hardwood 5.30 0.213

woodstove

Woodstove Softwoods 3.25-10.2 0.397 - 0.409
Hardwoods 2.61-16.8 0.108 - 0.210

Woodstove Hardwoods PMazs 7.92 N/A McDonald et al. (2000)

Woodstove Portuguese woods and briquettes PMa:s 4.1-52.6* 0.126 - 0.506* Gongalves et al. (2011)

4.0-19.1° 0.099 - 0.948°

Woodstove Hardwoods PMzs 10.0-19.4 0.031 - 0.555 Gongalves et al. (2012)
Softwood 4.1 0.170
Briquettes 20.6 0.409
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Woodstove Hardwoods PMzs 129 -18.7 N/A Fernandes et al. (2011)
Softwood 4.52 N/A
Briquettes 20.5 N/A
Woodstove Hardwoods PMzs 5.92-28.2 N/A Alves et al. (2011)
Softwood 12.6 N/A
Briquettes 12.1 N/A
Woodstove Softwood PMio 1.11-6.16 0.074 - 0.192¢ Vicente et al. (2015a)
Hardwood 1.07 -3.43 0.100 - 0.207¢
Woodstove Oak logs PMzs 10.1 £ 1.8 0.122 £0.022 Calvo et al. (2015)
Poplar logs 32+1.1 0.069 +0.028
Beech logs 3.8 +£0.48 0.129 £0.026
Woodstove Beech logs PMoot 0.37 0.100 Orasche et al. (2012)
Spruce logs 1.18 - 11.5¢ 0.204 - 0.209¢
Chimney Hardwoods PMio 1.0-44 0.096 - 0.462 Gongalves et al. (2010)
type Softwood 0.85 0.146
woodstove
Chimney Softwood PMio 1.2410.87 - 3.07° 0.180 Schmidl et al. (2011)
type Hardwoods 1.11-1.23 0.07-0.29
woodstove Briquettes 0.95 0.080
Modern Softwood PMio 0.860.38 - 5.86° 0.170
chimney type Hardwoods 0.74 - 0.96 0.03-0.39
woodstove Briquettes 0.88 0.060
Pellet stoves and boilers
Pellet stove Wood pellets PMio 0.34 - 1.39° 0.180¢ Schmidl et al. (2011)
Pellet stove Spruce pellets PMot 4.39 - 5.88¢ 0.113-0.181¢ Orasche et al. (2012)
Pellet boiler Spruce pellets 8.46 - 71.0¢ 0.197 - 0.209¢
Pellet boiler Pellets made of wood and/or bark PMi 0.00 - 3.8 N/A Lamberg et al. (2013)
material
Pellets made of peat 0.00-12.3 N/A
Pellets made of of woody biomass and 0.48- 4.0 N/A
peat
Pellets made of straw 0.10-1.5 N/A
Pellets made of wood and reed canary 0.79 N/A
grass
Pellet stove Wood pellets PMio 09-4.2 0.002 - 0.087¢ Vicente et al. (2015b)
Agricultural fuels (olive pit, shell of 03-94 0.008 —0.022¢

pine nuts and almond shell)

Other appliances
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Modern Birch logs PMi 0.46 N/A Tissari et al. (2007)
masonry
heater
Baking oven Birch logs and construction wood 0.54 N/A
Sauna stove Alder and aspen logs 0.75 N/A
Conventional Birch, spruce and alder logs 1.33-2.81°¢ N/A
masonry
heater
Soapstone Spruce logs 0.41 N/A
stove
Tiled stove Softwoods PMio 2.6-5.7 0.199 - 0.272 Schmidl et al. (2008)
(Kachelofen) Hardwoods 2.7-32 0.080-0.273
Briquettes 1.3 0.248
Masory Birch logs PM:z s 0.64 - 1.96¢ 0.050 - 0.142¢ Frey et al. (2009)
heater
Biomass Wood chips PMio 0.06 - 8.60¢ 0.2404 Schmidl et al. (2011)
boiler Triticale pellets 0.61 - 19.6¢ 0.020¢
Miscanthus pellets 0.49 - 1.50¢ 0.020¢
Wood pellets 0.14 -10.0° 0.020¢

a cold start; ® hot start; © different combustion conditions; Yanhydrous sugars only emitted during specific operation conditions, N/A: information not available.



An overview of particulate emissions from residential biomass combustion

A laboratory emission study of wood and pellet boilers gave 0.3 wt% to 22 wt% levoglucosan to
particle mass, indicating that the levoglucosan fraction may be highly dependent on combustion
parameters, making it uncertain to use it as a quantitative tracer under real-world burning conditions
(Hedberg et al., 2006). Another variable that has a strong influence on the yield of levoglucosan from
cellulose is the presence of inorganic ions (Dobele et al., 2005; Khelfa et al., 2008). It has been
observed that the presence of mineral matter in wood decreases the temperature of cellulose pyrolysis
(Williams and Horne, 1994). Lately, some researchers have questioned the levoglucosan atmospheric
stability because of degradation: i) at high OH concentrations (e.g. Hennigan et al., 2010), ii) in high
relative humidity conditions (e.g. Hoffmann et al., 2010), and iii) during air masses aging (e.g. Lai
et al., 2014). It has also been shown that compounds like (NH4)>SO4 or NaCl internally mixed with
levoglucosan clearly inhibit its degradation (Lai et al., 2014). Large discrepancies are found in the
literature regarding the levoglucosan atmospheric lifetime. The main factors contributing to such
differences are the detection methods used, experimental OH concentration ranges tested and
environmental conditions considered. Depending on these parameters, researchers estimated
levoglucosan atmospheric lifetimes in the order of weeks (Kessler et al., 2010; Slade and Knopf,
2014), days (Hennigan et al., 2010; Hoffmann et al., 2010; Lai et al., 2014; Slade and Knopf, 2014)
or hours (Hennigan et al., 2010). Thus, quantitative estimates of wood burning inputs to atmospheric
particles may be very doubtful using exclusively levoglucosan as a tracer. It can be taken as a good
tracer if the receptor site is close to the source and the above-mentioned conditions are of little

significance (Alves et al., 2017).

The stereoisomers of levoglucosan, galactosan and mannosan, can also be abundant
compounds in smoke. Although the three MA are concurrently emitted by biomass burning sources,
the proportions between them depend on what biofuel is being burnt. Thus, the simultaneous
determination of the three stereoisomers is recommended in order to apportion the contribution from
distinct biomass burning emissions (e.g. softwood versus hardwood) or to differentiate combustion
conditions (smouldering vs. flaming). The relative proportions of levoglucosan to mannosan (L/M)
have been used for source reconstruction of combustion derived byproducts in atmospheric aerosols.
For example, inputs from very specific poor-quality brown coals gave L/M ratios > 50 in atmospheric
aerosols (Fabbri et al., 2009). Differences in the L/M ratio in smoke from softwood and hardwood/
grass combustion (~5 versus ~10 — 20, respectively) can further support discrimination between
inputs from these combustion sources to the atmosphere (Louchouarn et al., 2009, and references
therein). Herbaceous tissues can produce relatively high L/M ratios, in the range from 25 to 50
(Engling et al., 2009). Schmidl et al. (2011) investigated two automatically and two manually fired
appliances, and eight biofuels. Automatically fired systems only emitted detectable amounts of

anhydrousugars during the start-up phase. The authors found L/M ratios of around 14 — 17 for
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hardwoods and of 2.5 — 3.5 for softwoods combustion using manually fired appliances. During the
combustion in a biomass boiler the authors observed also lower L/M ratios for wood pellets (2.3 —
2.9) and wood chips (1.7) made of softwood and higher values for miscanthus and triticale pellets
which behave similar to hardwoods. Alves et al. (2017) reported that anhydrousugars represented 2.3
—3.5and 0.73 — 1.7 wt% of the OC mass in emissions from the combustion of pellets and agro-fuels
in a pellet stove, respectively. The authors concluded that the anhydrosugar particle mass fractions

were 30 to 70 times lower than the values reported for manually fired systems.

As noted by a number of studies, the levoglucosan to OC ratio has been shown to be highly
variable in biomass burning emissions (Table 2.2). Fine et al. (2001) conducted tests to determine
the chemical composition of fine particle emissions from the fireplace combustion of six species of
woods grown in the northeastern United States. The authors found that hardwoods emit more
levoglucosan than softwoods. Levoglucosan yields in the ranges from 0.109 to 0.168 g g=! OC and
between 0.052 and 0.095 g g! OC were reported for hardwood and softwood combustion,
respectively. On the other hand, softwood combustion usually generated higher mannosan emissions
than hardwoods. The mannosan emission ranged between 0.0013 and 0.0047 and between 0.0090
and 0.025 g g~! OC for hardwoods and softwoods combustion, respectively (Fine et al., 2001). Fine
et al. (2002) reported a levoglucosan-to-OC mass ratio of 0.136 g g™' for fireplace combustion of
four hardwood species grown in the southern US, which is consistent with the previous results.
Furthermore, the researchers also proved the importance of combustion conditions on the
anhydrosugars yield. After testing the same wood in a fireplace and in a woodstove, the authors
reported a difference of about 7 fold in the levoglucosan to OC ratio between both appliances. They
observed that, in general, the levoglucosan content in emissions from woodstove (average 0.245 +
0.114 g g! OC) were higher than those obtained from fireplace (average 0.129 + 0.078 g g™! OC)
combustion (Fine et al., 2001, 2002, 2004). Gongalves et al. (2011) evaluated the effect of the
appliance and the combustion temperature on MA emissions. The combustion experiments included
the use of a fireplace and a woodstove (cold and hot start), as well as eight typical Portuguese
biofuels. The anhydrosugar emissions were generically higher for the higher combustion temperature
experiments. Average values of 0.426 and 0.379 g g”' OC were, respectively, obtained for the hot
and cold start tests in the fireplace. Frey et al. (2009) used a typical masonry heater in order to assess
the influence of different combustion conditions on the different chemical components of particulate
emissions. The authors tested two different combustion conditions corresponding to a normal
(flaming) and smouldering combustion. The levoglucosan emissions ranged from 0.050

(smouldering) to 0.142 (normal) g g~' OC.
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2.3.3. Biomarkers for wood smoke exposure

Several organic compounds emitted from biomass burning, such as different
methoxyphenols, levoglucosan and 1-hydroxypyrene, have been suggested as potential urinary
biomarkers for wood smoke exposure (Bergauff et al., 2010; Clark et al., 2007; Dills et al., 2001,
2006; Hinwood et al., 2008; Kato et al., 2004; Naeher et al., 2013; Sankaranarayanan et al., 2016;
Wallner et al., 2013). It was suggested that human biomonitoring of levoglucosan may be suitable to
detect differences in regional exposure to wood smoke (Wallner et al., 2013). Sankaranarayanan et
al. (2016) conducted a study among 33 children living in homes that used woodstoves for residential
heating. Indoor PM:5 concentrations and corresponding urine samples from participants were
collected during pre- and a post-intervention winter sampling periods. Interventions included the
installation of an air filtration unit and a woodstove change out. Results showed a strong reduction
in indoor PM,s among the air filter homes, while the woodstove replacement did not show a
significant PM> 5 decrease from pre- to post-intervention observations. Children living in the air filter
homes did not reveal a corresponding reduction in urinary levoglucosan concentrations. Further
analysis did not display an association between overall changes in indoor PM» 5 concentrations and
changes in urinary levoglucosan levels. These findings indicate that urinary levoglucosan is not a
suitable indicator of smoke exposure in residential wood heating settings. Naeher et al. (2013) also
concluded that other sources apart from wood smoke may affect the urinary levels of this MA.
Therefore, urinary levoglucosan may not be effective as a biomarker of woodsmoke exposure.
Bergauff et al. (2010) suggested that diet is a major factor in determining urinary levoglucosan levels
and recent dietary history needs to be taken into account for future work involving this compound as
a biomarker of wood smoke exposure. The use of urinary levoglucosan as a quantitative marker of
exposure to wood smoke would be affected by variability in its EF, and would benefit from the
concurrent determination of the levoglucosan content of the specific wood smoke. Moreover,
levoglucosan is a constituent of tobacco smoke (Saint-Jalm, 1981), so exposure to this emission

source would either need to be eliminated or corrected.

Clark et al. (2007) demonstrated that the urinary concentrations of specific methoxyphenols
may be effective biomarkers of short-term exposures to inhaled woodsmoke in field conditions. One
drawback to using methoxyphenols as tracers for wood smoke exposure is that they are widely found
in foods and can be released into the air by industrial processes. Another limitation is related to the
variability of metabolisms and, thus, highly fluctuating inter-individual detection times (Rylance et
al., 2013). Li et al. (2016) investigated urinary hydroxylated PAH metabolites (OH-PAHs) as wood
smoke biomarkers in non-smoking volunteers experimentally exposed to a wood fire. Concentrations

of nine OH-PAHs increased by 1.8 — 7.2 times within 2.3 — 19.3 h, and returned to baseline
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approximately 24 h after the exposure. 2-Naphthol (2-NAP) had the largest post-exposure increase
and exhibited a clear excretion pattern in all volunteers. The level of urinary OH-PAHs, except 1-
hydroxypyrene (1-OHP), correlated with those of PM> s, levoglucosan and PAHs in personal PM; s
samples. This finding indicates that several urinary OH-PAHs, in particular 2-NAP, are potential
exposure biomarkers to wood smoke. On the contrary, 1-OHP may not be a reliable biomarker.
Compared with levoglucosan and methoxyphenols, OH-PAHs might be better biomarkers, based on
sensitivity, robustness and stability, especially under suboptimal sampling and storage conditions,
like in epidemiological studies carried out in less developed areas. A disadvantage of 1-OHP as a
marker of wood smoke exposure is that it is not very selective due to the ubiquitous nature of PAHs

in the environment.

The current concerns to promote clean residential biomass burning solutions provide an
opportunity to produce robust, specific, and fieldready biomarkers of wood smoke exposure to
identify populations at greatest risk and to monitor the effectiveness of interventions (Rylance et al.,

2013).

2.4. Contribution of residential biomass combustion to the

atmospheric levels

Several studies have addressed the ambient levels of carbonaceous aerosol across the world
aiming to quantify and identify the sources of OA. Quite a few showed the impact of biomass burning
on the reported concentrations at rural background sites (e.g. Pio et al., 2007; Querol et al., 2008,
2013; Ricard et al., 2002; Salvador et al., 2011; Yttri et al., 2007; Zappoli et al., 1999) and at urban
environments (e.g. Glasius et al., 2006; Querol et al., 2008; Saarikoski et al., 2008; Sillanpii et al.,
2005; Viidanoja et al., 2002; Yttri et al., 2007, 2009). Residential biomass combustion can have a
substantial contribution to the PM carbonaceous levels. In Finland (Helsinki), the contribution of
biomass burning to the PM; OC content was estimated to be 41% during winter (Saarikoski et al.,
2008). In Switzerland (Zurich), the contribution of this source to OC in PM;y was approximately
41% in winter (Szidat et al., 2006). In Spain (Barcelona), 60% of OC in PM; was reported to arise
from non-fossil carbon sources (Minguillén et al., 2011). Within the CARBOSOL project (Present
and retrospective state of organic versus inorganic aerosol over Europe: implication for climate,
EVK2-2001-00113), source apportionment of PM 5 aerosol in five rural/remote sites in Europe was
performed. It was observed that, in winter, primary OA from biomass burning had a significant
contribution in all sites, ranging from 11 to 64% (Gelencsér et al., 2007). In Berlin (Germany),

Wagener et al. (2012) also reported that biomass burning dominates the organic fraction in the cooler
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months. Fountoukis et al. (2016) found out that a major source of total primary OA concentrations
in the Paris urban atmosphere was residential wood combustion, contributing to approximately 40%
during the winter season. Even in Las Vegas (USA), where most homes are heated by natural gas or
electricity, biomass burning OA comprised 9 to 14% of the organic matter (Brown et al., 2016). In
China, as illustrated by a recent review, the particle-phase mass in biomass burning emissions tends
to be dominated by carbonaceous matter. The reviewed data showed that despite being present over
the whole year it was possible to observe seasonality in biomass burning contribution to PM pollution
in the country. The contribution of the biomass burning related OA was in the range of 15% (summer)

to 30% (winter) (Chen et al., 2017).

The atmospheric mass concentrations of levoglucosan have been reported in several studies,
ranging from 0.32 ng m~ at a maritime background site (Chichi-jima), in the western-north Pacific
during summer, to 3040 ng m™ at an urban site (Libby, Montana) in winter. From Table 2.3, it is
possible to observe a difference > 150 between the levoglucosan mean concentration at urban sites
in winter (3040 ng m=, Libby) and summer (19.4 ng m~, Gent). Very wide mean levoglucosan
concentration ranges are also found in the literature for traffic (14.9 — 947 ng m~3), rural background
(20 — 916 ng m~) and urban background sites (19.1 — 963 ng m=). Ambient levoglucosan
concentrations at continental and maritime background sites have been reported to be in the range of
7.8 — 24.4 and 0.32 — 5.2 ng m™>, respectively. Marked seasonal variations in concentrations have
been documented by several authors for different types of monitoring sites. The mean concentration
of levoglucosan observed in winter was reported to be > 20 times higher compared to summer by

several authors (Yttri et al., 2005; Giannoni et al., 2012; Puxbaum et al., 2007; Zdrahal et al., 2002).

The assessment of the impact of the different source emissions at receptor sites has been
performed using different techniques, such as the multivariate statistical models Positive Matrix
Factorisation (PMF) (e.g. Maenhaut et al., 2016; Nava et al., 2015), Chemical Mass Balance (CMB)
(e.g. El Haddad et al., 2011; Perrone et al., 2012), radiocarbon method (e.g. Budhavant et al., 2015;
Szidat et al., 2006; Zhang et al., 2015) and the aethalometer model (e.g. Favez et al., 2009; Herich et
al., 2011). More recently, following the development of the Source Finder (SoFi) interface, the
multilinear engine (ME-2) factorisation tool is being widely used in source apportionment studies
(e.g. Canonaco et al., 2013; Milic et al., 2016). Over the years, several researchers have performed
intercomparison studies to evaluate the different source apportionment approaches (e.g. Bullock et
al., 2008; Favez et al., 2010; Lee et al., 2008; Martinsson et al., 2016). The identification of PM
sources is the key to design effective abatement measures in areas where the legislation thresholds
are exceeded. In recent years, many researchers have paid special attention to source apportionment,

and new insights regarding the PM sources have been gained. A wealth of publications, with focus
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on identification and apportionment of airborne PM in the atmosphere, pointed out biomass burning

as a major contributor to the atmospheric levels in wintertime.

The AIRUSE (Testing and development of air quality mitigation measures in Southern
Europe) project main goal was to generate a harmonised data set of particulate matter sources across
the Mediterranean region. In doing so, a one-year sampling campaign was performed in order to
determine the PMio and PM s levels and composition following the same sampling and analysis
protocol in Barcelona (Spain), Porto (Portugal), Florence and Milan (Italy) and Athens (Greece). The
particulate 24 h samples were analysed for carbonaceous content, ions, major and trace elements and
levoglucosan. In order to conduct the source apportionment of PMio and PM» 5, the USEPA PMF5
receptor model was applied to the data sets for each city (Amato et al., 2016). Large variability in
biomass burning contribution among Porto (traffic site), Florence, Milan and Barcelona (urban
background sites) and Athens (suburban background site) were observed. While a very high degree
of natural gas penetration in the Spanish city is clearly reflected in very low contributions from
biomass burning to the atmospheric PM levels, the extensive use of wood in residential combustion
appliances in other cities, especially in Portugal and Italy, contributes to high inputs from this source.
Within the European project TRANSPHORM (Transport related Air Pollution and Health impacts -
Integrated Methodologies for Assessing Particulate Matter), source apportionment results for PMo
and PM, s were obtained for 20 urban areas in Europe (Table 2.3). The sampling campaigns were
conducted between October 2008 and April 2011 and covered an entire year in each of the study
areas. At each site, samples were taken over three 14-day periods spread over a year, in different
seasons. In each area, five stations and a reference site were monitored simultaneously, representing
all different site types (regional background, urban background and traffic). PMF was employed to
determine PM sources for two particle size fractions, PM s and PMo. For PM, s mass, cities included
in the study were grouped into four main clusters. The first cluster included northern European cities
such as Copenhagen (Denmark), Helsinki (Finland), Oslo (Norway) and Manchester and
London/Oxford (United Kingdom). The second cluster was Vienna (Austria) and Gyor (Hungary),
geographically close and similar (landlocked) cities. The third cluster included cities as
geographically diverse as Paris (France), Athens (Greece) and Kaunas (Lithuania). The third cluster
was, however, spatially distinct from the first cluster. The fourth cluster consisted of Gyor (Hungary)
and Turin (Italy). With the exception of Gyor (Hungary), there was a clear north/south divide in the
cities. Southern cities (e.g. Athens, Rome and Barcelona) were in the first cluster, while cities further
north (e.g. Helsinki, Copenhagen, and Oslo) were in a different cluster. Due to climatic and social
differences, there is a north/south divide to wood burning across Europe, and this has been reflected

in the clustering pattern (NILU, 2011).
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Location and type of site Period Mean (ng m3) Range (ng m™) PM fraction References
Traffic
Vienna (Austria) 2004 (winter) 230 -240 PMio Caseiro et al. (2009)
2004 (summer) 30-40
Graz (Austria) 2004 (winter) 740
2004 (summer) 90
Salzburg (Austria) 2004 (winter) 300
2004 (summer) 50
Sondrio (Italy) 2005 Feb 21-27 885 PMio Piazzalunga et al. (2010)
Milan (Italy) 2006-2009 (winter) 947+189 PMzs Perrone et al. (2012)
2006-2009 (summer) 33+11
Florence (Italy) 2009 - 2010 (winter) 355 PMzs Giannoni et al. (2012)
2009 (summer) 14.9
Porto (Portugal) 2013 Jan - 2014 Jan 387 PMazs Amato et al. (2016)
Urban
Bakersfield (California) 1995 Dec - 1996 Jan 2390 PMzs Nolte et al. (2001)
Fresno (California) 1995 Dec - 1996 Jan 2980
Gent (Belgium) 1998 (winter) 477 121 -1133 PMio Zdréhal et al. (2002)
1998 (summer) 194 4.1-34.6
Missoula (Montana) 2003 Aug 14-18 860 — 6091 PMzs Ward et al. (2006)
Graz (Austria) 2004 (winter) 860 PMio Caseiro et al. (2009)
2004 (summer) 100
Salzburg (Austria) 2004 (winter) 330
2004 (summer) 50
Libby (Montana) 2004 Nov - 2005 Feb 3040 PMzs Bergauff et al. (2008)
Dettenhausen (Germany) 2005 Nov - 2006 Mar 806 35-3223 PMio Bari et al. (2010)
Brno (Czech Republic) 2009 (winter) 326 PMzs Kitmal et al. (2010)
2009 (summer) 47.1
§lapanice (Czech Republic) 2009 (winter) 572
2009 (summer) 55.6
Geeveston (Tasmania) 2009 Mar - 2010 Nov 2430 720 - 6020 PMio Reisen et al. (2013)
Bologna (Italy) 2011 Nov - 2011 Dez 1043+490.4 PMzs Pietrogrande et al. (2015)
2012 Oct - 2012 Nov 288.9+143.9
2013 Jan - 2013 Feb 259.4+98.9
2013 Sep — 2013 Oct 34.6+£23.8
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2014 Jan — 2014 Feb 300.8+117.8
Urban Background
Gent (Belgium) 2000 Nov - 2001 Mar 420 96 — 1900 PMio Pashynska et al. (2002)
2001 May - 2001 Sep 19.1 9.1-27
Zurich (Switzerland) 2002 Aug - 2002 Sep 70+30 PMio Szidat et al. (2006)
2003 - Feb 620+160
Lycksele (Sweden) 2002 Jan - 2002 Mar 897 16.5 - 2335 PMio Hedberg et al. (2006)
Oslo (Norway) 2001 Nov - 2001 Dec 166 nd — 475 PMio Yttri et al. (2005)
Vienna (Austria) 2004 (winter) 190 — 220 PMio Caseiro et al. (2009)
2004 (summer) 20-30
Graz (Austria) 2004 (winter) 450
2004 (summer) 80
Salzburg (Austria) 2004 (winter) 250
2004 (summer) 30
Cantu (Italy) 2005 Feb 21-27 963 PMio Piazzalunga et al. (2010)
Milan (Italy) 385
Mantova (Italy) 569
Helsinki (Finland) 2006 Mar - 2007 Feb 64+87 PM, Saarikoski et al. (2008)
Vindinge (Denmark) 2005 Feb - 2005 Abr 3134237 55-917 PMzs Glasius et al. (2008)
Goteborg (Sweden) 2005 Feb - 2005 Mar 60+30 PMzs Szidat et al. (2009)
§lapanice (Czech Republic) 2009 - Feb 420 PMi Kitmal et al. (2010)
570 PMzs
Brno (Czech Republic) 2009 - Feb 220 PM,
320 PMzs
Barcelona (Spain) 2009 Feb - 2009 Mar 60 PMzs Reche et al. (2012)
Florence (Italy) 2009 - 2010 (winter) 371 PMzs Giannoni et al. (2012)
Ealing (United Kingdom) 2010 Jan — 2010 Feb 19021 PMio Fuller et al. (2014)
Kensington (United Kingdom) 180£20
Westminster (United Kingdom) 162+18
Islington (United Kingdom) 17119
Greenwich (United Kingdom) 180+20
Bexley (United Kingdom) 190£21
Borgerhout (Belgium) 2010 Feb - 2011Feb 81%* 11.9 - 300%* PMio Maenhaut et al. (2012)
Gent (Belgium) 69* 14.8 — 330*
Antwerpen (Belgium) 2011 Jun - 2012 Jul 61* 17.9 — 185%* PMio Maenhaut et al. (2016)
Gent (Belgium) 82* 23 -191*
Brugge (Belgium) 62%* 11.5 - 142%*
Oostende (Belgium) 39* 8.6 —122%*
Lens (France) 2011 Mar - 2012 Mar 10-310 PMio Waked et al. (2014)
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Granada (Spain) 2012 Nov -2013 Feb 250 PMio Titos et al. (2017)
Florence (Italy) 2013 Jan - 2014 Jan 255 PMzs Amato et al. (2016)
Milan (Italy) 274
Barcelona (Spain) 20
Suburban background
Elverum (Norway) 2002 Feb - 2002 Mar 407 134 -971 PMio Yttri et al. (2005)
Livorno (Italy) 2009 - 2010 (winter) 117 PMzs Giannoni et al. (2012)
2009 (summer) 6.2
Mechelen (Belgium) 2010 Feb - 2011 Feb 95%* 13.8 — 330%* PMio Maenhaut et al. (2012)
Riccione (Italy) 2011 Mar - 2011Apr 200100 PMzs Vassura et al. (2014)
Athens (Greece) 2013 Jan - 2014 Jan 37 PMazs Amato et al. (2016)
Rural Background
Kosetice (Czech Republic) 2009 Feb - 2010 Apr 125+111 PMzs Schwarz et al. (2016)
2009 - 2010 (winter) 237
2009 - 2010 (summer) 20
Hamme (Belgium) 2010 Feb - 2011 Feb 200%* 18.1 — 640* PMio Maenhaut et al. (2012)
Lier (Belgium) 82%* 13.2 - 300%*
Retie (Belgium) 78%* 10.9 - 270%*
Houtem (Belgium) 34 5.2-138
San Pietro (Italy) 2011 Nov - 2011 Dez 916.0+£389.3 PMzs Pietrogrande et al. (2015)
2012 Oct - 2012 Nov 233.2+114.6
2013 Jan - 2013 Feb 252.9+110.7
2013 Sep - 2013 Oct 38.8+£25.9
2014 Jan - 2014 Feb 341.9£129.6
Rural
Aveiro (Portugal) 2002 Jul - 2004 Jul 517 19.6 — 1651 PMzs Puxbaum et al. (2007)
K-Puszta (Hungary) 2002 Jul - 2004 May 309 13.0-922
R&6 (Sweden) 2005 Feb - 2005 Mar 40+20 PMio Szidat et al. (2009)
Lille Valby (Denmark) 2005 Feb - 2005 Abr 168+89 21-312 PMzs Glasius et al. (2008)
Dettenhausen (Germany) 2005 Nov - 2006 Mar 806 35-3223 PMio Bari et al. (2010)
Bosco Fontana (Italy) 2005 Feb 21-27 405 PMio Piazzalunga et al. (2010)
Reserve Oasi Le Bine (Italy) 2006-2009 (winter) 502+134 PMzs Perrone et al. (2012)
2006-2009 (summer) 132
Grove (Tasmania) 2009 Mar - 2010 Nov 400 170 — 940 PMio Reisen et al. (2013)
Continental background
Puy de Dome (France) 2002 Oct - 2004 Oct 17.0 1.6 -46.5 PMzs Puxbaum et al. (2007)
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Schauinsland (Germany) 2002 Oct - 2004 Oct 24.4 7.2-555

Sonnblick (Austria) 2002 Oct - 2004 Oct 7.8 <0.7-55.6

Maritime background

Chichi-jima (western-north Pacific) 2001 -2004 (winter) 2.2 0.43-15 TSP Mochida et al. (2010)
2001-2004 (summer) 0.32 0.017-1.6

Azores Islands (Portugal) 2002 Jul - 2004 Jul 5.2 0.3-19.2 PMazs Puxbaum et al. (2007)

nd — not determined; *median concentrations
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In Athens and Catalonia, two regions in common to both the TRANSPHORM and AIRUSE projects,
domestic heating was estimated to contribute up to 37% of the PM levels. However, mixed signals
of long range transport, domestic heating and other industrial and combustion sources made it
difficult to separate biomass burning itself. It should be noted, however, that the TRANSPHORM
and AIRUSE data are not directly comparable. In fact, while the source apportionment results of
TRANSPHORM refer to multi-station monitoring, within AIRUSE one urban site was monitored in
each target city. For example, in TRANSPHORM, the Catalonia study area covered two cohorts
placed in the cities of Sabadell and Barcelona, and a third cohort spread over the Girona region.
These cohorts comprised urban background, traffic and rural sites, covering towns next to the sea to
countryside and Pyrenean locations, where biomass burning is much more entrenched. Contrary to
what happens in Barcelona, where natural gas is the main energy source, in rural areas and small
towns of Catalonia, due to the widespread use of wood fuels, emissions of biomass burning in
wintertime have been found to contribute to exceedances of the BaP target value (annual average) of
1 ng m~* (Querol, 2014). The regional emission inventory carried out in 2008 in the Italian region of
Lombardy showed that residential wood combustion in small appliances is the major source of BaP,
representing 77% of the total emissions. In particular, traditional woodstoves, closed fireplaces and
open fireplaces are the major contributors accounting, respectively, for 32%, 23% and 19% (Gianelle
et al., 2013). It should be noted that, due to its carcinogenicity, BaP is regulated in the European
Union by the 4th Air Quality Daughter Directive (2004/107/EC). Belis et al. (2011) conducted a
study in 2007 and 2009 at ten air quality monitoring stations in the North Italian Po Plain and
Valtelline Valley. Emissions from biomass burning accounted for 74 + 32%, 79 + 18%, 85 + 33%,
and 84 + 46% of all BaP sources, respectively, at a kerbside in Milan, six urban background stations
in the Po Plain, two rural background stations in the Po Plain, and an urban background station in the
Valtelline Valley. BaP measurements in 2010 were above the threshold value at 38% of the EMEP
monitoring stations. Exceedances are most predominant in central and eastern Europe, although they
are also observed in Bulgaria, Germany, Ireland, the United Kingdom, France and Greece (EEA,

2012).

As already stated, biomass burning can significantly contribute to the aerosol loads in many
regions of the world (Tables 2.4 and 2.5). In previous works, the input of this source was estimated
to account for 11 — 13% of the PM mass at some traffic sites in Switzerland and Germany (Gianini
et al., 2012; Gu et al., 2011). Contributions from 0.8% (Izmir, Turkey) to 44% (Rockwood, USA)
have been apportioned in suburban background sites (Kim et al., 2003; Yatkin and Bayram, 2008).
Annual average inputs of 12 — 13% have been found at urban background sites in French and Swiss

cities (Bressi et al., 2014; Gianini et al., 2012; Waked et al., 2014).
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Table 2.4. Contribution of wood combustion and/or domestic heating to PM levels in different European regions, as estimated by the TRANSPHORM project (NILU,

82

2011).

Location and type of site Source Key compounds PM fraction Source contribution (%)
Belgium and Netherlands Combustion K, Zn, Br, Pb, AC, S PMzs 52.5
Wood combustion K, levoglucosan, Br, Zn, Pb PM2:5 (inc. org) 36.9
Denmark, Copenhagen Domestic heating Pb, K, Zn, Se, Br, AC PM2s 33.1
Pb, OC, Zn, K, S PM2.5 (inc. org) 27.6
Pb, Zn, As, AC, S, K PMio 32.0
Finland, Helsinki and Turku Domestic heating Pb, S, Zn, K, AC PM2s 35.7
Long range transport (LRT) heating Pb, S, Zn, Br, Cr, K PM2.5 (inc. org) 34.6
Secondary, industrial, domestic heating Pb, S, Zn, Br, AC PMio 24.1
France, Paris Combustion (mixed including LRT) Cl, Ni, K, Br, Pb, AC, S PM2s 37.7
Domestic heating Cl, PAHs, OC, Ni, K PMa2.5 (inc. org) 26.4
Mixed combustion/Domestic heating/SIA Pb, S, Se, Ni, Zn, As, AC PMio 36.6
Germany, Munich Domestic heating K, Rb, Pb, Zn, As, AC PMzs 42.9
PAHs, levoglucosan, benzanthrone, K PM2.5 (inc. org) 22.2
Pb, K, AC, S, Zn, As, Se, Br, Rb PMio 41.2
Greece, Athens SIA/Combustion Se, As, S, K PMa>s 253
Domestic heating PAHs, OC, K PM2.5 (inc. org) 12.8
Combustion (biomass burning/coal/industry) Se, Pb, AC, Zn, Ni PMio 20.1
Greece, Heraklion Combustion (burning of agricultural waste) K, As, Br, Ni, V, AC PM2s 17.5
Germany, Ruhr Area Domestic heating Cl, Br, Rb, K, Pb; AC PMzs 19.3
Cl, Br, As, V PMio 20.8
Hungary, Gyor Combustion (domestic heating) K, Zn, As, Rb, Br, AC, Pb PM2 s 41.7
Cl, As, K, Zn PMio 20.8
Italy, Rome Wood combustion, domestic heating Rb, K, Br, Pb, AC, Zn PM2s 38.9
Biomass combustion K, Rb, Pb, AC, Br PMio 24.1
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Italy, Turin Domestic heating K, Pb, Ni, Br, Zn PM2s 48.9
Combustion, heating Cl, Ni, Rb PMio 24.4

Lithuania, Kaunas Combustion (domestic heating) Zn, Pb, K PM2s 27.7
Pb, Zn, K, AC, S PMio 17.5

Norway, Oslo Domestic heating Pb, Zn, K, AC PM2s 36.1
PAHs, levoglucosan PM2.5 (inc. org) 17.3

Domestic heating / Other combustion sources  As, AC, Zn, Rb PMio 28.4

Sweden, Stockholm Domestic heating Pb, Zn, AC, S, K PM2s 239
Pb, S, Na, V, Br, AC PMio 15.5

Switzerland, Lugano Domestic heating Pb, K, AC, Zn, Br, Ni PM2s 39.5
Pb, Br, Zn, Ni, AC, K PMio 38.5

United Kingdom, Manchester Combustion (including domestic heating) Pb, Br, K, AC PM2s 30.3
Domestic heating/SIA Pb,Zn,Ni, V, S, AC, K PMio 24.3

United Kingdom, London and Domestic heating Cl, Na, Pb, Br, K PM2s 24.7
Oxford Combustion (biomass burning, coal, industry)  Cl, PAHs, Pb, Br, As, Zn, K PM2:5 (inc. org) 24.9
Combustion (domestic heating) As, Br, Pb, AC, K, Cl, Zn PMio 304

Spain, Catalonia Domestic heating K, Br, Pb, AC PM2s 37.2
Austria, Voralberg Domestic heating and road salt Na, Cl, K, Zn, Pb, AC PMio 25.0

AC: absorption coefficient; SIA: Secondary inorganic aerosols
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Around 14 and 27% of the PM wintertime levels have been assigned to biomass burning in the Alpes
and in a nature reserve, respectively, in Italy (Perrone et al., 2012). The annual mean contributions
in Milan and Florence determined within the AIRUSE project are in the range of these latter
percentages. From measurements previously carried out at urban background sites in Athens, it has
been estimated that biomass burning emissions represented 15% of the fine particle mass (Karanasiou
et al., 2009). This value is in line with the current estimate of the AIRUSE project for the same city
(10% of PM25). In accordance with what has been observed in the AIRUSE project, in earlier works,
lower contributions (< 8%) have also been determined for Barcelona (Dall'Osto et al., 2013; Reche
et al., 2012; Viana et al., 2013). Despite the sampling campaign in Porto was carried out at a traffic
station, it was observed that, following vehicle emissions and sea salt, biomass burning is the most
significant source, accounting for 17% of the PM, s levels. The fractional contribution from this
source to PM,s and PM;y doubles on exceedance days (> 50 ug m=). It is worth noting that
approximately half of the exceedances were recorded in winter months, indicating the input from

residential wood combustion to the atmospheric PM levels (Amato et al., 2016).

2.5. Conclusions and future directions

Currently, air pollution from residential biomass burning is a major global environmental
and health concern. In the EU, the recent economic crisis increased the practice of household biomass
burning as it is cheaper than using the primary energy sources (e.g. oil and natural gas). On the other
hand, the replacement of fossil fuels by renewable energies has been politically encouraged. The
knowledge of particulate matter emission factors is of utmost importance to define strategies for
pollution control. Emission factors are also necessary for updating inventories, which, in turn, are an
essential input to mathematical models that estimate air quality. Results from several studies, together
with disaggregation of emissions factors by technology and fuel type, lead to quite large differences,
especially between old-type residential appliances versus advanced residential energy conversion
systems, such as modern woodstoves, and automatic pellet stoves and boilers with higher combustion
efficiency. New technologies for biomass burning can perform far better than traditional systems,
but their progress and application are advancing gradually. These systems are user-friendly
presenting potential advantages, such as automatic control, and enabling a reduction in fuel
consumption and emissions. The compilation of a large number of measurements is important since

improved emission inventories also require emission factors to be linked to activity data.
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Table 2.5. Biomass burning contribution to PM levels estimated by receptor models for different regions around the world.

Elt;c;gtor ﬁ't? Scia:gon and type ig:?f(;mg Sampling campaign tI‘)rlZ[c tion BB contribution to PM mass (%) References
Spring Summer Fall Winter Average
Urban background
PMF (9 factor Lens (France) 2011-2012 Sampling over 1 year (Mar-Mar). PMio 4 - 18 25 13 Waked et al.
solution) Daily samples. Every third sample (2014)
was analyzed.
PMF (7 factor Paris (France) 2009-2010 Sampling over 1 year (Sep-Sep). PM2 s 1 - 18 22 12 Bressi et al.
solution) Daily samples. (2014)
PMF (9 factor Barcelona (Spain) 2009 Sampling from Feb to Mar 2009 PM2 s - - - - 3 Reche et al.
solution) (winter) and Jul 2009 (summer). (2012)
Samples collected every 4 days (24
h samples).
PMF (9 factor Barcelona (Spain) 2010 Sampling from Sep to Oct 2010. PM:z s - - 6 - - Dall’Osto et
solution) Hourly-resolved samples (streaker al. (2013)
sampler).
PMF (4 factor Barcelona (Spain) 2011 Sampling from 12 to 21 Jan. PM PMa s - - - 8 - Viana et al.
solution) concentrations by optical counters (2013)
(10 min time resolution) and 24 h
samples.
PMF (8 factor Barcelona (Spain) 2013-2014 Sampling over one year (Jan-Jan). PMzs - - - - - Amato et al.
solution) Samples collected simultaneously (2016)
every third day (24 h samples).
PMF (10 factor ~ Florence (Italy) - - - - 20
solution)
PMF (8 factor Milan (Italy) - - - - 17
solution)
PMF (9 factor Zaragoza (Spain) 2003 - 2004 Samples collected every week. PMio - - - - 6 Callén et al.
solution) Sampling from Apr 2003 to Jul (2009)
2004.
PMF (7 factor Milan (Italy) 2006 Sampling from Jun to Jul (summer) PMio - 1 - 14 - Bernardoni et
solution) and Nov to Dec (winter). Samples al. (2011)
with 4-hour resolution.
PMF (7 factor Capannori (Italy) 2005 - 2006 Sampling over 1 year (Sep-Sep). PMio 18.3 12.1 522 520 36.8 Nava et al.
solution) Samples collected during 15 days (2015)

every 15 days (24 h samples).
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86

PMF (6 factor Zurich 2008 - 2009 Sampling from Aug to Jul. Samples PMio - - - - 13 Gianini et al.
solution) (Switzerland) collected every 4 day (24 h (2012)
samples).
PMF (10 factor ~ Antwerpen 2011 -2012 Sampling from Jun to Jul. Samples ~ PMio 4.6 0.83 145 164 9.0 Maenhaut et
solution) (Belgium) collected every 4 day (24 h al. (2016)
samples).
5.6 1.35 18.5 19.0 11.0
Gent (Belgium)
Brugge (Belgium) 54 1.27 16.6 20.1 10.8
PMF (8 factor Beijing (China) 2000 Sampling in Jan, Apr, Jul and Oct. PM:z s - - - - 11 Song et al.
solution) Samples collected every 6 day (24 (2006)
h samples) at five locations in the
Beijing metropolitan area.
PMF (8 factor San Jose 2002 - 2012 Sampling from Oct. 2002 to Feb. PM2s 16.4 13.5 243 351 24.3 Wang et al.
solution) (California, U.S) 2012. Samples collected every 3 (2013)
day (24 h samples).
PMio - 1 - 18 -
CMB Elms road 2007 - 2008 Sampling from May to Apr. PMas - 0.5 - 0.8 0.6 Yin et al.
observatory site Samples collected every 5 day (24 (2010)
(UK) h samples).
CMB Marseille (France) 2008 Sampling from 30 Jun to 14 Jul. PM:z s - 0.52 - - - El Haddad et
Samples collected continuously on al. (2011)
a 12 h basis.
Urban
PMF (7 factor Athens (Greece) 2002 Sampling at three sites located in PM: - - - - 15 Karanasiou et
solution) the Athens urban area from Mar to al. (2009)
Dec 2002. 24 h samples except for
one sampling site, where four 6-h
samples were taken each day.
PMF (6 factor Chengdu (China) 2011 Sampling in Jan, Apr to May, Jul PMio 7 1 19 16 11 Tao et al.
solution) and Oct. Daily samples. (2014)
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PMF (7 factor Bandung 2002 - 2004 Sampling from Jan to Dec. Samples PMa:s - - - - 20 Santoso et al.

solution) (Indonesia) collected twice a week (24 h (2008)
samples).

CMB [zmir (Turkey) 2004 - 2005 Sampling from Jun 2004 to May PMio 3.8 Yatkin et al.
2005. Samples collected every 6 (2008)
days (24 h samples) on two PMa.s B 0.7 B 12 1.0
sequential days a week (first day
PMio and second day PMa:s).

CMB Milan (Italy) 2006 - 2009 Daily samples collected in summer  PMozs 8-16 1 30 25 - Perrone et al.
and winter. Shorter campaigns in (2012)
spring (2007 and 2008) and fall
(2007) (24 h samples).

COPREM Copenhagen 2002 - 2003 Sampling from 03 May to 22 Dec. PMio - - - - 325 Andersen et

(Denmark) Daily samples. al. (2007)
Rural

PMF (6 factor Payerne 2008 - 2009 Sampling from Aug to Jul. Samples PMio - - - - 15 Gianini et al.

solution) (Switzerland) collected every 4 day (24 h (2012)
samples).

Magadino - - - - 31
(Switzerland)
CMB Churchill pumping 2007 - 2008 Sampling from May to Apr. PM2s - 0.5 - 0.7 0.6 Yin et al.
station site (UK) Samples collected every 5 day (24 (2010)
h samples).
CMB Reserve Oasi Le 2006 - 2009 Daily samples collected in summer  PMa2s - 3 31 27 - Perronne et al.
Bine (Italy) and winter. Shorter campaigns in (2012)
spring (2007 and 2008) and fall
(2007) (24 h samples).
Remote
PMF (14 factor ~ Gosan (Korea) 2001 - 2003 Sampling from 13 to 25 Nov 2001,  PMas - - - - 7.1 Moon et al.
solution) 29 Mar to 11 Apr 2002, 27 Aug to (2008)
11 Sept 2002, 14 to 26 Feb, 6 to 22
Jun 2003 and 18 Aug to 1 Sept
2003 (24 h samples).
CMB Alps (Italy) 2006 - 2009 Daily samples collected in summer  PMazs 2 - 5 14 - Perronne et al.

and winter. Shorter campaigns in
spring (2007 and 2008) and fall
(2007) (24 h samples).

(2012)

Traffic
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PMF (6 factor Augsburg 2006 - 2007 Sampling from Dec to Mar. Daily PMio - - 133 Gu et al.
solution) (Germany) samples. (2011)
PMF (8 factor Porto (Portugal) 2013-2014 Sampling over one year (Jan-Jan). PMazs - - 17 Amato et al.
solution) Samples collected simultaneously (2016)
every third day (24 h samples).
PMF (7 factor Chennai (India) 2008- 2009 Sampling from 10 Nov to 26 Dec PMio - - 0.7 Srimuruganan
solution) 2008, 17 Jan to 16 Feb 2009 and 23 dam et al.
Mar to 13 Apr 2009. Daily samples. (2012)
PMas - - 14
PMF (7 factor Bern (Switzerland) 2008 - 2009 Sampling from Aug to Jul. Samples PMio - - 11 Gianini et al.
solution) collected every 4 day (24 h (2012)
samples).
Suburban
PMF (5 factor Tanumshede 2007 - 2008 Daily sampling from 17 Nov. 2007  PMazs - - 25 Molnér and
solution) (Sweden) to 15 Apr. 2008 (24 h samples) Sallsten
(2013)
PMF (6 factor Lembang 2002 - 2004 Sampling from Jan 2002 to Dec PM2s - - 40 Santoso et al.
solution) (Indonesia) 2003 and from Mar to Dec 2004. (2008)
Samples collected twice a week (24
h samples).
PMF (7 factor Rockwood (USA) 1995 - 1997 Sampling from Jan to Dec. Daily PM:z s - - 44 Kim et al.
solution) samples. (2003)
PMF (6 factor Basel (Switzerland) 2008 - 2009 Sampling from Aug to Jul. Samples PMio - - 14 Gianini et al.
solution) collected every 4 day (24 h (2012)
samples).
CMB [zmir (Turkey) 2004 - 2005 Sampling from Jun 2004 to May PMio 29 Yatkin et al.
2005. Samples collected every 6 (2008)
days (24 h samples) on two PM:z s 0.4 1.6 0.8
sequential days a week (first day
PM o and second day PMas).
Suburban
background
PMF (8 factor Athens (Greece) 2013 -2014 Sampling over one year (Jan-Jan). PMzs - - 10 Amato et al.
solution) Samples collected simultaneously (2016)

every third day (24 h samples).
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Despite all efforts to estimate PM emissions from biomass burning, there is still a pressing need to
implement a common standardized measurement protocol. In the literature, particulate sampling and
dilution methods, as well as the way emissions are reported, present numerous discrepancies. PM
from incomplete combustion in inefficiently operated manual devices consists mostly of
carbonaceous material, i.e., soot and condensable organic compounds, which exhibit high toxicity
and carcinogenic properties, whereas emissions from appropriately operated automatic biomass
combustion systems are mainly composed of inorganic salts. Thus, for non-ideal conditions, as
usually observed in many small scale combustion devices, the concentration of condensable organic
compounds in the flue gas can exceed up to 10 times the mass concentration of solid particles
collected directly on hot filters in the chimney. Therefore, measurements in dilution tunnels or
additional measurements of condensables by liquid quenching lead to far higher PM concentrations
when compared to collection of only hot solid particles. Inventories based on emission factors of
solid particles may significantly underestimate the contribution of residential biomass burning to PM

in the ambient air.

A great deal of improvement with respect to particle mitigation strategies can be made.
Improvements in the batch combustion technology may offer the opportunity of a cost-efficient
decrease of emissions. As shown in this review, several options can be followed to reduce the
formation of pollutants: through the implementation of air staged combustion, by pre-heating the
primary combustion air or by improving the characteristics of the fuel and the way of feeding.
Secondary emission reduction strategies are also available. However, these technologies are not well-
developed for domestic scale applications, would increase costs and maintenance and may even raise
safety issues, such as high-tension voltage loss in ESPs. Prior to any market implementation several
operational and breakdown risks have still to be tackled. Also the test methods for determining the
removal efficiency need improvement and standardisation. Additionally, recent research articles
have outlined that these reduction technologies have effects on particulate physicochemical
characteristics, which can lead to undesired changes in the triggered toxicological responses. For this
reason, it becomes necessary to study and establish relationships between these changes and the
toxicological effects in future research. From the data gathered, it seems that it would be more cost-
effective, and the reduction of emissions greater, if old-type residential combustion appliances are
replaced by new and improved combustion technologies rather than installing depollution
technologies. With regard to human health, emission requirements for the eco-labelling of small-
scale combustion appliances for wood logs and pellets should be mandatory in all countries. The
requirement for selling only certified pellets should also be widespread. Similarly to what has already
been implemented in a few countries, other regulations should be imposed so that aspects such as

storage of wood logs or pellets and transportation are taken into account. For areas that do not meet
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the national particle standards due in part to wood smoke, the local jurisdiction may consider banning
the use of non-certified woodstoves. National governments and regional authorities should support
voluntary woodstove and fireplace replacement/retrofit programmes to motivate households to
replace older technologies with safer, more efficient, cleaner burning technologies. A plan for
education and outreach to the public should definitely be included when introducing burn ban
ordinances or wood burning appliance replacement programmes. Financial incentives may be a
necessity to encourage households to replace or retrofit outdated and inefficient stoves. An eco-
design framework and testing methods have been established and recently published by the European
Committee for standardisation in order to regulate fuel quality, energy efficiency and emissions

related to combustion appliances.

Particles from biomass burning are highly complex mixtures of chemical constituents. The
physicochemical properties of emissions vary largely according to combustion parameters. As
aerosol particles preserve in a certain degree the chemical characteristics of their origin, the detection
of specific chemical compounds is very useful to assess the biomass burning input to the aerosol
loading. Publications dealing with source apportionment of atmospheric particulate matter were
reviewed in the present work. It has been demonstrated that studies worldwide agree on the

identification of biomass burning as a major source of atmospheric particulate matter.

Monosaccharide anhydrides, resin acids, and methoxyphenols have been extensively
reported as organic tracers for wood-fired residential combustion systems. It has been observed that
emissions of individual compounds depend not only on the biofuel, but also on the combustion
temperature, and that significant differences exist, either between biofuels or within combustion
appliances. Thus, no single compound can be proposed as universal biomass burning tracer. To apply
the CMB model, a weighted composite residential combustion source profile based on the usage
patterns of stoves in a given region have to be created, before applying the composite profile in the
mass balance calculations. In addition, the long-term atmospheric stability of some of these products

is still a challenge and remains to be evaluated.

Several aspects related to urinary biomarkers for wood smoke exposure deserve further
investigation, namely interfering factors (e.g. diet), sensitivity, robustness and stability, particularly
under suboptimal sampling and storage conditions, like in epidemiological studies carried out in less

developed areas.

The compilation of emission factors presented herein derived from fresh smoke sampled at
the source that had usually cooled to ambient temperature, but undergone minimal photochemical
aging. Rather few studies have been focused on the post emission processing and, thus, data for
testing or constraining the chemical mechanism in smoke photochemistry models are very limited.

Photochemical oxidation produced substantial new OA. Only a small fraction of this new OA can be
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explained using state-of-the-art secondary organic aerosol models and the measured decay of
traditional SOA precursors. The application of models that explicitly track the partitioning and aging
of low-volatility organics, including water soluble species, should be compared to measurements

with a suite of instruments in chambers.

There is a growing interest in the indirect aerosol effect in climate models, but to fully
represent the effect of aerosol emissions on cloud properties, improved particle number emission
factors are required. It is recommended that optical properties of smoke particles and their
components during aging are studied, as well as morphology, mixing state with urban pollutants and
potentially toxic organics. Such data are essential for modelling of residential biomass burning on
health and climate effects. There is a growing interest in the indirect aerosol effect in climate models,
but to fully represent the effect of aerosol emissions on cloud properties, improved particle number
emission factors are also required. The proper measurement of particle-phase light absorbing carbon
(including BC, weak absorption by OC, and strong absorption by brown carbon) and the best way to
represent this component in models is an area of vigorous research.

In addition to outdoor pollution, indoor smoke particles emitted from cooking and heating
are of particular significance in many places worldwide. Therefore, it would be interesting and urgent
to compare the biological effects of indoor fresh and aged smoke particles that carry various
carcinogenic substances, as ambient fine biomass burning particles are known to contain PAHs and
also their nitrated, hydroxylated, and oxygenated derivatives.

It is expected that the scientific study of residential biomass burning will be productive for
years to come, improving our understanding of climate, health and air quality impacts. Research
should also provide assistance to authorities and relevant stakeholders for the implementation of

measures and technical standards.
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Abstract

The aim of the present study was to evaluate the relationship between fuel certification and
gaseous and PM o emissions and their composition. Two pellets labelled as ENplus A1 (certified
pellets R and P) and a non-certified brand of pellets were tested in a pellet stove. The impact of
operating conditions on emissions was also evaluated. The highest carbon monoxide (CO, 2.7-6.1-
fold) and total organic carbon (TOC, 1.9-11-fold) emissions were observed for certified pellets R.
Nitrogen oxide (NO) emissions were higher for non-certified pellets (2.5-3.2-fold). The compliance
of gaseous emissions with the Ecodesign thresholds was not ensured by certification. Certified pellets
P generated significantly lower PM;o emissions than the other two types of pellets at medium and
nominal loads. Water soluble ions represented from 36 to 68 %wt. of the PM o mass. The combustion
of certified pellets P and non-certified pellets generated total carbon PM;o mass fractions ranging
from 23 to 50 %wt., whereas pellets R resulted in lower mass fractions (7-14 %wt. PMig). The
chromatographically resolved organic compounds were dominated by anhydrosugars and alkanols.

Pyrene and retene were the most abundant among polyaromatic hydrocarbons.

Keywords: Certified pellets; Chemical composition; Gaseous emissions; Non-certified

pellets; Pellet stove; PMo emissions
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3.1. Introduction

Increasing environmental concerns associated with fossil fuel consumption and EU
bioenergy targets led to an increase in renewable energy production and utilization (European Union,
2019). Woody biomass meets an important share of Europe’s renewable-energy demand (AEBIOM,
2017). Among wood-based fuels, pellets offer numerous advantages and are particularly attractive
(Obernberger and Thek, 2010), as evidenced by the strong growth of the pellet market over the years.
In 2017, EU28 countries consumed around 24.1 million tonnes of wood pellets with nine million

tonnes used for residential heating (Bioenergy Europe, 2018).

Key drivers behind the household’s heating system choice are the fuel price (Martinopoulos
et al., 2018; Sandro et al., 2019; Thomson and Liddell, 2015) and also the environmental benefits
(Thomson and Liddell, 2015). Despite the fact that pellet combustion heating devices allow achieving
lower emissions compared with traditional firewood combustion in batch mode operated appliances
(Vicente and Alves, 2018), this technology is strongly dependent on stove/boiler design (e.g. fuel
feeding system: bottom, horizontal or top fed, burner pot configuration) (Polonini et al., 2019; Verma
et al., 2013; Win and Persson, 2014) and fuel physical (e.g. pellet length, particle density, durability,
bulk density) (Garcia-Maraver et al., 2014; Wohler et al., 2017) and chemical properties (e.g. fuel
ash content, S, Cl and K contents) (Lamberg et al., 2013; Schmidt et al., 2018; Tissari et al., 2008)
for optimal performance. Furthermore, the user can still affect the emissions by adjusting the stove
or boiler to operate at different heat output levels (nominal load or partial load). Generally,
researchers found higher gaseous and particulate emissions when the pellet appliance is operated

under partial loads (Schmidl et al., 2011; Venturini et al., 2018, 2015; Verma et al., 2013).

The fuel quality is directly interconnected to consumer’s satisfaction with respect to pellet
based residential heating (Sandro et al., 2019). In fact, besides its impact on emissions, the use of
lower quality raw materials for pellet production, with high content of ash and critical inorganic
elements (e.g. alkali metals, Cl, S and Si), can result in ash related problems (e.g. corrosion, slagging
and fouling) (Carvalho et al., 2013; Fournel et al., 2015a; Ohman et al., 2004; Rabacgal et al., 2013;
Zeng et al., 2016). Taking into account the importance of ensuring the quality of pellet fuels, many
European countries, such as Germany, Austria, Sweden and Switzerland, developed their own
standards (Verma et al., 2011). In order to harmonise the European pellet market, the EN 14961-2
introduced a common standard for residential pellet fuels, which displaced all other national
standards across the EU (e.g. DIN-52731, DIN plus, O-Norm M-7135, SS-187120). The European
standard for wood pellets was followed a few years later by the international standard (ISO 17225-

2). The ENplus certification scheme ensures consumers that the standard requirements are met (EPC,
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2013). Worldwide, the number of countries with ENplus certified producers increased from 7 to 44
between 2011 and 2017. The share of ENplus certified pellets on the European market was 70% in
2017 (Bioenergy Europe, 2018). Over the years, several studies focused on assessing how the fuel
labelling ensures compliance with the European standard requirements for a specific quality class
(Duca et al., 2014; Pollex et al., 2018; Sandro et al., 2019). Duca et al. (2014) analysed chemical and
physical parameters of commercial bagged pellets during a three-year period. The research results
revealed that certification is useful to guarantee a high pellet quality. More recently, Pollex et al.
(2018) evaluated 249 high quality pellet samples to assess the potassium content. The authors
reported huge variation in this ash forming element among the tested samples and highlighted that
the current limitation of fuel ash content is not enough to ensure low ash forming elements, such as
potassium, in the pellets. Several studies have reported linear relationships between PM emissions
and fuel K content (Lamberg et al., 2013; Zeng et al., 2016). Fine particles are mainly formed by
vaporisation of ash forming elements (e.g. K, Na, S, CI and easily volatile heavy metals, such as Zn
and Pb) and subsequent nucleation and condensation due to flue gas cooling (Obernberger et al.,

2006; Obernberger and Thek, 2006; Tissari et al., 2008).

Several studies have focused on emissions from certified pellets. The main goal of most of
them was to compare emissions from pellets manufactured from alternative raw materials with those
obtained from the combustion of a high quality fuel (Mack et al., 2019; Schmidt et al., 2018; Verma
et al., 2012). Other studies reporting the performance of certified pellets aimed to evaluate the effect
of combustion appliance operation on emissions (Schmidl et al., 2011; Verma et al., 2013; Win and
Persson, 2014). More recently, Venturini et al. (2018) investigated the emissions from the
combustion of three wood pellets of distinct quality classes. The combustion of pellets with similar
quality in the same combustion appliance and under similar combustion conditions was performed
by Arranz et al. (2015) and Fachinger et al. (2017). While the study of Arranz et al. (2015) focused
mainly on the gaseous emissions, the latter entails a more detailed characterisation, including PM
emissions and chemical speciation. Fachinger et al. (2017) reported slight differences in the gaseous
emissions and PM chemical composition from the combustion of two types of pellets both complying

with the threshold values defined for class A1l pellets (EN plus Al).

Despite the valuable data provided by the mentioned studies, the emissions from combustion
of pellets sold in the Portuguese market are still poorly typified. The aim of this work was to evaluate
the emissions (gaseous compounds and particulate matter) and the PM chemical composition from
the combustion of two different brands of pellets with certification ENplus Al and one brand of
pellets without certification, all of them manufactured in Portugal. The effect of stove operation on
emissions and PM chemical composition from the combustion of each type of pellets was also

evaluated.
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3.2. Methodology

3.2.1. Combustion experiments

The experimental infrastructure and main features of the combustion appliance used in the
present work are described in detail in previous publications (Vicente et al., 2019, 2015). Combustion
tests were performed using a commercially available residential stove equipped with top feed burner
and with a rated nominal power output of 9.6 kW. Pellets are automatically fed from the stove internal
storage tank to the combustion chamber by an auger screw feeding system and ignited by an electrical
resistance. The combustion air is driven by an electric fan through an intake at the back of the stove
and supplied under the pellet bed through holes in the burner pot. Another internal fan is responsible
for circulating air through a heat exchanger and directing it back to the room. The stove power output
can be set at five different levels through a control panel on the top of the stove. The combustion air
and fuel feed rate are regulated automatically depending upon the chosen load setting. To investigate
the influence of biofuel quality on emissions, three types of pellets were tested: two different brands
of commercial pellets labelled as ENplus Al certified pellets (certified pellets R and P) and non-
certified pellets. For each pellet, three operation conditions were tested including nominal load and
partial load (lowest and medium settings). The fuel feed rate for each fuel was determined by prior
calibration of the screw feeding system for the three levels of power output under analysis. The
measurements were performed in triplicate by recording the time spent to empty a known amount of
pellets from the storage tank as a function of the load setting selected. In addition, the fuel was
weighed before pouring it into the storage tank and after the combustion test in order to verify the
fuel consumption rate. The fuel properties were determined according to international CEN/TS
standards and are listed in Table 3.1. The threshold for the moisture content (<10 %wt.) (EPC, 2013)
was met for all the pellet brands. As regards ash content, pellets R satisfied the requirements for the
Al class (0.7 %wt.), while the other two pellet types had a slightly higher ash content. The carbon,
hydrogen, and sulphur contents of the pellets under analysis in the present study are similar to those
reported in the literature for wood and woody biomass pellets (Obernberger and Thek, 2004).
However, the nitrogen contents of the certified pellets are higher than the maximum values allowed
for the highest quality class (<0.3), whereas the non-certified pellets show a N-content higher than

that allowed for the lowest quality class (<1.0) (EPC, 2013).
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Table 3.1. Proximate and ultimate analysis of pellet types used in the combustion experiments.

Proximate analysis Unit Certified pellets R Certified pellets P Non-certified pellets
Moisture® wt. %, as received 7.2 £0.04 8.0+0.03 7.3 +0.03
Ash® wt.%, dry basis 0.43 £0.03 0.77 £0.01 0.84 £ 0.01
Ultimate analysis®
C wt.%, dry basis 49.7 48.7 49.4
H 6.3 6.1 6.2
N 0.71 0.78 1.02
S <0.01 (Lq) <0.01 (Lq) <0.01 (Lq)
O (by difference) 42.9 43.7 42.5
Lowerheadng vy kg 18.47 18.50 18.53

Lq - limit of quantification; * CEN/TS 14774; ® CEN/TS 14775; ¢ CEN/TS 15104; ¢ CEN/TS 14918

The flue gas temperature was monitored at several points along the combustion and exhaust
system (combustion chamber, at the pellet stove exit and at the exit of the chimney) using K-type
thermocouples (Table 3.2). The flue gas composition was monitored continuously using a Fourier
transform infrared spectrometer (FTIR, Gasmet, CX4000). The determination of the O
concentrations was made by a paramagnetic analyser (ADC, O2-700 model) after flue gas drying.

The operational parameters for each pellet type are presented in Table 3.2.

Particulate matter sampling was carried out in a dilution tunnel, under isokinetic and steady
state conditions, through a stainless-steel probe positioned centrally in the dilution tunnel cross

section using a low volume sampler.

Table 3.2. Operating parameters of the stove for the combustion of certified and non-certified pellets.

Pellet type Operation Temperature in Temperature at Fuel mass rate  Power O (%)

mode the combustion the exit of the  (kgh) output
chamber (°C) chimney (°C) (kW)

g;flztf;eﬁl Low power 548 £17.7 68.3 +0.31 0.92 +0.12 4.7 1534023
Medium power 540 + 15.9 70.5+9.3 1.05 +0.04 54 15.5£0.56
High power  617+9.9 85.6 +0.45 1.19 +0.10 6.1 14.3 +0.34

g;rlztf;eg Low power 744 £5.0 942 +2.43 1.26 +0.08 6.5 14.0+0.21
Medium power 718 +24.2 99.6 + 0.65 1.48 +0.03 7.6 14.4+0.28
High power 740 +21.4 112 £1.31 1.74 £0.11 8.9 13.8+0.31

ggiztcsertiﬁed Low power 648 £61.9 67.6 +2.00 1.32+0.05 6.8 1124031
Medium power 717 +9.6 85.0+1.79 1.55+0.03 8.0 11.3+0.32
High power  775+4.8 89.3 +10.2 1.84 +0.09 9.5 10.9 +0.16
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The sampler (TECORA, model 2.004.01) encompasses the PMo sampling head, a pump operating
at 2.3 m*® h'!, and a control and data storage unit. The mean gas velocity and temperature, in the
dilution tunnel and chimney exit, were monitored by a Pitot tube (Testo AG 808) and K-type
thermocouple, respectively. PM;o samples were collected on pre-baked (6 h, 500 ‘C) quartz fibre
filters (Pallflex®) and weighted with a microbalance (RADWAG 5/2Y/F).

3.2.2. Analytical techniques

Organic and elemental carbon: The carbonaceous particulate fractions were quantified by a
thermal optical method. Organic carbon (OC) was measured in a nitrogen atmosphere and elemental
carbon (EC) in a 4% oxygen 96% nitrogen atmosphere at controlled heating. Correction of pyrolytic
conversion of OC to EC was achieved by monitoring the transmission of light through the filter with
a laser beam and a photodetector. A non-dispersive infrared (NDIR) CO, analyser quantifies
continuously the CO; released from the thermal volatilisation and oxidation of different carbon

fractions.

Water soluble ions: Ion chromatography analysis was performed by means of an ICS-5000
instrument (Thermo Scientific) equipped with an auto sampler and ion-exchange columns. For the
analysis of anions, the instrument was equipped with Ionpac AS11-HC-4 pm (2 x 250 mm), mobile
phase: 30 mM potassium hydroxide. For analysis of cations, the instrument was equipped with a
DIONEX Ionpac CS16 analytical (3 x 250 mm), mobile phase: 30 mM methanesulfonic acid. After
electrochemical suppression (AERS 500 (4 mm) and CERS 500 (4 mm) suppressors), quantification
was performed with a conductivity detector. Calibration was performed using external standards
diluted from a stock solution supplied by Thermo Scientific. A portion of each sample (2 punches 9

mm) was extracted with Milli-Q water (1.5 ml) under ultrasonic agitation (30 min).

Organic compounds: Portions of the filter replicate samples were combined and firstly
extracted by refluxing dichloromethane (300 ml) for 24 h. After filtration, the pieces of filter were
subsequently extracted by sonication with methanol (75 ml, 30 min). The total organic extract,
obtained from the two extraction procedures, was dried and then fractionated by vacuum flash
chromatography with silica gel into different classes of organic compounds. The different organic
extracts were subsequently dried before the analysis by gas chromatography-mass spectrometry (GC-
MS). Before the analysis, fractions that included more polar compounds (alcohols, acids and sugars)

were silylated in sealed vials with N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA).
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3.2.3. Statistical analysis

The significance of differences between emissions under distinct operational loads and types
of pellets was evaluated by one-way ANOVA, followed by Bonferroni’s post hoc test. Three
measurements were performed for each pellet type under each operational condition. In the absence
of normality or homogeneity of variances, as assessed with Shapiro-Wilk and Levene’s tests,
respectively, the transformation of the variable was performed. Pearson correlations were computed
and the respective coefficient were presented as r. A value of p < 0.05 was considered statistically

significant. All the statistical analyses were performed with IBM SPSS Statistics Version 24.

3.3. Results and discussion

3.3.1. Gaseous emission factors

CO emission factors (EFs) varied according to fuel and stove operation mode (Table 3.3).
The highest CO EFs were recorded during the combustion of certified pellets R (2.7-6.1-fold) under
the three operational conditions tested (p < 0.05) and were inversely correlated with the temperature
in the combustion chamber (r = —0.849, p = 0.004). The temperatures recorded in the combustion
chamber were significantly lower during the combustion of this type of pellets in comparison with
the temperatures reached during the combustion of pellets P and non-certified pellets (p < 0.05).
Temperature is an important factor on the fuel reaction rates, hampering an efficient fuel conversion
if too low (Brunner et al., 2009). The physical characteristics of pellets (pellet durability, proportion
of fines, pellet length and diameter) can affect the combustion performance and consequently the
emissions (Garcia-Maraver et al., 2014; Obernberger and Thek, 2004; Wohler et al., 2017). In fact,
Wohler et al. (2017) burned three softwood pellet samples, differing only in length, and reported a
decrease in the fuel mass flow into the combustion chamber for longer pellets. The authors argued
that this reduction led to an increase in the level of residual oxygen, which decreased the combustion
temperature, resulting in higher CO emissions for the combustion of long pellets compared to short
pellets.

The influence of stove operation on CO EFs was only significant for the certified pellets.
The trend observed for these two pellet types was distinct. While the combustion of pellets P
generated lower CO EFs under minimum load operation in comparison with both medium and

nominal load (p < 0.05), CO EFs from pellets R were significantly lower at nominal load than under
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medium power output (p < 0.05). Venturini et al. (2015) reported 1.4 times higher CO emissions for
the combustion of wood pellets in a stove at partial load than those at nominal load. More recently,
a similar trend was observed by the same researchers for three different quality pellets (Venturini et
al., 2018). A more accentuated difference in CO emissions under different load operations was
reported by Tissari et al. (2008) (10-fold) and by Schmidl et al. (2011) (15-fold) for the combustion
of wood pellets. CO emissions can be highly variable, even using automatically fired stoves and high
quality pellets (Table 3.3).

In small scale combustion systems, nitrogen oxides are mainly formed from the fuel nitrogen
since the temperatures necessary to activate the other two mechanisms (thermal and prompt NOy
formation) are not reached (Brunner et al., 2009; Nussbaumer, 2003). In the present study, NO EFs
were similar for both certified pellet brands at all operation modes and similar to the EFs reported by
Win and Persson (2014) (Table 3.3). On the other hand, the combustion of non-certified pellets
resulted in NO EFs 2.5-3.2-fold higher (p < 0.05) in comparison with certified pellets, which might
be related to the fuel N content (Table 3.1).

The main compounds contributing to the TOC emissions were formaldehyde (CH-O),
propane (CsHs) and ethane (C,Hs) for the combustion of certified pellets R and P, and non-certified
pellets, respectively. The TOC and individual hydrocarbon EFs are displayed in Fig. 3.1. Under the
minimum operation mode, certified pellets R generated significantly higher TOC emissions (4.6-6.1-
fold) than the other two types of pellets (p < 0.05). When operating the stove at medium power
output, certified pellets R and P generated the highest and the lowest TOC emissions, respectively (p
< 0.05). Nominal load operation led to 2.5-4.8-fold significantly lower emissions from pellets P in

comparison with the other pellet types (p < 0.05).

The release of SO, varies as a function of the fuel sulphur content (Carvalho et al., 2013),
which is generally low in woody biomass fuels (Vassilev et al., 2010). In the present study, the
sulphur content of pellet fuels was below the quantification limit. Thus, the SO, EFs were low,
ranging from 0.59 + 0.46 to 6.4 + 2.8 mg MJ™' (Fig. 3.2). A significant difference between the
medium and nominal loads was only registered for certified pellets R. Under nominal loads, no
significant differences were observed in the SO2 EFs from the combustion of different pellet types.
Partial loads led to significantly lower emissions from the combustion of non-certified compared
with the certified pellets P (lower load) and R (medium load). The SO» EFs obtained in the present
study are comparable with those previously obtained for the combustion of wood pellets (Brassard
et al., 2014; Fachinger et al., 2017). Higher SO- emissions were reported by Orasche et al. (2012) for
the combustion of certified pellets (20-87 mg MJ™") in a pellet stove under different operation

conditions.
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Table 3.3. CO, NO, NOy and PM EFs (mg MJ!) found in the present study and comparison with data from the literature.

Fuel Certification PM fraction  Operation mode Cco NO NOx PM Reference
Certified pellets R (ENplus Al) ~ PMjo Low power 589 + 111 66.1 £1.34 105 £0.502° 37.7+1.60  This study
Medium power 710 £44.1 62.0 £2.81 101 £4.89° 40.5 +£1.48
High power 407 £ 135 65.0+2.94 101 £5.96° 44.5 +£1.04
Certified pellets P (ENplus Al) Low power 122+ 11.4 64.1 £0.578 98.4 +£0.887° 36.2+6.19
Medium power 149 £2.34 68.9 £3.78 106 +5.79° 21.9+1.61
High power 151 £5.30 70.1 £2.55 107 £3.91° 23.2+2.59
Non-certified pellets Low power 182 +56.3 179 £12.9 276 £19.0° 29.8 £9.68
Medium power 117 £38.3 198 + 8.64 303 £13.5° 43.5+4.83
High power 108 £23.2 172 £6.19 264 +£9.49° 46.2+1.01
TSP Partial load 259 £7.53 79 £1.53 N/A 78 £9.5¢ -
DIN+ pellets Nominal load 176 £5.13 83153 N/A 4693  venturinietal (2018)
N/A Cold start 1390 N/A 256 110¢
EN 14961-2 ) Orasche et al. (2012)
Nominal load 413 N/A 165 36°¢
ENplus Al pellets (1) PM, Full cycle® 400 + 60 N/A N/A 1134 Fachinger et al. (2017)
ENplus Al pellets (2) 430 £ 60 N/A N/A 17 £5¢
DIN+ pellets PM Nominal load 66 - 78 N/A N/A 56 - 77°¢ Ozgen et al. (2014)
DIN+ pellets TSP Nominal load 193 +12 N/A 80 +20 23 +3¢ Schmidt et al. (2018)
SS 187120 PMas High power 16 £2 63+1 N/A 55+ 3¢ Win and Persson
Medium power 2342 63+1 N/A 43 +6° (2014)
Low power 48 £5 60 +1 N/A 55 +5¢
ONORM M7135/ DIN+ pellets ~ PMjo Start-up phase 116 N/A 81.2 8.5¢ Schmidl et al. (2011)
Full load 33.2 N/A 83.2 7.9¢
Partial load 488 N/A 78.6 3.0¢

Full and partial load operation, start-up, load change and shut down procedures; "NOx as NO; N/A - information not available; °dilution tunnel; ‘consecutive ejector

diluters; “chimney
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Hydrogen fluoride (HF) EFs were low (Fig. 3.2) and similar to the EFs reported in the
literature for the combustion of wood pellets (Vicente et al., 2019). Although no significant
differences among operational loads for each pellet type was recorded (p < 0.05), EFs were
significantly higher for non-certified pellets in comparison with the certified biofuels (p < 0.05) for
all operating conditions. Hydrogen chloride (HCI) emissions also showed the influence of the burnt
fuel, being higher for certified pellets P than for the other two pellet fuels (p < 0.05) for all operating
conditions, which might indicate higher Cl content in this type of pellets. The HCl EFs obtained in
the present study (Fig. 3.2) are comparable to those documented in previous studies for the
combustion of wood pellets (Brassard et al., 2014; Lamberg et al., 2013; Tissari et al., 2008; Vicente
et al., 2019).
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Figure 3.1. Emission factors of TOC and individual hydrocarbons (CHa4, CoHe, CoHa, C3Hs, C¢Hi4 and
HCHO) from pellet combustion.

128



Emissions from residential combustion of certified and uncertified pellets

In the present work, NH3 was produced in small amounts, which is in agreement with studies
reporting emissions from woody pelletised fuels (Brassard et al., 2014; Fournel et al., 2015b; Vicente
et al., 2019). The EFs obtained for the combustion of certified pellets were significantly lower than
for non-certified pellets at nominal and medium load operation (p < 0.05). However, the lowest level
of power output generated significantly higher emissions for certified pellets P in comparison with
the other two pellet types (p < 0.05). A positive correlation was found between the power output and
NH; emissions for the combustion of certified pellets R (r = 0.797, p = 0.010) and non-certified
pellets (r =0.767, p = 0.016).

The Commission Regulation 2015/1185 (European Commission, 2015) (implementing
Directive 2009/125/EC - Ecodesign requirements for energy-related products) establishes the
emission requirements for 2022. The CO emissions of the pellet stove were below the regulated limit
(300 mg Nm~ at 13% O,, nominal load) for certified pellets P and non-certified pellets. However,
during the combustion of pellets R, CO emissions (575 + 125 mg Nm™ at 13% O,) exceeded that
limit. Non-optimal combustion conditions, such as low combustion temperatures, can increase CO

emissions, even in automated combustion appliances.
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Figure 3.2. Emission factors of SO,, NH3, HCI and HF from pellet combustion.

As discussed above, NOx emissions from residential combustion are closely related to the
fuel N content rather than the combustion technology employed. In the present study, NOx emissions

were below the Ecodesign limit (200 mg m™ expressed as NO» at 13% O», nominal load) for the
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combustion of certified pellets but above this value for non-certified pellets (337 £ 31.1 mg Nm~ of

NOx expressed as NO; at 13% O»).

3.3.2. Particulate emission factors

Regardless of type of pellet burned, PMo average EFs ranged from 23.2 + 2.59 to 46.2 +
1.01 mg MJ~" when operating at nominal load. These results are similar to the ones reported in the

literature for the combustion of certified pellets under full load operation (Table 3.3).

The PMio emissions from the combustion of the three pellet types under different loads
presented substantial variations. Pellets P generated the highest PM o EFs at the lowest power output,
which were significantly different from those recorded at the other two operational loads (p < 0.05).
No significant differences were found between the EFs for the operation of the pellet stove at medium
and nominal loads. Contrasting with that, pellets R generated significantly higher PMo emissions at
nominal load than under the minimum and medium level of power output (p < 0.05). Similarly, for
the combustion of non-certified pellets, significantly higher PM emissions were recorded at nominal
load compared with the operation under the lowest level of power output (p < 0.05). Most researchers
found a decrease in PMo emissions when operating pellet stoves at nominal loads (Boman et al.,
2011; Riva et al., 2011; Venturini et al., 2018, 2015). However, Win and Persson (2014) evaluated
different combustion appliances at different loads and reported that for the majority of the units
tested, no linear correlation between particle emission and combustion power was observed. The
authors pointed out that PM emissions may be influenced by the change in fuel load, due to the fact

that the O level and combustor temperature may vary with fuel load and excess air.

Under the minimum power output, PMio EFs were similar, regardless the type of pellets,
while increasing the load led to significant differences, ranging from 1.8 to 2.0-fold, between the EFs
of certified pellets P and the other two types (p < 0.05) (Table 3.3). PM emissions were significantly
lower at increased loads for certified pellets P, whereas no significant differences were recorded
between certified pellets R and non-certified pellets. The PM o emissions were below the Ecodesign
emission limit for all types of pellets. PMio EFs from the combustion of certified pellets R and non-
certified pellets were significantly correlated with the temperature in the combustion chamber (r =

0.733, p=0.025 and r = 0.799, p = 0.010 for pellets R and non-certified pellets, respectively).
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3.3.3. Inorganic ions

The dominant water soluble species in particles resulting from combustion of certified pellets
were sulphate, potassium, chloride and nitrate, which globally represented from 35 to 66 %wt. of the
PMy mass (92-98% of the total ionic content). The major ions in particles generated from non-
certified pellets were chloride, potassium, sulphate and sodium. These ionic species accounted for
43 to 49 %wt. of the PM o mass (92-97% of the total ionic content) (Fig. 3.3). Venturini et al. (2015)
reported a contribution of inorganic ions to total PM in the range from 20 %wt. (partial load) to 37.5
Jowt. (nominal load) during the combustion of pellets in a top fed stove. In the present study, the

contribution of inorganic ions to the PM1o mass was higher.

The significant correlation between potassium and sulphate EFs for both certified pellets (r
=0.791, p=0.011 and r = 0.744, p = 0.022 for pellets R and P, respectively) leads to suppose that
particles consisted mainly of K>SOs. These results are in line with those reported by Sippula et al.
(2007). The authors tested 11 different pellet fuels in a top-fed pellet stove and reported that for the
majority of the fuels, 60-80% of potassium was in the form of K;SO4. The predominance of
potassium, sulphate and chloride for the combustion of woody pellets in automatic appliances has
been reported in other previous studies (Boman et al., 2011, 2004; Lamberg et al., 2011; Tissari et
al., 2008; Venturini et al., 2018, 2015). Despite the lower contributions to PMp mass, ammonium,

lithium, calcium and magnesium were also detected.

The combustion of certified pellets was the only one that made it possible to observe
significant differences in the emission of ionic species. The combustion of pellets R under nominal
loads generated significantly higher potassium emissions (p < 0.05) than the operation at medium

and lower loads.

At the lowest level of power output, no significant differences in the EFs of the ionic species
was recorded for the combustion of the different pellets. However, for increased operation loads, the
ionic composition of particles varied with the type of biofuel, specially the emissions of chloride,
which were significantly higher for non-certified pellets (p < 0.05). During the operation at nominal
load significantly higher emissions of sulphate were recorded for certified pellets R in comparison
with pellets P and non-certified pellets (p < 0.05), while potassium emissions were significantly
different between biofuels (p < 0.05). Also, significantly higher nitrate EFs were recorded for pellets

R compared with pellets P for both medium and nominal loads (p < 0.05).

Several key factors affect the emission of inorganic compounds during biomass combustion,
such as the elemental composition of the fuel, the temperature in the combustion chamber, as well

as the volatility of the element (Czech et al., 2018; Jeguirim et al., 2017; Knudsen et al., 2004; Van
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Lith et al., 2006). In the present study, a positive correlation was recorded between potassium EFs
and the combustion chamber temperature for non-certified and certified pellets R (r = 0.841, p =

0.004 and r = 0.701, p = 0.036 for pellets R and non-certified pellets, respectively).

3.3.4. Carbonaceous content

The OC and EC emissions, in the range from 0.188 to 3.31 mg MJ™! and from 2.22 to 14.9
mg MJ~!, respectively, were affected by both operating conditions of the stove and pellet type burned.
The importance of fuel quality on carbonaceous emissions has been also highlighted in previous
studies. Vicente et al. (2015) reported OC EFs ranging from 7.40 + 1.86 (wood pellets) to 48.7 +£30.9
(agro fuels) mg MJ~!, whereas the EC EFs ranged from 1.77 + 0.44 (wood pellets) to 54.5 + 23.5
(agro fuels) mg MJ~!. More recently, the combustion of laboratory made acacia pellets under partial
load conditions generated EFs of 22.9 + 9.28 mg MJ™! and 6.82 + 2.47 mg MJ™! for OC and EC,
respectively (Vicente et al., 2019). The carbonaceous emissions obtained in the present study for
certified pellets are comparable with those reported by Orasche et al. (2012) and Schmidl et al. (2011)

for the combustion of certified pellets in small scale stoves.

The OC and EC EFs from certified pellets P were significantly higher (p < 0.05) under the
lowest operational setting compared to medium and nominal loads. The differences in the
carbonaceous EFs from pellets R combustion were only substantial for OC, which was significantly
lower under nominal load operation. No significant differences were recorded between the
operational loads tested for the combustion of non-certified pellets. The effect of operating conditions
on the PM carbonaceous content was reported in previous studies. Venturini et al. (2015) documented
a 2.7-fold decrease in TC EFs from nominal to partial pellet stove operation. Tissari et al. (2008)
compared the OC and EC EFs from the combustion of wood pellets under nominal and partial loads,
reporting a 90-fold and a 3-fold increase in EC and OC EFs, respectively, under partial load

operation.

The combustion of certified pellets P and non-certified pellets generated total carbon (TC)
mass fractions in PM ranging from 23 to 50 %wt., while pellets R resulted in lower TC contributions
to the PMjo mass (7-14 %wt. PMio). For the combustion of wood pellets, Venturi et al. (2015)
observed higher TC contributions to PM mass compared to the values of the present study (45-65%
nominal and partial load, respectively). Under minimum and medium operational loads, pellets R
generated 2 to 6-fold significantly (p < 0.05) lower EC emissions in comparison with the other two
pellet types. Under the lowest fuel load operation, no significant differences were recorded for OC

EFs, while under medium loads the emissions were significantly (p < 0.05) lower for certified pellets
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P. Nominal load resulted in significantly higher emissions of both OC and EC for non-certified
pellets. OC EFs from the combustion of certified pellets R were found to correlate negatively with
the potassium EFs (r =-0.780, p = 0.013), while for certified pellets P potassium EFs correlated with
EC instead (r = - 0.760, p = 0.017). OC EFs from both certified pellets correlated with the TOC EFs
(r=0.741, p=0.022 and r = 0.861, p = 0.003 for pellets R and P, respectively).

The OC to EC ratios have been widely used in atmospheric sciences for the apportionment
of emission sources. For wildfires in Southern Europe, OC/EC ratios ranging from 7 to 69 were
reported in PM2s samples (Vicente et al., 2012). In Chinese temples, where incense is burned
intensely, OC/EC ratios were in the range from 2.6 to 17 in PM o samples (Wang et al., 2007). OC/EC
values in the range 1.1-14.1 have been reported in emissions from residential coal combustion (Chen
et al., 2006). OC/EC ratios below 1 have been described in road tunnel studies where fresh vehicle
exhaust emissions represented the dominant source of carbonaceous aerosol (Alves et al., 2016;
Cheng et al., 2010; Pio et al., 2011). In the present study, the OC/EC ratios varied widely, ranging
from 0.04 (certified pellets P, highest power output) to 1.4 (certified pellets R, medium power
output). Thus, the characteristic OC/EC ratios for identifying biomass combustion are not valid for

certified pellets in advanced combustion technology.

For mass balance calculations (Fig. 3.3), the analysed OC was converted into organic matter
(OM), considering an OM/OC ratio of 1.6. The contribution of OM was low, never exceeding 20
Jowt. of the PM o mass (Fig. 3.3).
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Figure 3.3. Chemical composition of PMo (X chemical constituents = OC x 1.6 + EC + inorganic ions) for

the combustion of the distinct pellets under different operating conditions.
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3.3.5. Organic speciation

A large variety of PM-bound organic species were emitted during the combustion of pellets,
namely saccharides, resin acids, polycyclic aromatic hydrocarbons (PAHs), alkanes, sterols, n-
alkanols, phenolic compounds, among others (Tables 3.4 and 3.5). Organic compounds were

dominated by alkanols (non-certified pellets) and saccharides (certified pellets P and R).

Numerous sources contribute to atmospheric n-alkanes, such as higher plant waxes (emitted
from leaf abrasion or from biomass combustion), open burning of plastics, fossil fuel combustion
and biogenic detritus, including microbial sources (Alves, 2008). The relative source input of PM-
bound n-alkanes can be identified by diagnostic parameters, such as the carbon preference index
(CPI), defined as the sum of odd-over even-carbon numbered n-alkanes from Ci; to Css, and by the
carbon number of the compound with maximum concentration in the homologous series (Cmax)-
Natural vegetation waxes consist of longer chain (> Cy) n-alkanes. Oros and Simoneit (2001b)
reported an odd to even carbon number predominance (CPI from 0.5 to 3.4) in conifer wood smoke
particles and Cpax highly variable in the range from Cy to Cs3. Higher CPIs ranging from 2.1 to 11.8
(Oros et al., 2006) and from 2.6 to 6.8 (Oros and Simoneit, 2001a) were reported for the combustion
of grass and deciduous trees, respectively. In the present study, the n-alkane series comprised
homologues from Ci; to Css. The Cmax was observed for Ci; for non-certified pellets and certified
pellets R, while for certified pellets P the maximum was recorded for Cas. For non-certified pellets
and certified pellets R, it was not possible to calculate a CPI value due to the absence of even carbon
numbered n-alkanes. For certified pellets P, the CPI was 1.8. Globally, this organic class represented
a PMo mass fraction of 1.25, 7.96 and 596 pg g~' for non-certified pellets and certified pellets R and
P, respectively. The dominant alkenes in PM;o emitted during the combustion of certified pellets
were octadecene (certified pellets P, 103 pug g~' PMo) and tricosene (certified pellets R, 13.5 ug g™!
PM,o), while non-certified pellets generated a higher PM mass fraction of squalene (12.1 pug g™
PMy).

n-Alkanoic acids were identified as a major compound class in samples from the combustion
of deciduous and conifer trees, as well from grasses (Oros et al., 2006; Oros and Simoneit, 2001a,
2001b). These compounds are a major class in conifer smoke samples as they are the units of plant
fats, oils and phospholipids (Oros and Simoneit, 2001b). In the present study, n-alkanoic acids
showed a strong even to odd C number predominance, with CPI (even-to-odd homologues) of 4.7,
6.0 and 6.3 for PM from non-certified pellets, and certified pellets R and P, respectively. For the
combustion of pellets P, Cnax Was observed at Cis (palmitic acid), which is in good agreement with
literature data on biomass combustion emissions (Oros et al., 2006; Oros and Simoneit, 2001a,

2001b). For pellets R and non-certified pellets, the Cmax Was observed at Cig (stearic acid). This
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organic class represented a PM;o mass fraction ranging from 4.31 (certified pellets R) to 1011 pg g™
(certified pellets P). Unsaturated fatty acids were also detected in PM o from pellet combustion. The
highest mass fractions were recorded for 9-octadecenoic acid (oleic acid) for non-certified and

certified pellets R and 9-cis-hexadecenoic (linoleic acid) for pellets P.

Numerous sources, such as biomass combustion, vehicular exhausts, cooking and marine
bacteria, have been pointed out as contributors to dicarboxylic acids (Kawamura and Bikkina, 2016,
and references therein). In the present study, the most abundant n-alkanedioic acids in PM o samples
were malic, adipic and thapsic acids for non-certified and certified pellets P and R, respectively.
Dicarboxylic acids accounted for PM1o mass fractions ranging from 0.255 (certified pellets R) to 110

ug g7! (certified pellets P).

Alkanols from Cio to C3o, maximising at Cs (certified pellets P and non-certified pellets) and
Ci6 (certified pellets R), were detected in the organic extracts obtained from pellet combustion. In
PM samples from the combustion of deciduous and conifer trees, n-alkanols maximised at Cys, Ca4,
Cog and Cyo (Oros et al., 2006; Oros and Simoneit, 2001a, 2001b). This class of organic compounds
was dominant for non-certified pellets (23,847 ug g~' PMo). The contribution of alkanols to the PMg
mass emitted during the combustion of certified pellets P was also noticeable (21,040 ug g~' PMo),

while certified pellets R generated a lower content of these compounds (2.19 pg g=' PM).

The dominant PAHs in PM;o from the combustion of certified pellets P was pyrene, where
as higher mass fractions of retene were observed in emissions from non-certified and certified pellets
R (Table 3.5). Pyrene has been identified amongst the three most abundant PAHs from biomass
combustion (Nystrom et al., 2017; Orasche et al., 2013; Pettersson et al., 2011). Retene has also been
found as an abundant polyaromatic hydrocarbon from conifer wood combustion in traditional and
improved combustion appliances (Ramdahl, 1983; Shen et al., 2012; Vicente et al., 2016). Globally,
4-ring congeners encompassed from 73.3 (certified pellets R) to 220 (certified pellets P) ug g~' PMo,
representing more than half of total PAHs from the combustion of certified pellets P and non-certified

pellets.

Monosaccharide derivatives from the breakdown of cellulose have been described as the
major organic components in particles from biomass combustion (Simoneit et al., 1999). However,
the temperature range within which these compounds are formed (150-350 °C) (Kuo et al., 2008) is
surpassed in automatically controlled combustion appliances, such as pellet stoves. In fact, these
combustion appliances emit low or undetectable amounts of anhydrosugars (Alves et al., 2017;
Schmidl et al., 2011; Vicente et al., 2015). In the current study, these compounds were present in
samples from the three pellet fuels with levoglucosan encompassing 0.01 to 0.02 %wt. of the particle

mass.
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The levoglucosan to mannosan (L/M) ratio can be employed to distinguish biomass
categories. Lower ratios have been described for softwood (1.3-6.0) and higher ratios (10.9-83.4) for
hardwood combustion (Fine et al., 2001; Orasche et al., 2012; Schmidl et al., 2011, 2008), since the
latter has larger amounts of cellulose than hemicellulose. In the present study, L/M ratios of 6.8, 7.0
and 8.6 were recorded for non-certified pellets and certified pellets P and R, respectively. These
values are higher than the ones (around 2) reported by Alves et al. (2017) for pellet combustion in
the same stove, indicating that characteristic ratios usually employed to trace biomass types are not

suitable for automatically fired combustion appliances.

Other saccharidic constituents have been detected and identified in the smoke plume from a
wildfire, comprising monosaccharides (e.g. erythrose, arabinose, ribose, galactose, glucose,
mannose, fructose and rhamnose), disaccharides (sucrose and maltose) and polyols (glycerol,
erythritol, arabitol, mannitol and inositol) (Vicente et al., 2011). Zhang et al. (2013) reported
significant inositol levels in aerosols from broadleaf shrub combustion, suggesting its potential use
as tracer for green foliage. In the present study, three polyols were detected (glycerol, erythritol and
quebrachitol). Although many other saccharides were present in the samples, its quantification was

not possible due to similar fragmentation patterns and isomerism among many compounds.

Table 3.4. Oxygenated compounds mass fraction (ug g! PMjo) detected in particles emitted in the flue gases

during the combustion of the three pellet types in the stove.

Compounds Non-certified pellets  Certified pellets P Certified pellets R

Saccharides and polyols

Levoglucosan 90.3 68.9 153
Mannosan 13.3 9.88 17.8
Galactosan 8.57 5.68 57.0
Meso-Erythritol 1.34 19.3 0.016
Glycerol 193 211 1.314
Quebrachitol 0.218 nd 0.001
Other saccharides and polyols 6.57 20947 40.6
Total saccharides and polyols 313 21262 269
Phenolic compounds
Benzyl alcohol 37.3 305 30.9
Coniferyl alcohol nd nd 0.148
Vanillin 2.75 3.20 2.54
Vanillic acid bdl 0.481 2.97
Syringic acid 0.051 bdl 0.204
Sinapyl alcohol nd nd nd
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Cinnamic acid

Hydrocinnamic (coumaric) acid
3-Methoxy-4-hydroxycinnamic
(ferulic) acid
Benzoic acid
4-Hydroxybenzaldehyde
4-Hydroxybenzoic acid
4-Phenylphenol
2,4-Di-tert-butylphenol
Resorcinol
4-Hydroxyphenylethanol (tyrosol)
5-Isopropyl-3-methylphenol
2-Isopropyl-5-methylphenol
(thymol)
Isoeugenol
2-Methoxy-4-propylphenol
2,6-Di-tert-butyl-1,4-benzoquinone
Hydroxyacetophenone

Total phenolic compounds
Resin acids
Abietic acid
Dehydroabietic acid
Isopimaric acid

Total resin acids

n-Alkenoic acids

9-Hexadecenoic (palmitoleic) acid
9-12-Octadecadienoic (linoleic)

acid

9-Octadecenoic (oleic) acid
Total n-alkenoic acids

n-Alkanoic acids

Octanoic (caprylic) acid

Nonanoic (pelargonic) acid

Decanoic (capric) acid

Undecanoic acid

Dodecanoic (lauric) acid

Tridecanoic

Tetradecanoic (myristic) acid

Pentadecanoic acid

Hexadecanoic (palmitic) acid

Heptadecanoic acid

1.503
nd

nd

22.0
26.4
1.71
nd
104
0.141
28.3
0.236
nd
1.06
1.56
323

3.30
263

2.84
7.08
1.06
11.0

3.14
2.85

223
28.3

bdl
345
12.8
247
12.1
10.1
80.6
57.5
129
12.0

1.16
nd

nd

32.0
23.6
2.33
nd
1.64
0.343
132
1.67
nd
1.19
0.979
38.6

11.8
556

nd

bdl
0.744
0.744

bdl
0.773

bdl
0.773

bdl

11.2
bdl

1.54
10.6
32.1
139
60.4
363
27.1

10.4
8.15

0.155

0.845
3.98
0.596
0.163
14.7
0.729
nd
nd
1.63
nd
nd
0.965

1.35
80.4

bdl

54.1
1.19
55.3

0.238
0.060

3.64
3.94

0.765
0.619
0.774
bdl
0.133
nd
bdl
bdl
bdl
bdl
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Octadecanoic (stearic) acid
Nonadecanoic acid
Eicosanoic acid
Docosanoic acid
Tetracosanoic acid
Hexacosanoic acid
Total n-alkanoic acids
n-Alkanedioic acids
Butanedioic (succinic) acid
Octanedioic (suberic) acid
1,5-Pentanedioic (glutaric) acid
Butanedioic (malic) acid
Hexanedioic (adipic) acid
Nonanedioic (azelaic) acid
Decanedioic (sebacic) acid
Hexadecanedioic (thapsic) acid
Total alkanedioic acids
Other acids
Glycolic acid
Levulinic acid
3-Hydroxypropionic (hydracrylic)
acid
Glyceric acid
3-Hydroxybutanoic acid
3,4-Dihydroxybutanoic acid
Pinic acid
Citric acid
Podocarpic acid
Lactic (2-Hydroxypropanoic) acid
Pyruvic (2-oxopropenoic) acid
2-Furoic (2-furanocarboxylic) acid
Total other acids
Alkanols
Decanol
Dodecanol
Tridecanol
Tetradecanol
Pentadecanol
Hexadecanol
Heptadecanol
Octadecanol
Docosanol

Tricosanol

138

296
1.81
10.4
9.95
bdl

3.24
673

3.972
bdl
3.876
84.9
2.707
0.964
0.866
2.34
100

32.6
4.70

27.8

72.5
4.44
bdl
bdl
0.850
0.014
nd
nd
nd
143

nd
928
564
9306
12822
129
24.1
20.6
22.4
6.24

300
591
10.2
8.93
37.3
3.36
1011

28.8
19.0
9.16
3.82
43.7
bdl
243
3.57
110

bdl
28.9

31.1

145
6.83
154
bdl
2.53
nd
nd
nd
nd
230

0.910
564
1335
7953
10815
156
40.4
108
48.1
13.6

1.42
bdl
bdl
0.362
bdl
0.237
4.31

bdl
bdl

bdl
bdl
bdl
bdl
bdl
0.255
0.255

bdl
bdl

bdl

bdl
bdl
bdl
10.5
nd
bdl
14.5
0.653
1.75
27.4

0.026
0.658
nd
bdl
0.012
0.920
nd
bdl
bdl
0.004



Tetracosanol nd
Pentacosanol 3.74
Heptacosanol 0.541
Octacosanol 20.0
Tricontanol 1.22
Total alkanols 23847
Sterols
Cholesterol 13.0
B-Sitosterol 6.03
Stigmasterol nd
5-Cholestan-3-ol
(dehydrocholesterol) nd
Total sterols 19.1
Phthalates
Bis(2-ethylhexyl)phthalate bdl
Benzyl butyl phthalate 2.12
Bis(2-ethylhexyl)adipate 1.11
Di-n-butyl phthalate bdl
Diethyl phthalate bdl
Dimethyl phthalate nd
Total phthalates 3.23
Other hydroxyl compounds
2-Methylcyclohexanol 1.15
2,3-Pinanediol nd
1-Monopalmitin 149
1-Monostearin 177
1-Monolauroyl-rac-glycerol 0.448
(-)-Isopulegol nd
Total other hydroxyl compounds 328

nd
1.01
0.591
3.15
1.97
21040

15.8
10.5
nd

nd
26.3

bdl
1.09
2.77
5.74
bdl

nd
9.59

nd
nd
172
191
0.476
nd
363
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0.567
0.005
bdl
bdl
bdl
2.19

bdl
bdl
bdl

bdl
bdl

bdl
1.55
1.18
85.25
bdl

0.01
88.0

bdl
0.026
1.70
13.1
nd
0.016
14.8

bdl- below detection limit; nd- not detected

The alkylphenol 2,4-di-tert-butylphenol was the most abundant (104 pg g~' PMo) phenolic

compound in PM;o from the combustion of non-certified pellets, whereas certified pellets yielded

higher particulate mass fractions of benzyl alcohol (305 and 30.9 pug g™ PM, for certified pellets P

and R, respectively). These two phenolic compounds have been reported in particles from wildfires

(Alves et al., 2011) and combustion of acacia pellets (Vicente et al., 2019). Lignin, a large and

complex polymer in wood tissues, is mainly derived from the polymerisation of p-coumaryl,

coniferyl and sinapyl alcohols. The relative proportions of biomonomers are specific to the class of

plants (Gelencsér, 2004; Simoneit, 2002). In the present study, the methoxyphenols vanillin and

vanillic acid, with a guaiacyl structure, were always present in the particulate samples from certified
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pellets combustion. The presence of products from coniferyl-type lignin pyrolysis and the low mass
fractions of syringic acid indicate combustion of softwood pellets (Gelencsér, 2004; Simoneit, 2002).
Pflieger and Krofli¢ (2017) evaluated the toxicity of guaiacol and its nitro derivatives generated
during its aging in the tropospheric aqueous phase. The authors used the Vibrio fischeri
bioluminescence assay to assess the toxicity and concluded that, according to the European
legislation, all the studied compounds are harmful.

Sterols are constituents of plant lipid membranes and waxes (Oros and Simoneit, 2001a). B-
Sitosterol has been described as the most abundant sterol in wood smoke from wildfires (Vicente et
al., 2011), charcoal combustion in barbecue grills (Vicente et al., 2018) and Chinese cooking, which
is characterised by the high consumption of vegetables (Zhao et al., 2007). In the present study, -
Sitosterol was found at mass concentrations from 6.03 (non-certified pellets) to 10.5 (certified pellets

P) ug g! PMyo, whereas it was below de detection limit for pellets R.

Table 3.5. PAH mass fractions (ug g! PMjo) in the particulate matter emitted in the flue gases during the

combustion of the three pellet types in the stove.

Compounds Non-certified pellets Certified pellets P Certified pellets R
Acenaphthene bdl bdl bdl
Fluorene 7.22 bdl bdl
Phenanthrene bdl 428 1.72
Anthracene 0.067 0.790 0.120
Acenaphthylene nd bdl bdl
Retene 105 88.9 177
Fluoranthene 45.7 96.5 26.9
Pyrene 51.1 101 23.5
Chrysene 33.1 15.7 13.9
Benzo[a]anthracene 12.8 6.90 9.00
Benzo[b]fluoranthene 5.50 bdl 6.91
Benzo[k]fluoranthene 6.18 bdl 5.55
Benzo[e]pyrene 6.52 0.150 5.99
Benzo[a]pyrene 3.58 0.261 6.11
Perylene bdl 0.906 0.157
Dibenzo[a,h]anthracene bdl bdl 0.625
Indeno[1,2,3-cd]pyrene bdl bdl 4.89
Benzo[g,h,i]perylene 0.369 bdl 5.77

Total PAHs 277 315 288

bdl- below detection limit; nd- not detected
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Resin acids are biosynthesised mainly by conifers and their major biomarkers are
diterpenoids that, upon combustion, are released as natural or thermally altered compounds
(Gelencsér, 2004; Oros and Simoneit, 2001b). In the present study, the major natural product in the
PM samples was isopimaric acid, with mass fractions ranging from 0.744 to 1.19 ug g™ PM,.
Dehydroabietic acid has been described as one of the major oxidation products of resin acids (Oros
and Simoneit, 2001b). In the present study, this compound has been detected at mass fractions
ranging from 7.08 (non-certified pellets) to 54.1 (certified pellets R) pg g~' PMo, whereas it was
below de detection limit for pellets P. Dehydroabietic acid has been pointed out as suitable biomarker
for distinguishing combustion emissions of softwood from hardwood (Fine et al., 2004, 2001;
Gelencsér, 2004). However, under atmospheric conditions, this compound may be unstable, suffering
degradation by OH radicals (Lai et al., 2015). Thus, its concentrations may not fully represent the

impact from softwood burning when used as a tracer in source apportionment studies.

3.4. Conclusions

The effects of pellet quality, based on certification criteria, on gaseous and PM emissions
and chemical composition were studied in a top fed pellet stove. Three pellet brands were used,
including two certified pellets (EN plus A1) and one brand without certification. The combustion of
these pellets was studied in the stove under three levels of power output (lowest, medium and
highest).

The chemical properties of the three pellets were compared with the ENplus certification
requirements. Both brands of certified pellets did not fulfil the ENplus A1l standards regarding the
nitrogen content, while one of the certified brands revealed a slightly higher ash content than the
quality criterion. Although the ENplus certification scheme includes audits of certified companies, it
should be mandatory to producers periodically and randomly analyse samples of biofuels since the

quality of the raw material may not be reproducible, compromising the quality of the final product.

The main conclusion that can be withdrawn from this study is that fuel certification does not
totally ensure high combustion performance and low emissions. The combustion of two brands of
ENplus certified pellets, with identical quality class (A1), resulted in distinct emissions and different
behaviour under different operating conditions. Generally, certified pellets P performed better than
the other two pellet types. While the combustion of certified pellets R generated the highest CO and
TOC emissions, noncertified pellets yielded the highest NO emissions and, under nominal load
operation, NH; and carbonaceous compounds bound to PM. In fact, both pellets generated emissions

surpassing the thresholds set by the Ecodesign directive. Despite the high emissions, the highest
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power output and lowest excess of air were observed for the combustion of non-certified pellets. On
the other hand, the lowest temperatures in the combustion chamber were recorded for certified pellets
R. Considering the distinct behavior recorded for each fuel under different loads, it is not possible to
point out the optimal operation condition. The pellet stove employed in this study, like most in-use
stoves across Europe, is not equipped with a complete control system to measure the fuel supply into
the combustion chamber, temperature or flue gas oxygen. The improvement of small-scale
technologies for wood pellet combustion might prevent such high variability in emissions due to
fluctuations in fuel quality. Further research work should also focus on the physical characteristics
of wood pellets and how these parameters affect the combustion conditions and emissions. This
information can be valuable to propose stricter thresholds in European legislation to reduce emissions

from residential biomass combustion.

Substantial differences were observed in the composition of PMo, depending on the biofuel
burned and operating conditions. The combustion of certified pellets P and non-certified pellets
generated higher carbonaceous mass fractions in PMjo than certified pellets R. PM;o was mainly
composed of inorganic constituents, which differed quantitatively with the type of pellet and stove
operating conditions. Potassium, one of the most abundant water soluble ions, was positively
correlated with the combustion chamber temperature for two of the tested fuels. Retene and pyrene
were the dominant PAHs in PM o from pellet combustion. Levoglucosan was detected in all samples
and the highest mass fraction was recorded for certified pellets R (1.7-2.2 times than non-certified
pellets and certified pellets P, respectively). Phenolic compounds were dominated by coniferyl-type
lignin pyrolysis products, in accordance with the composition of softwood lignin. Several other polar
constituents were quantified in PM;o samples also including various types of acids, sterols, and

polyols. The contribution of these compounds to the PMio mass varied with the pellet type used.
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Abstract

Currently, different types of raw materials are under investigation to fulfil the demand for
pellet based renewable energy. The aim of this study was to experimentally quantify and characterise
the gaseous and particulate matter (PMo) emissions from the combustion of a pelletised invasive
species growing in the Portuguese coastal areas. The combustion of acacia pellets in a stove used for
domestic heating led to a noticeable production of environmentally relevant contaminants, such as
carbon monoxide (CO, 2468 + 485mgMJ!), sulphur dioxide (SO», 222 + 115mg MJ™!) and nitrogen
oxides (NOy, 478 + 87 mg MJ™"). Besides gaseous pollutant emissions, substantial particle emissions
(118 + 14 mg MJ') were also generated. Particles consisted mostly of inorganic matter, mainly
alkaline metals, sulphur and chlorine. About 25%wt. of the PM emitted had carbonaceous nature.
The chromatographically resolved organic compounds were dominated by anhydrosugars, especially
levoglucosan (284 pg g”' PMy), and several types of phenolic compounds. Retene (8.77 pug g”! PMo)

was the chief compound among polyaromatic hydrocarbons.

Keywords: Acacia, Gaseous emissions, PMo, OC/EC, Organic markers, Pellet stove
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4.1. Introduction

Policies to increase the use of renewable energy are driving the demand and supply for wood
pellets. Between 2015 and 2016, the production of wood pellets increased from 28 to 29 million
tonnes and was concentrated almost entirely in Europe and North America (FAO, 2017). Europe is
placed first worldwide in terms of wood pellet production and is even expected to further increase
this advantage (Chrystelle and Ryckmans, 2012). Since 2007, pellet production in Portugal has also
grown considerably with Pinus pinaster roundwood as the main raw material used in manufacturing
(Nunes and Freitas, 2016). Apart from the recognised advantages of pelleting of biomass fuels,
(Patzek and Pimentel, 2005) the wood pellet based bioenergy market has been causing economic and
environmental concerns mainly due to its effect on forest ecosystems and their associated services
(Dale et al., 2017; Parish et al., 2018). Despite this major emergent issue related to sustainability of
the wood sourcing, the increasing demand for wood pellets is not expected to change in the near
future (Goetzl, 2015). However, in certain countries of the European Union, it is highly
compensatory to produce electric energy from biomass and the conversion of coal-fuelled power
plants to solely biomass burning units is already a reality (Zakeri et al., 2015). The increasing use of
such fuels in small units for domestic heating has instigated a wealth of publications focused on the
characterisation of emissions from wood pellet combustion (Kistler et al., 2012; Vicente et al., 2015;
Win and Persson, 2014). Additionally, the shortage of conventional raw materials and the availability
of some unconventional pellet feedstocks prompted the investigation of alternatives including
agricultural wastes, herbaceous biomass, waste paper, sludge, among others (Bernhardt et al., 2012;
Miranda et al., 2015; Pizzi et al., 2018; Setiawan and Surachman, 2015; Wang et al., 2011). The main
features affecting emissions from pellet combustion are related to the fuel physicochemical
characteristics. Regarding the chemical composition, the raw materials selected for pellet production
are of utmost importance (Arranz et al., 2015; Carvalho et al., 2013; Garcia-Maraver et al., 2014).
Additionally, the pellets length and diameter, fine content and particle density are also of extreme
importance since such physical aspects regulate the fuel feeding to the burner and, thus, can

remarkably affect the emissions (Verma et al., 2012; Wohler et al., 2017).

Invasive tree species could provide a bioenergy source and offer an opportunity to reduce
the eradication costs of such species (Carneiro et al., 2014). Across the world, trees and shrubs have
been introduced and have invaded many habitats causing impacts on the ecosystems (Wilson et al.,
2011). Biomass pelletisation can increase the energy density of biomass, improve storability and
reduce handling and transport costs. This process is a crucial factor in the transition from fossil fuels

to refined renewable biofuels (Telmo and Lousada, 2011). In Portugal, exotic plants have increased
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during the last two centuries representing more than 15% of the country’s flora (De Almeida and
Freitas, 2001). The area occupied by acacia in this county significantly increased over the last
decades almost doubling between 1995 and 2010 (ICNF, 2013). Acacias were introduced in Portugal
over one hundred years ago in order to control coastal erosion. However, the species has spread and
is now threating the native flora and becoming an environmental issue (Marchante et al., 2008). The
clearance of long term invaded areas is a challenge since the accumulation of seeds allows the rapid
reinvasion of the species after its control (Marchante et al., 2004). Carneiro et al. (2014) studied the
potential of using acacias as bioenergy source and reported that one of the investigated species of the
genus had a biomass production 1.8-3.4 times higher than that of eucalypt (Eucalyptus globulus) 1

year after planting, and almost 5 times in the second year.

The interest in using invasive acacia as source of bioenergy has been raised in previous
studies. Ferreira et al. (2013) and Almeida and Pereira (2014) assessed the combustion and emission
characteristics from acacia pellets in a pellet boiler and in a fluidised bed reactor, respectively.
However, the PM emissions were overlooked, since these studies were focused on gaseous emissions
and operating conditions of the combustion devices. Another previous study evaluated particulate
emissions from the combustion of Acacia longifolia firewood in a residential appliance operated in
batch mode, concluding that the emission characteristics are quite different from those recorded from
the combustion of autochthonous species (Gongalves et al., 2010). In fact, the gaseous emissions
generated during combustion of pelletised fuels are quite different from those of uncompressed
materials, as outlined by Fournel et al. (2015b) and Shen et al. (2012). Therefore, there is still a lack
of knowledge concerning the combustion-related emissions from pellets of acacia, taking into
account its potential as source of bioenergy. The aim of this study was to experimentally quantify
and characterise the particulate and gaseous emissions from the combustion of acacia pellets in a
residential stove in order to assess the suitability of this specific invasive species for pellet

production.

4.2. Methodology

4.2.1. Combustion infrastructure, fuel and experimental procedure

The combustion experiments were carried out using a top-feed pellet stove manufactured by
Solzaima (model Alpes). The pellets are filled into a storage tank through a hatch on the top of the
pellet stove and supplied by means of an auger screw from the internal fuel storage to the burner pot.

An electrical device allows the ignition of the pellets during the stove start-up phase. The activation
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phase was not included in the results. An intake at the back of the stove provides the combustion air
to the combustion chamber, which is driven by an electric fan. The primary air is supplied through
holes in the bottom of the grate, and secondary air is fed above the grate through three holes. The
primary air flow rate was monitored continuously during the combustion process using a mass flow
meter. The flue gas temperature was measured continuously using K-type thermocouples located at
several points along the combustion and exhaust system, including in the combustion chamber, at
the pellet stove exit (flue gas exhaust to chimney, after the exhaust gas fan) and at the exit of the

chimney (Table 4.1).

Table 4.1. Flue gas temperature in the combustion chamber, at the pellet stove exit (flue gas exhaust to

chimney) and at the exit of the chimney.

Combustion chamber (°C) Exhaust of the stove, after the  Exit of the chimney

exhaust gases fan (°C) °O)
Average 468 £82.2 144 £ 11.1 55.5+1.66
Maximum 641 £51.7 158 £5.76 57.0+1.12
Minimum 298 + 134 123 £24.6 53.0+4.41

The combustion flue gas flow rate through the chimney was calculated by monitoring the gas velocity
with a Pitot tube (Testo AG 808). A schematic description of the combustion facility can be found

elsewhere (Vicente et al., 2015).

The pellet stove used in the present study has automated loading process allowing the control
of the heat output by adjusting the pellets feed rate. The power output, as well as the air flow from
the heat exchanger, can be adjusted at five different levels. The average condition, fan level 3, was
chosen to perform the combustion experiments. The fuel feed rate, determined by prior calibration

of the screw feeding system, was 0.86 +0.05 kg h™'.

The gaseous and particulate emission factors (EFs) are presented in milligrams of pollutant
per MJ of fuel supplied to the burner. The fuel mass based emission factor, defined as the mass of
pollutant emitted per unit fuel mass, was converted to energy based EF through the fuel heating

value.

Samples of acacia (Acacia longifolia) were collected, processed and pelletised in a low duty
machine. The whole tree (including bark, tree tops and branches) was used as raw material in this
study. The feedstock was first ground and subsequently compressed to produce pellets of 6 mm in
diameter without adding binders. The determination of fuel properties included moisture, ash content,

volatile matter, C, H, N, and S and calorific value (Table 4.2).
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Table 4.2. Proximate and ultimate analysis of the acacia pellets used as fuel in the combustion experiments.

Proximate analysis Unit Acacia pellets Reference method
Moisture wt.%, as received 10.4 ISO 18134-1:2015*
Ash wt.%, dry basis 2.09 ISO 18122:2015°
Volatile matter 79.9 ISO 18123:2015¢
Fixed carbon (by difference) 18.0+

Ultimate analysis

C wt.%, dry basis 49.6 ISO 16948:2015¢
H 5.81

N 1.39

S 0.09 I1SO 16994:2016°
O (by difference) 41.0

Lower heating value MJ kg'! 18.4 ISO 18125:2017*

2Solid biofuels - Determination of moisture content - Oven dry method - Part 1: Total moisture - Reference method.
®Solid biofuels - Determination of ash content.

¢ Solid biofuels - Determination of the content of volatile matter ash content.

4Solid biofuels - Determination of total content of carbon, hydrogen and nitrogen.

¢ Solid biofuels - Determination of total content of sulphur and chlorine.

fSolid biofuels - Determination of calorific value.

The properties of the acacia pellets produced in the present study were compared with the
quality requirements for wood pellets for small scale use described in ISO 17225-2 (Solid biofuels -
Fuel specifications and classes: Graded wood pellets). Regarding the moisture, ash, nitrogen and
sulphur content, the acacia pellets used in the present study do not fit the standard requirements for

any of the ISO 17225-2 quality classes.

4.2.2. Gas sampling and measurement techniques

A Fourier transform infrared spectrometer (FTIR, Gasmet, CX4000) was used for continuous
monitoring of the flue gas composition. To carry out the flue gas sampling, a probe equipped with a
mineral wool filter at the tip, to prevent the entrance of particles, was inserted at the chimney. The
gas sampled was conducted to the emission monitoring system via a heated sampling line (at 180 °C)

to prevent condensation of gaseous compounds in the flue gas.

4.2.3. Particulate matter sampling and analysis

Particulate matter collection was carried out in a dilution tunnel (hood dilution system),

under isokinetic sampling conditions, using two TCR TECORA in parallel, each one operated at
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2.3 m® h™! (normal temperature and pressure conditions). The mean gas velocity in the dilution tunnel
was monitored by a Pitot tube (Testo AG 808), whereas temperature was measured using a K-type
thermocouple. After adjusting the stove heat level output, the flue gas composition was monitored in
order to evaluate the steady state operating condition. Under steady conditions, two samples of

particles were collected simultaneously for 20 min. This procedure was repeated four times.

The PM; samples were collected on 47 mm diameter quartz fibre filters (Pallflex®) pre-
baked at 500 °C for 6 h. The filters were conditioned for around 24 h in a room with controlled
humidity and temperature before the gravimetric quantification. The filter weighing was performed
with a microbalance (RADWAG 5/2Y/F) and obtained from the average of six measurements

(relative standard deviation less than 0.02%).

Two filter punches of 9 mm were used to quantify the organic (OC) and elemental carbon
(EC) content in each sampled filter by a thermal optical transmission technique. The filter punches
were first subjected to a controlled heating in a non-oxidising nitrogen atmosphere in order to
volatilise the OC. The second step consisted of the EC oxidation in a nitrogen and oxygen
atmosphere. The filter light transmittance measurement allows separating the EC formed by OC
pyrolysis during the first step from the one that was originally in the sample. The CO; released from
the thermal volatilisation and oxidation of different carbon fractions was quantified by a non-

dispersive infrared analyser.

Two filter punches of 9 mm from each filter were extracted with 1.5 ml of ultrapure Milli-Q
water by ultrasonic agitation (15 + 15 min) and then filtered through a 13 mm PVDF syringe filter
(Whatman™). The extracts were injected in a dual-system ion chromatograph (DIONEX, ICS-5000
+ DC, USA) with conductance detector (ICS-5000). A DIONEX Ionpac AS11-HC-4 pm (2 x 250
mm) and a DIONEX Ionpac CS16 analytical (3 x 250 mm) column were used for the analysis of
anions and cations, respectively. A detailed description of the method and the system can be found
elsewhere (Vicente et al., 2018).

Portions of the filters were combined and extracted for 24 h with 300 ml of dichloromethane
and then three times with methanol in an ultrasonic bath (25 ml for 10 min, each extraction). After
each extraction, the extracts were combined and filtered. The total organic extract was concentrated
and then separated into five different organic fractions on an activated (at 150 °C during 3 h) silica
gel column using solvents of increasing polarity. After elution, the different organic fractions were
vacuum concentrated and dried. The extracts were analysed by gas chromatography-mass
spectrometry (GC-MS). Before the chromatographic analysis, the organic fractions corresponding to
alcohols, sterols and sugars/acids, were subjected to a derivatisation process (silylation) using N,O-

bis(trimethylsilyl)-trifluoroacetamide (BSTFA).
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4.3. Results and discussion

4.3.1. Gaseous emission factors

The CO EF from the combustion of acacia pellets in the small-scale stove was, on average,
2468 + 485 mg MJ . In a previous study, performed with the same combustion appliance, CO EFs
ranging from 90.9 to 740 mg MJ~" were reported for four different types of wood pellets (Vicente et
al., 2015), which were 3-26-fold lower than the EF generated from the acacia pellets of the present
study. Under proper combustion conditions, on a well-designed combustion appliance, low CO
emissions are expected from wood pellets, mainly due to the fuel homogeneity and low moisture
content (Perez-Jimenez, 2015). However, large ranges are observed in the literature regarding the
CO emitted from the combustion of pellets (Table 4.3). Wohler et al. (2017) evaluated the effect of
pellet length on the performance of pellet stoves under real life operation conditions and reported
significant variation in gaseous and particulate emissions as a function of the studied physical
parameter. Venturini et al. (2018) investigated the influence of pellet quality on pollutant emissions
from a stove at partial and nominal load. The authors reported CO EFs ranging from 176 to
1117 mg MJ~!, depending on stove operating condition and pellet quality. Aiming at studying the
effect of fuel washing pre-treatment on emissions, Schmidt et al. (2018) burned pellets made of raw
and washed woods (oak, beech and fir) on a pellet stove. The authors reported a reduction on CO
emissions (between 31 and 51%) due to the washing process for all the pellets under analysis. The
CO emissions observed here are much higher than those obtained in other studies for the combustion
of wood pellets (Table 4.3). The average CO EF obtained in this study was similar to the one reported
by Sippula et al. (2007) for the combustion of willow bark pellets in a top feed pellet burner and
lower than the EFs reported by Gongalves et al. (2012) for the combustion of acacia logs in batch
operated combustion appliances (woodstove and fireplace). CO EFs, as well as other products from
incomplete combustion, for the burning of pelletised biofuels are significantly lower than those
recorded for the burning of their raw materials, as underlined by Shen et al. (2012) and Fournel et al.

(2015b).
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Table 4.3. Comparison between CO and NOy EFs data from literature about residential biomass combustion and results of the present study.

Appliance Fuel CO (mg MJ) NOy (mg MJ) Reference
Pellet stove Acacia pellets 2468 + 485 478 + 87.3* This study
DIN+ pellets 193 +12 80 +£20 Schmidt et al. (2018)
Fir pellets 330+ 15 73 £25
Washed fir pellets 225 +£22 70 £ 34
Beech pellets 520+ 16 130 £ 26
Washed beech pellets 396 £22 120 £ 35
Oak pellets 461 + 18 147 30
Washed oak pellets 239 £ 17 136 + 28
Commercial pellets 142 £ 42 56+16 Sippula et al. (2007)
Birch bark pellets 604 + 287 156 +74
Birch stem pellets 283 £ 68 78+ 19
Spruce bark pellets 1926 + 467 189 + 46
Spruce stem pellets 194 £ 60 95 + 28
Alder bark pellets 1013 £ 235 227 £53
Alder stem pellets 237 £ 60 123 +£31
Pine bark pellets 444 + 94 131 £28
Pine stem pellets 150 £ 29 82+16
Willow bark pellets 2564 + 675 282 +74
Willow stem pellets 339 +90 103 + 28
EN plus Al pellets 400 + 60 55 +6° Fachinger et al. (2017)
70% softwood and 30% hardwood 430 + 60 75+ 8*
pellets
Hybrid stove Birch wood logs 1200 - 4000 81 -120* Lamberg et al. (2017)
Commercial softwood pellets 420 - 1430 42 — 60°
Woodstove Acacia wood logs 5361 +1333 N/A Gongalves et al. (2012)
Fireplace 3433 £211 N/A
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In the present study, the average NOx EF (expressed as NO,), was 478 + 87.3 mg MJ~!, which
is far above the average EFs published by other authors for pellet combustion (Table 4.3). High NOx
emissions for the combustion of non-native Acacia dealbata pellets in a pellet boiler have been
reported in a previous study (Ferreira et al., 2013). According to the same study, acacia pellets
emitted 5 times higher NO, than pine pellets. NOx emissions from biomass combustion are mainly
related to the fuel nitrogen content (Perez-Jimenez, 2015). It is worthy to note that the nitrogen
content of the pellets used in the present study was 1.39 %wt (Table 4.2). Sippula et al. (2007) tested
the combustion of pellets made of separate stem and bark materials of five different wood species
and a commercial type of pellets. The lowest NOx emissions were measured for commercial and stem
pellets (56-123 mg MJ ™). For bark pellets, the NOx emissions were slightly higher, ranging from 131
to 282 mg MJ~!. Fournel et al. (2015b) reported NOx emissions ranging from 77 mg MJ~! (wood
pellets) to 299 mg MJ~! (chopped miscanthus).

Regarding the total organic carbon (TOC) EF (71.96 £ 25.78 gC MJ~!), the main compounds
contributing to this emission were methane (25.7%), formaldehyde (24.5%) and ethane (24.0%). EFs
of selected hydrocarbons are displayed in Fig. 4.1. In the present study, a good correlation was found
between TOC and CO emissions (r*=0.98). The CH4 EF recorded in the present study was
25.39 +10.95 mg MJ~". Fournel et al. (2015b) reported CH4 EF ranging from 0.7 to 2.9 mg MJ~! for
pelletised fuels and from 2.9 to 38.2 mg MJ~! for the combustion of chopped biomass fuels in a multi-
fuel boiler. CH4 EFs ranging from 0.23 £ 0.03 (wood pellets) to 28.7 £5.7 (agricultural fuels) mg
MJ-! were reported by Vicente et al. (2015).
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Figure 4.1. Emission factors of CHs, C2Hs, CoHa, CsHi4 and HCHO from the combustion of acacia pellets in

the stove.
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SO, emissions from biomass combustion are formed from the feedstock sulphur content. The
elemental analysis of the pellets used in the present study revealed a sulphur content of 0.09 %wt.,
which resulted in an average SO, EF of 222 + 115 mg MJ™! (Fig. 4.2). The SO; EF is higher than
those reported in the literature for the combustion of wood pellets in a residential combustion
appliance (Lamberg et al., 2013). The SO, emissions from acacia pellets combustion were, however,
comparable to those of Tissari et al. (2008) for the combustion of rape seed bark and rape seed in a
residential cereal burner (224 and 284 mg MJ~!, respectively) and to that of Carvalho et al. (2013)
for wheat bran combustion in a pellet boiler (220 2.7 mg MJ™"). Blending calcium based additives
with the fuel could be a strategy to address the high SO, emissions (Fournel et al., 2015a), preventing
sulphate secondary aerosol formation in the atmosphere. The EFs of other acidic gases (Fig. 4.2),
HCI and HF, were relatively low (0.41 £0.24 and 0.14 +0.04 mg MJ~', respectively). The HCl EF
obtained in the present study is comparable to those obtained by Tissari et al. (2008) for the
combustion of wood pellets in a pellet burner under different loads (0.27-1.07 mg MJ™") and slightly
higher than those found by Lamberg et al. (2013) for the combustion of woody biomasses in a pellet
boiler (0.02-0.27 mg MJ ™). Fuel washing could reduce the acid gas emissions by removal of chloride
and sulphur from the biomass fuel (Gudka et al., 2016). As regards the NHs, the EF obtained for the
combustion of acacia pellets was 1.81 £0.62 mg MJ™" (Fig. 4.2), which is not far above the one

reported by Fournel et al. (2015b), also for the combustion of wood pellets (1.20 mg MJ™).
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Figure 4.2. Emission factors of SO,, NH3, HCI and HF from the combustion of acacia pellets in the stove.

Detailed gaseous emissions from the combustion of alternative biofuels are of great research

interest to support the adoption of quality control measures for biofuels in order to ensure a clean and
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efficient use in the future. The information obtained can also be useful in awareness-raising
campaigns to avoid the manufacture of poor-quality biofuels in a loosely regulated and supervised

market.

4.3.2. Particulate emission factors

The PMjo EF from combustion of acacia pellets was 118 + 14.4 mg MJ~! (Table 4.4). In a
previous study, Vicente et al. (2015) reported PM;o EFs ranging from 26.6 + 3.14 (wood pellets) to
169 +23.6 mg MJ™! (agricultural fuels). The EFs reported for the combustion of wood pellets in this
latter study were 1.2-4.4 fold lower than those of the current work. The PMio emissions obtained in
the present study were, however, in the higher range of those reported by Venturini et al. (2018) for
medium quality wood pellets (78-120 mg MJ™"). The researchers tested three pellets with different
quality levels in a top feed pellet stove and reported total suspended particles (TSP) EFs ranging
from 46 (highest pellet quality) to 179 (lowest pellet quality) mg MJ~'. Fournel et al. (2015b), based
on sampling from the undiluted flue gas in the chimney, reported a PM EF of 202 mg MJ™! for the
combustion of wood pellets in a multi-fuel boiler. Lower PMiy EFs were documented by
Chandrasekaran et al. (2013) from the combustion of five different grass pellets and wood pellets at
different loads in a pellet boiler. The authors reported higher PMio EFs for grass pellets (21.3 +6.4
to 49.8 £ 3.1 mg MJ ") compared to wood pellets (12.3 £4.2 to 13.4 £ 2.7 mg MJ™") at both low and
high loads. A remarkable decrease in fine particle emissions (92%) was reported by Lamberg et al.
(2017) for the combustion of pellets in a hybrid stove, capable of using both pellets and wood logs
as fuel. PM; EFs ranged from 7.3 to 31 mg MJ~!, depending on the version of the pellet batch burner
tested. Schmidt et al. (2018) documented a two-fold reduction in TSP emissions through the fuel
washing. The wood washing before pelleting allows the removal of some elements from the fuel (e.g.
potassium, sodium, calcium, sulphur and chloride), which are key components for particle formation
during biomass combustion (Deng et al., 2013; Gudka et al., 2016; Schmidt et al., 2018). Important
factors affecting PM emissions are related to the combustion technology, and its operation, as well
as the physicochemical characteristics of the fuel burned. The influence of the fuel properties on
particle emissions during the combustion of pellets has been highlighted in several studies (Fournel
et al., 2015b; Lamberg et al., 2013; Schmidt et al., 2018; Venturini et al., 2018; Vicente et al., 2015).
Features such as the fuel ash content have been found to correlate with the particle emissions

(Chandrasekaran et al., 2013; Khalil et al., 2013; Sippula et al., 2007).
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Table 4.4.Comparison between PM, OC and EC EFs (mg MJ™!) data from literature about residential biomass combustion and results of the present study.

Combustion appliance Fuel PM oC EC PM Reference
fraction mg MJ"!
Pellet stove Acacia pellets PMiy 22.9+9.28 6.82 £2.47 118 +14.4 This study
Pellet boiler Commercial wood pellets  PM; 0.9 0.1 19.7 Lamberg et al. (2011)
Modern masonry heater Birch wood logs 3.6 24 50.7
Conventional masonry heater 11 24 81.4
Conventional masonry heater 19 49 67
Conventional masonry heater 3.5 28 51.6
Sauna stove 160 130 257
Pellet stove Commercial PM, 3.8 0.9 58 Sippula et al. (2007)
birch steam 2.5 0.64 69
alder bark 17 12 473
alder steam 5.2 0.75 129
pine steam 4.1 0.52 47
willow bark 42 7.1 604
willow steam 4.5 1.3 126
Hybrid stove Commercial wood pellets PM, 22 -35 41 -50 92 - 98 Lamberg et al. (2017)
Birch wood logs 1.2-2.5 3.3-20 7.3-31
Woodstove Birch PMiot 2.89-10.8 14.8 - 38.6 23.3-63.6 Nystrom et al. (2017)
Aspen 1.56 - 8.22 20.6-41.3 31.5-72.8
Spruce 278 -14.7 30.5-39.5 49.3-64.4
Pine 2.72-232 25.5-104 353-177
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Furthermore, the fuel content in alkali metals is responsible for the inorganic fraction of the PM
emissions (Lamberg et al., 2013; Sippula et al., 2017; Tissari et al., 2008). Other relevant species is
chlorine, which can increase the volatilisation of alkali metals causing their enrichment in the fly ash
(Gudka et al., 2016). Silicon, on the other hand, can decrease the release of alkali metals to the gas
phase through the formation of alkali metal silicates (Lamberg et al., 2013). Verma et al. (2011)
reported lower particle emissions from the combustion of reed canary grass pellets than from wood
pellets in a pellet boiler. The researchers observed that the silicon content was 2.6 times higher for
the first biofuel, promoting the formation of high density silicates and subsequent deposition as

bottom ash, instead of fly ash particles.

4.3.2.1. Water soluble ions

Particulate water soluble components have been reported to cause adverse effects, such as
oxidative stress, which can result in cell damage (Zou et al., 2016). Thus, the characterisation of the
inorganic water soluble component of PM emissions is of extreme importance regarding the potential
health effects. In the present study, most of the sampled particles consisted of inorganic ionic species.
Water soluble ions accounted for 62.6 +£19.2 %wt. of the PM1o mass (Fig. 4.3). The inorganic mass

fraction in PM;o was found to be inversely correlated with the OC mass fraction (r* = 0.80).
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Figure 4.3. PM o emission factor and PMo chemical composition, from the combustion of acacia pellets in

the stove.
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The most prominent cations were potassium (22.4+6.15 %wt.) and sodium (6.06 £ 3.72
9owt.) and the major anions found in the PM samples were chloride (24.5 £ 6.28 %wt.) and sulphate
(6.93 £2.74 %wt.). A strong correlation between potassium and chloride (1 =0.94) was observed
leading to the supposition that ions are in the form of potassium chloride (KCI). Good correlations
were also found between sodium and chloride (r>=0.83), sodium and sulphate (r>=0.78) and
potassium and sulphate (r>=0.75). These results are in agreement with the findings reported by
Sippula et al. (2007), who investigated particle emissions from the combustion of stem and bark
materials of five different wood species and a commercial pellet product in a pellet stove reporting
that particles were mainly composed of potassium sulphates and chlorides. Although detected,
lithium, calcium, magnesium, ammonium, fluoride, nitrite, nitrate and bromide did not account for
significant percentages of the total ions mass in the PMo of the present study. Phosphate was not

detected in the samples.

Chandrasekaran et al. (2013) reported potassium (33.6-34.1 %wt.) and sulphate (17-24.7
9owt.) as dominant water soluble ions in PM emitted from combustion of wood pellets and potassium
(19.4-32.8 %wt.), chloride (7.34-15.3 %wt.) and sulphate (2.31-24.5 %wt.) in PM emitted from
combustion experiments with grass pellets in a pellet boiler under full and partial load. The
importance of fuel characteristics (four types of wood species) and combustion conditions (nominal
and high burn rates) on particle emission characteristics in a residential wood stove was investigated
by Nystrom et al. (2017). Regarding the PM inorganic fraction, the fuel content had the greatest
effect rather than the combustion conditions. Lower water soluble ionic content (1.4-5.3 %wt. of PM
mass) was found in particles emitted from wood log combustion in batch operated stoves (Calvo et
al., 2015). Gongalves et al. (2010) studied the combustion of common Portuguese woods, including
Acacia longifolia, in a chimney type logwoodstove, and reported much higher ionic content (mainly
chloride, sodium and potassium) in the PM samples from acacia combustion compared to the other
wood types. Acacia longifolia is invasive in many coastal sand dunes (Marchante et al., 2004). Under
saline conditions, plants need to overcome salt stress. Each plant has its adaptive mechanisms, which
determine the plant tolerance to salinity. Under salt stress, it is common to plants to accumulate high
intracellular concentrations of ions, mainly sodium and chloride, which affect the cell uptake and
homeostasis of many indispensable cations, especially potassium and calcium (Morais et al., 2012,
and references therein). Although several studies have documented particulate water soluble
inorganic ions from pellet combustion (Chandrasekaran et al., 2013; Lamberg et al., 2011; Tissari et
al., 2008), the characterisation of specific biofuels is important due to significant differences between

biomass feedstocks.
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4.3.2.2. Carbonaceous content

The total carbon represented 24.9+9.23 %wt. of the PMjo mass emitted during the
combustion experiments of acacia pellets in the stove. The carbonaceous content was dominated by
OC (22.9+9.28 mgMJ™"), which was found to correlate negatively with the temperature in the
combustion chamber (r>=0.76) and with the water soluble potassium in PM;o samples (r> =0.82).
The EC mass fractions in particles were substantially lower (6.82 +2.47 mg MJ ') and increased with
decreasing temperatures in the combustion chamber (r*> = 0.85). In a previous study (Vicente et al.,
2015), OC EFs ranging from 7.40 + 1.86 (wood pellets) to 48.7 +30.9 (agricultural fuels) mg MJ™!
were recorded, whereas the EC contribution to the PMjyp mass ranged from 3 to 47 %wt.,
corresponding to EC EFs ranging from 1.77 + 0.44 (wood pellets) to 54.5 +23.5 (agricultural fuels)
mg MJ~'.

OC and EC emissions from biomass combustion in residential equipment vary broadly in the
literature (Table 4.4). The OC contributions to the particulate mass range from 20 to 75 %wt., 12.5
to 67.9 %wt. and 0.0 to 32.7 %wt. for combustion in fireplaces, woodstoves and pellet stoves/boilers,
respectively. The EC contribution to the PM emissions ranges from 1.1 to 17 %wt., 0.82 to 41.7 %wt.
and 0.0 to 51.2 %wt. (Vicente and Alves, 2018). In the present study, carbonaceous PM emissions
were noticeably lower compared to those from batch fired combustion appliances and are in the range
of those reported for automatically controlled residential combustion equipment.

The average OC/EC ratio obtained for the combustion of acacia pellets (3.33 £0.374) is
similar to the average ratio for combustion of European wood species in a tiled stove (Schmidl et al.,
2008), and is much lower than the OC/EC ratio for the combustion of Southern and mid-European
woods in a fireplace (Calvo et al., 2015), for prescribed burnings of a shrub-dominated forest (Alves
et al., 2010) and for charcoal combustion in a barbecue grill (Vicente et al., 2018).

For mass balance calculations (Fig. 4.3), the analysed OC was converted into organic matter
(OM), considering an OM/OC ratio of 1.6 in the present study (Vicente et al., 2015). OM comprised

a PM mass fraction lower than 30%wt.

4.3.2.3. Organic speciation

The increased focus on potential adverse health effects associated with biomass burning
emissions motivates a detailed characterisation of particulate matter. Some research work addressing
particle-bound organic compounds from pellet combustion has been performed over the years.

However, studies have mainly been devoted to the characterisation of PAHs, due to their recognised
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carcinogenic potential, common biomass burning tracers (e.g. levoglucosan) and some phenolic
compounds (Alves et al., 2017; Orasche et al., 2012; Ozgen et al., 2014; Vicente et al., 2016). The
novelty of this study stands in the detailed chemical characterization of particulate matter emissions,
which is required to associate specific toxicological effects with exposure to combustion related PM.

The chromatographically resolved organic compounds in smoke particles comprised n-
alkanes, n-alkenes, polycyclic aromatic hydrocarbons (PAH), saccharides, sterols, r-alkanols,

phenolic compounds, acids and other oxygenated constituents (Table 4.5).

Table 4.5. Oxygenated compounds detected in particles emitted in flue gases during combustion of acacia

pellets in the stove.

PMo mass fractions = Chemical formula

(ug gh

Saccharides
Levoglucosan 284 CsH 1005
Mannosan 24.2 CsH100s5
Galactosan 10.4 CsH 1005
Arabitol 427 CsH1,05
Maltose 7.78 Ci2H2011
Other saccharides 118

Total saccharides 449

Phenolic compounds
Benzyl alcohol 0.136 C;/HsO
4-Hydroxybenzyl alcohol 0.093 C7Hs0;
Sinapic acid 0.152 C11H120:5
Sinapyl alcohol 1.95 Ci11H1404
Coniferyl alcohol 3.62 CioH 1203
Vanillin 1.48 CsHs0s
Vannillic acid 8.81 CsHsO4
Syringic acid 9.34 CoH 1005
Syringic acid methyl ester 1.60 CioH120;
Syringaldehyde 29.1 CoH 1004
Acetosyringone 3.75 CioH1204
Sinapaldehyde 14.0 Ci11H 1204
Coniferyl aldehyde 4.24 Ci0H1003
Cinnamic acid 0.150 CoHz02
Hydrocinnamic (coumaric) acid 4.20 CoHsOs
3-Methoxy-4-hydroxycinnamic (ferulic) acid 0.49 Ci0H1004
Hydrocinnamic acid, methylester 5.40 Ci10H1202
4-hydroxybenzaldehyde 12.3 C7HsO:
3-Hydroxybenzoic acid 1.77 C7HeO3
4-Hydroxybenzoic acid 2.07 C7HsOs
3.,4,5-Trihydroxybenzoic (gallic) acid 0.16 C7H¢Os
Acetophenone 1.91 CsHsO
4-tert-Butylphenol 1.99 CioH140
4-Phenylphenol 0.151 Ci2Hi100
2,4-Di-tert—butylphenol 11.7 CisH20
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4-Octylphenol 0.071 CisH20
1,2,4,5-Benzenetetrol 0.822 CsHgO4
Catechol 0.773 CsHO2
Resorcinol 3.55 CsHsO2
1-Methyl-3,5-dihydroxybenzene (orcinol) 1.10 C7Hz0,
4-Hydroxyphenylethanol (tyrosol) 0.552 CsHi00:
2-Isopropyl-5-methylphenol (thymol) 0.389 CioH140
Tocopherol 0.030 Cy9H500,

Total phenolic compounds 128

Resin acids
Abietic acid bdl CroH3005
Dehydroabietic acid 4.92 C20H230:
Isopimaric acid 0.398 C20H3002

Total resin acids 5.32

n-Alkenoic and alkanoic acids

9-Hexadecenoic (palmitoleic) acid 0.908 Ci6H3002
9-12-Octadecadienoic (linoleic) acid 1.70 Ci1sH3,0,
9-Octadecenoic (oleic) acid 1.24 CisH340,
Octanoic (caprylic) acid 0.007 CsHi602
Nonanoic (pelargonic) acid bdl CoHi502
Decanoic (capric) acid bdl C10H200,
Undecanoic acid bdl Ci1H2,0,
Dodecanoic (lauric) acid bdl C12H240,
Tetradecanoic (myristic) acid 0.812 C14H250,
Pentadecanoic acid 0.166 Ci5H300;
Hexadecanoic (palmitic) acid 2.77 CisH30,
Heptadecanoic acid 0.096 C17H340,
Octadecanoic (stearic) acid 0.055 Ci1sH360:
Nonadecanoic acid 0.009 Ci9H330,
Eicosanoic acid 0.323 C20H4002
Docosanoic acid 1.78 C2Hus0Os
Tetracosanoic acid 1.90 C24Hu30,
Hexacosanoic acid 0.723 C6H5,0,
Octacosanoic acid 0.542 CasHs602
Total n-alkenoic and alkanoic acids 12.5
Other acids

Pyruvic acid 0.081 C3H403

3-Hydroxypropanoic (hydracrylic) acid 0.854 C3HeOs

3-Hydroxybutyric acid 0.063 C4Hz03

Butanedioic (malic) acid 0.791 CsHeOs

2-Furoic acid 0.184 CsH40O3

1,5-Pentanedioic (glutaric) acid 1.04 CsH304

Henanedioic (adipic) acid bdl CcH1004
Octanedioic (suberic) acid bdl CsH 1404
Nonanedioic (azelaic) acid 0.649 C4H303

Decanedioic (sebacic) acid 0.035 C10H1504
Hexadecanedioic (thapsic) acid bdl C16H3004
Phthalic acid 15.1 CsHeO4

Pinonic acid bdl CoH 1404
Pinic acid 7.21 C9H1404
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Total other acids 26.9

n-Alkanols
1-Decanol 0.003 Ci0H220
1-Dodecanol 0.483 Ci2H260
1-Tetradecanol 2.00 Ci14H300
1-Pentadecanol 0.503 Ci5H320
1-Hexadecanol 0.317 Ci6H340
1-Eicosanol 0.069 C20H420
1-Docosanol 0.217 Cx»Hi60
1-Tricosanol 0.047 Cx3Has0
1-Tetracosanol 2.44 C24Hs500
1-Pentacosanol 0.069 C,sHs5,0
1-Hexacosanol 4.68 Ca6Hs40
1-Heptacosanol 0.087 C»7Hs60
1-Octacosanol 2.51 C,sHss0
1-Tricontanol 0.043 C30He20
Total n-alcohols 13.5

Sterols
Cholesterol 0.222 C27H460
5-Cholestan-3-ol (dehydrocholesterol) 0.005 C27H460
Stigmasterol 0.416 CasHasO
-Sitosterol 1.54 C29Hs500

Total sterols 2.18

Phthalates
Dimethyl phthalate 0.188 CioH1004
di-Butyl phthalate (DBP) 2.74 Ci6H204
di-Isobutyl phthalate (DiBP) 0.232 Ci6H204
Diethylhexyl phthalate (DEHP) 27.2 C2H3304
Bis(2-ethylhexyl) phthalate 20.1 C24H3304

Total phthalates 50.5

Other hidroxyl compounds
Meso-Erythritol 0.003 C4H1004
1,2,3-Hexanetriol 0.020 CeH1403
2-Methylcyclohexanol 0.035 C;H.,.0
Quebrachitol 0.005 C7H1406
Citronellol 0.005 Ci0H200
2,3-Pinanediol 0.011 C10H2002
1-Monopalmitin 1.36 Ci9H3304
Monostearin 2.25 C21H404
Lupeol 3.25 C30H500

Total other hydroxyl compounds 6.94

bdl- below detection limit

Among the short-chain n-alkanes, only undecane was detected. A carbon preference index
(CPI) of 1.65 revealed a slight predominance of odd over even n-alkanes. The homologous series

(C20-C32) maximised for pentacosane and heptacosane. Globally, this organic class represented a
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PMo mass fraction of 520 ug g~'. The only alkene worth mentioning was eicosene (3.25 pg g™
PMy).

The dominant PAH in PM, from the combustion of acacia pellets was retene (Table 4.6).
Vicente et al. (2016) pointed out this alkylated phenanthrene as a major PAH in emissions from
manually and automatically controlled domestic combustion appliances. Overwhelming proportions
of retene were also observed in the organic extracts of particles from the combustion of charcoal
(Vicente et al., 2018) and wildfires (Vicente et al., 2012). Alves et al. (2017) performed in vitro
assays with particles from forest and crop fires in the Amazon region. These particles, not only
induced inflammation, oxidative stress and genetic damage in human lung cells, but also drove over

30% of the cultured cells to death after 72 h of exposure. The main culprit seems to be retene.

Table 4.6. PAH mass fractions in the particulate matter emitted in flue gases during combustion of acacia

pellets in the stove.

Compound ng g PMy
Phenanthrene 60.6
Anthracene 44.6
Carbazole 520
Fluoranthene 1455
Pyrene 2309
p-Terphenyl 342
Retene 8773
Benzo[a]anthracene 4807
Chrysene 6673
Benzo[b]fluoranthene 97.2
Benzo[e]pyrene 1466
Benzo[a]pyrene 2514
Indenol[1,2,3-cd]pyrene 1853
Benzo[g,h,i]perylene 1887

Anhydrosugars were one of the most important groups of organic compounds in smoke
particles from acacia pellet combustion. While levoglucosan derives from the D-glucose units of the
biopolymer (either cellulose or hemicelluloses) that composes the raw material of the pellets, its
stereoisomers, mannosan and galactosan, originate from the mannose and galactose units of
hemicelluloses. Levoglucosan mass fractions in particles emitted in the flue gases from a fireplace

(49.8-149 mg g™!) and traditional woodstove (22.4-232 mg g~') (Vicente and Alves, 2018) were one
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order of magnitude higher than those of the present study. However, it should be borne in mind that
levoglucosan production is highly dependent on the combustion conditions with lower temperatures
leading to higher emission rates (Vicente and Alves, 2018). It has been observed that very efficient
combustion systems that reach high temperatures do not emit detectable amounts of levoglucosan,
regardless of biofuel (Schmidl et al., 2011). The levoglucosan-to-mannosan ratio (11.7) observed in
this study is in the range of values documented for hardwood combustion (Vicente and Alves, 2018,
and references therein).

Many other saccharidic constituents, including monosaccharides, disaccharides and polyols,
were present in PM1o. However, due to similar fragmentation patterns and isomerism among many
compounds, their individual quantification was not possible. Medeiros and Simoneit (2008) detected
many sugar compounds in particulate matter samples from controlled burnings of green vegetation
from temperate climate forests. The presence of many saccharidic compounds was also documented
for aerosols from wildfires (e.g. Alves et al., 2011; Vicente et al., 2011). Graham et al. (2002) argued
that many of these sugars can be primary combustion products from the breakdown of
polysaccharides. They may also be formed directly by volatilisation of plant matter or as products of
the hydrolysis of the corresponding anhydrosugars under the acidic atmospheric conditions created
by the biomass combustion plume. The detection of appreciable amounts of mannitol in the present
study leads to question its use as a tracer for the quantification of airborne fungal spores (Bauer et
al., 2008). Burshtein et al. (2011) had already suggested that mannitol might not be a specific

biomarker for fungi, since it was weakly correlated with ergosterol, another fungal tracer.

The homologous series of n-alkanols from Cio to Cs3, with a clear predominance of even
carbon number compounds, was observed. The most abundant member was hexacosanol, which is
naturally present in the epicuticular wax and plant cuticle of many plant species (Baker, 1982). Acids
comprised resin, n-alkanoic (Ci4-Cas), unsaturated (Cie1, Cis:i and Cig), alkanedioic (C4-Cio),
among other compounds, which, for the most part, were previously detected in particulate matter
emissions from both the residential combustion of firewood (Gongalves et al., 2012) and charcoal in
barbecue grills (Vicente et al., 2018). Although described as ozonolysis products of a-pinene (Ma et
al., 2007), the occurrence of pinic and pinonic acids in flue gas particles suggests that they are
produced by additional mechanisms, including formation during the combustion process and/or
immediate oxidation of gaseous precursors in the smoke plume, as postulated in previous works
involving aerosols from residential biomass combustion processes (Vicente et al., 2018) or impacted
by smoke plumes (Cheng et al., 2011). Similarly, although phthalic acid has been pointed out as a
photochemical oxidation product of aromatic hydrocarbons, such as naphthalene (Kleindienst et al.,
2012), concentrations several times higher during biomass burning episodes compared to non-smoky

periods were reported for a rural site of Northeast China, stressing the complexity of aerosol sources
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(Cao et al., 2017). Fu et al. (2012) described similar temporal patterns of phthalic acid to those of
biomass burning tracers in the Mt. Tai (North China Plain) aerosols. Phthalic was one of the most

abundant acids in the present study.

It is well established that, upon burning, conifer samples (gymnosperms) give rise to 2-
methoxyphenols only, whereas angiosperm samples (e.g. acacia) lead to both 2-methoxyphenols and
2,6-dimethoxyphenols (Kjillstrand et al., 2000). The higher proportion of 2,6-dimethoxyphenols,
such as syringic acid and syringaldehyde, observed in the present study, reflect the long-known lignin
structure of angiosperm plants based on sinapyl alcohol monomers. The significant PM;o mass
fraction of coumaric acid also deserves attention. This acid is important to the secondary metabolism
of plants as it is a precursor of polyphenols, and other phenolic acids (e.g. caffeic and ferulic). It can
be detected in plants in the free form, or conjugated to other molecules, such as amines, organic
acids, alcohols, mono- or oligosaccharides, and lignin (Ferreira et al., 2018). Several alkyl phenols
were also present in the organic extracts. The most expressive was 2,4-di-tert-butylphenol. This is
one of the allelochemical natural compounds present in many plants (Chuah et al., 2016). Some
constituents that have been described as pyrolysis products of coumaryl alcohol (Chuah et al., 2016),
one of the primary lignin monomers, were detected in particles generated during combustion of
acacia pellets. These include hydroxybenzoic acids and 4-hydroxybenzaldehyde. Other phenolic
compounds comprised substituted benzenes, such as catechol, resorcinol, orcinol, tyrosol and
thymol, most of which previously detected in particle emissions from both fireplace and woodstove

combustion (Fine et al., 2004, 2002).

Among plant sterols, B-sitosterol was the most abundant. In residential wood combustion
experiments, this phytosterol was found at very discrepant levels during the combustion of different
wood types, suggesting that it can potentially be used to distinguish between emissions from the
combustion of diverse wood species (Fine et al., 2002). Lupeol, previously identified as a major
pentacyclic triterpene in particles emitted by wildfires (Vicente et al., 2012), as well as in the
pyrolysates of biochar from combustion of various types of wooden briquettes in a manually loaded
boiler (Rizickova et al., 2016), was a significant compound in emissions from acacia pellets. The
detection of monostearin and monopalmitin raises the question of their suitability as tracers of
cooking emissions (Abdullahi et al., 2013, and references therein). Several phthalates were also
present in the PM o samples. These components have been largely used as plasticisers in consumer
products and building materials. They are easily released into the environment. Thus, phthalates have
become ubiquitous environmental contaminants (Li et al., 2018). Since these compounds are not
expected to be emitted during the combustion of woody biomass, it is assumed that biofuel contact

with plastics has contributed to the contamination of the material. However, this supposition is
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merely speculative and further studies are needed to clarify the formation processes of phthalates in

aerosols emitted during biomass combustion.

4.4. Conclusions

At present, there is an increasing search for alternative biomass feedstocks for pellet
production. Despite the bioenergy opportunity that these new raw materials could provide, the
emissions arising from their combustion may be significantly higher causing adverse effects on
human health and the environment. The aim of the present study was to evaluate particle and gaseous
emissions from the combustion of a pelletised invasive biomass species (Acacia longifolia). A
detailed database of gaseous and particulate constituents emitted from the combustion of a new
pelletised biofuel was obtained. The importance of particle properties other than mass concentration
is widely recognised in the assessment of health and climate effects. Pellets of this species have an
energy value comparable to that of other biomasses commonly used and commercialised. However,
the ecosystem where the acacia trees have grown, which is characterised as a coastal salty habitat,
appears to have a major influence on the emissions from the combustion of home-made pellets. In
this study, relatively high emissions of CO were accompanied by emissions of other products of
incomplete combustion, such as TOC. High emissions of NOy, an important precursor for secondary
aerosol formation in the atmosphere, were also recorded. The PMjo mass in the combustion flue gas
was composed mainly of water soluble ions (63 %wt.). This overwhelming proportion of ionic
species was dominated by potassium, chloride, sulphate and sodium. The analysed carbonaceous
constituents constituted 25 %wt. of the PMio mass. The wide variability of biomass properties can
significantly influence the efficiency and environmental impacts associated with its use, constituting
an issue of great research interest. Given that this study gives a detailed insight of the gaseous and
particulate emissions from a fuel manufactured from an abundant biomass, it can support the
subsequent development of a regulatory framework for the control of biomass burning emissions, as
well as the adoption of measures to improve the quality of biofuels and to optimise the combustion

process.

Pretreatment of fuel prior to pelleting can contribute to reducing the emission of gases and
particulates. Natural leaching by rainfall can constitute a low-cost alternative to reduce key elements
in the raw material, which are involved in the formation of pollutants. Fuel blends or the use of
additives upon pelleting, although being a costlier alternative, can be used in order to change the
release of volatile components from the fuel and reduce emissions. The pellet quality is directly

related to their physical, mechanical and chemical properties. For that reason, further research is

174



Emissions from residential pellet combustion of an invasive acacia species

essential to optimise the raw material characteristics, allowing the manufacture of a suitable product
for domestic use. The pellet production process at small-scale units and its influence on the physical
characteristics of the product is also a topic to be investigated. Furthermore, since the air supply is
one of the main features affecting the combustion process, the optimization of air supply could cut
down the emissions and deserves further investigation.

Among the wide range of organic compounds detected, levoglucosan, retene and some
phenolic compounds deserve attention. However, the detection of components such as phthalates,
terpenic acids, monoglycerides and some polyols, whose origin has been attributed to other primary
emission sources or to secondary oxidation processes, makes it impossible to use these constituents
as tracers and indicates that the composition of aerosols, especially those from biomass burning, is
very complex and that the formation mechanisms are far from being fully known, requiring additional

studies.

Acknowledgments

Thanks are given to the POHP/FSE programme and to the Portuguese Foundation of Science
and Technology (FCT) for funding the scholarships = SFRH/BPD/88988/2012,
SFRH/BD/117993/2016 and SFRH/BPD/123176/2016. An acknowledgment is also due for the
financial support to CESAM (UID/AMB/50017), to FCT/MEC through national funds, and the co-
funding by the FEDER, within the PT2020 Partnership Agreement and Compete 2020.

References

Abdullahi, K.L., Delgado-Saborit, J.M., Harrison, R.M., 2013. Emissions and indoor concentrations of
particulate matter and its specific chemical components from cooking: A review. Atmos. Environ. 71,
260-294. doi:10.1016/J. ATMOSENV.2013.01.061

Almeida, D., Pereira, C., 2014. Monitoring Fluidization Quality and Combustion Efficiency of Invasive species
pellets, in: 15" Brazilian Congress of Thermal Sciences and Engineering. Belém, PA, Brazil.

Alves, C.A., Gongalves, C., Pio, C.A., Mirante, F., Caseiro, A., Tarelho, L., Freitas, M.C., Viegas, D.X., 2010.
Smoke emissions from biomass burning in a Mediterranean shrubland. Atmos. Environ. 44, 3024—
3033. doi:10.1016/j.atmosenv.2010.05.010

Alves, C.A., Vicente, E.D., Rocha, S., Vicente, A.M., 2017. Organic tracers in aerosols from the residential
combustion of pellets and agro-fuels. Air Qual. Atmos. Health 10, 37-45. doi:10.1007/s11869-016-
0406-3

175



Chapter 4

Alves, N.D.O., Vessoni, A.T., Quinet, A., Fortunato, R.S., Kajitani, G.S., Peixoto, M.S., De Souza Hacon, S.,
Artaxo, P., Saldiva, P., Menck, C.F.M., De Medeiros, S.R.B., 2017. Biomass burning in the Amazon
region causes DNA damage and cell death in human lung cells. Sci. Rep. 7, 1-13. doi:10.1038/s41598-
017-11024-3

Alves, Vicente, A., Monteiro, C., Gongalves, C., Evtyugina, M., Pio, C., 2011. Emission of trace gases and
organic components in smoke particles from a wildfire in a mixed-evergreen forest in Portugal. Sci.

Total Environ. 409, 1466—1475. doi:10.1016/J.SCITOTENV.2010.12.025

Arranz, J.I., Miranda, M.T., Montero, ., Sepilveda, F.J., Rojas, C. V., 2015. Characterization and combustion
behaviour of commercial and experimental wood pellets in South West Europe. Fuel 142, 199-207.

doi:10.1016/.fuel.2014.10.059

Baker, E.A., 1982. Chemistry and Morphology of Plant Epicuticular Waxes, in: Cutler, D.F., Alvin, K.L., Price,
C.E. (Eds.), The Plant Cuticle. Academic Press, London, pp. 139-166.

Bauer, H., Schueller, E., Weinke, G., Berger, A., Hitzenberger, R., Marr, L.L., Puxbaum, H., 2008. Significant
contributions of fungal spores to the organic carbon and to the aerosol mass balance of the urban

atmospheric aerosol. Atmos. Environ. 42, 5542-5549. doi:10.1016/J.ATMOSENV.2008.03.019

Bernhardt, D., Gebauer, K., Pohl, M., Beckmann, M., 2012. Investigation of the combustion behavior of pulp
pellets in a domestic pellet boiler, in: International Conference on Thermal Treatment Technologies

and Hazardous Waste Combustors. New Orleans, USA, pp. 223-234.

Burshtein, N., Lang-Yona, N., Rudich, Y., 2011. Ergosterol, arabitol and mannitol as tracers for biogenic
aerosols in the eastern Mediterranean. Atmos. Chem. Phys. 11, 829-839. do0i:10.5194/acp-11-829-
2011

Calvo, A.L, Martins, V., Nunes, T., Duarte, M., Hillamo, R., Teinila, K., Pont, V., Castro, A., Fraile, R.,
Tarelho, L., Alves, C., 2015. Residential wood combustion in two domestic devices: Relationship of
different parameters throughout the combustion cycle. Atmos. Environ. 116, 72-82.
doi:10.1016/j.atmosenv.2015.06.012

Cao, F., Zhang, S.-C., Kawamura, K., Liu, X., Yang, C., Xu, Z., Fan, M., Zhang, W., Bao, M., Chang, Y.,
Song, W., Liu, S., Lee, X., Li, J., Zhang, G., Zhang, Y.-L., 2017. Chemical characteristics of
dicarboxylic acids and related organic compounds in PM; 5 during biomass-burning and non-biomass-
burning seasons at a rural site of Northeast China. Environ. Pollut. 231, 654-662.
doi:10.1016/J. ENVPOL.2017.08.045

Carneiro, M., Moreira, R., Gominho, J., Fabido, A., 2014. Could control of invasive acacias be a source of
biomass for energy under mediterranean conditions? Chem. Eng. Trans. 37, 187-192.
doi:10.3303/CET 1437032

Carvalho, L., Wopienka, E., Pointner, C., Lundgren, J., Verma, V.K., Haslinger, W., Schmidl, C., 2013.
Performance of a pellet boiler fired with agricultural fuels. Appl. Energy 104, 286-296.
doi:10.1016/j.apenergy.2012.10.058

Chandrasekaran, S.R., Hopke, P.K., Hurlbut, A., Newtown, M., 2013. Characterization of emissions from grass
pellet combustion. Energ. Fuel. 27, 5298-5306. doi:10.1021/ef4010169

176



Emissions from residential pellet combustion of an invasive acacia species

Cheng, Y., Brook, J.R., Li, S.-M., Leithead, A., 2011. Seasonal variation in the biogenic secondary organic
aerosol tracer cis-pinonic acid: Enhancement due to emissions from regional and local biomass

burning. Atmos. Environ. 45, 7105-7112. doi:10.1016/J.ATMOSENV.2011.09.036
Chrystelle, V., Ryckmans, Y., 2012. Industrial Wood Pellets Report. Enplus.
Chuah, T.S., Norhafizah, M.Z., Naimah, A.H., Ismail, B.S., 2016. phytotoxic activity of the allelochemical,

2,4-di-tert-butylphenol on two selected weed species (aktiviti fitotoksik alelokimia, 2,4-di-tert-
butilfenol terhadap dua spesies rumpai terpilih). Sains Malaysiana 45, 963-967. doi:10.17576/jsm-
2018-4702-07

Dale, V.H., Kline, K.L., Parish, E.S., Cowie, A.L., Emory, R., Malmsheimer, R.W., Slade, R., Smith, C.T.T.,
Wigley, T.B. BEN, Bentsen, N.S., Berndes, G., Bernier, P., Branddo, M., Chum, H.L., Diaz-Chavez,
R., Egnell, G., Gustavsson, L., Schweinle, J., Stupak, 1., Trianosky, P., Walter, A., Whittaker, C.,
Brown, M., Chescheir, G., Dimitriou, I., Donnison, C., Goss Eng, A., Hoyt, K.P., Jenkins, J.C.,
Johnson, K., Levesque, C.A., Lockhart, V., Negri, M.C., Nettles, J.E., Wellisch, M., 2017. Status and
prospects for renewable energy using wood pellets from the southeastern United States. GCB

Bioenergy 9, 1296-1305. doi:10.1111/gcbb.12445
De Almeida, J.D., Freitas, H., 2001. The exotic and invasive flora of Portugal. Bot. Complut. 317-327.

Deng, L., Zhang, T., Che, D., 2013. Effect of water washing on fuel properties, pyrolysis and combustion
characteristics, and ash fusibility of biomass. Fuel Process. Technol. 106, 712-720.
doi:10.1016/j.fuproc.2012.10.006

Fachinger, F., Drewnick, F., Gieré, R., Borrmann, S., 2017. How the user can influence particulate emissions
from residential wood and pellet stoves: Emission factors for different fuels and burning conditions.
Atmos. Environ. 158, 216-226. doi:10.1016/j.atmosenv.2017.03.027

FAO, 2017. Global forest products: Facts and Figures 2016. Forestry Department, Food and Agriculture
Organization of the United Nations. Rome, Italy.

Ferreira, P.S., Victorelli, F.D., Fonseca-Santos, B., Chorilli, M., 2018. A Review of analytical methods for p-
coumaric acid in plant-based products, beverages, and biological matrices. Crit. Rev. Anal. Chem. 1—
11. doi:10.1080/10408347.2018.1459173

Ferreira, T., Paiva, J.M., Pinho, C., 2013. Performance assessment of Acacia dealbata as a fuel for a domestic
pellets boiler. 8" Conf. Sustain. Dev. Energy, Water Environ. Syst. 1-10.

Fine, P.M., Cass, G.R., Simoneit, B.R.T., 2004. Chemical characterization of fine particle emissions from the
fireplace combustion of wood types grown in the Midwestern and Western United States. Environ.
Eng. Sci. 21, 387-409. doi:10.1089/109287504323067021

Fine, P.M., Cass, G.R., Simoneit, B.R.T., 2002. Chemical characterization of fine particle emissions from the

fireplace combustion of woods grown in the Southern United States. Environ. Sci. Technol. 36, 1142—

1451. doi:10.1021/ES0108988

177



Chapter 4

Fournel, S., Palacios, J., Godbout, S., Heitz, M., 2015a. Effect of additives and fuel blending on emissions and
ash-related problems from small-scale combustion of reed canary grass. Agriculture 5, 561-576.
doi:10.3390/agriculture5030561

Fournel, S., Palacios, J.H., Morissette, R., Villeneuve, J., Godbout, S., Heitz, M., Savoie, P., 2015b. Influence
of biomass properties on technical and environmental performance of a multi-fuel boiler during on-
farm combustion of energy crops. Appl. Energy 141, 247-259. doi:10.1016/j.apenergy.2014.12.022

Fu, P.Q., Kawamura, K., Chen, J., Li, J., Sun, Y.L, Liu, Y., Tachibana, E., Aggarwal, S.G., Okuzawa, K.,
Tanimoto, H., Kanaya, Y., Wang, Z.F., 2012. Diurnal variations of organic molecular tracers and
stable carbon isotopic composition in atmospheric aerosols over Mt. Tai in the North China Plain: An
influence of biomass burning. Atmos. Chem. Phys. 12, 8359-8375. doi:10.5194/acp-12-8359-2012

Garcia-Maraver, A., Zamorano, M., Fernandes, U., Rabagal, M., Costa, M., 2014. Relationship between fuel
quality and gaseous and particulate matter emissions in a domestic pellet-fired boiler. Fuel 119, 141—
152. doi:10.1016/j.fuel.2013.11.037

Goetzl, A., 2015. Developments in the Global Trade of Wood Pellets. Washington DC, USA.

Gongalves, C., Alves, C., Evtyugina, M., Mirante, F., Pio, C., Caseiro, A., Schmidl, C., Bauer, H., Carvalho,
F., 2010. Characterisation of PM;o emissions from woodstove combustion of common woods grown
in Portugal. Atmos. Environ. 44, 4474-4480. doi:10.1016/j.atmosenv.2010.07.026

Gongalves, C., Alves, C., Pio, C., 2012. Inventory of fine particulate organic compound emissions from
residential ~ wood  combustion in  Portugal. Atmos.  Environ. 50,  297-306.
doi:10.1016/j.atmosenv.2011.12.013

Graham, B., Mayol-Bracero, O.L., Guyon, P., Roberts, G.C., Decesari, S., Facchini, M.C., Artaxo, P,
Maenhaut, W., Koll, P., Andreae, M.O., 2002. Water-soluble organic compounds in biomass burning
aerosols over Amazonia 1. Characterization by NMR and GC-MS. J. Geophys. Res. Atmos. 107.
doi:10.1029/2001JD000336

Gudka, B., Jones, J.M., Lea-Langton, A.R., Williams, A., Saddawi, A., 2016. A review of the mitigation of
deposition and emission problems during biomass combustion through washing pre-treatment. J.
Energy Inst. 89, 159-171. doi:10.1016/j.joei.2015.02.007

ICNF, 2013. IFN6 — Areas dos usos do solo e das espécies florestais de Portugal continental em 1995, 2005 e
2010. 6° Inventario Florestal Nacional p.34.

Khalil, R.A., Bach, Q.V., Skreiberg, O., Tran, K.Q., 2013. Performance of a residential pellet combustor
operating on raw and torrefied spruce and spruce-derived residues. Energ. Fuel. 27, 4760-4769.
doi:10.1021/ef400595f

Kistler, M., Schmidl, C., Padouvas, E., Giebl, H., Lohninger, J., Ellinger, R., Bauer, H., Puxbaum, H., 2012.
Odor, gaseous and PMo emissions from small scale combustion of wood types indigenous to Central
Europe. Atmos. Environ. 51, 86-93. doi:10.1016/j.atmosenv.2012.01.044

Kjallstrand, J., Ramnis, O., Petersson, G., 2000. Methoxyphenols from burning of Scandinavian forest plant
materials. Chemosphere 41, 735-41.

178



Emissions from residential pellet combustion of an invasive acacia species

Kleindienst, T.E., Jaoui, M., Lewandowski, M., Offenberg, J.H., Docherty, K.S., 2012. The formation of SOA
and chemical tracer compounds from the photooxidation of naphthalene and its methyl analogs in the
presence and absence of nitrogen oxides. Atmos. Chem. Phys. 12, 8711-8726. doi:10.5194/acp-12-
8711-2012

Lamberg, H., Nuutinen, K., Tissari, J., Ruusunen, J., Yli-Pirild, P., Sippula, O., Tapanainen, M., Jalava, P.,
Makkonen, U., Teinild, K., Saarnio, K., Hillamo, R., Hirvonen, M.R., Jokiniemi, J., 2011.
Physicochemical characterization of fine particles from small-scale wood combustion. Atmos.
Environ. 45, 7635-7643. doi:10.1016/j.atmosenv.2011.02.072

Lamberg, H., Sippula, O., Tissari, J., Virén, A., Kaivosoja, T., Aarinen, A., Salminen, V., Jokiniemi, J., 2017.
Operation and emissions of a hybrid stove fueled by pellets and log wood. Energ. Fuel. 31, 1961—
1968. doi:10.1021/acs.energyfuels.6b02717

Lamberg, H., Tissari, J., Jokiniemi, J., Sippula, O., 2013. Fine particle and gaseous emissions from a small-
scale boiler fueled by pellets of various raw materials. Energ. Fuel. 27, 7044-7053.
doi:10.1021/ef401267t

Li, Y., Wang, J., Ren, B., Wang, H., Qiao, L., Zhu, J., Li, L., 2018. The characteristics of atmospheric
phthalates in Shanghai: A haze case study and human exposure assessment. Atmos. Environ. 178, 80—
86. doi:10.1016/J.ATMOSENV.2018.01.042

Ma, Y., Willcox, T.R., Russell, A.T., Marston, G., 2007. Pinic and pinonic acid formation in the reaction of
ozone with alpha-pinene. Chem. Commun. (Camb). 1328-30. doi:10.1039/b617130c

Marchante, E., Kjgller, A., Struwe, S., Freitas, H., 2008. Short- and long-term impacts of Acacia longifolia
invasion on the belowground processes of a Mediterranean coastal dune ecosystem. Appl. Soil Ecol.
40, 210-217. doi:10.1016/j.aps0il.2008.04.004

Marchante, H., Marchante, E., Buscardo, E., Maia, J., Freitas, H., 2004. Recovery potential of dune ecosystems
invaded by an exotic acacia species. Weed Technol. 18, 1427-1433. doi:10.1614/0890-
037X(2004)018{[} 1427:RPODEI]2.0.CO;2

Medeiros, P.M., Simoneit, B.R.T., 2008. Source profiles of organic compounds emitted upon combustion of
green vegetation from temperate climate forests. Environ. Sci. Technol. 42, 8310-8316.

Miranda, T., Montero, 1., Sepilveda, F.J., Arranz, J.I., Rojas, C.V., Nogales, S., 2015. A review of pellets from
different sources. Materials (Basel). 8, 1413-1427. doi:10.3390/ma8041413

Morais, M.C., Panuccio, M.R., Muscolo, A., Freitas, H., 2012. Salt tolerance traits increase the invasive success
of Acacia longifolia in Portuguese coastal dunes. Plant Physiol. Biochem. 55, 60-65.
doi:10.1016/j.plaphy.2012.03.013

Nunes, J., Freitas, H., 2016. An indicator to assess the pellet production per forest area. A case-study from
Portugal. For. Policy Econ. 70, 99-105. doi:10.1016/j.forpol.2016.05.022

Nystrom, R., Lindgren, R., Avagyan, R., Westerholm, R., Lundstedt, S., Boman, C., 2017. Influence of wood

species and burning conditions on particle emission characteristics in a residential wood stove. Energ.

Fuel. 31, 5514-5524. doi:10.1021/acs.energyfuels.6b02751

179



Chapter 4

Orasche, J., Seidel, T., Hartmann, H., Schnelle-Kreis, J., Chow, J.C., Ruppert, H., Zimmermann, R., 2012.
Comparison of emissions from wood combustion. Part 1: Emission factors and characteristics from
different small-scale residential heating appliances considering particulate matter and polycyclic
aromatic hydrocarbon (PAH) related toxicological potential of particle-bound organic species. Energ.
Fuel. 26, 6695-6704. doi:10.1021/ef301295k

Ozgen, S., Caserini, S., Galante, S., Giugliano, M., Angelino, E., Marongiu, A., Hugony, F., Migliavacca, G.,
Morreale, C., 2014. Emission factors from small scale appliances burning wood and pellets. Atmos.

Environ. 94, 144-153. doi:10.1016/j.atmosenv.2014.05.032

Parish, E.S., Herzberger, A.J., Phifer, C.C., Dale, V.H., 2018. Transatlantic wood pellet trade demonstrates
telecoupled benefits. Ecol. Soc. 23. doi:10.5751/ES-09878-230128

Patzek, T.W., Pimentel, D., 2005. Thermodynamics of energy production from biomass. CRC. Crit. Rev. Plant
Sci. 24, 327-364. doi:10.1080/07352680500316029

Perez-Jimenez, J.A., 2015. Gaseous Emissions from the Combustion of Biomass Pellets, in: Garcia-Maraver,
A., Perez-Jimenez, J.A. (Eds.), Biomass Pelletization - Standards and Production. WIT Press, Boston,

pp- 87-99. doi:10.2495/978-1-84566-062-8/006

Pizzi, A., Foppa Pedretti, E., Duca, D., Rossini, G., Mengarelli, C., Ilari, A., Mancini, M., Toscano, G., 2018.
Emissions of heating appliances fuelled with agropellet produced from vine pruning residues and
environmental aspects. Renew. Energy 121, 513-520. doi:10.1016/j.renene.2018.01.064

Razickova, J., Kucbel, M., Raclavsky, K., Raclavskd, H., 2016. Chemical composition of biochar from
combustion in local heating. Inz. Miner. Polish Miner. Eng. Soc. 17, 23-27.

Schmidl, C., Luisser, M., Padouvas, E., Lasselsberger, L., Rzaca, M., Ramirez-Santa Cruz, C., Handler, M.,
Peng, G., Bauer, H., Puxbaum, H., 2011. Particulate and gaseous emissions from manually and
automatically fired small scale combustion systems. Atmos. Environ. 45, 7443-7454.
doi:10.1016/j.atmosenv.2011.05.006

Schmidl, C., Marra, L.L., Caseiroa, A., Kotianov4, P., Berner, A., Bauer, H., Kasper-Giebl, A., Puxbaum, H.,
2008. Chemical characterisation of fine particle emissions from wood stove combustion of common
woods growing in mid-European Alpine regions. Atmos. Environ. 42, 126-141.
doi:10.1016/j.atmosenv.2007.09.028

Schmidt, G., Trouvé, G., Leyssens, G., Schonnenbeck, C., Genevray, P., Cazier, F., Dewaele, D.,
Vandenbilcke, C., Faivre, E., Denance, Y., Le Dreff-Lorimier, C., 2018. Wood washing: Influence on
gaseous and particulate emissions during wood combustion in a domestic pellet stove. Fuel Process.
Technol. 174, 104—117. doi:10.1016/j.fuproc.2018.02.020

Setiawan, Y., Surachman, A., 2015. Reject waste pellets of paper mills as fuel and their Contribution to
Greenhouse Gas (GHG). Int. J. Technol. 6, 847-855. doi:10.14716/ijtech.v6i5.1790

Shen, G., Tao, S., Wei, S., Zhang, Y., Wang, R., Wang, B., Li, W., Shen, H., Huang, Y., Chen, Y., Chen, H.,
Yang, Y., Wang, W., Wei, W, Wang, X., Liu, W., Wang, X., Simonich, S.L.M., 2012. Reductions in

emissions of carbonaceous particulate matter and polycyclic aromatic hydrocarbons from combustion

180



Emissions from residential pellet combustion of an invasive acacia species

of biomass pellets in comparison with raw fuel burning. Environ. Sci. Technol. 46, 6409-6416.

doi:10.1021/es300369d

Sippula, O., Hytonen, K., Tissari, J., Raunemaa, T., Jokiniemi, J., 2007. Effect of wood fuel on the emissions

from a top feed pellet stove. Energ. Fuel. 21, 1151-1160. doi:10.1021/ef060286e

Sippula, O., Lamberg, H., Leskinen, J., Tissari, J., Jokiniemi, J., 2017. Emissions and ash behavior in a 500
kW pellet boiler operated with various blends of woody biomass and peat. Fuel 202, 144-153.
doi:10.1016/j.fuel.2017.04.009

Telmo, C., Lousada, J., 2011. Heating values of wood pellets from different species. Biomass and Bioenergy
35, 2634-2639. doi:10.1016/j.biombioe.2011.02.043

Tissari, J., Sippula, O., Kouki, J., Vuorio, K., Jokiniemi, J., 2008. Fine particle and gas emissions from the
combustion of agricultural fuels fired in a 20 kW burner. Energ. Fuel. 22, 2033-2042.
doi:10.1021/ef700766y

Venturini, E., Vassura, 1., Agostini, F., Pizzi, A., Toscano, G., Passarini, F., 2018. Effect of fuel quality classes
on the emissions of a residential wood pellet stove. Fuel 211,269-277. doi:10.1016/j.fuel.2017.09.017

Verma, V.K., Bram, S., Delattin, F., Laha, P., Vandendael, 1., Hubin, A., De Ruyck, J., 2012. Agro-pellets for
domestic heating boilers: Standard laboratory and real life performance. Appl. Energy 90, 17-23.
doi:10.1016/j.apenergy.2010.12.079

Verma, V.K., Bram, S., Gauthier, G., De Ruyck, J., 2011. Performance of a domestic pellet boiler as a function
of operational loads: Part 2. Biomass Bioenergy 35, 272-279. doi:10.1016/j.biombioe.2010.08.043

Vicente, A., Alves, C., Monteiro, C., Nunes, T., Mirante, F., Cerqueira, M., Calvo, A., Pio, C., 2012. Organic
speciation of aerosols from wildfires in central Portugal during summer 2009. Atmos. Environ. 57,
186-196. doi:10.1016/J.ATMOSENV.2012.04.030

Vicente, A., Alves, C., Monteiro, C., Nunes, T., Mirante, F., Evtyugina, M., Cerqueira, M., Pio, C., 2011.
Measurement of trace gases and organic compounds in the smoke plume from a wildfire in Penedono
(central Portugal). Atmos. Environ. 45, 5172-5182. doi:10.1016/j.atmosenv.2011.06.021

Vicente, E.D., Duarte, M.A., Calvo, A.l., Nunes, T.F., Tarelho, L.A.C., Custédio, D., Colombi, C., Gianelle,
V., Sanchez de la Campa, A., Alves, C.A., 2015. Influence of operating conditions on chemical
composition of particulate matter emissions from residential combustion. Atmos. Res. 166, 92—-100.
doi:10.1016/j.atmosres.2015.06.016

Vicente, E.D., Alves, C.A., 2018. An overview of particulate emissions from residential biomass combustion.
Atmos. Res. 199, 159-185. doi:10.1016/j.atmosres.2017.08.027

Vicente, E.D., Duarte, M.A., Tarelho, L.A.C., Nunes, T.F., Amato, F., Querol, X., Colombi, C., Gianelle, V.,
Alves, C.A., 2015. Particulate and gaseous emissions from the combustion of different biofuels in a
pellet stove. Atmos. Environ. 120, 15-27. doi:10.1016/j.atmosenv.2015.08.067

Vicente, E.D., Vicente, A., Evtyugina, M., Carvalho, R., Tarelho, L.A.C., Oduber, F.I., Alves, C., 2018.
Particulate and gaseous emissions from charcoal combustion in barbecue grills. Fuel Process. Technol.

176, 296-306. doi:10.1016/j.fuproc.2018.03.004

181



Chapter 4

Vicente, E.D., Vicente, A.M., Musa Bandowe, B.A., Alves, C.A., 2016. Particulate phase emission of parent
polycyclic aromatic hydrocarbons (PAHs) and their derivatives (alkyl-PAHs, oxygenated-PAHs,
azaarenes and nitrated PAHs) from manually and automatically fired combustion appliances. Air

Qual. Atmos. Health 9, 653-668. doi:10.1007/s11869-015-0364-1
Wang, L., Skjevrak, G., Hustad, J.E., Gronli, M.G., 2011. Effects of sewage sludge and marble sludge addition

on slag characteristics during wood waste pellets combustion. Energ. Fuel. 25, 5775-5785.

doi:10.1021/ef2007722

Wilson, J.R.U., Gairifo, C., Gibson, M.R., Arianoutsou, M., Bakar, B.B., Baret, S., Celesti-Grapow, L.,
Ditomaso, J.M., Dufour-Dror, J.M., Kueffer, C., Kull, C.A., Hoffmann, J.H., Impson, F.A.C., Loope,
L.L., Marchante, E., Marchante, H., Moore, J.L., Murphy, D.J., Tassin, J., Witt, A., Zenni, R.D.,
Richardson, D.M., 2011. Risk assessment, eradication, and biological control: Global efforts to limit
Australian acacia invasions. Divers. Distrib. 17, 1030-1046. doi:10.1111/.1472-4642.2011.00815.x

Win, K.M., Persson, T., 2014. Emissions from residential wood pellet boilers and stove characterized into start-
up, steady operation, and stop emissions. Energ. Fuel. 28, 2496-2505. doi:10.1021/ef4016894

Wohler, M., Jaeger, D., Reichert, G., Schmidl, C., Pelz, S.K., 2017. Influence of pellet length on performance
of pellet room heaters under real life operation conditions. Renew. Energy 105, 66-75.
doi:10.1016/j.renene.2016.12.047

Zakeri, B., Rinne, S., Syri, S., Zakeri, B., Rinne, S., Syri, S., 2015. Wind integration into energy systems with
a high share of nuclear power-What are the compromises? Energies 8, 2493-2527.
doi:10.3390/en8042493

Zou, Y., Jin, C, Su, Y., Li, J., Zhu, B., 2016. Water soluble and insoluble components of urban PM, 5 and their
cytotoxic effects on epithelial cells (A549) in vitro. Environ. Pollut. 212, 627-635.
doi:10.1016/j.envpol.2016.03.022

182



CHAPTER 5






In vitro toxicity of PMio emissions from residential pellets combustion

Chapter 5. In vitro toxicity of PM;jy emissions from

residential pellets combustion

Chapter section to be submitted as original article:

Estela D. Vicente, Daniela Figueiredo, Catia Gongalves, Isabel Lopes, Helena Oliveira, Nora Kovits,

Teresa Pinheiro, Célia A. Alves

Environmental Research
Abstract

Particulate matter emissions (PMjy) from the combustion, in a residential stove, of two
commercial brands of certified (ENplus Al) pellets, a non-certified brand and laboratory made
pellets of acacia were tested for their ability to induce ecotoxic, cytotoxic, and mutagenic responses
in unicellular organisms and a human cell line. Ecotoxicity was evaluated through the Vibrio fischeri
bioluminescence inhibition assay. Moreover, cytotoxicity was assessed at two time points (24- and
48-h) through two complementary techniques in order to evaluate the cellular metabolic activity and
membrane integrity of human lung epithelial cells A549. The Ames test using two Salmonella
typhimurium strains (TA100 and TA98) was employed to assess the mutagenic potential of the
samples. Results obtained with the bioluminescent bacteria indicated that only particles from the
combustion of acacia pellets were toxic. All samples induced impairment on the A549 cells metabolic
activity, while no significant release of lactate dehydrogenase was recorded. PM;o emissions from
acacia pellets were the most cytotoxic, while samples from both certified pellets evoked significant
cytotoxicity at lower doses. Cytotoxicity time-dependency was only observed for PMio from the
combustion of acacia pellets and one of the brands of certified pellets. Mutagenic activity was not
detected in either S. typhimurium strains. This study emphasises the role of the raw material for pellet
manufacturing on the toxicological profile of PM emissions. Alternative raw materials should be

deeply investigated before their use in pelletisation and combustion in residential appliances.

Keywords: Ecotoxicity, Cytotoxicity, Mutagenicity, Fuel quality, Pellet combustion, PMi

emissions.
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5.1. Introduction

Residential biomass combustion is regarded as a major source of airborne particulate matter
(PM) all over the world (Vicente and Alves, 2018). The adverse impacts on health of biomass
combustion smoke has been demonstrated and reviewed by several researchers (Naeher et al., 2007;

Sigsgaard et al., 2015; Zelikoff et al., 2002).

In developed countries, the prevalence of batch fired traditional small combustion appliances
is a major concern given their high PM emissions (Olsen et al., 2020; Vicente and Alves, 2018).
Research focusing on the in vivo (Barregard et al., 2008, 2006; Danielsen et al., 2010; Unosson et
al., 2013) and in vitro (Danielsen et al., 2009; Dilger et al., 2016; Kocbach et al., 2008) toxicity of
particulate matter from manually operated devices has been carried out over the past years. In vivo
studies, exposing experimentally healthy human subjects to wood combustion emissions, have
reported mild inflammatory responses both in the respiratory tract and the systemic circulation, and
a tendency towards increased blood coagulation (Barregard et al., 2008, 2006). Considering the
mounting evidence pointing to the importance of combustion conditions and fuel quality on PM
emissions and their physicochemical properties, studies have been designed to investigate the role of
these features on the toxicological profiles (Erlandsson et al., 2020; Jalava et al., 2010; Kasurinen et
al., 2017; Vu et al., 2012). Nevertheless, automatically fired appliances, fueled automatically with
compressed biomass, have gained notoriety over the last years (Bioenergy Europe, 2018). Despite
the better environmental performance of these systems compared to the conventional ones, the
emissions arising from pellet combustion can still be noticeable depending on the fuel and appliance
design and operation (Boman et al., 2011; Polonini et al., 2019; Venturini et al., 2018, 2015; Verma
et al., 2013; Win and Persson, 2014; Wohler et al., 2017). With the introduction of automatically fed
small-scale combustion devices, the investigation has focused on these new heating systems, mainly
aiming at comparing the toxicity of their emissions with those recorded for the batch fired appliances.
Previously, in vivo and in vitro studies have demonstrated that pellet combustion generates
biologically active PM. Employing the intratracheal aspiration technique to deliver particulate
samples from biomass combustion into the lower airways of mice; Uski et al. (2012) reported that
PM samples from modern technologies had higher potency to induce inflammation compared to
those from old technology appliances. Additionally, the researchers found a positive correlation
between inflammatory markers and ash related constituents of particles. Happo et al. (2013) found
similar results regarding the inflammatory potential of particles from pellet combustion in
comparison with those generated from wood. Additionally, the researchers observed the highest

cytotoxic and genotoxic activities for PM emissions from modern technology appliances when
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assessing pulmonary tissue damage after exposure of mice for 24 h. In vitro studies, using cultures
of different eukaryotic cells (human and animal) from different origins (e.g. epithelia, macrophage)
revealed that particles from pellet combustion induce cytotoxicity, inflammation and genotoxicity
(Corsini et al., 2013, 2017; Jalava et al., 2012; Kasurinen et al., 2016, 2017, 2018; Marabini et al.,
2017; Tapanainen et al., 2011). Tapanainen et al. (2011) compared the cytotoxicity of PM; emitted
from a pellet boiler and a conventional masonry heater. The researchers reported that both types of
samples increased cell death in a dose-dependent manner and had similar potency in inducing acute
cell death. On the contrary, Kasurinen et al. (2017) found emissions from log wood (birch, beech and
spruce) combustion in a modern masonry heater considerably more toxic in all endpoints
(cytotoxicity, genotoxicity, inflammation and oxidative stress) than the emissions from a pellet boiler
fired with softwood pellets. Similar conclusions were drawn by Corsini et al. (2017). The researchers
reported that pellet stoves generate less active ultrafine particles compared to the ones generate from
woodstoves. The mutagenic activity of the PM-bound PAHs from the residential combustion of
pellets and wood has been assessed by Canha et al. (2016) using the Ames test with different strains
of Salmonella typhimurium (TA98 and TA100). The researchers found stronger mutagenic effects

for the manually wood-fired appliance than for the automatically fired pellet stove.

The physicochemical characteristics of pelletised biofuels may significantly influence the
combustion efficiency, emissions and toxicological properties, constituting an issue of great research
interest. Despite the importance of the subject, few studies have been devoted to explore the effect
of the pellet fuel on the toxicological profiles (Corsini et al., 2017, 2013; Kasurinen et al., 2016;
Marabini et al., 2017). The study of Kasurinen et al. (2016) revealed that the raw material used for
the pellet manufacturing influence the cytotoxicity, genotoxicity and potential to induce
inflammation of the particulate emissions. The researchers concluded that alternative pellet materials
may cause not only higher emissions but also increase the particle toxicity. Despite the innovative
results, each fuel under evaluation was burned in a different combustion appliance, meaning that
besides the fuel, the effect of the combustion technology also must be considered. The remaining
studies were conducted using two pellet types (fir and beech pellets) and a pellet stove representing

fuels and technologies typical of the Italian market (Corsini et al., 2017, 2013; Marabini et al., 2017).

In our previous study, it was observed that the pellet quality, based on certification criteria,
may not ensure high combustion performance and low emissions. The combustion of two brands of
ENplus certified pellets, with identical quality class (A1), and one brand of non-certified pellets
showed that even certified material does not always meet emission requirements (Vicente et al.,
2020). Additionally, the characterisation of emissions from the combustion of a pelletised invasive
species growing in Portuguese coastal areas revealed that the raw material can have a great influence

on the composition of the generated PM (Vicente et al., 2019). This study aims to be a step forward

187



Chapter 5

for a better characterisation of the toxicological potential of particles emitted in the combustion of
different biofuels: i) similar quality fuels (ENplus Al labelled), ii) commercial pellets without
certification label, and iii) “homemade” pellets from alternative raw material (Acacia longifolia, an
invasive species in Portugal). To achieve this goal, a battery of in vitro bioassays was used, including

cost and time effective bacterial assays and tests with mammalian cells (human lung epithelium).

5.2. Material and methods

5.2.1. PM sampling and analysis

The combustion experimental setup and sample collection procedures were described in
detail in previous studies (Vicente et al., 2019, 2020). PM;o samples were obtained from tests
conducted on a commercial top-fed pellet stove fueled by two brands of ENplus Al certified pellets
(P and R), non-certified commercial pellets and laboratory manufactured acacia pellets.

Particulate matter (PMo) samples were collected, after the full dilution of the flue gas (hood),
in a dilution tunnel under isokinetic conditions onto 47 mm quartz filters (Pallflex®) using a low
volume sampler (TCR TECORA). Filters were kept at -20 °C immediately after sampling and until
PM; extraction for chemical and toxicological analysis. Blank filter control substrates were treated
similarly as the samples.

The content of organic (OC) and elemental carbon (EC) in the samples was determined by a
thermal optical transmission technique. The analysis of the water soluble ions in the particulate
samples was carried out by ion chromatography (DIONEX Thermo Scientific, ICS-5000 + DC). The
detailed organic speciation was carried out by gas chromatography-mass spectrometry (Thermo
Scientific, Trace Ultra, quadrupole DSQ II and Shimadzu, QP5050A). Details of these procedures
were previously provided by Vicente et al. (2019, 2020).

5.2.2. Sample preparation for toxicological assays

The detailed procedure of PMg extraction for the ecotoxicological analyses was described
in detail elsewhere (Kovéts et al., 2012). Briefly, one filter spot (14 mm) from each sample was
grounded in an agate mortar and a suspension was made by adding 2 ml of high-purity water.

For the cytotoxicity and mutagenicity evaluation, portions of replicates samples obtained for

each fuel were pooled to form PM;ocomposite samples representing each pellet type under analysis.
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The composite samples were firstly extracted by refluxing dichloromethane for 24 h and
subsequently extracted in methanol by sonication in a water bath at room temperature. After
extraction, the samples were concentrated (0.5 ml) initially using a Turbo Vap® Il evaporation system
(Biotage, Charlotte, NC, USA) and then evaporated to dryness under nitrogen gas. Additionally, the
mutagenic potential of the polycyclic aromatic hydrocarbon (PAH) fraction of the organic extracts
was also evaluated. To obtain the PAH fraction, after the extraction with dichloromethane and
methanol described above, the extracts were separated into different organic fractions using a glass
chromatographic column packed with activated silica gel, which were eluted by solvents of
increasing polarity under nitrogen flow. The PAH extracts were concentrated using the Turbo Vap®
II, and completely dried under a gentle stream of nitrogen. PMio samples and extracts were stored at
-20 °C for subsequent toxicological analyses. In order to evaluate the contribution of the matrix,
blank filters were extracted under the same conditions. No changes in any of the parameters measured
compared to control were observed for blank filters. For the mutagenic and cytotoxic assays, the

samples were resuspended in dimethyl sulfoxide (DMSO, Sigma Aldrich).

5.2.3. Vibrio fischeri inhibition assay

The bioluminescence inhibition assay was carried out in accordance with the ISO
21338:2010 (water quality - kinetic determination of the inhibitory effects of sediment, other solids
and coloured samples on the light emission of Vibrio fischeri/kinetic luminescent bacteria test) using
the LUMIStox test kit (Hach Lange) that includes the lyophilised bacteria, reconstitution solution
and NaCl solution. The lyophilised bacteria were rehydrated with the reactivation solution and
stabilised for 30 min at 12 °C. The assay was performed in 96-well white polypropylene microplates.
Double determinations of eleven dilutions made in NaCl (2%) were carried out for each sample. The
luminescence was recorded during the first 30 s after the dispensing of the bacteria in each well and
then, after 30 min-incubation at 12 °C, the light output was recorded again. The luminescence was
measured with a luminometer (Luminoskan Ascent, Thermo Scientific), which has a shaking feature
that ensures effective mixing of the sample and bacteria during the measurements. The interfering
losses of luminescence, due to light absorption by coloured samples, is compensated by using as
reference the luminescence intensity of the peak value observed immediately after addition of
bacteria into sample. ECso values, PMio concentration that induces a reduction of 50% in the
bioluminescence of the V. fischeri, were determined using the Ascent Software provided by Aboatox
Co. Toxicity units (TU = 100/ECso) were calculated to evaluate the toxicity levels of the samples:
TUso < 1 non-toxic, 1 < TUs < 10 toxic, 10 < TUsg < 100 very toxic and TUso > 100 extremely toxic
(Romano et al., 2020).
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5.2.4. Cell culture and cytotoxicity assessment

The human alveolar epithelial cells A549 were routinely maintained at 37 °C in an
atmosphere containing 5% CO.. The cells were grown in Kaighn’s Modification of Ham’s F-12
Medium (F-12K), supplemented with 10% (v/v) of FBS (Fetal Bovine Serum, Gibco), 1% of
penicillin-streptomycin (Gibco) and 1% Fungizone (Gibco). Cell confluence and morphology were
observed under an inverted microscope (Nikon® Eclipse TS100) and subcultured when culture

reached approximately 90% confluence.

For the cytotoxicity assays, A549 cells were counted and seeded at a concentration of 4 x
10° cells/well in 96-well plates. After an adhesion period of 24-h, cells were treated with increasing
concentrations of PMo for 24- and 48-h. For each sample, series of five two-fold serial dilution,
starting at 150 pug ml', were prepared in 96 well plates. The PM, cytotoxicity was evaluated
measuring the extracellular lactate dehydrogenase (LDH) from cell membrane-damaged cells in cell-
free culture supernatants (Cytotoxicity Detection Kit LDH, Roche Diagnostics, France) and by
evaluating mitochondrial activity (Cell Counting Kit CCK-8, Sigma Aldrich). In brief, after the
exposure time, the supernatant was collected for LDH assay and fresh medium was added to each
well to perform the WST-8 test. Cells were treated with 10 pl of WST-8 solution, incubated for 2 h
at 37 °C, and cell viability was quantified by measuring the absorbance at 450 nm in a microplate
reader (Biotek® - Gen5™ software). The supernatants were transferred into new 96-well plates, the
reaction solution was added and incubated for 30 min at room temperature and protected from light.
After incubation, the absorbance was measured at 490 nm using a microplate reader (Biotek® -
Gen5" software). The culture medium without cells was used as background. Cells were also treated
with Triton-X (2%, 10 minutes at culture conditions) to lyse cells and obtain the positive control.
Exposure of the cells was made in triplicate in two independent experiments. All experiments
included DMSO and blank quartz filter (matrix) controls. DMSO were kept below 1.2 % (v/v) in the

culture medium.

5.2.5. Ames test

The mutagenic potential of PMo-bound PAHs was assessed by employing the Salmonella
typhimurium preincubation assay (Mortelmans and Zeiger, 2000; OECD, 1997) using the base-
substitution strain TA100 and the frameshift strain TA98 (Trinova Biochem GmbH). The tests were
carried out in the presence (+S9) and absence (-S9) of metabolic activation using S9 from a pool of

livers from male rats (Sigma Aldrich).
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Before the experiments, the tester strains were inoculated in nutrient broth (Sigma Aldrich)
overnight (15-18 h) at 37 °C, in the dark, and gently shaken. An aliquot of each sample (50 ul) was
added to 500 pl of sterile phosphate buffer (-S9) or to 500 pl of S9 mixture freshly prepared (+S9),
plus 100 pl of bacterial culture and then incubated at 37 °C for 20 min. Subsequently, a volume of 2
ml of overlay agar was added, and the mixture poured onto the surface of a glucose minimal agar
plate containing a trace amount of histidine. After hardening, the plates were incubated at 37 °C for
48 h and subsequently the revertant colonies formed in each plate were counted and the results
expressed as number of revertant colonies per plate. Due to limited sample quantity, the combustion
extracts were resuspended in DMSO and applied to the plates at their maximum dose in triplicate.

All the solutions used for the assay were prepared according to Mortelmans and Zeiger (2000).

In addition to the test plates containing combustion extracts, a negative control consisting of
distilled sterilised water, a solvent control with DMSO, and positive control plates containing known
mutagens were also included to confirm the reversion properties of each strain under the assay
conditions. For experiments with S9, 2-minoanthracene (Sigma Aldrich) was used as positive control
for both strains whereas for experiments without S9, sodium azide (Acros Organics) and 2-
nitrofluorene (Sigma Aldrich) were used as positive control for TA100 and TA9S, respectively. The
spontaneous reversion frequency was found to be within the range reported by Mortelmans and

Zeiger (2000).

5.2.6. Statistical analysis

The data were analysed using the SPSS software (IBM SPSS statistics version 26). Before
the analysis, Shapiro-Wilk test for normality and Levene's test for equality of variances, were used.
The cellular viability results obtained with both tests (WST-8 and LDH) were tested with the non-
parametric Kruskall-Wallis test followed by Dunn’s post hoc tests and Bonferroni adjustment to the
p-value. Differences between time points (24- and 48-h) were tested by Mann-Whitney’s U-test.
Regarding the results of the Ames test, comparisons between the number of revertents in the test
plates and the negative control were made by one-way-ANOV A followed by Dunnett’s post hoc test
considering the first level as control (negative control). Additionally, a count of revertant colonies
on the test plates over 2 times those in the negative controls was taken as a measure of mutagenicity
at the applied dose level. DMSO was used as the control after verifying the inexistence of significant
differences between the number of revertent colonies of the DMSO and sterilised water plate

controls. The correlation analyses between the toxicological responses and chemical composition
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were made by Spearman’s correlations. All the differences were regarded as statistically significant
at p <0.05.

5.3. Results

5.3.1. PMyo emission factors and particle chemical composition

The detailed characterisation of combustion conditions, emissions and comprehensive
chemical composition of particulate emissions was provided in previous studies (Vicente et al., 2020,

2019) and will be only briefly summarised here.

PM o emission factors varied greatly depending on the pellet type burned (Table 5.1). Acacia
pellets generated PM 1o emissions, on average, 3 to 4 times higher than commercial pellets. Acacia
pellets also generated the highest OC emission factors (12 — 41 times), while the highest EC

emissions were recorded for non-certified pellets (Table 5.1).

Table 5.1. PM o and carbonaceous species emission factors from the combustion of the distinct types of

pellets. Modified from Vicente et al. (2020, 2019).

PM;o mg MJ! OC mg MJ! EC mg MJ!

Acacia pellets 118+ 14.4 22.9+£9.28 6.82 +2.47
Non-certified pellets 39.8 +8.79 1.84 £ 0.676 12.1 £ 1.46
Certified pellets R 40.7 £3.70 1.98 £1.27 2.32+0.089
Certified pellets P 27.1+791 0.555 £0.519 8.33 £5.66

EC: elemental carbon; OC: organic carbon. Emission factors for commercial pellets are presented as mean +
standard deviation of different operational conditions of the stove including operation under low, medium and
nominal load. Emission factors of acacia pellets are mean + standard deviation from the stove operation under

medium load.

EC dominated the carbonaceous fraction of the PMio emitted by commercial pellets while the total
carbon was mainly constituted by OC in PMo from the combustion of acacia pellets. The emissions
from all pellets under analysis were dominated by water soluble ions. Substantial differences were
observed for the contribution of water soluble ions to the PM;o mass (Table 5.2). The dominant water
soluble species in particles resulting from the combustion of certified pellets was sulphate, while

chloride was the most abundant in PM generated from the combustion of acacia and non-certified
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pellets. The second major contributing species to the PMio mass was potassium regardless of the
pellet type burned. The sodium content in particles from acacia pellets was, on average, 3 to 7 times
higher than in samples from commercial pellets. In contrast, the sum of PMjo-bound PAHs was
substantially lower in the emissions from acacia pellets (Table 5.2). Differences in the composition

of PM¢-bound oxygenated compounds were also recorded.

Table 5.2. Chemical constituents in PM o emitted during the combustion of different pellets. Modified from

Vicente et al. (2020, 2019).

Acacia  Non-certified Certified Certified
pellets pellets pellets R pellets P
Water soluble ions (% wt. PMo)
Sodium 6.06 1.82 1.50 0.884
Potassium 22.4 16.8 17.7 20.9
Chloride 24.5 16.9 9.09 9.71
Nitrate 1.14 1.42 4.70 0.335
Sulphate 6.93 10.0 23.2 22.6
% of other inorganic ions analysed® 1.52 1.22 1.31 1.12
PAHs (ug g! PMio)
Fluorene - 7.22 - -
Phenanthrene 0.061 - 1.72 4.28
Anthracene 0.045 0.067 0.120 0.790
Retene 8.77 105 177 88.9
Fluoranthene 1.46 45.7 26.9 96.5
Pyrene 2.31 51.1 23.5 101
Chrysene 6.67 33.1 13.9 15.7
Benzo[a]anthracene 4.81 12.8 9.00 6.90
Benzo[b]fluoranthene 0.097 5.50 6.91 -
Benzo[k]fluoranthene - 6.18 5.55 -
Benzo[e]pyrene 1.47 6.52 5.99 0.150
Benzo[a]pyrene 2.51 3.58 6.11 0.261
Perylene - - 0.157 0.906
Dibenzo[a,h]anthracene - - 0.625 -
Indeno[1,2,3-cd]pyrene 1.85 - 4.89 -
Benzo[g,h,i]perylene 1.89 0.369 5.77 -
Monosaccharide anhydrides (ug g PMio)
Levoglucosan 284 90.3 153 68.9
Mannosan 24.2 13.3 17.8 9.88
Galactosan 10.4 8.57 57.0 5.68
Phenolic compounds (ug g'! PMo)
Benzyl alcohol 0.136 37.3 30.9 305
Coniferyl alcohol 3.62 - 0.148 -
Vanillin 1.48 2.75 2.54 3.20
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Vanillic acid

Syringic acid

Sinapyl alcohol

Cinnamic acid

Hydrocinnamic (coumaric) acid

3-Methoxy-4-hydroxycinnamic (ferulic)
acid

4-Hydroxybenzaldehyde

4-Hydroxybenzoic acid

4-Phenylphenol

2,4-Di-tert-butylphenol

Resorcinol

4-Hydroxyphenylethanol (tyrosol)

2-Isopropyl-5-methylphenol (thymol)

Isoeugenol

2,6-Di-tert-butyl-1,4-benzoquinone
Resin acids (ug g PM1o)

Abietic acid

Dehydroabietic acid

Isopimaric acid
Sterols (ug g'! PMio)

Cholesterol

B-Sitosterol

Stigmasterol

5-Cholestan-3-ol (dehydrocholesterol)

8.81
9.34
1.95
0.150
4.20

0.490

12.3
2.07
0.151
11.7
3.55
0.552
0.389
1.77
0.16

4.92
0.398

0.222
1.54

0.416

0.005

0.051

1.50

26.4
1.71

104
0.141
28.3

1.06
323

2.84
7.08
1.06

13.0
6.03

2.97
0.204

104
8.15

0.155

3.98
0.596
0.163

14.7
0.729

1.63

0.965

54.1
1.19

23.6
2.33

1.64
0.343
132

1.19
38.6

0.744

15.8
10.5

“Lithium, magnesium, calcium, fluoride, bromide and nitrite. — not detected or below detection limit.

5.3.2. Vibrio fischeri bioluminescence inhibition

The ecotoxicity of PMo samples was assessed using the aqueous extracts and expressed as
percentage of the V. fischeri bioluminescence inhibition after 30 min of exposure. Toxicity increased
in the following order: certified pellets P < certified pellets R < non-certified pellets < acacia pellets.
PMj collected from the combustion of acacia pellets resulted in the highest toxicity with an ECso of
21 ug ml!. Although the ECs for the certified pellets P was 4.0 and 6.9 times higher than the one

obtained for the certified pellets R and non-certified pellets, respectively, the TUsq values indicate

that none of these samples are toxic (Figure 5.1).
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1 Non-toxic
I Toxic

TUsq

T T

Acacia pellets Non-certified pellets Certified pellets R  Certified pellets P

Figure 5.1. Toxicity of each sample, expressed in toxic units, based on the results of the Vibrio fischeri

bioluminescence inhibition bioassay.

In a previous study, Turdczi et al. (2012) compared the ecotoxicity of particulate samples
from wood combustion collected downwind an open fireplace, urban aerosol, diesel PM, resuspended
road dust and particles from cigarette smoking. Fresh biomass smoke and cigarette smoke presented
similar level of ecotoxicity being more potent than particles from modern diesel engines. In the
present study, significant correlations between the organic component of the samples and the increase

in toxicity were not detected.

5.3.3. Cellular metabolic activity

All the organic extracts of the PM;o samples collected during the combustion of different
pellets caused a significant decline in cell viability/mitochondrial function when assessed with the
WST-8 test. After 24-h of exposure, the most severe increase in cytotoxicity was recorded for the
PM; organic extracts from acacia pellets (Figure 5.2). The decrease of the cellular metabolic activity
caused by the particles from the combustion of these pellets was dose-dependent with significance
from control at the highest dose (150 ug ml"), which caused a decline in mitochondrial function over
40%. A dose-dependent decrease in the viability of A549 cells was also recorded after exposure to
combustion particles from certified pellets. Under the 150-ug ml' dosage, particles from certified
pellets R and P decreased metabolic activity down to 77.0 £ 3.36% and 74.1 £ 3.33%, respectively.

Despite the lower decrease in relation to the one produced by combustion-derived particles from
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acacia pellets, samples from certified pellet produced statistically significant declines in cellular
metabolic activity, when compared to the corresponding control, starting at lower concentrations
(37.5 ng ml'and 75 pg ml! for certified pellets P and R, respectively). The cell metabolic activity
impairment evoked by particles from the combustion of non-certified pellets was only statistically
significant at the highest dose (150 pg ml™"). The comparison between the different types of pellets
tested revealed that, after an exposure period of 24-h, significant differences were only statistically
significant at the highest dose (150 pg ml'). The statistical analysis indicated that PM;o from the
combustion of acacia pellets was a significantly more potent inducer of cellular metabolic activity
impairment than those from other pellets (certified R and P and non-certified) in terms of the
percentage of viable cells. Similarly, Kasurinen et al. (2016) tested particulate emissions from the
combustion of softwood pellets and three alternative pellets (poplar, miscanthus and wheat straw)
for their ability to induce cytotoxic responses (MTT assay) in a murine macrophage cell line
(RAW?264.7). The researchers reported that PM; emissions from the softwood pellets caused dose-
dependent decrease of the cellular metabolic activity and significant at all concentrations (15, 50,
150 and 300 ug ml!). Significant differences between the softwood and alternative pellets were only
detected for poplar and straw at the highest dose. Marabini et al. (2017) also found differences in the
cytotoxic responses in A549 cells, assessed by the MTT assay, from ultrafine particles emitted by

the combustion of distinct pellets (hardwood and softwood) in a small scale pellet stove.

In the present study, the cellular metabolic activity was found to further decrease at the highest
doses after 48-h of exposure. PMio from the combustion of acacia pellets induced a significant
reduction of the cellular metabolic activity starting at 37.5 ug ml™'; however, dose-dependency was
lacking, and the highest reduction (86%) was recorded at 75 ug ml!. For the remaining samples, the
cellular metabolic activity was decreased in a dose-dependent manner for 48 h exposure. At the
highest dosage (150 pug ml'), a significantly higher decrease in cellular metabolic activity was
recorded after 48-h for certified pellets R and acacia pellets while no significant difference in cellular
viability was recorded for non-certified pellets and certified pellets P after 24- and 48-h. After 48-h
exposure, significant differences between acacia pellets and non-certified pellets started at 18.75 pg
ml'. At the highest dose (150 pg ml') significant differences were also detected between acacia
pellets and certified pellets P, while certified pellets R showed no statistically significant differences

with any of the other biofuels.
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Figure 5.2. Cell viability of A549 cells assessed with WST-8 assay after a 24- and 48-h exposure of the cells
to increasing concentrations of PMig (9.375, 18.75, 37.5, 75 and 150 pg ml!) from the combustion of
different pellets. Bars represent the experimental mean #+ standard deviation. Asterisks indicate statistical

significance relative to the control (Kruskal-Wallis, n = 6, p < 0.05).

No significant correlations were found between the impairment of cellular metabolic activity
and PMo chemical composition after 24-h exposure. After an exposure period of 48-h, significant
correlation (p < 0.05) was found between the increase in cytotoxicity and the total ionic content in
PM,, samples, as well as with PMo mass fractions of vanillic acid. No correlations (p > 0.05) were

observed between the increase in cytotoxicity and the particulate phase PAHs. Several other previous
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studies have failed to detect correlations between the decline in cellular metabolic activity and the
PM-bound PAHs from biomass combustion (Arif et al., 2017; Jalava et al., 2012; Kasurinen et al.,
2017). Kasurinen et al. (2018) also found distinct results for this relationship, depending on the cell
line being tested. In addition to PAHs, various studies have pointed significant correlations between
the impairment of mitochondrial function and several PM-bound elements such as Pb, Zn, Cu, Sr
and Ca (Arif et al., 2017; Kasurinen et al., 2017, 2016; Uski et al., 2015). Uski et al. (2015)
investigated the role of Zn in the toxicity of PM emissions from the combustion of pellets. The
researchers found that the lowest dose tested caused extensive cell cycle arrest and massive cell death

of the murine macrophage cell RAW 264.7.

5.3.4. Lactate dehydrogenase enzyme activity

The A549 cellular membrane integrity/cell viability was also evaluated by measuring the
release of LDH in cell-free supernatants after 24- and 48-h of exposure to combustion-generated
PM; from the different pellet types (Figure 5.3). After both exposure periods, no significant
elevation in LDH secretion was observed at any of the tested concentrations. These results are in
accordance with previous studies that also pointed to the absence of any significant cellular damage
as assessed with the LDH test and propidium iodide (PI) exclusion assay after exposure of different
cell lines (A549, THP-1 and co-cultures) to PM emissions from pellet combustion (Corsini et al.,
2017, 2013; Kasurinen et al., 2018, 2017). Corsini et al. (2013) treated epithelial and monocytic cells
with increasing concentrations of PM,s obtained from biomass combustion (0~100 pg ml') for
different times (3-48 h) and assessed cell viability by LDH leakage from damaged cells reporting no
statistical significant release of LDH following exposure of the two cell types for any period. Similar
results were found by Kasurinen et al. (2018) employing the PI exclusion assay on three cell culture
setups (two monocultures of either human macrophage-like cells or human alveolar epithelial cells,
and a co-culture of these two cell lines). The researchers reported that PM; emissions from the
combustion of spruce pellets in a fully automated pellet boiler did not induce a significant decrease

of membrane integrity in A549 cells, THP-1 cells and the co-cultured cells.
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Figure 5.3. Cell viability of A549 cells assessed with LDH assay after a 24- and 48-h exposure of the cells to
increasing concentrations of PMo (9.375, 18.75, 37.5, 75 and 150 pg ml™!) from the combustion of different
pellets. Bars represent the experimental mean + standard deviation. Asterisks indicate statistical significance

relative to the control (Kruskal-Wallis, n = 6, p < 0.05).

5.3.5. Mutagenicity

Results of the Salmonella mutagenicity assay are displayed in Table 5.3. No mutagenic
activity was detected after exposure to PAH extracts of PM1o from the combustion of the four types
of pellets in any of the Salmonella strains tested, either with or without metabolic activation. In a

similar study, Vu et al. (2012) tested PAH extracts of particles (PMa2s) collected during the
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combustion of seven wood species and briquettes. While most of the samples were direct-acting
mutagenic with positive response by TA98 or TA100, the PM,s-bound PAH extracts from the
combustion of pine and acacia wood logs in traditional appliances exhibited no mutagenic activity
in the tester strains. Canha et al. (2016) evaluated the mutagenicity of the PAH fraction of particulate
emissions from a pellet stove fuelled with four types of pellets and three agro-fuels. Only one of the
fuels (almond shell) presented a weak direct-acting mutagenic effect through a shift mutation
mechanism.

In several investigations, the mutagenicity of the extractable organic matter from particles
collected during the combustion of wood (Oanh et al., 2002; Mutlu et al., 2016) and pellets
(Champion et al., 2020) has been established. In order to evaluate if other organic compounds might
be behind a mutagenic response, the total organic extracts were also tested for their mutagenicity in
the present study (Table 5.3). No mutagenic effect (direct and indirect) was found for any of the
biofuels towards both strains (TA98 and TA100).
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Table 5.3. Mutagenicity of PAH extracts of particles collected during the combustion of different pellets to S. typhimurium TA98 and TA100 in the absence (-S9) and

presence (+S9) of metabolic activation.

TA98 TA98 + S9 TA100 TA100 +S9
Fuel ng PAHs® per plate  Rev/plate = MR Rev/plate MR Rev/plate MR Rev/plate MR
Acacia pellets 15 26+ 10 1.3 29+3 1.1 1386 0.88 136 £ 18 0.88
Non-certified pellets 20 14+2 0.74 23+4 0.83 179 +28 1.1 154+28  0.99
Certified pellets R 26 15+3 0.79 23+2 0.85 167 +75 1.1 149+18  0.96
Certified pellets P 37 16+3 0.82 3243 1.2 179 + 24 1.1 15112 097
PC 134+ 10* 6.8 237 + 38* 8.8 3086 + 784* 20 489 +72% 3.2
DMSO 20+ 6 27+5 157 +27 155+ 14

ug PMyp per plate

Acacia pellets 50 24 +4 1.2 37+6 1.0 133+ 11 1.0 153+23  0.82
Non-certified pellets 10 25+3 1.2 44 +9 1.2 160 + 22 1.2 179 + 21 0.96
Certified pellets R 25 20+3 1.1 35+6 0.96 150 + 13 1.1 168+19  0.90
Certified pellets P 18 18 +3 0.85 42+ 10 1.2 151 +7 1.1 177417 094
pPC 122 +£14*% 6.0 153 + 60%* 4.3 2090 + 275% 16 686+ 129% 3.7
DMSO 21+2 36 + 10 133 +21 187 +5

Values are means + standard deviation of 3 plates. PC = positive control; MR = mutagenicity ratio. Statistical analysis was performed by one-way ANOVA with Dunnett’s
multiple comparison test. Asterisks indicate statistical significance compared to negative control (p<0.05). Mutagenicity ratios above 2 are marked in bold. *PAHs -16

EPA priority PAHs plus benzo[e]pyrene, perylene, p-terphenyl and retene.
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5.4. Conclusions

The present study indicated that the selection of the pellet fuel for residential combustion can
have a significant effect on the toxicological properties of the emitted PM;o. The toxicity results from
the V. fischeri bioluminescent inhibition assay indicated non-toxic responses for commercial pellets,
while the combustion of acacia pellets generated toxic particles. Particles collected from the
combustion of acacia pellets were more potent inducers of cellular metabolic activity impairment in
human lung epithelial cells than those emitted from commercial pelletised fuels. At 24-h exposure,
differences between acacia pellets and the three commercial pellets were only detected for the highest
dose. The effect of exposure time on cytotoxicity was only observed for acacia pellets and certified
pellets R. Combined results from WST-8 and LDH assays suggest that PMio from pellets may trigger
cell apoptosis pathways (programmed cell death), as cell membrane permeability was preserved. The
decrease in cellular metabolic activity seemed to be associated with PM-bound organic components
(vanillic acid) and with water soluble ions. However, further research is needed to establish the
causative chemical components in particles emitted from residential pellet combustion. The organic
extracts, in general, and the PM;o-bound PAHs, in particular, showed no direct or indirect mutagenic

responses towards TA98 and TA100 tester strains.

In conclusion, although emissions from automatically fired pellet appliances are generally
low, the woody raw material selected for pelletisation can dramatically increase emissions, affecting

not only the chemical properties of the released particles, but also their toxicological potency.
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Abstract

The incomplete wood combustion in appliances operated in batch mode is a recognised
source of both in- and outdoor airborne pollutants, especially particulate matter (PM). Data on
pollutant levels and PM characteristics in households with wood burning devices in developed
countries are scarce with most studies describing stove change out programmes or other intervention
measures. The aim of the present study was to simultaneously evaluate indoor and outdoor
concentrations of CO, CO, and PM o during the operation of wood burning appliances (open fireplace
and woodstove) in unoccupied rural households. PMio samples were analysed for water soluble
inorganic ions, major and trace elements, organic carbon (OC), elemental carbon (EC), and detailed
organic speciation. The CO 8-hour average concentrations did not exceed the protection limit despite
the sharp increases observed in relation to background levels. During the open fireplace operation,
PM; levels rose up 12 times compared to background concentrations, while the airtight stove
resulted in a 2-fold increase. The inhalation cancer risk of particulate bound PAHs in the room
equipped with wood stove was estimated to be negligible while the long-term exposure to PAH levels
measured in the fireplace room may contribute to the development of cancer. The excess lifetime
cancer risk resulting from the particle-bound Cr (VI) exposure during the fireplace and woodstove
operation was higher than 1.0 x 107 and 1.0 x 107, respectively. Levoglucosan was one of the most
abundant individual species both indoors and outdoors. This study underlines air pollution hazards

and risks arising from the operation of traditional wood burning appliances.

Keywords: Mediterranean region, Indoor air quality, OC/EC, Organic markers, PMo,

Residential biomass combustion
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6.1. Introduction

The World Health Organisation (WHO) ranked air pollution as the biggest environmental
health risk. In 2012, about three million deaths were estimated to be a direct consequence of outdoor
air pollution (WHO, 2016). However, people spend most of their time indoors (Brasche and Bischof,
2005; Klepeis et al., 2001; Leech et al., 1996; Schweizer et al., 2007) and, for this reason, the majority
of the inhalation exposure occurs in built environments where the indoor concentrations of many
pollutants are higher than their outdoor levels (Morawska et al., 2013; Oeder et al., 2012; Pegas et
al., 2012; Weisel et al., 2008). Thus, indoor air pollution may pose a greater health threat than outdoor
pollution (Oeder et al., 2012; Taneja et al., 2008). As people in industrialised countries spend more
than half of the daytime at home (Brasche and Bischof, 2005; Buonanno et al., 2011; Leech et al.,
1996; Schweizer et al., 2007), a rather extensive amount of work has been performed to characterise
residential settings (e.g. Bloom et al., 2015; Custddio et al., 2014; Delgado-Saborit et al., 2011;
Derbez et al., 2014; Kaunelien et al., 2016; Molloy et al., 2012; Tang and Wang, 2018). These and
other studies provided remarkable data on residential air quality. Besides gaseous and particulate
matter (PM) concentrations, several studies encompassed a more detailed characterisation of the PM
samples (e.g. Custddio et al., 2014; Delgado-Saborit et al., 2011; Long et al., 2000; Massey et al.,
2013; Rohraet al., 2018; Slezakova et al., 2014; Varshney et al., 2016). Exposure to indoor generated
particles is responsible for up to 30% of the total burden of disease from PM exposure, indicating
that this pollutant is one of the biggest health hazards in indoor environments (Morawska et al.,
2013). PM is a complex mixture of different inorganic and organic substances that is determined by
contributions from diverse indoor sources, infiltration from outdoors and reactions occurring indoors
(Morawska et al., 2013, 2017; Morawska and Salthammer, 2003). Thus, the daily exposure to PM in
residential settings strongly depends on residential activities and source events (Morawska et al.,
2013). Specific household activities, such as cigarette smoking, cleaning, cooking,
combustion/thermal related activities, among others, have also been assessed in several studies
(Abdullahi et al., 2013; Géhin et al., 2008; Glytsos et al., 2010; Isaxon et al., 2015; McCormack et
al., 2008; Salthammer et al., 2014). Indoor particle generation is often short in duration, but can
highly increase particulate mass and number above background values for an extended period (e.g.
He et al., 2004; Long et al., 2000; Wallace, 2006).

Residential biomass burning has been pointed out as an important source of ambient PM
(Vicente and Alves, 2018 and references therein). Nevertheless, the contribution of this emission
source to indoor air pollution may be even higher. Several studies on household air pollution from

cooking with biomass fuels reported PM concentrations largely exceeding the WHO indoor air
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quality guidelines in low-income settings (e.g. Bartington et al., 2017; Parajuli et al., 2016), where
this source is a major health concern (WHO, 2014). An increasing body of literature has illustrated
the role of household air pollution arising from biomass fuel combustion on several respiratory
(Ezzati and Kammen, 2001; Kim et al., 2011 and references therein; Pokhrel et al., 2010; Raspanti
et al., 2016; Regalado et al., 2006; Smith et al., 2011) and non-respiratory diseases, such as low birth
weight and infant mortality, cardiovascular disease, cataract, nasopharyngeal and laryngeal cancer
(Boy et al., 2002; Kim et al., 2011 and references therein; Wylie et al., 2014). Although indoor air
pollution from household use of biofuels is a major public health concern, mostly in developing
areas, in higher income countries biomass burning appliances have regained popularity (Sigsgaard
et al., 2015). Over the past years, studies have been performed to assess PM levels in indoor air when
operating wood burning appliances (e.g. Castro et al., 2018; De Gennaro et al., 2015; Guo et al.,
2008; McNamara et al., 2013; Salthammer et al., 2014; Saraga et al., 2015; Semmens et al., 2015).
Studies focused on the reduction of household air pollution through stove change out programmes in
the United States (Noonan et al., 2012; Ward and Noonan, 2008; Ward et al., 2011) and Canada
(Allen et al., 2009) have also been conducted. Recently, other household interventions to reduce
indoor PM exposure from biomass combustion appliances have also been a topic of research
(McNamara et al., 2017; Ward et al., 2017). Regarding PM characterisation, few studies have
evaluated endotoxins in indoor samples during the use of biomass burning appliances in the United
States (McNamara et al., 2013), Scotland and Ireland (Semple et al., 2012). Other studies focused on
particulate PAH levels from residential biomass combustion (De Gennaro et al., 2015; Salthammer
et al., 2014). Particulate organic and elemental carbon (OC and EC) were measured in Greek (Saraga
et al., 2015), Spanish (Castro et al., 2018) and American households (Ward et al., 2011). Ward et al.
(2011) also evaluated the levels of some chemical markers of wood smoke in 16 American
households. Castro et al. (2018) and Saraga et al. (2015) included PM-bound trace and major
elements in their analysis and, the latter, also water soluble ions. Despite the large body of knowledge
provided by the mentioned studies, in most researches, only gaseous and particulate matter
mass/number concentrations were measured. Moreover, studies on the chemical composition of
particles have focused on a small number of compounds, lacking an exhaustive characterisation of
PM samples. It should be noted that most studies were carried out in the USA, where the combustion
appliances and fuels are quite different from the ones in use in Europe. Furthermore, much of the
work mentioned above was conducted under real life conditions and based on conclusions drawn
from questionnaires of activity patterns addressed to homeowners. This practice may result in
incorrect estimations of the influence of combustion emissions on indoor air quality. Additionally,
there is the possibility that the monitoring campaign may cause some disturbance and modification

in the behaviour of the homeowner.
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This study aims at estimating the effect of biomass burning on indoor pollutant
concentrations. The assessment was carried out in unoccupied houses equipped with low efficiency
wood burning appliances currently in use in several Southern European countries (Gongalves et al.,
2012; Pastorello et al., 2011). This approach allows to obtain results that, although corresponding to
real life environmental and draught conditions, are not influenced by the owner's daily routines and
hence more reliable for health risk assessment. The possible contribution of the outdoor environment
to the indoor levels was also estimated. In addition to monitoring of concentrations of gaseous and
particulate pollutants, this study aims to obtain an in-depth characterisation of particulate matter,
including a screening of both organic and inorganic constituents. Thus, the prime goal in this study
is to address the need for a detailed characterisation of a relevant indoor pollution source and, thus,
to better understand the health risk posed by wood burning emissions. This research encompasses
the evaluation of comfort parameters and ventilation rates, gaseous and particulate daily profiles,
PM ¢ emission rates and a comprehensive PM o chemical characterisation, which was the basis for a
carcinogenic and noncarcinogenic risk assessment. Despite the specificities, the findings can be
extended to other regions, particularly to other Mediterranean countries, where log burning in

traditional woodstoves and fireplaces is a common practice in winter.

6.2. Materials and methods

6.2.1. Sampling sites and strategy

In Portugal, wood combustion is an important source of PM during winter (Amato et al.,
2016). The impact of wood burning on air quality is mainly due to the use of low efficiency
combustion appliances, which are widespread, especially in inland rural areas of the country
(Gongalves et al., 2012). Taking into account the wood burning patterns, as well as the lack of other
major sources in the region (i.e. traffic and industry), the effects of using traditional batch-fired
systems on indoor and outdoor air quality were assessed in a Portuguese rural area where, in colder

months, biomass is used as the main heating source.
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Table 6.1. Summary of the experimental conditions.

Housing Characteristics

Type of house
N° of windows
Type of windows
Window frames

Detached Detached
1 2
Double glazed casement windows
Aluminium frames

N° of doors 1 (hallway) 2 (outdoor/stairs)
Room volume (m?) 37.7 67.1

Air exchange rate (o, h'') 0.779 £0.123 0.718 £0.130
Combustion tests

N 4 3
Combustion appliance Open fireplace Woodstove
Wood Pine and eucalypt logs

Decay rate (i, h'!) 245+1.24 0.933 £0.312
PM initial concentration (ug m™) 30.5 +£9.88 13.7 £2.52
PM peak concentration (ug m) 2328 +£ 1853 76.7 +28.6
Emission rate PM;o (mg min™") 1.29+1.25 0.049 +0.035

The monitoring campaign was performed in January 2017 at two uninhabited houses: one equipped
with an open fireplace as heating system, and the other one equipped with a cast iron woodstove,
both installed in the kitchen area. The main features of the two rooms are described in Table 6.1.
Similarly to the approach described by Castro et al. (2018), during the monitoring campaign, only
the wood burning devices were operated and no other domestic activities took place. The
measurements were performed under minimum ventilation, i.e., all the doors and windows were
closed, which are typical conditions during the cold weather months. The ventilation rates were
determined by simultaneous CO, monitoring, indoors and outdoors, following the methodology
described by Alves et al. (2013). A total of four combustion experiments were performed using the
fireplace and three with the woodstove (Table 6.1). In each experiment, the fireplace was fed three
times with pine and eucalypt logs. Due to the higher combustion rates, the woodstove was fed five
times with the same biofuels. To start the combustion cycle, split pine wood logs, eucalypt logs and
two pine cones were inserted into the combustion chamber and ignited. Both devices were operated
for about 8-h and refuelled only when a hot bed of charcoal remained in the combustion chamber.
The duration of the experiments and number of batches to refuel the combustion chambers tried to
mimic common European burning practices (Gustafson et al., 2008; Wohler et al., 2016). To
reproduce the daily routines of rural residents, wood logs were added to the combustion chamber at
common time intervals and the bed of charcoal and wood was periodically stirred. To assess whether
the combustion appliances affected indoor air quality, background concentrations were monitored
for four days in each room, without biomass burning, for periods of time similar to those recorded

during sampling with combustion equipment in operation. Outdoors, the equipment was placed in a
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balcony of one of the houses. Since both houses are in front of each other, they share the same outdoor

air.

6.2.2. IAQ monitoring

Temperature, relative humidity, CO,, and CO were continuously monitored with indoor air
quality probes inside (TSI, model 7545) and outside (Gray Wolf®, WolfSense 1Q-610) the houses.
Real time measurements of airborne PM (PM;, PM,s, PMs and PMjp) mass concentrations were
carried out by a laser photometric instrument (TSI, DustTrak DRX 8533) in the indoor and outdoor
environments, simultaneously. All the continuous monitoring instruments were operated with 1-
minute resolution. In addition, PMo was measured gravimetrically with two high volume air MCV
(model CAV-A/mb) instruments working with a constant flow of 30 m* h~!. Concurrent indoor and
outdoor samples were collected during the operation of combustion appliances. Indoors, the high-
volume sampler and the real time monitoring instruments were placed in the middle of the room (a
location not unduly influenced by the studied source) at about 1.2 m above the floor, to simulate the
breathing height when one sits on the sofa (Morawska et al., 2013). PMo samples were collected on
pre-weighed 150 mm quartz fibre filters (Pallflex®) for gravimetric and chemical analyses. The
gravimetric quantification was performed with a microbalance (Mettler Toledo, XPE105

DeltaRange®).

6.2.3. Analytical techniques

Two circular filter punches of 9 mm were used to analyse the carbonaceous content in the
PM;, samples by a thermal optical transmission technique. The method consists on a multiple step
temperature protocol, first in an inert atmosphere of nitrogen and then in an oxidising atmosphere
(nitrogen and oxygen). The filter light transmittance measurement, through a laser beam and a
photodetector, allows separating the EC formed by OC pyrolysis during the heating process from the
one that was originally in the sample. The OC and EC determination is based on the quantification
of the CO, released during the controlled heating by a non-dispersive infrared (NDIR) analyser.
Calibration gas cylinders were used daily to construct the calibration curve. To assess carbon
recovery, a standard solution of potassium hydrogen phthalate in double-deionised water was spiked

in pre-baked quartz filters and analysed periodically.

The analysis of major and trace elements was performed by inductively coupled plasma

atomic emission spectrometry (ICP-AES: THERMO, IRIS Advantage TJA Solutions) and trace
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elements were determined by mass spectrometry (ICP-MS: THERMO, X Series II). Two circular
punches of 9 mm from the various replicate filter samples obtained for each condition (fireplace and
woodstove indoors, outdoors and background) were combined and analysed together in order to
obtain mean values. Each set of filter punches was subjected to acid digestion (1.25 mL HNOs: 2.5
mL HF: 1.25 mL HCIO4). Three multi-elemental solutions Spec® 1 (rare earth elements, REE), Spec®
2 (alkalis, earth alkalis, and metals) and Spec® 4 (Nb) were used to construct external calibration
curves. The methodology (Querol et al., 2001) enables to determine the content of around 50 major
and trace elements with a relative error < 5% for most elements, and around 10% for Al and Na. The
actual detection limits achieved are close to 0.005 pg m= for major elements and 0.05 ng m™ for
most trace elements. Repeated measurements were performed on acid blanks, quality control
standard solutions and standard reference material (SRM 1633b, fly ash). Additionally, a multi
standard composed of the same elements was introduced in each batch of samples to check the

accuracy of measurements.

Water soluble ions were analysed by ion chromatography. Two circular filter punches of 9
mm were extracted with 6 mL of ultrapure Milli-Q water under ultrasonic agitation for 30 min (15 +
15 min). Extracts were filtered (PVDF syringe filter 0.2 um pore size, Whatman) and injected in an
ion chromatograph (DIONEX, ICS-5000 + DC, USA). The chromatograph comprises a dual-system
ion chromatograph conductance detector (ICS-5000), an AS-DV 40 auto sampler and an eluent
regenerator system (Dual RFIC-EG, Dionex, USA). Anions were analysed with a DIONEX Ionpac
AS11-HC-4 pm analytical column (2 x 250 mm) with guard column and the eluent used was
potassium hydroxide (30 mM). The analysis of cations was performed with a DIONEX Ionpac CS16
analytical column (3 x 250 mm) with guard column and methanesulfonic acid as eluent (30 mM).
Stock solutions of 1000 ug ml™' were made from high-purity grade solutions from Sigma-Aldrich
and kept refrigerated until use. Fresh analytical standard mixtures were prepared by dilution of each
individual stock solution. Eight concentration levels of analytical standards were prepared for the
external calibration analytical curves. Each standard solution was injected three times in the ion

chromatograph in each batch of samples.

Two circular filter punches of 47 mm from each sample were extracted separately with
dichloromethane (125 mL) for 24 h and then two times with methanol in an ultrasonic bath (25 mL
for 10 min, each extraction). After each extraction, the extracts were filtered. The total organic
extracts (TOEs) were then concentrated to a volume lower than 1 mL using a Turbo Vap® 1I
concentrator (Biotage) and dried under a gentle nitrogen stream. Each TOE was then transferred onto
silica gel columns (activated at 150 °C during 3 h) and fractionated using solvents of different
polarity: (i) n-hexane (aliphatics), (ii) toluene-n-hexane (polycyclic aromatic hydrocarbons), (iii)

ethyl acetate-n-hexane (n-alkanols, sterols and other hydroxyl compounds) and (iv) formic acid in
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methanol (4%, v/v) (acids and sugars). After each elution, the different organic fractions were
vacuum concentrated using the Turbo Vap® II system, transferred to 1.5 mL vials, and dried by
nitrogen blow down. The aliphatic and polycyclic aromatic hydrocarbons were analysed with a GC-
MS from Shimadzu, model QP5050A, with automatic injection and equipped with a TRB-5MS 30
m x 0.25 mm X 0.25 um column. The oxygenated compounds were analysed with a GC-MS from
Thermo Scientific (Trace Ultra, quadrupole DSQII), equipped with a TRB-5MS 60 m x 0.25 mm X
0.25 pm column. The carrier gas was helium. Before injection, the compounds with hydroxylic and
carboxylic groups were converted into the corresponding trimethylsilyl derivatives. N,O-bis
(trimethylsilyl) trifluoroacetamide (BSTFA): trimethylchlorosilane (TMCS) 99:1 (Supelco 33,149-
U) was used as silylation reagent. The GC-MS multipoint calibration was performed with injection
of hundreds of authentic standards (Sigma-Aldrich). Standards and samples were both co-injected
with internal standards. A detailed description of the analytical methodology, including recovery

efficiency tests for several compounds, can be found in Oliveira et al. (2007).

Except for background samples, each filter was individually extracted for analysis of water
soluble ions by ion chromatography and for organic speciation by GC-MS. For background air,
circular filter punches from the various replicate samples were combined and analysed together in
order to obtain masses high enough to detect the target compounds. Furthermore, for the analysis of
major and trace elements, replicate samples were also digested together, as described above. The
results obtained from each analytical technique were blank-corrected. Blank filters were analysed in

the same way as the samples.

6.3. Results

6.3.1. Comfort parameters and gaseous compounds

The mean indoor temperatures during the burning periods were lower in the room equipped
with fireplace (14 £ 1.6 °C) than the one measured in the room equipped with woodstove (20 £ 0.94
°C). The mean temperature recorded in the first day of burning, in both spaces, was lower compared
to the following days of measurements, which may be related to the fact that both houses were
unoccupied. Mean relative humidity values of 52 + 1.3% and 55 + 4.4% were obtained, respectively,
for the rooms equipped with fireplace and woodstove. The room temperature rose by 4 to 5 °C and
by 4 to 8 °C within 2 h of firing up the fireplace and the woodstove, respectively. On the other hand,
the relative humidity in the room dropped by 11 to 14% and by 6 to 10% during the operation of the

fireplace and the woodstove, respectively. The American Society of Heating, Refrigerating, and Air-
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Conditioning Engineers (ASHRAE, 2010) indicates that, for thermal comfort purposes (for 80%
occupant acceptability) considering low metabolic rate (sedentary activities) and assuming low
clothing (normal indoor clothing), the indoor temperatures should range from 20.0 to 24.2 °C for a
relative humidity of 30% and from 19.7 to 23.3 °C when the relative humidity reaches 60%. The
woodstove operation allowed temperatures in the room within the comfort zone while the open
fireplace did not deliver enough heat to provide thermal comfort in the room. Under minimum
ventilation conditions, the air exchange rate (renovations per hour) was 0.78 + 0.12 and 0.72 + 0.13

h™! in the rooms equipped with the fireplace and the woodstove, respectively (Table 6.1).

Relatively low concentrations of carbon dioxide (CO,) were measured in both rooms,
averaging 563 + 60.0 ppm (8-h) and 503 + 13.1 ppm (8-h) during the operation of the woodstove and
fireplace, respectively. In both cases, the maxima were below 1000 ppm. Furthermore, it should be
noted that one person was always in the room during the sampling period, whose exhalation
contributed to the measured CO; levels. Carbon monoxide (CO) was found indoors, reflecting the
occurrence of incomplete combustion processes. Sudden increases in concentrations were observed
for both residential combustion appliances. The highest values were measured when the fireplace
was being used (3.20 £ 0.946 ppm, 8-h average). Outdoors, CO levels were below the corresponding

indoor concentration and highly variable, ranging from 0.247 to 1.72 ppm (8-h average).

Fig. 6.1 depicts the CO2 and CO profiles indoors during the operation of the fireplace (Fig.
6.1A) and the woodstove (Fig. 6.1B). The main pollutant generating phases were the lighting and
refuelling of the combustion chambers of both devices. Additionally, higher CO and CO: levels were
also recorded during the charcoal combustion at low temperatures at the end of the combustion
process. After ignition, the rise in CO concentrations in the room generally occurred after about 1
(fireplace) to 2 (woodstove) hours. Despite the similar profiles for the various days, the peak

concentration values showed significant differences (Fig. A2.1).

6.3.2. Particulate matter

Fig. 6.1 depicts the time resolved indoor PMjo concentrations during the operation of the
fireplace (Fig. 6.1A) and the woodstove (Fig. 6.1B). The ignition phase, whether for the fireplace or
for the woodstove, produced a sudden increase in the PM concentrations. As observed for the gaseous
pollutants, PM peak concentrations were associated with lighting and refuelling of the combustion

appliance.
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Figure 6.1. Indoor profiles of PMjo (ug m~) CO, and CO concentrations (ppm) measured during fireplace

The maximum outdoor PM1 concentrations were observed during the morning and early night hours
(Fig. A2.2 and A2.3). In several days, very high night-time PMio concentrations were recorded
outdoors, which might be associated with limited dispersion due to inversion build-up. On the other
hand, some days of rain during the sampling campaign contributed to particle scavenging and,
consequently, to lower outdoor PM o concentrations (Fig. A2.2 and A2.3).

The indoor to outdoor (I/O) particle concentration ratio is often used as a proxy of the
infiltration from outdoors. Morawska et al. (2017) highlighted the importance of the contribution
from outdoor air through infiltration/ventilation to PM levels in households. In the present study, the

indoor to outdoor particle concentration ratio was found to be quite high during the operation of the

220

04:00:00 08:00:00

Time (hh:mm:ss)

(A) and woodstove (B) operation.

12:00:00

CO (ppm)

CO (ppm)



Impact of wood combustion on indoor air quality

fireplace. When this source was present (burning period), I/O ratios for PM o ranged from 3.2 to 25
(average = 14 £+ 9.0). Lower I/O PM; ratios were obtained during the woodstove operation (1.37 +

0.92).

A strong linear relationship between PMip measurements obtained by photometric and
gravimetric monitoring devices was observed (r?= 0.98). It is important to highlight that the DustTrak
used to record PMjo over time is not the reference method and the comparisons with the air quality
standards or other studies employing the gravimetric method should be viewed with caution.
Although a strong correlation has been found between the measurements with the high-volume
sampler and DustTrak, the latter over-reports PMo mass measurements by a factor of ~1.76. This
value agrees with previous studies comparing gravimetric or filter-based methods with DustTrak
measurements. For indoor wood smoke, McNamara et al. (2011) reported a factor of 1.65 for PM» s
measurements with DustTraks, while Kingham et al. (2006) found that in a wood smoke ambient

airshed, DustTraks over-recorded PM by a factor of 2.73.

From the gravimetric determination of PM,o (Fig. 6.2), the indoor concentrations (8-h
average) ranged from 146 to 558 pg m™ in the room equipped with the fireplace (average = 319 +
173 ug m™) and from 51.8 to 98.6 pg m™ in the woodstove equipped room (average = 78.5 + 24.0
pg m™).

Several studies have employed mass balances to calculate the indoor particle generation rate
of different sources (Guo et al., 2008; He et al., 2004; Nasir and Colbeck, 2013). Eq. (1), which is
employed to calculate indoor particle concentrations, takes into consideration the indoor and outdoor
particle concentrations (Ci, and Coy, respectively), the penetration efficiency (P), the air exchange
rate (o), the deposition rate (k), the indoor particle generation rate (Qs), the time (t) and the efficient

volume (V), assuming homogenous concentration in the room.

DCin
Dt

= PaCou + £ — (@ +K)Cin (1)

To simplify the equation, several assumptions are made: use of average values instead of
functions, assume that the penetration efficiency is close to unity for both fine and coarse particles,
approximate the indoor particle concentration by outdoor particle concentration when no indoor
source is in operation and the initial indoor particle concentration (Cino) could be used to replace

outdoor particle concentrations (Eq. 2) (Guo et al., 2008; He et al., 2004; Nasir and Colbeck, 2013).

Qs =V x [0 4 T+ K)Cop — aCino )
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Thus, the average particle emission rate (Qs) is determined taking into consideration the peak
(Cin) and initial indoor particle concentrations (Cin), the average air exchange rate (o), the average
removal rate (a + «) and the time difference between the initial and peak particle concentration (At).
The decay of indoor PM levels after an indoor source stopped, considering that the indoor
concentration from source operation is significantly higher than outdoor concentration, can be
described by the exponential Eq. 3 (Abt et al., 2000; He et al., 2005; Vette et al., 2001; Zhang et al.,
2010).

Ct — e—(a’+k)tCO (3)

The particle removal rate is the slope of the line obtained by plotting In(Ciy/Cino) versus time
(Abt et al., 2000; He et al., 2005; Vette et al., 2001). The PM o deposition rates, «, varied from day
to day, averaging 2.45 + 1.24 h™" and 0.933 + 0.312 h™! for fireplace and woodstove, respectively.
The estimated PMo emission rates (Table 6.1) from biomass burning in the open fireplace were much
higher (1.29 + 1.25 mg min™"), compared with indoor particle generation rates from woodstove

operation (0.049 + 0.035 mg min™").

6.3.2.1. Major and trace elements

Elements accounted for 2.20 and 12.7 wt% of the PMjo mass during the fireplace and
woodstove operation, respectively. The prevailing major elements in the PM;o samples collected
during the operation of both combustion appliances were Ca and K. Outdoors, these components
accounted for PMjo mass fractions ranging from 4.61 to 14.1 wt % and Na, Ca, Al and K were the

most abundant elements (Table A2.1).

For the purpose of making a PMy mass balance and taking into account that elements exist
at the highest oxidation states, the concentration of each one was converted into the respective mass
concentrations of the most common oxides. When accounting for the unmeasured oxygen, elements
in their oxide form represented 3.13 (fireplace operation) to 18.2 (woodstove operation) wt% of PMg

mass indoors and 6.74 to 19.6 wt% of PM;, outdoors.

222



Impact of wood combustion on indoor air quality

400

200

PM,q (pg M)

PMyg (g m?)

Indoor Background  Indoor Fireplace Outdoor Indoor Background  Indoor Woodstove Outdoor

Figure 6.2. PM o concentrations indoors (while using combustion appliances and room background air) and

outdoors.

For each element, enrichment factors were calculated using the average composition of the
upper continental crust (Fig. A2.4). The enrichment factor (EF) is defined according to Eq. (4), where
E and R represent the concentrations of the element under analysis and the reference element,

respectively:

EF = (E/R)air/(E/R)cust “)

A reference element is that whose concentration is so abundant in the earth's crust that
anthropogenic contributions do not change it substantially. In the present study, Al was used as
reference element and the average element concentrations in the upper continental crust were taken
from Wedepohl (1995).

Values of EF close to unity are indicative of major inputs from crustal sources while higher
values express the contribution from non-crustal sources. It is assumed that EF higher than 5 suggests
that non-crustal sources contribute to a significant fraction of the element (Gao et al., 2002).

Indoors, during the operation of combustion appliances, minimal enrichments (lower than 5)
were obtained for elements such as Ga, Fe, Li, Ti, Nd and V, indicating that these metals were mostly
derived from soil dust. Other elements like Ce, Co, K, Mg, As, Mn, Ca, Sn, Cr and Pb were enriched,
suggesting an anthropogenic source (5 < EF <78). Cu and Cd were highly enriched elements during
fireplace (101 <EF <621) and woodstove operation (91 < EF <488). Additionally, high enrichments
were recorded for Se (160) and Sb (737) when the fireplace was in use.

Outdoors, EFs > 5 were obtained for As, Cr, Cu, Pb, Sn and W during both sampling

campaigns and higher enrichments (> 450) were found for Cd. During the second sampling campaign
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(woodstove), the outdoor samples were also enriched in K, Mg, Ca, V and Na (9 < EF < 31) (Fig.
A2.4).

The inhalation exposure to major and trace elements was estimated according to the
methodology provided in “supplemental guidance for inhalation risk assessment” (USEPA, 2009).

The exposure concentration depends on the duration and human activity patterns, as follows:

EC = (CA X ET x EF X ED)/AT (5)

where EC is the exposure concentration (ng m~), CA corresponds to the element concentration (ng
m™), ET is the exposure time (8 h d™"), EF is the exposure frequency (181 d y™"), ED is the exposure
duration(70y) and AT is the averaging time (70y x 365dy~! x 24 h d™"). The exposure time used in
the calculations was based on the average time of the combustion experiments performed in the
present study, which has also been reported as the average wood burning time in other European
countries (Gustafson et al., 2008). The exposure frequency, 181 days per year, takes into account the
highest usage frequencies (November to March) according to the results of a European survey on

real life operation of biomass combustion appliances (Wohler et al., 2016).

The excess cancer risk for a receptor exposed via the inhalation pathway was estimated

following Eq. (6), where TUR is the inhalation unit risk (ng m=)~".

Risk = IUR X EC (6)

The IUR values were retrieved from the database provided by USEPA (2017) for six
elements (As, Cr(VI), Pb, Co, Cd and Ni). Considering that in the present study total Cr was
determined and that the tabulated IUR is for Cr(VI), which is based on a Cr(IIT):Cr(VI) proportion
of 1/6, one seventh of the total concentration was used to estimate the risk. The health risks posed by
the individual metals were calculated to assess the potential health risks associated with PMig
inhalation (Fig. 6.3). Risks < 1 in a million are below the level of concern, while risks above 1.0 x
10~ are typically considered of concern. The results indicate that the lifetime cancer risk associated
with particle bound metals exposure during the operation of wood burning appliances might be of

concern for householders.

The noncarcinogenic risk of each individual metal was assessed by the noncancer hazard

quotient (HQ) according to Eq. (7), where RC is the reference concentration (ng m=>).

HQ = EC/R;C 7
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Figure 6.3. Mean risks from inhalation exposure to noncarcinogenic and carcinogenic PM;o-bound metals. IUR: arsenic (4.3x1073 (ug m>)"), lead (1.2x107 (pug m>)1),

chromium (VI) (8.4x10 (ug m>)"), cobalt (9 x107 (ug m>)"), cadmium (1.8x1073 (ug m>)").
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Since for several elements only the reference doses for oral exposure (RiD) are available
(USEPA, 2017), the values were converted into the respective reference concentration (R:C)
following the methodology described by USEPA (2013). These reference values were taken from
databases provided by the Integration Risk Information System (IRIS) (USEPA, 2019) and USEPA
(USEPA, 2017). The noncarcinogenic risks associated with inhalation exposure to airborne PMo-
bound elements are presented in Fig. 6.3. The HQ assumes that below the RiC level it is unlikely to
experience adverse health effects. Values of HQ above 1 indicate greater levels of concern. In the
present study, HQ for PMo-bound metals ranged from null values for many elements to 0.98 for Mn
during woodstove operation. The HQ sum of the sixteen PMio-bound elements was higher indoors
during the operation of the fireplace (0.669) and the woodstove (1.01) than the outdoor HQ values
with major contributions to the total noncarcinogenic risk from Mn (92 and 97% during fireplace and
woodstove operation, respectively) and Al (4.1 and 2.3% during fireplace and woodstove operation,

respectively).

6.3.2.2. Water soluble inorganic ions

Water soluble ions accounted for 5.4 + 2.0 wt% and 15 + 7.7 wt% of the PM o mass sampled
during fireplace and woodstove operation, respectively. Outdoors, the PMip mass fraction of
inorganic ions was 3.2 and 1.8 times higher than the ones observed in the room with the fireplace
and the woodstove, respectively. Among the measured ions, the most abundant in the outdoor
environment during the first week of sampling (fireplace) were NO3 (6.1 %wt PM;o) and PO3~ (3.2
wt% PMp), while in the second sampling campaign (woodstove) the major ion was PO3~ (8.8 wt%
PM,y), followed by SO%~ (5.1 wt% PMj).

Throughout the operation of both combustion appliances, the most noticeable cations in
indoor particles were Ca?* (1.3 and 0.88 wt% PMj, for the fireplace and the woodstove, respectively)
and Na* (1.5 and 0.69 wt% PM 0, during woodstove and fireplace operation, respectively). The major
anions in the PM;o samples from fireplace operation were NO3 (0.83 wt% PM o) and CI~ (0.66 wt%
PM ), while when the woodstove was operating, particles contained mainly SO%~ (4.1 wt% PM;o)
and PO3~ (3.2 wt% PM,j). Indoors, Ca®* showed a good correlation with K* (r* = 0.78) and Mg?* (1
= 0.73). The concentrations of K* and Na* also correlated well (r> =0.74).

The ionic balance is expressed by the ratio between the sum of the equivalents of cations and
the sum of the equivalents of anions. On average, the ratio was greater than unity indoors (1.6 and
1.2 for fireplace and woodstove, respectively) and slightly below outdoors (0.8 to 0.9). Indoors, the

alkaline character of aerosols indicates that carbonate is probably the missing anion that has not been
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measured. On the other hand, the acidic character of the outdoor aerosol might be attributed to the

presence of H*, which has not been measured either.

6.3.2.3. Carbonaceous content

The carbonaceous (EC and OC) content of particles sampled during the woodstove operation
(TC=24.0+7.37 wt% of PM1o) was almost half the one obtained during the combustion experiments
with fireplace (43.9 + 5.04 wt% of PMo). OC constituted the major mass fraction, accounting for
379 + 6.45 wt% and 19.7 £ 4.91 wt% of PM,o during the fireplace and woodstove operation,
respectively (Fig. 6.4). The EC particulate mass fractions were substantially lower (5.97 + 2.47 wt%
of PMo and 4.28 £ 2.59 wt% of PM for the fireplace and woodstove, respectively). Indoors, PMg

concentrations correlated well with the carbonaceous components (Fig. 6.4C).
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Figure 6.4. Carbonaceous mass fractions in PM;o samples (%wt.) (A) and concentrations (ug m™~) (B) indoors
(while using combustion appliances and room background air) and outdoors. Correlations between

concentrations (ug m™) of PMo and its carbonaceous fractions (C).

Furthermore, a strong correlation was also found between indoor OC and EC concentrations (r? =
0.86).

On average, OC accounted for 18.5 + 2.80 and for 22.4 + 1.59 wt% of the PM;o mass
outdoors during the sampling campaign with the fireplace and the woodstove, respectively. The EC
mass fractions showed lower fluctuations, contributing on average from 4.2 to 4.8 wt% of the PM o
mass. A good relationship between OC and EC concentrations in the outdoor air (r> = 0.91) was
found, suggesting common sources for the carbonaceous particles. A strong correlation was also
observed between outdoor OC and PM;o concentrations (r> = 0.90) and between the outdoor PM
and EC concentrations (r* = 0.82) (Fig. 6.4C). The relationship between indoor and outdoor OC and
EC concentrations showed weak correlations (r> = 0.40 and r? = 0.37, respectively), indicating little

contribution of the outdoor air to the measured indoor levels.

The average indoor OC/EC ratio was 7.5 and 5.3 in the rooms equipped with the fireplace
and the woodstove, respectively. Outdoors, the ratio ranged from 3.7 to 5.2. Since biomass burning
generates many oxygenated organic compounds, to derive the organic matter content in PMy, a total
organic mass to organic carbon ratio (OM/OC) of 2.2 was adopted (Chow et al., 2015). As reviewed
by Chow et al. (2015) the multiplier value remains a research subject and biomass burning values
ranging from 1.5 to 2.6 have been suggested. As Fig. 6.6 shows, the sum of all components allowed
determining from 64 to 97% of the PM o mass. The fraction of unidentified mass was considerably
higher outdoors, during the first sampling campaign (fireplace), which might be attributed to aerosol
growth under distinct relative humidity conditions (Zhang et al., 2017). In addition to the selection

of the multiplier factor to derive the OM and particle-bound water on the filter deposits, other factors
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affecting the mass balance are related to sampling artefacts, the carbon analysis method and NH}
and NO3 volatilisation (Chow et al., 2015). The unaccounted mass can also be partly assigned to the

presence of unanalysed constituents (Fig. 6.5).
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Figure 6.5. Chemical mass closure of PMjj.

6.3.2.4. Organic compounds

6.3.2.4.1. Homologous compound series

Alkanes were in the range from Cio to Css (Table A2.2), accounting for OC mass fractions
from 0.01 (fireplace operation) to 1.3 wt% (woodstove operation) indoors, while outdoors the
contributions ranged from 0.01 to 1.2 wt% of OC mass. n-Alkanes were absent in background
samples collected in the room where the woodstove was installed. No correlation was found between
the sum of n-alkanes and PM;o both indoors and outdoors. n-Alkane concentrations in PMo samples
during woodstove operation were higher (over 15 times) than in those collected during fireplace

operation.
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A series of n-alkanoic acids from C; to Czy were detected in the organic extracts,
representing, on average, 1.0 and 2.2 wt% of the OC mass during the operation of the fireplace and
woodstove, respectively. Concentrations of n-alkanoic acids during fireplace operation were 3 times
higher than the ones recorded during woodstove operation. Outdoors, n-carboxylic acids accounted
for OC mass fractions ranging from 0.89 to 4.2 wt%. Concentrations of these homologous series
showed a strong correlation with PM both indoors (r* = 0.91) and outdoors (r> = 0.84). Contributions
of some unsaturated fatty acids to the PM samples were also recorded. The most abundant alkenoic
acid was 9-octadecenoic acid (oleic), followed by 9-cis-hexadecenoic (linoleic), which was found at
lower concentrations (Table A2.2). The concentrations of this organic class were highly correlated

with PM g levels, both indoors (r? = 0.90) and outdoors (r> = 0.71).

Dicarboxylic acids accounted for 2.1 and 4.6 wt% of the OC mass during the operation of
the fireplace and woodstove, respectively. The most abundant compound was always ethanedioic
acid (oxalic acid), followed by butanedioic acid (succinic acid) (Table A2.2). The main formation
pathway of oxalic acid, an abundant and ubiquitous diacid, is via atmospheric oxidation of organic
precursors (Kawamura and Bikkina, 2016). Taking into account that EC and primary OC are mostly
emitted by combustion sources, EC has been used as a conservative tracer for primary combustion-
generated OC (Polidori et al., 2007; Srivastava et al., 2018). In this study, oxalic acid exhibited a
good correlation with EC indoors (12 = 0.74), while outdoors no correlation was found, indicating
that secondary photochemical production in the ambient air is not negligible. On the other hand,
succinic acid exhibited a good correlation with EC both indoors (r* = 0.84) and outdoors (r* = 0.72),

suggesting that primary combustion sources are the predominant contributor to this alkanedioic acid.

A sequence of n-alkanols (Cio — C3p), representing, on average, 0.96 and 1.3 wt% of the OC
mass, were detected in the organic extracts obtained from samples collected during fireplace and
woodstove operation, respectively. The n-alkanol contribution to the OC mass outdoors ranged from
0.64 to 1.7 wt%. Behenyl alcohol comprised, on average, 57 and 34% of the total n-alkanol mass in
the PMo samples from the rooms equipped with fireplace and woodstove, respectively. The X7 of
n-alkanols was correlated with PM;o concentrations indoors (r* = 0.71) and moderately correlated

outdoors (r* = 0.58).

6.3.2.4.2. Polycyclic aromatic hydrocarbons (PAHs)

Twenty polycyclic compounds were quantified in the PM o samples. Indoors, the quantified
PAHs constituted OC mass fractions of 0.08 £ 0.03 wt% (fireplace) and 0.05 + 0.03 wt%
(woodstove). Outdoors, PAHs accounted for 0.08 to 0.25 wt% of the OC mass. The high-molecular-

weight PAHs (four rings and larger) represented, on average, 80 wt% of the total PAH
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concentrations. The average concentration of total particulate bond PAHs (Table 6.2) collected
during fireplace operation (92.0 + 31.5 ng m™) largely exceeded the one obtained from the
woodstove experiments (8.82 + 6.50 ng m™). The PAHs with highest concentrations during
woodstove operation were indeno[1,2,3-cd]pyrene, benzo[k]fluoranthene and benzo[b]fluoranthene.
The use of fireplace resulted in high concentrations of retene, chrysene and benzo[a]anthracene in
the room. On average, a 59-fold increase in PAH concentrations compared to the background
measurements (XPAHs = 1.55 ng m~®) was observed during fireplace operation, while the use of the
woodstove contributed to a 3-fold enhancement compared to the baseline situation (XPAHs = 3.27
ng m~). On average, the outdoor PAH levels were 28.3 + 5.4 and 6.02 + 2.65 ng m™ during the
sampling campaign with the fireplace and the woodstove, respectively. The dominant compounds
found outdoors were chrysene and retene. PAH concentrations correlated well with PMig

concentrations both indoors (r*> = 0.85) and outdoors (r*> = 0.74).

Benzo[a]pyrene (B[a]P), classified as one of the most potent carcinogenic PAHs (WHO,
2010), was present in all samples. Average B[a]P levels in samples collected during fireplace
operation (6.09 + 1.82 ng m~®) were much higher than the ones recorded during woodstove operation
(0.639 + 0.386 ng m~®). WHO has estimated a unit risk of 8.7 x 107 per ng m™ B[a]P, based on
epidemiological data on cohorts of coke-oven workers. The B[a]P dose producing an excess lifetime
cancer risk of 1 in 10,000 was calculated to be 1.2 ng m= (WHO, 2010). The average indoor B[a]P
level in the fireplace equipped home was 5 times higher than this value. The reference level of 0.12
ng m™ estimated by WHO assuming an excess lifetime cancer risk of approximately 1 in 100,000
was exceeded by 5 times in the room equipped with the woodstove. The average outdoor B[a]P
concentration (1.4 ng m™) was above the ambient air quality target value of 1 ng m= (annual average)

set by EU legislation.

B[a]P is used as a marker compound for different environmental PAH source mixtures
(USEPA, 1993; WHO, 2010). The carcinogenic risk due to exposure to PAHs is estimated and
expressed per Bla]P equivalents (B[a]Peq). B[a]P.q are calculated multiplying the individual PAH
concentration by its toxic equivalent factor (TEF). Different TEFs for PAHs in relation to the potency
of B[a]P have been proposed. In the present study, the toxicity of the PAHs mixture was assessed
through the modified version of Nisbet and LaGoy (1992) presented by Bari et al. (2010a). B[a]P¢q
values measured indoors during the wood burning experiments (8.6 and 1.2 ng m~ for fireplace and
woodstove operation, respectively) were higher than those outdoors (Table 6.2). Outdoors, the

B[a]P.q concentrations were in the range from 0.46 to 5.7 ng m™.
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Table 6.2. Concentrations of PAHs (ng m™), carcinogenic potency of total PAHs (BaPeg, ng m™) and cancer risk.

PAHs (ng m?) TEF Indoor fireplace Indoor background Outdoor Indoor woodstove Indoor background Outdoor
Naphthalene 0.001 0.0151+0.0242 - 0.0392+0.0395| 0.0261+0.0452 - -
Acenaphthylene 0.001  0.0098+0.0095 - 0.0011+£0.0014 - 0.0007 -
Acenaphthene 0.001  0.0029+0.0021 - 0.0012+0.0024 | 0.0001+0.0001 - -
Fluorene 0.001  0.0001£0.0002 - 0.0023+0.0028 - - -
Phenanthrene 0.001  0.370+0.311 0.0103 0.0245+£0.0139 | 0.0129+0.0051 0.0095 0.0008+0.0014
Anthracene 0.01  0.0674+£0.0714 - 0.0027£0.0024 | 0.0037+0.0018 0.0007 0.0002+0.0003
Fluoranthene 0.001 1.81+1.27 0.0577 0.525+0.196 0.0676+0.0388 0.0621 0.0784+0.0651
Pyrene 0.001 2.12+1.52 0.0867 0.526+0.150 0.176+0.279 0.0533 0.0674£0.0831
Chrysene 0.01 7.86+2.44 0.197 3.99£1.56 0.586+0.279 0.310 0.675+0.316
Benzo[a]anthracene 0.1 7.07+£2.41 0.0643 2.8240.991 0.321+0.160 0.160 0.446+0.207
p-Terphenyl 0.0810+£0.0519 - 0.0319+£0.0094 |  0.0053+0.0028 0.0002 0.0036+0.0017
Retene 46.8+30.1 0.168 3.26£1.56 0.726+0.677 0.101 0.414+0.285
Perylene 0.724+0.270 0.0127 0.314+0.120 0.100+0.0491 0.0461 0.0646+0.0320
Benzo[b]fluoranthene 0.1 4.73+£1.42 0.198 3.69+0.816 0.728+0.434 0.460 1.04+0.462
Benzo[k]fluoranthene 0.1 5.00+1.59 0.201 3.56£1.16 0.746+0.366 0.432 0.967+0.436
Benzo[e]pyrene 3.57+1.02 0.188 2.71+0.746 0.708+0.336 0.401 0.694+0.276
Benzo[a]pyrene 1 6.09+1.82 0.170 2.25+0.831 0.639+0.386 0.447 0.382+0.188
Benzo[g,h,i]perylene  0.01 2.06£1.04 0.0960 1.7940.662 0.654+0.287 0.367 0.478+0.137
Dibenzo[a,h]anthracene 1 0.381+0.177 0.0043 0.379+£0.175 0.0744+0.0070 0.0341 0.0768+0.0491
Indeno[1,2,3-cd]pyrene 0.1 3.21£1.54 0.0932 2.40£1.21 3.254+4.06 0.380 0.631+0.267
BaPe, (ng m) 8.6+2.6 0.23 39+12 1.2 +0.85 0.63 0.78 £0.35
Cancer Risk 1.3 x 10° 3.6 x 108 6.0 x 107 1.9 x 107 9.7 x 108 1.2 x 107

-Below detection limit or not detected. TEF: Toxic equivalent factor.
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For both indoor and outdoor environments, B[a]P was the compound that contributed the
most to the carcinogenic potential of the PAH mixture with values ranging from 48 + 10% (outdoor,
woodstove) to 71 = 0.90% (indoor, fireplace). The second highest contributor to the carcinogenic
potential found in the samples collected during the fireplace operation was benzo[a]anthracene (8.4
+ 1.8%), while in the corresponding outdoor samples the second major compound was
dibenzo[a,h]anthracene (9.7 + 4.4%). Indoors, during the heating period with the woodstove,
indeno[1,2,3-cd]pyrene (21 + 14%) had the second major share in the carcinogenic potential, while

benzo[b]fluoranthene was once again the second major compound outdoors (14 + 2.8%).

The inhalation exposure to PAHs was estimated by Eq. (5), where CA corresponds to the
Bl[a]P., concentration in air (ng m~>). The excess cancer risk for a receptor exposed via the inhalation
pathway was estimated by applying Eq. (6), where IUR indicates the calculated, theoretical upper
limit possibility of contracting cancer when exposed to B[a]P at a concentration of 1 ug m=. IUR is
calculated multiplying the cancer potency for B[a]P of 3.9 (mg kg™' day™') by the reference human
inhalation rate (20 m* day™') and dividing by the reference human body weight (70 kg). Table 6.2
displays the total carcinogenic risk calculated from the particle-phase PAH mixture. The typical
USEPA target range for risk management is a 1/1,000,000 to a 1/10,000 increased lifetime risk
(USEPA, 2005). The increment in the cancer risk due to exposure to indoor wood smoke during the
open fireplace operation is slightly higher than the acceptable benchmark level (1 x 107
recommended by USEPA.

6.3.2.4.3. Saccharides and polyols

Anhydrosugars were the dominant group of organic compounds in samples collected both
indoors (from 3.8 to 5.7 and from 0.31 to 0.49 wt% PM o during fireplace and woodstove combustion,
respectively) and outdoors (from 1.3 to 2.9 wt% PMio) (Fig. 6.6A). During the fireplace operation,
the anhydrosugars accounted for 10 to 13 wt% of the OC mass while lower mass fractions (1.2 to 3.1
wt%) were recorded during the woodstove operation. In this study, levoglucosan was found to be
one of the most abundant species among the individually identified compounds with a concentration
range of 2859 — 16,282 ng m™ and 119 — 296 ng m™ during the use of the fireplace and woodstove,
respectively. The contribution of levoglucosan to the total monosaccharide anhydrides was between
50 and 74 wt%, whereas mannosan and galactosan accounted for 14 to 33% and 6.1 to 20 wt%,
respectively. Levoglucosan mass fractions in particles collected in the room equipped with the
fireplace (2.3 £ 0.42 wt% PMo) were almost 9 times higher than the ones measured in the room
during the traditional woodstove operation (0.26 + 0.07 wt% PM o). As predicted, indoor PM o levels

were strongly correlated with levoglucosan concentrations (> = 0.99), since in these homes indoor
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PM;y was primarily from wood combustion sources (Fig. 6.6B). Excluding a data point, a strong
relationship between PM and levoglucosan (Fig. 6.6B) was also found outdoors (r> = 0.98), proving
that biomass burning is a dominant active source during the winter in rural areas. The levoglucosan
outdoor concentrations varied from 219 to 1227 ng m~, contributing to 1.0 — 1.8 wt% of the PM;j
mass. A strong correlation between total PAHs and levoglucosan (r> = 0.67) concentrations was also
observed, which increase (r> = 0.89) if the outlier is excluded, thus confirming their common
emission source.

The levoglucosan to mannosan (L/M) ratio can be employed to distinguish biomass
categories. In the present study, low L/M ratios in the range from 1.6 (indoor) to 5.3 (outdoor) were
recorded (Fig. 6.6C). Other saccharides detected and identified in smoke samples encompassed

disaccharides (sucrose) and polyols, such as inositol, ribitol, glucitol (also known as sorbitol) and

erythritol (Table A2.3).
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Figure 6.6. Anhydrosugar mass fractions in PMjq (%wt.) (A), correlation between levoglucosan and PM;o

concentrations (ug m™) (B) and anhydrosugar ratios (C).

6.3.2.4.4. Other biomarkers

Lignin pyrolysis produces other biomass combustion specific organic compounds. The
guaiacyl derivative 3-vanillyl propanol was the dominant compound in the PM;o samples collected
during the fireplace operation but was absent from samples collected while using the woodstove.
During the use of the fireplace, a wide variety of methoxyphenols were detected (coniferyl aldehyde,
acetosyringone, sinapaldehyde and syringaldehyde), while the operation of the woodstove led to
undetectable levels of these compounds in the particulate samples (Table A2.4). This may be linked
to the higher combustion temperatures usually registered in woodstoves. The presence of guaiacol
and syringol type methoxyphenols in the smoke that impacts the indoor environments indicates the
combustion of a mixture of hard and soft firewood. Other lignin products, such as 3-hidroxybenzoic,

vanillic and syringic acids, were detected in all aerosol samples, including background.

Pyrogallol was also detected in all samples. The highest concentration of this benzenetriol
was recorded when the fireplace was under operation (Table A2.4). The occurrence of hydroquinone
in samples impacted by emissions of this combustion appliance is also noteworthy. This benzenediol

was not present in PM o samples collected during the woodstove operation.

Bisphenol A was found at considerable concentrations in samples collected during the
operation of the woodstove and was absent in the room where the fireplace was installed during both
operation and non-operation periods (Table A2.4). No correlation was found between PM;o and
bisphenol A concentrations both indoors and outdoors. Burning of plastics was found to be an
important source of this compound in urban areas, although it has been detected in ambient aerosol

samples from urban, rural, marine and the Polar Regions, indicating that it is a ubiquitous compound
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in the atmosphere (Fu and Kawamura, 2010). Terephthalic acid was also a major compound in PM g
samples collected while using the woodstove and was also found outdoors in lower concentrations
(Table A2.4). Despite being a major pyrolysis product from poly (ethylene terephthalate) (PET), this
compound is not source specific and can be emitted by other combustion processes (Simoneit et al.,
2005). The other phthalic isomers, phthalic acid and isophthalic acid, were also detected in the PM o
samples (Table A2.4).

Among sterols and triterpenoids, -sitosterol was the most abundant compound indoors,
representing 87% and 52 wt% of the mass of this organic group in the PMo samples during the
operation of the fireplace and woodstove, respectively (Table A2.5). Despite being the most abundant
compound, its contribution to the OC mass was small, averaging 0.13, 0.35 and 0.08 wt% OC in
samples obtained outdoors and during the operation of the fireplace and the woodstove, respectively.
Good correlations were found between B-sitosterol and PM o concentrations, both indoors (r> = 0.99)
and outdoors (r* = 0.64). Stigmasta-3,5-dien-7-one, a thermal alteration product of B-sitosterol (Oros
and Simoneit, 2001a), was only detected in samples collected when using the fireplace. Lupeol, a
pentacyclic triterpene referred to as a tracer of angiosperm smoke (Oros and Simoneit, 2001a), was

found indoors for both combustion appliances, as well as outdoors.

Indoors, resin acids and derivatives represented 7.7 £ 1.5 (fireplace operation) and 1.8 £ 0.79
wt% of the OC mass (woodstove operation). Good correlations were observed between the sum of
these compounds and OC concentrations in the indoor environments (r* = 0.91), while outdoors a
stronger correlation with EC concentrations was found (r* = 0.64). The contribution of these organic
compounds to the OC mass outdoors showed high variability, with contributions ranging from 2.9 to
11 wt% OC. The main compound in all particulate samples was dehydroabietic acid, an altered resin
acid. Indoors, this oxidised derivative represented, on average, 68% and 69% of the mass of total
resin acids in the PM o samples during the operation of the fireplace and the woodstove, respectively.
Outdoors, the contribution of this polar diterpenoid to the total mass of this class or organic
compounds ranged from 67 to 85%. Abietic acid, an unaltered compound, was the second most
abundant resin acid in PM;o samples impacted by combustion in the fireplace, representing 11% of
the total mass of resin acids. During the operation of the woodstove, outdoors and in the background

samples, this compound was found in very low concentrations or was not detected (Table A2.5).
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6.4. Discussion

6.4.1. Physical parameters, gaseous compounds and PM levels

The results of this research clearly show that the operation of different batch fired
combustion appliances leads to substantial differences in indoor pollutant concentrations. Previous
studies have highlighted the distinct operating conditions of open fireplaces and woodstoves (e.g.
Calvo et al., 2015, Calvo et al., 2014). Furthermore, the room volume where the measurements took
place and the ventilation and removal rates also played a role in the concentration of pollutants (Eq.
(1)). The removal mechanisms of indoor aerosols, such as deposition, are also affected by the
building characteristics (surface area/volume and surface properties) and ventilation (Vu and
Harrison, 2019). In this study, the ventilation rates were kept to a minimum and were similar in both
rooms (Table 6.1). These values are close to the ones obtained by He et al. (2005) in households
under minimum ventilation conditions (0.61 + 0.45 h™!) and by Long et al. (2001) during winter

months in residential houses located in the suburban neighbourhoods of Boston (0.89 h™).

The 8-h average CO; concentrations were far below the protection limit of 1250 ppm (8-h
average) set by the Portuguese Ordinance no. 353-A/2013. The average concentrations are similar to
those observed by Castro et al. (2018) during the operation of an open brick fireplace similar to the
one used in the present study (480 £ 110 ppm). As regards CO, although an increase of 11-fold
(fireplace) and 3.5-fold (woodstove) over background levels was recorded, concentrations were
below the 8-h guideline value and protection limit of 9 ppm set by WHO (2010) and the Portuguese
Ordinance no. 353-A/(2013), respectively.

From the PM photometric measurements, PMi/PM o ratios always above 95% were obtained
in the biomass burning periods. The predominance of submicron particles is in agreement with
studies reporting on household combustion related particles (e.g. Castro et al., 2018; Salthammer et
al., 2014). Despite the relatively low gaseous concentrations, PM o levels in both rooms (8-h average,
gravimetrically determined) were above the protection limit of 50 ug m= (8-h average) set by the
Portuguese Ordinance no. 353-A/2013. During the operation of the fireplace, PM)o levels increased
dramatically and were, on average, 12 times higher than background concentrations and 4 times
higher than the values registered outdoors. The average PMio concentrations in the room with the
airtight stove were much lower, but still over 2 times higher than the background and outdoor levels
(Fig. 6.2). Although woodstoves are designed to seal off the combustion chamber from the room, the
door is periodically open to refuel. Furthermore, leaks may cause a stove to emit smoke into the

room. Castro et al. (2018) reported an average PM o concentration of 58.5 + 6.2 pg PM;o m™ during
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the operation of an open fireplace (4-5h) installed in the living room of a rural Spanish house. PM; s
concentrations reported by Salthammer et al. (2014) in seven German households equipped with
closed (6 homes) and open (1 home) wood burning appliances were in the range from 6 pg m= to 55
ug m~> (24-h average). The 24-h average PM, 5 concentration before a stove intervention programme
(21 households), in a rural mountain valley community (United States), was 45.0 + 33.0 ug m=. The
stove change out programme allowed an average PM reduction of 18.5 ug m= (Noonan et al., 2012).
In developing countries, indoor exposure to pollutants from burning biomass fuels is a major health
concern, and concentrations are substantially higher in comparison with those reported in developed
countries (Table A2.6). The large discrepancies may be related to the differences in household
characteristics, type of fuel burned, combustion appliances and flues (e.g. Ezzati and Kammen, 2002;

Fullerton et al., 2009).

The indoor PM ¢ generation rate from biomass burning in the open fireplace was, on average,
> 25 times higher than those recorded for the woodstove (Table 6.1). The emission rates reported by
Guo et al. (2008), who evaluated the impact of fireplace usage on the indoor air quality of Irish
houses, were lower than the ones reported in the present study for the open fireplace (1.29 + 1.25 mg
min~') but higher than those obtained for the woodstove (0.049 + 0.035 mg min™"). The authors
documented a PMjo emission rate of 0.69 + 0.28 mg min~' for household wood combustion, while
emission rates ranging from 0.32 + 0.12 to 1.39 £ 1.15 mg min~' were found in houses where peat

and coal were burned.

In the present study, although the same procedure was followed over the various days of
experiments (ignition method, air settings in the woodstove operation, wood species burnt, fuel
amount and sequence of loading), a high day-to-day variability in pollutant concentrations was
recorded, which may reflect disparities in stove operation and weather conditions. Since the
combustion appliances operate in natural draught conditions, the differences between chimney and
outdoor air temperatures may increase or decrease the flue draft, reducing or enhancing indoor

pollution.

6.4.2. Particle matter chemical composition

6.4.2.1. Major and trace elements

Elements accounted for a higher particulate mass fraction during the operation of the
woodstove compared to the fireplace (Table A2.1). The effect of combustion conditions on the

particulate matter chemical composition has been reported in several source characterisation studies
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(Alves et al., 2011a; Calvo et al., 2015; Lamberg et al., 2011; Leskinen et al., 2014). The
predominance of K and Ca in wood burning households is in agreement with previous studies
(Molnér et al., 2005). Indoor particles were also enriched in Cu, Pb, Cr and Cd. Some of these
elements might be released from the combustion appliance alloys when exposed to high combustion
temperatures and corrosive species (Brady et al., 2017) or from household wood materials (e.g.
furniture, building materials) that are treated with chromated-copper-arsenate against insect,
bacterial, and fungal activity (Rivas et al., 2015). Molndr et al. (2005) also pointed out Cu and Pb as
possible markers of wood smoke indoors. Heavy metals are usually present at low concentrations in
biomass fuels, however, after the combustion process they remain in the bottom ashes at relatively
high concentrations (Nzihou and Stanmore, 2013). Stirring the fire and refuelling the combustion
appliance may contribute to the enrichment of several metals by ash re-suspension and leakage into
the room. Although K has been pointed out as a tracer for biomass combustion, only moderate
enrichments were obtained for this compound (3 < EF < 9). Potassium emission is highly dependent
on the combustion temperature of biomass, starting at around 700900 °C and reaching the emission
peak at 1300 °C (Van Lith et al., 2006 and references therein). The conventional biomass burning
appliances of the present study operate at relatively low temperatures reaching maximum values in

the combustion chamber of 580 (fireplace) and 750 °C (woodstove) (Calvo et al., 2014).

6.4.2.2. Water soluble ions

The alkali (Na* and K*) and alkaline earth (Mg>* and Ca**) cations correlated with each other,
suggesting common indoor sources. Bottom ash resuspension from the combustion chamber during
refuelling operations or due to the wood stirring might be responsible for the predominance of Ca®*
and K*. Kajda-Szcze$niak (2014) reported that ashes from fireplaces in dwelling houses were
dominated by CaO, followed by MgO and KO. In addition to ash leakage into the room, these ionic
species might arise from floor dust resuspension induced by the movement of the combustion
appliance operator. Outdoors, PO?{ correlated well with K* (> = 0.70) and NH} (1> = 0.62).
Potassium-phosphate has been associated with agricultural fuels burning (Lamberg et al., 2013;
Tissari et al., 2008), which is a common practise in rural areas during the wet season. Saraga et al.
(2015) conducted indoor and outdoor PM measurements in a Greek apartment during the wood
burning season, reporting SO~ and NO3 as the most abundant, followed by Ca?*, PO3~ and Na* for
both in- and outdoor particles. In the present study, the I/O ratios for nitrate, sulphate and phosphate
were below 1 during fireplace operation, while for the other ions the ratios were generally higher

than unity. Indoors, the two secondary ions, NO3 and SO%~, did not correlate, while the good

239



Chapter 6

relationship outdoors (r? = 0.66) suggests that their precursors were released from similar emission
sources. Nitrate is a secondarily formed through the oxidation of NOy emitted from combustion
processes (Ho et al., 2003). In the household with woodstove, the I/O ratios for the other ions were

generally higher than unity.

6.4.2.3. Carbonaceous content

The carbonaceous fraction contributed significantly to the PMio mass (Fig. 6.4A). An
increase in TC concentration of > 150 times compared to the background measurements was
observed during fireplace operation. Despite the lower contribution, the woodstove operation still
increased the TC levels 14 times compared to background. The measured carbonaceous mass
fractions are similar to the ones observed by Castro et al. (2018) in the living room of a Spanish rural
house equipped with an open fireplace (TC = 31 + 3 wt% of PMo mass). Ward et al. (2011) reported
carbonaceous concentrations in PM, s samples before and after a woodstove exchange programme in
Idaho, United States. The authors registered a decrease in OC concentrations after the stove change
out programme and an increase in EC concentrations. The EC concentrations documented by the
researchers (0.3 and 0.7 pug m™, pre and post change out programme, respectively) are much lower
than the ones obtained in the present study during both fireplace and woodstove operation (18 and
3.7 ug m=, respectively) (Fig. 6.4B). OC/EC ratios obtained in the present study are in the range of
values reported for different types of biomass combustion by Vicente and Alves (2018) and are
comparable to those obtained by Saraga et al. (2015) inside (5.9) and outside (6.7) an Athenian home
during a period of extensive fireplace use for domestic heating. Although being used as source
apportionment tool, the separation between sources based on this ratio is uncertain, due to

overlapping with other sources (e.g. Alves et al., 2014).

6.4.2.4. Organic compounds

The chromatographically resolved organics were mainly composed of degradation products
from biopolymers (e.g. levoglucosan from cellulose, methoxyphenols from lignin). The compound
classes also included homologous series (n-alkanes, n-alkenes, n-alkanoic acids and n-alkanols),

steroid and terpenoid biomarkers, and PAHs.

The diagnostic parameters, Cmax (the carbon number of the compound with maximum

concentration in the homologous series) and CPI (carbon preference index), for n-alkanes, n-alkanols
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and n-alkanoic acids (Table A2.2) are within the range reported for biomass burning emissions (Oros

and Simoneit, 2001a, 2001b; Oros et al., 20006).

The incomplete combustion of biomass generates a wide range of PAHs. Among the
identified PAHs, retene was one of the most abundant, both indoors (during fireplace operation) and
outdoors. Although this compound has been pointed out as a tracer of softwood combustion, it was
also detected in hardwood, crop residues and coal combustion samples (Shen et al., 2012), as well as
in particles emitted in an urban road tunnel (Alves et al., 2016). The levels of B[a]P measured in the
present study (Table 6.2) are within the values reported previously in similar environments. B[a]P
concentrations in wood-burning Swedish homes were found to be between 0.09 and 2.2 ng m™,
which was four times higher compared with the reference homes (mean concentrations of 0.63 ng
m~ and 0.16 ng m~) (Gustafson et al., 2008). In Southern Italy, the 12-hour average B[a]P
concentration, in six houses heated with wood burning appliances, was 9.4 ng m~ (De Gennaro et
al., 2015). Higher B[a]P concentrations were reported by Zhu and Wang (2003) in residential Chinese
kitchens (6 to 24 ng m~). In the present study, B[a]P concentrations were 2.7 and 1.7 times higher
indoors than outdoors during the sampling campaign in the fireplace (2.25 + 0.83 ng m™) and
woodstove (0.382 + 0.188 ng m™) equipped homes, respectively. Similar atmospheric B[a]P
concentrations were reported in German (0.02 to 7.4 ng m™) (Bari et al., 2010a) and Finnish (0.32
to 3.4 ng m™*) (Hellén et al., 2008) wood burning residential areas. The carcinogenic potencies of the
total PAHs determined for outdoor samples are in the range of values reported at two rural residential
areas near Stuttgart in Germany (1.2 to 3.3 ng B[a]P,q m™) where ambient PM;y sampling was

performed during two winter seasons (Bari et al., 2011).

Levoglucosan has been extensively used as a chemical tracer for characterisation and
quantification of biomass burning emissions worldwide (Vicente and Alves, 2018). This
anhydrosugar has been identified in PM emissions from residential biomass combustion (Alves et
al., 2017; Vicente et al., 2015), wildfires (e.g. Alves et al., 2011b; Vicente et al., 2011), prescribed
fires (e.g. Alves et al., 2010; Zhang et al., 2013) and burning of other cellulose-containing fuels, such
as coal (e.g. Yan et al., 2018). The contribution of this anhydrosugar to PM;o mass was lower in
samples collected during woodstove operation. Levoglucosan emissions are highly dependent on
combustion temperature and types of biomass (Bhattarai et al., 2019). Thus, the combustion
technology has strong influence on its emissions. Ward et al. (2011) reported a 63% reduction in
indoor levoglucosan concentrations after a stove change out programme (from 645 to 238 ng m=>).
Outdoors, the levoglucosan concentrations were highly variable which is in accordance with the
results from other studies. Bari et al. (2010b) registered levoglucosan ambient concentrations in the
range from 35 to 3223 ng m™ in a German residential area during winter. In Belgium, Zdrdhal et al.

(2002) documented levoglucosan concentrations from 121 to 1133 ng m™ in winter. Higher
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concentrations were testified by Ward et al. (2006) during the 2003 wildfire season in Montana (860—
6091 ng m=). The L/M ratios (Fig. 6C) of the present study are within the ranges reported in the
literature for softwood burning (Fine et al., 2001; Orasche et al., 2012; Schmidl et al., 2011, 2008).
Although some eucalypt wood has also been used with the pine logs, the main woody biomass in the
experiments was pine, given that it is the dominant forest species in the region. Maenhaut et al. (2012)
reported annual L/M ratios for 7 sampling sites in Belgium from 6.2 to 7.1 and highlighted the little
variation with season. Bhattarai et al. (2019) summarised L/M ratios in rural areas varying from 11.0
to 15.1. Much higher ratios of anhydrosaccharides (31-92) in source test emissions from lignite
combustion were compiled by Fabbri et al. (2009). These researchers reported equal L/(M + G) and
L/M ratios since galactosan was not detected in samples. In the present study, the contribution of
galactosan to the total mass of anhydrosugars was low. However, its determination may allow

differentiation between lignite and biomass burning aerosols (Fabbri et al., 2009).

The presence of phenolic compounds (3-vanillyl propanol, coniferyl aldehyde,
acetosyringone, sinapaldehyde and syringaldehyde), diterpenoids (dehydroabietic and abietic acid),
triterpenoids (lupeol) and phytosterols (j-sitosterol and stigmasta-3,5-dien-7-one) in samples from
the rooms equipped with fireplace and woodstove highlights the input of biomass burning to
particulate matter. Most of these organics were only detected in samples collected during fireplace
operation. In source characterisation studies, Alves et al. (2017) observed that many of these organic
compounds were negatively correlated with combustion temperature, indicating thermal degradation

or preferential formation of other classes of organic compounds.

6.4.3. Health risks

In this work, the risks associated with inhalation exposure to particulate-bound trace metals
and PAHs were estimated. The indoor/outdoor comparison showed that the carcinogenic potential
indoors was greater than the corresponding outdoor value. Regarding the effects of the type of

combustion appliance, distinct carcinogenic risks were recorded.

The cancer risk for cobalt, classified as Class 2B carcinogenic element by the IARC (2018),
was slightly above the acceptable benchmark level (1.0 x 107°) during the woodstove operation.
Risks for Cr(VI), classified as Class 1 carcinogenic element by the IARC (2018), were higher than
1.0 x 107 during the fireplace operation, both indoors and outdoors, and higher than 1.0 x 107> during
woodstove operation, also indoors and outdoors (Fig. 6.3). The excess lifetime cancer risks for As,
Cd, Ni, and Pb were always lower than the acceptable limit. The global excess lifetime cancer risk

for PMjo-bound metals was lower than the USEPA guideline of 1.0 x 10~* but not negligible (>1 x
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107%) (Fig. 6.3). Total noncarcinogenic risk (sum of all metals) was slightly above the safe level
during the woodstove operation. Mn and Al were the most important contributors (>95%) to

noncarcinogenic risks.

The increment in the cancer risk due to exposure to particle bond PAHs emitted by the open
fireplace is slightly higher than the acceptable level (1 x 107°) recommended by USEPA, whereas
the use of woodstove led to negligible cancer risks. Outdoors, despite the high variability in

carcinogenic risks, these were always negligible (<1 x 1079).

As discussed above, the differences in the combustion operating conditions resulted in
different PM chemical characteristics and consequently in dissimilar health risks. The risk level
presented in this study relies on an exposure scenario instead of the typical risk quantification based
on continuous exposure. Thus, when comparisons are made with other studies, this aspect should be
borne in mind. It should be mentioned that there are no similar studies in the literature with which

the exposure risk results of this research can be compared.

6.5. Conclusions

Exposure to airborne particulate matter is recognised as one of the most important
environmental risks. Indoor environments deserve special attention given that people spend most of
their time in confined spaces. Even though specific indoor activities have been assessed over the
years, there is still limited information on the impact of thermal related activities on indoor air quality

in developed countries, especially with regard to the characterisation of particulate matter.

The present study evaluated indoor and outdoor concentrations of CO, CO> and PM during
the operation of wood burning appliances (open fireplace and woodstove), without any other active
source. Although a sharp increase in the CO levels was recorded when using both combustion
appliances (11-fold and 3.5-fold in relation to background levels for the fireplace and the woodstove,
respectively), the 8-hour average concentration did not exceed the protection limit. The increase in
the PMio concentrations due to the use of wood burning appliances, compared to the indoor
background air, was noticeable. The ignition and refuelling stages led to peak concentrations of gases
and particles. During the operation of both wood burning appliances, indoor levels for most of the
measured particulate compounds were higher than those outdoors. The carbonaceous content was
dominated by OC, which accounted for 43.9 + 5.04 wt% and 24.0 + 7.37 wt% of the PM;o mass
sampled while using the fireplace and the woodstove, respectively. The chromatographically
resolved particulate organic compounds encompassed homologous series of aliphatic compounds,

PAHs, monosaccharides, methoxyphenols, sterols and terpenoids, among others. The average
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concentration of total particulate bond PAHs collected during the operation of the fireplace largely
exceeded the one obtained in the experiments with woodstove (10 times, on average). B[a]P, which
was present in all samples, including background, was the compound that contributed the most to the
carcinogenic potential of the PAH mixture. The cancer risks associated with the inhalation exposure
to particulate bound PAHs in the woodstove burning home was found to be negligible. On the other
hand, the estimated value of lifetime lung cancer risks in the house equipped with an open fireplace
exceeded the health-based guideline levels, demonstrating that long term exposure to PAHs at the
respective levels would eventually cause risk of developing cancer. Furthermore, regarding the
particulate bound major and trace elements, the excess lifetime cancer risk resulting from Cr(VI)
exposure during the fireplace and woodstove operation was higher than 1.0 x 107 and 1.0 x 1075,
respectively. Levoglucosan, used extensively as a chemical tracer for biomass burning, was one of
the most abundant organic species, both indoors and outdoors. The presence of guaiacol and syringol
type methoxyphenols indicates that smoke emissions resulted from the combustion of mixtures of
hard and softwood. The good correlations between PMio concentrations and the organic biomass

burning markers highlights the strong impact of this source on indoor and outdoor air quality.

The day-to-day variability in pollutant concentrations is a reflex of the fluctuations in stove
operation and weather conditions. Therefore, the findings of this study may not be generalisable and
further investigations are necessary to consolidate the conclusions. Larger studies, covering more
homes, different combustion appliances and a higher number of measurements, should be carried out
to better assess the influence of this source on indoor air quality and health. The characteristics of
the dwellings can have a determining effect on the levels of pollutants. Stove design, fuel properties
and amounts burned, room features (e.g. dimensions, number of windows and their sizes) and

ventilation levels are influential factors to be further assessed.

Despite the limitations, this work provided evidence of the importance of wood combustion
as a key indoor source of PM and brought a deeper insight into the characteristics of particulate
matter in households with traditional wood burning devices. The effect of this source at local level
was also highlighted. Based on the exhaustive PM characterisation, risks and hazards from exposure
were estimated for the first time, as far as we know. The results reported here are needed to force the
adoption of strategies for reducing exposure to indoor air pollution from household solid fuels. In
view of the differences observed in PM composition, both between fireplace and woodstove
equipped rooms, and between indoors and outdoors, future investigations should focus on obtaining
toxicological profiles, and evaluating different adverse biological outcomes and their relationship

with particle-bound chemical constituents.

Effective messaging to homeowners through public information sources (television, radio

and printed media) is needed to mobilise communities towards the reduction of environmental
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threats. A communication strategy that includes a clear link between air quality and health effects,
as well as risk mitigation behaviours, is critical to engage the homeowners. Taking into account the
results obtained in the present study, the replacement of outdated and inefficient stoves should be
encouraged to ensure the air we breathe is cleaner both inside and outside of our homes. Financial
incentives (e.g. tax incentives, credit enhancements), applicable to wood-burning appliance

replacements, should be created and properly advertised among homeowners.
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Abstract

The dosimetry model ExDoM?2 was applied to determine the deposited dose of inhaled
particulate matter (PMo) from residential biomass combustion in the human respiratory tract (HRT)
of adults and children. The dose was estimated using PM;o exposure concentrations obtained from a
field campaign carried out in two households during the operation of distinct combustion appliances
(open fireplace and woodstove). Simultaneously, PM o levels were monitored outside to investigate
the outdoor dose in a rural area strongly impacted by biomass burning emissions. The highest amount
of the deposited particles was recorded in the extrathoracic region (68-79%), whereas the deposition
was much lower in the tracheobronchial tree (5-6%) and alveolar—interstitial region (16-21%). The
total dose received while using the fireplace was more than twofold the one received in the room
with a woodstove and more than 10 times higher than in the absence of the source. Overall, indoor
doses were higher than the ones received by a subject exposed outdoors, especially at the alveolar—
interstitial region. After 24 h of exposure, it was observed that approximately 35 to 37% of the
particles deposited in the HRT were transferred to the gastrointestinal tract, while approximately 2.0-
2.5% were absorbed into the blood. This study provides biologically relevant results on the lung
deposition of particles from residential biomass burning that can be used as a reference for future

research.

Keywords: Dose, Human respiratory tract, Lung deposition, Indoor air pollution, PMjo,

Residential wood combustion.
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7.1. Introduction

Residential biomass combustion is well-known as a major source of particulate matter (PM)
worldwide (Vicente and Alves, 2018; Olsen et al., 2020). In Portugal, the high contribution of this
source to the primary PMa.s emissions, more than 30% in 2005 (Amann et al., 2018), can be mainly
assigned to the extensive use of batch mode operated traditional combustion appliances, which
generate higher PM emissions than automatically fed combustion appliances (Vicente and Alves,
2018; Olsen et al., 2020). In addition to its contribution to ambient PM levels, this source also greatly
affects household air quality (Guo et al., 2008; McNamara et al., 2013; Salthammer et al., 2014; de
Gennaro et al., 2015; Saraga et al., 2015; Parajuli et al., 2016; Bartington et al., 2017; Castro et al.,
2018). Smoke from biomass combustion has been associated with an array of respiratory health
outcomes, including increase in the incidence of pneumonia, tuberculosis, asthma, and chronic
obstructive pulmonary disease (COPD) (Naeher et al., 2007; Fullerton et al., 2008; Kim et al., 2011;
Laumbach and Kipen, 2012; Sood, 2012; Sigsgaard et al., 2015; Wolff et al., 2020; Pial et al., 2020).
Studies conducted in the United States found evidence of respiratory symptoms in children living in
wood burning households (reviewed by Naeher et al., 2007). Moreover, the use of a fireplace for 4 h
was associated with increased risk of respiratory symptoms by about 16-20% of women living in
tobacco-free homes (Naeher et al., 2007, and references therein). The inhalation and particle
deposition in the human respiratory tract (HRT) are behind the PM-related health effects. However,
the actual dose is seldom considered in epidemiological and toxicological studies, and frequently
exposure is used as a measure for dose (Schlesinger et al., 2006; Paur et al., 2011; Schmid and Cassee,
2017). Particle deposition in the HRT occur by the action of three main mechanisms (impaction,
settling and diffusion) and two secondary mechanisms (interception and electrostatic deposition)
(Lippmann et al., 1980; Hinds, 1999; Hofmann, 2011). Deposition is governed by the particle
properties (e.g. size, shape, chemical characteristics), physiological and respiration parameters (e.g.
breathing pattern, ventilation rate, exercise level, health condition, age, gender) (Lippmann et al.,
1980; Hinds, 1999; Hofmann, 2011). The deposited dose within the HRT is critical to determine the
particle-induced biological response in toxicological studies and to assess the health risk of aerosols
in epidemiological studies (Schmid and Cassee, 2017).

In previous studies, the total lung dose of biomass combustion-generated aerosols was
measured directly in vivo, monitoring the inhaled and exhaled particle concentrations (Londahl et al.,
2008; Muala et al., 2015). For example, Londahl et al. (2008) measured the total lung deposition
dose in never-smoking healthy subjects breathing by mouth and found that the total deposited

fraction of particles from two types of biomass combustion (efficient combustion and low-
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temperature incomplete combustion) was 0.24, by mass. Despite the valuable information provided
by total dose estimations, knowledge regarding regional deposition in the HRT is crucial to assess
the potential hazard of inhaled particles (Hinds, 1999). The regional dose in the respiratory system
is difficult to be determined experimentally, although some methods are available (Kim, 2009;
Londahl et al., 2014). Therefore, the regional dose is typically estimated by means of mathematical

models (ICRP, 1994; Hussain et al., 2011; Hofmann, 2011; Aleksandropoulou and Lazaridis, 2013).

Few research studies have been conducted to characterise the exposure and lung burden
arising from biomass combustion in indoor microenvironments. In Italian households, Stabile et al.
(2018) carried out on-site measurements to evaluate the exposure and dose of particles received by
the population living in dwellings where biomass-burning systems (open fireplace, woodstove and
pellet stove) were used for heating. The researchers estimated the alveolar and tracheobronchial dose
considering the measured exposure concentrations, the exposed individual’s inhalation rate and
assuming a constant value of 0.2 for the PMo deposition fraction in the lungs. Recently, Nicolaou et
al. (2020) characterised the exposure of household biomass-related pollution in the Peru Andean
region. The researchers measured daily PM, s levels in the kitchen and near the Andean women’s
breathing zone and performed lung deposition modelling to determine the lung-deposited dose and
regional deposition fractions of inhaled PM. A mean total deposition in the respiratory airways for
the adult Andean women of 33.0 £ 0.75% of the inhaled mass, with 14.9 £ 0.76% depositing in the

intrathoracic airways, was reported.

Studies on exposure and dose in indoor environments with biomass heating systems are
scarce. Given the lack of information, as well as the impact that a residential combustion appliance
can have on indoor air quality (e.g. Salthammer et al., 2014; Stabile et al., 2018; Vicente et al., 2020),
the goal of the present study was to estimate the total and regional doses in the HRT based on the
indoor exposure to PM o when using wood burning appliances. Additionally, through modelling, this
study aimed to compare the doses obtained indoors with those associated with exposure to outdoor

particles in a rural area highly impacted by residential biomass burning.

7.2. Methodology

7.2.1. Site description and PM;o measurements

A winter sampling campaign was carried out in January 2017 in a small village in central

Portugal. The weather was typical for the season, with mean diurnal temperatures between 7 and 14
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°C. Wood burning for residential heating is common in this area. There are no major industries

nearby or major roads close to the village, where traffic is limited.

To assess the exposure to PM from residential wood burning indoors, two dwellings were
selected. One household was equipped with an open fireplace in the kitchen (about 38 m?) and the
other with a woodstove, also installed in the kitchen (about 67 m*). The monitoring programme was
carried out under controlled conditions, meaning that during the weeks of experiments no other
activities took place in the houses and only the person responsible for the measurements was allowed
in the residences. The experiments were conducted under minimum ventilation conditions (doors and
windows closed) with an average air exchange of 0.78 + 0.12 and 0.72 + 0.13 h! in the rooms
equipped with fireplace and woodstove, respectively. Three (woodstove) to four (fireplace)
experiments of 8-h each were performed in different days, mimicking the rural resident’s behaviour.
To start the combustion experiments, pinecones were ignited and used to lit pine and eucalyptus split
logs, two abundant tree species in the region. Throughout the burning period, the combustion
appliance was refuelled several times: three and five times for the fireplace and woodstove,
respectively. The duration of the experiments and number of batches to refuel the combustion
chambers tried to mimic common European burning practices (Gustafson et al., 2008; Wohler et al.,
2016; Reichert et al., 2016). Additionally, background measurements, in the absence of indoor

sources of PM, were carried out in each residence.

PM mass concentrations were continuously measured by a light-scattering laser photometer
(DustTrak DRX 8533, TSI,) with a 1-minute resolution, in the indoor and outdoor environments,
simultaneously. Additionally, concurrent indoor and outdoor PM o samples were collected on quartz
filters using two high volume air samplers (CAV-A/mb, MCV). After gravimetric quantification of
PM mass concentrations (XPE105 DeltaRange®, Mettler Toledo), the chemical composition was
determined (organic and elemental carbon, water soluble ions, speciated organic compounds,
metals). The detailed description of the analytical techniques and the PM o chemical composition can
be found in a previous work (Vicente et al., 2020). The concentrations recorded by the DustTrak

monitor were corrected using the gravimetric measurements.

7.2.2. Particle dosimetry model

The particle deposition in the HRT was estimated by the dosimetry model ExDoM2, a
revised version of ExDoM (Aleksandropoulou and Lazaridis, 2013), which is based on the
International Commission on Radiological Protection model (ICRP, 1994, 2015). A full description
of the model has been reported by Aleksandropoulou and Lazaridis (2013) and Chalvatzaki and
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Lazaridis (2015). The ExXDoM?2 model simulates the dynamics of inhaled particulate matter in human
airways and estimates the dose, based upon empirical equations (ICRP, 1994), in the five regions of
the HRT: extrathoracic (ET1: anterior nose and ET2: posterior nasal passages), tracheobronchial
(BB: trachea and bb: bronchiolar), and alveolar interstitial (Al). To model particle deposition, the
regions were treated as a series of filters during both inhalation and exhalation. The two sub-
compartments of the extrathoracic compartment (ET), ET1 and ET2, receive approximately 65% and

35% of the ET deposits of inhaled aerosols, respectively (ICRP, 2015).

The model takes into account the particle’s inhalability, fraction of particles that effectively
enter the human body, considering the aerodynamic diameter of the particles and the air velocity at
the exposure site (Aleksandropoulou and Lazaridis, 2013). The deposition pattern of particles in the
HRT is closely related to the particle size and to the breathing pattern and the anatomical and
physiological characteristics of the exposed subject. The ventilation rate depends on the activity level
of the exposed subject, age and gender (ICRP, 1994). Age- and gender-specific standardised values
for different physical activity levels (sleeping, sitting awake, light exercise, and heavy exercise) are
listed in the ICRP (1994) report. The model allows to estimate the retention of particles in the HRT
and the mass transferred to the gastrointestinal (GI) tract, the lymph nodes, and absorbed into blood.
The mechanical clearance of particles is calculated by the ICRP compartment model (ICRP, 2015).
In the present work, the absorption of PM; into blood was assumed to be moderate and to occur at
the same rate in all regions (except in ET1 for which it was assumed that no absorption takes place)
(ICRP, 2015). Absorption is treated as a two stage process consisting of dissociation and absorption

(ICRP, 2015).

7.2.3. Exposure scenario

Input parameters of the model cover the exposed subject (age and gender), PM exposure
concentrations (hourly average), breathing mode (nose or mouth breathing), activity level (sleep,
sitting/resting and light activity, heavy activity), wind speed and particle size distributions (Table
7.1). In the present study, PMo deposition in the HRT was modelled for three different healthy
subjects, male, female and 10 years male child exposed to biomass burning particles indoors 8 hours
per day. The burning period defined in the present study is similar to the daily average time reported
previously for residential heating in Europe (Gustafson et al., 2008; Stabile et al., 2018). It was
assumed that the subjects were under light physical activity and breathing through the nose. For
comparison purposes, the same assumption was made to assess exposure to outdoor PM;o and indoor

PM) in the absence of sources (background). Particles were considered spherical (shape factor of 1)
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(Martins et al., 2015; Sanchez-Soberén et al., 2015; Mammi-Galani et al., 2017). The particle density
was calculated based on their chemical composition at each sampling site (indoor fireplace, indoor

woodstove and outdoor) (Vicente et al., 2020) (Table 7.1).

Table 7.1. Input data for ExDoM?2 model.

Indoor Outdoor
Fireplace Background Woodstove Background Fireplace Woodstove
Particle properties
PMip Concentration gg 499 1417  69-122  21-24 49 -94 17-72
(ng m™)
PM,/PM o 0.97 0.97 0.84 0.97 0.89
Density (g cm™) 1.5 1.5 2.0 1.5 1.9
MMAD (um) 0.7 1.0 0.7 1.0 0.87
GSD (um) 1.8 2.3 1.8 2.3 4.0
Exposure scenario
Breathing scenario Nose
Exposure duration 3
(h)
PM,o concentration Hourly average
Activity level Light exercise

38-h average (minimum-maximum concentrations); MMAD: Mass median aerodynamic diameter; GSD: Geometric
standard deviation.

The size distribution of the indoor and outdoor PMio was considered monodisperse with a mass
median aerodynamic diameter (MMAD) of 0.87 pm (Castro et al., 2018) and 0.66 um (Bari et al.,
2011a) indoors and outdoors, respectively (Table 7.1). The density of the particles indoors in the
absence of activity (background) was considered 1.5 g cm™ and the MMAD of the particles equal to
1.0 um (Castro et al., 2018).

7.3. Results

7.3.1. Exposure concentrations

The range and average PMo concentrations indoors and outdoors, as well as the daily
profiles, during the operation of the woodstove and fireplace, have been reported in detail in a
previous manuscript (Vicente et al., 2020). Regarding the daily profiles (Fig. 7.1A), the lighting and

refuelling were found to be the main polluting phases. In general, during the wood burning periods,
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indoor concentrations were higher than those outdoors. Fig. 7.1B displays the average exposure
concentrations obtained with the DustTrak for an 8-h period for each measurement day, which
include four monitoring periods with the fireplace in use, three periods with the woodstove in

operation, and the respective outdoor data.

3000 T— 350
Fireplace Outdoor Woodstove Outdoor
Indoor —— Indoor
2500 4 300
250
2000 -
S, £ 200
2 1500 3
o °
= = 150
g z
1000
100 4
00
5 50 4
0 . T T T 0 : T T T
00:00:00 02:00:00 04:00:00 06:00:00 08:00:00 00:00:00 02:00:00 04:00:00 06:00:00 08:00:00
Time (hh:mm:ss) Time (hh:mm:ss)
1000 Firepl 200 Wood:
ireplace =1 Indoor oodstove [==1 Indoor
I Outdoor I Outdoor
800
150
® | ®
€ 600 e
(=} (=}
3
s 35 100
Z wod g
50
200
L la le |im i i — e O "I |

Day 1 Day2 Day3 Day4 Background Background Day1 Day?2 Day3 Background Background
2

Figure 7.1. Example of PM profiles (ug m>) (A) and 8-h average concentrations (B) for wood burning

experiments and background measurements.

Additionally, measurements of background levels in the rooms for an equivalent period (8-h) were
also included. The results showed a 16- (fireplace) and 4-fold (woodstove) increase, on average, in
exposure concentrations during the operation of wood burning appliances in comparison with levels
in the absence of indoor activity (background measurements). During the operation of the fireplace,
indoor PM levels (8-h average) were in the range from 88.3 to 489 ug m™. In the room equipped
with woodstove, PM 1o concentrations (8-h average) were lower but still high, in the range from 69.4
to 122 ug m. The door in the woodstove allows sealing off the combustion chamber from the room,
however, it is periodically open to refuel which might lead to smoke leakage into the room. The

impact of the refuelling operations on the indoor PM levels was also highlighted in a recent study
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conducted in twenty English households using low cost air quality monitors (Chakraborty et al.,
2020). Under real life conditions, Stabile et al. (2018) investigated the indoor exposure to particles
emitted by biomass-burning heating systems in private Italian households. During the combustion
periods, the researchers found particle concentrations in the range from 24-552 ug m=, 29-227 ug m
3 and 16-70 ug m™ for open fireplaces, woodstoves and pellet stoves, respectively. As observed in
the present study, the greatest particle concentration increase was recorded for wood combustion in
open fireplace while a smaller, but still clear increase was observed for the woodstove. The
researchers found a minor increase in indoor PM levels when operating pellet stoves. Similarly,
Salthammer et al. (2014) investigated the effects of wood-burning appliances on indoor air quality
on-site, in private German households. The study comprised seven households, six with closed
combustion appliances and one with an open device. The 24-h average PM: 5 concentrations were in

the range from 6 to 55 pg m>.

In the present study, the outdoor PM;y concentrations during the indoor burning periods
ranged from 49.4 + 19.9 to 94.2 + 76.5 ug m™ and from 17.3 + 6.44 to 72.3 + 27.0 ug m™ for the
operation of the fireplace and the woodstove, respectively. In the winter of 2006, the daily average
PM, s concentrations in a residential area of Kurkiméki (Finland), where there are no major roads or
other emission sources, ranged from 5 ug m=to over 40 pg m?. In this area, the researchers recorded
short-time concentration peaks up to 1000 pg m™ (minute averages), which were ascribed to local
wood combustion (Hellén et al., 2008). In a Danish small rural town with widespread use of wood
combustion for heating, Glasius et al. (2006) measured PM, s concentrations about 4 pg m™ higher
than at a nearby background site. The average PM» 5 concentration in the residential area during the
intensive measuring period was 16 pg m>. In Germany, at a residential site in Dettenhausen, Bari et
al. (2011b) reported that at the beginning of winter months (November, December), the average PM o
concentrations varied from 10 to 40 pg m~, while the highest peak concentrations were observed
from middle of January to the early February, which the researchers attributed to the limited

dispersion of air pollutants caused by surface inversions.

7.3.2. Total and regional doses

The 8-h PM o doses in the regions of the HRT for each subject are shown in Fig. 7.2 for
indoor exposure during the operation of the fireplace and woodstove and the corresponding outdoor

values.
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Figure 7.2. Particulate matter 8-h dose in the different regions of the HRT tract (ET — extrathoracic, TB —

tracheobronchial and Al — alveolar—interstitial) for different subjects.

Overall, small differences were recorded in the cumulative deposited dose between different genders
and ages. Nevertheless, children inhale more air per unit of body weight than adults and are more
susceptible to respiratory risks than adults due to their immature immune system. Respiratory disease
is a leading cause of childhood mortality globally (Xi et al., 2015). The inter-subject variability in
the particle doses can be substantial, as observed by Londahl et al. (2008). The researchers
experimentally determined the deposition fraction of aerosol from efficient and low temperature

biomass combustion in 10 healthy subjects (4 men and 6 women) aged 21-31. It was reported that
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there was more than a factor of 2 in difference between the subjects with the highest deposition

fraction and those with the lowest (Londahl et al., 2008).

Indoors, the highest deposited dose was received by subjects exposed to particles produced
during wood combustion in the open fireplace with an average 8-h cumulative dose of 954 + 660 ug,
1119 £ 773 ug and 974 + 673 ng for females, males and 10-year male children, respectively. The
corresponding values for a subject in the room equipped with a woodstove were 391 + 123 pg, 459
+ 144 pg and 398 + 125 pg for females, males and 10-year male children, respectively. The total
dose received by a subject in the room where the fireplace was in operation was more than twice the
one received in the room with a woodstove and 11 to 12-fold higher than the total dose received by
a subject in the room without indoor pollution sources. A lower increase (3-fold) in the total dose
received by a subject exposed to particles from the woodstove operation in comparison with the one
received in the absence of indoor sources was recorded. As displayed in Fig. 7.3, high variability in
the hourly dose was recorded during the 8-h measurement period, especially when the open fireplace
was in use. As explored in Vicente et al. (2020), the daily profiles revealed high PM;o peak
concentrations during the start-up phase, as well as during refuelling periods. In the periods when
the stove was active, the dose was lower but still noticeable. Similarly, Stabile et al. (2018) reported
larger doses from exposure to particles from wood combustion in open fireplaces in comparison with
woodstoves and automatically fed appliances (pellet stove). Outdoors, the received dose for a male
subject ranged from 77 to 413 pg and from 111 to 535 pg for 8-h exposure during the campaign with
the fireplace and the woodstove, respectively. The variability found in outdoor doses might be

ascribed to the distinct weather conditions in different monitoring days.

Regarding the regional deposition of inhaled particles, the results showed that the ET airways
received the highest amount of the particulate mass deposited in the HRT (68—79%) whilst the lowest
was recorded in the TB region (5-6%) (Fig. 7.2). The nose has an important role as an air conditioner
and a defender of the lower HRT since it is responsible for filtering, humidifying, and heating the
inhaled air, as well as for trapping inhaled particles, protecting the gas-exchange regions of the lung
(Hinds, 1999; Harkema et al., 2013). The Al region received from 18 to 26 % and from 16 to 21 %
of the total particulate mass deposited in the HRT indoors and outdoors, respectively. Globally,
indoor doses were higher than the ones received by a subject exposed outdoors, especially at the Al

region.
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Figure 7.3. Example of hourly PM o exposure concentration and dose in the different regions of the HRT (ET

— extrathoracic, TB — tracheobronchial and Al — alveolar—interstitial) estimated for an adult male.

Doses at the Al region for a subject exposed to indoor particles from woodstove operation were, on
average, 2.8 times higher than those received outdoors. Indoors, the operation of the fireplace led to
doses at the Al region 3.5 times higher, on average, than outdoors. The dose received by a subject at
the Al region in the absence of indoor sources of PM was 16-17 and 3-4 times lower than during the

operation of the fireplace and woodstove, respectively.

The dose per surface area or mass of lung/tissue plays a crucial role in a toxicological dose-

response analysis with significance for human risk assessment (Schmid and Cassee, 2017).
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Considering the age and gender specific superficial area of the HRT regions (ET, TB, Al) reported
by Sarangapani et al. (2003), it was observed that, although the mass received at the Al region was
greater than the one recorded in the TB region, the deposited mass of particles per square centimetre
of tissue surface area was higher at the latter region (Fig. 7.4). In fact, the alveoli account for more
than 90% of the lung surface area. The alveolar region, where the air-blood barrier is thinner,
represents the potentially most vulnerable site of deposition due to the easier access to the blood
stream. Additionally, considering that clearance mechanisms are slower in the lower RT, the
probability of adverse health effects due to particle—cell/tissue interactions is higher in this region of

the HRT (Paur et al., 2011).

For in vitro toxicological studies, target tissue/site dose reflect more accurately the amount
of material coming in contact with the cells than measures of exposure (Paur et al., 2011; Schmid
and Cassee, 2017). Thus, this metric yields important information about the dosage to be tested in in
vitro assays. Considering the exposure scenario evaluated in the present study, a realistic alveolar
dose ranging from 1.1 to 6.5 x 10* ug PM;o cm™ could be used to evaluate the toxicological potential

on confluent alveolar epithelial cell cultures in vitro.

It should be borne in mind that the doses obtained in the present study, for healthy subjects,
might be increased in subjects with pre-existing respiratory diseases (Bennett et al., 1997; Kim and
Kang, 1997; Brown et al., 2002; Chalupa et al., 2004; Londahl et al., 2012). The differences in doses
have been ascribed to increased deposition efficiency, less even distribution of inhaled air, and
decreased particle clearance rates in individuals with pre-existing lung diseases (Phalen et al., 2006).
Studies performed to assess the dose received by individuals with COPD found an increased particle
deposition rate in comparison to healthy subjects as result of the higher minute ventilation (Bennett
et al., 1997; Kim and Kang, 1997; Brown et al., 2002; Londahl et al., 2012). For example, Bennett
et al. (1997) reported deposition rates 2.5 times higher in COPD patients compared to healthy
subjects. Pre-existing lung disease along with other factors, such as the effects of exercise, oral
breathing and unusual anatomy, can produce doses that exceed those of the average resting person
by factors of about 33-67 (Phalen et al., 2006). Additionally, considering spatially non-uniform
deposition regions and clearance, Paur et al. (2011) assumed a factor of 10 to account for high-dose
regions, or hot spots. Taking into account these factors, particle doses ranging from about 0.07 to
0.44 ug PM;o cm™ could be considered to expose alveolar epithelial cell cultures in vitro for the

worst-case exposure scenario.
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Figure 7.4. Dose per surface area of the target tissue considering 8-h exposure (ET — extrathoracic, TB — tracheobronchial and AI — alveolar—interstitial).
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7.3.3. PM retention and clearance

The PMjo retention in the HRT and the mass transferred to the gastro-intestinal tract
(oesophagus), lymph nodes and blood (absorption into the blood) 24-h after exposure are displayed
in Table 7.2. Indoors, 49 to 67% and 53 to 61% of the particles deposited in the HRT remained in
the RT of a subject exposed to wood smoke from the fireplace and woodstove, respectively.

Outdoors, 49 to 60% of the deposited particles were retained in the HRT.

After 24-h of exposure, the highest dose of particles was recorded in the oesophagus (Table
7.2), which derives from the higher deposited dose in the ET region. Particles deposited in the ET2
region, or transferred to this region from the anterior nasal passage and trachea, are cleared rapidly
by mucociliary action to the throat and swallowed, transferring the particles to the GI tract (ICRP,
2015). The particulate fraction that deposits in the tracheobronchial region, consisting of trachea,
bronchi and terminal bronchioles, can be trapped in the mucus produced by the bronchial epithelial
cells and cleared by mucociliary transport into the throat, and then swallowed to the GI tract. The
ICRP (2015) assumes that a fraction of particles deposited in the bronchial tree clears slowly, with
mucus velocities generally increasing towards the trachea. The association between the exposure to
biomass burning smoke and the development of gastrointestinal cancers has been reported in
previous studies (Kayamba et al., 2017; Sheikh et al., 2020). Of the particles deposited to the RT,
about 2% were absorbed into the blood (assuming moderate blood absorption) after 24-h of exposure.
More than 90% of the particles deposited in the Al region remained deposited after 24-h of exposure.
As mentioned above, particles deposited deeper in the lung take longer to be cleared, increasing the
probability of adverse health effects in this region of the HRT (Paur et al., 2011). In the Al region,
particles can induce local inflammation and leak into the systemic circulation, inducing adverse
reactions in extra pulmonary sites, which can lead to the onset of, for example, cardiovascular
diseases. Additionally, direct translocation of particles from the respiratory epithelium towards
circulation can also provoke adverse effects on different extra pulmonary sites (Schwarze et al., 2006;

Nemmar et al., 2013; Du et al., 2016; Fiordelisi et al., 2017; Corsini et al., 2019).
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Table 7.2. Retention of particles in the HRT, mass of PMo (ug) transferred to the gastrointestinal tract, lymph nodes and absorbed into the blood after 24-h exposure

(ET - extrathoracic, TB — tracheobronchial and Al — alveolar—interstitial).

ET TB Al Oesophagus Lymph nodes Blood Absorption
Fireplace
Indoor
Female 318 £ 205 35.1+£23.1 217 + 148 326 +239 (9.02+7.61) x 107 23.1+18.8
Male 370 + 239 39.7+26.0 260 + 177 380 £ 279 (10.5 £ 8.84) x 10° 27.5+223
Male 10y 358 +232 27.7+18.1 163 +111 366 + 269 (9.70 £ 8.18) x 107 18.3+14.8
Background
Female 28.0+£0.771 2.28 £0.0560 13.4£1.10 33.6 £6.45 (1.04 £0.328) x 107 1.84 £ 0.524
Male 32.9 £0.908 2.66 £0.0813 16.2+1.33 39.6 £7.62 (1.23 £0.386) x 10° 2.21 £0.630
Male 10y 29.2 +0.801 1.74 £ 0.0798 9.62 £0.794 34.8 £6.68 (1.05 £ 0.330) x 10° 1.41 £ 0.394
Outdoor
Female 124 £21.7 14.5+2.48 65.3+12.7 128 £28.9 (3.66 £ 0.877) x 10° 7.71+£1.94
Male 147 £25.7 16.5 +2.80 79.0£15.3 152 +34.3 (4.32+£1.03) x 107 9.22 +2.33
Male 10y 124 £ 21.8 11.4+1.92 50.0 +£9.71 128 + 28.8 (3.51 £0.877) x 10° 6.07 + 1.57
Woodstove
Indoor
Female 122 £33.5 149 +4.22 90.5+27.8 136 £47.1 (423+1.71) x 107 10.8 £ 4.25
Male 142 +£39.0 16.7+4.72 109 £33.3 159 £54.9 (4.91£1.99) x 10° 129 £5.05
Male 10y 138 £37.8 11.7£3.25 68.5+21.0 153 +52.8 (4.53+£1.84)x 107 8.58 £3.35
Background
Female 47.3 £0.842 3.84 £0.126 21.8£1.89 52.7 £8.38 (1.54 £0.434) x 107 2.76 £0.650
Male 55.6 +£0.990 4.49 £0.135 26.3+£2.28 62.1 +£9.89 (1.82+£0.512) x 10 3.32+0.780
Male 10y 49.2 +0.879 2.95 +£0.0678 15.7+1.36 54.7 + 8.68 (1.56 £0.438) x 10 2.12 +0.489
Outdoor
Female 81.4 £69.6 9.62 + 8.06 42.5+35.5 80.6 £ 69.1 (2.30+£1.99) x 107 4.81 £4.05
Male 96.2 +82.3 11.0+£9.21 51.4+429 95.4+81.9 (2.71 £2.34) x 107 5.76 +4.85
Male 10y 81.7£69.6 7.58 +6.35 32.5+27.1 80.5 £ 68.9 (222+£1.92) x 10? 3.82+3.22
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7.4. Conclusions

Particulate matter dosimetry provides the crucial link between exposure and dose reaching

various regions of the HRT, which is a key factor with regard to the triggered health effects.

The dose received by different subjects in indoor environments, where biomass heating
systems (fireplace and woodstove) were in operation, was evaluated by means of the concentration
levels measured during an experimental campaign using the dosimetry model ExDoM?2.
Measurements were performed in the periods of use of the wood combustion appliances (8 hours)
simultaneously indoors and outdoors. Background measurements, in the absence of indoor PM
sources were also conducted. Data on exposure to airborne particulate matter was used to evaluate
the dose received by different subjects (male, female and 10-year male children) who were assumed

to be under light level of exertion.

The results of the dosimetry model revealed that the age and gender of the exposed subject
played a minor role in the estimated deposited dose, being slightly higher for male adults. Higher
deposited PM o doses in the HRT were registered indoors during the operation of the open fireplace
(up to twofold) in relation to those obtained for the woodstove. When compared with the total dose
received by a subject indoors in the absence of activity, a 3-fold increase (woodstove) up to 10 times
(fireplace) in the dose was observed in the presence of wood burning appliances. Despite the
contribution of biomass burning emissions to the PM o outdoor levels, indoor doses were in general
higher than those received by a subject exposed outside the home. At the Al region, indoor doses
were, on average, 2.8 and 3.5 times higher than the ones received outdoors during the operation of

the woodstove and fireplace, respectively.

Taking into consideration the potential health effects, the regional dose was assessed. The
results indicated that the highest mass of particles was deposited in the extrathoracic airways.
However, the particles deposited in this region are removed much more rapidly to the gastrointestinal
tract than those in the deeper regions of the respiratory system. On the contrary, it was observed that

more than 90% of the particles deposited in the Al region remained deposited after 24 h of exposure.

The findings of the present study demonstrate that exposure to household particulate matter
arising from the operation of wood burning appliances can have major impacts on human health.
Considering that the deposition of inhaled particles in the HRT is one of the key factors for assessing
toxic effects of airborne particles, the results of this work provide novel data on PM regional
deposition, which can be employed in future research on toxicological assessment of particles arising

from biomass burning.
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Abstract

Particulate matter (PMio) was collected, indoors and outdoors, when wood burning
appliances (open fireplace and woodstove) were in operation. The PMg ecotoxicity was assessed
with the Vibrio fischeri bioluminescence inhibition assay, while the cytotoxicity was evaluated by
the WST-8 and lactate dehydrogenase (LDH) release assays using A549 cells. Extracts of PMjo-
bound polycyclic aromatic hydrocarbons (PAH) were tested for their mutagenicity through the TA98
and TA100 Ames test. The bioluminescent inhibition assay revealed that indoor particles released
from the fireplace were the most toxic. Indoors, the reduction in A549 cell metabolic activity was
over two times higher for the fireplace in comparison with the woodstove (32 + 3.2% and 72 + 7.6%
at the highest dose, respectively). Indoor particles from the fireplace were found to induce greater
cytotoxicity than the corresponding outdoor samples. Combined WST-8 and LDH results suggest
that PMo exposure induce apoptotic cell death pathway in which the cell membrane integrity is
maintained. Indoor and outdoor samples lacked direct and indirect mutagenic activity in any of the
tester strains. For indoor-generated PM o, organic carbon and PAH were significantly correlated with

cell viability and bioluminescence reduction, suggesting a role of organic compounds in toxicity.

Keywords: Bioluminescence inhibition, Cytotoxicity, Mutagenicity, Particulate matter,

Residential wood combustion
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8.1. Introduction

Over the years, a wealth of publications has focused on the quantification and
characterisation of particulate matter (PM) emissions arising from residential biomass combustion
(Vicente and Alves, 2018). PM has been a focus of special research attention because adverse health
outcomes associated with exposure to this pollutant have been observed in epidemiological studies
(Atkinson et al., 2015; Dockery, 2009; Pope, 2000). While epidemiological studies reveal
associations between health outcomes and exposure to PM, in vitro and in vivo models are useful to
study the mechanisms involved in the PM-related health effects (Cho et al., 2018; Nemmar et al.,
2013; Schlesinger et al., 2006).

The toxicity assessment of biomass burning particles produced under controlled laboratory
conditions (source characterisation studies) has been conducted in vivo with rodents (e.g. Danielsen
et al., 2010; Uski et al., 2012) and in vitro using different cell lines, such as epithelial cells of the
respiratory tract and alveolar macrophages (Danielsen et al., 2009; Dilger et al., 2016; Kocbach et
al., 2008; Totlandsdal et al., 2014), as well as different bacterial strains (Canha et al., 2016; Turdczi
et al., 2012; Vu et al., 2012). Many studies underlined that the type of combustion appliance has an
important role on the toxicological effects of PM emissions (Canha et al., 2016; Corsini et al., 2017;
Jalava et al., 2012; Tapanainen et al., 2011; Vu et al., 2012). Additionally, the fuel burned (Arif et
al., 2017; Canha et al., 2016; Corsini et al., 2017; Kasurinen et al., 2017; Vu et al., 2012) and the
combustion conditions (Canha et al., 2016; Jalava et al., 2010; Uski et al., 2014; Vu et al., 2012)

were also investigated.

In addition to being a recognised major source of ambient PM (Vicente and Alves, 2018, and
references therein), residential biomass burning has also a noticeable impact on indoor air quality
(Castro et al., 2018; de Gennaro et al., 2015; Guo et al., 2008; McNamara et al., 2013; Salthammer
et al., 2014; Vicente et al., 2020). Furthermore, people spend most of their time in indoor
environments (e.g. Brasche and Bischof, 2005; Schweizer et al., 2007), meaning that it is where most
of human exposure occurs (Morawska et al., 2013). Despite its importance, the in vitro toxicity of
indoor particles arising from the use of biomass combustion appliances has been less studied.
Regarding in vitro mammalian assays aiming at assessing the toxicity of indoor PM from biomass
burning, the studies of Ke et al. (2018) and Marchetti et al. (2019) represent the bulk of research so
far. Marchetti et al. (2019) investigated the toxicological properties of indoor PMo from an open
fireplace fuelled with different biomasses (pellets, charcoal and wood). The authors performed in
vitro assays using human lung cells (A549) and reported that the effects on the biological endpoints

were strongly related to the biomass fuel burned, which generated particles with distinct chemical
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composition. Ke et al. (2018) evaluated the cytotoxicity of soluble constituents emitted by biomass
combustion on human skin keratinocytes using a multilayered dynamic cell culture platform. A

decline in cell viability after cell exposure and an increase in apoptosis rates were reported.

Despite the knowledge provided by the mentioned studies, particulate matter from residential
biomass combustion has distinct physicochemical properties as a result of fuel type, combustion
appliance and household behavior (e.g. Lamberg et al., 2011; Vicente et al., 2015). These properties
are key features triggering different biological effects, such as inflammatory responses, cytotoxicity,
genotoxicity and oxidative stress (Corsini et al., 2019; Happo et al., 2013; Jalava et al., 2008, 2007).
Thus, a toxicological profile of a relevant indoor pollution source is of utmost importance to better
understand the potential health risk posed by wood burning emissions and to develop appropriate
control strategies.

Taking into account the ethical issues related to in vivo testing, as well as its higher cost and
time-consuming nature, in vitro assays were selected to carry out the present study. This work aimed
to evaluate the toxicity of indoor PM generated from Portuguese combustion appliances, which are
common in the Mediterranean region, using different in vitro tests. Furthermore, outdoor sampling
was also carried out in order to compare the results with those from indoor generated particles. The
PM overall ecotoxicity was assessed with the Vibrio fischeri bioluminescence inhibition bioassay.
The PMio cytotoxicity was determined by the WST-8 and lactate dehydrogenase (LDH) release
assays using a human lung epithelial cell line (A549). The mutagenicity of PM-bound polycyclic

aromatic hydrocarbons (PAHs) was evaluated through the Salmonella reverse mutation assay.

8.2. Materials and Methods

8.2.1. Particle collection and characterisation

A detailed description of the sampling strategy can be found in a previous study (Vicente et
al., 2020). Briefly, the PMiy sampling was carried out in two unoccupied houses equipped with
traditional wood burning appliances, one with an open fireplace and the other with a woodstove.
Each combustion appliance was operated for about 8 hours per day for three and four days
(woodstove and fireplace, respectively) under minimum ventilation conditions. No concurrent
activities took place during the sampling period. Background concentrations were determined over
four days in each room. Particulate matter (PM,0) was collected onto quartz filters (Pall Corporation,
Ann Harbor, USA) with a high-volume air sampler (MCV, CAV-A/mb, Barcelona, Spain) working

with a constant flow of 30 m* h"!. During the wood burning period, concurrent samples were collected
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outdoors in order to evaluate the atmospheric PMjo in a rural area highly exposed to emissions from
biomass burning for residential heating in the cold months of the year and also characterised by the
inexistence of other major pollution sources (e.g. industry, traffic). After the PM;o gravimetric
quantification, the samples were analysed for organic (OC) and elemental carbon (EC), water soluble
ions, metals and detailed organic composition. The full description of the analytical techniques and

the PM o chemical composition can be found in a previous work (Vicente et al., 2020).

8.2.2. Sample preparation for toxicological assays

Ecotoxicity: Sample preparation followed the protocol developed by Kovits et al. (2012).
Briefly, one filter punch of 1.9 cm from each PMo sample was ground in an agate mortar and then

transferred into pre-cleaned glass vials. Suspensions were prepared adding 2 ml of high-purity water.

Cytotoxicity: Two filter punches of 47 mm from each PMo sample were firstly extracted by
refluxing dichloromethane (125 ml) for 24 h and then two times with methanol in an ultrasonic bath
(25 ml for 10 min, each extraction). After each extraction, the total organic extracts were filtered and
then concentrated to a volume lower than 1 ml using a Turbo Vap® II concentrator (Biotage) and
finally evaporated under nitrogen flow. The final extract was reconstituted in dimethyl sulfoxide

(DMSO, Sigma Aldrich).

Mutagenicity: Samples were firstly extracted as described above for the cytotoxicity assay.
After drying, the total organic extract was then transferred onto activated silica gel columns and
fractionated using solvents of different polarity. After each elution, the different organic fractions
were dried following the procedure described above. Target compounds (16 EPA priority PAHs and
some other aromatics - benzo[e]pyrene, perylene, p-terphenyl and retene) in the concentrated extracts
were analysed by gas chromatography - mass spectrometry (GC-MS). The results were reported
elsewhere (Vicente et al., 2020). Afterwards, the dried extracts from each sample were resuspended

into DMSO and then tested for mutagenicity.

8.2.3. Ecotoxicity testing

The V. fischeri bioluminescence inhibition assay has been widely used for ecotoxicological
screening and assessment of diverse potentially toxic substances including atmospheric pollutants
(Abbas et al., 2018). The ecotoxicity testing was carried out using the direct contact test system
(referred to as Flash system), which is standardised (ISO 21338:2010: water quality — kinetic

determination of the inhibitory effects of sediment, other solids and coloured samples on the light
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emission of Vibrio fischeri/kinetic luminescent bacteria test). Briefly, the lyophilised bacteria were
rehydrated with the reconstitution solution and stabilised at 12 °C for 30 min before the measurement
using a luminometer (Luminoskan Ascent, Thermo Scientific). Duplicated series of eleven two-fold
serial dilution in 2% NaCl were prepared for each sample in 96 well plates. The dilutions were
performed following the manufacturer protocol with the supplied diluent reagent (2% NaCl solution
in water), to ensure optimal osmotic conditions for the bacteria. After the bacterial suspension was
added to the sample, bioluminescence intensity was continuously recorded for the first 30 seconds.
After the pre-set exposure time (30 minutes), luminescence intensity was read again. The peak value
observed immediately after the addition of the bacteria into the sample was used as a reference for
calculations in order to take into account the turbidity or colour of the sample (Lappalainen et al.,

2001). The light inhibition (INH%) was calculated based on the following equations:

_ IC3q
KF = 22 (1)
_ _ IT3q
INH (%) = 100 — =2 x 100 2)

where KF is the correction factor, ICy and ICs¢ are the luminescence intensities of the control at the
beginning and after 30 min, ITo and IT30 are the luminescence intensities of the sample at the
beginning and after the 30 min contact time. ECso (concentration that causes 50% reduction in the
bioluminescence output of the test organisms relative to the control under the given experimental
conditions) values were calculated from the dose-response curves on serial dilutions of the extracts
using the Ascent Software provided by Aboatox Co., Finland. The ECso values were then used to
calculate the Toxicity Units (TU, unitless), which are defined as follows (Aammi et al., 2017;
Romano et al., 2020):

100 (%)

TUso = £c.s o)

3)

Four toxicity levels were proposed on the basis of the TU values: TU5o < 1 non-toxic, 1 < TUsy < 10

toxic, 10 < TUs < 100 very toxic and TUsp > 100 extremely toxic (Romano et al., 2020).
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8.2.4. Cell culture and cytotoxicity assays

In the present study, the human adenocarcinoma alveolar epithelial cell line A549 was used
to perform the cytotoxicity tests. This lung cell line is a useful model and widely used to assess the

biological effects of PM samples (Cho et al., 2018; Jia et al., 2017; Peixoto et al., 2017).

A549 cells were cultured in 25 cm? flasks (Corning®) with 5 ml of Kaighn’s Modification of
Ham’s F-12 Medium (F-12K), supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Gibco), 1%
of penicillin-streptomycin (Gibco) and 1% Fungizone (Gibco) at 37 °C, 5% CO; in humidified
atmosphere. Cell confluence and morphology were observed under an inverted microscope (Nikon®
Eclipse TS100). Subculture was performed every 2-3 days, when culture reached approximately 90%
confluence. After removal of the culture medium, cells were washed with 2 ml of phosphate buffered
saline (PBS, Gibco) and incubated with 1.5 ml Trypsin-EDTA (0.25% trypsin, ] mM EDTA) for 5
min, to cleave proteins that enable cell adherence to the flask and cell-cell adhesion. After cell
detachment from the culture flask, trypsin was inactivated by adding 3 ml of supplemented medium

to the culture. Cells were harvested and seeded in a new flask with complete culture medium.

The PM o cytotoxicity was examined using two complementary methods: WST-8 assay to
evaluate the cell metabolic activity and lactate dehydrogenase (LDH) activity assay to assess the

integrity of the cell membrane.

The WST-8 assay (CCK-8 kit, Sigma-Aldrich®) was performed by following the
manufacturer instructions. Briefly, cells were seeded in a 96 well plate at 4 x 10° cells/well and
incubated 24 h for adhesion. The PM;y suspension was diluted in complete medium to obtain the
final concentrations of 0.1, 0.5, 1, 5, 10, 50, 100 and 150 pg ml! (corresponding to 0.03, 0.16, 0.31,
1.6, 3.1, 16, 31 and 47 pg cm™). The DMSO concentration in the culture medium was kept below
1.2% (v/v). The lowest range of doses at the alveolar epithelium (0.03 to 0.31 pg cm?) was
determined based on modelling (particle dosimetry model ExXDoM?2) (Vicente et al., submitted for
publication) using the PM o measurements from the field campaign, while the highest range of doses
exceeds environment concentrations. The highest doses were selected to generate differences in toxic
responses between PMo samples and control exposures in order to evaluate mechanisms of action.
Additionally, higher doses allow comparison with results of previous studies. Cellular exposure was
achieved by replacing the culture medium in each well with fresh PM-containing medium. The final
volume for exposure was 0.1 ml per well. The outer peripheral wells of the 96-well plates were also
filled in to reduce medium evaporation from the exposure wells. After 24 h exposure, the wells were
emptied and filled with culture medium and 10 pl of WST-8 reagent. Then, the plate was incubated

for 2 h at culture conditions and the absorbance was measured at 450 nm in a microplate reader
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(Biotek® - Gen5™ software). Two independent assays were performed with five technical replicates
each and the results compared with the control (no exposure). After the subtraction of the background
absorbance (culture medium without cells), the cellular viability was calculated as the ratio between
the absorbance from wells exposed to particle suspensions and the absorbance of the control group
(unexposed).

The LDH assay was carried out using the cell free supernatants after cell exposure using the
LDH assay kit (Cytotoxicity Detection Kit LDH, Roche Diagnostics, France). The A549 cells were
seeded and treated with PM o extracts as in the WST-8 assay. After 24 h exposure, the supernatants
were collected from each well and added to a new 96-well plate. The LDH activity measurement was
conducted according to the instructions in the assay kit. Briefly, the reagent mixture was added to
each well and incubated for 30 min at room temperature and protected from light and finally the
absorbance was measured at 490 nm (Biotek® - Gen5™ software). The positive control was obtained
exposing the cells to Triton-X and the background was culture medium without cells. Two
independent experiments with three technical replicates were performed to test each sample. The
cellular viability in relation to the control group (unexposed) is calculated from equation 4 (the

background absorbance was corrected as described for the WST-8 assay):

LDHyyseq— LDH
Cell viability (% of control) = LDHI:’SQ‘: LDHexpose’j X 100% 4)
ysed ™ contro

where LDH lysed is the absorbance from wells treated with Triton-X (maximum LDH release), LDH
exposed is the absorbance from wells exposed to particle suspensions, and LDH control is the
absorbance from cells in the control group (spontaneous LDH release). Field blanks and solvent
controls (DMSO) were also included in the assays. The viabilities of blank samples and solvents

were not significantly different from the unexposed control.

8.2.5. Mutagenicity assay

Mutagenicity of the PMio -bound PAHs was evaluated by the Salmonella reverse mutation
assay (Ames test, pre-incubation method) (Mortelmans and Zeiger, 2000; OECD, 1997). Although
the reverse mutation test relies on the use of prokaryotic cells, hampering the direct extrapolation of
the results to human health effects, it is a useful initial screening tool for genotoxic activity and has
been widely employed to assess atmospheric PM (Claxton et al., 2004, and references therein;

OECD, 1997). Despite the differences between prokaryotic and mammalian cells (uptake,
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metabolism, chromosome structure and DNA repair processes), many compounds that are positive

in this test are mammalian carcinogens (OECD, 1997).

In the present study, two Salmonella typhimurium strains, TA98 and TA100 (Trinova
Biochem GmbH), were selected, which are used to determine frameshift mutations and base pair
substitution mutations, respectively (Mortelmans and Zeiger, 2000; OECD, 1997). The direct and
indirect mutagenic potential was determined in the absence and presence of an exogenous activating
metabolising enzyme system (S9, Sigma Aldrich) to detected mutagens that require metabolic
activation to form DNA-reactive intermediates (Ames et al., 1975; OECD, 1997). For assays
performed without metabolic activation system, the positive controls were sodium azide (Acros
Organics) and 2-nitrofluorene (Sigma Aldrich) for TA100 and TA98, respectively. For assays
performed with metabolic activation system, the positive control was 2-aminoanthracene (Sigma
Aldrich). The spontaneous mutant frequency was evaluated by negative controls exposing bacteria
to DMSO and distilled sterile water. The Salmonella typhimurium strains were grown in nutrient
broth for 15-18 h at 37 °C. After the incubation period, the tester strains were exposed to the chemical
for 20 min in 0.5 ml of either buffer or S9 mix, prior to plating on glucose agar minimal medium.
After 48 h incubation at 37 °C, the number of revertant colonies was determined. The solutions used
for the assay were prepared according to Mortelmans and Zeiger (2000). Taking into consideration
the limited volume of sample, each extract was tested at its maximum concentration (range from 10
to 150 ng per plate) in order to assess the mutagenicity. Three technical replicates were performed

for each concentration.

8.2.6. Statistical analysis

Data analysis was carried out with SPSS software (IBM Statistics software v. 24). Shapiro-
Wilk and Levene’s tests were firstly applied to evaluate the normality of data and homogeneity of
variances, respectively. The results from the cytotoxicity analysis were evaluated by the non-
parametric Kruskal Wallis test followed by Dunn’s post hoc tests and Bonferroni adjustment to the
p-value. A correlation analysis was undertaken between the toxic responses (bioluminescent
inhibition assay and WST-8) and chemical particulate composition using Spearman correlation
coefficients. The results of the mutagenicity were analyzed through a one-way analysis of variance
(ANOVA) followed by the Dunnett’s post hoc test, to identify significant differences between the
negative control and the PMjo-bound PAHs samples. Moreover, the mutagenicity ratio (MR: ratio
between the average number of revertants in the sample and the average number of revertants in the

solvent control plates) above 2 was used as criteria to identify mutagenic effects (Mortelmans and
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Zeiger, 2000). All differences were regarded as statistically significant at p < 0.05. No significant
differences were detected between the number of revertent colonies of the DMSO and sterilised water

plate controls, whereby the DMSO control was used as negative control in the statistical analysis.

8.3. Results and Discussion

8.3.1. Bioluminescence inhibition assay

Several authors have supported the use of V. fischeri bioluminescence inhibition assay as a
first screening to examine the particulate matter toxicity (Aammi et al., 2017; Kovats and Horvith,
2016; Roig et al., 2013). The assay is sensitive and performs well regarding the display of false
toxicity results (Kovits et al., 2012).

The overall toxicity of PM o samples was assessed using the aqueous extracts and expressed
as percentage of bioluminescence inhibition after 30 min of exposure time. PM 1o collected when the
fireplace was lit showed the highest inhibition with ECsy values ranging from 6.6 to 17 ug ml'. The
PM ¢ extracts resulting from the use of the woodstove caused a less pronounced effect on the bacterial
suspensions with ECsy values ranging from 15 to 81 pg ml'. Outdoors, the concentrations causing
50% reduction in the V. fischeri bioluminescence relative to the control after 30 min of exposure
were 26 to 72 ug ml'. Previous studies, using the V. fischeri bioluminescence inhibition bioassay,
have assessed the toxicity of atmospheric PM and temporal patterns highlighting a higher toxicity
for samples collected in the cold season than those obtained in moderate or warm temperatures
(Aammi et al., 2017; Kovits et al., 2012; Roig et al., 2013; Turdczi et al., 2012). Aammi et al. (2017)
collected coarse PM (PM2s.10) samples using a passive sampling method on a monthly basis, in
twelve sampling sites from three districts in Istanbul, Turkey. The samples were extracted using
DMSO and the toxicity was evaluated using the Microtox bioassay. The researchers suggested that
seasonal activities, such as space heating, and meteorological factors (e.g. lower levels of
atmospheric mixing and higher stability more likely during winter) were possibly responsible for the

higher toxicity of samples collected in winter.

In this study, the indoor TU5 values varied from very toxic to extremely toxic (15 to 103)
for samples obtained during the operation of the fireplace (Fig. 8.1A). For samples of the room
equipped with woodstove, TUsy values varied within the range 1.4 (toxic) — 14 (very toxic) (Fig.
8.1B). Despite being equipped with a front door, an increase in PM;o concentrations and associated
contaminants was still noticeable during the woodstove operation due to the opening of the door to

start combustion and for refueling (Vicente et al., 2020).
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Figure 8.1. Toxicity Units (TUso) calculated from ECso values obtained from the Vibrio fischeri bioluminescent inhibition assay for the samples collected indoors
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Indoor air background samples were collected in both rooms, one equipped with a fireplace and the
other with a woodstove. For these background air samples, the TUs5, values varied from 0.79 to 1.3.
Outdoors, the TUsp values were lower than those recorded for samples collected in the rooms when

wood burning appliances were being used and were in the range from 0.58 (non-toxic) to 5.2 (toxic).

Previous studies have underlined the capability of the assay to display a comprehensive range
of toxicity values for PM samples collected at sites impacted by dissimilar sources and pollutant
loads. Aammi et al. (2017) found remarkable differences in the TUso recorded at different sites in
Istanbul. In a heavily polluted site (local industry) TUs, values of 85.7 and 106 were reported, while
lower values, in the range from 0.05 to 0.09, were registered in the “clean air” site. The authors
pointed out that samples collected in central urban areas impacted by traffic and sites impacted by
industry were significantly more toxic than the others. TUso ranging from 1.5 to 3.1 (it was not
possible to calculate the TUso for all samples due to the low toxicity) were documented by Romano
et al. (2020) for PMo samples collected during moderate and warm seasons at a coastal site of the
Central Mediterranean, away from large pollution sources. In the study of Roig et al. (2013), it was
also possible to observe varying degrees of toxicity in PMio samples collected in Catalonia (Spain)
in contrasting seasons and monitoring sites (industrial, urban, and rural), which were impacted by

different emission sources (cement plant, waste landfill, and municipal solid waste incinerator).

The comparison of the results of the present study with those published in the literature
should be viewed with caution due to the array of sampling methods, sample extraction procedures
and protocols for carrying out the bioluminescent inhibition assay. Regarding this latter, most of the
studies have followed the Microtox bioassay, which differ in several aspects from the protocol used

in the present study, for example in relation to the inhibition calculation method (Kovits et al., 2012).

8.3.2. Cellular metabolic activity and cellular membrane integrity

The effects of the PM;o samples (concentration range from 0.1 pg ml! to 150 pug ml™!) on the
metabolic activity of human epithelial cells were investigated with the WST-8 assay and displayed
as a percentage of viability in comparison with that from unexposed cells (control). Fig. 8.2
documents a decrease in cell viability for all samples collected either inside or outside. For indoor
samples collected when the fireplace was in use (Fig. 8.2A), a significant reduction of cell viability
in comparison with control was reached at a concentration of 50 pug ml™! for almost all samples (one
sample displayed a significant reduction from 10 pg ml'). Particles from the operation of the
woodstove (Fig. 8.2B) also caused a decrease in cellular metabolic activity, with significant

differences compared to control starting from 100 pg ml™.
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Figure 8.2. Cell viability assessed with WST-8 assay after 24 h exposure to increasing PMo concentrations of indoor samples during the operation of the fireplace (A)

and the woodstove (B) and corresponding outdoor samples (C and D for fireplace and woodstove, respectively): 0 (control), 0.1, 0.5, 1, 5, 10, 50, 100 and 150 pug ml.

Bars represent the mean + standard deviation of two independent experiments with five technical replicates each. Statistical analysis was performed by Kruskal-Wallis
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The metabolic activity of the cells declined down to 31.7 + 3.19% at the highest dose (150 pg ml!)
for particles generated when using the fireplace, whereas the same PM o dose from the woodstove
decreased the metabolic activity down to 71.6 + 7.60%. Thus, the combustion technology had a
remarkable effect on the cytotoxic potency of the particulate samples. A comparison between the
cytotoxicity of indoor PM o and the respective background (absence of source), was also carried out.
The reduction in cell viability induced by PM;o samples collected indoors when the fireplace was in
operation was significantly higher than that of samples obtained when the source was inactive
(starting at 0.5, 50, 100 and 10 pg ml! for days 1, 2, 3 and 4, respectively). In turn, only one PM;
sample collected during the use of the woodstove presented significantly higher cytotoxicity than the

background at the highest dose (150 pg ml™).

Previously, investigations focused on the characterisation of emissions at source have
underlined the role of combustion appliances on the cytotoxicity of particles from small scale devices
using the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide assay (MTT) (Jalava et al.,
2012; Tapanainen et al., 2011). Studies assessing the cytotoxicity of atmospheric particulate matter
during the cold and warm months of the year have reported higher cytotoxic potential of samples
collected during winter (Gualtieri et al., 2010; Happo et al., 2013; Van Drooge et al., 2017). Seasonal
pollution sources, such as biomass burning for residential heating, in association with meteorological

factors, have been described as the main responsible factors.

In the present study, outdoor samples caused a decrease from 21 to 48% in A549 metabolic
activity. A decrease in cell viability, with significant differences compared to control starting at doses
ranging from 5 to 150 ug ml!, depending on the sampling day, were recorded. The daily variability
in the cytotoxicity of outdoor particles was noticeable (Fig. 8.2C and D) and might be ascribed to

distinct weather conditions in different monitoring days.

The comparison of indoor and outdoor PMi cytotoxicity, for matched pair data, was also
carried out. The reduction in cell viability induced by PM1o samples collected when the fireplace was
in operation was significantly higher indoors than the parallel samples collected outdoors (starting at
5, 50, 100 and 10 pg ml™! for day 1, 2, 3 and 4, respectively), whereas such effect was not seen with
the woodstove samples. Fig. 8.3 displays the comparison of indoor/outdoor cytotoxicity at the highest

dose tested (150 pg ml™).

The effects of the PM;o samples (concentration range from 0.1 pg ml! to 150 pug ml™!) on the
membrane integrity of A549 cells, investigated with the LDH assay, are displayed in Fig. 8.4 as a
percentage of viability in comparison with that from unexposed cells (control). The results revealed
no significant increase in the release of the cytoplasmic enzyme LDH into the culture supernatant

after cell exposure, reflecting the maintenance of the cell membrane integrity.
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Figure 8.3. Cell viability assessed with WST-8 assay after 24 h exposure to the highest PM;o concentrations (150 ug ml™') from samples collected indoors during the
operation of the fireplace (A) and the woodstove (B) and corresponding outdoor samples. Bars represent the mean + standard deviation of two independent

experiments. Statistical analysis was performed by Kruskal Wallis. Asterisks indicate statistical significance compared to outdoor PMo samples (n = 10, p<0.05).
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Figure 8.4. Cell viability assessed with LDH assay after 24 h exposure to increasing PMo concentrations during the operation of the fireplace (A) and the woodstove
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statistical significance compared to control (n = 6, p<0.05).
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This is in agreement with the results obtained by Kocbach et al. (2008). The researchers observed no
decrease in the monocyte cell line THP-1 viability (measured as LDH release) after exposure to the
extracts of wood smoke particles collected from a conventional Norwegian stove. Similarly,
Kasurinen et al. (2017) obtained size-segregated PM emissions from two wood-fired appliances and
tested different cell viability endpoints (metabolic activity, membrane integrity, and lysosomal
damage) in order to investigate the mechanisms behind the cytotoxicity of wood combustion-
generated particles. The authors found no significant reduction of the membrane integrity nor in
lysosomal integrity after PM exposure compared to unexposed cells. However, all samples caused a
significant reduction in the A549 metabolic activity. The results obtained by the researchers
suggested that the mechanism of cell death was apoptosis in which the integrity of the plasma
membrane is maintained. The results obtained by Marchetti et al. (2019) also indicated apoptosis
behind the cell (A549) viability impairment after cell exposure to indoor particles arising from wood

combustion in an open fireplace.

8.3.3. Mutagenicity assay

The number of revertant colonies obtained from the mutagenicity tests with PAHs extracted

from PM;o and MR are presented in Table 8.1.

PAH extracts from PMio samples collected indoors and outdoors showed no direct- or
indirect-acting mutagenic effect towards both strains under the test conditions. The significantly
higher (p < 0.05) number of revertants in the positive control plates in comparison with the number
in the solvent control and in sample containing plates, as well as the MR between positive and

negative controls, demonstrate the effective performance of the assays.

Several researches have pointed out the importance of PAH metabolic activation into
primary and secondary metabolites on the toxicological effects observed. On the other hand, the
toxicity of the parent PAHs is, in general, considered negligible (Mesquita et al., 2014 and references
therein). Despite the proved importance of metabolic activation during the organism detoxification
process, studies focusing on PM-bound PAHs from biomass burning emissions have reported a
mutagenic effect in the absence of a metabolic agent using specific Salmonella strains (Canha et al.,
2016; Vu et al., 2012). Vu et al. (2012) tested PM;s-bound PAH extracts from the combustion of
different biofuels (seven wood species and briquettes) in two appliances (fireplace and woodstove)
under two operating conditions (cold and hot start) for mutagenic activities using the Ames test with
Salmonella typhimurium TA98 and TA100. The authors reported a direct-acting mutagenicity for

almost all biofuels and concluded that combustion in a fireplace seems to favour the emission of
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mutagenic compounds. When S9 was introduced to the test, the mutagenic effect disappeared,
suggesting that the samples contained direct-acting base-pair and frameshift mutagens that lose their
mutagenicity after being metabolised by enzymes from the S9 liver fraction. The same conclusion
was drawn by Canha et al. (2016) who reported a decrease of mutagenicity of the extracts of PMo-
bound PAHs from small scale residential combustion of different biofuels in a woodstove and pellet
stove when metabolic activation was added. Oanh et al. (2002) assessed the mutagenic potency
(Ames test) of particles released from three different cookstoves burning different fuels. The results
for the TA98 strain indicated the presence of both direct and indirect mutagenic activity in PM
samples from sawdust and wood. On the other hand, the TA100 strain only detected direct mutagenic

activity of PM samples.

Table 8.1. Mutagenicity of PAH extracts of particles collected indoors and outdoors to S. typhimurium TA98

and TA100 strains in the absence (-S9) and presence (+S9) of metabolic activation.

TA100 -S9 TA100 +S9 TA98 -S9 TA98 +S9

ng PAHs/plate  Rev/plate MR  Rev/plate MR  Rev/plate MR  Rev/plate MR

Fireplace
Indoor Day 1 100 162 +30 1.2 179+ 15 1.1 212 1.3 175 0.89
Day 2 150 136 £ 8 1.0 191 £26 1.2 15+3 0.94 16+1 0.84
Day 3 150 164 +8 1.2 181+ 14 1.1 203 1.3 16 5 0.84
Day 4 50 124 £ 20 0.94 143 £ 4 0.89 16 +4 1.0 16+1 0.84
Outdoor Day 1 30 146 + 15 1.1 138+£23  0.86 212 1.3 22 +11 1.2
Day 2 30 111 £31 0.84 169+ 7 1.0 22 +3 1.4 18+6 0.95
Day 3 30 137 +20 1.0 154 £ 14 1.0 212 1.3 16 +4 0.84
Day 4 30 104 +27 0.79 146+25 091 23 +4 14 26+5 14
Woodstove
Indoor Day 1 55 1297 098 169 +21 1.0 15+8 0.94 28 +8 1.5
Day 2 10 132+ 14 1.0 180 £ 26 1.1 12+1 0.75 28+6 1.5
Day 3 25 125+8 0.95 140+£27  0.87 9%2 0.56 21+6 1.1
Outdoor Day 1 30 124 £23 094 14512 090 11+4 0.69 18 +3 0.95
Day 2 20 124 £ 11 0.94 148 +7 0.92 8+4 0.50 16 +2 0.84
Day 3 15 15115 1.1 159+22 0.99 12+3 0.75 13+£2 0.68
PC 3077 £ 681* 24 524 +83* 3.3 131 £ 24%* 82 g8+ 78% 14
DMSO 132+23 161 £15 16 +6 19 +3

Values are means =+ standard deviation of 3 plates. MR = mutagenicity ratio; Rev/plate = revertants per plate;
PC = positive control. Statistical analysis was performed by one-way ANOVA with Dunnett’s multiple
comparison test. Asterisks indicate statistical significance compared to negative control (p<0.05). Mutagenicity

ratios above 2 are marked in bold.
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Galviao et al. (2018) collected PM;osamples during intense and moderate biomass burning periods in
the Brazilian Amazon region. The extractable organic matter was used to assess the mutagenic
potential of the samples using two different bacterial strains (TA98 and YG1041). The researchers
reported that the mutagenic potencies were higher in the absence of metabolic activation, regardless

of the strain used, showing a large contribution of direct acting mutagens.

In addition to different protocols (e.g. standard plate incorporation assay, pre-incubation assay,
microsuspension assay) and bacterial strains applied to assess the PM mutagenicity, distinct sample
preparation procedures have been described in the literature. For example, the studies of Canha et al.
(2016) and Vu et al. (2012) were performed with the PAH extracts, while Oanh et al. (2002) and
Galvao et al. (2018) carried out the Ames test with the total extractable organic matter. Moreover,
the test concentrations evaluated through the Ames assay are highly variable, which may have

contributed to the discrepancies in the results.

8.3.4. Correlations between biological responses and PMio chemical

composition

Correlations between the PMio chemical composition and the impairment of cellular
metabolic activity and luminescence inhibition were studied (Table 8.2). Detailed information on the

chemical composition of PM 1o has been described in a previous study (Vicente et al., 2020).

Indoors, the increase in toxicity, i.e., decrease in cellular metabolic activity of A549 cells
and reduction in V. fischeri bioluminescence, was correlated with organic carbon. Outdoors, no
significant correlations were found.

Indoors, the sum of PMio-bound PAHs was significantly associated with toxicity. Over the
years, discordant conclusions have been drawn regarding the role of PAHs on the cytotoxicity of
biomass burning particles. While some source characterisation studies, aiming at assessing the toxic
potential of PM emissions, reported significant correlations between cytotoxicity and PM-bound
PAHs (Kasurinen et al., 2016; Sun et al., 2018), others recorded no correlation (Arif et al., 2017;
Jalava et al., 2012). The role of PAHs in the V. fischeri bioluminescence inhibition has also been

previously highlighted (Alves et al., 2021; Evagelopoulos et al., 2009).

The correlations between the PMjy toxicity and individual PAH compounds also revealed
statistically significant relationships. Among the studied compounds, retene, chrysene and

benzo[a]antracene were significantly correlated with the reduction in A549 cell viability (Table 8.2).
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Table 8.2. Spearman correlation coefficients between PM;o chemical composition and responses in A549

cells and V. fischeri.

Indoor Outdoor
WST-8 V. fischeri  'WST-8 V. fischeri

Carbonaceous compunds

ocC -0.786" -0.821" -0.357 0.214
EC -0.571 -0.250 0.000 0.214
Monosaccharide anhydrides
Levoglucosan -0.571 -0.643 0.071 -0.250
Mannosan -0.536 -0.679 -0.179 -0.429
Galactosan -0.643 -0.607 -0.429 -0.786*
% Monosaccharide anhydrides -0.571 -0.643 -0.143 -0.500
Resin acids and derivatives
Abietic acid -0.821* -0.714 -0.335 -0.512
Dehydroabietic acid -0.893* -0.893* 0.036 -0.143
Hydroxydehydroabietic acid -0.185 0.482 -0.036 -0.536
Oxodehydrohabietic acid methyl ester -0.643 -0.679 -0.214 -0.750
Pimaric acid -0.821" -0.714 -0.143 -0.500
Isopimaric acid -0.750 -0.536 -0.321 -0.714
Podocarpic acid -0.321 -0.107 -0.143 -0.393
¥ Resin acids and derivatives -0.857" -0.786" -0.036 -0.286
Sterols
Cholesterol -0.107 0.321 0.393 0.464
Dihydrocholesterol -0.679 -0.786" 0.321 0.286
Stigmasterol -0.750 -0.107 -0.429 -0.393
B-Sitosterol -0.714 -0.679 -0.214 -0.464
¥ Sterols -0.714 -0.679 -0.464 -0.750
Substituted benzenes and phenolic
compounds?
Sinapic acid -0.786" -0.643 -0.179 -0.536
Vanillin -0.778* -0.889"" 0.071 -0.393
Acetovanilone -0.630 -0.778" 0.214 0.071
3-Vanilpropanol -0.649 -0.757" -0.214 -0.571
Homovanillic alcohol -0.630 -0.778" 0.071 -0.571
Syringic acid -0.821" -0.643 -0.107 -0.286
Syringaldehyde -0.927" -0.519 0.667 0.259
Acetosyringone -0.630 -0.778" 0.036 -0.321
4-Hydroxycinnamic (p-coumaric) acid -0.857" -0.750 -0.223 -0.045
3,4-Dihydroxy-cinnamic (caffeic) acid -0.75 -0.786" -0.286 -0.643
3-Hydroxybenzoic acid -0.821" -0.929* 0.036 -0.607
Protocatechoic acid -0.955™ -0.595 0.018 -0.577
1-Methyl-3,5-dihydroxybenzene (orcinol) -0.815" -0.778" -0.134 -0.267
Pyrogallol -0.750 -0.786" -0.250 -0.679
Hydroquinone -0.667 -0.847" -0.270 -0.757"
PAHs
Naphthalene 0.079 0.571 0.670 0.079
Acenaphthylene -0.453 -0.256 0.223 -0.089
Acenaphthene -0.741 -0.222 0.612 0.408
Fluorene -0.612 -0.408 0.591 0.079
Phenanthrene -0.571 -0.536 0.414 -0.180
Anthracene -0.643 -0.357 -0.296 -0.371
Fluoranthene -0.571 -0.750 0.107 -0.500
Pyrene 0.071 -0.286 -0.071 -0.464
Chrysene -0.821" -0.464 0.286 -0.286
Benzo[a]anthracene -0.821" -0.464 0.071 -0.464
p-Terphenyl -0.750 -0.786" 0.250 -0.321
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Retene -0.786" -0.964" 0.500 -0.214
Perylene -0.464 -0.036 -0.286 -0.786"
Benzo[b]fluoranthene -0.500 -0.107 -0.286 -0.500
Benzo[k]fluoranthene -0.464 -0.036 -0.536 -0.643
Benzo[e]pyrene -0.500 -0.107 -0.107 -0.571
Benzo[a]pyrene -0.679 -0.286 -0.107 -0.679
Benzo[g,h,i]perylene 0.107 0.500 -0.357 -0.536
Dibenzo[a,h]anthracene -0.250 0.429 -0.500 -0.393
Indeno[1,2,3-cd]pyrene -0.107 0.286 -0.714 -0.607
2 PAHs -0.929™ -0.857" -0.036 -0.536
Water soluble ions
Chloride 0.750 0.893" -0.286 0.143
Nitrate 0.286 0.786" -0.036 -0.214
Sulfate 0.679 0.571 0.143 -0.143
Fluoride -0.214 -0.643 -0.234 -0.685
Phosphate 0.906™ 0.768" -0.286 0.214
Sodium 0.607 0.750 -0.071 0.250
Potassium 0.500 0.321 -0.679 -0.821"
Magnesium 0.750 0.500 -0.214 0.214
Calcium 0.286 0.036 -0.214 -0.714
¥ Water soluble ions 0.857* 0.929* -0.071 0.464

Significant correlation coefficients at the p-level < 0.05 and 0.01, are marked with * and **, respectively. OC:

organic carbon; EC: elemental carbon. *Only significant correlations are displayed.

Previous studies, aiming at assessing the cytotoxic potential of retene and other polyaromatic
compounds in biomass burning emissions, reported the ability of this alkylated phenanthrene to
significantly decrease cell viability (A549) at a dose of 30 ng ml! after 72 h of exposure (Alves et
al., 2017; Peixoto et al., 2019). In the present study, the sum of polyaromatic compounds associated
with outdoor PM o showed no correlation with the toxicity assessed with the WST-8 assay and only

perylene was significantly correlated with the V. fischeri bioluminescent inhibition.

In the present study, anhydrosugars were the dominant group of organic compounds in
samples collected both indoors and outdoors (Vicente et al., 2020). Indoors, no significant
correlations were recorded between increased PM o toxicity towards A549 cells and monosaccharide
anhydrides (both their sum and each isomer individually). Similarly, monosaccharide anhydrides
showed no association with the decrease in cellular metabolic activity of epithelial lung cells for
outdoor samples. Previous studies, assessing PM collected at sites impacted by biomass burning,
have found associations between these compounds and increased toxicity using different cell lines
(Van Den Heuvel et al., 2018; Van Drooge et al., 2017). Van Den Heuvel et al. (2018) evaluated the
biological effects of PMo sampled in ambient air at an urban traffic site and a rural background
location in Belgium. The researchers exposed BEAS-2B cells to PMjj to study the cell damage and
death, reporting that reduced cell viability was associated with biomass burning markers
(Ievoglucosan, mannosan and galactosan). Van Drooge et al. (2017) evaluated the toxicity of organic

extracts from outdoor PM; samples from rural and urban locations in JEG-3 human placental cells.
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The researchers correlated the cytotoxicity of the samples collected in winter at the rural site with
biomass burning tracer compounds (levoglucosan, mannosan, galactosan and dehydroabietic acid),
and with other combustion products (benzo[b+j+k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene
and indeno[1,2,3-cd]pyrene). Outdoors, the V. fischeri bioluminescent inhibition was significantly

correlated with galactosan.

Indoors, several other biomass burning markers, such as resin acids, phenolic compounds
and sterols, displayed significant correlations with toxicity. The resin acids abietic and pimaric, as
well as the oxidised derivative dehydroabietic acid, were significantly correlated with PM
cytotoxicity (WST-8). Additionally, dehydroabietic acid was also found to correlate with the V.
fischeri bioluminescence inhibition. Several guaiacol and syringol type methoxyphenols (e.g.
vanillin, acetovanilone, 3-vanilpropanol, syringaldehyde, sinapic acid and syringic acid) linked to
PM; from the indoor air were significantly correlated with cytotoxic effects (WST-8) and/or with

bioluminescence inhibition.

Although a number of studies have suggested that ionic species (e.g. NOs, CI', SO4*) may
participate in cytotoxicity induced by ambient particles (Chen et al., 2006; Happo et al., 2014;
Perrone et al., 2010; Velali et al., 2016), in the present research only phosphate presented a positive
significant correlation with the WST-8 assay for indoor samples, implying a decreasing effect for
increasing ionic PM o mass fractions. Outdoors, water soluble potassium was correlated with the V.

fisheri bioluminescence inhibition.

It must be mentioned that correlations with the elemental composition of the particles was
not undertaken since pooled samples were used for the analyses by inductively coupled plasma
(Vicente et al., 2020) due to sample shortage. Despite the relatively low contribution of major and
trace elements to the PM o mass (2.20 and 14.1 wt% of the PM o) (Vicente et al., 2020), it is possible
that some of these elements may have contributed to the toxicity of the samples. In fact, previous in
vitro studies involving particles from biomass burning have underlined the importance of PM-bound
metals in particle-mediated cytotoxicity (Arif et al., 2017; Kasurinen et al., 2017, 2016; Uski et al.,
2015). Studies assessing the cytotoxicity of atmospheric PM also highlighted the role of metals on
the results, pointing out significant correlations between decreased cell viability and PM-bound
elements, such as cadmium, zinc, copper, chromium, lead, vanadium, tin and arsenic (Happo et al.,
2014; Perrone et al., 2010; Roig et al., 2013; Van Den Heuvel et al., 2016; Velali et al., 2016). Roig
et al. (2013) also found that several of these PM-bound elements correlated with the decrease in

bioluminescence of bacterial suspensions (V. fischeri).

The apparent inconsistency between the results of the current work and literature data may
be associated with several factors, which might have a pronounced effect on results: i) different cell

lines (Arif et al., 2017; Corsini et al., 2017; Danielsen et al., 2009; Gualtieri et al., 2010); ii) sample
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preparation procedures (e.g. extraction solvent and method, resuspension solvent) (Danielsen et al.,
2009; Landkocz et al., 2017); iii) PM size fraction under analysis; iv) cytotoxicity test selected (e.g.
Alamar Blue, MTT, WST-1,8, LDH); v) test conditions (e.g. incubation time, exposure doses, among
others) (Cavanagh et al., 2009; Danielsen et al., 2009; Gualtieri et al., 2010; Happo et al., 2013; Hiebl
et al., 2017; Landkocz et al., 2017; Peixoto et al., 2017).

8.4. Conclusions

Residential settings are of utmost importance in relation to human exposure to environmental
pollutants since it is where people spend most of their time. Despite being one of the major health
determinants, most regulations that set air quality requirements only apply to outdoor and workplace
environments. In the coldest months of the year, biomass burning is a major source of atmospheric
pollutants and it was also proven to be a major indoor source of hazardous compounds, including
particulate matter. The present study aimed at investigating the toxicity induced by wood burning
particles, in indoor and outdoor environments, using various bioassays (V. fischeri inhibition assay,
WST-8, LDH and Ames test). The overall toxicity was assessed using aqueous extracts of PMjg
samples by the V. fischeri inhibition assay. The results allowed to discriminate between different
levels of toxicity, highlighting that samples from the operation of the open fireplace were more toxic
than those collected when the woodstove was in use. It was also concluded that the particulate
material in rooms with wood combustion equipment is more toxic than that observed outdoors. The
PM; cytotoxicity was determined by measuring the mitochondrial activity with the WST-8 assay in
human A549 lung epithelial cells. After exposure, a reduction in the cellular metabolic activity for
all indoor and outdoor samples was recorded. At the highest concentration, the cell viability
impairment was about two-fold higher for the samples collected with the fireplace in operation
compared to those of the woodstove. PM1o samples significantly decreased the metabolic activity of
the mitochondria and showed clear daily variability. The outdoor samples were significantly less
cytotoxic than their corresponding indoor air counterparts during the operation of the fireplace,
whereas no such effect was observed with the woodstove samples. After the exposure period, no
significant elevation in LDH secretion was observed at all tested concentrations for both indoor and
outdoor samples.

The correlation analysis suggests that particle bound constituents can induce changes in
biological responses. Organic carbon of indoor particles was found to play a significant role in the
V. fischeri bioluminescent activity and A549 metabolic activity. Several combustion-related organic

compounds, such as PAHs, displayed significant correlations with the increase in toxicity using both
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assays. In outdoor samples, a lower number of compounds were found to correlate with the
impairment of the targeted cells. Taking into account the results of the present study, homeowners
should be encouraged to upgrade the wood burning technology in order to reduce the products of

incomplete combustion bound to PM.

The bioassays used in the present study are useful for a first screening of the potential toxicity
of particulate matter and associated compounds and can be indicated as efficient methods to routinely
complement chemical analysis. Despite the valuable insight given by these tests, other
complementary bioassays are needed to make inferences about impacts on human health. In vitro
studies involving lung cells can be improved by the use of cell co-cultures in which the in vivo cell
interactions, which can exacerbate or inhibit the toxicological response, can be simulated.
Additionally, to overcome the limitations of submerged cell culturing, future work should focus on
air-liquid interface systems, in which the exposure is performed through aerosolised particles
mimicking more closely physiologic conditions in the lung and therefore creating more realistic
conditions of exposure via inhalation. Moreover, it should be borne in mind that in vivo exposure is
affected not only by the exposure concentrations but also by the deposition rate of particles, clearance
mechanisms and retention of particles within the respiratory system, which are not represented in

these bioassays.
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Chapter 9. Conclusions and future research perspectives

9.1. Conclusions

The research described in this work is a step towards a better chemical and toxicological
characterisation in residential microenvironments of particles emitted by wood-fired heating

equipment and of particulate emissions derived from the residential combustion of pellets.

Generally, the development of new technologies, such as pellet fuelled appliances, for
residential combustion allowed the reduction of particulate and gaseous emissions. However, the
selection of the pellet fuel for residential heating has proven to be crucial regarding the environmental
performance of small-scale pellet stoves. The PMo emissions derived from the combustion of
different types of pellets in a residential pellet stove, as well as their chemical and toxic properties,
were the focus of three studies included in this thesis (Papers II, III and IV). Additionally, the effect
of the operating conditions of the pellet stove (nominal and partial loads) on emissions was also a
topic of research. Sampling was conducted under controlled laboratory conditions in an experimental
setup. New and comprehensive information was obtained on the effect of pellet certification and the
use of alternative raw materials on particle emissions and specific chemical and toxicological
properties. The main conclusions that can be drawn from the laboratory measurements are listed

below:

1. The combustion of two types of pellets with identical quality class (ENplus A1), and one
brand of non-certified pellets, showed that even certified material does not always meet emission
requirements set by the Ecodesign directive.

2. Given the variability of emissions from different commercial pellets during combustion
in a stove at partial and nominal loads, no operating condition could be indicated as optimal.

3. PMo emissions from combustion of commercial pellets in a residential stove operated at
nominal load were generally low, ranging from 23.2 to 46.2 mg MJ™! (below the limit imposed by
the Ecodesign directive of ~ 65.0 mg MJ'). Nevertheless, differences were recorded between
particulate emissions from distinct brands of certified pellets. The combustion of laboratory made
pellets from alternative raw material (Acacia longifolia, an invasive species in Portugal) generated
PM;, emissions, on average, 3 to 4 times higher than those of commercial pellets. These higher
emissions can be ascribed to the higher ash content of the fuel.

4. In accordance with previous studies on emissions from the combustion of wood pellets,

the particulate emissions were mainly composed of inorganic material. The dominant water soluble
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species in PM; varied depending on the type of pellet burned: sulphate was dominant in particles
resulting from the combustion of certified pellets, while chloride was the most abundant in PM;g
generated from the combustion of acacia and non-certified pellets. The second major contributing
species to the PM o mass was potassium, regardless of the pellet type burned. The sodium content in
particles from acacia pellets was, on average, 3 to 7 times higher than in samples from commercial
pellets. This is probably related to the saline ecosystem where the acacia trees grew.

5. The carbonaceous fraction in particles from the combustion of commercial pellets was
generally dominated by EC, while OC was the most abundant in particulate emissions from acacia
pellets. Carbonaceous particulate mass fractions were noticeably lower compared to those from batch
fired combustion appliances and are in the range of those reported for the combustion of pellets in
automatically fed appliances. Automatically fed systems allow to reduce the particulate organic
carbon, however, insufficient mixing of combustion gases and air, result in fuel-rich areas in the
flame zone, providing conditions for the formation of soot particles.

6. Levoglucosan, mainly formed by pyrolysis of cellulose, was detected in all samples. The
highest mass fraction was recorded in particles from the combustion of acacia pellets. Phenolic
compounds were dominated by coniferyl-type lignin pyrolysis products in samples collected during
the combustion of commercial pellets, in accordance with the composition of softwood lignin. On
the other hand, guaiacol and syringol type methoxyphenols were present in particulate samples from
acacia pellets, reflecting the lignin structure of angiosperm plants. PMio-bound PAHs displayed
substantially lower mass fractions in the emissions from acacia pellets. Several other constituents
were quantified in PMjo samples, including various types of acids, sterols, and polyols. The
contribution of these compounds to the PM o mass varied with the pellet type burned.

7. Regarding the toxicity, the main difference was observed between particles from the
combustion of acacia pellets and those emitted by commercial pellets. The results showed that the
PM, of acacia pellets was the most ecotoxic and cytotoxic, while mutagenicity was not detected for
any biofuel. Further research is needed to establish the causative chemical components in particles
emitted from residential pellet combustion.

8. From the results obtained, it can be concluded that, despite the lower emissions achievable
in automatically fired pellet appliances, the woody raw material selected for pelletisation can
dramatically increase emissions, affecting not only the chemical properties of the released particles,
but also their toxicological potency.

9. The database obtained in this study from laboratory measurements conducted to
characterise country specific fuels can contribute to improving existing emission inventories. Given
that local or regional source profiles are essential for PM source apportionment studies carried out

with receptor models, the new emission datasets are also useful as they append to the emergent
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speciation profiles for major sources in Europe (SPECIEUROPE). Moreover, this work also
highlights the need for further improvement of fuels and combustion technologies for the residential
heating sector. The pellet certification process should be tightened up. The testing of biofuels should

be regularly performed by qualified and recognised laboratories.

Given that traditional appliances still dominate and the hitherto scarcity of work on the
characterisation of indoor-generated emissions, a field campaign was carried out to investigate the
impact of wood combustion on particulate matter levels in residential microenvironments and the
associated chemical and toxicological properties. In addition, for comparison purposes, outdoor and
background air (in the absence of indoor sources) samples were also collected and analysed. Novel
information on human exposure, lung dose and toxicity of particles in residential settings impacted
by biomass combustion was obtained (Papers V, VI and VI). Major findings from the field campaign

are listed below:

1. The increase in PM o concentrations due to the use of traditional wood burning appliances
(fireplace and woodstove), compared to the indoor background air, was noticeable. During open
fireplace operation, PM g levels increased over 12 times compared to background concentrations,
while the woodstove resulted in a 2-fold enhancement. The PMo temporal profiles allowed to
identify ignition and refuelling of both appliances as critical steps in generating indoor peak
concentrations.

2. The PMio sampled in the room equipped with fireplace was mainly composed of
carbonaceous material (43.9 = 5.04 wt% of PM o) as a result of the incomplete combustion conditions
typical of traditional appliances operating at low temperatures. The total carbon in indoor particles
almost halved when the woodstove was in use (24.0 £ 7.37 wt% of PM o). Water soluble ions and
trace elements showed variable contributions to the indoor PM;o mass and were generally higher
during the operation of the woodstove.

3. The fireplace operation increased indoor PAH concentrations 59 times in comparison with
the levels recorded in the absence of the source, while the use of the woodstove contributed to a 3-
fold enhancement over background measurements. Concentrations of total particulate bound PAHs
collected during the operation of the fireplace largely exceeded those obtained in the experiments
with woodstove (10 times, on average).

4. Anhydrosugars were the dominant group of organic compounds in PMo generated by the
fireplace, accounting for 10 to 13 wt% of the OC mass, while lower mass fractions (1.2 to 3.1 wt%)
were recorded during the operation of the woodstove. Levoglucosan was found to be one of the most
abundant species among the individually identified compounds. Consistent with the combustion of
mixtures of hard and softwood, guaiacol and syringol type methoxyphenols were detected in indoor

particles.
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5. The cancer risks associated with inhalation exposure to particulate-bound PAHs in the
room equipped with woodstove were found to be negligible, while in the microenvironment heated
with fireplace the health-based guideline levels were exceeded. The excess lifetime cancer risk
resulting from exposure to Cr(VI) when using the fireplace and woodstove was higher than 1.0 x 10
®and 1.0 x 107, respectively.

6. From the dosimetry study, the effect of combustion appliance was clearly illustrated. The
total dose received while operating the fireplace was two-fold the one received in the room with a
woodstove and more than 10 times higher than in the absence of the source. Although the highest
amount of the deposited particles was recorded in the extrathoracic region (68-79%), more than 90%
of the particles deposited in the alveolar—interstitial region remained deposited after 24-h of
exposure.

7. The effects of combustion appliance on biological outcomes were explored. The results
evidenced different toxic potentials for particles emitted when using the fireplace or the woodstove.
Indoor-generated particles by the fireplace were the most ecotoxic and cytotoxic, whereas
mutagenicity was not detected in any of the tested samples. PMio samples collected during the
operation of the fireplace induced greater metabolic activity impairment in human lung epithelial
cells than the samples obtained when the source was inactive, while only one PM o sample collected
during the use of the woodstove presented significantly higher cytotoxicity than the background at
the highest dose. Similarly, when comparing indoor/outdoor parallel samples, a significantly higher
cytotoxicity was observed in samples collected in the room equipped with fireplace than in the
corresponding outdoor samples, whereas such effect was not seen with the woodstove samples.

8. Indoor organic carbon was found to play a significant role in the V. fischeri bioluminescent
activity and A549 cell metabolic activity. Several combustion-related organic compounds, such as
PAHs and biomass burning tracers, displayed significant correlations with the increase in toxicity
using both assays. These findings add to the growing body of evidence that toxicological responses
are related to the particle chemical characteristics.

The results from exposure, dose and bioreactivity of indoor particles gathered in this work
suggest that homeowners should be encouraged to upgrade the wood burning technology to reduce
the products of incomplete combustion bound to PM inside the residences. Fireplace and woodstove
changeout programmes supported by financial incentives should be created and advertised. A plan
for the engagement of homeowners is crucial to create awareness about the health threat posed by

this source and promote a change in behaviour.
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9.2. Future research perspectives

Despite the large dataset presented in this work from measurements both in laboratory and
residential settings, there is still need for future work in this research field to shed light on topics still

not explored.

Over the past years, research efforts have been devoted to quantifying the emissions from
residential combustion appliances. Nevertheless, combustion technologies are expected to continue
to evolve, which means that emission factors will need to be updated. Technical improvements in
residential combustion appliances, as well as the development of economically viable particulate
emission control devices (e.g. baghouse filters or electrostatic precipitators), will give rise to particles
with specific characteristics whose physicochemical and toxicological properties will need to be
scrutinised. Future research focused on the relationships between the toxicological features and the
chemical composition of the particles is recommended to find out which constituents induce adverse
effects and advise which biofuels and combustion technologies are safer from an environmental and
health point of view. The elemental composition of the biomass combustion particles and their effects
were not included in this work, but should not be ruled out in future research, given the mounting
evidence pointing to their importance in toxicological responses. The detailed chemical
characterisation of the fuel should also be addressed in future work aiming at investigating new raw
materials for pelletisation, since molar ratios among certain elements might serve as indicators for

particulate emissions.

Regarding the influence of biomass combustion appliances on indoor air quality, this work
was based on a limited number of samples and further research is needed to elucidate the effects of
stove design, stove operation, household characteristics, ventilation patterns and weather conditions
on the indoor PM levels and associated properties. The influence of meteorological conditions on
indoor pollutant levels could be a research topic to be covered in the future since the operation of
combustion appliances under natural draft conditions may lead to increased concentrations under
unfavourable weather conditions. Strategies to improve air quality in homes equipped with biomass

combustion equipment should also be addressed in future works.

In the present study, the dose received by subjects exposed to particulate matter was derived
based on particulate mass concentrations. In future research, particulate number concentrations
should also be included in the analysis. Moreover, the exposure scenario considered in this work only
encompassed the indoor source under analysis for an 8-h period. It would be interesting to evaluate
the daily dose received including all microenvironments to which a subject is exposed. This

evaluation would allow to determine the contribution of residential heating to the total daily dose.
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The results obtained in the present study with the Vibrio fischeri bioluminescence assay
suggest that the bacteria-based method may be an easy-to-apply and inexpensive assay for a first
screening of toxicity. However, the more complex is the model used the more meaningful are the
conclusions derived. Although air-liquid interface exposures are more complex and costlier, which
constitute a drawback for large screening studies, they allow creating more realistic exposure
conditions and should be used in future research after a preliminary assessment of toxicity with more

cost-effective assays.
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Supplementary Material

Supplementary Material A1 - from chapter 2

Table Al. Summary of standard methods for emission determination from wood burning appliances.

Country Standard reference  Title Year
Germany DIN-plus 13240 Roombheaters fired by solid fuel - Requirements and test methods. 2005
VDI 2066 (Blatt 1)  Particulate matter measurement. Dust measurement in flowing gases. Gravimetric determination of 1975
dust load.
VDI 2066 (Blatt 5)  Particulate matter measurement - Dust measurement in flowing gases; particle size selective 1994
measurement by impaction method - Cascade impactor.
Norway NS 3058-1 Enclosed wood heaters - Smoke emission - Part 1: Test facility and heating pattern. 1994
NS 3058-2 Enclosed wood heaters - Smoke emission - Part 2: Determination of particulate emission. 1994
NS 3059 Enclosed wood heaters - Smoke emission - Requirements. 1994
USA EPA Method 5H Determination of particulate matter emissions from wood heaters from a stack location. 1988
EPA Method 5G Determination of particulate matter emissions from wood heaters - Dilution tunnel sampling location. 1988
Method 28 Certification and auditing of wood heaters. 1988
Australian/New AS/NZS 4012 Domestic solid fuel burning appliances - Method for determination of power output and efficiency. 1999
Zealand AS/NZS 4013 Domestic solid fuel burning appliances - Method for determination of flue gas emission. 1999
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Figure Al. Schematic diagram of the EPA sampling system used for EPA Method 5H and 5G (source: EPA, 1988).

324



Supplementary Matrial

Supplementary Material A2 — from chapter 6

Table A2.1. PM;o concentrations (ug m™) and mass fractions (%wt. PMo) of major and trace elements.

Indoor Fireplace Indoor Background Outdoor Indoor Woodstove Indoor Background Outdoor
PMj (ug m™) 319+£173 25.9+£245 80.1 £19.8 78.5+24.0 28.6 £5.83 322+16.7
Jowt. PM g

Al 0.259 0.495 1.08 0.880 0.219 0.653
Ca 0.654 - 1.01 5.16 - 2.84
Fe 0.074 0.0385 0.276 0.536 0.0129 0.479
K 0.617 0.0557 1.02 2.20 0.1740 2.20
Mg 0.227 0.1541 0.1661 1.83 0.1413 1.12
Na 0.280 0.8406 0.9372 1.59 1.18 6.74
Li 0.0002 0.0004 - 0.0007 - -
Sc - 0.0001 0.0003 - - -

Ti 0.0060 0.0102 0.0223 0.0435 0.0033 0.0242
v 0.0005 0.0011 0.0019 0.0028 0.0006 0.0084
Cr 0.0007 0.0032 0.0029 0.0116 - 0.0175
Mn 0.0586 - 0.0091 0.3779 - 0.0112
Co 0.0002 0.0002 - 0.0013 0.0000 -
Ni 0.0017 0.0036 0.0071 0.0004 0.0004 -
Cu 0.0048 0.0039 0.0095 0.0147 - 0.0176
Ga 0.0001 0.0002 0.0002 0.0003 0.0001 -
Ge - 0.0003 - - - -
As 0.0004 0.0010 0.0016 0.0014 0.0004 0.0009
Se 0.0000 0.0000 - - - -
Rb 0.0024 0.0007 0.0021 0.0056 0.0010 0.0028
Sr 0.0046 0.0013 0.0058 0.0295 - 0.0055
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Y 0.0002 0.0048 0.0007 - 0.0026 -

Zr 0.0033 0.0405 0.0282 - - -
Nb - 0.0004 - - 0.0001 -
Cd 0.0002 - 0.0007 0.0006 - 0.0010
Sn 0.0004 0.0017 0.0032 0.0022 0.0006 0.0040
Sb 0.0008 0.0003 0.0057 0.0003 0.0000 -
La 0.0006 0.0017 0.0006 0.0026 0.0006 -
Ce 0.0010 0.0032 0.0010 0.0054 0.0011 -

Pr 0.0000 0.0003 0.0001 0.0004 0.0001 -
Nd 0.0001 0.0014 0.0005 0.0010 0.0006 -
Sm 0.0000 0.0006 0.0001 - 0.0003 -
Eu - 0.0004 - - 0.0003 -
Gd 0.0000 0.0008 0.0001 - 0.0004 -
Tb - 0.0002 - - 0.0001 -
Dy 0.0001 0.0011 0.0001 - 0.0005 -
Ho - 0.0002 - - 0.0001 -

Er 0.0000 0.0003 0.0001 - 0.0002 -
Tm - 0.0004 - - 0.0003 -
Yb 0.0000 0.0003 0.0000 - 0.0002 -
Hf 0.0001 0.0016 0.0012 - - -

W - 0.0004 0.0008 0.0004 - 0.0017
Pb 0.0026 0.0021 0.0062 0.0043 0.0054 0.0050
Th 0.0000 0.0010 0.0003 - 0.0002 -

U 0.0001 0.0011 0.0000 - 0.0005 -

2 elements 2.20 1.67 4.61 12.7 1.74 14.1
% element oxides 3.13 2.56 6.74 18.2 2.49 19.6

- below the detection limit or not detected. The measured element concentrations were converted into the respective mass concentrations of the most common oxides

(A1203, MgO, MnO, Fe,0s, TiO,, K>0, etc.).
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Indoor Indoor Indoor Indoor
Fireplace Background Outdoor Woodstove Background Outdoor
n-Alkanes

Undecane - - 0.716+0.650 0.419+0.366 - 0.378+0.420
Dodecane - - 1.25+1.11 0.905+0.337 - 0.518+0.559
Tridecane - - 0.867+0.885 0.816+0.128 - 0.364+0.501
Tetradecane - 0.0395 0.616+0.829 0.759+0.121 - -
Pentadecane - - - 0.320+0.323 - -
Hexadecane - 0.078 - - - 0.0808+0.114
Heptadecane - 1.62 - - - -
Octadecane 0.124+0.0881 0.158 0.186+0.169 0.119+0.167 - -
Nonadecane 0.111+0.175 0.281 - 0.332+0.192 - 0.0266+0.0345
Eicosane 0.510+0.562 0.324 0.0490+0.0865 | 0.670+0.0665 - 0.0292+0.0425
Heneicosane 1.04+1.08 0.396 0.307+0.347 1.40+0.301 - 0.141+0.109
Docosane 1.12+1.16 0.0604 0.585+0.776 2.24+0.487 - 0.435+0.163
Tricosane 1.13+1.26 - 1.32+1.36 3.40+0.912 - 0.847+0.932
Tetracosane 0.901+1.32 - 1.66+2.22 6.30+£3.15 - 1.68+1.84
Pentacosane 0.984+1.41 0.0356 4.02+£3.74 11.7+£9.41 - 2.71£2.99
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Hexacosane 0.677+1.03 0.0576 4.88+5.17 15.7+13.7 - 3.52+4.19
Heptacosane 1.24+1.74 0.149 7.03+6.37 21.1£20.5 - 3.59+4.19
Octacosane 0.463+0.925 0.212 6.55+6.82 23.6+25.2 - 3.39+4.13
Nonacosane 1.93+2.84 0.0248 8.41+6.64 27.6x30.5 - 3.02+£3.43
Triacontane 0.481+0.945 - 4.46+4.60 24.77+28.9 - 1.88+2.36
Hentriacontane 3.66+4.41 0.161 4.60+4.60 29.7435.6 - 1.24+1.77
Dotriacontane 0.189+0.344 0.0582 1.48+2.07 24.6£31.5 - 0.636+0.946
Tritriacontane - - 0.180+0.264 14.6+19.8 - -
Tetratriacontane - - 0.145+0.290 12.4+18.1 - -
Pentatriacontane - - - 8.74£13.8 - -
Hexatriacontane - - - - - -
Heptatriacontane - - - - - -
CPI 1.81+1.23 2.7 2.02+1.32 0.987+0.116 - 1.06+0.172
Crnax Cso Cis Cas Cso - Cae
n-Alkenes
1-Tetradecene - 0.205 0.713+1.07 1.30+0.292 - 0.548+0.770
1-Hexadecene - 0.102 - 0.207+0.251 - 0.138+0.154
1-Octadecene - 0.0257 - 0.127+0.117 - 0.114+0.105
1-Eicosene - - - 0.317+0.197 - 0.0665+0.0404
9-Tricosene 0.405+0.497 - 0.12940.206 0.387+0.177 - 0.0661+0.0623
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Squalene - - - - - -
n-Alkanols
Decanol 0.412+0.140 0.0077 0.148+0.0609 0.101+0.110 0.0011 0.0794+0.0259
Undecanol - - - - - -
Dodecanol - 1.25 - 5.13x1.92 - 1.97£1.15
Tridecanol - - - - - -
Tetradecanol - 3.57 - 22.1x14.9 1.04 4.74+1.25
Pentadecanol 16.3£5.25 1.41 5.39+1.10 7.63+4.95 0.421 2.19+0.410
Hexadecanol 59.2+14.6 1.25 14.4+8.99 52.6£25.7 0.777 6.17£2.47
Heptadecanol - - - 2.64+1.52 - -
Octadecanol 42.5+16.0 0.165 5.44+1.04 22.4x124 - -
Nonadecanol - - - - - -
Eicosanol - - - - - -
Heneicosanol - - - - - -
Docosanol 598+270 1.2 113+47.2 72.7£52.4 2.13 37.7+£26.5
Tricosanol 5.31+2.36 0.0078 0.667+0.173 0.488+0.457 0.0162 0.259+0.234
Tetracosanol 85.6+44.8 - 9.86+5.49 - - 2.94+2.10
Pentacosanol 3.36%1.75 0.0209 0.494+0.144 0.601+0.740 0.0136 0.167+0.128
Hexacosanol 186+243 - 10.4+5.47 - 0.233 2.15%£2.76
Heptacosanol 2.00+1.06 0.0034 0.419+0.195 0.323+0.345 0.0054 0.146+0.197
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Octacosanol 22.1+11.2 0.0984 7.93+5.39 3.11£3.75 0.123 2.74+3.27
Nonacosanol - - 2.02+0.849 - - -
Tricontanol 3.80+2.03 0.0096 2.70£1.44 0.407+0.374 0.0351 0.803+1.09
CPI 38.1+16.3 5.24 18.6+4.49 16.5£7.09 9.5 18.5+4.17
Crnax Ca Cus Cx Cxn Cx Cx
n-Alkanoic acids
Hexanoic 3.88+4.50 - 1.05+0.874 0.489+0.437 - 0.586+0.383
Octanoic 6.31£1.98 - 2.25+1.36 0.889+0.832 - 0.526+0.281
Nonanoic 15.5+4.52 - 4.98+3.13 3.65+3.71 - 2.02+1.17
Decanoic 4.13+£3.01 - 5.18+£2.29 4.44+3.83 - 0.327+0.322
Undecanoic 0.604+0.555 0.0465 1.05+0.838 1.17£0.732 - 0.361+0.353
Dodecanoic 40.0+8.88 0.840 11.6+3.13 26.5+12.6 - 3.85+2.34
Tetradecanoic 90.0+£27.3 1.20 12.1£11.2 66.7+£23.7 - 6.39+1.63
Pentadecanoic 17.2+11.0 0.377 8.20£7.53 26.5+10.8 - 3.18+1.33
Hexadecanoic 516+519 2.73 50.8+£32.6 65.4+43.5 - 11.6+8.56
Heptadecanoic 59.2+66.3 0.190 6.66+4.72 8.89+8.29 - 1.92+1.23
Octadecanoic 2354209 1.30 10.6£8.57 82.0+80.2 - 17.8+£7.53
Nonadecanoic 2.85+2.93 0.0017 1.44£2.02 1.82+1.48 0.0079 0.710+0.382
Eicosanoic 89.2+69.3 - 14.4+6.35 7.1945.67 - 4.33+4.16
Heneicosanoic - - 3.76+1.68 - - -
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Docosanoic 65.1+68.6 - 101+126 41.8+32.3 - 34.7+31.1
Tricosanoic - - 6.31+6.12 - - 1.52+0.991
Tetracosanoic 165+96.2 0.390 43.1£11.5 4.29+5.66 1.20 9.98+8.97
Pentacosanoic 40.2+46.2 - 5.13+1.44 - - 0.512+0.678
Hexacosanoic 85.1£54.4 0.0801 37.5£24.7 - 0.202 4.8243.58
Heptacosanoic - - 1.43+0.836 - - -
Octacosanoic 24.7+3.84 - 5.90+2.59 - - 1.62+2.32
Nonacosanoic - - 0.405+0.362 - - -
Triacontanoic acid - - 3.05+1.35 - - 1.07£1.63
CPI 9.52+2.84 - 6.78+0.58 6.23+0.945 - 7.62+1.37
Crnax Cis Cis Cxn Cis Cx Cx
n-Alkenoic acids
9-Hexadecenoic (palmitoleic) 1.10£1.19 - 1.55+£2.03 14.6x11.1 0.0041 0.902+0.359
9-cis-Hexadecenoic (linoleic) 152+110 0.0031 6.22+2.37 8.14+9.87 0.0181 2.78+1.63
9-Octadecenoic (oleic) 426269 0.0114 7.86+2.33 19.7+19.4 0.0718 3.84+2.98
n-Alkanedioic acids
Ethanedioic (oxalic) 13411211 - 35.3+42.0 5344239 - 36.8+43.0
Butanedioic (succinic) 655285 - 93.5+49.1 36.4+11.8 - 23.6£34.1
Heptanedioic (pimelic) 10.7£7.17 - 4.87£2.42 2.29+1.41 - 1.50+1.45
Octanedioic (suberic) 26.3+£30.5 0.0362 11.3£9.37 6.22+2.82 - 5.25+1.08
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Nonanedioic (azelaic)
Decanedioic (sebacic)

Hexadecanedioic

92.34£52.5
10.8+4.45
44.8+22.5

0.146

44.5+£25.9
7.79+5.66
2.65+0.894

19.3£12.6
2.40+1.56
0.264+0.306

0.0587

0.0066

13.7+12.7
1.97+2.12
0.838+0.712

CPI for n-alkanes: CPI = XC;3-C35/ZC2- Cs4; CPI for n-alkanoic acids: CPI = XCg-C3¢/ZC7- Cag; CPI for n-alkanols: CPI = XCg-C3¢/ZC7- Co9

Table A2.3. Concentrations (ng m®) of saccharides and polyols.

Indoor Fireplace Indoor Background Outdoor | Indoor Woodstove Indoor Background Outdoor
Levoglucosan 79245827 17.7 983+212 208+88.2 25.7 362+161
Mannosan 494543765 4.54 385+144 75.6x14.6 7.25 126+45.0
Galactosan 2437£1715 0.94 238+76.0 20.849.10 2.29 69.8+45.6
Sucrose 6.65+8.03 - 12.6+6.47 11.9+£15.2 - 33.7+37.5
Inositol 70.0£91.5 - 5.09+5.96 - - 4.24+5.26
Glucopyranose 296+136 0.217 44.1£20.1 14.5£15.0 0.379 36.5+9.09
Glucitol 62.9+43.2 0.362 68.3+25.0 14.8+£15.4 0.714 19.5+£12.1
D-glucuronic acid lactone 39.5+25.1 0.0901 7.35+4.78 2.34+2.44 0.132 6.03+£1.66
Ribitol - 0.970 17.5%¢11.9 14.4£11.3 25.8 9.41+3.73
Meso-Erythritol 302+160 - 34.6+10.1 8.82+8.98 - 5.36+6.31
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Indoor Indoor Outdoor Indoor Indoor Outdoor

Fireplace Background Woodstove Background
Benzyl alcohol 19.7£3.52 0.191 9.60+4.51 3.12+3.04 0.101 6.57+0.861
4-Hydroxybenzaldehyde 4.67+6.23 - 2.49+0.916 - 0.0171 0.905+0.764
Benzoic acid 4.14£2.92 - 3.54+2.19 18.3£22.8 - 1.25+0.599
Sinapic acid 3.70+3.01 0.0011 0.312+0.243 0.0432+0.0370 0.0034 0.0571+0.0622
Coniferyl alcohol 93.8+129 - 0.261+£0.206 | 0.0033+0.0030 - 0.0122+0.0095
Vanillin 103+60.7 - 5.48+3.84 - - 2.86+3.66
Acetovanillone 52.44+44.2 - 4.55+£2.38 - - 0.786+0.747
3-Vanillyl propanol 1422+1143 - 23.6x11.9 - 0.251 0.627+0.639
Vanillic acid 154+82.2 0.114 30.8+16.7 3.42+1.77 0.307 10.5+6.06
Homovanillic alcohol 362+386 - 10.0£0.394 - - 1.13+0.983
Phthalic acid 197+52.1 0.0434 38.8+22.1 2.74+3.24 0.211 12.0+9.86
Isophthalic acid - - 3.64+5.46 38.2+44.8 - -
Terephthalic acid - - 40.3%£15.3 203+188 - 9.35+11.1
Syringic acid 175+62.5 0.160 36.6£22.8 2.78+2.36 0.597 8.14+5.92
Syringic acid methyl ester 104+99.6 - 23.6£3.15 - - 4.11£2.44
Syringaldehyde 204+42.9 0.249 4.15+5.30 - 0.740 -
Sinapaldehyde 2784233 - 0.976£1.95 - - -
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Acetosyringone
Sinapyl alcohol
4-Methylsyringol
4-Ethylsyringol
Coniferyl aldehyde

4-Hydroxycinnamic (p-coumaric)
acid

3,4-Dihydroxy-cinnamic
(caffeic) acid

4-Hydroxy-3-methoxycinnamic
(ferulic) acid

3-Hydroxybenzoic acid
4-Hydroxybenzoic acid

2,3,4-Trimethoxybenzoic (gallic)
acid

Trans-cinnamic acid
Protocatechoic acid
Eugenol

Isoeugenol

4-Allyl-2,6-dimethoxyphenol
(methoxy eugenol)

Hydroxyacetophenone

5004451
94.2+127
16.2+18.4
31.9+58.6
833821

33.9+17.0

1.49+1.19

15.1+13.3

70.4435.8
76.9+103

3.40+5.39

7.49+10.9

168+73.4
0.511+0.501

8.94+7.08

0.536+0.777

18.2+15.5

0.0049

0.0002

0.0027

0.0164

0.0504

0.0058

0.0759

0.0049

30.2+4.66
0.0206+0.0093
2.18+1.18
3.44+0.909
36.0+£20.3

0.112+0.0849

0.840+0.593

11.8+£2.44
12.5+6.99

1.32+0.689

5.48+2.85
61.4+11.9
0.0175+0.0053
0.655+0.492

0.150+0.108

5.82+2.69

0.102+0.0630

0.0079+0.0062

0.0792+0.0413

3.16+3.08
15.6+18.2

0.0692+0.0134

1.00+0.687

0.0063+0.0049
0.235+0.230

0.324+0.486

3.56+5.20

0.0028

0.0020

0.0077

0.0751
0.162

0.00251
0.184

0.0027

0.0450

5.08+6.45
0.0092+0.0116

2.11£2.85

1.16+1.35

0.0163+0.0136

0.190+0.159

2.13x1.34
3.01£2.35

0.464+0.222

1.9243.05

0.0066+0.0017
0.191+0.0148

0.0928+0.0349

2.54+0.676



2,6-Dimethoxyphenol
5-Isopropyl-3-Methylphenol
2,4-Di-tert-butylphenol
2-Methoxy-4-propylphenol
4-Tert-butylphenol
4-Phenylphenol
4-Octyphenol

3-Methyl catechol

4-Methyl catechol
Pyrocatechol

Resorcinol

1-Methyl-3,5-dihydroxybenzene

(orcinol)

4-Hydroxyphenylethanol
(tyrosol)

Pyrogallol
Hydroquinone
Methylhydroquinone
Bisphenol A

Matairesinol

7.51+9.59
0.463+0.162
4.43+1.31
18.1+28.7
9.70+1.80
6.89+6.08
76.2+45.8
17.6+27.1
79.7+80.0
54.6+74.2
79.1+86.5

32.9426.7

517+784
504+494
113+92.3

10.4+5.82

0.0004

231
0.0003
0.486
0.0023
0.0007

0.0005

0.0005
0.0027

0.0011

0.254+0.155
0.148+0.0682
8.34+7.62
0.803+0.550
9.18+£3.03
0.781+0.214
2.46%1.18
0.0721+0.0354
0.0607+0.0214
4.24+2.57

0.243+0.282

18.5+16.1

0.480+0.311
8.22+3.36
4.00+6.54

0.374+0.446

0.0058+0.0029
0.0704+0.106
3.90+1.54
0.0090+0.0070
2.14£1.75
0.750+1.14
0.0897+0.109
0.0046+0.0041
0.0144+0.0149
1.56+1.35

0.0074£0.0051

357+342

0.0004

0.432
0.0004
0.231
0.0028
0.0007

0.0003
0.0002
0.0040

0.0002

0.114

Supplementary Matrial

0.0162+0.0062
0.122+0.0558
0.0246+0.0109
1.84+1.61
0.182+0.0605
0.0843+0.0631
0.0230+0.0204
0.0221+0.0181
0.142+0.0275

0.0154+0.0100
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Table A2.5. Concentrations (ng m™) of other organic compounds.

Indoor Fireplace Indoor Background Outdoor | Indoor Woodstove Indoor Background Outdoor
Resin acids and derivatives
Abietic acid 1060+747 0.0518 17.4+34.6 3.30+4.27 0.185 -
Dehydroabietic acid 619342845 254 577351 190+88.6 539 199+90.3
; f{fydroxydehydroabieﬁc 34.7+42.1 - 11.8+8.74 12.8+18.3 - 3.3243.08
;g;l‘;?fg:rroabieﬁc acid 788504 0.120 109+38.8 46.4+22.6 0.408 34.0+27.0
Pimaric acid 864+506 - 69.5+45.0 20.7£12.0 - 20.8+£11.2
Isopimaric acid 274£174 0.174 25.3%£10.8 10.4+7.66 0.364 6.65+4.11
Podocarpic acid 1.78+1.08 0.0035 1.02+0.715 0.439+0.432 0.0128 0.379+0.243
Other acids

Glyceric acid 25.2+20.9 - 10.6+7.16 2.10£2.25 - 5.70£7.23
Glycolic acid 2554305 - 25.8429.8 24.8+13.9 - 19.0+9.47
3-Hydroxybutanoic acid 25.6+37.1 - 2.42+2.08 2.96+2.57 - 2.5542.03
3,4-Dihydroxybutanoic acid 78.8+44.5 - 15.2+4.97 4.71£2.07 0.0149 1.73+2.99
Levulinic acid 118+27.4 - 53.3+18.3 27.1%27.1 - 15.94£3.92
Citric acid 18.6£17.6 - 5.87+5.08 6.59+7.27 0.133 3.86+4.54
Cis-Pinonic acid 2.67+3.17 0.170 5.52+2.62 2.3241.27 0.397 2.92+2.00
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Pinic acid 456254 0.0160 27.5+17.7 12.3+6.31 0.0533 21.1+9.03
Sterols and triterpenoids
0.0238+0.01 0.0076+0.00
Tocopherol 12.6+14.3 - 24 0.0029+0.0051 0.0004 23
3.30+0.871 0.0018 0.426+0.140 1.40+1.46 0.0138 0.12620.079
Cholesterol 0
0.0224+0.00
5-Cholesten-3-ol 15.2+14.8 - 0.138+0.220 0.145+0.153 - 75
Stigmasterol 5.54+1.77 0.0092 0.385+0.145 0.457+0.523 0.0062 0.193+0.213
B-Sitosterol 456317 0.0851 20.2+4.42 11.5£12.2 0.315 10.0£12.1
Stigmasta-3,5-dien-7-one 10.9+12.6 - - - - -
Lupeol 8.30+2.79 0.767 5.58+6.33 1.15+0.797 0.504 2.47+3.18
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Table A2.6. CO and PM 5 concentrations reported in biomass burning households.

Country Stove CO (ppm) PM,s (ug m™) Reference
Nepal Traditional cooking stove 16.5+7.6* 418 + 686° Bartington et al. (2017)
Nepal Traditional cook stoves 29.0 £5.62¢ 1336 + 9534 Parajuli et al. (2016)
Improved cook stoves 24.6 £491° 825 +731¢
Honduras Traditional stoves 143 +13.1¢ 1002 + 1089¢ Clark et al. (2010)
Improved stoves 1.8 £3.22 266 + 240°
Lijiang Traditional Fireplace 5.1+3.8¢ 430 + 280¢ Chowdhury et al. (2013)
Traditional Stove with no Chimney 3+23¢ 270 + 1504
Improved Fireplace 24+1.49 220 + 1209
Improved Stove 0.7 £0.3¢ 150 + 1209
Deqin Traditional Fireplace 5.8 +£2.69 710 + 3809
Traditional Stove with no chimney 11+£274 450 £ 1304
Traditional Stove 444299 150 + 804
Improved Stove 24+2.19 100 + 60¢

21-h maximum
48-h average
€12-h average
424-h average
€8-h average
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Figure A2.1. Indoor CO concentration profiles during the fireplace (A) and woodstove (B) operation.
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Figure A2.2. Indoor and outdoor PM;o concentration profiles during the sampling campaign in a room equipped with a fireplace.
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Figure A2.3. Indoor and outdoor PM o concentration profiles during the sampling campaign in a room equipped with a woodstove.

20:00:00

00:00:00

341



Supplementary Material

[ Woodstove Indoor

10000 -

1000 -

100 -

10108} JusWYoUUg

T
o —
-

10000 1 1 Fireplace Indoor

1000 -

100 -

1010} JUBWIYOLUT

T
o ~—

Elements

Elements

[ Woodstove Outdoor

- PO

[ - M
[ - 10

[ - ad
[ - BN

[
I
s
T

—

10000

1000 -

T
o ~—
-

100 -
0.1 1
0.01

10j0B} JUBWYOUUT

[ Fireplace Outdoor

i geNe) Q © T OTN
EES>EXF>23ZON

D=z

R ESLEE

10000

1000 A

T
o —

100 -

J10J0B} JuswyOLUg

Elements

Elements

Figure A2.4. Enrichment factors for the different elements in PM;o samples.
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