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Abstract

Exposure to air pollution is associated with adverse health effects in humans, with special concern for exposure to
fine particulate matter (PM2:s5). The physicochemical properties of aerosols impact the health effects. Considering
that we spend approximately 90% of our time indoors, it is important to gain increased understanding of indoor
aerosol concentrations and properties. The overall aim of the research presented in this thesis was to characterize
the physicochemical properties of indoor aerosols from cookstoves, candles, and phthalate sources, and to assess
their contribution to human exposure. Aerosol mass spectrometry (AMS) was applied for real time measurements
of the aerosol chemical composition and concentration throughout the measurements included in the thesis.

Emissions from four different cookstoves commonly used in sub Saharan Africa were measured with AMS and
interpreted on the basis of a simplified framework describing the thermochemical conversion of biomass. The
framework was validated by a correlation analysis of the included emission classes. Moreover, the results showed
reduced PM: emissions for more advanced stoves. However, pollutants which are of specific health concern, were
not reduced in proportion to PM:. Even when PM; emissions were reduced, high emissions of pollutants that have
a strong impact on health and climate may be emitted, for example polycyclic aromatic compounds (PAHs) and
refractory black carbon (rBC). The framework may be applied to estimate emissions of classes that were not
measured in the experiments.

Aerosol emissions from stressed burning of five types of candles of different wax and wick compositions were
studied. We found strong variations between the candle types in emissions of PM2s, BC, and PAHSs, as well as
strong variations over time, depending on the wax and wick composition. Candle emissions from stressed burning
were dominated by BC emissions, with minor contributions from inorganic and organic aerosol emissions. The
candles that emitted the lowest BC concentrations showed high emissions of ultrafine particles. NOy, formaldehyde,
and gas-phase PAHs showed less variation between candle types and proved difficult to reduce by altering the wax
and wick composition. The emissions of particle phase PAHs, BC, and organic aerosol showed strong correlations
at the stressed burning of candles, and may be used as proxies for each other.

The sorption of di-(2-ethyhexyl) phthalate (DEHP) on laboratory generated ammonium sulfate particles and
indoor air particles was investigated by passing the particles through a 1.2 L chamber equipped with polyvinyl
chloride (PVC) flooring. A higher sorption of DEHP to indoor particles, with a higher organic mass fraction, was
measured compared to laboratory generated ammonium sulfate particles. In presence of airborne particles the
emission of DEHP from PVC flooring increased. Thus, when particles are present in indoor air, the airborne
concentration of DEHP available for respiratory deposition may increase. The sorption of DEHP on particles
depends on the particle chemical composition. Organic particle concentrations are often high indoors, which
promotes the sorption of DEHP and other SVOCs, which in turn may contribute to increased human exposure to
DEHP and other SVOCs. This highlights the need to reduce health detrimental chemicals in consumer products and
building materials, and to reduce particle concentrations in indoor environments.

A human exposure study was conducted to elucidate the dermal and inhalation uptake in 16 volunteers from
exposure to airborne gas- and particle phase phthalates, with participants wearing clean clothing. The uptake was
measured, via combined inhalation and dermal air-to-skin transfer and via air-to-skin transfer only for the gas-phase
diethyl phthalate (DEP) and for particle phase DEHP. Dermal uptake via air-to-skin transfer only with clean clothing
acting as a barrier was ten times lower than the uptake via inhalation for DEP. Only uptake via inhalation was
measurable for the particle phase DEHP. DEHP uptake via the skin was below the detection limit. The uptake of the
gas-phase DEP via inhalation was four times higher compared to the particle phase DEHP, which reflects the
differences in the lung deposition of gases and particles. The physicochemical properties of SVOCs influence their
gas-particle partitioning and the likelihood of uptake via both inhalation and the skin, which should be considered in
risk assessments of SVOCs.

The results presented in this thesis highlight the importance of detailed physicochemical characterization of
indoor aerosols, and the need for a more complete evaluation of their impact on human health.
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Popular Science Summary

The air we breathe contains small amounts of liquid and solid particles suspended
in gas, altogether called aerosols. The sources of aerosol particles are both natural
and human made, and they are essential for our climate. They affect cloud
formation, the incoming solar light (radiation), and the radiation reflected back to
space, thereby influencing Earth’s radiative balance. Aerosol particles also impact
human health negatively. Upon inhalation, some particles deposit in our lungs and
can even be distributed to other organs. Nine out of ten of the world’s population
breathe air that does not live up to the air pollution guidelines set by the World
Health Organization (WHO). Developing countries are experiencing the highest
burden of increased air pollution levels.

The aim of the research presented in this thesis was to gain increased knowledge of
characteristics of the emissions from common indoor aerosol sources, including
cookstoves and candles, with a focus on emissions relevant to health and climate.
An additional aim was to investigate the uptake of phthalates (hormone disrupting
compounds) on different particle types, and to study how airborne phthalates are
taken up in our bodies by conducting a human exposure study.

One of the main sources of household air pollution in developing countries is the
use of simple biomass stoves for cooking and heating. A large variety of cookstoves
are on the market, ranging from the traditional and most widely used 3-stone fire,
which is an open fire between three stones, to improved and advanced stoves, where
the insulation and more controlled air supply have been incorporated into the stove
design. In this thesis research, the pollutant emissions from four different
cookstoves were characterized chemically by using real time measurements. The
traditional 3-stone fire showed the highest total aerosol mass concentration per kilo
burned fuel. Concentrations decreased with the increasing advancement in stove
design. However, even at decreased total particle concentrations, emissions of
compounds that can be harmful for human health can still be high. Examples of such
compounds are soot particles and polycyclic aromatic compounds (PAHS),
compounds that may cause cancer.

Another frequently used source of combustion aerosols in indoor air is candle
burning. Candles should preferably burn with a steady flame. However, in real
indoor environments, air movements in the surrounding air caused by human
movements and drafts from doors and windows are difficult to avoid and will cause
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flickering of the flame. Flickering candle flames are known to emit soot particles.
This phenomenon can even be observed with the naked eye as a black puff of smoke
coming from the candle flame when it flickers. However, the effect of the wax and
wick material on emissions of soot and other pollutants is largely unknown.
Emissions from the flickering burn of five candle types of similar shape but different
wax and wick material were measured to study the influence of candle materials on
the pollutant emissions. The results showed strong variations in the soot emissions
between candle types. The candles with the lowest soot emissions also showed high
emissions of ultrafine particles, which has a high probability of depositing in our
lungs upon inhalation. Contrary to soot emissions, the levels of the gaseous
pollutants NOy, formaldehyde, and gas-phase PAHs, which are of concern for
human health, varied much less among the tested candles. While reduction in soot
emissions can be obtained by an optimized wax and wick combination, NOy,
formaldehyde, and the emission of gas-phase PAHSs proved harder to prevent from
candle burning.

Concerns have been raised about the widespread use of chemicals in consumer
products. Many of these chemicals enter the market without sufficient testing and
with little knowledge about their safety. Because of their frequent use, they find
their way into our homes via building materials and consumer products. Phthalates
are a group of such chemicals that has gained increasing attention over the past
decades because some phthalates disrupt the human hormone system. Phthalates
are, for instance, ingredients in personal care products (for example, diethyl
phthalate [DEP]) and are used as plasticizers to increase the flexibility of plastic
materials (for example, di-(2-ethylhexyl phthalate) [DEHP]). Because phthalates
are not chemically bound in the material, they can evaporate into the surrounding
air. In the thesis research, the uptake of DEHP, emitted from polyvinyl chloride
(PVC) flooring, onto different particle types was measured. The results showed
increased emissions of DEHP from the PVC flooring in the presence of particles.
The results also showed a higher uptake of DEHP in indoor particles with a higher
content of organic compounds compared to salt particles produced in the laboratory.

Besides exposure via inhalation, our skin is also exposed to surrounding air
pollutants. To evaluate the human uptake of phthalates via skin and inhalation, a
human exposure study was conducted. Sixteen voluntary participants were exposed
for three hours to either a gas-phase phthalate (DEP) or to a particle phase phthalate
(DEHP). They were exposed via both skin and inhalation in a combined exposure,
and via skin only, with the participants breathing clean air through a hood. The gas-
phase DEP uptake was observed via both inhalation and skin, with the inhalation
uptake being approximately ten times higher compared to skin uptake. The
participants wore clean clothing and showered after exposure, which may have
rendered partial protection against uptake via the skin. No uptake via the skin was
measured from particle phase DEHP exposure. The inhalation uptake of DEHP was
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four times lower compared to DEP, which may reflect the differences in the lung
deposition of gases and particles.

These results emphasize the importance of chemical characterization and
quantification of indoor particle emissions, and the need to consider the properties
of aerosols and chemicals in risk assessments. The content of organic compounds
in particles is often high in indoor environments, which may increase the uptake of
DEHP on particles, which can end up in the human lung upon inhalation. To keep
chemical exposure levels at a minimum, both harmful chemicals in consumer
products and particle concentrations should be reduced.
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Background

Aerosols are made of liquid or solid particles suspended in a gas. Aerosols are
ubiquitous in the atmosphere, and play a central role for human health and climate.
Exposure to aerosol particles, more specifically fine particulate matter (PMas < 2.5
um), has been associated with a wide range of health effects in humans. Examples
are cardiovascular and respiratory diseases,* chronic obstructive pulmonary disease,
asthma,? and allergies.® Each year exposure to air pollution leads to an estimated 7
million premature deaths globally, of which 3.8 million are caused by household air
pollution.* In addition to health effects, air pollution poses environmental and
climate challenges. Aerosol particles affect the climate with their direct and indirect
radiative forcing,® and black carbon has been assessed to be the second largest
contributor to global warming after CO,.° The health effects and climate forcing
strength depend on the chemical composition and physical properties of aerosols. It
is therefore important to study the physicochemical characteristics of aerosols from
major sources. The influence of combustion conditions on the detailed chemical
composition of aerosols emitted from cookstoves and candles is not well
understood, and is of importance for the evaluation of health effects from exposure
to combustion aerosols.

Air pollution is disproportionately distributed with approximately 90% of the
premature deaths occurring in low- and middle-income countries.* Household air
pollution from solid fuel combustion in developing countries is associated with
severe health effects such as pneumonia, heart disease, and chronic obstructive
pulmonary disease. Approximately 3 billion people around the world depend on
solid fuel combustion for cooking and heating.” Women and children experience the
highest exposure to household air pollution. Infants are often kept in near proximity
to their mother while cooking, and are thereby exposed to air pollutants when their
immune system is still vulnerable.®

Chemical pollution is an increasing global problem. Since 1950 more than 140 000
new chemicals has been synthesized. The 5000 chemicals that are produced in the
largest quantities are widely distributed in the environment. Many of these have
undergone little testing for toxicity and environmental safety before entering the
market.* These chemicals have contributed to the innovation and development of
new materials. However, the increasing use of chemicals is also associated with
detrimental effects on human health and the environment. Endocrine disrupting
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chemicals are one example. The burden of disease for endocrine disrupting
chemicals in Europe has been estimated to a yearly cost of 163 billion Euro, which
is likely underestimated because it only includes limited health outcomes and
chemicals.’ Semi-volatile organic compounds (SVOCs) make up one group of
chemicals that are frequently used in consumer products, for example phthalates.
They can migrate from their original material into the air, making up exposure routes
for humans in indoor environments. Some SVOCs including phthalates are known
to disturb the endocrine system.'® It is therefore important to gain increased
knowledge about the (airborne) exposure to such chemicals. Some phthalates are of
concern because of their endocrine disruptive properties in humans,* and their
ubiquitous distribution particularly in indoor environments. Costs associated with
male infertility in Europe due to phthalate exposure have been estimated to be
approximately 5 billion Euro annually.* Because of their semi-volatile properties,
some phthalates will distribute in both the particle- and gas-phase. In the presence
of particles, phthalates in the gas-phase can sorb to particles, resulting in a change
of phase from gas to particles.” In that way, particles can act as carriers of phthalates
and other SVOCs and transport them deeper into the lungs where they can
translocate to other organs. A thorough investigation of the phthalate sorption to
particles is still lacking, and the influence of phthalate particle exposure on humans
is not well studied.

This thesis concerns the physicochemical characterization of aerosols from
combustion sources; more specifically, from cookstoves, relevant for developing
countries, and candles, relevant for both developing and industrialized countries,
that significantly contribute to household air pollution. Whereas cookstoves
additionally contribute to ambient air pollution and impact both health and climate.
The research also examines the human uptake of phthalates through exposure via
the skin and via inhalation, as well as the sorption of a specific phthalate onto
particles of different chemical composition. Altogether, this includes aerosol
emissions from sources, which contribute to household and ambient air pollution,
that are of concern due to human exposures and the associated health effects.
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Aims and Objectives

The aim of the research presented in this thesis was quantification and
physicochemical characterization of the emissions from typical indoor aerosol
sources e.g. cookstoves and candles. In this thesis, the sorption of a common
phthalate on particles was assessed and the human exposure to phthalates was
evaluated. To carry this out, in-situ and highly time-resolved methods were applied.
The results contribute to an increased understanding of the role of particles in
exposures to human-made chemicals and endocrine disruptors in the indoor
environment.

The specific aims were

Paper I: To chemically characterize aerosol emissions from different biomass
cookstoves, and to evaluate the influence of the combustion conditions on primary
and secondary particle emissions.

Paper Il: To physicochemically characterize aerosol emissions from the controlled
stressed burning of candles, and to evaluate the emissions’ influence on indoor air
quality.

Paper Ill: To assess the sorption of a commonly used semi-volatile phthalate on
particles of different chemical composition, and to understand the role of particles
as carriers of semi-volatile organic compounds (SVOCs).

Paper 1V: To evaluate the human uptake of airborne phthalates in the particle and
gas-phase through a human exposure study of dermal and inhalation exposure to
two commonly used phthalates.
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Introduction

Indoor Aerosols

Our exposure to air pollution primarily occurs indoors as we spend approximately
90% of the time in indoor environments in Europe and in Northern America.** ** It
is therefore important to characterize and quantify levels of indoor air pollution
including contribution from specific indoor sources, as well as to assess the human
exposure indoors.

Concentrations of indoor air pollution are influenced by active indoor sources (e.g.
candles and cookstoves) as well as pollutants of outdoor origin infiltrating to indoor
air via ventilation, airing practices (window and door openings), and penetration
through the building envelope. Thus, ventilation both introduces and removes air
pollutants. Concentrations are also affected by the building characteristics, occupant
activities (such as candle burning), deposition, coagulation, resuspension, and
chemical reactions,'® which may also result in new particle formation. Deposition
constantly changes the levels of indoor air pollution, and is size dependent for
particles. It is an important process in indoor environments, where the surface area
to volume ratio is high.'"
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Figure 1 The schematic outlines some of the prccesses influencing the concentrations of indoor air pollution and the
human exposure to particles and gases in indoor environments.
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The physicochemical characteristics of outdoor particles change upon transport to
indoor air, as the penetration efficiency is size-dependent and differences in
temperature and humidity between indoors and outdoors can cause volatile
components to evaporate from the particles or condensate on the particles.*

Particles in indoor air are continuously altered chemically and physically by various
processes, one of them being the gas-particle partitioning of semi-volatile
compounds (SVOCs).? SVOCs are released from consumer products and building
materials into indoor air, from where they can adsorb/absorb to airborne particles,
depending on the physicochemical properties of the SVOCs and the particles.? %

Human exposure to airborne pollutants occurs via inhalation and dermal uptake.
Oral exposure can occur via ingestion of e.g. dust containing deposited pollutants,*
28 which is not considered in this thesis work. These processes are illustrated in
Figure 1, inspired by Thatcher et al.**

The chemical composition of indoor air has been found to often have higher
concentrations of organic compounds than outdoor air, especially during occupant
activities.”® *> % These organics may include carcinogens such as PAHSs, and
endocrine disrupting chemicals such as phthalates.®

Compound Classes of Relevance for this Thesis

Aerosol particles possess diverse chemical and physical properties. The major
chemical components of aerosol particles are well-known. However, the specific
chemical composition depends on the emission source, particle size, etc. The
diversity in the chemical and physical properties of aerosol particles complicates
one’s ability to determine the linkage of exposure to human health effects. This
section presents the particulate matter (PM) components that are in focus in this
thesis.

Organic aerosol (OA) is a broad term covering thousands of organic chemical
compounds in aerosol particles. OA is divided into primary organic aerosol,
covering the OA emitted directly into the atmosphere, and secondary organic
aerosol (SOA), covering the OA formed chemically from gas-phase precursors in
the atmosphere, either from new particle formation or addition of mass to pre-
existing particles. OA toxicity largely depends on the particle chemical
composition, which is why it is important to study the OA composition.

Black carbon (BC) refers to mature strongly absorbing soot particles.”” BC is
generated under incomplete combustion conditions, described in more detail on
page 24. Inhalation exposure to BC particles is associated with morbidity?  and
mortality.*® The light absorbing properties of BC are of concern for climate due to
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global warming. The presence of BC in indoor environments has typically been
associated with penetration from outdoors. However, it is important to consider
possible indoor sources of BC emissions such as cookstoves and candles (Papers |
and II).

When BC is measured with light absorbing techniques it is denoted as equivalent
BC (eBC). When measured by means of heating through high-power long-
wavelength (e.g., 1064nm) lasers, such as in soot particle aerosol mass spectrometry
(SP-AMYS), the refractory black carbon is measured and referred to as rBC. The
measurement technique for BC is as such different from that for elemental carbon
(EC), which is refractory carbon measured with thermal optical methods.*

Semi-volatile organic compounds (SVOCSs) are a class of organic compounds with
vapor pressures in the range of 10° to 10 Pa.®® SVOCs with intermediate vapor
pressures will partition between the gas-phase and particles. Some SVOCs are of
health concern.

Phthalates are a group of SVOCs, which are ubiquitous in indoor
environments, because of their extensive use in many consumer products.
Some phthalates are of concern for human health, because of their endocrine
disrupting properties.®® Phthalates are described in further detail on page 27.

Polycyclic aromatic hydrocarbons (PAHs) make up a group of OA
components, which are widely studied due to their carcinogenic
properties.®* PAHs are formed in incomplete combustion reactions and are
classified as a group 1 carcinogens (carcinogenic to humans) by the
International Agency for Research on Cancer (IARC).* PAHSs are reported
as benzo(a)pyrene equivalent (BaP eq) concentrations with the relative
importance of the individual PAH compounds for the total cancer risk based
on toxic equivalence factors. Their roll in soot formation make them a
significant organic component of soot particles. The lower molecular
weight PAHs with higher vapor pressures belong to the class of SVOCs.

Inorganic aerosol components such as nitrate, sulfate, and ammonium make up a
significant proportion of ambient PM.s and have also been characterized in this
thesis (Paper II).

Major gas-phase compounds including NOx (NO; and NO), carbon monoxide
(CO), PAHSs, and benzene, toluene, xylenes (BTX) are emitted from combustion
sources and are also associated with various health effects due to exposure.
Exposure to CO is associated with neurobehavioral and cardiovascular disease and
CO poisoning is responsible for unintentional deaths.®* Exposure to NO, causes
negative health effects upon inhalation®, and benzene is classified as carcinogenic®’,
while toluene impacts the central nervous system.*
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Combustion Aerosol Sources

Cookstoves

Approximately 3 billion people around the world depend on solid fuel combustion
for cooking and heating.” It has long been recognized that the use of cookstoves
emits high concentrations of air pollution that are of concern for both human health
and climate.®* “° Poor air quality is associated with infant mortality in Africa.** The
traditional cookstoves applied in developing countries are fuelled with solid
biomass fuel, such as wood, crops, waste residues, and charcoal. Several newer
designs of cookstoves have been marketed and sold as improvements of the
traditional cookstoves. And several studies report reduced pollutant emissions of
PM_s and CO emissions from improved stoves,*® *>* as well as reductions in
methane and VOC emissions.*°

The cookstoves studied in Paper | are of Kenyan origin, Figure 2. In Kenya, 92% of
the population cook indoors (50% inside the home, 42% in a separate building) and
7% cook outdoors.*” The traditional cookstove is based on the simple construction
of three stones, hence the name 3-stone fire. The 3-stone fire is an open fire in-
between three stones. The rocket stove is an improved cookstove fuelled with wood
sticks, with its characteristic elbow-shape serving as a combustion chamber, and
with added insulation compared to the 3-stone fire.

Some advanced cookstoves rely on gasification, in which the combustion gases are
produced from biomass fuel, and the gases are mixed with air, and then combusted.
The natural draft gasifier stove (NDGS) is an advanced cookstove technology where
the primary air is supplied from the bottom, to create better conditions for
volatilization of the energy rich fuel gases for subsequent combustion. The
secondary air is introduced above the fuel bed. The purpose of the secondary air
supply is to create better mixing of the combustion gases and air. The forced draft
gasifier stove (FDGS) is the most technologically advanced cookstove studied in
Paper 1. It is based on the same principle as the NDGS, but the air supply is driven
by an electrically powered fan, ensuring better mixing and reducing air starved fuel
rich regions. Both gasifier cookstoves are fuelled with pellets. Figure 2 shows the
four cookstoves which are studied and described in Paper I.
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Natural draft gasifier stove  Forced draft gasifier stove
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Wood sticks Pellets
Technological advancement

Figure 2 The four cookstoves studied in Paper I. From the left 3-stone fire (3S), rocket stove (RS), natural draft gasifier
stove (NDGS), and forced draft gasifier stove (FDGS).

Challenges and Limitations in Adoption of Cleaner Fuels and Stoves

Several intervention programs have been conducted where traditional cookstoves
were substituted with improved or advanced cookstoves, some without
demonstrating any clear improvements in health benefits*® or emission reductions.**
% While several laboratory studies have shown decreased PM.s emissions from
improved and advanced cookstoves relative to traditional ones,*® 4> ***54 emission
reductions in field measurements have shown to be less pronounced than in
laboratory studies. This is likely due to operation conditions and fuel properties.**
43,50 Other studies of the health effects have shown health benefits from improved
stoves.* %

Another approach has focused on the use of cleaner fuels and the implementation
of technologies that do not rely on solid biomass fuel, rather than implementing
improved and advanced biomass cookstoves that do. A number of studies show that
the adoption of cleaner fuels like liquefied petroleum gas (LPG), biogas, alcohol
fuels, and solar stoves in low- and middle-income countries would result in both
health and climate benefits.®” *® This implementation has also been suggested to
contribute to at least five of the UN sustainable development goals: 3) good health
and well-being, 5) Gender equality, 7) affordable and clean energy, 13) climate
action, and 15) life on land.>” LPG in particular has been highlighted as a cleaner
alternative to solid biomass fuels.**%°

From the political and regulatory side, the focus has been on promoting renewable
biomass (wood and charcoal), as opposed to LPG, which is based on fossil fuel, and
therefore assumed to have negative impacts on climate.® Thus, there is a trade-off
between the possible climate benefits of biomass and the possible health benefits of
LPG.5"80

The implementation of cleaner fuels and technologies in the developing world is
challenging. Myths and perceptions about cleaner cooking fuels and technologies
exists, and limitations in the infrastructure (i.e., fuel supply) hinder the
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implementation. Examples are that LPG poses a higher risk of explosion, and that
food cooked on traditional stoves tastes better. Communication, information, and
awareness are tools to overcome these perceptions. Training the population in the
use of LPG has shown to be successful, and to reduce the number of explosions in
communities unfamiliar with LPG usage. The use of LPG is generally cheaper, but
has the disadvantage of having a high one-time payment for the cylinders, which is
unattractive for low income households. This contributes to the perception that
cleaner fuel is more expensive. Firewood in rural places can often be collected for
free, but the collection is often time-consuming and involves drudgery, which most
often is not considered as a cost of the fuel.®*

Attempts to implement clean fuels and technologies have in many cases been
marketed based on their health benefits. However, this is not yet a priority for the
majority of the population in low- and middle-income countries that rely on
traditional stoves and fuel.®* Thus, according to the WHO, the marketing strategy
should rather focus on cost- and time-efficiency and the clean fuels should be
promoted during the rainy season when wood fuel is unreliable (moist fuels generate
elevated emissions and thereby elevated exposures), and at harvest time when the
income in most rural households has increased. Influencers and television should be
used to Kkill the myths about better tasting food cooked with traditional technologies,
and promote clean fuel and technologies as female empowerment.*’

Candles and Their Burning Modes

There is a long tradition of burning candles in indoor environments. Candles
previously functioned as an important light source. Nowadays they are primarily
burned for decorative purposes and for religious traditions. The burning of candles
was first described scientifically in Faraday’s lectures in 1860.°> When a candle is
lit, the wax is liquefied and transported to the flame via the wick by capillary
movements. The wax evaporates and enters the reaction zone where it undergoes
thermal decomposition.

Many parameters influence the emission of pollutants, one of which is the burning
conditions of the candles. A steady burn mode, with no or minor disturbances of the
flame, has been associated with increased emissions of inorganic ultrafine
particles.®* A stressed burn mode, introduced by disturbances of the flame caused
by surrounding air movements, has been linked to increased emissions of soot
particles.®*®® The smouldering burn of candles, occurring when the candle is
extinguished, has been associated with increased emissions of larger-sized particles
up to 800 nm with a high content of organic compounds.®
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Sustainability Aspects of Candles

Candles can be produced from a variety of wax and wick materials. Paraffin and
stearin wax are common candle wax materials. Paraffin has its origin in fossil fuels,
while stearin wax traditionally is an animal based by-product. Stearin wax is
traditionally animal based, but it can also be produced from vegetable oil such as
palm oil. Traditional stearin wax is considered renewable because of its origin as a
by-product. To obtain the Scandinavian ecolabel (the “Swan” label), the majority of
the wax material is required to be renewable, and the use of soy and palm oil is
banned.®’

Palm oil has become a universal ingredient in everyday products, and the demand
is projected to increase partly because of its high yield and low production cost.®®
The production of palm oil is tied to deforestation, often of rainforest. This has the
consequences of increasing greenhouse gas emissions, reduction in biodiversity, and
habitat fragmentation.®®

PAH and Soot Formation

The soot formation in a diffusion flame, for example a candle flame, starts with the
formation of gas-phase soot precursors from incomplete combustion. Formation of
the first aromatic ring structure, often benzene or phenyl radicals, is followed by
subsequent PAH growth.” The HACA (hydrogen-abstraction-C,H-addition) is the
most well-known PAH growth mechanism. By hydrogen abstraction, a radical is
formed where the addition of C,H, can occur, resulting in PAH growth.”* However,
this is just one of many mechanisms for PAH growth, which may depend on the
molecular structure of the fuel as well as the conditions in the flame.™

This is followed by particle nucleation, and this step from gas to condensed phase
is referred to as soot inception.?’ Different soot nucleation pathways have been
suggested, one involves fullerene structures. The soot particles that have evolved
beyond inception and not fully carbonized yet are referred to as “partially matured
soot” in this thesis.?’

Next comes the surface growth by gas molecules sorbing to the soot surface. The
primary particles formed can then either undergo coalescence (liquid primary
particles merging to form a new spherical particle) and/or agglomeration (point
contact between primary particles) to form solid aggregates of primary particles. At
perfect burn conditions, all the soot particles formed are removed by oxidation in
the flame™ "2 (Figure 3).
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Figure 3 Schematic of an unperturbed candle flame showing the pyrolysis, PAH growth, nucleation, soot formation,
and soot oxidation upwards the flame.

If the flame is influenced by surrounding air movement, the temperature drops and
reduces the oxidation processes. Soot volume fractions are highest at the mid-height
of the flame. Further upwards in the flame, soot oxidation processes become more
dominant, and soot oxidation is at its maximum at the top of the flame.”® OH radicals
and molecular oxygen play important roles in the soot oxidation. Thus, soot
emissions are governed by two opposing mechanisms, namely, soot formation and
soot oxidation.”” "> ™ There are still many knowledge gaps in the detailed
understanding of soot formation, but the general steps outlined above seem to be
generally acknowledged. Nitrogen oxides (NOy) are formed at the outer edge of the
flame where there is a surplus of oxygen, high temperature, and N, from the
surrounding air.”

Pyrolysis and Combustion of Lignocellulosic Biomass

Lignocellulosic biomass, such as wood and crops, consists of the three main
components: cellulose, hemicellulose, and lignin. Other trace compounds are water,
inorganic compounds, as well as a number of other organic compounds.’® Cellulose
is the main constituent of most lignocellulosic biomass, followed by lignin, and
hemicellulose with an approximate distribution in softwood of 42%, 28%, and 27
%, respectively.”’
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The processes in biomass thermochemical conversion include evaporation of water,
pyrolysis including volatilization of solid biomass, flaming combustion of the
released gases, and smouldering combustion. Pyrolysis (thermal degradation in the
absence of Oy) of cellulose occurs via decomposition leading to the formation of the
anhydrous sugar levoglucosan and its molecular isomers. Because of its ability to
decompose to low-molecular weight volatiles and to form polymer anhydrous
compounds, it is as such not the only emitted product from cellulose/biomass
pyrolysis.”® Levoglucosan has been used as a marker for biomass combustion in
atmospheric studies.” Lignin is a polymer containing aromatic ring-structures, and
the pyrolysis of lignin primarily leads to the formation of phenolic compounds,
including methoxyphenols. Hemicellulose breaks down to low-molecular
heterocyclic compounds such as furfural and 3-4 carbon containing fragments, such
as alcohols and carboxylic acids, when pyrolyzed.”

Hemicellulose undergoes decomposition at lower temperatures than cellulose,
which in turn decomposes at lower temperatures than lignin. It is during the
pyrolysis of biomass combustion that the majority of the volatile organic
compounds are emitted, while CO, and NOy primarily are formed and emitted from
flaming combustion.®

The organic compounds that are volatilized under pyrolysis conditions, and are
liquid under ambient conditions are termed tars. Tars are divided into primary,
secondary, and tertiary tars. Primary tars include sugars such as levoglucosan,
phenolic compounds such as methoxyphenols, and heterocyclic compounds. The
secondary tars generated at increasing temperatures are primarily from chemical
reactions of the primary phenolic compounds generated from lignin. The secondary
tars may keep their phenol functionality (other functional groups can have changed)
and include phenol and phenol derivatives. Secondary tars also include compounds
that have undergone further thermochemical conversion, where the functional
groups containing oxygen are lost, such as the aromatic compounds benzene,
toluene, and xylenes (BTX). Tertiary tars are generated at further increased
temperatures and include PAHSs. They are primarily from the phenolic compounds
generated from lignin, but can also be generated in lower yields from cellulose.®82
In the simplified thermochemical conversion framework presented in Paper | and in
Figure 10, the emission class primary pyrolysis products includes the primary tars ,
and the emission class converted pyrolysis products is comprising the secondary
tars and tertiary tars.

The soot formation in the combustion of lignocellulosic biomass in the cookstoves
described above is assumed to rely on principles that are similar to the ones
described for candles, page 24. However, the combustion in cookstoves is more
complex due to turbulence and the non-uniform conditions in the combustion
chamber. The latter may also result in volatiles escaping around the flame.?* A
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further difference is the fuel and its content of aromatic compounds, as described
above, relative to hydrocarbon fuels. Thus, aromatic compounds are available for
PAH formation and growth. Fuel moisture has previously been found to increase
PM_s, CO, and benzene emissions® ¢ Increased insulation (e.g. in rocket stoves)
has been found to reduce CO and PM2s emissions, but on the other hand increase
emissions of PAH precursors and EC.*

Phthalates in Indoor Environments

Phthalates are a group of SVOCs that are used in a wide range of consumer products.
Two commonly used phthalates include diethyl phthalate (DEP) and di-(2-
ethylhexyl) phthalate (DEHP). DEP is commonly used in personal care products,
such as cosmetics, deodorants, fragrances, creams, and lotions. DEHP is a colorless,
viscous, and lipophilic liquid, and is mainly used as a plasticizer in medical devices
and in a wide range of consumer products, including polyvinyl chloride (PVC)
products.®” Humans are exposed to phthalates via inhalation, dermal absorption, and
ingestion,”® ® with airborne exposure occurring via inhalation and dermal
absorption. Because of the widespread application of phthalates and their
omnipresence, people are exposed to phthalates on a daily basis worldwide.®** The
airborne exposure pathways depend on the physicochemical characteristics of the
individual phthalates and their concentration in different microenvironments.?®
However, the human exposure to airborne phthalates is not well understood.

The associated health effects caused by human exposure to DEHP are primarily
endocrine disruption causing reproductive effects.'> ®°" However, a wide range of
other health effects has been associated with exposure to DEHP, such as allergies,**
%100 cardiovascular disease, neurocognitive effects,’ 1°2 and obesity.”” Prenatal
exposure and child exposure are of particular concern and may cause more severe
effects than adult exposure,®® 103108

DEHP, which was studied in Papers Il and 1V, is now classified as a substance of
very high concern (SVHC) under REACH (registration, evaluation, authorization
and restriction of chemicals) (REACH, Annex XVII). The restricted use of DEHP
in Europe has been revised continuously, with the latest restriction coming into force
in July 2020 regarding the use of DEHP and three other phthalates: BBP, DBP, and
DIBP. According to REACH Annex XVII, it is no longer allowed to market articles
with a mass percent higher than 0.1% of any of the four phthalates, individually or
in combination. An additional approach to limiting the use of endocrine disrupting
substances has been introduced by REACH as the New Chemicals Strategy for
Sustainability. The strategy specifies that “endocrine disrupting chemicals will be
banned from consumer products as soon as they are identified”, and that only
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essential use for society is allowed. However, the required degree of scientific
evidence of harmful effects for “as soon as they are identified” is not specified,
which is most likely important for the effect and influence of the new strategy.

The use of chemicals is also included in the UN Sustainability Goals as part of the
12" goal: Responsible Consumption and Production.

Before the restricted use of DEHP went into effect, DEHP was a main constituent
in PVC floorings with a content of 10-60 % by mass.*® Previous studies have
established that DEHP from PVC flooring will be emitted continuously for
decades.'"1%® Since DEHP is not covalently bound in consumer products, it can
migrate to the surface of the material and form a so-called surface film, from where
it can evaporate.’® In indoor environments it will distribute in the gas-phase and in
particles, on settled dust, and deposit on indoor surfaces. This suggests that the
restricted use will not effectively have an influence on buildings furnished with PVC
floorings and other building materials before the restrictions went into effect.
Another challenge is that DEHP-containing consumer products may be imported
from areas with no restricted use of DEHP. Thus, DEHP and other phthalates are
still measured in dust in European indoor environments.**

After the implementation of restricted use of DEHP in the European Union, it has
been replaced by other alternatives. Examples of DEHP substitutes are di-(2-
ethylhexyl)-terephthalate (DEHTP), and a compound manufactured under the name
DINCH (1,2-Cyclohexane dicarboxylic acid diisononyl ester). A decrease in urinary
DEHP metabolites and an increase in DEHTP and DINCH urinary metabolites have
been observed in Europe and the U.S.% 1112 | jke DEHP, DEHTP and DINCH are
diesters with C8 carbon chains, DEHTP is like DEHP with the side chains placed in
para position and DINCH with a heterocyclic ring instead of an aromatic ring. The
physicochemical properties are therefore in many ways similar to those of DEHP.
The toxicological effects of DEHTP and DINCH are still being evaluated. Thus,
unfortunately, it is likely that the presence of phthalates and phthalate-like
compounds in our surroundings will continue and it is important to understand the
exposure routes.

Gas-Particle Partitioning

Aerosol particles in indoor environments alter over time. One process, which
contributes to the alteration is the partitioning of chemicals, namely SVOCs,
between the gas-phase and particles. Parameters that can influence the gas-particle
partitioning are the compound’s characteristics, its polarity, hygroscopicity, and
reactivity, along with environmental factors such as temperature and humidity. The
adsorption onto particles and absorption of chemicals into particles depends on their
vapor pressure, but also on the chemical composition of the aerosol particles.? 3

28



Organic aerosols tend to account for a high mass fraction of PM_s in indoor aerosol
particles.?* 2* Therefore, absorption may be an important mechanism in indoor air.

The distribution of SVOCs between the gas-phase and the particle phase is a strong
function of the vapor pressure. The vapor pressure of DEHP is 1.9x10° Pa and that
of DEP is 1.5x102 Pa.™* By using these vapor pressures, which may be in the higher
end, the gas-phase is saturated at maximum 3 pg m™ for DEHP and at 1350 pg m™
for DEP. Benning et al. showed experimentally that DEHP is emitted from PVC
flooring and adsorbed to ammonium sulfate particles, the model particles for
infiltrated ambient secondary aerosol. They also showed that the presence of
particles increases the emission rate of DEHP from PVC flooring.*®

The gas-particle partitioning coefficient Kgas-particie (M pg™) of a compound can be
expressed as:

C
Kyas—particle = mee—— 1
gas—particle TSP 'YOp ( )
Where C (ug m™) is the particle phase concentration of the SVOC, yop (g m?) is
the gas-phase concentration of the SVOC, and TSP (ug m™) is the total suspended
particulate matter concentration.'*® The Kgas particle does not differentiate between the

mechanisms of the gas-particle partitioning: adsorption, absorption, or a
combination of both.

Respiratory Deposition of Particles and Gas-Molecules

Human exposure to airborne SVOCs is complicated by their existence in both the
particle- and gas-phase simultaneously. Exposure to the gas-phase and particle
phase pollutants occurs via inhalation, and dermal exposure occurs via air to skin
transfer.

Respiratory Deposition of Particles

Airborne particles can deposit in the airways when inhaled. The toxicity of the
inhaled particles depends on their chemical composition and the effect depends on
where in the airways the particles deposit, which in turn depends on the particle
properties size, shape, density, as well as on the breathing pattern.**® The respiratory
system is usually divided into the extrathoracic region (the head airways), the
tracheobronchial region (lung airways), and the alveolar region.

Coarse particles deposit by impaction in the extrathoracic region. Ultrafine particles
(less than 100 nm) can also have a high deposition fraction in this region due to high
diffusivity. The overall deposition in the tracheobronchial region is low. For
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particles larger than 0.5 pm, the dominant mechanisms are settling and impaction.
Ultrafine particles deposit by Brownian motion/diffusion. In the alveolar region,
large particles generally deposit by settling and small particles by diffusion. It is in
the alveolar region that the gas-exchange occurs.

If the deposited particles are readily soluble in the lung tissue, the particle
components enter the blood stream. Surfaces in the extrathoracic and the
tracheobronchial regions are covered with a layer of mucus. The insoluble deposited
particles are removed by mechanical clearance, when the layer of mucus is propelled
upwards and swallowed to the gastrointestinal tract or coughed up. This happens on
the timescale of hours. In the alveolar region, soluble material (such as DEHP) can
pass through the alveolar membrane and translocate to other organs. Insoluble
particles can be engulfed by macrophages and transported to the lymph nodes.
However, it can take months to years to clear them. The extrathoracic and the
tracheobronchial regions can be considered as protecting the more vulnerable
alveolar region from particle deposition.'*®

The particles in the size range of 0.3-0.6 um show the lowest deposition, and a large
fraction is exhaled, because none of the deposition mechanisms -
diffusion/Brownian motion, settling, impaction, and interception — are efficient in
this size range.'’

Respiratory Deposition of Gas Molecules

Inhaled gas molecules deposit onto the lung and airway surfaces by diffusion.'*” The
uptake of gas molecules in the airways is dependent on their solubility in the lung
tissue.™® A concentration gradient is needed for the transport of gas molecules from
the airways to the airway wall to take place by diffusion. The probability of adhering
to the airway walls increases with molecule size, because of the larger thermal
velocity and the smaller surface of the smaller molecules. The possibility of the
molecule dissolving at the surface tissue of the airway wall will lead to a zero
concentration at the wall and thereby maintain the concentration gradient. By
inhalation of high concentrations, the surface of the airways may saturate, which
slows down diffusion. This can result in saturation of the upper airways during
exposure, which can lead to deposition deeper down in the lung. The uptake in the
airway tissue is thereby proportional to the concentration of gas molecules entering
the airways. The gas absorption in the airways depends on the diffusion coefficient
and the solubility in the tissue. The more hydrophilic gases will dissolve in the
extrathoracic region and are less likely to reach the alveoli; examples are SO and
NO. For the less soluble gases, it is possible that part of the inhaled concentration
will be exhaled.™’
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Deposition of SVOCs on the Skin

The human skin consists of the stratum corneum covered with skin lipids. The
stratum corneum consists of several lipid layers. Below this is the viable epidermis
and underneath lays the dermal capillaries. Between the bulk air and the skin surface
is the boundary layer, which controls the transport of gases and airborne particles to
the skin.

Particle Deposition

The size-dependent particle deposition will be affected by Brownian motion (for
particles smaller than 0.5 pm), gravitational settling (larger than 1 pm),
thermophoresis (the temperature difference between the room air and the skin
surface temperature), and electrostatic forces. Furthermore, the airflow turbulence,
the orientation of the surface (mainly affecting larger particles where gravitational
settling is an important deposition mechanism), and the surface roughness of the
skin will influence the deposition velocities.*

In Paper 1V, gravitational settling and electrostatic forces can be neglected to affect
the deposition due to the size distribution and the generation of particles by
evaporation-condensation, which most likely only generates a small fraction of
charged particles. Thermophoresis can be considered to have a protective effect
towards particle deposition on skin surfaces, as particles tend to move towards
colder temperatures, with less thermal movement of the surrounding gas molecules.

The transport of particles through the boundary layer, in close proximity to the skin
surface, controls the deposition of particles on the skin surface layer. Shi et al. used
the following simplified expression to describe the particle deposition of SVOCs
onto the skin.*?°

]p = Cp *Vg (2)

Here J, is the mass flux of the particle phase DEHP from the air to the skin (ng m™
h™), Cp is the particle phase DEHP concentration (ng m™), and vq is the particle
deposition velocity onto human body surfaces (m h™). Lai et al. reported deposition
velocities of ~ 0.07 m h™* for 100 nm particles on indoor surfaces. *’ For the gas-
phase DEP, vq has been estimated to 5-10 m h™%.**

Gas Deposition

For the dermal uptake of gas-phase SVOCs via air to skin transfer, the SVOCs will
transport from the gas-phase to the boundary layer of the skin and into the skin
lipids, through the viable epidermis, into the capillaries and enter the blood stream.
The transfer from the gas-phase to the boundary layer can be described by a mass
transfer coefficient.”® The amount of the deposited mass that enters the blood
depends on the transdermal permeability coefficient from air to blood, K., which
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can be expressed by the gas-phase concentration Cq in the air, and the mass flux to
the blood, Jg.

Jg= Cg-Kp—yg @)

Ko, for the compounds studied in Paper 1V has been estimated to be 3.4 m h* for
DEP and 5.8 mh™ for DEHP.'*

The equation above only applies for the gas-phase. In the human exposure study
described in Paper 1V, approximately 1 ug m of DEHP was in the gas-phase and
approximately 100 ug mwas in the particle phase.

Comparing Deposition of Gas-phase DEP and Particle Phase DEHP

If it is assumed that the DEHP adsorbed to particles behaves in the same way as the
DEHP deposited from the gas-phase after deposition on the skin surface, Ky is the
transdermal permeability coefficient from the skin surface to the blood, which is
140 m h* for DEHP and 7.9 m h* for DEP.*® The limiting factor then becomes the
deposition rate, which is around two orders of magnitude larger for gas-phase DEP
than particle phase DEHP (5-10 m h™ compared to 0.07 m h™).

These estimations do not include the barrier provided by clothing. It was estimated
by Cao et al. that it is harder for DEHP to permeate clothing than for DEP because
the diffusion coefficient of DEHP in clothing is much smaller than that of DEP.**
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Methods

In Paper I, the health and climate relevant emissions from four cookstoves were
chemically characterized with the application of aerosol mass spectrometry (AMS).
The cookstoves had distinct design properties, which varied the combustion
conditions between the stoves, ranging from a traditional open fire, to a gasifier
cookstove with an optimized air supply. The secondary organic aerosol formation
was investigated using a potential aerosol mass (PAM) oxidation flow reactor
(OFR).

In Paper |1, the influence of the wax and wick composition on the aerosol emissions
from stressed burning of 5 pillar candles with identical dimensions and shape was
investigated in an environmental chamber in order to simulate indoor conditions.
The stressed burn was controlled and repeatable. The primary instruments were
AMS, a scanning mobility particle sizer (SMPS), and an aethalometer. Additionally,
offline sampling was performed for subsequent analysis of PAHs and thermo optical
analysis.

In Paper 11, the influence of the particle chemical composition, residence time, and
particle concentration on the sorption of di-(2-ethylhexyl) phthalate (DEHP) on
particles was investigated with the application of AMS measurements. The study
was conducted in a 1.2 | aluminium chamber equipped with PVC flooring
containing DEHP.

In Paper 1V, the dermal and inhalation uptakes of two airborne deuterium-labeled
phthalates, one gas-phase and one particle phase phthalate, were examined in a
human exposure study with 16 volunteers. Four participants at a time were exposed
for three hours in a human exposure chamber while wearing clean clothing, with a
subsequent collection of urine samples. The airborne concentrations were measured
in situ with AMS and SMPS, and via offline sampling for subsequent analysis with
gas chromatography - mass spectrometry (GC-MS). Metabolites were measured in
the urine samples for the evaluation of human uptake.
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Measurements of Cookstove Emissions (Paper 1)

Emissions from four different cookstoves were measured: 1) a traditional 3-stone
fire (an open fire), 2) an improved elbow-shaped rocket stove with added insulation
to the combustion chamber, 3) an advanced natural draft gasifier stove (NDGS), and
4) an advanced forced draft gasifier stove (FDGS), where the primary and secondary
air supply was controlled by an electrical fan (Figure 2). The 3-stone fire and the
rocket stove were fueled with casuarina wood sticks collected in Kenya. The NDGS
and FDGS were fueled with three different pellet fuel mixtures identical for each
stove: 1) pure Nordic softwood standardized pellets of pine and spruce, 2) Nordic
standardized pellets in mixed 50:50 with bagasse, and 3) Nordic standardized pellets
mixed 50:50 with coffee husk. The instrumental setup used for measurements of
fresh and aged cookstove emissions in Paper I is shown in Figure 4.

The cookstoves were lit with ethanol, and a pot of water with a lid was placed above
the stove. An extraction hood was used for sampling and dilution of the emissions,
with further dilution by ejector dilutors, described in more detail in Paper I. A
modified version of the standard water boiling test was applied. The water boiling
test has been developed for testing stove energy efficiency, and consists of a cold
start, a hot start, and simmering. In Paper I, studying the emissions from simulated
real-life applications of the cookstoves was of interest, so the hot start was excluded
from the test.

The online instruments applied for transient measurements were: an SP-AMS
measuring aerosol particle chemical composition; a Fourier Transform infrared
(FTIR) spectrometer for benzene, toluene, xylenes, and carbon monoxide (CO); an
aethalometer for measurement of eBC; and a CO, monitor.

For selected experiments, the emissions from the 3-stone fire, rocket stove, and
NDGS were transferred to a 15 m® stainless steel chamber. The potential aerosol
mass (PAM) oxidation flow reactor (PAM OFR) was coupled to the chamber and
applied for the measurements of aged emissions to derive the secondary organic
aerosol formation (Figure 4). The PAM OFR OH exposure was calibrated with SO,
described in detail in the supporting information in Paper I. The SP-AMS and
aethalometer were measuring after the PAM OFR.
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Figure 4 Overview of the laboratory setup applied for measurements of cookstove aerosol emissions in Paper I.

Stressed Burning of Candles (Paper I1)

Candles were burned in a 21.6 m® stainless steel chamber'?® under controlled
stressed burning conditions created with fluctuating air flows generated by a turning
electrical fan. The well-mixed aerosol emissions from five candle types of equal
shape and size, with different wax and wick material, were measured (Table 1) to
study the influence of these materials on the emissions from stressed burning of
candles. The wicks of these candles are impregnated, primarily with phosphate,
nitrate, sodium, sulfate, and ammonium, in different combinations'? to protect them
from the molded wax and to control the flame height and thereby ensure adequate
trimming of the wick. All candles were white and non-scented.

Table 1 Overview of the five candles’ materials. The wicks are denoted with a number. The same wick type was
applied in candles 1 and 4.123

Candle # Wax material information Wick #
Candle 1 Animal stearin Pressed 1
Candle 2 Paraffin (75%) stearin (25%)  Pressed, fully refined paraffin 2
Candle 3 Paraffin Molded, fully refined paraffin, rustic look 3
Candle 4 Palm stearin Pressed 1
Candle 5 Paraffin Pressed, fully refined paraffin 5

Three candles of one type were burned at a time for 3.5 hours with an air exchange
rate of 2 h™. The candles were placed in a triangular geometry with 10 cm distance
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between each of the candle edges. The fan was placed at a distance of 160 cm from
the candles with the neutral position at an angle of approximately 130 degrees. The
online sampling was performed with a seven wavelength aethalometer, SP-AMS,
SMPS, and a NOx monitor.

Measurements directly above the flame of each of the five candle types were
performed to increase the mechanistic understanding of the processes governing
particle emissions. One candle was burned at a time under stressed burn conditions.
Measurements of the extinguish smoke (smouldering of the wick) were also
performed. To avoid disturbing the flame, the sampling tube was placed
approximately 4 cm above the flame and shifted approximately 1 cm to the side.
These measurements were performed with AMS, an aethalometer, and a NOy
monitor.

Sorption of DEHP on Particles (Paper I11)

Particles were sampled through an aluminium chamber with a volume of 1.2 L and
dimensions of 0.45 mx0.25 mx0.019 m (Figure 5).** Ammonium sulfate particles,
generated with a nebulizer, and indoor aerosols mainly of outdoor origin from the
laboratory air were sampled through the aluminium chamber. The half circular
chamber was equipped with two sheets of PVC flooring with a mass percent of 13%
DEHP. The aerosol particles entered the chamber via the two inlets and were
sampled through the mid-outlet (Figure 5). The particles were sampled with AMS,
to measure the chemical composition of the aerosol particles passing through the
chamber and bypassing the chamber. Additionally, to study the effect of volatile
components (primarily organic aerosol compounds) covering the surface of the
particles, a thermodenuder (Aerodyne) was applied to remove impurities that were
on the ammonium sulfate particles, and to remove volatile components from indoor
particles. The setup is described in detail in Paper IlI.

Thermodenuder

Indoor particles %0
or o...°. ; —» — AMS
(NH,),SO, particles ~ *

Figure 5 Simplified schematic of the 1.2 L aluminum chamber equipped with DEHP containing PVC Floor.
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Study Design of the Human Exposures to Phthalates
(Paper 1V)

A human exposure study of the dermal and inhalation uptake from exposure to
airborne phthalates was conducted. Sixteen participants were recruited to the
exposure study of deuterium-labeled diethyl phthalate (Ds-DEP) in the gas-phase,
and deuterium-labeled di-(2-ethylhexyl) phthalate (Ds-DEHP) in the particle phase.
Deuterium-labeled phthalates, namely D,-DEP and D,-DEHP, were used for the
exposures to distinguish from the phthalate background contamination. Throughout
the text they are denoted DEP and DEHP. The participants were exposed in four
exposure scenarios for three hours wearing clean cotton clothing: 1) combined
inhalation and dermal exposure to DEHP (DEHPinh+derma), 2) dermal exposure to
DEHP (DEHPgema), 3) combined inhalation and dermal exposure to DEP
(DEPinn+dermal), and 4) dermal exposure to DEP (DEPgema). During exposure
scenarios 2 and 4, inhalation of the two phthalates was eliminated by having the
participants breathe air that was free from deuterium-labeled phthalates through a
hood that was sealed around the neck.*”® In these two exposure scenarios, only the
dermal uptake from airborne phthalates by air-to-skin transfer, with clean clothing
acting as a barrier, was considered. Dermal uptake from phthalates deposited on
clothing prior to exposure was out of the scope for this study. The participants
showered right before exposure and after the exposure ended, with phthalate free
soap. Urine samples were collected before exposure and at regular intervals until 24
hours after exposure. The metabolites of D4-DEP and Ds-DEHP were analyzed in
the urine samples by liquid chromatography, tandem mass spectrometry (LC-
MS/MS), described in greater detail in Paper 1V.

The particle concentrations during the exposures were measured by an AMS, SMPS
(scanning mobility particle sizer), and by the offline collection of particles on Teflon
filters connected to sorbent Tenax tubes. The gas-phase concentrations were
sampled on sorbent Tenax tubes. Further details are provided in Paper V. Figure 6
presents a schematic of the study design outlining the exposure scenarios and the
stainless steel exposure chamber.
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Figure 6 Schematic of the study design and exposure scenarios of Paper IV. Four persons were exposed in each
exposure scenario for three hours. Urine samples were collected after the exposure, and were analyzed for metabolites
to assess the uptake of DEP and DEHP.

Generation of DEHP Particles

The generation of DEHP particles was achieved by using a prototype of a particle
generator developed in-house.'”® The particle generator relies on a heating and
condensation principle. An air flow was passed above a small container filled with
liquid Ds-DEHP, which was heated. The evaporated vapor was transferred with the
airflow into a condensation chamber, where the supersaturated vapor had time to
nucleate followed by condensational growth. A second air flow transferred the
grown DEHP particles from the condensation chamber into the exposure chamber.
To obtain the desired exposure concentrations, several initial tests were performed,
including optimization of the holder for DEHP, temperature, and the two flow
settings in order to obtain a steady generation of DEHP particles.

Aerosol Mass Spectrometry (AMS)

Aerosol mass spectrometry’®’ (AMS) was applied for in-situ measurements of
aerosol particles in the studies presented in Papers I, II, Il and IV. AMS is a
technique developed for time-resolved (up to 10 Hz) chemical characterization and
sizing of aerosol particles from 50 nm to 1000 nm (PM3). AMS measures the non-
refractory aerosol particle components, which vaporize at 600°C and are ionized by
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electron ionization. Thus, most organics as well as some inorganics, including most
nitrate and sulfate salts, can be detected.
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Figure 7 Schematic of an aerosol mass spectrometer (AMS).127

Figure 7 shows a schematic of an AMS.** It consists of an inlet, a sizing region
(particle time-of-flight [PToF]), and a time-of-flight mass spectrometer. Aerosol
particles are sampled through an aerodynamic lens and focused into a narrow beam.
The aerosol particles impact on a 600°C tungsten plate, under high vacuum
conditions generated by several turbopumps, to avoid interference from gas
molecules. A chopper is used to measure the instrument background by blocking
the particle beam, and to facilitate the particle time-of-flight measurements (sizing
region) by modulating the particle beam. Non-refractory material is vaporized,
followed by 70 eV electron ionization, and the ions are detected with a high
resolution time-of-flight mass spectrometer,'?® with an approximate resolution of
2000 at m/z 200 (nominal m/z/full width at half height).*?’

The soot particle AMS (SP-AMS) is equipped with a laser vaporizer (not shown in
Figure 7) for detection of refractory particle components, for example refractory
black carbon (rBC), metals, and refractory inorganics. The particles containing
refractory material are focused into the laser beam. In the laser beam, the absorbing
particle material is heated, and the non-refractory particle components first
evaporate. The absorbing refractory material is heated further to sublimation.'®® The
evaporated material is ionized by electron ionization as described above.

Quantitative Measurements with AMS — Calibration

In the AMS, a species is quantified by the following equation:
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where Cs is the mass concentration of a species (ug m™), RIE;s is the relative
ionization efficiency of a species, mIEnos is the mass specific ionization efficiency
of nitrate (ions per picogram of detected particle mass), Q is the flow rate into the
AMS (cm® s%), CE is the collection efficiency of the species, and | is the ion count
(ions detected per second) summed over all fragments of the species.*? The relative
ionization efficiency (RIE) of a compound is defined as the mIE of a compound
relative to the mIE of NO3 summed over the nitrate signal, primarily at m/z 30 and
m/z 46. mIE expresses the number of ions detected per particle mass. It is compound
specific, and necessary for quantitative measurements.’”® *° The collection
efficiency of the tungsten vaporizer mode is commonly governed by loss due to
bounce off at the vaporizer, for instance, of ammonium sulfate particles. The laser
vaporizer is also governed by the loss of detected particles resulting from particles
that miss the laser beam. A third collection efficiency term is the loss of detected
particles caused by the inlet.** The collection efficiency is generally high (~100%)
for liquid organic particles and solid particles with a thick organic coating, but
significantly reduced (~25%) for solid ammonium sulfate particles.**

Ammonium nitrate (NHsNOs3) particles, size selected to a mobility diameter of 300
nm, are used as a reference to calibrate the AMS. Particles were size selected with
a differential mobility analyzer (DMA) and measured with a CPC (number
concentration) and the AMS (ions per second). The mass of the particles was
calculated by the density of the particle material and assuming spherical particles.
For nitrate, a factor of 0.8 was applied to account for pores in the dry particles.
Applying this procedure to both ammonium nitrate particles, and to the compound
of interest, the RIE of the compound can be determined, shown in Figure 8.

Furthermore, the airbeam (N at m/z 28 signal) is measured and applied to adjust for
potential losses or increases in signal intensity over time. When the data is
processed, an m/z calibration is applied to all data. It is often based on neighboring
peaks with little interference, such as C*, O*, O,", Ar* and ***W", which are used to
make a fit to obtain the position of the peak center.*?" 18 Size calibration of the AMS
is performed by comparing the particle diameter and the particle time-of-flight of
size-selected monodisperse ammonium nitrate particles or polystyrene latex
particles. ™
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Figure 8 Calibration curves of NOs and DEHP of two AMSs showing the ions/s (AMS) plotted against pg/s (CPC). The
mass ionization efficiency (mIE) for each compound is derived from the slope of the graphs.

The electron ionization applied in AMS leads to strong fragmentation of a majority
of the evaporated molecules from the often complex aerosol mixture. Hence, AMS
is non-selective, and the fragmentation strongly limits the analysis of single
compounds in the mass spectra. GC/MS (the standard method for quantification of
airborne organics) on the other hand can only quantify 10-20 % of the total OA
mass.

Compound Classes Measured with AMS

The AMS mass spectra often is comprised of complex mixtures of compounds,
which enables measurements of compound classes rather than specific molecules.
The SP-AMS was applied to measure different compound classes in aerosol
particles. An example of aerosol mass spectra from cookstove emissions divided
into compound classes is shown in the left panel of Figure 9. The marker ions of
levoglucosan and other anhydrous sugars (C.H.O," and C3Hs0,")**? (Paper I) are
shown in purple. The marker ions for methoxy phenols (Paper I), denoted phenols,
are shown in orange. The following marker ions for methoxy phenols were included
in the analysis C7H;0", C;Hs0,", CsHsO*, CsHsO,", CgH703", CoH1102", CoH1103",
CoHg0O4*, and CyoH13035". 13

Ten parent ions of unsubstituted particle phase PAHSs in the m/z range 200-300 were
included in the AMS analysis (Papers | and II), in line with Herring et al.**
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Quantification of the total organic aerosol was performed according to the standard
method, with an RIE of 1.4 in dual vaporizer mode in unit mass resolution (Paper I)
and in high resolution (Paper I1). The quantification is based on the repeatability of
electron ionization and the approximation that organic compounds possess equal
ionization efficiencies. However, a large variability in the RIE of organic aerosol
has been demonstrated depending on the chemical composition of the organic
particles.”* As a consequence, thorough calibration is needed for measurements of
a specific marker compound (class).
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Figure 9 Organic mass spectrum (left panel) divided into the compound classes: anhydrous sugar marker ions (purple),
phenols marker ions (orange), PAH marker ions (red). The spectrum also shows the remaining organic ions: the CH
fragments (green) and the oxygenated ions (pink), which both have contributions from the defined compound classes
as well as unidentified compounds. The right panel shows the carbon ions with C1*-Cs* showing rBC, and carbon
fragments larger than Cs* showing the partially matured soot. Both high resolution spectra were measured with the SP-
AMS in dual vaporizer mode.

The carbon ions of refractory black carbon (rBC) C,*-Cs*, which represent mature
soot, are shown in the right panel of Figure 9. rBC was quantified by Cs* scaled to
eBC measurements (Papers | and I1), further described in Paper I. Partially matured
soot is estimated from the sum Cs"-Cso™. ™

Inorganic phosphate salts from the candle wicks were measured in Paper Il. The
following ions were added as a HR family and included in the analysis: PO, HPO,
PO,, HPO2, PO3, HPO3, PO4, HPO4, and H.PO..

Online Measurements of DEHP Uptake on Particles

For the quantitative measurements of DEHP in Papers Il and 1V, the AMS was
calibrated with pure DEHP particles, generated by the particle generator as
described on page 38. Equation 4 was used to calculate the RIE relative to nitrate,
(Figure 8). RIE equals 5.0 in AMS 1, the instrument that was applied in Paper 1V,
and RIE equals 4.3 in AMS 2, which additionally was applied in Paper IIl. The
signal fraction of the ion CsHsO3" (m/z 149) in the pure DEHP mass spectrum was
found to be 5.9%. These two numbers were used to calculate the mass concentration
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of DEHP in both Papers Il and V. The ion CsHgOs" is not specific for DEHP; it is
a marker ion for phthalate esters. However, in Paper |11, the mass concentration was
dominated by DEHP. Other phthalate esters, which may be omnipresent in the
laboratory environment, will therefore be minor compared to DEHP, and
consequently, the measured concentration is attributed to DEHP. In Paper 1V, the
interference from omnipresent phthalates was avoided by using deuterium-labeled
DEHP.

Offline Analysis with GC/MS/MS

For the gas-phase and particle phase PAH analysis in Paper Il and the phthalate air
analysis in Paper IV, tandem MS (GC-MS/MS) with a triple quadrupole mass
analyzer was used, which is a highly sensitive and selective method for
quantification at trace level. More details are provided in the respective Papers.
GC/MS is the standard method for the identification and quantification of volatile
and semi-volatile organic compounds. GC/MS is applicable for quantitative
measurements of specific marker compounds for organic aerosol of a minor fraction
of the organic aerosols, in contrast to the AMS measurements, which provide
information about the entire organic aerosol.

Determining Emission Factors

Emission factors (EFs) were calculated in Papers I and I1. Emission factors in g/kgary
fuel Provide information that together with data on fuel consumption, can be applied
to evaluate the overall mass of pollutants emitted to the atmosphere. The emission
factors presented in Paper | were calculated by use of the carbon mass balance
method (equation 5), assuming that the carbon mass from the fuel is emitted as CO
and CO,.* 1%

g Ci

EF, = .
l(kgdry fue,) ACO + ACO,

fe Q)

EFi is the emission factor of a compound (class) i, C; is the concentration of a
compound (class), 4CO and ACO; are the concentrations (in g carbon m*®) of CO
and CO;, respectively, where background concentrations have been subtracted, and
fc is the carbon fraction in the dry fuel.
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Emission factors (or emission rates) per time unit, were calculated for the candle
emissions from stressed burning (Paper I1). Emission factors enable estimations of
concentrations in specific indoor environments by assuming burn time, number of
candles, air exchange rate, loss rate, and the volume of the room where the candles
are burned. Emission factors may be applied by modelers in exposure assessments.
In Paper 11, a simplified expression derived from He et al.**® was applied to calculate
emission factors according to equation 6.

Cov' V- (at+k)
n

(6)

ug
Sav (7) =

with Sa, being the emission factor per candle in units of pg/h, Cay is the average
measured concentration, V is the volume, n is the number of candles, a is the
measured air exchange rate, and k is the loss rate of particles, mainly caused by
coagulation (number concentration) and wall losses (number and mass
concentration). This simplified expression can be applied because steady state
conditions are reached quickly, compared to the length of the experiment, with the
high air exchange rate of 2 h,

The loss rate, k, was derived by the expression in equation 7, and calculated from
decay experiments.

1 In(Cy)
= —= 7)
t In(Cy)
where t is the time and Cp and C; are the initial concentration and concentration at
time t, respectively.

Ethical Considerations

Conducting the human exposure study (Paper IV) was subject to ethical
considerations. Prior to the start of the exposures, ethical approval was obtained
from the The Ethical Committee at Lund University (Dnr. 2016/130) in accordance
with the Declaration of Helsinki.

Before the start of exposures, detailed information about the purpose of the study
was formulated and provided to the participants, both as written and oral
information. Participation was voluntary and participants were ensured that they
could stop their participation at any time. Signed consent from the participants was
obtained before the start of the exposures.
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The recruitment of participants was carried out by advertisements for voluntary
participants in the Lund University area outside of the department where the
research group is based. Symbolic compensation was provided to the participants.
This was balanced to compensate participants for any inconvenience and to ensure
that there was no economic incentive to participate in the study.

Metabolites were measured in urine samples collected 24 hours after exposure as
often as possible. No invasive biological samples were taken. Participants were
informed about the storage of urine samples in the biobank, and their right to change
their storage consent at any time.

The following inclusion criteria were used for all participants:
e They had to be healthy and above the age of 18.

e They did not have any airway diseases, eczema, open wounds, or were
smokers.

e They were not pregnant or planning pregnancy within the time frame of the
exposures.

e Before exposure, all participants went through a medical examination, and
were continuously observed by a medical doctor throughout the entire
exposure time.

An exposure concentration of 300 pg m for three hours was chosen because this
was considered adequate to enable measurements of metabolite after short-term
exposure. In comparison, the current occupational 8-hour average exposure limit
value is 3 mg m™. In 10 Swedish homes, the total phthalate concentrations in air
were measured in the interval 1.2 to 7.4 pug m, with a median of 2.7 ug m=.2 Thus,
an exposure to 300 pug m™ for three hours corresponds to breathing in a Swedish
home for 13 days with a phthalate concentration of 2.7 pg m. Furthermore, the
exposure to DEP and DEHP has been found to occur mainly through ingestion.® A
daily exposure to eight common phthalates was estimated to be about 7.5 ug per kg
bodyweight for adults.®® By assuming an average breathing rate of 7.5 I min* and a
bodyweight of 60 kg for women, and 9.5 | min™ and 80 kg for men at 300 pg m™,
the maximum internal exposure is 6.8 and 6.1 ug per kg bodyweight, respectively.
Thus, the exposure is comparable to an average total daily dose of phthalates. It is
the ubiquitous continuous exposure to phthalates that is of concern. Consequently,
no health effects were expected from the 3-hour short-term exposure.

Data protection, privacy and confidentiality in the personal data collection and
processing were handled in accordance with EU legislation. The participants’
identity will not be revealed at any stage of the research project.
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Results and Discussion

Indoor Air Pollution from Combustion Sources

Cookstoves

Thermochemical Conversion Framework

The simplified thermochemical conversion framework, described in Paper | and
shown in Figure 10, was developed and applied to interpret and categorize the
chemical properties of the aerosol emissions from four cookstoves of different
advancement. The framework is focused on the key particle emission classes
measured with high time-resolution with the SP-AMS. It also includes the gas-phase
compounds benzene, toluene, and xylenes (BT X), as these are major precursors of
PAHSs and soot and of relevance for SOA formation. It is inspired by the literature
on pyrolysis of lignocellulosic biomass, summarized on page 25. The framework
concentrates on the thermochemical processing of cellulose and lignin, which are
the main components of woody biomass and the main contributors to emissions of
condensed phase compounds at ambient conditions. Hemicellulose tends to
decompose to higher volatility products during pyrolysis,”® 8 1% with a lower
contribution to the condensed phase, and is therefore not accounted for in the
framework.

Upon pyrolysis, cellulose decomposes into anhydrous sugars and lignin decomposes
into phenolic compounds, among others. These two emission classes constitute the
primary pyrolysis products in the framework. Secondary and tertiary pyrolysis
products are grouped together in the simplified framework and referred to as
“converted pyrolysis products”. This class includes the gas-phase compounds BTX
and particle phase PAHSs. These are formed from further thermochemical conversion
of anhydrous sugars and phenolic compounds, among others. Thus, primary and
converted pyrolysis classes are subclasses of organic aerosol.

Upon further thermochemical conversion and sufficiently high temperatures, soot
formation processes can occur. The soot formation region is constituted of partially
matured soot, which are particles that are intermediate of inception and fully
matured soot. These particles have undergone some high-temperature aging but are
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not fully carbonized.?” The end product in the framework is mature soot denoted
refractory Black Carbon (rBC).

Overall, the framework consists of six classes: 1) anhydrous sugars, 2) phenols, 3)
BTX in the gas-phase, 4) particle phase PAHs, 5) partially matured soot, 6) rBC.
Emissions of CO,, CO, methane, and other gas-phase compounds are not explicitly
accounted for in the framework. Emissions from combustion systems strongly
depend on thermochemical parameters such as temperature, residence time, air to
fuel ratio, and mixing or spatial distribution in the fuel bed, which are not accounted
for in the framework.

Thermochemical Pyrolysis and gasification region Soot formation region
Conversion Framework
Euel Primary Pyrolysis Converted Pyrolysis
Products Products
. Anhydrous Sugars (p) BTX(g) PAH(p)
r\1"—0/ T _‘ [ T L ) | partially matured
SRR e pensene | =/ |* soot(p) ~—* rBCIP)
Cellulose levoglucasan v ‘_Hzta\uene l [ e |
T" ) P Methoxy Phenols (p) ] L g
LT oH on
o A ) 1L, m
PRDY S eSO S, . 3
UL e LJ m-xylene / @
" T k R ' @,
Ny
Lignin o v Syringoklike  Guaiacol-like ' g
] n
' bo---- -+ Fragmentation/oxidation
------------------------- - Femmmmmmeeeeeeeee s

VOCs, €O,, CO, CH,

Increasing thermochemical conversion

Figure 10 The thermochemical conversion framework includes emission classes that can be measured with high time-
resolution with SP-AMS and FTIR. It describes the thermochemical conversion of the lignocellulosic biomass
components, cellulose and lignin, under pyrolysis conditions, as well as the subsequent conversion for the formation of
condensable organic compounds and soot. The framework comprises the compounds that were measured in Paper |,
and does not account for all possibly formed products.

The thermochemical conversion framework was validated by carrying out a
correlation analysis of the different particle emission classes for the highly time-
resolved SP-AMS data for the 3-stone fire and the rocket stove, which is reported
in Paper I. The analysis of both stoves showed a strong correlation between the
anhydrous sugars and phenols. Correlations with other emission classes were
reduced gradually for emission classes associated with increased thermochemical
conversion. PAHSs correlated with partially mature soot, and partially mature soot
correlated with rBC. These results support the concept of the framework.

47



Emission Factors

The emission factors (EFs) from the four different cookstoves studied in Paper | are
shown in Figure 11. The upper panel shows the EFs of each of the six emission
classes included in the thermochemical conversion framework as well as EFs of
organic aerosol (OA), secondary organic aerosol (SOA), and the sum of OA and
rBC reported as PMs. The EFs of anhydrous sugars, phenols, and partially matured
soot are given as normalized signal intensity per Kgary fuel because of limitations in
the quantification of these emission classes.
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Figure 11 The upper panel shows emission factors of the 3-stone fire (3S), rocket stove (RS), natural draft gasifier stove
(NDGS), and forced draft gasifier stove (FDGS) for the different emission classes in the thermochemical conversion
framework. Note the different scales for the emission classes: anhydrous sugars, phenols, and partially matured soot
are all reported as normalized signal intensity on the left axis. PAHs are shown on the primary left axis, and BTX, rBC,
OA, SOA, and PM; on the right axis. The lower panel shows the emission factor (EF) ratios of the emission classes for
the RS, NDGS, and FDGS relative to the the 3S.
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The EF ratios of each emission class relative to the 3-stone fire are shown in the
lower panel in Figure 11. The 3-stone fire showed high emissions of the primary
pyrolysis products (anhydrous sugars and phenols) and high emissions of the
converted pyrolysis products (BTX and PAHS). The high emissions of primary and
converted pyrolysis products were associated with an overall low degree of
thermochemical conversion. In comparison to the 3-stone fire, the improved rocket
stove showed lower emissions of both primary and converted pyrolysis products,
but higher rBC emissions. This is in line with the added insulation in the rocket
stove design (compared to the 3-stone fire), which increases the temperature and
improves mixing of air and combustion gases. Hence, the emissions of primary and
converted pyrolysis products were reduced. The increased rBC emissions may be
partly caused by quenching of the flame, which leads to cooling of the flame and
reduced soot oxidation.

The advanced natural draft gasifier stove (NDGS), on the other hand, showed low
emissions of the primary pyrolysis products and the overall highest emissions of
BTX and high emissions of PAHs (converted pyrolysis products). It also showed
the highest emissions of partially matured soot, but reduced rBC emissions
compared to the 3-stone fire and rocket stove. This was associated with an increased
thermochemical conversion relative to the 3-stone fire and rocket stove, but not high
enough to fully transform the converted pyrolysis products and partially matured
soot into rBC. The high emissions of converted pyrolysis products were attributed
to insufficient secondary air supply from the natural draft, compared to the
volatilized combustion gases, causing air starved regions, in particular at the center
of the stove as air is consumed in the outer regions. In the air starved regions low
temperature combustion conditions may occur, which delays the conversion of the
converted pyrolysis products (BTX and PAHSs) and partially matured soot into
rBC.*

The forced draft gasifier stove (FDGS) showed a strong reduction of all emission
classes compared to the 3-stone fire and showed the overall lowest emissions of the
four tested stoves. This is in accordance with the stove design, which instead of
natural draft, utilizes an electrically powered fan for the secondary air supply. This
creates better mixing of combustion gases and air, and minimizes air starved
regions. Thus, these combustion conditions favor soot formation and soot oxidation
processes, i.e. a rapid conversion of BTX, PAHs, and partially matured soot into
rBC. Hence, the emissions of carcinogenic organic compounds are reduced.

Most of these findings are supported by the literature. The reduction of PMzs
emissions and increased rBC emissions observed from a rocket stove relative to a
traditional 3-stone fire is in line with other studies that compare the two stoves.**
142,143 The reduction of PM_s emissions from improved stoves and the increasing
emissions of other co-pollutants, such as PAHSs, as a result of certain design features
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has previously been observed.** Significant reductions of all emission classes by the
FDGS has similarly been observed in PM2s, OC, EC, and CO emissions from a
gasifier pellet stove of the FDGS type examined in Paper | compared to traditional
stoves in field measurements.*

Moreover, the results showed that elevated OA emissions were associated with
emissions of primary pyrolysis products (anhydrous sugars and phenols), and to a
lower degree with emissions of converted pyrolysis products (BTX and PAHS). On
the other hand, SOA emissions were associated with both primary and converted
pyrolysis products. These trends were also supported by data from a Nordic heating
stove, further described in Paper I. Partially matured soot correlated with PAHs and
with rBC according to the correlation analysis described in Paper I. The occurrence
of partially matured soot was associated with high PAH to rBC ratios (Figure 11).

The overall reductions in the emission classes of relevance for health — BT X, PAHSs,
and rBC — were not reduced in the same proportion as PMs. Inorganic compounds
are not included in PMy, and constituted a low fraction (5-10 %) of PM,. Reduction
in PM; was caused by significant decreases in OA and primary pyrolysis products.
Moreover, reduction in PM; can still imply high BTX, PAH and rBC emissions.
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Figure 12 Anhydrous sugars, a marker of primary pyrolysis products vs. PAHs(p), a marker of converted pyrolysis
products for the cookstoves and the Nordic heating stove. Heating stoves are labeled HS. The results are color coded
according to rBC emissions, with a darker color indicating higher rBC emissions.

Figure 12 displays the anhydrous sugars (a marker for primary pyrolysis products)
plotted against PAHs (a marker for converted pyrolysis products) color coded with
respect to rBC emissions. The figure also includes fuel addition (MCE<0.95) and
intermediate flaming (MCE>0.95) burn phases for the 3-stone fire and rocket stove.
It also includes data from a Nordic heating stove, further explained in Paper I.
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Anhydrous sugars, PAHSs, and rBC are all correlated poorly. Hence, rBC is not a
good proxy for primary pyrolysis products (represented by anhydrous sugars) and
converted pyrolysis products (represented by PAH emissions) and vice versa.

Figure 12 also illustrates the similarly low emissions of all three emission classes
from the FDGS cookstove and the Nordic heating stove operated at nominal burn
rate (NB). It is worth noting from a human exposure perspective, because the
emissions from the Nordic heating stove are required to always be emitted
throughout the building via a chimney, in contrast to cookstoves which are used
indoors by 92 % of the population in Kenya,* mostly without any chimney. Human
exposure to cookstove emissions are further compared and discussed on page 60.

Comparisons of the 3-stone fire and rocket stove with the NDGS and FDGS are
limited by the use of different fuels: casuarina softwood (logs/sticks) for the 3-stone
fire and the rocket stove, and mixed pine and spruce (softwood pellets) in some
cases mixed 50:50 with bagasse and coffee husk for both of the gasifier stoves. The
applied fuel was identical for both of the gasifier stoves. A further limitation in the
comparison of emissions between the stoves is the high ash content in bagasse and
coffee husk used as fuel in the gasifier stoves, which can affect the burn rate and
thereby the emissions of all emission classes within the framework.

Candles

Emission Factors of Compounds from Stressed Burning of Candles

The emission factors (Paper 1) of particle and gas compounds from stressed burning
of the five types of pillar candles of different wax and wick composition (Table 1),
as well as emission factors from one steady burn experiment of candle 1 are
presented in Table 2. For comparison, literature data on candle emissions are
provided in

Table 3 for stressed and steady burn conditions. Only a few other studies of candle
emissions report emission factors for stressed burning conditions. The literature on
candle emissions from steady burn are available; they represent ideal burn
conditions. However, occupant activities in residences are known to cause
fluctuations in air velocities,*** which may result in stressed burn conditions.

The results generally showed large variability between the candle emissions of soot
(eBC/EC), particle phase PAHs, and PM;s, and to a lower degree variability of
organic carbon (OC), inorganic particle components, and particle number
concentration (PNC). Low variability among candles was observed for the emission
factors of NOy, formaldehyde, and gas-phase PAHs. Candle 5 showed the highest
emissions of PMzs, eBC/EC, particle phase PAHSs, and slightly higher NO,, while
candle 4 had the lowest emissions of these compounds, followed by candle 3.
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In Paper 11, candle 5 showed by far the highest PM.s emission factor of 3 mg/h and
candles 1 and 4 showed the lowest of 0.3 mg/h, based on gravimetric measurements.
In comparison, PM emission factors in the interval of 7.6-26.6 mg/h have been
reported in other laboratory studies for stressed burning.®*® The particle number
emission factors from Paper 1l (Table 2) are at the same order of magnitude but
slightly higher compared to values reported by Zai et al.®® (stressed burn), by
Manoukian et al. (steady burn)**®, and by Klosterkéther et al. (steady burn).4®
Differences in the measured particle sizes varied among studies, which limits the
comparison. Particle number concentrations in Paper 1l were measured in the size
interval 2.4-914 nm, while Zai et al. reported numbers for the interval 10-500 nm.*®
Particle number concentrations from candles have previously been reported to be
significant at sizes below 10 nm.**’

Table 2 Emission factors per candle from stressed burning of candles 1, 2, 3, 4, and 5 and one steady burn experiment
for candle 1. The emission factors from offline analysis (PM2s, EC, OC, inorganics, particle phase PAHs (p), gas-phase
PAHSs (g), and formaldehyde [CH20]) are reported from 0.5-3.5 hours and the emission factors from online analysis
(PNC, eBC, and NOy) are reported from 0-3.5 h.

PMzs* EC* oc* Inorg” PNCe¢ eBC PAH*  PAH* NO NO2 CH.0O"
ug/h pa/h pg/h - pg/h Particles/h pg/h ng/h ng/h mg/h  mg/h pg/h

2.4-914 nm (p) (9)
Candlel 276 328 86 90 9.3x1013 340 73 734 2.5 0.9 53
Candle2 518 380 104 128 9.0x1013 528 90 721 3.8 1.2 45
Candle3 397 259 138 28 6.3x1013 274 59 708 3.1 1.0 43
Candle4 3282 35P 52 69 8.5x1013 132 24 1251 29 1.0 49
Candle5 3041 3128 225 52 1.5x1013 3622 577 669 4.3 1.3 39
Steadyl <DL <DL 134 8.3x1013 3 26 1015 2.8 0.6 35

aValue based on one measurement

b Possibly underestimated value, as the peak emissions occurring within first half hour are not included (sampling 0.5-
3h)

¢ Emission factors of PNC based on 3h average concentrations (i.e. 0-3 h of the experiments), due to use of the catalytic
stripper in the last 30 minutes of the experiment.

It should be noted that the stressed burning conditions in the three other studies in
Table 3 may differ from the conditions applied in Paper 11, as no air velocities were
reported. Furthermore, the candle shapes differ, for example tapered candles were
used in other studies, some of which had added pigments, versus white pillar candles
used in Paper Il. The method for calculating emission factors may also have
differed. These differences limit the basis for direct comparisons. Thus, the
decreased particle mass and number emissions reported in Paper 1l compared to the
literature may reflect the influence of the candle shape, the composition of raw
materials (wax and wick), as well as the burning conditions on the emissions.
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The emission factors of PM,s and eBC from steady burn reported by Stabile et al.**®
are notably similar to or even higher than the emission factors of PM.s and eBC
from candles 1-4 (Table 2). Emission factors of PAHs have only been reported for
the steady burn conditions of candles. The upper values of the sum of particle- and
gas-phase PAH emissions reported by Derudi et al. for steady burn conditions are
lower than the total PAH emissions for all candle types reported in Table 2.

Higher BC emissions can be expected at stressed burning compared to steady burn
conditions, as flickering of the flame at increased air velocities causes poorer
conditions for full soot oxidation, see page 24. The comparisons above of aerosol
emissions reported in Paper 1l with literature on stressed and steady burn of candles
may well reflect the improvements incorporated in candle design (raw materials,
shape) by the manufacturers in the past decade. However, it may also reflect, that
the level of stressing of the candle flames applied in Paper Il was less intense.

Table 3 Literature values reported on candle emissions

Candle t PNC PM BC/EC PAH Reference Burn
andle type Particles/h mg/h mg/h ng/h mode
(9+p)
. .05+0.24-1013 7.61+£2.2 .
Red paraffin (t) 1 (?_?)Tgof;lniqo) © f 10 p:]) Zai et al.%6 Stres.
. 8.9+0.4 4.5+0.2 Pagels et Stres.
Stearine (t) (PM25) (EC) glﬁ“
Blue stearine 25.3+0.02 19.0+0.6 Pagels et Stres.
+parffin (t) (PM25) (EC) al.64
Paraffin church 26.6 ) 65 Stres.
candle (Upto 1.8 pum) 24.1 (EC) Fine et al.
) 0.87 0.74 Stabile et
paraffin (t) (PM2.5) (BC) al 148 Steady
Scented besswax 13 Manoukian
+ vegetable oil (c) 20£0.1-10 et al.145 Steady
Paraffin (c) O'?Pl,;/i‘; 8 74-289 D‘Zl“ﬂ'g e Steady
paraffi 3.0-6.9 -1013 0.24-0.99 Klosterkéth Stead
araftin (7-1000 nm) (15-1000 nm) er et al.1 Y

(t) tapered candle

(c) container candle

Derudi et al. reported emission factors of NOx in the range of 1.7-2.5 mg/h.
Klosterkdther et al. reported NO of 2.7-3 mg/h and NO, of 1.8-2.1 mg/h, for steady
burn of paraffin container candles and paraffin church candles, respectively. ¢ 249
For comparison, emission factors of NOx 3.4-5.6 mg h™, NO 2.5-4.3 mg h, and
NO, 0.9-1.3 mg h™* were found for stressed burn in Paper Il. Hence, the studies
measured lower or comparable NOy, but Klosterkéther et al.**® measured higher
NO; emissions compared to Paper II.
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Klosterkdther et al. also reported formaldehyde emissions of 18-27 pg/h from steady
burn of paraffin church candles,** in comparison to values of 35 pg/h for steady
burn of candle 1 and 39-53 pg/h in Paper 11 for stressed burn (Table 2), which are
around twice as high. Formaldehyde is classified as a group | (carcinogenic to
humans) by IARC.

Key results from Paper 1l are presented in Figure 13. They show strong short-lived
peaks of rBC emitted from the stressed candle flame measured above the flame. The
figure illustrates the co-emission of rBC, OA, and PAHSs at stressed burn conditions.
It further shows that rBC constituted approximately 95% of the particle mass and
OA around 5% in each of the peak emissions (based on the sum of rBC, OA and
PAHSs). Additionally, NOy did not show any clear trends related to the flickering of
the flame. High temperatures are necessary for the formation of thermal NOy;
consequently, reduced temperatures caused by flickering can be expected to result
in opposite trends for BC and NOx. However, this was only apparent in some cases,
as seen in Figure 13.
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Figure 13 AMS time trace of emissions of OA, rBC, and PAHSs, as well as NOx and NO2 time traces. Example of candle
5 above the flame measurements. The graph supports the the coemisssion of rBC, OA, and PAHSs, while NOx does not
follow a similar pattern. The pie charts show the percentage distribution of rBC, OA, and PAHSs in the two peaks as the
sum of the three components based on mass concentration.

The emissions from the stressed burning of candles showed very high soot (eBC/
rBC/EC) emissions and low particle phase PAHSs relative to soot. In line with the
thermochemical conversion framework (Figure 10) presented for cookstoves, the
combustion conditions in the candle flame favor a rapid conversion of BTX (not
measured) and PAHSs into mature soot (rBC). Hence, a low particle phase PAH to
soot ratio is observed from candle emissions. High rBC emissions occurred when
the candle flame was disturbed and cooled down by the surrounding air flow. The
soot oxidation was limited by reduced flame temperatures and residence time in the
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flame. On the contrary, emissions after extinguishing the candles (Figure 4 in Paper
I1) showed high concentrations of organic aerosol and low to moderate emissions of
rBC and particle phase PAHs.

The AMS mass spectrum from the smouldering emissions after extinguishing
(Figure 6 in Paper II) showed organic peaks at m/z 60 (C.H.O;") and m/z 73
(CsHs02"). These signals have traditionally been associated with levoglucosan and
anhydrous sugars from cellulose from biomass pyrolysis.** The candle wick
material is made of cotton (pure cellulose). The AMS signal at m/z 60 and m/z 73
has also previously been measured from cooking aerosol.?> **°

Number and mass size distributions were measured for the stressed burning of
candles and one steady burn experiment for candle 1 (Paper I1). The particle number
size distributions for all candles were dominated by ultrafine particles (UFPs) with
modes between 5-8 nm. Candle 5 had an additional mode at 217 nm. The mass size
distributions for candles 1-4 were bimodal with modes between 27-44 and 533-914
nm. Candle 5 on the other hand, was unimodal with a mode at 573 nm. The UFP
number concentrations were similar for candles 1-4 and lowest for candle 5 (Paper

).

The UFPs emitted from candles 1-4 were associated with inorganic salts from the
wick impregnation.®* This was further supported by the correlations that were found
between inorganic emission factors and UFP mass (PMo.), and that there were no
strong correlations between eBC and EC with UFP mass observed (Paper II).
Additionally, data from application of a catalytic stripper supported this (Paper I1).
The comparison of mass concentrations showed that eBC made up the largest
proportion of PM emissions (comparison of eBC with mass concentration derived
from SMPS (Paper I1)). For candles 1-4, inorganic compounds constituted 8-20%
of the mass concentration, while for candle 5, it was only around 1%.

The results from Paper Il provide emission factors of health relevant particle and
gas components, studied under controlled stressed burning conditions. An
intercomparison of the five candles studied in Paper Il showed significant variations
in the emissions of soot, PM,s, and particle phase PAHs among the candle types.
This demonstrates the influence of the wax and wick composition on the particle
emissions. On the contrary, the gas-phase compounds NOy, formaldehyde, and
PAHSs did not show a clear reduction by varying the wax and wick composition. In
addition, the measurements of rBC, OA, and particle phase PAHs were highly
correlated, which indicates that they may be applied as proxies for one another,
while NOy has to be measured separately.
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Phthalates in Indoor Environments

Uptake of Phthalates on Aerosol Particles

Figure 14 displays a key result from Paper I11. It shows the DEHP mass fraction, in
percentage, on laboratory-generated ammonium sulfate particles, and on the indoor
aerosols that were measured after passing the 1.2 L chamber equipped with PVC
flooring, described in details in the method section. It thereby shows the Kgas-particie
X yo in equation 1 in percentage. The mass fraction of DEHP on the particles
increased with increasing residence time of the particles in the chamber for all
particle types. It further shows a higher sorption of DEHP on indoor particles with
an organic fraction, than on inorganic ammonium sulfate particles that did not pass
the thermodenuder. The organic aerosol content of these ammonium sulfate
particles was 0.8% by mass. Moreover, it shows that the indoor particles and
ammonium sulfate particles (with no removal of volatile impurities) had a higher
sorption of DEHP compared to when they were denuded, where a large proportion
of organic and inorganic volatile components were removed.
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Figure 14 DEHP mass fraction of the particles measured after passing the chamber equipped with PVC flooring plotted
against the residence time of the particles in the chamber. The plot contains indoor particles (green circles), sulfate
particles with impurities (red circles), and denuded particles where some impurities were removed of each of the
respective particle types (triangles).

This indicates two different mechanisms of uptake, namely adsorption of DEHP on
the ammonium sulfate particle surfaces, and absorption of DEHP in the organic
particle phase. The sorption of DEHP may also occur by a combination of both
uptake mechanisms, with the importance of absorption increasing with an increase
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in the concentrations of organics in the particles, and the importance of adsorption
increasing when the volatile fraction has been removed from the particles. This is in
line with the results of Wu et al.?* who reported an order of magnitude higher
sorption of DEHP to pure oleic acid particles and squalene particles than to
ammonium sulfate particles. Furthermore, a higher sorption into oleic acid particles
was observed compared to squalene particles.?* The results may also depend on the
surface area mass ratio of the particle types, which was not addressed in Paper III.

The size-resolved data in Paper 111 showed variation in DEHP sorption across the
particle diameter. A higher DEHP mass fraction was measured in the ultrafine
particles, which also had a higher mass fraction of organic aerosol compared to
larger particle sizes. Inorganic particles were shifted towards larger particle
diameters.

The sorption of reduced nitrogen species on particles in indoor environments from
nicotine, attributed to protonation/deprotonation, has previously been measured
with AMS.*™ This is another process governing the uptake of chemicals on aerosol
particles.

The presence of particles of itself can increase the emission rate of DEHP from
materials such as PVC,™ which also was observed in Paper Ill. The presence of
aerosol particles thus increases the total mass available for uptake, which has been
observed in occupied residences.™ Based on the Paper 111 results, this effect may
be especially important for indoor aerosols with a large fraction of non-polar organic
components. The particle phase may thereby increase the amount of DEHP available
for uptake in the body. Recently, the increased phthalate concentration in particles
was measured during cooking events, with high emissions of organic aerosol, in
residential settings. The particle phase phthalate concentrations were attributed to
emissions from PVC flooring in the residence.'*®

The importance of DEHP sorption to particles in human uptake depends on the
DEHP particle phase concentration relative to the DEHP gas-phase concentration.
Based on the vapor pressure of DEHP at 25°C, the gas-phase concentration saturates
at approximately 1 pg m3' 1% and maximum at 3 pg m=.** The gas-phase
concentration saturates before the particle phase concentration, and in indoor
environments, the gas-phase concentration of DEHP can consequently exceed the
particle phase concentration of DEHP. Taking into account the average deposition
fraction of 26% of the particle size distribution reported in Paper 1V, and assuming
100% deposition in the airways of the gas-phase DEHP, the concentration of
particles would thereby have to be 4 times higher than the gas-phase concentration
to exceed the human uptake by mass due to gas-phase DEHP. This assumes particle
size distributions that are similar to those used in Paper IV. However, the presence
of particles in proximity to DEHP sources can contribute to an increased airborne
concentration of DEHP and thereby increased airborne exposure to DEHP.
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Human Uptake of Gas-Phase and Particle Phase Phthalates

The key results from the human exposure study (Paper 1V) of deuterium-labeled
DEP and DEHP (hereafter referred to as DEP and DEHP) are presented in Figure
15. It shows the measured uptake by inhalation and dermal exposure by air to skin
transfer of DEHP and DEP normalized to body weight, air concentration, and time
of exposure. The results show a higher uptake of inhaled DEP in the gas-phase, than
by inhaled DEHP in the particle phase. This result reflects the difference in
deposition of particles and gases in the airways, disregarding any differences in
chemical properties of DEP and DEHP. The deposition of particles in the airways
was estimated by the MPPD model,*** and showed an average deposited fraction of
26 % of the inhaled mass of DEHP for the given size distribution. When particles
that contain SVOCs are inhaled, some SVOCs may evaporate rapidly from the
particle upon inhalation due to heating and will thereby be absorbed in the airways
as gas molecules. Given the timescale of seconds the particles spend in the airways
before deposition, the upper estimate for this effect is 10% for the size distribution
applied in the exposure study (Paper 1V). This estimation is based on measurements
of the evaporation of dioctyl phthalate (which is the straight chain isomer of DEHP)
from particles, where the evaporation timescale is minutes to hours.™ 1%
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Figure 15 Uptake of DEHP (panel A) and DEP (panel B) in the four exposure scenarios. The uptake is hormalized to
body weight, air concentration, and time of exposure. The inhalation-only uptake of DEP is calculated by subtracting the
dermal uptake from the combined uptake of inhalation+dermal. The plots show the median, 25, and 75 percentiles of
the uptake, and the whiskers denote maximum and minimum values. DEHPdermal with clean clothing was below the
detection limit.

No dermal uptake during the three hours of exposure to DEHP was detected. That
means the metabolite concentrations in the urine samples were below the detection
limit of 0.1-0.9 ng/mL (metabolite dependent).™” Furthermore, the dermal uptake
of DEP was 10 times lower compared to the uptake of DEP by inhalation. The
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participants were wearing clothing that never had been exposed to deuterium-
labeled phthalates. The effect of clothing on dermal uptake was investigated in a
study of nicotine transfer from cigarette smoke by Bekd et al.™*® The dermal uptake
was studied while some participants wore clean clothing and showered, and
compared to dermal uptake by bare skin and by wearing contaminated clothing. The
comparison indicated that wearing clean clothing was a means of protection, while
wearing contaminated clothing resulted in an accelerating effect on the dermal
uptake of nicotine. Moreover, showering seemed to reduce the uptake of
phthalates.”*® However, the influence of clothing and showering are dependent on
the physicochemical properties of the SVOCs. Thus, the results presented in Paper
IV may represent minimal dermal uptake as opposed to the study by Weschler et
al.,** where the dermal uptake was maximized by exposing bare skinned
participants.

In real-life situations, clothing may be pre-exposed to DEHP and DEP in the storage
time between washing and wearing it again. However, for DEHP this would most
likely have a minor effect considering the concentrations of the DEHP measured in
dwellings or personal air samples that are in the order of nanograms to a few
micrograms per cubic meter.**® Cao et al. estimated equilibrium times for DEHP on
clothing to 9400 h at 25°C, that is, more than one year.'?* Clothing may also contain
phthalates from the manufacturing process, which has been reported in Chinese
infant clothing.’® The effect of dermal exposure by contact transfer from DEHP
deposited on clothing thus depends on the indoor DEHP concentration, on the length
of storing clothing after washing, and pre-contamination in the manufacturing
process. The equilibrium time for DEP could be considerably lower, for which the
pre-exposure of clothing may make up a meaningful exposure.*®* How much of the
DEP and DEHP that is removed in the laundry process depends on the temperature
of the water, the detergent, and if the clothes are tumble dried at high temperature.
DEP may be removed more easily than DEHP.%

In the study in Paper 1V, the skin surface that was not covered with clothing was on
the hands. The surface area of the hands is approximately 1/20 of the entire skin
surface area of a person’s body. A full body is approximately 1.8 m?and hands are
approximately 0.09 m2.# In a study by Weschler et al. on DEP uptake, similar
inhalation and dermal uptakes were observed when the participants were exposed
wearing only shorts.'® Figure 16 shows the results from Weschler et al.*** on DEP
uptake normalized to body weight, air concentration, and time of exposure. When
the results by Weschler et al. are compared to the results of Paper 1V, the median
uptake of DEP by inhalation is in agreement within the range of uncertainty,
0.005+0.005, in our study compared to 0.007 (ug kg-1 bw)/(ug m-3 in air)/h in the
Weschler et al. study.*® For the dermal uptake, the median uptake is 0.0006+0.0005
in our study and 0.008 (ug kg-1 bw)/(ug m™ in air)/h in the Weschler et al. study.
These numbers reflect a difference in the study design: wearing clean clothing and
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showering after exposure vs. being bare-skinned under exposure and not showering
after.

0.016 4
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0.012 4

0.010

0.008 +
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0.004 + |

0.002 +
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Figure 16 The box plot shows the uptake of DEP by inhalation and dermal uptake with bare skin by Weschler et al.125
The uptake is normalized to body weight, air concentration, and time of exposure. The plot shows the median, 25, and
75 percentiles of the uptake, and the whiskers denote the 10th and 90th percentiles.

Estimation of Possible Indoor Air Exposures Calculated
Based on EFs

Cookstove Exposure Scenario

Emission factors from the cookstoves studied in Paper | were used to estimate
exposure concentrations in an average home in a developing country. WHO has set
an annual average guideline for PM2s of 10 pg/m?®, and a 24-hour average guideline
for CO of 7 mg/m®. The PMs interim guidelines 1T-3 15 pg/mé, 1T-2 25 ug/m?, and
IT-1 35 pg/m® were published to provide incremental steps in meeting the guidelines
in areas where concentrations are high and a reduction to the guideline
concentrations within a short time is unrealistic. These concentrations are set on the
basis of an air exchange rate (AER) of 15 h, a kitchen area of 30 m®, and a daily
burn time of 4 hours.'*

The above described assumptions, together with the emission factors, were used to
estimate the concentrations of PAHs, rBC, OA, PM3, and CO in homes during a
cooking event with the application of one of the four cookstoves, described in Paper
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I. For the calculations, the assumption of 1 kg wood consumed per 1-hour cooking
event using the 3-stone fire and the rocket stove, and 0.5 kg pellets per 1-hour
cooking event using the NDGS and FDGS were applied. The fuel consumptions
have been measured for a 3-stone fire and a FDGS, the latter of which is identical
to the FDGS used in the Paper | field study.*® Thus, the calculated concentrations
for the RS may be overestimated, and the concentrations for the NDGS may be
underestimated

Table 4 Estimated indoor concentrations per hour assuming an AER of 15 h-1 in a 30 m3 kitchen with 1 kg of wood
consumed for 3-stone fire (3S) and rocket stove (RS), and 0.5 kg of wood consumed for the NDGS and FDGS. The
particle classes are based on SP-AMS measurements.

PAH pg/ms3 rBC pg/m3 OA pg/m3 PM1 pg/m?3 CO mg/m3

3S 240 1800 5100 6900 110
RS 150 3300 1800 5000 57
NDGS 100 700 300 990 40
FDGS 5 260 35 300 6

The estimated air concentrations of particle phase PAHSs, rBC, OA, PM;, and CO
for a cooking event provided in Table 4 represent short-term exposures during one
cooking event lasting for 1 hour. Real cooking events are likely to occur several
times a day and may even last longer. As a consequence of the high air exchange
rate of 15 h™ the pollutant concentrations will reach steady state rapidly as well as
decrease rapidly after the cooking event when there is no active point source.

Based on the estimated concentrations in Table 4, the CO peak emission of the
FDGS does not exceed the WHO 24-hour average guideline for a CO of 7 mg/m?
and would according to the applied assumptions and estimations meet the guideline
criteria for CO. The peak emissions of NDGS would also meet the guideline’s 24-
hour average, when assuming four daily cooking events of 1-hour duration and
negligible background CO concentrations; whereas the rocket stove and 3-stone fire
would exceed the guideline criteria with these assumptions. However, the estimated
PM; concentrations for all stoves exceed the annual PM2s IT-1 35 pg/m®, by
assuming 4-hours daily cooking and negligible background concentrations.
However, other sources such as traffic emissions are likely to further contribute to
the PM,s exposure. The particle phase PAH emissions from all stoves, and in
particular from the 3-stone fire, RS, and NDGS are very high. For comparison, the
highest total PAH concentration (including gas-phase PAHs) measured in Swedish
restaurant kitchens was ~1 pg/m?®.** These concentrations are based on a rough
estimation that in turn is based on the assumptions and criteria described above.
Concentrations in real life are strongly dependent on the duration of cooking events,
air exchange rate, fuel properties, and stove operation conditions.
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Candle Exposure Scenario

The emission factors reported in Paper Il were applied in equation 6 to calculate
room concentrations that may occur in a 90 m? home after burning five candles for
3.5 hours. Concentrations of PM2s, EC, NO, PAHSs in the gas-phase and in
particles, and the PAH concentrations reported as BaP eq were calculated (Table 5).
The home was assumed to be 90 m? with a ceiling height of 2.4 m (volume of 216
m?®), and an air exchange rate of 0.5 h™*. The particle mass decay rate, k in equation
7, mainly attributed to particle wall losses was assumed to be 0.5 h™. This slightly
higher value compared to the calculated value of 0.4 h™ in the 21.6 m® chamber in
Paper 11, was chosen to account for larger surface area available for deposition in
homes. The loss rate of 0.5 h™ was also assumed for the gas-phase PAHs. The
volume represents a home with open doors, assuming the candle emissions are
uniformly mixed throughout the volume. At an air exchange rate of 0.5 h™ and a k
value of 0.5 h™, the concentrations of emitted pollutants, after the candles are lit,
will increase over time until reaching steady state. Once the candles are
extinguished, the concentrations will decrease over time. The concentrations
reported in Table 5 are reached after 3.5 hours and are not constant within the 3.5
hours.

Table 5 Estimated concentrations from emission factors in a 90 m2 home after 3.5 hours of burning five candles at
stressed burn conditions with an air exchange rate of 0.5. The concentrations are calculated based on the emission
factors in Table 2. The PAHs are provided on the basis of GC-MS measurements.

PMzs EC NO2 PAHparice ~ PAHgas ~ PAHparticie+gas ~ BaP €0particle+gas
pgm=3  pgm?3  upugm=3 ngm3 ng m3 ng m3 ng m3
Candle 1 6 8 27 1.7 17.0 18.7 0.02
Candle 2 12 9 32 2.1 16.7 18.8 0.02
Candle 3 9 6 27 1.4 16.4 17.8 0.02
Candle 4 8 0.8 26 0.6 29.0 29.5 0.01
Candle 5 70 72 38 13.4 155 28.8 0.10

The total PAH concentrations for the five candles are comparable to the
concentrations reported in urban outdoor and indoor air in Gothenburg,®> 16 and
in Swedish restaurant kitchens.'®* The BaP eq concentrations in Table 5 are in the
range of 0.01-0.1 ng/m® summed over gas-phase and particle phase PAHs.
Gustafson et al.™®” measured gas-phase and particle phase PAHs in homes in a
Swedish village during winter. The BaP eq PAH mean concentrations were found
to 1.00 ng/m? (median 0.88 ng/m®) in homes with wood stoves, 0.28 ng/m* (median
0.23 ng/m®) in homes without wood stoves and, 0.67 ng/m* (median 0.74 ng/m®)
outdoors.*®” WHO has set an air quality guideline that estimates a unit risk estimate
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of BaP eq concentration of 0.1 ng m®, which will cause an added cancer risk of
1/100,000.%

The PM25 concentrations were calculated to be between 6-70 pg/m®. The WHO air
quality guidelines for PM_s are 25 pg/m?® as a 24-hour average and 10 pg/m® as a
yearly average.*® Even the highest concentration of 70 pg/m?® with a burn time of
3.5 hours will not exceed the 24-hour average guideline.

The EC concentrations in the candle exposure scenario were in the range of (0.8) 6-
72 pg/m?®. 1t should be noted that the EC measurement (resulting in a concentration
of 0.8 ug/md) for candle 4 is biased low because of the chosen sampling time and
the emission profile of candle 4, further described in Paper Il. In a study from
Belgium, the average personal BC exposure concentrations during daily activities
have been measured to range from 1.2 pg/m?® during sleep to 6.4 pg/m® in
transport.'®® In Stockholm, the highest average personal BC exposure concentrations
averaged over the transport time have been measured up to 2.7 pg/m?® during bus
transportation.’®® Compared to these exposure concentrations, even the lowest
calculated EC concentration of 6 pug/m® from the stressed candle burning of candle
3 is likely to contribute to peak exposures of EC.

The estimated NO concentrations were in the range of 26-38 pug/m®. The WHO
indoor guideline of NO2 is 200 pg/m?® as an 1-hour average concentration, and 40
pg/m® as an annual average.®® The estimated NO, concentrations from stressed
burning of candles in the given exposure scenario will not exceed the WHO
guidelines.

In summary, the estimated concentrations of PM.s and NO- in the candle exposure
scenario do not exceed the WHO guidelines. However, candle burning is not the
only source contributing to exposure to these pollutants. This means that the stressed
burning of candles will add to the cumulative exposure of PMzs, EC, NO,, and
PAHS.

It is important to note that the stressing of the candles presented here and in Paper
Il represent a scenario with continuous stressing of the flame. In real-life exposures,
scenarios with less, intermediate, and higher levels of the stressing can occur.

The resulting exposure concentration to particles and gases from the stressed
burning of candles strongly depends on the number and type of candles, burn time,
volume of indoor environments, and air exchange rate. The exposure scenario
presented here was chosen to represent a possible scenario of burning candles in a
home. The number of candles burned in homes will vary. Burning five candles at a
time may be a low estimate during the Christmas season, but may be suitable at
other times of the year. Burning of fewer candles could also be considered.
Situations with even more intense burning can also occur. It is, for instance,
common to burn candles in the bathroom in a significantly smaller volume where
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doors most often are kept closed. It is not uncommon in restaurants that each table
is decorated with one or more burning candles. Thus, 15-20 candles can be burned
in a volume similar to the presented scenario where air movements are influenced
by guests entering and leaving, opening doors, speaking and breathing in near
proximity to the candle, and from staff continuously walking around to serve the
guests. The exposure concentrations can therefore be considerably higher than in
the scenario concentrations in Table 5.

The toxicity of candle soot particles is not well explored. Inflammation and
cytotoxicity of the lung'” as well as telomere shortening in the lung and spleen, a
marker for risk of developing cardiovascular diseases,!’* have been reported from
animal studies. Other studies on health effects from exposure to candle emissions
have shown reduced cognitive abilities in humans'’® and negative changes in lung
function.'” Soot emitted from the burning of candles possess a similar morphology
to soot from diesel engine exhaust, with similar primary particle size but a larger
mobility diameter.®* Diesel engine exhaust, including both particles and gases, is
classified as a group | carcinogen by IARC. Consequently, exposure to candle soot
may be of health concern, but there is a need for further elucidation of the toxicity
of candle soot.

64



Conclusions

In this thesis, the physicochemical characterization and quantification of emissions
from various indoor aerosol sources were performed, from cookstoves, candles, and
DEHP emissions from PVC flooring. Indoor exposure scenarios were estimated on
the basis of calculated emission factors of the studied cookstoves and candles. A
human exposure study was also conducted of the dermal and inhalation uptake of
DEHP (exposure route via particles) and DEP (exposure route via gas-phase).

A simplified thermochemical conversion framework was applied for the
interpretation of aerosol emissions from four cookstoves and a Nordic wood log
stove for residential heating (Paper I). The framework was validated by a correlation
analysis between the emission classes measured with high time-resolution SP-AMS.
The results showed that OA was mainly associated with primary pyrolysis products.
SOA on the other hand was associated with both primary and converted pyrolysis
products. These results indicate that markers of primary pyrolysis products,
converted pyrolysis products, and soot particles should preferably be measured for
a more complete evaluation of the primary and secondary particle emissions.
Moreover, measurements of some of these emission classes may be used for
estimating the prevalence of other emission classes not measured.

The PM; mass emission factors from cookstoves decreased with the increasing
technological advancement of the cookstoves. However, the reduction in emissions
of the carcinogens and classes of known health and climate concern — BT X, PAHS,
and rBC — did not decrease in the same proportion as PM; for the improved and
advanced cookstoves. Emissions from improved and advanced cookstoves may thus
also result in elevated emissions of aerosol components of concern for human
health.

In a simplified exposure scenario, exposure concentrations in homes were estimated
from the derived emission factors. Based on this estimation with assumptions of fuel
consumption, air exchange rate, volume of the room, and burn time, the forced draft
gasifier stove fulfilled the interim guideline for CO, but none of the cookstoves
studied fulfilled the PM2s emission annual average interim guideline set by WHO.

The physicochemical properties and emission levels were measured from candle
burning in an environmental laboratory chamber under simulated stressed burn
conditions. A wide range of particle and gas-phase emissions were measured from
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the stressed burning of candles with different wax and wick compositions. Large
variabilities in PM2s mass, BC, and particle phase PAH emissions were measured
between the five candle types. Large variations in the particle emissions over time
were also found between the candle types. Particle emission levels thereby depend
on the time duration candles are burned. In all cases the stressed burning of candles
was dominated by BC emissions on a mass concentration basis. The candles with
the lowest BC emission showed high emissions of ultrafine particles, with a high
probability of depositing in the alveolar region upon inhalation. In contrast to BC,
NOx emissions did not show great variation between the different candle types. Due
to thermal NOy formation at high temperature conditions, reduction of NOy is
difficult to obtain by introducing changes in the candle design, and NOyx may be
inevitable from candle burning. No clear reductions in formaldehyde and gas-phase
PAHSs were observed by changes in the wax and wick composition. Measurements
directly above the candle flame at stressed burn conditions showed correlations
between rBC, PAHSs, and organic aerosol emissions, which indicates that they may
be used as proxies for each other.

The extinguish emissions (smouldering) were also measured above the flame, which
as expected showed high organic aerosol emissions relative to rBC. Markers of
anhydrous sugars, usually associated with the pyrolysis of cellulose in biomass
burning, were observed in the AMS spectra of extinguish smoke. Markers of
anhydrous sugars emitted from candles have not been observed previously, and
were attributed to pyrolysis products from the cotton (cellulose) wick.

Based on an estimated exposure scenario of candle burning in a home, stressed
burning of the lowest emitting candle in this research may even contribute to
relatively high peak exposures of EC, PAHs (BaP eq), PM2s, and NO-, and may be
a contributor to personal exposure to these pollutants.

AMS was applied for novel in-situ measurements of particle phase phthalates,
which are present at trace amounts indoors. It was demonstrated that the mass
fraction of DEHP sorbed to the particles depends on the particle characteristics.
(Paper 111). A higher sorption was measured on indoor particles with higher organic
mass fractions compared to laboratory-generated ammonium sulfate particles. Size-
resolved data showed higher mass fractions of DEHP on ultrafine particles that had
a higher mass fraction of organic aerosols. The emission rate of DEHP from PVC
flooring increased in the presence of high particle concentrations, as previously
reported by others. This implies that indoor particles increase the airborne
concentration (gas + particle) of DEHP and other SVOCs. In indoor environments,
where organic aerosol concentrations often are high, sorption of SVOCs on particles
may be significant. This highlights the importance of reducing the semi-volatile and
health hazardous chemicals in consumer products and indoor air particle
concentrations.
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The dermal and inhalation uptake in humans of two common phthalates from
airborne exposure was evaluated in a human exposure study. A novelty consisted of
the use of deuterium-labeled phthalates for airborne exposure, which allowed the
exclusion of interference from omnipresent phthalates. The results showed both
dermal and inhalation uptake of gas-phase DEP in participants wearing clean
clothing, with higher uptake via inhalation. Uptake via air-to-skin-transfer of DEP
was ten times lower than the inhalation uptake, with participants wearing clean
clothing and showering after exposure. No dermal uptake of DEHP particles was
guantified. A higher uptake was measured of gas-phase DEP compared to particle
phase DEHP via inhalation. This demonstrates the difference in the uptake of
particles and gases, without considering any differences in the chemical properties
between DEP and DEHP.

The emission factors reported in this thesis can be applied by modelers to assess
exposure to health-relevant emissions, such as PAHs and soot, from specific sources
in indoor environments. The results presented in this thesis emphasize the need of
considering the physicochemical properties of particles and of SVOCs for adequate
exposure and risk assessments in indoor environments. Moreover, the need for a
more complete evaluation of their impact on human health.
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Outlook

Some knowledge gaps for future research became apparent in the research process.
Measurements of air pollution in parts of the world that strongly depend on biomass
cookstoves are generally limited. In particular, time-resolved measurements of
chemical composition are limited, partly caused by infrastructural limitations, for
instance unstable electricity. Future work on the thermochemical conversion
framework should aim at evaluating its applicability in estimating the prevalence of
other emission classes not measured. This may be useful in for instance field
measurements of few emission classes that represent markers of primary pyrolysis
products, converted pyrolysis products, and soot. Furthermore, interdisciplinary
research with a holistic approach is needed that combines the existing knowledge
from laboratory tests of aerosol emissions from cookstoves with considerations of
norms, cultural practices, and the design of cookstoves.

Studies characterizing candle emissions in residential settings are limited and are
needed for proper exposure assessments of gas and particle emissions from candles.
Introducing standardized measurement protocols for the assessment of emissions
from stressed candle burning, to regulate the candle manufacturing, may help
reducing air pollutants emitted from candles.

The effect of the gas-particle partitioning of SVOCs and what it means for human
exposures to SVOCs in indoor environments is generally not well understood.
Measurements in both model setups as well as in real indoor environments are
needed to increase the understanding of SVOCs adsorption/absorption on/in
particles and the importance for human exposures. Furthermore, environmental
factors such as relative humidity and the effect on the gas-particle partitioning of
SVOC:s is not well understood.

The influence of wearing clean clothing and showering after exposure on the uptake
by air-to-skin transfer of DEP, DEHP, and other SVOC:s is not properly elucidated.
Clean clothing and showering seem to render protection from dermal uptake of
airborne phthalates, and clothing contaminated with certain chemicals enhance the
dermal uptake. How these two extremes translate into real life conditions needs
further research.

Generally, the understanding of the effects of particle composition on PM. s toxicity
is inadequate; in particular the toxicity of organic aerosol is not well understood.
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Additionally, the effect on toxicity of the sorption of SVOCs to particles relative to
the particle core composition is not well known. Future studies that aim to identify
the most health harmful components inhaled in indoor environments can help in
coming up with mitigation strategies.
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