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Kurzfassung

Die Erwdarmung des Klimasystems erfordert Losungen zur Vermeidung von Treibhausgasemissionen.
Biomasse ist eine klimafreundliche Alternative zu fossilen Brennstoffen, da ihr Einsatz nahezu CO,
neutral ist. Allerdings stellt die Biomasseverbrennung eine bedeutende Emissionsquelle
verschiedener Schadstoffe, die besonders bei unvollstindiger Oxidation entstehen kdnnen, dar.
Speziell bei kleineren Verbrennungsanlagen besteht ein erhohtes Risiko fir vermehrte
Schadstoffemissionen. Aufgrund der besonders hohen Toxizitdat wird der Gruppe der polyzyklischen
aromatischen Kohlenwasserstoffe (PAKs) besondere Bedeutung beigemessen. Ziel dieser Arbeit ist
es, den Wissensstand zu Emissionen von PAKs aus Kleinfeuerungsanlagen zu erweitern. Neben der
Einflhrung innovativer methodischer Ansidtze bei der Probenahme, wurden anhand von zwei
Messserien BaP Emissionen von realitdtsnahe betriebenen Biomassekleinfeuerungen ermittelt und
im Hinblick auf Referenzwerte diskutiert. In einer weiteren Messserie wurde der Einsatz von

oxidativen Katalysatoren als Reduktionsmalinahme untersucht.

Da der repradsentative Charakter von Benzo(a)pyren (BaP) fiir die Gruppe der PAKs anhand von
Literaturstudien bestédtigt werden konnte, war es moglich sich bei den Messungen auf nur diese
Substanz zu konzentrieren. Es wurde daher untersucht, ob es moglich ist BaP mittels einer
kompakteren und daher auch flexibleren Messmethode als jene fiir verschiedene PAKs, zu
bestimmen. Messungen ergaben, dass nach zehnfacher Verdiinnung eines Abgasstroms die
Bestimmung von BaP in ausschlieBlich der partikuldaren Phase zulassig ist. So konnten deutlich mehr
als 90% von BaP dargestellt werden, ungeachtet von unterschiedlichen Abgasqualitdten, sowie
unglinstigen bis optimalen Verbrennungsbedingungen. AuRerdem konnte gezeigt werden, dass
Abdampfverluste von bereits gesammeltem Probenmaterial vom Filter aufgrund von schwankender
Abgasqualitdt eine unbedeutende Rolle spielen. Die vereinfachte Messmethode konnte in den

darauffolgenden Messserien angewendet werden.

In der ersten Messserie wurden BaP Emissionen von sechs automatischen Kesseln in
unterschiedlichen Betriebszustanden bestimmt. Um eine exakte Abgrenzung phasenspezifischer
Emissionen zu gewahrleisten, wurden die Betriebszustiande Start, Stopp, Teillast und Nennlast, die
alle im realen Betrieb bei Endnutzern vorkommen, im Voraus genau definiert. Die
Konzentrationswerte von Start- und Stopp-Betrieb waren im Durchschnitt um ein bis zwei
GroRenordnungen hoher als jene, die wadhrend den stationdren Betriebszustanden bestimmt
wurden. Die Betriebssequenz hat daher auf die Hohe der gesamten BaP Emissionen entscheidenden
Einfluss. Weiters konnte ein grofReres Risiko fir erhéhte Emissionen von Unterschubfeuerungen im

Vergleich zu horizontal beschickten Feuerungen und Abwurffeuerungen gezeigt werden. Eine
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Kurzfassung

Korrelationsanalyse ergab, dass elementarer Kohlenstoff (EC) im Vergleich zu allen anderen

bestimmten Parametern der beste Indikator fiir BaP ist.

In der zweiten Messserie wurden Emissionen aus realitdtsnahem Betrieb von 13 modernen
Kleinfeuerungen, namlich vier Pelletofen, sechs Scheitholzéfen und drei Scheitholzherden,
untersucht. Neben BaP wurden Kohlenmonoxid (CO), organische Kohlenwasserstoffe (OGC),
Stickstoffoxide (NO,) und, gemessen aus heiRem (TSP) oder verdiinntem Abgas (TSPg;), Gesamtstaub,
Gesamtkohlenstoff (TC), EC und organischer Kohlenstoff (OC) bestimmt. Die Gerate wurden
entsprechend zweier Messzyklen, die einen realitdtsnahen Betrieb abbilden und erst vor Kurzem in
einem europdischen Projekt entwickelt wurden, betrieben. Die BaP Emissionswerte lagen zwischen
0.5 und 130 pg MJ™. Obwohl die niedrigsten Emissionswerte generell bei Pelletéfen gemessen
wurden, wies einer der vier Pelletofen den hochsten gemessen BaP Wert auf, was zeigt, dass auch
automatische Feuerungen zu erhdhten BaP Emissionen fiihren kénnen. Im Zuge der Messungen
konnte die Wiederholbarkeit der Messzyklen untersucht und bestatigt werden. Fir die meisten
Emissionsparameter zeigte der Vergleich mit Emissionsfaktoren der europdischen und
osterreichischen Emissionsinventur, dass der vermehrte Einsatz moderner Technologien, wie sie in
dieser Arbeit untersucht wurden, zu verringerten Emissionen fiihren wirde. Fiir BaP konnte gezeigt
werden, dass es besonders schwierig ist charakteristische Emissionsfaktoren festzulegen, da die
Werte wesentlich weiter streuen als jene anderer gemessener Parameter. Der Bedarf einer weiteren

Datensammlung fiir die Charakterisierung von BaP Emissionen ist daher gegeben.

In der dritten Messserie wurde der Einfluss oxidativer Katalysatoren auf PAK-Emissionen im Abgas
hauslicher Kleinfeuerungen untersucht. Hierfir wurden zwei Pt/Pd-Katalysatoren mit jeweils gleicher
katalytischer Beschichtung aber unterschiedlichen Tragermaterialien eingesetzt. Ein spezieller
Teststand, der synchrone Messungen von katalytisch behandeltem und unbehandeltem Abgas der
gleichen Flamme ermoglicht, wurde dabei verwendet. Neben BaP wurden weitere 18 PAKs, CO, OGC,
TSP4i, TC, EC und OC bestimmt. Generell konnte ein deutlicherer Effekt des Katalysators mit dem
metallischen Trager, der eine 3.5-fach gréRere Reaktionsflache aufweist als jener mit keramischen
Trager, beobachtet werden. Mit den getesteten Katalysatoren konnte das hohe Reduktionspotential
auf die gasformigen Abgasbestandteile CO (-88% und -69%) und OGC (-39% und -27%) gemal}
friherer Studien bestéatigt werden. Allerdings wurden die Emissionen von TSPy, bei der Behandlung
mit dem metallischen Katalysator um 17% erhoht, was den Bedarf weiterer Untersuchungen zeigt.
Die Summe der gemessenen PAKs konnten im Versuch mit dem metallischen Katalysator um 63%
und BaP im Speziellen um 84% vermindert werden, was das hohe Potenzial zur Reduktion von PAK-

Emissionen aus Biomassekleinfeuerungsanlagen aufzeigt.
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Absiract

Because of climate warming solutions against emissions of greenhouse gases are required. Biomass is
widely recognized as a CO, neutral fuel and counts as climate friendly alternative to fossil fuels.
However, biomass combustion is an important emissions source of numerous pollutants due to
incomplete oxidation in the combustion process. Especially small scale combustion processes,
occurring during residential wood combustion, have an increased risk for higher emissions. The
group of polycyclic aromatic hydrocarbons (PAHs) causes special concern as they are particularly
toxic. Hence the objective of this work is to contribute to the knowledge about PAH emissions from
residential biomass combustion as it occurs at the end user. Beside the introduction of innovative
methodical approaches, real-life BaP emissions of small scale wood combustion furnaces were

determined and the impacts of two oxidizing catalysts were investigated.

The guiding role of the representative PAH compound benzo(a)pyrene (BaP) was confirmed by a
literature study. Thus it was possible to focus the measurements on a single compound. This was the
basis to investigate whether BaP can be measured with a more compact and flexible method than
necessary for the determination of a larger number of different PAHs. Tests revealed that after ten-
fold dilution of the flue gas BaP can be determined in particulate matter samples and the sampling of
gaseous PAHs can be omitted. Clearly more than 90% of BaP could be determined by analyzing TSPg;
samples only, independently from the respective combustion conditions and flue gas composition.
Moreover it could be shown that evaporation of BaP already sampled on the filter is negligible, also
during fluctuating flue gas quality. The new measurement method was then applied to measure BaP

emissions in three different test series.

In the first measurement series BaP emissions of six automatic boilers were determined during
different operation conditions. The operation modes “start, stop, part load and nominal load”, all
relevant at end-user operation, had been explicitly defined in advance. Thus specific emission values
could be determined for the respective operation modes. Because BaP values from start and stop
operation were one to two orders of magnitude higher than those from steady-state operation, it
could be concluded that the operation sequence decisively impacts the total BaP emissions.
Moreover, a higher risk for increased emissions from underfed systems compared to top-fed and
horizontally fed systems was indicated. A correlation analysis exhibited that elemental carbon (EC) is

the best indicator for BaP among all determined parameters.

In the second measurement series real-life oriented emissions of 13 state of the art small scale
residential wood combustion furnaces, including four pellets stoves, six log wood stoves and three

log wood cookers were investigated. BaP, carbon monoxide (CO), organic gaseous compounds (OGC),
-1l-
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Abstract

nitrogen oxides (NO,), as well as, sampled either from hot flue gas (TSP) or from diluted and cooled
flue gas (TSPg), total suspended particles, total carbon (TC), elemental carbon (EC) and organic
carbon (OC) were measured. The furnaces were operated according to real-life oriented testing
methods which had been recently developed in a European project. BaP emission values were
between 0.5 and 130 pg MJ™. Although lowest emission values were generally determined from
pellet stoves, one of four pellet stoves exhibited also the highest measured BaP value, indicating that
even at automatic furnaces increased BaP emissions may occur. In course of the measurements the
repeatability of he real-life test methods was analyzed and could be confirmed. For most emission
parameters the comparison with emission factors used in the European and Austrian emission
inventory indicates that the increased use of state of the art residential wood combustion furnaces,
as those analyzed in this work, would lead to reduced emissions. For BaP it was shown that it is
especially difficult to suggest characteristic emission factors, as they are more variable than other
determined emissions. This indicates the need of a wider data collection for the characterization of

BaP emissions.

In the third measurement series the effect of oxidative catalysts on PAH emissions from residential
wood combustion furnaces was investigated. Therefore two Pt/Pd honeycomb catalysts, having the
same coating but different carrier materials, were used. A special test stand which allows parallel
measurements of catalytically treated and untreated flue gas from the same combustion flame was
used. Beside BaP also 18 further PAH compounds, CO, OGC, TSPg;, TC, EC and OC were determined.
Generally, a more pronounced effect was observed for the measurements with the catalyst with the
metallic carrier, having a 3.5 times bigger reaction surface than the catalyst with a ceramic carrier. By
these catalysts a substantial reduction of the gaseous flue gas compounds CO (-88% and -69%) and
OGC (-39% and -27%) could be shown, which is in line with the outcomes of previous studies.
Unexpectedly TSPy emissions clearly increased by 17% due to the treatment with the metallic
catalyst, which indicates the need of further investigations. Nevertheless in the test with the metallic
catalyst PAHs were substantially reduced by 63% and in particular BaP by 84%. The high potential of

PAH reduction thanks to catalytic treatment was clearly demonstrated.

-1V-
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1 Introduction

1.1 The role of biomass combustion

The combustion of biomass is the most traditional way for supplying heat. Before the 19" century
firewood was the dominant fuel for energetic use worldwide [1,2]. Today biomass accounts for 10%
of worlds energy supply [3]. But still almost 40% of the world population relies on firewood for
cooking or heating [2]. In 2017 75% of actually used biofuels (solid, liquid and gaseous) are used for
residential purposes, 21% for industry, followed by transport accounting for 10% [4]. Biomass fuels
are regionally available, support regional added value, do not require far transports and are
independent from volatile prices of fossil fuels. From the environmental point of view the most
substantial benefit is that biomass is an almost carbon neutral energy source because carbon dioxide
emissions that are released during combustion had been previously adsorbed during the growth of
the plant [5]. Except of the CO, which is emitted in the supply chain or for the processing, biomass
combustion is CO, neutral and therefore it counts as climate friendly alternative to fossil fuels [6].
Especially in Austria, where 47.6% of the landscape is covered with forests [7], biomass combustion is

the dominant renewable source for heating covering almost 30% of the Austrian heat supply [8].

1.2 Global warming and air quality

Global warming has been identified as the most serious environmental issue since time immemorial
[9]. The increasing concentrations of greenhouse gases like CO,, CH4;, N,O or various fluorinated
gases are reported to be responsible for climate change [10,11]. While CO, makes the major share of
greenhouse gas emissions (e.g. 85% in Austria [11]) also the other pollutants are highly relevant as
they have a much higher greenhouse effect than CO,. In 2016 CO, concentration in air has exceeded
the historical 400 ppm mark. Just recently in May 2019 it already reached 415 ppm indicating the
rapid rise [12]. It is calculated that so far human activities have caused 1°C of global warming
compared to pre-industrial levels which is ascribed to increasing concentration of greenhouse gases
in the atmosphere. Global warming is likely to reach 1.5°C between 2030 and 2052 if it continues
with the current rate. It is expected that a increase of 2°C will lead to severe effects like substantial
rise in the sea level, more frequent hot extremes, heavy precipitation, probability of drought or
climate related risks like food security or sufficient water supply [13]. According to the Paris
Agreement of the United Nations framework Convention on Climate Change (UNFCC) 184 member
countries have committed to take steps to limit temperature increase to 1.5°C above pre-industrial

levels [14]. Policies are under enormous pressure to introduce measures in order to substantially

-1-
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Introduction

reduce greenhouse gas emissions. The European goal is to become the first climate neutral continent
by 2050 [15]. According to the latest government plans Austria should become climate neutral even
by 2040 [16]. As calculated in an Austrian energy scenario renewable electricity and heat supply are
fundamental factors for energy transition beside the environmental friendly traffic, thermal
restoration, a change to long-lasting and recyclable products and a change in eating habits [17].
Already so far especially in Austria heat supply from biomass combustion constitutes a substantial
share of renewable and climate friendly energy supply and is therefore a fundamental basis which

contributes to reach climate goals [8].

Beside the increased emissions of greenhouse gases also other pollutants from anthropogenic
activities lead to problems for environment and human health [18]. Important pollutants are
particulate matter (PM), ammonia (NH;), nitrogen oxides (NO,), volatile organic compounds (VOC),
carbon monoxide (CO) and various heavy metals [19,20]. Effects are for example acid rain,
eutrophication, impacts on cloud formation and on radiation and various health impacts due to poor
air quality like irritation of the airways, change in lung function, cardiovascular diseases or allergies.
PM and VOC are bulk parameters which summarize a variety of different substances with various
effects. PM comprises solid particles and liquid droplets [21] which provide surfaces for potential
adsorption of compounds from the gas phase. It is commonly characterized by the aerodynamic
diameters of the particles [22]. The smaller the particles are the deeper they can penetrate into the
lung and the higher is the potential risk for the human health. PM is typically classified as PM10,
PM2.5 and PM1. These abbreviations stand for Particulate Matter and the respective number gives
the upper cut-off diameter. Thus PM10 samples contain particles up to an aerodynamic diameter of
10 um, while PM2.5 and PM1 are subsets of particles smaller than 2.5 um and 1 um respectively. All
of these cut-off diameters are defined for a collection efficiency of 50%. While rather coarse particles
are retained predominantly in upper areas of the respiratory system fine particles are breathed more
deeply into the lung to bronchis or even to the alveolis. VOC comprises the volatile share of organic
substances. Both groups PM and VOC include huge varieties of different compounds with very
diverse properties. Some of the compounds are distinctly harmful and they are particularly analyzed
and reported as for example CH, which is a strong greenhouse gas [20,23]. Also the group of
polycyclic aromatic hydrocarbons (PAHs) which is well known for its toxic effects is often separately
investigated [20,23]. PAHs itself comprise several hundreds of different chemical species which occur
either in the gas phase as VOC or in the particle phase as PM. They are described more in detail in

chapter 1.5.

Only recently, it has been shown that the fate of air pollution had been underestimated so far. Due

to new models it was calculated that 8.8 million premature deaths worldwide, of which 800000 in

-2-
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Introduction

Europe, are caused by PM2.5 in the ambient air. It is stated that the health impact of air pollution is
even bigger than that of tobacco smoking which is estimated to cause 7.2 million premature deaths
per year [24]. As reported by the World Health Organization PM2.5 cause oxidative stress, direct
cellular toxicity, impaired renewal of damaged cells, lung damage with secondary inflammation and
genotoxicity. It is suggested that PAHs inherent in particulate emissions are closely linked with these

effects [25].

1.3 Biomass fuels and combustion devices

The term biomass includes a big variety of organic materials which base on photosynthetic fixation of
carbon. These are dead or alive plant and animal residues, excrements and organic materials from
technological transformation processes [26,27]. Biomass fuels vary widely as for example in chemical
composition, in physical state or in energy content. Firewood as one type of biomass fuels has itself
highly variable properties because it is produced from different tree species which were grown in
different places at different growth conditions. Moreover processing and storage significantly
influences quality and properties of wood fuels [27]. Wood is commonly used as log wood, chipped
wood and compressed wood like pellets and briquettes for combustion purposes. Due to
transformation to pourable wood fuels like wood chips and pellets it can be used for automatic and

stationary combustion processes [26].

Biomass combustion systems can be divided into manually operated and automatically operated
furnaces. Operation of automatic furnaces is characterized by the possibility to operate in steady
state operation like continuous nominal load or part load operation. Thanks to automatic fuel and air
supply and the use of small fragmented fuels like pellets or wood chips, automatic furnaces can be
operated for hours at stationary combustion conditions without relevant changes in combustion
performance. However, for each steady state operation also a start and a stop phase are implied.
Both, steady state operation like nominal load and part load but also discontinuous operation phases
like start and stop operation occur during typical operation, though to different extent depending on
the operation behavior of the end-user. Automatically operated biomass combustion technologies
can be divided into fixed bed furnaces, fluidized bed burners and entrained flow gasifiers whereas
the latter two are only used for large scale purposes. Fixed bed furnaces are used for pellet stoves
and automatic central heating systems. They can be differentiated according the combustion method
which are top-fed, horizontally fed and underfed operation. Especially the top-fed and the
horizontally fed systems are combined with manifold grates and burner systems, like dumping

grates, moving grates, or tunnel burners. While automatic boilers which are used for central heating
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Introduction

systems can be operated either with pellets or with wood chips automatic roomheaters are normally

operated with pellets [26].

Operation of manually operated furnaces is characterized by batch wise combustion. Fuel like wood
logs is provided and positioned by hand before each batch and air supply is adjusted manually.
Combustion conditions during batches are not stationary but underlie variations in combustion rate,
temperature and flue gas composition as a consequence of the predominance of respective
combustion phases during the batch. Consequently a single batch represents already various
combustion phases as it contains an ignition phase, full flaming and a burnout phase. Especially
manually operated furnaces which are typically operated with wood logs or briquettes are manifold.
They can be differentiated by three basic combustion principles which are through burning, top
burning or under burning. Through burning and top burning are used predominantly for roomheaters
like open fireplaces, closed fireplaces, chimney type wood stoves, masonry heaters, cookers or sauna
stoves. They are usually operated with natural draught. Under-burning represents the latest
development as it allows a most likely continuous combustion process. It is commonly used for log

wood boilers and operated with fan assisted draught systems [26].

1.4 Emissions from biomass combustion

Basically the combustion process consists of four consecutive and to some extent parallel substeps of
physical and chemical processes. In the first step the fuel is dried due to heating up to 150 °C. In the
second step the pyrolysis takes place. Lignocellulose is decomposed at temperatures above 150 °C to
light combustible gases like carbon monoxide (CO), methane (CH,;) and hydrocarbons. During
gasification, which presents the third step, the solid fuel that remains after pyrolysis is gasified at
temperatures up to 500 °C. In the last step, the oxidation, the combustible gases which were formed
during pyrolysis and gasification are oxidized at temperatures between 700 and 1500 °C [26,27]. In
order to achieve an optimum combustion process with a potentially complete oxidation of
combustion gases, favorable conditions in the combustion chamber must be provided. These can be
summarized with the “3-T-rule” (“temperature — time — turbulence”). An appropriate combustion
temperature between 650 and 1300 °C, sufficient residence time of one to two seconds with the
combustion gases and adequate mixing with combustion air are the decisive factors for the
complete burn-out of the combustion gases [27]. In a complete combustion process mainly carbon
dioxide (CO,) and water vapour (H,0) and, depending on the fuel composition, also smaller amounts
of NO,, sulfur dioxide (SO,), hydrochloric acid (HCl) and ash particles are emitted [28,29]. In wood
combustion processes there is a high risk of partially incomplete oxidation because of locally poor

mixing of combustion air and fuel causing a lack of available oxygen, unfavorably low combustion
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temperatures or short residence times in the combustion chamber. Especially small combustion units
which are typically used for residential applications are generally less carefully monitored and
controlled than large combustion units. Therefore unfavorable combustion conditions may happen
more often resulting in a higher risk of increased emissions of unwanted pollutants formed during
poor oxidation [1]. Basically these are CO, organic compounds in the gas phase (volatile organic

compounds; VOC) or in the solid phase (particulate organic matter) or soot [28].

In the European emission inventory, the sector group “commercial, institutional and household” is
indicated as the primary sector group for the emissions of PM2.5, PAHs, CO and PM10. This sector
group represents predominantly combustion pollutants from households and commercial and
institutional buildings including also residential combustion sources. Emission sources are also
assessed for subgroups from the sector groups. Residential combustion sources (“Residential:
Stationary”) including residential wood combustion appliances account for 51% of PM2.5 and 42% of
PAHs [30] indicating the high relevance of residential combustion appliances for the whole sector
group. Similarly in Austria “commercial, institutional and households” is the primary sector group for

PM2.5, PAHs and CO as exemplarily presented for PM2.5 and PAHs in Figure 1 [31].

a b.
Energy Energy
production PM2.5 PAHs production
and and
distribution distribution

7% 0%
Other

0,
4% Traffic

Agriculture 5%

8%

Industrial

processes
6%

Figure 1: Share of emissions by sector groups in Austria in 2017 for PM2.5 (a.) and PAHs (b.). Data taken
from Anderl et al. (2019) [31]

While emission inventories provide a good overview for whole countries or unions the more specific
data on emissions sources can be obtained by source apportionment analysis of air quality
measurements. For example measurements in two Alpine valleys showed that 88% and 65%
respectively of the total carbonaceous matter originated from non fossil sources which are mainly
attributed to wood combustion appliances [32]. In another study it could be shown that in a

residential area in Germany 93% of PM10-bound PAHs originate mainly from combustion processes,
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whereas wood combustion makes clearly the largest share [33]. Studies like these indicate that wood

combustion for heating can lead to regionally significantly increased emissions.

There is an urgent need to tackle emissions of atmospheric pollutants from biomass combustion and
in particular from residential wood combustion. To drive the technical progress towards low emitting
combustion technologies governments have been introducing thresholds for emissions from biomass
combustion [34—-36]. For example in 2015 the European Ecodesign directive was implemented which
comes into force in 2022. There thresholds for CO, NO,, OGC and TSP for residential wood
combustion are defined for the whole European Union. The legislative pressure has already proven
to be partly successful. As for example shown by standard type testing results of biomass boilers in
Austria, emissions decreased drastically. While in the 1980s CO emission values of tested boilers
varied between 1000 and above 22000 mg m™> nowadays they are constantly below 100 mgm?

(Figure 2) [37].

= HBLFA Francisco Josephinum
Wieselburg

CO [mg/Nm?]

0
1980 1985 1990 1995 2000 2005 2010 2015 2020

Quelle; HELFA Francisco Josephinum [ BLT Wieselbuig - Prifungsergelnisse

Figure 2: CO emissions of small scale biomass boilers measured in certification tests since 1980. Data
presented by Sulzbacher (2020) [37].

These emission values were assessed by type test protocols which include favorable operation
conditions like stationary full load and part load operation [38]. However, as for example shown in
recent studies emission values reached in type tests can not be reached at real-life operation. PM
emissions from practice related tests were mostly twice as much than from type tests [39,40]. In
order to lower emissions from end-user operation, technological development has to be forced to
also reduce emissions from operation phases like start, stop or load change operation. The

introduction of real-life oriented test sequences and corresponding thresholds in the licensing
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process for combustion technologies would contribute to attain the whole potential towards low

emission combustion technology.

1.5 Polycyclic aromatic hydrocarbons

1.5.1 Properties, sources and effects of PAHs

PAHs are a complex group of several hundreds of chemicals. They are organic compounds which
contain only carbon and hydrogen and consist of two or more fused aromatic rings [41]. The
distribution between the gas and particle phase varies according to the temperature conditions and
the presence of particulate matter in the ambient air [42,43]. While some species with higher vapour
pressures (e.g. naphthalene) occur primarily in the gas phase species with lower vapour pressure
(e.g. dibenzo(a,h)anthracene) occur primarily sorbed on particles. Some species are semivolatile and
occur in both in the gas and in the particle phase. Due to their chemical structure PAHs are the most
stable form of hydrocarbons [44]. Therefore they tend to accumulate and are prone to long-range
transboundary atmospheric transport and deposition. Consequently PAHs are listed as persistent
organic pollutants (POPs) in the Aarhus protocol 1998 in order to contribute to a reduction of
formation [45]. As investigated in many studies which are summarized in some reviews [46—48] there
is no doubt about the toxic effects of PAHs. The main routes of exposure are inhalation, dermal
contact and ingestion [46]. Beside short term health effects like eye and skin irritation, nausea,
vomiting and inflammation, they cause a big variety of serious long term effects like skin, lung,
bladder and gastrointestinal cancers, DNA, cataracts, kidney and liver damage, gene mutation, cell
damaging and cardiopulmonary mortality [46]. They are formed from pyrogenic sources including all
kinds of combustion processes, petrogenic sources like petroleum product spills or biological sources
as products from plants and bacteria [47]. However, the single largest source is incomplete
combustion either from anthropogenic or from natural processes [49]. These can be forest fires,
vulcanoes, industrial processes, transportation, wood burning in stoves or cigarette smoking [44,47].
Thus they are present ubiquitously in the environment. Consequently methods were developed
which allow for tracing back pollutants to their origin. For this purpose PAH fingerprints of tracer
substances from the exhausts of major combustion sources like from coke ovens, from diesel and
gasoline engines or from wood combustion were evaluated [50]. By means of source apportionment
methods using diagnostic ratios of chemical tracers it was possible to show the impact of residential
combustion sources on regionally increased PAH concentrations [33,51,52]. For example it was
determined for two Italian regions, the Po plain and in the Valtelline valley, that more than 75% of
BaP emissions in the winter are caused by biomass burning [52]. But also emission inventories
indicate the substantial input of domestic heating to PAH pollution [30,53]. As presented in chapter

1.4 in the European Union in 2017 residential combustion sources accounted for 42% of PAH
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emissions. The importance of domestic heating and in particular of residential wood combustion

regarding increased PAH concentration is clear.

1.5.2 Regulation and violations

At present there are no emission thresholds defined for PAHs. Although, European air quality policies
set limit values for pollutants in the ambient air with harmful effects on human health. For
Benzo(a)pyrene (BaP), which is used as marker for the carcinogenic risk of PAHs, a limit value of
1 ng m? as average of one year was set [54]. The European Air Quality Report of 2015 presented
results of a measurement campaign which covered 22 countries all over Europe. 32% of the values
measured by 657 stations exceeded the limit value for BaP. Residential combustion of coal and
biofuels is stated as one of the main sources for BaP [18]. In Austria the number of exceedances
decreased in the last years. While in 2010 in five out of 26 measurement stations the limit value was
exceeded, in 2018 only one of 30 stations was above the limit value [55,56]. Although the situation in
Austria improved in the last years, the topic is still relevant. Monthly or quarterly BaP values of air
quality reports for Carinthia in Austria (Figure 3) and Switzerland illustrate that exceedances are
caused by strongly increased values during the winter [57,58]. This is ascribed on the one hand to
less atmospheric dispersion during the winter months and on the other hand to increased domestic
heating activity [57,58]. A measurements report of Switzerland illustrates that in rural regions higher
values were determined than in urban regions which are, however, more exposed to other emission
sources like traffic or industry [57]. This confirms the important role of residential combustion as BaP

emitter.
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Figure 3: Monthly average values of BaP measurements from nine places in Carinthia from October 2008
to December 2012. Data taken from Spangl et al. (2013) [58].
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1.5.3 BaP as guiding substance

A fundamental step towards PAH prevention is a thorough investigation of formation patterns. So
far, many studies about PAH emission measurements from residential wood combustion furnaces
were published. Different selections of PAH species were presented which hinders comparability of
the outcomes [59-72]. Though, for further evaluations it is useful to have one value representing the
relevance of the whole range of PAHs. As mentioned BaP counts as the guiding substance among
PAHs as it is one of the most toxic compounds in this group [73—75]. Moreover it is the by far most
studied PAH compound [76]. The role as guiding substance can be shown by measurements in
previous publications about different residential wood combustion furnaces as presented in the

following paragraph.

PAH species which contribute most to the total toxicity of PAHs were identified. Therefore randomly
selected measurements of publications with high numbers of determined PAH species were used
[59,63,67,68,77]. After multiplying the emission values with toxic equivalents (TEQ) published by
Larsen and Larsen (2007) [78] it turned out that BaP, fluoranthene, benzo(b)fluoranthene,
benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene and dibenzo(a,h)anthracen accounted for at least 80%
of the total toxicity. Four of them are the listed PAHs in the Aarhus protocol confirming the
importance of the selected representatives. Consecutively, a total of 45 measurements of four
publications [59,72,79,80] were used to examine the correlation of BaP with the toxicity of the six
selected PAH coumpounds. As shown in Figure 4 BaP values indicate a strong correlation with the
toxicity of the selected PAH group. According to a two-tailed t-test for paired samples this correlation
is highly significant (p<0.001). BaP dominates the overall toxicity of the selected PAH compounds.

This suggests that for investigations on PAH emissions the focus shall be set on BaP.
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Figure 4: Correlation of BaP with summarized TEQs of BaP, Fluoranthene, Benzo(b)fluoranthene,
Benzo(k)fluoranthene, Indeno(1,2,3-cd)pyrene and Dibenzo(a,h)anthracene. For references see the text
above.

1.5.4 Determination methods for PAHs

Several methods for the determination of PAHs from combustion processes were developed. Some
of them are shortly described in Table 1. Basically determination methods consist of two separate
steps which are sampling and analysis. As already mentioned some PAHs occur primarily in the gas
phase, some are primarily sorbed on particles and some are semivolatile meaning that according to
the flue gas conditions they are variably distributed between the gas and the particle phase. The
different thermodynamic properties of PAHs make sampling rather complex. In order to be capable
to retain a preferably high number of different PAHs various approaches are applied. For
measurements the flue gas is for example cooled by a dilution tunnel, by a water cooled probe or by
a condenser in order to increase the share of PAHs in the particle phase. Sampling is realized in at
least two steps by for example a filter and an adsorber. In addition condensates and rinsing solutions
have to be respected for the quantitative analysis. For analysis the samples are extracted and

analysed by high performance liquid chromatography or by gas chromatography-mass-spectrometry.

As shown in chapter 1.5.3 BaP can be considered as a suitable representative for the toxicity of PAHs.
Focussing in the measurements on a single substance like BaP which occurs primarily in the particle

phase could allow for simplifying the measurement process.
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Table 1: Overview of some methods for the determination of PAHs in the flue gas of stationary sources

Short name  Long name Short description
VDI 3874 VDI 3874 Stationary source emissions; Sampling of a partial stream by a cooled suction tube. Most
[81] Determination of polycyclic aromatic condensables are thereby removed. Other condensables are
hydrocarbons (PAH); GC/MS method precipitated in a condensation recipient at a temperature of
<30°C. Then the flue gas stream is passed through a solid
adsorbent. The condensate, the solutions from rinsing of the
suction tube and the extract of the solid adsorbent are combined
and transferred into a toluene phase. Separation and analysis is
carried out by gas chromatography-mass-spectrometry.
ISO 11338-1  1SO 11338-1 Stationary Source emissions — Isokinetic sampling by a heated probe and rapid cooling to <40 °C
Method A Determination of gas and particle-phase by a dilution tunnel. Then the flue gas stream is conveyed
[82] polycyclic aromatic hydrcarbons through a glass fiber filter and a solid adsorbent. The filter and
Part 1: Sampling the adsorber are extracted and analysed.
Method A — Dilution Method
ISO 11338-1  ISO 11338-1 Stationary Source emissions — Isokinetic sampling by a heated probe. Then the flue gas is
Method B Determination of gas and particle-phase conveyed through a heated particle filter and consecutively
[82] polycyclic aromatic hydrcarbons through a condenser which cools the sample gas below 20 °C.
Part 1: Sampling Gaseous PAHs are than retained by impingers or solid adsorbents.
Method B — (Heated)
filter/condenser/adsorber method
ISO 11338-1  1SO 11338-1 Stationary Source emissions — Isokinetic sampling into a water-cooled probe which is lined with
Method C Determination of gas and particle-phase a glass, quartz or titanium insert. Thereby the flue gas is cooled to
[82] polycyclic aromatic hydrcarbons below 40°C. The condensate is caught by a flask. Downstream a
Part 1: Sampling solid adsorber and a filter are installed.
Method C — Cooled probed/adsorber method
ISO 11338-2  Stationary source emissions — Determination The samples are combined and extracted with a suitable organic
[83] of gas and particle-phase polycyclic aromatic solvent and concentrated with an evaporator. Analysis is carried

hydrocarbons — Part 2: Sample preparation, out by high performance liquid chromatography or by gas

clean-up and determination chromatography mass spectrometry.

1.5.5 Literature overview about BaP emissions measurements

Different influences like fuel type, operating conditions or technology were investigated in various
studies. To enable a concise and comparable overview of published data only BaP values are
presented in Table 2. In the original publications they are calculated either on a volume-, mass- or
energetic basis and presented in mg m>g,, referred to 13% O, in the flue gas, in pg kg™ wet fuel, in
ug kg dry fuel or in ug MJ™. In order to allow a comparison of the values from different studies the
values are calculated all to ug MJ™. Because the required fuel data for the calculations were not
always sufficiently available, conversion factors were calculated for the fuels which were used in this
work. The harmonized values in ug MJ™ which are presented in Table 2 can be recalculated using the
conversion factors presented in the bottom of the table. The simplification leads to a deviation from
the original data, and thus is an approximation only, but allows comparability of previously published
data. In the following paragraphs outcomes of publications on BaP emissions from residential wood

combustion furnaces are summarized and needs for further research are elucidated.
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Most of the studies focus on the emission characterization of various furnaces used for
residential wood combustion either at different operation or operated with different wood
types.

Published values are assessed predominantly from manually operated systems, like log wood
stoves, fireplaces, log wood boilers, masonry heaters or sauna stoves
[59,61,63,66,67,72,77,84]. Measurements represent emissions that occur in whole batches,
including ignition at the beginning, full flaming in the intermediate phase and burnout at the
end of the batch.

In some works the influence of fuel type was investigated [59,66,67]. A significant impact on
BaP or PAH emissions due to the used type of logwood has not been reported. Though, it has
been shown that clearly lowest emissions can be achieved with briquettes. The work of
Kistler (2012) [67] indicates that garden wastes (pine needles and leaves) should be avoided
as BaP emissions were clearly highest compared to various wood fuels.

Orasche et al. (2012) [77] compared emissions from batches starting either with a cold
system with no preceding warming up batch (cold start) or with a preheated system. BaP
emissions were mostly significantly higher from the measurements with cold starts.

The preconditioning of the systems but also other aspects of the test design differs from
study to study. As shown by Orasche et al. (2012) [77] these aspects can have a significant
impact on BaP emissions. For example the definition of the end of a batch and the resulting
sampling period varies. Sampling is stopped either when the flame expires, when the wood
mass is reduced to a defined share or after a defined time span. These and other differences
in testing make it hard in order to draw conclusions by comparisons of the outcomes from
different studies.

Several studies present values from automatic systems like pellet stoves, pellet boilers and
wood chip boilers [61,63,65—67,77]. The emissions from wood chip boilers were rather
higher than those from pellet boilers [63,77].

Boman et al. (2011) [79] compared emissions from operation at high load (near nominal
load) and from low load of two small scale pellet furnaces. For both, BaP emissions were
lower at operation near nominal load.

In the work of Orasche et al. (2012) [77] the emissions of automatically operated furnaces
were investigated. PAH and BaP emissions were considerably higher when cold starts were
included than when only warm starts were investigated in the operation sequences. In this
work start operation phases were always combined with nominal load operation, but the
time span of nominal load after start differed which hinders to identify phase specific

emission pattern.

-12-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Introduction

Jalava et al. (2012) [63] presented values from a modern pellet boiler and a modern wood
chip boiler including various phases, imitating typical operation of automatic residential
wood combustion furnaces at the end-user. Therefore the results of this and also of the
previously mentioned work [63,77] represent rather values that may occur in rea-life.
However, combined values disable to identify emissions that occur in specific operation
phases and the real impact of specific operation as for example cold start operation on total
emissions.

Studies comparing manually operated furnaces like log wood stoves and automatic furnaces
like pellet stoves indicate that the latter exhibit lower BaP emissions [66,67,85]. However,
measured operation sequences especially of automatic furnaces do not or poorly represent
realistic operation.

The combination of all values in Table 2 are presented in boxplots in Figure 5a and b.
Considering the different y-axis of the boxplots it is clearly indicated that BaP emissions from
automatically operated furnaces are clearly lower than from manually operated furnaces.
BaP emissions from sauna stoves were by far the highest. However, these comparisons must
be considered with caution because test sequences, sampling periods, fuel type and
sampling design differ. Moreover many values from automatic furnaces are conducted
during steady-state operation excluding start and stop operation phases. Consequently, BaP
emissions from pellet stoves, pellet boilers and wood chip boilers might be underestimated.
But also the values of manually operated furnaces do not necessarily represent emissions
that are relevant in real-life.

Further data analysis is impeded due to differences in the test design, measurement

practices and poor descriptions of test conditions.
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Figure 5: Comparison of BaP values presented in Table 2 from automatic (a.) and manually operated
(b.) residential wood combustion furnaces. PB=pellet boiler, WCB=wood chip boiler, PS=pellet stove,
LWB=log wood boiler, LWS=log wood stove, MH=masonry heater, FP=fireplace, SS=sauna stove. Used
values were harmonized to the same unit (ug MJ-') using conversion factors presented in Table 2.
Conversion presents approximation of emission values allowing for harmonization to the same unit.; The
bold lines indicate the medians, the boxes comprise values from the 25%- to the 75%-quantiles, the
whiskers comprise values from the minimum value to the maximum value, excluding outliers. Values
which exceed 1.5 times the span of the 25%- or rather 75%-quantile from the outer barrier of the box are
defined as outliers, indicated with small circles.
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Table 2: BaP emission data from published literature possibly recalculated for the harmonization of
values to ug MJ-' (conversion factors listed at the end of the table); (LWB=log wood boiler, PS=pellet
stove, FP=fireplace, LWS=log wood stove, PB=pellet boiler, WCB=wood chip boiler, MH=masonry heater,
S$S=sauna stove)

A BaP,
Ref. type of furnace fuel operation ug M I
Barietal. LWB (30 kW) "complete combustion conditions" 0.569"
Eég]ll) LWB (30 kW) "incomplete combustion conditions" 4.79"
PS (7.6 kW) "complete combustion conditions" 4.89"
PS (7.6 kW) "incomplete combustion conditions" 15.7
Bomanet PS(5.5kW) pellets continuous operation at high load (no start included) 0.04
F7/'9(]2011) PS (5.5 kW) pellets continuous operation at low load (no start included) 0.75
PS (5 kW) pellets continuous operation at high load (no start included) 0.31
PS (5 kW) pellets continuous operation at low load (no start included) 6.70
Gongalves FP Briquettes/ whole batch 1.33?
etal. Pellets
(2012) FP Eucalyptus whole batch 3.47
(59 FP Maritime Pine  whole batch 12.0°
FP cork oak whole batch 13.9°
FP Golden wattle  whole batch 16.1°
FP Olive whole batch 27.1°
FP Portugues oak whole batch 35.57
FP holm oak whole batch 43.2°
LWS Briquettes/ whole batch 3.83%
Pellets
LWS Portugues oak  whole batch 4.29°
LWS cork oak whole batch 4.35°
LWS Maritime pine  whole batch 5.28°
LWS Golden wattle  whole batch 9.31°
LWS Eucalyptus whole batch 20.6°
LWS Olive whole batch 23.5°
LWS holm oak whole batch 24.2°
Hedberg  commercial LWS birch logs 24434
etal.
(2002)
[84]
Jalavaet  modern PB (21 kW) soft wood ten hours operation including full load, part load, load 0.321°
al. (2012) pellets change, start-up, shut down procedures
[63] modern WCB (30 kW)  wood chips ten hours operation including full load, part load, load 0.069°
change, start-up, shut down procedures
modern LWB (30 kW) beech logs two full load batches 3.07°
old LWB (12 kW) beech logs three full load batches 113°
modern LWS (6 kW) beech logs six full load batches 7.84°
old LWS (6.5 kW) beech logs six full load batches 272°
modern MH (4.2 kW) beech logs one full load batch 1.83°
Kaivosoja  SS (18 kW) birch logs average value of full load batches without catalytic 936
etal. treatment
(2012) SS (18 kw) birch logs average value of full load batches with catalytic 495
[72] treatment
Kistler PS (9 kW) soft wood full and part load operation (no start included) 1.6
(2012) pellets
[67] LWS (8 kw) hardwood two full load batches including cold start 3.0
briquettes
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. BaP,
Ref. type of furnace fuel operation ug M
LWS (8 kW) European two full load batches including cold start 6.3
larch
LWS (8 kW) Norway spruce two full load batches including cold start 6.3
LWS (8 kW) Black poplar two full load batches including cold start 11
LWS (8 kw) pendunculate  two full load batches including cold start 12
oak
LWS (8 kW) Black locust two full load batches including cold start 16
LWS (8 kW) European two full load batches including cold start 17
hornbeam
LWS (8 kw) Sessile oak two full load batches including cold start 22
LWS (8 kW) Silverfir two full load batches including cold start 22
LWS (8 kW) Black pine two full load batches including cold start 29
LWS (8 kW) European two full load batches including cold start 36
beech
LWS (8 kw) Turkey oak two full load batches including cold start 37
LWS (8 kW) pine needles two full load batches including cold start 77
LWS (8 kW) dry leaves two full load batches including cold start 199
Orasche PB (25 kw) spruce pellets  cold start and nominal load operation, 20 min 0.43
fzt(fll.z) PB (25 kw) spruce pellets  warm start and nominal load operation, 120 min 0.030
[77] PS (13 kw) spruce pellets  cold start and nominal load operation, 20 min 1.3
PS (13 kw) spruce pellets  warm start and nominal load operation, 120 min 0.077
LWB (30 kW) spruce logs cold start and nominal load operation, 20 min 10
LWB (30 kW) spruce logs warm start and nominal load operation, 60 min 0.12
LWB (30 kW) beech logs cold start and nominal load operation, 20 min 25
LWB (30 kW) beech logs warm start and nominal load operation, 60 min 0.12
WCB (30 kW) spruce chips cold start and nominal load operation, 20 min 19
WCB (30 kW)) spruce chips warm start and nominal load, 120 min 0.15
LWS (8 kW) beech logs full load batch inclusive cold start 9
LWS (8 kW) beech logs full load batch inclusive warm start 11
LWS (8 kW) spruce logs full load batch inclusive cold start 17
LWS (8 kw) spruce logs full load batch inclusive warm start 12
Ozgenet advanced LWS (8 kW)  spruce ignition (20 min), full load batch (1h), overloaded batch 36
al. (2014) with closed air valve (1h)
[66] advanced LWS (8 kW)  oak ignition (20 min), full load batch (1h), full load batch 48
(1h)
advanced LWS (8 kW)  false acacia ignition (20 min), full load batch (1h), full load batch 76
(1h)
advanced LWS (8 kW)  beech ignition (20 min), full load batch (1h), overloaded batch 94
with closed air valve (1h)
advanced LWS (8 kW)  hornbeam ignition (20 min), full load batch (1h), full load batch 153
(1h)
advanced LWS (8 kW)  beech ignition (20 min), full load batch (1h), full load batch 204
(1h)
advanced LWS (8 kW)  spruce ignition (20 min), full load batch (1h), full load batch 456
(1h)
closed FP (11 kW) hornbeam ignition (20 min), full load batch (1h), full load batch 4.7
(1h)
closed FP (11 kW) beech ignition (20 min), full load batch (1h), overloaded batch 8.3
with closed air valve (1h)
closed FP (11 kW) hornbeam ignition (20 min), full load batch (1h), overloaded batch 8.5
with closed air valve (1h)
closed FP (11 kW) beech ignition (20 min), full load batch (1h), full load batch 9.5
(1h)
closed FP (11 kW) spruce ignition (20 min), full load batch (1h), full load batch 12.0
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Introduction

. BaP,
Ref. type of furnace fuel operation ug M
(1h)
closed FP (11 kW) oak ignition (20 min), full load batch (1h), overloaded batch 12.2
with closed air valve (1h)
closed FP (11 kW) spruce ignition (20 min), full load batch (1h), overloaded batch 15.0
with closed air valve (1h)
closed FP (11 kW) false acacia ignition (20 min), full load batch (1h), overloaded batch 18.0
with closed air valve (1h)
closed FP (11 kW) false acacia ignition (20 min), full load batch (1h), full load batch 25.0
(1h)
closed FP (11 kW) oak ignition (20 min), full load batch (1h), full load batch 25.8
(1h)
open FP (8 kW) hornbeam ignition and further 8 refuellings (lower mass than 10.0
defined by the manufacturer)
open FP (8 kW) oak ignition and further 8 refuellings (lower mass than 17.0
defined by the manufacturer)
open FP (8 kW) false acacia ignition and further 8 refuellings (lower mass than 18.0
defined by the manufacturer)
open FP (8 kW) beech ignition and further 8 refuellings (lower mass than 22.0
defined by the manufacturer)
open FP (8 kW) spruce ignition and further 8 refuellings (lower mass than 32.0
defined by the manufacturer)
PB (25 kW) low quality one hour full load operation (no start included) 0.04
pellets
PB (25 kW) high quality one hour full load operation (no start included) 0.08
pellets
PS (8 kW) low quality one hour full load operation (no start included) 1.10
pellets
PS (8 kW) high quality one hour full load operation (no start included) 1.90
pellets
traditional LWS (6 kW) false acacia ignition (20 min), full load batch (1h), full load batch 25
(1h)
traditional LWS (6 kW) hornbeam ignition (20 min), full load batch (1h), overloaded batch 44
with closed air valve (1h)
traditional LWS (6 kW) beech ignition (20 min), full load batch (1h), overloaded batch 52
with closed air valve (1h)
traditional LWS (6 kW) beech ignition (20 min), full load batch (1h), full load batch 56
(1h)
traditional LWS (6 kW) oak ignition (20 min), full load batch (1h), full load batch 66
(1h)
traditional LWS (6 kW)  Spruce ignition (20 min), full load batch (1h), full load batch 67
(1h)
traditional LWS (6 kW) Oak ignition (20 min), full load batch (1h), overloaded batch 100
with closed air valve (1h)
traditional LWS (6 kW) hornbeam ignition (20 min), full load batch (1h), full load batch 566
(1h)
Pettersso  LWS (9 kW) birch full load batch inclusive warm start 30
Fzgtll;;. LWS (9 kW) pine full load batch inclusive warm start 38
[61] LWS (9 kW) birch full load batch inclusive warm start 100
LWS (9 kW) Spruce full load batch inclusive warm start 300
Tissariet  conventional MH spruce end-user operation 10.2°
FGI'O](ZOW) conventional MH birch end-user operation 26.4°
SS alder and end-user operation 1009°
aspen
Lamberg  modern PB efficient combustion, continuous combustion , 2-3 h 0.002°
etal. modern MH birch logs improved batch combustion, 50 min collection in the 1.65°
(2011)
(68] : : 3rd and .4th batch . _ : _
conventional MH birch logs conventional batch combustion, 55 min inclusive 93.5
ignition (CBC1)
conventional MH birch logs conventiona lbatch combustion, 15 min from the 134°

beginning of the second batch (CBC2/F)
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Introduction

. BaP,
Ref. type of furnace fuel operation ug M
modern MH birch logs conventional batch combustion, 40 min during second 84.0°
and thrid batch (CBC3/23)
SS birch logs inefficient batch combustion, ignition and second batch 834°

! . values presented in mg m=gpat 13% O, and converted to pg MJ ™ with the factors 0.91 for pellet fuels and 0.81 for log
wood fuels

2... values presented in ug kg™ 4. and converted to ug MJ™ with the factor 0.055 for briquettes and 0.053 for log wood
fuels.

3... values presented in pg kg™w.. and converted to pg MJ™ with the factor 0.068 for all log wood fuels.

123 . conversion factors were calculated using fuel compositions presented in Publication II

(see chapter 7.2 [86]). For all log wood fuels the composition of beech logs was used, for compressed fuels the
composition of pellets was used. Conversion presents approximation of emission values allowing for harmonization to
the same unit.

%... PAHs determined from PM2.5 samples

®... PAHs determined from PM1 samples

The summary of literature data of PAH emissions values illustrates that even though many PAH
emission values of biomass combustion have been published there is a lack of systematic emission
characterization of residential wood combustion furnaces. Only measurement values from operation
sequences which occur at the end-users are informative about the real impact on ambient air.
Otherwise, technology specific measurement data may lead to over- or rather underestimations of
characteristic PAH emissions. The knowledge of typical emission levels for residential wood
combustion furnaces is important in order to find technology specific reduction strategies. Moreover

the quality of emission inventories relies on the availability of real-life oriented emission values.

Furthermore the published emission data do only scarcely allow for discovering phase specific
emission patterns within combustion processes of residential wood combustion furnaces due to little
measurement data or diffuse differentiation of operation phases. Especially for boilers which are
automatically regulated according to the actual heat demand, the operation is highly variable. Phase
specific values would allow for identifying the influence of the operation program and contribute to

an adequate development of emission mitigation strategies.
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Introduction

1.5.6 Control mechanisms for PAH emissions

Studies about techniques for the removal of PAH emissions are rather limited so far [87]. For
stationary combustion sources investigations were carried out primarily for large scale units like
municipal or industrial waste incinerators or coal fired power plants. The use of activated carbon was
shown as interesting option for PAH removal [88,89]. Higher removal efficiencies can be achieved
when metal catalysts are supported on activated carbon filters. In a laboratory test it could be shown
that from catalytic elements copper, palladium (Pd) and platinum (Pt) the most efficient removal of
PAHs by more than 95% was achieved with the Pt-catalyst [90]. Hsu et al. (2016) [91] tested different
arrangements for PAH emission reduction in large scale combustion units and came to the result that
adsorption on activated carbon, indeed, effectively impacts emissions of PAHs but only by
transferring gas-phase PAHs to solid phase. Consequently the PAH concentration in the dust is
increased which causes secondary pollution. In comparison the integration of a catalytic filter is more
effective because PAH concentration in the retained dust is significantly lower. In other studies it
could be shown that the wet flue gas desulfurization has the co-benefit of effective PAH removal [92]
and wet electrostatic precipitation represents a very efficient option for PAH removal [93]. All in all
there are various options for the reduction of PAHs. However, they are rather complex which is

reasonable for large scale combustion units but not applicable for small scale applications.

Also for vehicles, representing a type of smaller scale combustion units, PAH reduction from
emissions was investigated in some studies. It could be shown that catalytic converters are effective
for the reduction of PAH emissions. For both, gasoline and diesel engines, PAH emissions from the
flue gas can be substantially reduced [94,95]. For gasoline engines a reduction of 94% was revealed

[95].

In the work of Ravindra et al. (2008) it is stated that so far PAH emissions from domestic sources like
residential wood combustion are largely unregulated, but the adoption of catalytic devices could
offer an effective reduction measure [44]. However, for PAH removal from domestic combustion so
far only little information is available. Kaivosoja et al. (2012) [72] presented values of a sauna stove
from combustion tests either with or without the integration of a catalyst for flue gas treatment. PAH
emissions (15 different PAHs) were reduced by a Pt/Pd catalyst by almost a third and in particular
BaP emissions by a half indicating the high reduction potential. Similar tests were conducted by Fine
et al. (2004) [71] who also used a Pt/Pd catalyst in a log wood stove. In tests with an integrated
catalyst PAH emissions (12 different PAHs) were, however, higher than when omitting the catalyst. In
both studies comparisons were drawn by outcomes of consecutive combustion tests. Because
combustion performance of manually operated furnaces as tested in the two works often vary from

batch to batch this could also influence the results of comparative tests from consecutive test runs.
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Introduction

Therefore differences which are ascribed to the impact of the catalysts could be a result of variable

combustion conditions.

The effect of oxidative catalysts on PAH emissions was only scarcely investigated and the effect could
not be clarified so far. However, it was already shown that it could provide an interesting option for
PAH emission reduction. Further investigations would provide a valuable input to the clarification of

the effect of catalytic treatment on the flue gas of biomass combustion
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2 Objectives

The overall objective of the thesis is the investigation of BaP emissions from residential wood
combustion furnaces by standardized real-life operation procedures in order to contribute to the
development of effective mitigation strategies for PAH emissions from end-user operation. The
results should provide comparable emission values representing end-user operation and
demonstrate critical combustion phases for BaP emissions. Beside the generation of real-life
emission data, also the development of a compact measurement set up for BaP, and the introduction
of standardized real-life measurement procedures should provide valuable inputs for the

development of PAH reduction measures.

The following research questions were formulated:

e |s it possible to obtain a simplified and more compact measurement set up, when only the
guiding substance BaP is measured?

e In which range are real-life BaP emissions of automatic small scale biomass boilers and what
are the most critical operation phases?

e In which range are real-life BaP emissions of different types of modern wood stoves?

o  Which effect has the integration of commercially available catalysts on PAH emissions from

residential wood combustion furnaces at real-life operation?

-21-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3 Methodology

3.1 Investigated combustion furnaces

In this work 20 state of the art furnaces are investigated. The majority are small scale furnaces with
nominal heat capacities below 50 kW which are typically used for residential wood combustion
(Table 3). Different types are chosen comprising nine automatic furnaces with automatic fuel and air
supply including six boilers and three stoves, and nine manually operated furnaces including six log
wood stoves and three cookers. The nominal capacities of the stoves and cookers are between 6 and
10 kW. The nominal capacities of the boilers range between 12 and 500 kW whereas four of them
are between 12 and 15 kW, one has 70 kW and one has 500 kW. For investigations of the impact of

catalysts on the flue gas another log wood stove with a nominal capacity of 10 kW is used.

Table 3: Investigated heating furnaces

type of furnace Nominal capacity, kW Combustion method

pellet boiler 12 underfed combustion

pellet boiler 15 underfed combustion

pellet boiler 15 top-fed combustion

pellet boiler 15 horizontally fed combustion
pellet boiler 70 horizontally fed combustion
multifuel boiler operated with pellets 500 horizontally fed combustion
and wood chips

pellet stove 8 top-fed combustion

pellet stove 8 top-fed combustion

pellet stove 10 top-fed combustion

pellet stove 10 top-fed combustion

log wood stove 6 top burning

log wood stove 6 top burning

log wood stove 6 top burning

log wood stove 6 top burning

log wood stove 7 top burning

log wood stove 8 top burning

log wood stove 10 top burning

logwood cooker 7.5 top burining/through burning
logwood cooker 7.5 top burining/through burning
logwood cooker 8 top burining/through burning
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Methodology

3.2 Test operation

For the characterization of emissions of automatically operated furnaces stationary operation phases
like nominal load operation or part load operation and also unsteady operation phases like start and

stop operation have to be evaluated in order to represent typical emission behavior.

Measurements for automatic boilers are carried out for start, stop, full load and part load operation
respectively. While for steady state operation the measurement period was defined only by a
minimum time span of one hour at steady combustion conditions, the measurement periods for start
and stop operation were defined more in detail. The start phase was defined to begin when the
ignition system is started. It ends when both, the CO concentration and the flue gas temperature
move towards conditions typical for steady state operation which has to be identified by pretests in
advance. The start phase and consequently also the sampling period stops when both, a
temperature- and a CO-criterion are fulfilled. This is accomplished when the flue gas temperature
reaches 90% of the flue gas temperature during full load operation and when CO concentration falls
below a CO concentration of 100 ppm above CO concentration at full load operation (Figure 6a). The
stop phase was defined to begin when the fuel supply rate decreases, which is indicated by
increasing CO concentration and stops when air supply stops (Figure 6b). The clear definitions of
beginning and end of start and stop operation allows to distinguish sharply between emissions from
different phases. Examples for start, stop and full load sampling phases are presented in Figure 6 by

some combustion parameters.

a b.
sampling
period for stop
operation
igg E——— 120
temperature = - . B
T 9 — L - T 105 flue gas temperature i
£ 59 I = 20 = 7
e fin I s .
- [ ] 0
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Figure é: Examples of emissions measurement periods for start and full load operation phases (a.) and
stop operation phase (b.) at automatic boilers presented by some combustion parameters.
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Methodology

For pellet stoves and also for log wood stoves, test protocols were recently defined in a European

project called “beReal” (www.bereal-project.eu). Because these protocols aim to represent typical

operation behavior of the end-user they are chosen for the characterizations in this work.

The protocol for pellet stoves includes more than the four typical operation phases, which are
measured at the boilers. It includes for example beside a start from cold conditions also two restarts
starting from preheated conditions, part load phases at two different load levels, a load change and
two operation breaks and lasts almost eight hours (Figure 7a). Instead of having specific values for
each operation phase, the test protocol enables to evaluate one combined value representing
emissions at typical end-user operation. While gaseous flue gas compounds are measured
continuously as highlighted by the blue indication in Figure 7a sampling of particulate emissions are
carried out only during the combustion operation and not during standby phases as indicated by the

darker blue indications.

At manually operated furnaces combustion performance can vary from batch to batch, as a result of
for example variations in the fuel amount and quality, air supply or the temperature conditions in the
combustion chamber. Consequently the characterization of manually operated combustion furnaces
is carried out over several batches. Sampling of both gaseous flue gas compounds like CO and OGC
(organic gaseous compounds) and particulate flue gas compounds (TSP, TSPy;) are carried out over
whole batches. The beginning of a batch is defined by the ignition of the fuel at first batches or by
closing the door of the combustion chamber after refueling for consecutive batches. The end of the
batch is defined by the decrease of the present CO, concentration to a limit value which is evaluated

during the batch. This limit value is specified to be a quarter of the maximum CO, concentration that

15%
4

occurred during the batch (e. g. = 3.75%) but is by minimum 3% and by maximum 4%.

Equivalently to pellet stoves also for logwood stoves a beReal protocol is applied which, however,
differs substantially from that of pellet stoves. The operation protocol comprises one ignition batch
starting from cold conditions, four consecutive full load batches, three part load batches and a
cooling down phase. Sampling of gaseous flue gas compounds is carried out continuously over the
whole time span of combustion operation as indicated by light and darker blue indications (Figure
7b). Sampling of particulate flue gas compounds is carried out during the first, third, fifth and seventh
batch as indicated by the darker blue indications allowing for intermediate sample preparation

during batches two, four and six.
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Methodology

sampling period of beReal cycle for pellet stoves
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Figure 7: BeReal cycles for pellet stoves (a.) and log wood stoves (b.) presented by selected
combustion parameters. The sampling periods of combustion parameters are indicated by the blue
areas, whereas discontinuously measured parameters (TSP, TSP4i, BaP, EC, OC, TC) were determined in

the periods indicated by darker

blue areas.

For log wood cookers no beReal cycle has been developed so far. However, equal to log wood stoves

cookers represent manually operated combustion furnaces with batch-wise combustion. In some

surveys it was shown that there are many analogies in the real-life operation of stoves and cookers

[96-98]. Consequently it was decided to apply the protocol for log wood stoves also for cookers.
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Methodology

3.3 Emission measurement

For emission characterization gaseous and particulate flue gas compounds are determined. For each
part of the work described within this thesis measurement parameters are chosen according to the
focus of the investigation. Because also synchronous measurements are carried out, for each
parameter two measurement equipments are required. In the following sections all used
measurement methods are presented. The names and suppliers of the used measurement

equipments are indicated in the brackets.

The gaseous flue gas compounds 0O,, CO,, CO, OGC and NO, are measured continuously, with state of

the art techniques, providing data with high time resolution.

e 0, is determined with paramagnetic cells operating in a range of 0 to 25% respectively (NGA
2000 - MLT4, Emerson Process Management, Fisher-Rosemount GmbH & Co.; PG-350 E,
Horiba Ltd.).

e (O, is determined by non-dispersive infrared spectroscopy (NDIR) in ranges of 0 to 20% or O
to 30% respectively (NGA 2000 - MLT4, Emerson Process Management, Fisher-Rosemount
GmbH; PG-350 E, Horiba Ltd.)

e CO is also determined by non-dispersive infrared spectroscopy (NDIR). Because wide
fluctuations of CO concentrations are possible two measurement devices are combined. This
allows to determine lower concentrations with higher resolutions but also to tap higher
concentrations above 5000 ppm as they can also occur in unfavorable combustion phases.
Measurement ranges are between 0 and 5000 ppm and 0 to 10% respectively (low and high
CO range: NGA 2000 - MLT4, Emerson Process Management, Fisher-Rosemount GmbH; low
CO range: PG-350 E, Horiba Ltd.; high CO range: VA-3001, Horiba Ltd.).

e NO, which includes the two individual substances NO and NO,, is determined either by a
chemiluminescence detector or by an absorption measurement. While the
chemiluminescence detector is, after conversion of NO, and NO, suitable to measure both,
NO and NO,, there are two separate optical detectors in the second measurement set up. NO
is determined by NDIR spectroscopy and NO, by UV spectroscopy. The values of separate
measurements are then summarized to the combined parameter NO,. Measurement
equipment which is used in this work covers a range of 0 to 2500 ppm NO,or 0 to 500 ppm
NO and 0 to 2500 ppm NO, respectively. (PG-350 E, Horiba Ltd.; NGA 2000 - MLT4, Emerson

Process Management, Fisher-Rosemount GmbH)
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Methodology

e OGC is measured by flame ionization detectors (FID) operating in a range of 2-100000 mg m™
respectively (Thermo-FID ES, Mess- und Analysentechnik GmbH; Thermo-FID PT63LT Mess-
und Analysentechnik GmbH)

Contrary to gaseous flue gas compounds particulate flue gas compounds are measured by
discontinuous methods. Sampling and analysis happens in separate working steps. While sampling is
done at the test stand analysis is carried out in a consecutive step in the laboratory. Total suspended
particles are sampled either from the hot and undiluted flue gas (TSP) or from the diluted flue gas at
temperature below 40°C (TSPg;). TSP and TSPy, samples are both used for quantitative analysis of the
particle concentrations. TSPy samples are also used for further analysis of carbonaceous species
which are total carbon (TC), elemental carbon (EC) and organic carbon (OC) and of BaP and other

PAHs.

TSP is determined according to the “Austrian and German method” [99]. For sampling a partial flue
gas stream is conveyed isokinetically through a sampling probe to a filter cartridge (Figure 8a). The
filter cartridge contains a stuffed quartz wool cartridge (3.5 g per cartridge) and a glass fibre plane
filter for particle separation. The filter unit is positioned outside the stack and heated to 160 °C
during sampling in order to avoid water condensation within the filter cartridge. To collect also
remaining particles on the inner surface of the equipment upstream the filter, the probe is rinsed
with isopropanol after sampling and the rinsing fluid is collected in a ceramic vessel. For the
gravimetric analysis of TSP the stuffed cartridge, the glass fiber filter and the ceramic vessels are
weighed before and after sampling with a precision balance. Prior to weighing, the filters and the
ceramic vessels are dried for 1 hour at 180 °C and cooled for at least 8 hours in a desiccator. TSP
emission concentration is determined by referring the particle mass to the volume of the partial flow

stream.

TSPy, is sampled after dilution at temperatures below 40 °C with quartz fibre filters. The sampling
method was adapted from the “Dilution Method” in ISO 11338-1:2003 [82] for the requirements of
guantitative BaP sampling. Similarly to the sampling of TSP the flue gas is conveyed through a probe
to a filter cartridge. Before the filter the flue gas is cooled to a temperature of 40 °C or below by
dilution of approximately 1:10 with purified air by a porous tube (Figure 8b). The dilution ratio is
monitored and regulated by the configuration of a mass flow controller and a mass flow meter.
Because semivolatile substances condense at ambient temperatures they are efficiently collected
due to cooling. Dilution ratio is regulated by the configuration of a mass flow meter and a mass flow
controller. Sampling is performed with a quartz fiber plane filter only. The plane filter is then used for
chemical analysis of TC, EC, OC and PAHs. Similar to TSP measurements quantitative analysis of TSPy

is carried out by weighing the plane filter samples before and after sampling with a precision balance.
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Methodology

Instead of drying the samples at 180 °C they are dried in the desiccator for 48 hours avoiding

evaporation of substances which would volatilize at higher temperatures.

=p

flue

—

diluted

flue gas

1

Figure 8: Schemes of (a.) TSP- and (b.) TSPdi-sampling set-ups. 1. Porous Tube Diluter; 2. Mass flow
controller; 3. Stuffed filter cartridge; 4. Quariz fiber filter; 5. Drying unit; 6. Mass flow meter; 7. Vacuum

pump.
The carbonaceous species TC, EC and OC are determined by thermal-optical method. The
measurements are conducted with a SUNSET Lab OC-EC Aerosol Analyzer which is operated
according the EUSAAR2 protocol in the transmission mode [100]. Filter punches with 5 mm diameter
from the TSPy samples are used. Due to a special sequence of temperature conditions and
modulated oxygen availability (helium phase and oxygen phase) a staged combustion of
carbonaceous material from the filter takes place. Carbonaceous material is volatilized of the filter
and converted to CO, in a MnO, oxidizer. CO, is then reduced to CH, via a nickel catalyst which is
qguantified with a flame ionization detector. Simultaneous measurement of the transmittance of the

filter punch allows to distinguish between OC and EC. TC represents the sum of these parameters.

For the determination of 19 PAHs a method, which bases on EN 15549:2008 [101], designed for the
determination of PAHs from ambient aerosol samples is used. These 19 PAHs are naphthalene,
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(j)fluoranthene,
benzo(e)pyrene, BaP, perylene, indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene,
dibenz(a,h)anthracene. In this work in most tests the focus is set on BaP only. For the determination

of PAHs filter punches are extracted with 6 mL cyclohexane and dichlomethane (1:1). Extracts are
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then analyzed with a gas chromatograph operating with pulsed splitless injection and separation is
conducted on DBMSS5 capillary column with helium as carrier gas. A single-quadrupole mass

spectrometer which operates in electron ionization mode at 70 eV is used for the detection.

3.4 Calculation of emission values

Emission values are presented either in mgm?™ at standard temperature and pressure (STP;
273.15 °C, 101,325 Pa), referred to a standardized oxygen content of 13% in dry flue gas or in mg MJ*
based on fuel input. To shorten the description values are expressed as “mg m>sp at 13% 0,” or as
“mg MJ™"”. Generally emissions are calculated first in mg m>sp at 13% O,. Values in mg MJ™* are
calculated due to transformation of values in mg m~s» at 13% O, with fuel related parameters. For
the concentration values of PAHs ug is used instead of mg which is, however, not extra indicated in

the presentation of the calculations in the following descriptions.

In the first part the calculation of emissions of single phases for automatic furnaces or batches for
manually operated furnaces are presented (equations 1, 2 and 3). The calculation of emission values

for whole operation cycles is presented consecutively.

Emissions of continuously measured gaseous flue gas compounds are given as means over the time
span of a combustion phase. They are measured on a volume basis in parts per million (ppm).
Calculation of concentration values on a mass basis related to 13% O, (mg m>sp at 13% 0,) are
conducted according the formulas of DIN EN 16510 [102]. For the concentration of CO and NO,
equation 1 is applied. G stands for the concentration of the gaseous flue gas compounds CO or NO,
given either in mg m>p at 13% O, or in ppm, d,is the density of the respective compound which is
1.25 for CO. For NO, the density of NO, is used which is 2.05 (kg m>sr). 0, average 1S the mean O,

concentration of the considered combustion phase (%).

21—-13

G G d

mgm™3 ¢1.5,13% 0, = bppm

* 21— 05 average

(Equation 1)
Also for OGC the calculation of concentration values is conducted according to DIN EN 16510 [102] as
presented by equation 2. In contrast to CO and NO, OGC is measured from the moist flue gas. Instead
ofd, % is inserted where 12 is molecular weight of C (g mol™) and 22.4 is the standard volume of

an ideal gas (dm*mol™). 0GC stands for OGC concentration either in mg m>sp at 13% O, or in ppm.
G,,and G, stand for the specific gas volume either in wet or in dry conditions meaning that the water

vapor from the flue gas is either included or excluded.
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12 21-13 Gy,
P 22,4 21 -0, average Gy

oGcC oGeC

mgm™3 ¢.5,13% 0, =

(Equation 2)

Concentration values of discontinuously measured parameters in the particle fraction (TSP, TSPy, TC,
EC, OC, BaP and other PAHSs) are calculated by dividing the sample mass of the combustion phase by
the extracted flue gas of the respective phase. The calculation for single combustion phases is
presented in equation 3 where P is the concentration of the particulate flue gas compound (mg m’
*sp at 13% 0,), Myiiter,end IS the mass of the filter after sampling (mg), M¢iiter stare IS the mass of the
filter before sampling (mg) and Vyqsmeter is the extracted flue gas volume at STP measured by a

gasmeter (m’srp).

Z(mfilter,end - mfilter,start) 21-13

2 Vgasmeter 21— 02 average

P

mgm™3 41, 13% 0,

(Equation 3)

For combustion cycles as for example according to beReal protocols values from single combustion
phases are combined to emission values representing the whole cycle. Different flue gas volumes of
the single combustion phases are respected in the calculation. This is done due to phase-wise volume
weighing of the flue gas volumes. Therefor equation 4 according to the definitions for data
evaluation for beReal protocols [103] is applied before the former presented equations (equations 1,
2 and 3) are used. The preceding calculation step is equal for gaseous and particulate emissions.
E stands for the emission concentration for whole test cycles (ppm), E; for the average flue gas
concentration of one parameter in the respective phase (ppm) and V; s1p is the total flue gas volume

at STP of the respective phase (m’sm).

E = YiEiVisrp
PP Y Viste

(Equation 4)
Emission values in mg MJ™ are calculated by the conversion of emission values in mg m>s» at 13% O,
with fuel related parameters as presented by equation 5. E stands for the emission concentration of
the respective flue gas compound either in mg MJ™ or in mg m>s, at 13% O,, Vary flue gas for the
volume of the dry flue gas at STP related to 13% O, from the combustion of one kg fuel (m*srp kg'l,
13% 0,) and H,, for the lower heating value of the respective fuel (MJ kg™).

E _ Emgm_3STP,13% 0, Vdry flue gas
mgMj~t — H,

(Equation 5)
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4 Summaries of the publications

Research presented within the publications was carried out as a cooperation between BEST
Bioenergy and Sustainable Technologies GmbH and Vienna University of Technology. The presented
results were evaluated by myself as | took the leading part in the organization and conduction of the
experiments, the evaluation of the results and the dissemination work. Colleagues from BEST
Bioenergy and Sustainable Technologies GmbH gave input to the experimental part, evaluation and
interpretation of the results and to dissemination work. Colleagues from Vienna University of
Technology conducted chemical analysis of the filters and gave input to the evaluation and
interpretation of the results and to dissemination work. All co-authors commented on the results and

on the contents of the manuscripts.

4.1 Publication |

In the first chapter a compact technique for BaP measurements in the flue gas from residential wood
combustion furnaces and results of method validation are presented. Furthermore BaP emission
behavior of automatic boilers was investigated. Because the focus was set on BaP as representative
PAH the sampling could be specialized and consequently simplified according the properties of a
single compound. The sampling method is derived from the dilution method presented in ISO 11338-
1. For the sample collection only a quartz fiber filter for solid particles is used while an additional unit
for the collection of gas phase PAHs is omitted. The validation of the method was carried out in order
to identify whether more than 90% of BaP can be sampled with a quartz fiber filter only. Therefore
the sampling loop was extended with a XAD adsorber unit downstream the quartz fiber filter capable
to retain gas phase PAHs from the flue gas. In the first validation step six different flue gases from
residential wood combustion furnaces from favorable to poor combustion conditions, as indicated by
their CO concentrations (19 to 11300 mg m™) were conveyed through the sampling loop. In two
further validation steps the tendency of BaP to reevaporate from the filters was tested. This was
done by sampling at varying flue gas composition as it occurs at batch combustion of a log wood
stove. In a further step an exaggerated scenario of flue gas variation was produced. Flue gas of
particularly poor combustion conditions (CO concentrations up to 3%) was sampled until significant
PM masses were collected. Then two of three samples were flushed with purified air for 15 and 30

minutes.

In the second part BaP emissions from the operation of six automatic boilers including five pellet
boilers and one multifuel boiler, which was operated with both pellets and wood chips, were

investigated. Measurements were carried out at start, stop, nominal load and part load operation for
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the assessment of phase specific emissions which are all relevant in real-life operation. For nominal
load and part load operation measurements were carried out for at least one hour at steady-state
conditions. Measurements for start and stop operation were conducted over the whole time span of
start and stop phases. The start phase was defined to begin when the ignition system was started. It
ended when CO concentration and combustion temperature move towards typical levels for nominal
load operation. The stop phase was defined to begin when the fuel supply rate decreases, which is
indicated by increasing CO concentration and stopped when air supply stopped. Beside BaP
measurements also CO, OGC, TSPy, EC, OC and TC measurements were carried out. Results were
used to characterize phase specific BaP emissions, for the identification of technology specific

impacts on BaP emissions and for the identification of correlations with other emission parameters.

The method validation showed that BaP sampling with a quartz fiber filter even of various flue gas
qualities is adequate as no BaP was detected in the gas phase. At typical flue gas fluctuation from a
log wood stove, representing a batch-wise operated combustion furnaces, there was no evaporation
of particle phase BaP to the gas phase identified. Even at the exaggerated scenarios only negligible
amounts of BaP evaporated from the filter into the gas phase, which did by far not violate the
validation criterion of 90% of BaP determined by the filter. Therefore the simplified method was

shown to be adequate for BaP measurements in wood combustion furnaces.

As operation phases had been explicitly defined in advance, the BaP emissions from start, stop,
nominal load and part load operation could be clearly differentiated. Measurements indicated that
especially start and also stop phases are decisive for total BaP emissions because average emission
values were one to two orders of magnitude higher than at nominal and part load operation. In
average the values from start, stop, part load and nominal load operation were 10257, 3055, 104 and
81.2 ng m™ at standard temperature and pressure (STP) referred to 13% O, respectively. Therefore,
operation modes ranging from long term continuous operation at nominal load to operation with
consecutive starts and stops highly impact the BaP emissions. The comparison of top-fed,
horizontally fed and underfed systems indicated that there is a higher risk for increased emissions
from underfed systems. The comparison of determined emission parameters revealed that EC is the
best indicator for BaP among the measured emissions. According to the results of unsteady

operation phases also CO and TSPy indicated good correlations.

4.2 Publication i

In the second chapter real-life oriented emissions of 13 state of the art small scale wood combustion
furnaces were investigated with real-life oriented operation protocols which were defined in an

European project. Beside BaP also CO, OGC, NO,, particles sampled either from hot flue gas (TSP) or
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from diluted and cooled flue gas (TSPg;), TC, EC and OC were measured. Four pellets stoves, six log
wood stoves and three cookers, all available on the Austrian market, were operated with wood
pellets or beech logs. In this work real-life oriented emission values were assessed by means of
innovative real-life test protocols. As described before these operation protocols were developed
and validated in a recent European project called “beReal” (www.bereal-project.eu [104]) which aim
to represent the operating conditions at the end-user. They are applicable for measurements in
laboratories and can be conducted within one day with the same measurement equipment as is the
one used in standard type tests. The operation sequence for firewood roomheaters which was
applied for log wood stoves and cookers comprises one full load batch for ignition, four additional full
load batches, three part load batches and a cooling down phase. The sequence for pellet stoves lasts
almost eight hours and includes a cold start, two warm starts, operation at nominal load, at part
load, standby phases, load changes and burn-out phases. For three furnaces triple measurements
were carried out confirming the repeatability of the beReal test method. Results contribute to the
assessment of the reliability of the novel beReal methods. Results from beReal measurements were
compared with type test results in order to identify the informative value of the latter about real-life
emissions. This was done by the comparison with the results of CO, which is a common indicator for
the overall combustion performance. Moreover beReal values for CO, OGC, NO,, TSP, TSP and BaP
were compared with suggested emission factors for the European and Austrian emission inventory.
Emission inventories aim to represent real-life emission by deriving emission factors from published
data, and consequently depend on availability of real-life representing emission values. The data
confrontation allows for analyzing reasonability of real-life emission factors from suggested factors in

inventories.

BaP emission values which were evaluated with real-life oriented operation sequences were
between 0.5 and 130 ug MJ" indicating a particularly wide range of four orders of magnitude. In
comparison CO values were between 159 and 2237 mg MJ™. The trend from literature data of lower
emissions from automatic furnaces was partly confirmed as for CO, OGC, TSP, TSPy;, TC, EC and OC
emission values from PS were significantly lower than for measured log wood furnaces. Three of four
PS exhibited the lowest BaP values of below 1 ug MJ™. However, for one pellet stove exceptionally
higher emissions including the highest value for BaP were determined. While the value for example
of CO was within the range of determined values (CO: 832 mg MJ™?), the BaP value was exceptionally
higher than those from other furnaces (130 pg MJ%), indicating the risk of extremely high BaP
emissions due to unfavorable combustion conditions. The repeatability analysis confirms the
previously published results. It has been shown that beReal test methods are not less reliable than
standard type tests, although they include operation phases that occur in real-life. The comparison of

beReal results with type test results illustrates that type test results provide limited information on
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real-life emissions as well as on the relative air quality impact of single furnaces. Determined values
for log wood furnaces (log wood stoves and cookers) and pellet stoves scatter around or are below
the corresponding emission factors of the European emission inventory specified for residential
wood combustion furnaces of highest technological standard (“Advanced and Ecolabelled stoves and
boilers” and “Pellet stoves and boilers”). However, only for BaP measured values of log wood stoves
and cookers are predominantly higher than the corresponding emission factor of 10 pg MJ™ with the
highest value at 86.4 ug MJ™. For pellet stoves three of four measured values are clearly below the
suggested emission factor of 10 ug MJ™"and below the values for log wood furnaces. Nevertheless,
one value from a pellet stove (130 pg MJ) exceeds this emission factor by far. The comparison with
the emission factors indicates that even when emission values from this work were evaluated with
real-life oriented test sequences, most values are still in the range or even below the suggested
emission factors for residential wood combustion furnaces of higher standard in the European
emission inventory. Concerning CO, OGC, TSP and TSPy; this indicates that used emission factors in
the European emission inventory do not necessarily underrate calculated emissions because of a
scarce availability of real-life emission values. On the other hand it indicates that the increased use of
state of the art combustion furances as used in this work would lead to reduced emissions. Because
of the wider range of BaP values it is more difficult to suggest characteristic emission factors

indicating the need of a wider data collection as for example done in this work.

4.3 Publication Il

In the last chapter of the work the impact of two oxidative honeycomb Pt/Pd catalysts on emissions
of residential wood combustion furnaces was examined. Catalysts represent a type of secondary
emission abatement which had been proven to be effective against CO and OGC emissions. Though,
the impact on PM or compounds in the PM like PAHs is not clarified so far. In this work the impact of
two commercially available oxidizing Pt/Pd catalysts on the flue gas from a log wood stove at real-life
operating conditions was assessed. The catalysts have equal noble metal coating but either metallic
or ceramic honeycomb carriers resulting in 3.5 times higher reaction surface of the metallic catalyst.
Emission measurements were carried out at a special test stand which consists of a log wood stove, a
post combustion chamber and a flue gas line. The post combustion chamber and the flue gas line are
separated into two symmetric compartments enabling synchronous measurements of differently
treated flue gas from the same combustion process. The use of this setup allows to find out the
effect of catalytic treatment excluding impacts of variable combustion conditions. Equal combustion
conditions were validated in a preceding test where the flue gas was identically treated in both
compartments while parallel measurements were carried out. Differences were used for the

evaluation of measurement uncertainties. One test sequence consisted of seven consecutive
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batches. CO and OGC were measured continuously over the whole tests. TSPy was sampled in
batches one, three, five and seven, and then used for further analysis of carbonaceous species (EC,
OC and TC) and PAHs. Beside BaP, 18 further PAHs were analyzed in the TSPy samples in order to
identify whether possible decreases of BaP are caused by transformations to other PAHs. Moreover

the impact on CO, OGC, TSPy, TC, EC and OC was investigated.

The preceding validation test indicated widely according conditions as CO, OGC and TSP
differentiated in the batches by maximum, 6.8%, 6.0% and 4.4%. Generally, the more pronounced
effect was observed at measurements with the metallic catalyst which led to a substantial reduction
of PAHs by 63%. In particular highly toxic BaP was reduced by 84%. The reduction was exclusively
related to higher-molecular-weight PAHs. Lower-molecular-weight PAHs, which exhibited generally
low concentrations rather increased. Unexpectedly TSPy, emissions clearly increased by 17% due to
the treatment of the metallic catalyst. Because from carbonaceous species no clear trend could be
observed, it is not possible to attribute this increase to a particular carbonaceous fraction. Also the
test with the ceramic catalyst indicated a trend of PAH reduction, although the results for PAHs but
also for TC, EC and OC were not significant. The high impact on gaseous flue gas compounds CO and
OGC due to the used catalysts was confirmed according to previous studies as CO was reduced by
88% and 69% and OGC by 39% and 27%. The results demonstrate the high potential of catalytic
reduction of PAHs and also of CO and OGC, which were achieved at measurements over whole

batches. However, the increase of TSPy opens new questions and has to be further investigated.
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5 Summary of scientific contributions

To summarize, in this study BaP emissions of 20 wood combustion furnaces were investigated.
Beside the investigation of BaP emissions also some methodological aspects were researched. The
main outputs are summarized according to the research questions in the objectives in chapter 2 and

presented in the following sections.

e |s it possible to obtain a simplified and more compact measurement set up, when only the

guiding substance BaP is measured?

After the marker-like character of BaP for the toxicity arising from PAH emissions had been
confirmed by a literature survey a simplified measurement method focusing on BaP could be
developed. It was shown that BaP is sampled quantitatively from the cooled flue gas (<40 °C) with a
quartz fiber filter. Even at various flue gas compositions from poor to favorable combustion
conditions clearly more than 90% of BaP was retained in the particulate matter samples. Due to the
use of the more compact and transportable equipment, measurements can be carried out in variable

testing environments, even with limited space offer.

e In which range are real-life BaP emissions of automatic small scale biomass boilers and what

are the most critical operation phases?

It was shown that the operation program of automatic boilers is decisive for their BaP emissions as
concentrations at start and stop operation were in average one to two orders of magnitude higher
than at steady-state operation (start: 0.5 to 47 ug MJ™, stop: 0.2 to 14 ug MJ?, part load: 0.04 to
0.25 pg MJ™, nominal load: 0.01 to 0.52 ug MJ™; Figure 9). The phase specific characterization was
enabled due to the precise definition of the start and stop operation phases. A higher risk for
increased BaP emissions was indicated for underfed systems compared to top-fed and horizontally
fed systems. The comparison with literature data including combined values of various operation
phases illustrates the necessity of the evaluation of phase specific values, as the phase impact is
otherwise not identifiable (Figure 9). Moreover a correlation analysis exhibited that EC is the most

suitable indicator for BaP but also for CO and TSPy, a correlation with BaP was observed.
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Figure 9: BaP values from automatic boilers (pellet boilers and wood chip boilers) measured at start,
stop, part load (“p.l.”) and full load (“f.l.”) and suitable literature values (lit.) as given in Table 2. Plots are
presented with linear scale (a.) and with logarithmic scale (b.). Those values which were published in
Hg m-34p. at 13% O2 were converted to mg MJ-'. Conversion factors ( 0.91 for pellet fuels and 0.81 for
wood chips) were calculated using fuel compositions presented in Publication 1l in chapter 7.2 [86].
Conversion presents approximation of emission values allowing for harmonization to the same unit.

e In which range are real-life BaP emissions of different types of modern wood stoves?

During these measurements a particularly wide range of BaP emission values from 0.5 pg MJ™ to
130 pg MJ™" was observed. The lowest values were achieved in measurements of three of four pellet
stoves (0.5, 0.7 and 0.8 pg MJ™). Nevertheless also the highest BaP emission value (130 ug MJ™) was
determined from this technology-group indicating that even at automatic systems unfavorable
system configuration at start and stop can lead to particularly high BaP emissions. BaP values for log
wood stoves were between 7.9 and 29.7 ug MJ™ and for cookers between 27.4 and 86.4 ug MJ™.
Except of one value the data for pellet stoves and log wood stoves of this work, determined at real-
life oriented test sequences, are in the ranges of corresponding published values determined at
various operational conditions (Figure 10). The wide ranges of literature values indicate the relevance
of a systematic procedure for real-life emission characterization. For cookers for which no published
BaP emission values could be found, BaP emission values were rather higher than those from log
wood stoves of this work, though not on a significant level (Figure 10). Also for CO, OGC, NO,, TSP,
TSPy, TC, EC and OC real-life emission values were assessed. In course of the measurement series
repeatability analysis for recently developed real-life test sequences was conducted which
contributes to evidence the reliability of the novel sequences. The comparison of emission values of
this work with corresponding type testing results revealed that the latter serve limited information
about the real impact on air quality. Moreover the comparison of the real-life oriented emission

factors with corresponding emission factors of Austrian and European emission inventory revealed
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that installations of furnaces of highest technological standards would lead to decreased emissions

from residential wood combustion furnaces.
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Figure 10: BaP emission values for pellet stoves (“PS”), log wood stoves (“LWS”) and cookers (“C") in this
work (“.tw") and svuitable literature values (“.I") as given in Table 2. Plots are presented with linear scale
(a.) and logarithmic scale (b.).

corresponding data PS and LWS published in literature presented with

o  Which effect has the integration of two types of oxidative honeycomb catalysts on PAH

emissions from residential wood combustion furnaces at real-life operation?

The impact of two oxidative Pt/Pd honeycomb catalysts was investigated with an innovative test
stand allowing for synchronous measurements of differently treated flue gas streams. A preceding
validation test confirmed according conditions in the parallel streams of the special test stand. While
for one catalyst no significant impact on PAHs was observed, at the other catalyst, a metallic
honeycomb catalyst, PAHs were clearly reduced by 63% and in particular BaP was reduced by 84%
indicating the high potential for PAH reduction. This result was achieved at log wood combustion
including ignition, full flaming and burnout phases as it occurs at real-life operation. An extensive
reduction of gaseous flue gas compounds CO and OGC was confirmed. Although, a clear increase of
TSPy was observed. This indicates that further investigation of the impact of these catalysts is

required.

-38-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

References

J.M. Jones, A.R. Lea-Langton, L. Ma, M. Pourkashanian, A. Williams, Pollutants Generated by the
Combustion of Solid Biomass Fuels, Springer London, London, 2014.
https://doi.org/10.1007/978-1-4471-6437-1.

M. Guo, W. Song, J. Buhain, Bioenergy and biofuels: History, status, and perspective, Renew.
Sustain. Energy Rev. 42 (2015) 712—725. https://doi.org/10.1016/j.rser.2014.10.013.

International Energy Agency, Global energy data, (n.d.). https://www.iea.org/data-and-
statistics/?country=WORLD&fuel=Renewables+and+waste (accessed November 20, 2019).

International Energy Agency, Global Energy data, (n.d.). https://www.iea.org/data-and-
statistics/data-tables?country=WORLD&energy=Renewables%20%26%20waste&year=2017
(accessed February 6, 2020).

D. Thrén, M. Gawor, Biomass biomass Provision biomass provision and Use Biomass Use,
Sustainability Aspects, in: M. Kaltschmitt, N.J. Themelis, L.Y. Bronicki, L. Séder, L.A. Vega (Eds.),
Renew. Energy Syst., Springer New York, New York, NY, 2013: pp. 522-552.
https://doi.org/10.1007/978-1-4614-5820-3_246.

E. Jappinen, O.-J. Korpinen, T. Ranta, The Effects of Local Biomass Availability and Possibilities
for Truck and Train Transportation on the Greenhouse Gas Emissions of a Small-Diameter
Energy Wood Supply Chain, BioEnergy Res. 6 (2013) 166—177. https://doi.org/10.1007/s12155-
012-9244-9.

W. Russ, Mehr Wald in Osterreich, BFW Prax. Inf. 24-2011 (2011). www.waldinventur.at
(accessed November 20, 2019).

Austrian Energy Agency, Basisdaten 2017 Bioenergie, Wien, 2018.
https://www.biomasseverband.at/wp-content/uploads/Basisdaten_Bioenergie_2017.pdf
(accessed November 20, 2019).

W.-Y. Chen, T. Suzuki, M. Lackner, eds., Handbook of Climate Change Mitigation and
Adaptation, Springer New York, New York, 2016. https://doi.org/10.1007/978-1-4614-6431-0.

T. Stocker, ed., Climate change 2013: the physical science basis: Working Group | contribution
to the Fifth assessment report of the Intergovernmental Panel on Climate Change, Cambridge
University Press, New York, 2014.

M. Anderl, M. Gangl, S. Haider, E. Kampel, T. Kéther, C. Lampert, B. Matthews, G. Pfaff, M.
Pinterits, S. Poupa, M. Purzner, W. Schieder, C. Schmid, G. Schmidt, B. Schodl, E. Schwaiger, B.
Schwarzl, G. Stranner, M. Titz, P. Weiss, A. Zechmeister, Austria’s Annual Greenhouse Gas
Inventory 1990-2017, Umweltbundesamt GmbH, Vienna, 2019.
https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0672.pdf (accessed
November 20, 2019).

Trends in Atmospheric Carbon Dioxide, Earth Syst. Res. Lab. Glob. Monit. Div. (n.d.).
https://www.esrl.noaa.gov/gmd/ccgg/trends/ (accessed November 20, 2019).

Intergovernmental Panel on Climate Change, Global warming of 1.5°C, An IPCC Special Report
on the impacts of global warming of 1.5°C above pre-industrial levels and related global

-390-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

L]
|
rk

References

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

[25]

greenhouse gas emission pathways, in the context of strengthening the global response to the
threat of climate change, sustainable development, and efforts to eradicate poverty, IPCC,
Geneva, 2019.
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_Low_Res.pdf
(accessed February 25, 2019).

United Nations, Paris Agreement, (2015).
https://unfccc.int/sites/default/files/english_paris_agreement.pdf (accessed October 31,
2019).

European Commission, The European Green Deal, (2019).
https://ec.europa.eu/info/sites/info/files/european-green-deal-communication_en.pdf
(accessed February 3, 2020).

Aus Verantwortung fiir Osterreich. Regierungsprogramm 2020-2024, (n.d.).
https://www.dieneuevolkspartei.at/Download/Regierungsprogramm_2020.pdf.

T. Krutzler, A. Zechmeister, G. Stranner, H. Wieseberger, T. Galauner, M. Gossl, C. Heller, H.
Heinfellner, N. Ibesich, G. Lichtblau, W. Schieder, J. Schneider, I. Schindler, A. Storch, R. Winter,
Energie- und Treibhausgas-Szenarien im Hinblick auf 2030 und 2050, Umweltbundesamt GmbH,
Wien, 2017. https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0628.pdf
(accessed November 20, 2019).

European Environment Agency, European Topic Centre on Air Pollution and Climate Change
Mitigation (ETC/ACM), Air quality in Europe: 2017 report., 2017.
http://dx.publications.europa.eu/10.2800/850018 (accessed March 4, 2019).

EEA, EMEP/EEA air pollutant emission inventory guidebook 2016: technical guidance to prepare
national emission inventories, European Environment Agency, 2016.
http://bookshop.europa.eu/uri?target=EUB:NOTICE:THAL16020:EN (accessed November 6,
2017).

United States Environmental Protection Agency, National Air Quality: Status and Trends of Key
Air Pollutants, (2019). https://www.epa.gov/air-trends (accessed November 20, 2019).

B. Miller, Particulate formation and control technologies, in: Foss. Fuel Emiss. Control Technol.,
Elsevier, 2015: pp. 145-196. https://doi.org/10.1016/B978-0-12-801566-7.00003-8.

J. Liang, Particulate matter, in: Chem. Model. Air Resour., Elsevier, 2013: pp. 189-219.
https://doi.org/10.1016/B978-0-12-408135-2.00009-4.

European Environment Agency, European Union emission inventory report 1990-2015 under
the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP), European
Environment Agency, Luxembourg, 2017.

J. Lelieveld, K. Klingmdiller, A. Pozzer, U. P6éschl, M. Fnais, A. Daiber, T. Miinzel, Cardiovascular
disease burden from ambient air pollution in Europe reassessed using novel hazard ratio
functions, Eur. Heart J. (2019). https://doi.org/10.1093/eurheartj/ehz135.

World Health Organization, Residential heating with wood and coal: health impacts and policy
options in Europe and North America, World Health Organization, Copenhagen, 2015.
http://www.euro.who.int/__data/assets/pdf_file/0009/271836/ResidentialHeatingWoodCoalH
ealthlmpacts.pdf?ua=1 (accessed November 20, 2019).

-40-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

H. Hartmann, Fachagentur Nachwachsende Rohstoffe, Deutschland, eds., Handbuch
Bioenergie-Kleinanlagen: [Leitfaden], 3., vollst. (iberarb. Aufl, Gllzow-Priizen, 2013. Handbuch
Bioenergie-Kleinanlagen
www.tfz.bayern.de/mam/cms08/festbrennstoffe/dateien/handbuch_bioenergie-kleinanlagen-
komplett.pdf (accessed February 12, 2020).

M. Kaltschmitt, H. Hartmann, H. Hofbauer, eds., Energie aus Biomasse: Grundlagen, Techniken
und Verfahren, 3., aktualisierte und erweiterte Auflage, Springer Vieweg, Berlin Heidelberg,
2016.

J. Tissari, Fine Emissions from Residential Wood Combustion, Dissertation, University of Kuopio,
2008.

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

M. Tista, M. Gager, S. Gaisbauer, B. Ullrich, European Environment Agency, European Union
emission inventory report 1990-2017 under the UNECE Convention on Long-range
Transboundary Air Pollution (LRTAP)., 2019. https://data.europa.eu/doi/10.2800/78220
(accessed October 15, 2019).

M. Anderl, M. Gangl, S. Haider, C. Lampert, D. Perl, S. Poupa, M. Purzner, W. Schieder, M. Titz,
G. Stranner, A. Zechmeister, Emissionstrends 1990-2017 Ein Uberblick Gber die Verursacher von
Luftschadstoffen in Osterreich (Datenstand 2019), Umweltbundesamt GmbH, Wien, 2019.
https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0698.pdf (accessed
November 20, 2019).

S. Szidat, A.S.H. Prévét, J. Sandradewi, M.R. Alfarra, H.-A. Synal, L. Wacker, B. Urs, Dominant
impact of residential wood burning on particulate matter in Alpine valleys during winter,
Geophys. Res. Lett. (2007) 1-6. https://doi.org/10.1029/2006GL028325.

Md.A. Bari, G. Baumbach, B. Kuch, G. Scheffknecht, Wood smoke as a source of particle-phase
organic compounds in residential areas, Atmos. Environ. 43 (2009) 4722-4732.
https://doi.org/10.1016/j.atmosenv.2008.09.006.

European Commission, Commission Regulation (EU) 2015/1185 implementing Directive
2009/125/EC of the European Parliament and of the Council with regard to ecodesign
requirements for solid fuel local space heaters, 2015. https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32015R1185&from=EN (accessed November 20, 2019).

Erste Verordnung zur Durchfiihrung des Bundes-Immissionsschutzgesetzes (Verordnung tber
kleine und mittlere Feuerungsanlagen - 1. BImSchV), 2017. https://www.gesetze-im-
internet.de/bimschv_1_2010/1. BlmSchV.pdf (accessed November 20, 2019).

Art. 15a B-VG Kundmachung des Landeshauptmannes von Wien, betreffend die Vereinbarung
gemal Art. 15a B-VG (ber das Inverkehrbringen von Kleinfeuerungen und die Uberpriifung von
Feuerungsanlagen und Blockheizkraftwerken, 2012.
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=LrW&Gesetzesnummer=20000005
(accessed March 4, 2019).

L. Sulzbacher, Wood chips - properties and their impact on emissions of small-scale heating
boilers. Presented at 6th Central European Biomass Conference, (2020).

41-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

[46]

[47]

(48]

[49]

European Committee for standardization, Heating boilers - Part 5: Heating boilers for solid
fuels, manually and automatically stoked, nominal heat output of up to 500 kW - Terminology,
requirements, testing and marking DIN EN 303-5, 2012.

G. Reichert, C. Schmidl, W. Haslinger, R. Sturmlechner, M. Schwabl, C. Hochenauer, A Novel
Method Evaluating the Real-Life Performance of Firewood Roomheaters in Europe, Energy
Fuels. (2018). https://doi.org/10.1021/acs.energyfuels.7b03673.

H. Hartmann, Status on emissions, regulation and technical improvements and future
developments for residential wood burning appliances in Germany, (2012).
https://www.skorstensfejerfredensborg.dk/upload/5.%20hans%20hartmann,%20tfz.pdf
(accessed November 20, 2019).

International Agency for Research on Cancer, ed., IARC monographs on the evaluation of
carcinogenic risks to humans, volume 92, some non-heterocyclic polycyclic aromatic
hydrocarbons and some related exposures: this publication represents the views and expert
opinions of an IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, which
met in Lyon, 11 - 18 October 2005, WHO, Lyon, 2010.

M. Yagishita, S. Kageyama, S. Ohshima, M. Matsumoto, Y. Aoki, S. Goto, D. Nakajima,
Atmospheric concentration and carcinogenic risk of polycyclic aromatic hydrocarbons including
benzo[ c ]fluorene, cyclopental ¢, d ]pyrene, and benzo[ j Jfluoranthene in Japan, Atmos.
Environ. 115 (2015) 263-268. https://doi.org/10.1016/j.atmosenv.2015.05.050.

Y.Y. Naumova, J. Offenberg H., S.J. Eisenreich, Q. Meng, A. Polidori, B.J. Turpin, C.P. Weisel, M.T.
Morandi, S.D. Colome, T.H. Stock, A.M. Winer, S. Alimokhtari, J. Kwon, S. Maberti, D. Shendell,
J. Jones, C. Farrar, GasParticle distribution of polycyclic aromatic hydrocarbons in coupled
outdoor/indoor atmospheres, Atmos. Environ. (2003) 703-719.

K. Ravindra, R. Sokhi, R. Vangrieken, Atmospheric polycyclic aromatic hydrocarbons: Source
attribution, emission factors and regulation, Atmos. Environ. 42 (2008) 2895-2921.
https://doi.org/10.1016/j.atmosenv.2007.12.010.

Economic commission for Europe, The 1998 Protocol on Persistent Organic Pollutants, Including
the Amendments Adopted by the Aarhus Protocol Parties on 18 December 2009, (2010).
https://www.unece.org/fileadmin/DAM/env/Irtap/full%20text/ece.eb.air.104.e.pdf (accessed
February 27, 2019).

K.-H. Kim, S.A. Jahan, E. Kabir, R.J.C. Brown, A review of airborne polycyclic aromatic
hydrocarbons (PAHs) and their human health effects, Environ. Int. 60 (2013) 71-80.
https://doi.org/10.1016/j.envint.2013.07.019.

H.I. Abdel-Shafy, M.S.M. Mansour, A review on polycyclic aromatic hydrocarbons: Source,
environmental impact, effect on human health and remediation, Egypt. J. Pet. 25 (2016) 107-
123. https://doi.org/10.1016/j.ejpe.2015.03.011.

I. Abbas, G. Badran, A. Verdin, F. Ledoux, M. Roumié, D. Courcot, G. Garcon, Polycyclic aromatic
hydrocarbon derivatives in airborne particulate matter: sources, analysis and toxicity, Environ.
Chem. Lett. 16 (2018) 439-475. https://doi.org/10.1007/s10311-017-0697-0.

Y. Zhang, S. Tao, Global atmospheric emission inventory of polycyclic aromatic hydrocarbons

(PAHSs) for 2004, Atmos. Environ. 43 (2009) 812-819.
https://doi.org/10.1016/j.atmosenv.2008.10.050.

-42-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

(59]

[60]

[61]

N.R. Khalili, P.A. Scheff, T.M. Holsen, PAH source fingerprints for coke ovens, diesel and,
gasoline engines, highway tunnels, and wood combustion emissions, Atmos. Environ. 29 (1995)
533-542. https://doi.org/10.1016/1352-2310(94)00275-P.

S. Finardi, P. Radice, A. Cecinato, C. Gariazzo, M. Gherardi, P. Romagnoli, Seasonal variation of
PAHs concentration and source attribution through diagnostic ratios analysis, Urban Clim. 22
(2017) 19-34. https://doi.org/10.1016/j.uclim.2015.12.001.

C.A. Belis, J. Cancelinha, M. Duane, V. Forcina, V. Pedroni, R. Passarella, G. Tanet, K. Douglas, A.
Piazzalunga, E. Bolzacchini, G. Sangiorgi, M.-G. Perrone, L. Ferrero, P. Fermo, B.R. Larsen,
Sources for PM air pollution in the Po Plain, Italy: I. Critical comparison of methods for
estimating biomass burning contributions to benzo(a)pyrene, Atmos. Environ. 45 (2011) 7266—
7275. https://doi.org/10.1016/j.atmosenv.2011.08.061.

H.A.C. Denier van der Gon, R. Bergstrom, C. Fountoukis, C. Johansson, S.N. Pandis, D. Simpson,
A.J.H. Visschedijk, Particulate emissions from residential wood combustion in Europe - revised
estimates and an evaluation, Atmospheric Chem. Phys. (2015) 6503—6519.
https://doi.org/doi:10.5194/acp-15-6503-2015.

European Parliament, Council of the European Union, Directive 2004/107/EC of the European
Parliament and of the Council of 15 December 2004 relating to arsenic, cadmium, mercury,
nickel and polycyclic aromatic hydrocarbons in ambient air, 2004.

W. Spangl, C. Nagl, Jahresbericht der Luftgiitemessungen in Osterreich 2010,
Umweltbundesamt GmbH, Wien, 2011.
https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0326.pdf (accessed
November 20, 2019).

W. Spangl, C. Nagl, Jahresbericht der Luftgiitemessungen in Osterreich 2018,
Umweltbundesamt GmbH, Wien, 2019.
https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0675.pdf (accessed
November 20, 2019).

A. Fischer, C. Higlin, Polyzyklische aromatische Kohlenwasserstoffe im PM10 an ausgewahlten
Stationen des NABEL sowie der Kantone, Messbericht 2016, EMPA, Abt.
Luftfremdstoffe/Umwelttechnik, 2017.

W. Spangl, A. Storch, Statuserhebung - Benzo(a)pyren in Karnten, im Auftrag des Amtes der
Karntner Landesregierung, Umweltbundesamt GmbH, Wien, 2013. www.ktn.gv.at»
294428 DE-IGL-Berichte-S_294 Kaernten_BaP.

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

J. Tissari, K. Hytonen, J. Lyyradnen, J. Jokiniemi, A novel field measurement method for
determining fine particle and gas emissions from residential wood combustion, Atmos. Environ.
41 (2007) 8330—8344. https://doi.org/10.1016/j.atmosenv.2007.06.018.

E. Pettersson, C. Boman, R. Westerholm, D. Bostrom, A. Nordin, Stove Performance and

Emission Characteristics in Residential Wood Log and Pellet Combustion, Part 2: Wood Stove,
Energy Fuels. 25 (2011) 315-323. https://doi.org/10.1021/ef1007787.

-43-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

L]
|
rk

References

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

(70]

[71]

[72]

(73]

C. Boman, E. Pettersson, R. Westerholm, D. Bostrom, A. Nordin, Stove Performance and
Emission Characteristics in Residential Wood Log and Pellet Combustion, Part 1: Pellet Stoves,
Energy Fuels. (2011) 307-314.

P.l. Jalava, M.S. Happo, J. Kelz, T. Brunner, P. Hakulinen, J. Maki-Paakkanen, A. Hukkanen, J.
Jokiniemi, I. Obernberger, M.-R. Hirvonen, In vitro toxicological characterization of particulate
emissions from residential biomass heating systems based on old and new technologies,
Atmos. Environ. 50 (2012) 24-35. https://doi.org/10.1016/j.atmosenv.2012.01.009.

J. Orasche, T. Seidel, H. Hartmann, J. Schnelle-Kreis, J.C. Chow, H. Ruppert, R. Zimmermann,
Comparison of Emissions from Wood Combustion. Part 1:Emission Factors and Characteristics
from Different Small-Scale Residential Heating Appliances Considering Particulate Matter and
Polycyclic Aromatic Hydrocarbon (PAH)-Related Toxicological Potential of Particle-Bound
Organic Species, Energy Fuels. 26 (2012) 6695—6704.

Md.A. Bari, G. Baumbach, B. Kuch, G. Scheffknecht, Air Pollution in Residential Areas from
Wood-fired Heating, Aerosol Air Qual. Res. (2011) 749-757. https://doi.org/doi:
10.4209/aaqr.2010.09.0079.

S. Ozgen, S. Caserini, S. Galante, M. Giugliano, E. Angelino, A. Marongiu, F. Hugony, G.
Migliavacca, C. Morreale, Emission factors from small scale appliances burning wood and
pellets, Atmos. Environ. 94 (2014) 144-153. https://doi.org/10.1016/j.atmosenv.2014.05.032.

M. Kistler, Particulate matter and odor emission factors from small scale biomass combustion
units, Dissertation, Technical University Vienna, 2012.

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

L.S. Johansson, B. Leckner, L. Gustavsson, D. Cooper, C. Tullin, A. Potter, Emission
characteristics of modern and old-type residential boilers fired with wood logs and wood
pellets, Atmos. Environ. 38 (2004) 4183—4195.
https://doi.org/10.1016/j.atmosenv.2004.04.020.

E. Hedberg, A. Kristensson, M. Ohlsson, C. Johannsson, P.-A. Johannson, E. Swietlicki, V. Vesely,
U. Wideqvist, R. Westerholm, Chemical and physical characterization of emissions from birch
wood combustion in a wood stove, Athomspheric Environ. (2002) 4823-4837.

P.M. Fine, G.R. Cass, B.R.T. Simoneit, Chemical Characterization of Fine Particle Emissions from
the Wood Stove Combustion of Prevalent United States Tree Species, Environ. Eng. Sci. 21
(2004) 705-721. https://doi.org/10.1089/ees.2004.21.705.

T. Kaivosoja, A. Virén, J. Tissari, J. Ruuskanen, J. Tarhanen, O. Sippula, J. Jokiniemi, Effects of a
catalytic converter on PCDD/F, chlorophenol and PAH emissions in residential wood
combustion, Chemosphere. 88 (2012) 278-285.
https://doi.org/10.1016/j.chemosphere.2012.02.027.

IARC, ed., Polynuclear aromatic compounds:: this publication represents the views and expert
opinions of an IARC Working Group on the Evaluation of the Carcinogenic Risk of Chemicals to
Humans which met in Lyon. Pt. 1: Chemical, environmental and experimental data,
International Agency for Research on Cancer, Lyon, 1983. https://monographs.iarc.fr/wp-
content/uploads/2018/06/mono32.pdf (accessed November 20, 2019).

-44-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

C.-E. Bostrom, P. Gerde, A. Hanberg, B. Jernstrom, C. Johansson, T. Kyrklund, A. Rannug, M.
Torngvist, K. Victorin, R. Westerholm, Cancer risk assessment, indicators, and guidelines for
polycyclic aromatic hydrocarbons in the ambient air., Environ. Health Perspect. 110 (2002) 451—
488. https://doi.org/10.1289/ehp.110-1241197.

I.C.T. Nisbet, P.K. LaGoy, Toxic equivalency factors (TEFs) for polycyclic aromatic hydrocarbons
(PAHSs), Regul. Toxicol. Pharmacol. 16 (1992) 290-300. https://doi.org/10.1016/0273-
2300(92)90009-X.

World Health Organization, ed., Air quality guidelines for Europe, 2nd ed, World Health
Organization, Regional Office for Europe, Copenhagen, 2000.
http://www.euro.who.int/__data/assets/pdf_file/0005/74732/E71922.pdf (accessed
November 20, 2019).

J. Orasche, T. Seidel, H. Hartmann, J. Schnelle-Kreis, J.C. Chow, H. Ruppert, R. Zimmermann,
Comparison of Emissions from Wood Combustion. Part 1: Emission Factors and Characteristics
from Different Small-Scale Residential Heating Appliances Considering Particulate Matter and
Polycyclic Aromatic Hydrocarbon (PAH)-Related Toxicological Potential of Particle-Bound
Organic Species, Energy Fuels. 26 (2012) 6695-6704. https://doi.org/10.1021/ef301295k.

J.C. Larsen, P.B. Larsen, Chemical Carcinogens, in: R.M. Harrison, R.E. Hester (Eds.), Issues
Environ. Sci. Technol., Royal Society of Chemistry, Cambridge, 2007: pp. 33-56.
https://doi.org/10.1039/9781847550095-00033.

C. Boman, E. Pettersson, R. Westerholm, D. Bostrom, A. Nordin, Stove Performance and
Emission Characteristics in Residential Wood Log and Pellet Combustion, Part 1: Pellet Stoves,
Energy Fuels. 25 (2011) 307-314. https://doi.org/10.1021/ef100774x.

M.D. Hays, N.D. Smith, J. Kinsey, Y. Dong, P. Kariher, Polycyclic aromatic hydrocarbon size
distributions in aerosols from appliances of residential wood combustion as determined by
direct thermal desorption—GC/MS, J. Aerosol Sci. 34 (2003) 1061-1084.
https://doi.org/10.1016/50021-8502(03)00080-6.

Commission on Air Pollution Prevention of VDI and DIN - Standards Committee, VDI 3874
Stationary source emissions - Determination of polycyclic aromatic hydrocarbons (PAH) -
GC/MC method, VDI 3872 Blatt 1 (1989-05), 1989.

International Organization of Standardization, Stationary source emissions - Determination of
gas and particle-phase polycyclic aromatic hydrocarbons - Part 1: Sampling ISO 11338-1, 2003.

International Organization of Standardization, Stationary source emissions - Determination of
gas and particle-phase polycyclic aromatic hydrocarbons - Part 2: Sample preparation, clean-up
and determination 1SO 11338-2:2003, 2003.

E. Hedberg, A. Kristensson, M. Ohlsson, C. Johansson, P.-A. Johansson, E. Swietlicki, V. Vesely,
U. Wideqvist, R. Westerholm, Chemical and physical characterization of emissions from birch
wood combustion in a wood stove, Atmos. Environ. 36 (2002) 4823-4837.
https://doi.org/10.1016/51352-2310(02)00417-X.

J. Orasche, J. Schnelle-Kreis, C. Schén, H. Hartmann, H. Ruppert, J.M. Arteaga-Salas, R.
Zimmermann, Comparison of Emissions from Wood Combustion. Part 2: Impact of Combustion
Conditions on Emission Factors and Characteristics of Particle-Bound Organic Species and
Polycyclic Aromatic Hydrocarbon (PAH)-Related Toxicological Potential, Energy Fuels. 27 (2013)
1482-1491. https://doi.org/10.1021/ef301506h.

-45-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

F. Klauser, E. Carlon, M. Kistler, C. Schmidl, M. Schwabl, R. Sturmlechner, W. Haslinger, A.
Kasper-Giebl, Emission characterization of modern wood stoves under real-life oriented
operating conditions, Atmos. Environ. 192 (2018) 257-266.
https://doi.org/10.1016/j.atmosenv.2018.08.024.

N.-D. Dat, M.B. Chang, Review on characteristics of PAHs in atmosphere, anthropogenic sources
and control technologies, Sci. Total Environ. 609 (2017) 682—693.
https://doi.org/10.1016/j.scitotenv.2017.07.204.

H.-C. Zhou, Z.-P. Zhong, B.-S. Jin, Y.-J. Huang, R. Xiao, Experimental study on the removal of
PAHs using in-duct activated carbon injection, Chemosphere. 59 (2005) 861-869.
https://doi.org/10.1016/j.chemosphere.2004.11.022.

Z.-S. Liu, W.-K. Li, M.-J. Hung, Simultaneous removal of sulfur dioxide and polycyclic aromatic
hydrocarbons from incineration flue gas using activated carbon fibers, J. Air Waste Manag.
Assoc. 64 (2014) 1038-1044. https://doi.org/10.1080/10962247.2014.922519.

C.-L. Lin, Y.-H. Cheng, Z.-S. Liu, J.-Y. Chen, Metal catalysts supported on activated carbon fibers
for removal of polycyclic aromatic hydrocarbons from incineration flue gas, J. Hazard. Mater.
197 (2011) 254-263. https://doi.org/10.1016/j.jhazmat.2011.09.083.

W.T. Hsu, M.C. Liu, P.C. Hung, S.H. Chang, M.B. Chang, PAH emissions from coal combustion
and waste incineration, J. Hazard. Mater. 318 (2016) 32-40.
https://doi.org/10.1016/j.jhazmat.2016.06.038.

R. Wang, G. Liu, J. Zhang, Variations of emission characterization of PAHs emitted from
different utility boilers of coal-fired power plants and risk assessment related to atmospheric
PAHs, Sci. Total Environ. 538 (2015) 180-190. https://doi.org/10.1016/j.scitotenv.2015.08.043.

J. Li, X. Li, M. Li, S. Ly, J. Yan, W. Xie, C. liu, Z. Qj, Influence of Air Pollution Control Devices on
the Polycyclic Aromatic Hydrocarbon Distribution in Flue Gas from an Ultralow-Emission Coal-
Fired Power Plant, Energy Fuels. 30 (2016) 9572-9579.
https://doi.org/10.1021/acs.energyfuels.6b01381.

J.J. Schauer, M.J. Kleeman, G.R. Cass, B.R.T. Simoneit, Measurement of Emissions from Air
Pollution Sources. 5. C ; —-C 3, Organic Compounds from Gasoline-Powered Motor Vehicles,
Environ. Sci. Technol. 36 (2002) 1169-1180. https://doi.org/10.1021/es0108077.

CONCAWE, Polycyclic aromatic hydrocarbons in automotive exhaust emissions and fuels,
CONCAWE, Brussels, 1998. https://www.concawe.eu/wp-content/uploads/2017/01/rpt_98-55-
2004-01306-01-e.pdf (accessed November 27, 2019).

G. Reichert, C. Schmidl, W. Haslinger, W. Moser, S. Aigenbauer, F. Figl, M. Wo6hler, Investigation
of user behavior and operating conditions of residential wood combustion (RWC) appliances
and their impact on emissions and efficiency, (2014). https://www.biomasseverband.at/wp-
content/uploads/Tagungsband-3.pdf (accessed November 20, 2019).

W. Schieder, A. Storch, D. Fischer, P. Thielen, A. Zechmeister, S. Poupa, S. Wampl,
LuftschadtoffausstoR von Festbrennstoff-Einzel6fen, Untersuchung des Einflusses von
Festbrennstoff-Einzel6fen auf den AusstoR von Luftschadstoffen, Umweltbundesamt GmbH,
Wien, 2013. https://www.umweltbundesamt.at/fileadmin/site/publikationen/REP0448.pdf
(accessed November 20, 2019).

-46-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

References

[98] M. Wohler, J.S. Andersen, G. Becker, H. Persson, G. Reichert, C. Schon, C. Schmidl, D. Jaeger,
S.K. Pelz, Investigation of real life operation of biomass room heating appliances — Results of a
European survey, Appl. Energy. 169 (2016) 240-249.
https://doi.org/10.1016/j.apenergy.2016.01.119.

[99] German Institute for Standardization, Residential solid fuel burning appliances - Emission test
methods DIN CEN/TS 15883, 2010.

[100] F. Cavalli, M. Viana, K.E. Yttri, J. Genberg, J.-P. Putaud, Toward a standardised thermal-optical
protocol for measuring atmospheric organic and elemental carbon: the EUSAAR protocol,
Atmospheric Meas. Tech. 3 (2010) 79-89. https://doi.org/10.5194/amt-3-79-2010.

[101] European Committee for Standardization, Air quality - Standard method for the measurement
of the concentration of benzo[a]pyrene in ambient air, DIN EN 15540:2008, 2008.

[102] European Committee for Standardization, Hausliche Feuerstatten fir feste Brennstoffe - Teil 1:
Allgemeine Anforderungen und Prifverfahren; Deutsche Fassung DIN EN 16510-1:2018, 2018.

[103] G. Reichert, R. Sturmlechner, H. Stressler, M. Schwabl, C. Schmidl, H. Oehler, R. Mack, H.
Hartmann, Deliverable 3.3 Definition of Suitable Measurement Methods and Advanced Type
Testing Procedure for Real Life Conditions, Bioenergy 2020+ GmbH/Technologie- und
Forderzentrum Straubing, 2016. http://www.bereal-
project.eu/uploads/1/3/4/9/13495461/d3.3_definition_of suitable_measurement_methods_fi
nal_1.pdf (accessed February 5, 2018).

[104] www.bereal-project.eu, http://www.bereal-project.eu/, (n.d.). http://www.bereal-project.eu/
(accessed April 12, 2018).

-47-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

7 Scientific Publications

7.1 Publication |

Klauser, F.; Schwabl, M.; Kistler, M.; Sedlmayer, I.; Kienzl, N.; Weissinger, A.; Schmidl, C.; Haslinger,
W.; Kasper-Giebl, A. Development of a Compact Technique to Measure Benzo(a)Pyrene Emissions
from Residential Wood Combustion, and Subsequent Testing in Six Modern Wood Boilers. Biomass
Bioenergy 2018, 111, 288-300. https://doi.org/10.1016/j.biombioe.2017.05.004.

-48-


https://doi.org/10.1016/j.biombioe.2017.05.004
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Scientific Publications

7.2 Publication Il

Klauser, F.; Carlon, E.; Kistler, M.; Schmidl, C.; Schwabl, M.; Sturmlechner, R.; Haslinger, W.; Kasper-
Giebl, A. Emission Characterization of Modern Wood Stoves under Real-Life Oriented Operating
Conditions. Atmos. Environ. 2018, 192, 257-266. https://doi.org/10.1016/j.atmosenv.2018.08.024.

-49-


https://doi.org/10.1016/j.atmosenv.2018.08.024
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Scientific Publications

7.3 Publication il

Klauser, F.; Schmidl, C.; Reichert, G.; Carlon, E.; Kistler, M.; Schwabl, M.; Haslinger, W.; Kasper-Giebl,
A. Effect of Oxidizing Honeycomb Catalysts Integrated in a Firewood Room Heater on Gaseous and
Particulate Emissions, Including Polycyclic Aromatic Hydrocarbons (PAHs). Energy Fuels 2018, 32 (11),
11876-11886. https://doi.org/10.1021/acs.energyfuels.8b02336.

-50-


https://doi.org/10.1021/acs.energyfuels.8b02336
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

8 Curriculum Vitae

DI Franziska Klauser MSc

(formerly: Meier)

born on 18" of April 1988 in Scheibbs
3240 Mank, Loitsdorf 14
franziska.klauser@gmx.at

+43 650 5156862

Employments:

At present: Researcher at BEST — Bioenergy and Sustainable Technologies
GmbH (formerly: “BIOENERGY 2020+ GmbH”")
Inffeldgasse 21b, 8010 Graz
franziska.klauser@best-research.eu

Area: Fixed Bed Conversion Systems
Unit: Emission Technology and Research

08/2014 - 01/2018: Junior Researcher at BIOENERGY 2020+ GmbH
03/2014 - 07/2014: ERASMUS internship at SLU Sweden in Ume3,
Department: Forest Technology and Biomaterials
03/2013 - 10/2013: Project assistant at Bioenergy 2020+ GmbH
06/2012 - 07/2012: Minor employment at TU Munich/TFZ Straubing
Before 2011 Various employments in different companies (food and feed

processing, insurance, plant breeding, farming in Ireland)

Education:
Since 2016: PhD at Vienna University of Technology
Doctoral programme in Natural Sciences - Technical Chemistry
Title of the doctoral thesis: Characterization of real-life
benzo(a)pyrene emissions of residential wood combustion furnaces
2011- 2014: University of Natural Resources and Life Sciences, Vienna and

Technical University of Munich
International Master programme: Material and Energetic
Exploitation of Renewable Raw Materials (NAWARO)

-51-


mailto:franziska.klauser@best-research.eu
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Curriculum Vitae

Title of Master thesis: Pellet off-gassing during storage Influence of
raw material and O, availability

2008 — 2011 University of Natural Resources and Life Sciences, Vienna
Bachelor: Agricultural Sciences
2002 - 2007 Secondary school qualification for Food Technology and

Biotechnology (Francisco Josephinum)
School leaving examination - with distinction
1994 - 2002 Elementary school and Grammar school

Language skills:

e  German (native)
e  English (fluent)
e latin

e Spanish (basics)

International Experience:

e  Farmingin Ireland (06/2005 — 07/2005))
e Semester abroad at TU Munich, Germany (04/2012 —08/2012)
e Internship at SLU Umea, Sweden (04/2014 — 07/2014)

Research Topics:

e Biomass Combustion
e Combustion derived emissions with focus on dust and polycyclic aromatic hydrocarbons
o Pellet off-gassing during storage

Scientific activities:
Publications

Meier, F., Sedimayer, I., Emhofer, W., Wopienka, E., Schmidl, C., Haslinger, W., Hofbauer, H., 2016.
Influence of Oxygen Availability on off-Gassing Rates of Emissions from Stored Wood Pellets.
Energy Fuels 30, 1006-1012. https.//doi.orq/10.1021/acs.energyfuels.5b02130

Klauser, F., Schwabl, M., Kistler, M., Sedimayer, 1., Kienzl, N., Weissinger, A., Schmidl, C., Haslinger,
W., Kasper-Giebl, A., 2018c. Development of a compact technique to measure benzo(a)pyrene
emissions from residential wood combustion, and subsequent testing in six modern wood
boilers. Biomass Bioenergy 111, 288-300. https://doi.orq/10.1016/j.biombioe.2017.05.004

Klauser, F., Carlon, E., Kistler, M., Schmidl, C., Schwabl, M., Sturmlechner, R., Haslinger, W., Kasper-
Giebl, A., 2018a. Emission characterization of modern wood stoves under real-life oriented
operating conditions. Atmos. Environ. 192, 257—-266.
https://doi.org/10.1016/j.atmosenv.2018.08.024

-52-


https://www.linguee.de/englisch-deutsch/uebersetzung/school+leaving+examination.html
https://doi.org/10.1021/acs.energyfuels.5b02130
https://doi.org/10.1016/j.biombioe.2017.05.004
https://doi.org/10.1016/j.atmosenv.2018.08.024
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Curriculum Vitae

Klauser, F., Schmidl, C., Reichert, G., Carlon, E., Kistler, M., Schwabl, M., Haslinger, W., Kasper-Giebl,
A., 2018b. Effect of Oxidizing Honeycomb Catalysts Integrated in a Firewood Room Heater on
Gaseous and Particulate Emissions, Including Polycyclic Aromatic Hydrocarbons (PAHs). Energy
Fuels 32, 11876-11886. https://doi.orq/10.1021/acs.enerqyfuels.8b02336

Lectures

Meier, F., Schwabl, M., Sedimayer, I., Kistler, M., Schmidl, C., Weissinger, A., Haslinger, W., 2016.
Benzo(a)pyrene emission in the flue gas from modern biomass boilers, in: 24th EUBCE
Proceedings. Presented at the 24th European Biomass Conference, Amsterdam.

Schmidl, C., Kelz, J., Klauser, F., Kumar-Verma, V., Schwabl, M., Schwarz, M., 2016. Real-life emission
of automatically stoked biomass boilers. Presented at the 20th ETH Conference on Combustion
Generated Nanoparticles, Zurich.

Klauser, F., Schwabl, M., Sedimayer, |., Kistler, M., Schmidl, C., Weissinger, A., Haslinger, W., Kasper-
Giebl, A., 2017. A compact BaP emission measurement method for residential wood
combustion and preliminary results from modern biomass boiler testing. Presented at the 5th
Central European Biomass Conference, Graz.

Sturmlechner, R., Schmidl, C., Carlon, E., Reichert, G., Stressler, H., Klauser, F., Kelz, J., Schwabl, M.,
Kirchsteiger, B., Kasper-Giebl, A., Héftberger, E., Haslinger, W., 2019. Real-life emission factor
assessment for biomass heating appliances at a field measurement campaign in Styria, Austria,
Air Pollution in: Aveiro, Portugal, 2019: pp. 221-231. https://doi.orq/10.2495/AIR190221

Posters

Meier, F., Schwabl, M., Sedimayer, I., Kleinhappl, M., Schmidl, C., Haslinger, W., 2015. Benzo(a)pyrene
Emission Measurements in Flue Gas from Residential Biomass Combustion Appliances,
Presented at the 23rd European Biomass Conference and Exhibition, Vienna.

Klauser, F., Kelz, J., Schwabl, m., Stressler, H., Sturmlechner, R., Reichert, G., Schmidl, C., Weissinger,
A., 2017. Clean Air by Biomass — Demonstration of clean and efficient combustion of biomass,
Presented at the 5" Central European Biomass Conference, Graz.

Klauser, F., Schmidl, C., Schwabl, M., Haslinger, W., 2018. Effect of an oxidizing catalyst on PAH
emissions at firewood combustion, Presented at the 22" ETH-Conference on Combustion
Generated Nanoparticles, Zurich.

Master thesis

Meier, F., 2014. Pellet off-gassing during storage: The impact of storage conditions and type of
source material. University of Natural Resources and Life Sciences, Vienna.

-53-


https://doi.org/10.1021/acs.energyfuels.8b02336
https://www.tuwien.at/bibliothek

