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Populärvetenskaplig sammanfattning 

Luftburna partiklar från transportsektorn och energiproduktion kan ge upphov till 
negativa hälsoeffekter hos människor och påverka det globala klimatet. 
Partiklarnas kemiska och fysikaliska egenskaper förändras när de åldras i 
atmosfären och ny partikelmassa kan bildas från ämnen som tidigare var i gasfas. 
Det övergripande syftet med den här avhandlingen är att öka kunskapen om 
egenskaperna hos luftburna partiklar från förbränningskällor, för att på längre sikt 
öka förståelsen hur dessa partiklar påverkar människors hälsa och klimatet. 

Våra experiment visar att det bildas ny sekundär partikelmassa av avgaserna från 
bensindrivna personbilar, som går på tomgång, när de utsätts för simulerad 
atmosfärisk åldring genom UV-ljus. Den nybildade partikelmassan är betydligt 
större än partikelmassan som emitteras primärt från avgasröret. Trots detta finns 
det idag endast emissionsbegränsningar för primära partikelemissioner men inte 
för sekundärt bildad partikelmassa. 

Idag finns det rekommendationer kring vedeldning som säger att man ska använda 
”lagom torr ved” eftersom fuktig ved ger ökade utsläpp av luftföroreningar. 
Resultat i den här avhandlingen visar att försnabb förbränning ger upphov till 
förhöjda utsläpp av polycykliska aromatiska kolväten (PAHer) och de förhöjda 
utsläppen av PAHer sammanfaller med låg syrehalt i rökgaserna. PAH-utsläpp är 
något som bör undvikas då det finns misstankar att PAHer kan vara 
cancerframkallande och därför bör även snabb syrefattig förbränning undvikas.  

Som tidigare nämnts så kan luftburna partiklars kemiska och fysikaliska 
egenskaper förändras i atmosfären och det finns därför skäl att tro att dessa 
förändringar påverkar tocixiteten hos partiklarna. För att öka förståelsen hur 
toxiciteten hos vedrökspartiklar förändras vid atmosfärisk åldring samlades färska 
och åldrade partikelprover in. De insamlade partiklarna användes för att exponera 
celler, som sedan genomgick flera olika toxikologiska tester. Resultaten, för några 
av de toxikologiska testerna visade på en skillnad i respons från de celler som 
exponerats för de åldrade partiklarna jämfört med de som exponerats för de icke-
åldrade partiklarna. Detta visar att man bör ta hänsyn till effekten av åldring när 
man bedömer hälsoeffekter från vedrök. 

Förbränningskällor ger ett stort bidrag till luften i stadsmiljöer, både genom 
direkta utsläpp och åldrade partiklar som transporteras dit. Det finns idag regler för 
hur höga partikelhalterna får vara i stadsmiljöer och om för höga halter uppmäts 
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måste åtgärder vidtas. För att öka förståelsen kring partikelsammansättningen i 
luften och partikelkällor i den urbana miljön, genomfördes fältmätningar i centrala 
Köpenhamn. Resultaten från fältstudien visar att stadsluften domineras av två 
partikeltyper med olika fysikaliska egenskaper. Den ena typen var aggregerade 
partiklar från trafiken, den andra typen var sfäriska partiklar. När det blåste 
västliga vindar dominerades aerosolen av aggregerade partiklar medan både 
partikeltyperna förekom i större utsträckning när det blåste från kontinenten. 
Sotpartiklarnas fysikaliska egenskaper sammanföll med fysikaliska egenskaper 
hos sotpartiklar från dieselavgaser studerade i laboratoriemiljö. 
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1 Introduction 

1.1 Sources, health impact and climate effects of 
anthropogenic combustion emissions 

Primary and secondary aerosol emissions from anthropogenic combustion sources 
such as vehicles and biomass combustion contribute significantly to the global 
aerosol burden (Volkamer et al., 2006; Kocbach-Bølling et al., 2009). The 
influence from anthropogenic combustion on the ambient aerosol is higher close to 
the source, which often is in densely populated areas. Biomass combustion aerosol 
emissions can regionally be a dominating source of ambient particulate matter 
(PM) during the winter (Krecl et al., 2008). Secondary organic aerosol (SOA) 
from mobile sources gives an important contribution to the ambient PM in and 
downwind urban areas (Tkacik et al., 2014).  

A large number of epidemiological studies have shown that exposure to particulate 
emissions from anthropogenic combustion is associated with increased mortality 
and morbidity due to cardiovascular and pulmonary diseases (Dockery et al., 1993; 
Brook et al., 2010; Ruckerl et al., 2011). Hoek et al. (2002) concluded that people 
living close to major roads had a higher risk of mortality and morbidity due to 
cardiovascular diseases. Particulate emissions from traffic were considered a 
probable cause of the increased risk. The relative risks from exposure to the soot 
dominated traffic aerosol, determined in Hoek et al. (2002), were significantly 
higher than the relative risk from exposure to PM in general. Because of this, it is 
likely that exposure to soot-dominated aerosol has a larger impact on public health 
than PM in general, and should therefore merit special consideration, for example 
in emission mitigation efforts. Salvi et al. (1999) demonstrated that short term 
exposure to high concentrations of diesel exhaust particles in a chamber caused 
inflammatory responses in the lungs of the test persons. Occupational diesel 
exhaust exposure has been linked to increased cancer risk and diesel exhaust has 
been classified as a carcinogen by the International Agency for Research on 
Cancer (Benbrahim-Tallaa et al., 2012). Exposure to biomass combustion aerosol 
in laboratory studies has been shown to induce potential negative health effects 
such as inflammation, cytotoxicity and arterial stiffness (Barregard et al., 2006; 
Jalava et al., 2010; Unosson et al., 2013). 
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The best estimate of the net contribution of aerosol particles on the global 
radiation budget is negative, i.e. aerosol particles contribute to cooling of the 
climate (Blanco et al., 2014). However there are still large uncertainties regarding 
the magnitude of the contribution (Blanco et al., 2014).  Particles with a similar 
diameter as the wavelength of visible light (400-700 nm) are effective in scattering 
the incoming solar radiation, which has a cooling effect on the climate. The 
accumulation mode of ambient aerosol often overlaps with the wavelength of 
visible light and is primarily composed by organic aerosol, nitrate and sulfates. 
Ambient aerosol also affects climate indirectly through formation of clouds. Black 
carbon (BC) and brown carbon (BrC) components in addition absorb the incoming 
solar radiation, which leads to an increase in radiative forcing (Bond et al., 2013; 
Saleh et al., 2013). Organic aerosol emitted from biomass combustion has 
“brown” components, the combustion conditions determining the brownness of the 
emissions are unknown, but Saleh et al. (2014) showed that the brownness, i.e. 
absorption of lower wave lengths by the organic aerosol (OA), increased with 
increasing BC to OA ratio. Chung et al. (2012) suggested that organic aerosol 
when condensed on a soot core might focus incoming radiation towards the soot 
core to amplify BC absorption, the so called lensing effect. There are clearly some 
knowledge gaps here, why studies of mixing state and morphology of biomass 
combustion aerosol particles can be motivated.  

Small-scale biomass combustion is a significant heat source for many people in 
northern and central Europe and the United States and has been promoted as a 
climate friendly option to fossil fuels. However, increased use of biomass 
combustion implies increased PM emissions in environments where people reside. 
Brandt et al. (2011) modelled the contribution of biomass combustion PM to the 
urban air and found that the concentrations of PM10 were higher in areas with 
dense use of biomass-fuelled heating appliances than in the city center. Fountoukis 
et al. (2014) predicted that if all of the residential wood combustion in Europe 
were replaced with new pellet burning techniques, the mass concentrations of 
elemental carbon (EC) would decrease by 50% in large parts of Europe and the 
mass concentration of OA would decrease by 60% in urban environments.  

Particulate emissions from modern biomass combustion appliances fueled with 
pellets, where the combustion is fairly controlled, are commonly dominated by 
alkali salts (Boman et al., 2011). The emissions from older technologies such as 
wood stoves are to a much larger extent composed of black carbon and organic 
aerosol (Pettersson et al., 2011). The composition of the aerosol is dependent on 
operation mode, fuel and the characteristics of the appliance. Polycyclic aromatic 
hydrocarbons (PAHs) are a subset of the organic aerosol that have merited special 
interest since some PAH species are or are suspected to be carcinogenic (IARC, 
2010). Jalava et al. (2012) studied toxicological responses from cells exposed to 
PM from different combustion appliances and found that aerosol emitted by 
appliances with less efficient combustion induced more toxic responses, those 
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appliances also had the largest emission factors of PAHs. The emissions of PAHs 
are dependent on the combustion conditions, hot air starved combustion favors 
PAH emissions (Pettersson et al., 2011; Tapanainen et al., 2012). Previous studies 
of PAH emissions have been performed using off-line analyzing techniques. To 
enable a better understanding of the mechanisms of PAH formation, high time 
resolution studies are needed.  

Atmospheric transformation of aerosol changes the chemical and physical 
characteristics of ambient particles. Organic compounds emitted in the gas-phase 
from combustion sources become oxidized, which reduces their vapor pressure 
and allows condensation on existing particles (Donahue et al., 2006). PM formed 
in the atmosphere from the degradation of organic compounds is referred to as 
secondary organic aerosol (SOA) (Hallquist et al., 2009). SOA is believed to have 
a net cooling impact on the global climate, but the uncertainties regarding climate 
effects, formation mechanisms, sources and emissions factors are still very high 
(Hallquist et al., 2009).  

Recently there has been a debate about which anthropogenic sources that 
contribute to the ambient SOA production. Gentner et al. (2012) suggested that 
diesel vehicles were the dominant source of anthropogenic SOA in California, but 
also stated that both diesel and gasoline powered vehicles were of importance for 
the ambient SOA production in California. Bahreini et al. (2012) concluded that 
diesel vehicles in the Los Angeles basin had no impact on the formation of 
anthropogenic SOA, instead emissions from gasoline vehicles were thought to be a 
major source. To improve the understanding of traffic related primary and 
secondary emissions there is a need for laboratory studies on SOA formation from 
vehicle emissions. Particularly from gasoline exhaust, more knowledge about SOA 
formation mechanisms and emission factors is needed. 

The health impact of aerosol aging is not well known. Only a few studies have 
been carried out to this day about the effect of aging on the toxicological 
properties of the aerosol (Gaschen et al., 2010; Kunzi et al., 2013). Kocbach-
Bølling et al. (2009) suggested in a review on health effects of biomass 
combustion aerosol that atmospheric alterations could affect the biological activity 
of the PM, which could in turn increase or decrease the toxicity of the aerosol. 
They also stated that the effect of atmospheric aging on biomass combustion 
aerosol characteristics needed more investigation.  

The urban aerosol is a complex mixture of locally emitted and long range 
transported particles. Traffic and biomass combustion are local sources of particle 
emissions often containing a substantial fraction of soot agglomerates. The 
morphology of the soot particles are altered due to atmospheric aging, which 
affects the optical and hygroscopic properties of the agglomerate (Pagels et al., 
2009), which could in turn alter the health and climate impact of soot particles. 
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Detailed characterization of the urban aerosol is needed to better understand its 
origin, morphology and mixing state. 

1.2 Aims  

The overall aim of the research presented in this thesis was to increase the 
knowledge of the characteristics of particle emissions from anthropogenic 
combustion with the long term goal to improve the knowledge of their effect on 
public health and global climate. This was achieved by studying the physical, 
chemical and toxicological characteristics of the particles and how these are 
changed due to altered combustion conditions and upon atmospheric aging. The 
more specific scientific goals were: 

 

• To develop and implement new methods for aging of combustion 
aerosol at laboratory scale. 

• To investigate secondary organic aerosol formation in emissions 
from gasoline passenger vehicles in order to determine: emission 
factors, the ratio between secondary and primary emissions and the 
contribution of traditional light aromatic precursors to the formed 
secondary aerosol. 

• To determine how the combustion conditions of small-scale wood 
combustion affect the emissions of PAHs and organic aerosol. 

• To determine the mass-mobility relationship and morphology for 
particles emitted from small-scale biomass combustion during 
different phases and combustion conditions. 

• To investigate how ozone initiated aging and combustion 
conditions affect the characteristics and toxicity of particles emitted 
from small-scale wood combustion. 

• To investigate the mass-mobility relationship and mixing state of 
urban aerosol particles, to improve the understanding of the 
characteristics and sources of particles in urban environments.  
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2 Combustion emissions 

Combustion is the process where a fuel (solid, liquid or gaseous) is ideally 
oxidized to carbon dioxide and water, and the energy stored in the chemical bonds 
of the fuel is released. However, no ideal combustion situations exist, where all the 
carbon and hydrogen are completely oxidized, but the combustion can be more or 
less complete. Important criteria for achieving near-complete combustion are 
sufficiently high temperature, the right air to fuel ratio and sufficient mixing of air 
and fuel. Failure to comply with these criteria leads to more incomplete 
combustion. Potential impurities in the fuel such as alkali metals in solid wood 
fuel or sulfur in petroleum based fuel, may or may not be oxidized in the 
combustion process and emitted in the exhaust in different forms, often in the 
particle phase.  

2.1 Emission regulations 

Vehicle (light and heavy duty) emissions are regulated by the European emission 
standards issued by the European Union. The first standard (Euro 1) was 
implemented in 1992. The European emission standards regulate the emissions of 
nitrogen oxides (NOx), total hydrocarbons, non-methane hydrocarbons, carbon 
monoxide (CO) and particle mass and in a few cases number concentration. The 
emissions levels are measured during a specified test cycle. The regulation on 
pollutants has been sharpened in each new version of the emission standard and is 
applied to new vehicles sold after the implementation date. The emission 
regulation on PM has in principal required the implementation of particulate traps 
in diesel passenger vehicles. PM was at first not regulated for gasoline vehicles, 
but the latest standards (Euro 5 and 6) have the same limit of PM for directly 
injected gasoline passenger vehicles as for diesel vehicles. For more information 
go to the EUR-Lex data base (EUR-Lex, 2014). 

Emissions from small-scale biomass combustion are currently less strict regulated. 
However presently there are discussions on European level on how to impose 
more stringent emissions values from 2018 or later. Germany has taken the lead 
and put in place new regulation emission limit values (ELVs) for several air 
pollutants – including PM – for boilers and stoves. As of January 2015, stoves will 
have to comply with more stringent ELVs, ranging between 20 mg m-3 and 40 mg 
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m-3 depending on the type of fuel used. Inspections have been extended to all 
stoves above 4 kW (previously this was set at 15 kW). This is expected to 
significantly reduce PM emissions from domestic heating. (EEB, 2014) 

2.2 Nitrogen oxides (NOx) 

Nitrogen oxide (NO) is formed during oxygen rich high temperature combustion. 
NO emissions are an environmental issue causing acidification and it is desirable 
to reduce them. The chemical reaction forming NO is caused by the high 
temperature that causes nitrogen and oxygen molecules in the air to react to form 
NO (Glassman and Yetter, 2008). NO may also originate from nitrogen rich fuels 
like some types of biomass. Nitrogen oxide plays an important role in atmospheric 
chemistry, not only does it cause acidification, it is also an important reactant in 
SOA formation. Nitrogen oxide is also monitored as a tracer for particle emissions 
from traffic since it is fairly easy to monitor and has shown good correlation with 
for example soot emissions from diesel cars.  

Nitrogen dioxide (NO2) is formed from the oxidation of NO and can be harmful 
for public health. Long term exposure to NO2 has been linked to increased 
mortality and even though it is often co-emitted with other pollutants, it may still 
have an independent negative health impact (Faustini et al., 2014). 

2.3 Primary organic aerosol  

Primary organic aerosol (POA) is commonly defined as the organic aerosol 
emitted to the ambient air in particulate form, directly from the source. POA is 
often formed from large organic molecules that are in the gas phase in the 
combustion zone but are transferred to the particle phase during cooling of the 
emissions in the exhaust line. In biomass combustion, organic aerosol is primarily 
emitted during low temperature combustion (for example humid wood), where 
pyrolysis products are not sufficiently oxidized in the combustion zone. Emissions 
of POA from batch-wise biomass combustion also occur right after fuel addition 
(Kocbach-Bølling et al., 2009). Figure 1 shows a transmission electron microscopy 
(TEM) image of particles from the fuel addition phase. The POA from the fuel 
addition is emitted as spherical organic particles called “tar balls”. POA from low 
temperature biomass combustion is often dominated by degradation products of 
lignin and cellulose (Orasche et al., 2013). 
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Primary organic aerosol is also emitted from engines, where it mainly originates 
from hydrocarbons in lubricant oil that escapes oxidation in the cylinder (Sakurai 
et al., 2003).  

 

Figure 1 
TEM image of particles emitted from fuel addition in a wood stove. They are spherical organic 
particles, referred to as “tar balls”, from the experiments in Paper III. 

Polycyclic aromatic hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are soot precursors that are often co-
emitted with soot, in the gas phase or as coating on the soot particle. Smaller 
PAHs with two or three rings are most likely found in the gas phase while larger 
PAHs are often found in the particle phase, due to their lower vapor pressure. The 
emissions of PAHs from biomass combustion increases at hot air starved 
conditions during high burn rates (Pettersson et al., 2011; Tapanainen et al., 2012; 
Orasche et al., 2013). 

 

 

0.2 µm
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Brown carbon (BrC) 

It was previously believed that organic aerosol did not absorb light, but recent 
studies have shown UV absorption for organic aerosol from biomass burning. 
Lack et al. (2012) examined the light absorption of PM in emissions from a wild 
fire and found that externally mixed organic aerosol contributed to a significant 
fraction of the absorption of 404 nm (blue) light. Chen and Bond (2010) suggested 
that brown carbon or light absorbing organic carbon (OC) are rather large, but 
presently unidentified molecules and that the production of BrC increased with 
higher combustion temperature. This is indirectly supported by the findings in 
Saleh et al. (2014), who found that the absorption of OA emitted from biomass 
combustion increases with increasing BC to OA ratio.  

2.4 Soot 

Soot particles as found in the ambient air often have an agglomerated structure 
(Figure 2) built up by primary particles. The primary particles are composed by 
graphitized carbon, arranged in layered aromatic structures. 

 

 

Figure 2 
TEM image of a soot agglomerates emitted from a wood stove during the intermediate (flaming) 
phase from experiments in Paper III.  

0.2 µm
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Soot or black carbon (BC) is formed during the combustion of fuels containing 
carbon, such as biomass or petrochemical products. Although a lot of progress has 
been made in the understanding of soot formation, there are still large gaps (Wang, 
2011). Soot is formed under hot fuel rich conditions where small hydrocarbons are 
more likely to collide with other hydrocarbons than to be oxidized (Lighty et al., 
2000). The small hydrocarbons collide to form a benzene ring that continues to 
grow into polycyclic aromatic hydrocarbons, which then grow into larger aromatic 
molecules. Particles are formed by inception, typically 1-2 nm consisting of about 
160 carbon atoms. The particles grow through surface reactions and by colliding 
with other particles and coalesce upon contact, which keeps the spherical shape 
intact. When the time in-between collisions becomes faster than the coalescence 
time, the primary particles will start to form aggregates (Lighty et al., 2000). The 
size of primary particles in soot aggregates is typically 10 to 30 nm.   

Mass mobility relationship and mixing state 

The mass of soot particles is not proportional to the cube of the mobility diameter, 
like spherical particles, due to their agglomerated structure (Virtanen et al., 2002; 
Park et al., 2003). Equation 1 describes the mass-mobility relationships of 
agglomerated particles: magg is the mass of the agglomerate, K is a constant, dme is 
the mobility equivalent diameter and εm is the mass-mobility exponent (Virtanen et 
al., 2002; Rissler et al., 2013). The effective density (ߩ௘௙௙ூ ) (Equation 2) is the ratio 
of the mass (m) of the agglomerate to the volume of a sphere with dme as the 
diameter. Substituting magg in Equation 1 with the expression for ߩ௘௙௙ூ 	gives 
Equation 3, which describes the effective density as a function of mobility 
diameter, where C is another constant. Figure 3 shows the mass-mobility 
relationship from a laboratory study on fresh soot from a diesel vehicle and a soot 
generator (Malik et al., 2011). The black line in Figure 3 is fitted from a mass 
mobility relationship for the soot emitted from a diesel engine (John Deere, 75 
kW) in Park et al. (2003), the fitting parameters are C=16.18 and εm=2.32. Rissler 
et al. (2013) stated that diesel soot agglomerates with <10% volatile coating has a 
mass mobility exponent of 2.3 ±0.1. For fresh soot with larger organic coatings 
and upon condensation in the atmosphere, the mass mobility exponent will 
typically increase towards 3.0 and the effective density will gradually increase 
towards the material density (Pagels et al., 2009).  ݉௔௚௚(݀௠௘) = ܭ ∙ ݀௠௘ఌ೘   (1) 

௘௙௙ூߩ  = ௠ഏలௗ೘೐య   (2) 
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௘௙௙ூߩ (݀௠௘) = ܥ ∙ ݀௠௘ఌ೘ିଷ  (3) 

 

The mixing state of an aerosol refers to how chemical components mix between 
particles at given size. There two extremes: internal mixing (all particles in a size 
class or mode have the same mixed composition) and external mixing (each 
particle class or mode is composed of a single species) (Textor et al., 2006). An 
aerosol with an external mixture with regards to mass-mobility relationship, 
consists of particles with at least two different effective densities, at a given 
mobility diameter. 

 

 

Figure 3 
Effective density as a function of mobility diameter for light duty vehicle (LDV) diesel soot and soot 
particles generated from a soot generator described in  Malik et al. (2011). The solid line is fitted 
from effective density data (John Deere disel engine) from experiments presented in Park et al. 
(2003). 
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2.5 Inorganic emissions 

Inorganic particles in biomass combustion emissions 

In modern biomass combustion appliances like pellets and woodchip boilers, it is 
generally possible to achieve a more complete combustion than in older techniques 
like wood stoves. Particulate emissions from complete biomass combustion mostly 
contain inorganic compounds, since the carbon atoms have been oxidized and 
mainly emitted as carbon dioxide (Kocbach-Bølling et al., 2009). The alkali metals 
originate from nutrition species that the biomass absorbs during its growth. 
Potassium is typically the dominating alkali metal in biomass combustion 
emissions. Boman et al. (2004) studied the chemical composition of the particulate 
emissions from three different pellet combustion appliances, using six different 
fuels and found that the three most frequent alkali salts were KCl, K3Na(SO4)2 and 
K2SO4. Boman et al. (2004) also found zinc oxide in the particle phase. Recent 
studies found that zinc oxide formed the inner nuclei of the ash particles and that 
alkali salts condenses on the nuclei (Yang et al., 2013; Torvela et al., 2014). 
During optimal combustion, when the emissions of carbonaceous PM is low, 
inorganic ash particles are found in the ultra-fine mode (<100 nm), but during less 
optimal conditions, inorganic ash particles can be internally mixed with soot and 
organic aerosol in the accumulation mode (> 100 nm) (Torvela et al., 2014).   

Inorganic particles in engine emissions 

The fuel or lubricant oil may contain metals such as Al, Ti and Cu, which are 
emitted as metallic ash transferred to soot particles by coagulation and/or 
condensation or are nucleated to form independent particles (Kittelson, 1998; 
Maricq, 2007). Engine emissions may also contain sulfuric acids and sulfates due 
to sulfur content in the fuel, though most of the sulfur is emitted as SO2 (Kittelson, 
1998). In the European Union there is a limit to the sulfur content in the fuel, 
which has significantly reduced the sulfur containing emissions from vehicles.  

2.6 Secondary organic aerosol (SOA) formation 

Secondary organic aerosol (SOA) is formed from atmospheric reactions initiated 
by UV-light or tropospheric ozone, and degrade gas-phase biogenic or 
anthropogenic organic compounds (for example volatile organic compounds; 
VOCs) into low volatility oxidized compounds. The magnitude of atmospheric 
SOA concentration is of major importance for determining the aerosol effect on 



28 

the global radiation balance (Monks et al., 2009). There are still major 
uncertainties when it comes to estimating the SOA production rates from both 
biogenic and anthropogenic sources (Hallquist et al., 2009).   

The degradation of organic compounds and SOA formation is a very complex 
process that involves thousands of reactions and several radicals (Hallquist et al., 
2009). Below is a short summary of some of the most important mechanisms. 
Photolysis induced by UV-light leads to the formation of hydroxyl radicals (OH). 
The OH radicals degrade the VOCs to oxidized reactions products, in the first 
major step peroxy-radicals. The VOC to NO ratio affects the SOA yield for a 
given precursor (Hildebrandt et al., 2009). At high VOC to NO ratios the peroxy-
radicals react with HO2 resulting in relatively high yields for SOA formation. If 
NO is typically higher than a few ppb the degradation of the VOCs takes an 
alternate pathway, where the formed peroxy-radicals reacts with NO and nitrated 
reaction products are formed (Hallquist et al., 2009). The nitrated reaction 
products typically have higher vapor pressures resulting in low SOA yield. Ozone-
initiated chemistry is similar to photo-oxidation chemistry in the sense that it leads 
to formation of hydroxyl- and peroxy-radicals (Hallquist et al., 2009).   

The SOA formation from traditional SOA precursors (for example light aromatics 
from combustion sources) is dependent on the level of OH radicals present (Song 
et al., 2007). In laboratory studies the cumulative OH exposure can be used to 
normalize the SOA formation, which enables comparisons between different smog 
chambers or potential aerosol mass chambers (PAM). A cumulative OH exposure 
of 106 cm-3 h is equivalent to about one hour of atmospheric exposure on a winter 
day in Northern Europe.  

Donahue et al. (2006) introduced a framework called the volatility basis set 
(VBS), a tool for describing gas-particle phase interaction of organic compounds. 
The VBS classifies the organic components into volatility bins depending on the 
magnitude of their saturated vapor concentration (which is derived from the 
saturation vapor pressure). For example at a given concentration of OA it is 
possible to estimate what fraction of an organic component that would partition to 
the particle phase. Additionally one can estimate the phase distribution and SOA 
yield as the saturation vapor pressure decreases due to atmospheric processing of 
organic compounds.  
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3 Materials and Methods  

The results presented in this thesis are focused on experiments with in-use light 
duty vehicles, conventional biomass combustion appliances and measurements in 
an urban environment. Table 1 shows a summary of the sources and methods used 
in Paper I-V. 

Table 1 
A summary of the aerosol sources and main experimental methodologies used in the thesis. 

Paper  Research focus Aerosol source Sampling mode 
and aging 

Main 
characterization 
instruments  

I SOA formation from 
gasoline vehicle exhaust 

Idling gasoline 
vehicles, light 
aromatic 
precursors 

Photo-oxidation in 
smog chamber 

Scanning mobility 
particle sizer 
(SMPS), AMS, 
PTR-MS  

II Transient PAH 
emissions from wood 
stoves 
 

Conventional 
wood stove 

Transient 
measurements in 
diluted flue gases 

AMS 

III Mass-mobility 
relationship and mixing 
state of biomass 
combustion aerosol 

Conventional 
wood stove, 
pellet 
combustion 
appliances 
 

Measurement of 
isolated 
combustion phases 
in steel chamber,  
no aging 
 

DMA-APM 
 

IV Chemical and 
toxicological properties  
of fresh and aged 
biomass combustion 
aerosola 

Conventional 
wood stove 

Dark aging in steel 
chamber with O3 

DGI 

V Mass-mobility 
relationship and mixing 
status of urban aerosol 

Urban street-
level aerosol 

Outdoor 
measurements in 
wintertime 

DMA-APM 

a The toxicological tests were performed by Kuopio Univesity.  
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3.1 Smog chambers  

Flexible Teflon bags, referred to as smog chambers or simulation chambers have 
been used over the last few decades to simulate atmospheric reactions in a 
controlled environment. The advantage of using Teflon is the high UV 
transmission (>90%) (Paulsen et al., 2005), which enables the light sources to be 
placed outside the chamber, which prevents contamination of the aerosol. The 
flexibility of the chamber also makes it possible to maintain a stable pressure in 
the Teflon chamber when the volume is decreased upon aerosol sampling.  

The smog chamber in the aerosol laboratory at Lund University was used in the 
gasoline SOA experiments presented in Paper I, in controlled processing of diesel 
exhaust reported in this thesis and hygroscopicity of aged diesel soot (Wittbom et 
al., 2014). Modeling of the chemistry and aerosol dynamics in the chamber is 
presented in Roldin et al. (2014).   

Implementing the smog chamber system, we specified the performance of a 
number of parameters to make sure that the overall performance was up to par 
with similar systems in other laboratories. Important parameters for successful 
aging experiments are temperature stability over the whole experiment, photolysis 
rate and low background concentration of particles and gases.  

The characteristics of the Lund smog chamber are listed in Table 2 along with the 
characteristics of two established chambers from the literature. The temperature in 
the Lund smog chamber increased about 2 °C during a five hour experiment, due 
to the heat released from the UV light source. The photolysis rate (ܬேைమ) of 0.2 min 
-1 induced by the UV irradiation was sufficient to achieve a cumulative OH 
exposure equivalent to several hours of atmospheric aging. The light spectrum of 
the UV source ranged between 320 and 380 nm, peaking at 350 nm. The 
background concentration of particles were in most experiments <<100 cm-3 and 
were negligible in comparison to the initial concentration of sulfate seeds (20 000- 
25 000 cm-3). The smog chamber was also tested in several blank experiments 
where purified air was taken through the heated sampling line, where exhaust was 
normally diluted and injected from the vehicles. This was done to make sure the 
formation of SOA from background concentration of VOCs was negligible. The 
SOA mass concentration in the chamber in a blank experiment was <0.1 µg m-3 
after several hours of radiation.    

Due to electrostatic forces and other deposition mechanisms, aerosol particles 
deposit on the wall of smog chambers (McMurry and Rader, 1985). The wall 
losses are more pronounced in smaller smog chambers, like the one at Lund 
University, due to lower volume to surface ratio. Wall losses had to be accounted 
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for in order to make a useful estimate of the SOA formed. The wall loss correction 
method used is further described in Paper I and in Hildebrandt et al. (2009).   

Table 2  
Characteristics of the Lund University smog chamber, compared to two similar smog chamber 
setups, the PSI chamber is presented in (Paulsen et al., 2005) and the California Institute of 
Technology chamber is presented in Cocker et al. (2001). 

 Dimensions  
W*L*H (m) 

Temperature 
(°C) 

૛ࡻࡺࡶ   

(min-1) 

Background 
concentration (# 
cm-3) 

Lund University 2.1*1.5*1.8 (20-25) ± 2 0.2 <100  
PSI 4*5*4  (15-30) ± 1  0.12 <20  
Cal Tech  2.5*3*3.7 (18-50) ± 1  N/A N/A 

 

Generation of vehicular emissions to the smog chamber 

Initial tests were performed on ten gasoline-powered light duty vehicles and three 
diesel-powered light duty vehicles, using a flame ionization detector (FID) to 
measure VOCs and a portable flue gas analyzer (Testo, model 350 XL) for NOx 
and CO measurements. Out of them three gasoline cars were selected, one Euro 2, 
one Euro 3 and one Euro 4 and one diesel car (Euro 2). The vehicles’ exhaust was 
sampled into the smog chamber using a Dekati ejector dilutor. The injection times 
for the gasoline vehicles were typically 5-10 minutes and 90 seconds for the diesel 
vehicle. The ambient temperature was typically a few degrees below zero 
centigrade. A schematic of the smog chamber setup is illustrated in Figure 4. 

In the experiments presented in Paper I, emissions from three different idling 
gasoline vehicles were sampled into the smog chamber for the aging experiments. 
The standard operation mode was referred to as “cold idling” where the car was 
started with a cold engine, driven for 3 minutes on a standardized circuit before 
being put on idle. A “cold start” experiment was also performed where the 
emissions were sampled into the smog chamber from first ignition. The cold idling 
mode was developed to represent a realistic emission scenario in winter time in an 
urban environment and showed good repeatability in-between experiments.  

Photo-oxidation experiments on the emissions form the diesel car and light 
aromatic precursors are described in detail in Wittbom et al. (2014). Here, 
additional results on the effects of atmospheric processing on the mass-mobility 
relationship of diesel soot will be reported. 
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Figure 4 
A schematic figure of the setup used for aging of gasoline exhaust in Paper I. 

3.2 Small-scale biomass combustion appliances and 
operation modes 

There are several types of biomass combustion appliances for domestic heating. 
The heat can be transferred directly to the room from the stove or the chimney, or 
through a heat exchanger to an accumulator tank connected to a warm water 
system in the building. Common fuels are wood logs, pellets and wood chips. In 
this thesis, the results from emission measurements from one wood stove, one 
pellet stove and one pellet boiler are presented. 

A conventional wood stove sold on the Swedish market was used as the main 
source of PM emissions in Paper II, III and IV. The stove is further described in 
Pettersson et al. (2011). The fuel used was birch wood logs. Table 3 presents a 
summary of how the combustion conditions in Papers II, II and IV were achieved. 
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Table 3 
Summary of the combustion conditions for the wood stove used in Papers II, II and IV. Note that 
different abbreviations are used for the nominal combustion mode in the different papers. Oxygen 
minimum denotes the lowest oxygen concentration measured during the cycle. 

Operation mode 
(abbreviation used) 

Phases included Wood mass /number of 
logs 

Oxygen minimun 
(%) 

  
                               Paper II 

Nominal burn rate 
(NB) 

Full cycle (add fuel+ 
intermediate + burn 
out) 

~1.8 kg/2 logs (15% 
moisture) 

7 

High burn rate 
(HB) 

Full cycle  ~2-2.5 kg/6-7 logs (15% 
moisture) 

2 

                                 
                               Paper III 

Nominal burn rate 
(NB)a 

Full cycle ~2.5 kg/ 3 logs (15% 
moisture) 

8 

High burn rate (min) 
(HB-min) 

Full cycle ~3.0 kg/ 7 logs (7% 
moisture) 

4 

High burn rate (max)  
(HB-max) 

Full cycle ~3.5 kg/ 9 logs (7% 
moisture) 

0 

                                 
                               Paper IV 

Nominal burn rate  
(NOM) 

Full cycle ~2.5 kg/ 3 logs (15% 
moisture) 

5 

Hot air starved 
(HAS) 

Add fuel + first part of 
intermediate repeated 
(High burn rate) 

1-3 smaller logs added 
every 5 minutes 

2 

aSeparate phases (add fuel and intermediate) of a nominal combsution cycle were also studied. 
 

Nominal burn rate was achieved by operating the wood stove in accordance with 
the instructions from the manufacturer. Smaller pieces of wood were used to 
achieve higher burn rates. By cutting the logs into smaller pieces a higher surface 
to mass ratio was achieved, which allowed for a faster evaporation of combustible 
products from the logs. The burn rates were estimated based on the analysis 
described in Paper II. As an example NB and HB in Paper 2 correspond to burn 
rates of 1.9 and 2.9 kg h-1. The wood used for the two higher burn rates in the 
Paper III study had been stored indoors and thus had a lower moisture content, 
which resulted in faster combustion since less energy was being used to dry the 
wood in the combustion bed.  In the Paper IV experiments the hot air starved 
(HAS) conditions were achieved by adding smaller wood logs to the combustion 
bed during the intermediate phase. This operation mode combines the elevated 
organic emissions during the add fuel phase with a soot and PAH-rich aerosol that 
is emitted during the first part of the intermediate phase during high burn rate 
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combustion. An aerosol similar to the HAS case was used in a human exposure 
study presented in Unosson et al. (2013). 

Emissions from pellet combustion appliances were studied in Papers II and III. 
Two appliances were used, a modern pellet boiler operated at nominal conditions 
and a pellet stove operated at nominal and hot air starved conditions. Nominal 
conditions denoted the recommended operation by the manufacturer, while the hot 
air starved conditions were achieved by lowering the secondary air supply.  

The concentrations of O2, CO and NO in the undiluted flue gases were monitored 
by a flue gas analyzer (Testo, model 350). In Paper II the AMS sampled directly in 
the diluted flue gases, the dilution system in the study consisted of a porous tube 
dilutor and two Dekati ejector dilutors (total dilution 1 500-3 000). In Paper III the 
flue gases from the wood stove were diluted (~200 times) and transferred to a 
mixing chamber by means of two Dekati ejector dilutors.    

3.3 Methods for generation of fresh and aged aerosol for 
toxicological studies 

The toxicological analysis in Paper IV required at least 10 mg of particle mass 
PM1.0) collected on substrates by a Dekati gravimetric impactor (DGI) (Ruusunen 
et al., 2011). It was desirable that the fresh and aged aerosol samples could 
originate from the same experimental batch to avoid uncertainties due to 
unavoidable small differences in combustion conditions between batches. To 
achieve this, emissions from the wood stove were diluted and sampled to a 15 m3 
stainless steel mixing chamber. First the fresh aerosol was collected, then ozone 
was added and a short time for mixing was allowed. Then collection of the aged 
aerosol stared. Fresh and aged aerosol was collected from wood stove emissions 
from two different operation conditions, nominal (NOM) and hot air starved 
(HAS).  

The aerosol in the chamber was characterized by several on-line and off-line 
techniques, including thermo-optical analysis of organic and elemental carbon, 
tapered element oscillating microbalance and gas chromatography-mass 
spectrometry (GC-MS) analysis for gas and particle phase PAHs. The aerosol was 
extracted from the DGI filters and a fraction of it was used for analysis of particle 
phase PAHs and trace metals. The laser vaporizer aerosol mass spectrometer (SP-
AMS) was not available during the initial aging experiments. Instead a replicate 
experiment was carried out where the ratio of organic aerosol to refractory black 
carbon (rBC) and the ratio of PAHs to rBC were determined for aging of HAS-
mode aerosol. 
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Toxicological tests 

The toxicological tests used in Paper IV were designed and performed by 
researchers at the Department of Environmental Health at the Finnish National 
Institute for Health and Welfare in Kuopio, Finland. The process is more 
extensively described in Jalava et al. (2005), Jalava et al. (2010) and Tapanainen et 
al. (2012). The biological model was Mouse RAW264.7 macrophages. The cells 
were exposed to four doses of combustion aerosol (15, 50, 150 and 300 µg ml-1), 
from fresh and aged nominal combustion aerosol and fresh and aged hot air 
starved combustion aerosol. The cells were tested for the following toxicological 
endpoints: cell cycle analysis, cell viability, production of inflammatory mediators 
and DNA damage (genotoxicity).  

3.4 Urban and rural campaigns  

The mass-mobility measurements of urban aerosol took place in central 
Copenhagen at street level. The instrumentation was placed indoors in a street-side 
building. A mixing volume (residence time one minute) was added upstream the 
DMA-APM to remove the effect of single vehicles on the sampled aerosol.    

The rural campaign was performed at a rural background station 45 km northeast 
of Copenhagen. The instrumentation was placed inside a heated measurement 
wagon.  
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4 Instrumentation 

4.1 Technique for measurements of the mass-mobility 
relationship 

The mass-mobility relationship of aerosol particles can be determined using the 
differential mobility analyzer-aerosol particle mass analyzer (DMA-APM) 
technique. The DMA selects particles of a given mobility diameter and the APM 
measures the mass of these particles. To determine the volatile mass of the aerosol, 
a thermodenuder (TD) was placed between the DMA and APM. The volatile mass 
was defined as the difference between the masses measured with and without TD 
for the same initial mobility size. The DMA-TD-APM technique was the main 
instrumentation used in a laboratory study to characterize biomass burning aerosol 
in Paper III and in a field study at an urban street-level and rural background 
location in Paper V.  

The DMA-APM technique was first described by (McMurry et al., 2002). The 
APM consists of two concentrical cylinders that rotate at the same angular velocity 
in the same angular direction. A voltage (VAPM) is applied over the cylinders 
which creates an electrical field. Since the gap between the cylinders is much 
smaller than the radius of the outer cylinder, the electrical field can be considered 
uniform over the gap. Particles with a given mass (the centrifugal force on the 
particle is equal to the electrical force) are able to exit the APM. Particles that exit 
the APM are detected by a condensation particle counter (CPC) and a voltage 
distribution is formed. A schematic of the DMA-APM setup is given in Figure 5.  ݉ = ௤௏೘೐ೌ೙௥మఠమ୪୬	(ೝమೝభ)  (4) 

The DMA-APM was operated by stepping the voltage (VAPM) using a custom 
made Labview™ program, developed by the University of Minnesota, Texas 
A&M University and Lund University. The program allows continuous operation 
of the instrument. The DMA-APM data were evaluated using a custom made 
MATLAB program. The transfer function of the DMA defines the probability of a 
particle as a function of mobility to exit the instrument at a given setting. The 
DMA transfer function is triangular shaped. The transfer function for the APM 
resembles the shape of a triangle with the top angle cut off. Convoluting the two 
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transfer functions results in the transfer function for the DMA-APM system. It can 
be approximated with a normal distribution (Emery, 2005). The program attempts 
to fit a normal distribution function to the measured voltage distribution acquired 
from the APM. The MATLAB program is also capable of fitting two normal 
functions to one spectrum if there is a bimodal mass distribution (externally mixed 
aerosol). The fitted mean value (Vmean) of the voltage distribution is used for 
calculations of mass (m) according to Equation 4, where r1 is the radius of the 
inner cylinder and r2 is the radius of the outer cylinder, r = (r1+r2)/2, q is the 
particle charge and ω is the angular velocity of the rotating cylinders. 

 

 

Figure 5 
Schematic and operation principle of the APM, FC denotes the centrifugal force. 
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Calibration of the DMA-APM 

The DMA-APM is calibrated using monodisperse polystyrene latex (PSL) 
spherules (Duke Scientific Corp.). The results from the calibration are applied to 
the fitted APM voltage from a measurement (Vmean) according to Equation 5, 
where the theoretical density of PSL particles (ρPSL) is 1.054 g cm-3 and VPSL is the 
APM voltage derived from the calibration (McMurry et al., 2002). This results in a 
true effective density (ρtrue) of the measured particles.  ߩ௧௥௨௘ = ௉ௌ௅ߩ ௏೘೐ೌ೙௏ುೄಽ   (5) 

Table 4 
Calibration data from two separate campaigns of DMA-APM measurements at two different 
locations, nine months apart. The effective measured density of the PSL spheres (ρcal) is derived from 
VPSL.  

Mobility diameter 
PSL (nm) 

DMA voltage (nm) VPSL (V) ρcal (g cm-3) 

 
Biomass combustion campaign (Paper III) 

102 1045 103.3 1.097 
102 1045 102.9 1.093 
102 1045 102.4 1.087 
240 4024 486.7 1.096 
240 4024 486.3 1.095 
240 4024 486.6 1.096 
350 6774 661.2 1.076 
350 6774 656.6 1.068 
350 6774 659.3 1.073 

 
Rural campaign (Paper V) 

102 1057 80.3 1.001 
102 1057 80.3 1.000 
102 1057 80.3 1.000 
240 4093 466.2 0.973 
240 4093 467.1 0.975 
240 4093 466.2 0.973 
350 7014 653.6 0.978 
350 7014 649.2 0.979 
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The measured voltage of PSL spherules (VPSL) in adjacent runs at the same 
mobility diameter, differed only a few percent at most between the runs (Table 4), 
indicating that the DMA-APM technique has very high precision. The measured 
effective density of PSL particles differed up to 10% in between campaigns (Table 
4). The greatest source of error is probably the sheath flow control of the DMA, an 
error of 3% in the mobility diameter measurement would cause an error of ~10% 
in the mass measurement	(݉ ∝ ݀௠௘ଷ ).   
McMurry et al. (2002) showed that the accuracy of density measurements with the 
DMA-APM can be done with an uncertainty of less than 5% if the procedure 
above is followed. We expect to be within that range after applying the PSL 
correction.    

4.2 Aerosol mass spectrometry 

A high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, 
Aerodyne Research Inc.) (DeCarlo et al., 2006), was used in all of the studies 
included in this thesis to different extent. In Papers I, III, IV and V the HR-ToF-
AMS was equipped with a laser vaporizer (SP-AMS) (Onasch et al., 2012), which 
allowed detection of refractory material like black carbon. The operation principle 
is more extensively described in the aforementioned references and just briefly 
below. The AMS samples particles by means of a vacuum system maintained by 
five turbo pumps. The sampling flow rate is relatively low ~0.1 lpm. To shorten 
the residence time in the sampling line in order to avoid particle losses, an 
auxiliary flow of typically 1.0 lpm was used in the campaigns. Entering the AMS 
the particle stream is focused by an aerodynamic lens. The constituents of the lens 
enable high transmission for particles with a vacuum aerodynamic diameter (dva) 
between 50-500 nm. After the lens, the focused particle beam is chopped up 
(optional) to measure the time of flight of the particle, from which its vacuum 
aerodynamic size is determined. The particles are then vaporized by either a 1064 
nm laser (SP-AMS) or by a heated (600 °C) Tungsten plate. The vaporized 
molecules are bombarded by 70 eV electrons from a filament and a fraction 
becomes ionized. The electrons cause hard ionization, which breaks down the 
molecules into smaller fragments that travels through the time of flight mass 
spectrometer which determines the mass (atomic units) to charge ratio (m/z) of the 
fragments. The intensities at different m/z’s form a mass spectrum (MS). 
Molecules much larger than the fragments can in some cases be determined due to 
the specific pattern of the MS.   

The acquired data was analyzed with Igor Pro software and various versions of the 
plug-in software Squirrel and PIKA. Standard fragmentation patterns and 
calibration fractions were used as described in Aiken et al. (2008). For the PAH 
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quantification in Papers II and IV an algorithm based on careful calibration with 
PAH standards by Dzepina et al. (2007) was used. The algorithm was based on the 
way PAHs are fragmented in the ionization process in the AMS, giving them a 
unique mass spectrum.  

Even though improvements have been made there are still some uncertainties 
regarding the quantification of refractory black carbon in the SP-AMS, hence 
comparison with other independent techniques is important.  
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5 Results and discussion  

This section highlights the results from the papers included in the thesis and an 
effort is made to relate the results to other recent publications dealing with the 
same subject.  

5.1 SOA formation from light duty vehicles – Paper I 

The contribution of SOA formed from gasoline vehicle emissions to the overall 
traffic generated aerosol have been considered negligible compared to the primary 
and secondary emissions from diesel vehicles (Gentner et al., 2012). On the 
contrary a recent study by Bahreini et al. (2012) concluded that gasoline SOA 
dominated over diesel SOA in the Los Angeles basin in California. Thus it is clear 
that more studies were needed about the SOA formation from gasoline vehicle 
exhaust. Paper I presents to our knowledge the first laboratory study that attempted 
to quantify the SOA production and its composition from in-use gasoline vehicles.  

Apparent mass yield and chemical composition of gasoline exhaust 
SOA 

Light aromatic (LA) VOCs (C6-C9) have been pointed out as the main SOA 
precursors in gasoline exhaust based on smog chamber measurements with 
unburned gasoline fuel (Odum et al., 1997). Unburned gasoline fuel can contain up 
to 30% light aromatics. The main SOA precursors in diesel vehicle emissions are 
recognized to be intermediate volatile organic compounds (IVOCs) and semi-
volatile organic compounds (SVOCs) (Robinson et al., 2007; Weitkamp et al., 
2007). A total of six (five cold idling and one cold start) aging experiments were 
carried out in the smog chamber to study the SOA formation from gasoline vehicle 
exhaust To further elaborate the hypothesis by Odum et al. (1997), we performed 
two additional experiments where only light aromatic VOCs were injected to the 
smog chamber.  

The relative molar fractions of light aromatics in the exhaust from the gasoline 
vehicles and in the fuel are shown in Figure 6. The composition of the cold start 
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experiment is similar to the fuel sample, while the cold idling experiments contain 
a higher fraction of benzene.  

 

 

Figure 6  
The relative molar fractions of light aromatics of different size measured with GC-MS from the smog 
chamber experiments before photo-oxidation and a fuel sample. The road tunnel measurement is 
from a publication by Legreid et al. (2007) 

The concentrations of light aromatic VOCs were also monitored on-line 
throughout the experiments. At the end of the experiment we calculated the 
apparent mass yield, which is the ratio between the formed SOA mass and the 
light aromatics mass consumed. Parameterizations (Figure 7) showed that the 
apparent mass yield in the model experiments with pure light aromatic precursors 
corresponded to about 60% of the apparent mass yield in the cold idling 
experiments. This implies that a substantial fraction of the SOA has been formed 
from additional precursors. The apparent mass yield for the cold start experiment 
instead followed the parameterization of m-Xylene from Song et al. (2005). Proton 
transfer reaction-mass spectrometry (PTR-MS) measurements showed that heavier 
VOCs such as naphthalene were to a larger extent present in the cold idling 
experiments compared to cold start. Based on the PTR-MS measurements and OH 
reactivities we concluded that heavier aromatics such as C10, C11 aromatics as well 
as naphthalene and methyl-naphthalenes were important contributors to the 
additional precursors. 

In addition to the results from the apparent mass yield, the SOA AMS mass 
spectra are also markedly different for the cold idling (higher fraction at m/z=44) 
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compared to the pure precursor and cold start experiments, as discussed further in 
Paper I. During a cold start the oxidation catalyst has yet to reach its operation 
temperature, hence the emissions will contain more unburned fuel (Weilenmann et 
al., 2009), including light aromatic SOA precursors. 

 

 

Figure 7 
The apparent mass yield from the gasoline experiments in Paper I, plotted against the mass 
concentration of organic aerosol. The bottom black line is a two product fit to the m-xylene yield 
from Song et al. (2005). I1-I5 represent cold idling, S1 cold start and P1-P2 the precursor 
experiments. 

SOA formation and POA emissions in gasoline vs diesel exhaust 

The differences in combustion technique and chemical composition of the fuel 
between gasoline and diesel vehicles have implications not only for soot formation 
and emissions but also for the emission of POA and the production of SOA. 
Chirico et al. (2010) studied the primary emissions and SOA formation from light 
duty diesel vehicles and reported emission factors for experiments without 
particulate filter. The SOA to POA ratio was ~0.14. For the gasoline experiments 
reported here in Paper I, the SOA to POA ratio was 7-500.  

Compared to diesel vehicles secondary organic emissions appears to be of higher 
importance for gasoline vehicles, which is in agreement with other more recent 
data in the literature. May et al. (2014) investigated primary emissions (particulate 
and gaseous) from 64 in-use diesel and gasoline vehicles and found that the ratio 
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of SOA precursors to primary particulate emissions was an order of magnitude 
larger for the gasoline vehicles compared to the diesel vehicles examined. Paper I 
reported that about 10-15% of the hydrocarbons emitted in idling gasoline exhaust 
were traditional SOA precursors; the corresponding number in diesel exhaust was 
only about 5% (Schauer et al., 1999). 

The primary emission component is today fairly easy to remove with a particle 
trap and there is also a clear regulation on primary PM through the European 
emissions standards directive. Even though the oxidation catalyst may remove 
most gas-phase hydrocarbons (including SOA precursors), the function is limited 
during cold starts and the time-interval shortly thereafter.    

5.2 PAH emissions from small-scale biomass 
combustion – Paper II 

Previous studies of PAHs in aerosol emissions from wood stoves have used filter 
based collection techniques followed by gas chromatography-mass spectrometry 
(GC-MS) or similar off-line techniques (Pettersson et al., 2011; Orasche et al., 
2012). The advantage of GC-MS is the low detection limit and the ability to 
distinguish between isomers. A drawback with the use of GC-MS for the analysis 
of biomass combustion emissions is the lack of time resolved data, which would 
be of essence to improve the understanding of the mechanisms behind PAH 
emissions. The idea of using aerosol mass spectrometry to detected and quantify 
particulate phase PAHs was first presented by Dzepina et al. (2007), who 
developed an algorithm to distinguish PAHs signals within the mass spectrum. 
Paper II presents high time resolution AMS-measurements of emissions from full 
combustion cycles in the conventional wood stove, together with on-line 
monitoring of oxygen and carbon monoxide in the flue gases.  
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Figure 8 
Time series from a nominal burn rate combsution cycle (left) and a high burn rate combustion cycle 
(right). The upper panel shows the the emissions of PAHs and organic aerosol (OA). The bottom 
panel shows the flue gas content measured in the smoke stack. The combustion cycle is divided into 
three phases: fuel addition, intermediate and burn out. 

The particulate phase PAHs and the total emissions of organic aerosol (incl. 
PAHs) is plotted (upper panel Figure 8) during the course of a combustion cycle 
from fuel addition to the burn out phase for two combustion modes; nominal and 
high burn rate. Note that there are different scales on the y-axes. During fuel 
addition there is an emission burst of organic aerosol for both combustion modes. 
During the intermediate phase there are relatively low emissions of PAHs and 
organic emissions in the nominal combustion case, while in the high burn rate case 
the emissions of PAHs increase heavily. Looking at the simultaneous 
measurements of O2 and CO in flue gases (lower panel Figure 8), the O2 
concentration in the flue gas drops below 5% and the CO emissions are elevated 
during that phase. The emissions of organic aerosol and PAHs decrease as the 
batch of wood logs burn out. 
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Figure 9 
Emissions of particulate PAHs as a function of heat release (lower x-axis) and oxygen concentration 
in the flue gas (upper x-axis). 

Emission factors of particulate PAHs were plotted as a function of instantaneous 
heat release rate and flue gas oxygen content in Figure 9. The highest emission 
factors of particulate PAHs correlates (with a few exceptions) with the highest 
heat release rate in the combustion zone and low (<5%) oxygen concentration. The 
highest emissions factors were recorded during an experiment where a few small 
wood logs were added to the intermediate (flaming) phase of a combustion cycle.   

The elevated emissions of organic aerosol during the fuel addition phase come 
from pyrolysis products from the fuel as the wood logs are being heated. As the 
flaming combustion starts in the wood stove, these emissions decrease because the 
pyrolysis products are being combusted. The majority of the PAH emissions 
occurs during the intermediate phase. The increased PAH emissions during this 
phase in the high burn rate experiment occur simultaneously as low oxygen 
abundance and correlate to a certain degree with increased CO emissions. The hot 
air starved conditions during the intermediate phase in a high burn rate experiment 
clearly favor PAH emissions, which also have been seen by others (Elsasser et al., 
2013). 

Avoiding combustion conditions with excessive heat release rate and low oxygen 
abundance would be the most efficient way to reduce the potentially harmful PAH 
emissions. On-line monitoring of oxygen is much less complicated than 
monitoring of PAHs. However, the critical point in O2 concentration when PAH 
emissions become elevated most likely varies between different combustion 
appliances.  
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5.3 Mass mobility relationship and mixing status of 
biomass combustion aerosol – Paper III 

Mass mobility measurements were conducted using the DMA-TD-APM technique 
on pellet combustion appliances and different operations modes of the 
conventional wood stove (Table 3). The transient nature of wood stove emissions 
does not favor measurement techniques with limited time resolution such as 
DMA-APM, so the wood stove emissions were diluted and transferred to a 15 m3 
steel mixing chamber. The wood stove experiments focused both on single phases 
of the combustion cycle, where emissions from a single phase were transferred to 
the chamber and on measurements of the whole combustion cycles. The phases 
selected were: “fuel addition phase” and “intermediate phase” (Figure 8). For the 
whole cycle experiments, three operation modes were selected; nominal, high burn 
rate-min and high burn rate-max. The operation modes are further described in 
Table 3. The less transient nature of pellet combustion allowed for measurements 
directly on the diluted emissions.  

Mass mobility relationships of the three main particles types found in 
biomass combustion emissions 

The mass-mobility relationships (effective density as a function mobility diameter) 
from the experiments on the fuel addition phase and the intermediate phase of a 
wood stove and the continuous operation of a pellet boiler are presented in Figure 
10.The three major types of biomass combustion aerosol particle types are 
illustrated: organic aerosol dominated, soot agglomerates and inorganic ash 
dominated. The aerosol particles emitted from the nominal operation of pellet 
appliances had an effective density of ~1.9 g cm-3 for all the sizes, which is typical 
for inorganic ash (salt) particles. The size distribution is shifted towards smaller 
particles. The particles from the add fuel phase have an effective density of 1.2-1.3 
g cm-3, which does not appear to be dependent on mobility diameter. The size 
distribution is clearly shifted towards larger particles. The mass-mobility 
relationship from the intermediate (flaming) phase aerosol shows a decreasing 
effective density with increasing mobility diameter, which is to be expected since 
the flaming phase usually is dominated by soot particles. The solid line in Figure 
10 is the mass-mobility relationship from a measurement on soot from a diesel 
engine (Park et al., 2003). 
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Figure 10 
The mass-mobility relationships of the three main types of aerosol particles emitted from biomass 
combustion and a fit to mass-mobility measurements on a diesel engine presented in Park et al. 
(2003). The size of the cursors  is proportional to the normalized number concentration at that 
mobility diameter within each experiment. 

Boman et al. (2004) concluded that the most common alkali salts found in 
inorganic aerosol from pellet combustion were KCl  (ρ= 2.0 g cm-3) and K2SO4 
(ρ= 2.7 g cm-3). The measured value of ߩ௘௙௙ூ  = 1.9 g cm-3 is an indication that 
inorganic ash particles are not entirely spherical, since the effective density 
becomes lower than the material density with increasing deviation from spherical 
shapes. The aerosols emitted from the add fuel phase have an effective density 
similar to the bulk density of oxidized organic aerosol. In Figure 8, the highest 
emission factor of organic aerosol during the combustion cycle is detected during 
the add fuel phase. This has also been shown in Heringa et al. (2012). This is 
consistent with TEM analysis that shows spherical particles similar to organic “tar 
balls”. 

The soot-dominated aerosol from the intermediate phase has an effective density 
which is similar to or slightly higher than that of diesel soot. The mass mobility 
exponent for the particles emitted from the intermediate phase is 2.24, which is 
within the range of what is typically reported for other types of soot. The slightly 
higher effective density compared to diesel soot may be due to different structures 
of the soot agglomerates or that there is a thicker layer of organic coating on the 
soot from biomass combustion, which makes the particles slightly more compact 
in shape. 
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Figure 11 
The effective density  from complete cycles of wood combustion, at three different operation modes, 
nominal burn rate (NB), high burn rate-min (HB-min) and high burn rate-max (HB-max) and a fit to 
mass mobility measurements on emissions from a diesel engine presented in (Park et al., 2003). The 
size of the cursors is proportional to the number concentration at that mobility diameter within each 
experiment.. 

Figure 11 shows the mass mobility relationship of the aerosol from three complete 
cycles of wood log combustion operated at different combustion modes. The 
aerosol from the nominal burn rate cycle is dominated by smaller particles with an 
effective density of about 1.4 g cm-3. A similar density was reported for particles 
from a late part of the burn about phase in Leskinen et al. (2014). The density for 
the larger sizes is decreasing, showing the same trend as agglomerated particles, 
though the effective density is considerably higher than that of diesel soot. The 
aerosol from the high burn rate-min experiment was the least compact of the three 
and had effective densities only slightly higher than for diesel soot. The mass-
mobility relationship of the high burn rate-max aerosol in Figure 11 shows that the 
effective density is significantly higher than that of diesel soot for all mobility 
diameters.  

Volatile mass fractions were measured with the DMA-TD-APM as described in 
more detail in Paper III. From these it was estimated that the organic mass 
fractions increased in the following order: HB-min, HB-max and NB. The highest 
amount of coating is found in the nominal burn rate experiment, and might be 
explained by organic pyrolysis products that are not degraded in the combustion, 
also the mass fraction of alkali salts may be highest during NB. This is consistent 
with soot agglomerates that for the larger sizes are more compact than diesel soot 
agglomerates. 

In the high burn rate-max experiment there is also a relatively high degree of 
coating on the soot particles. A possible explanation is that the coating to some 
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extent is composed by PAHs, as shown in Figure 8 and in other publications such 
as Orasche et al. (2013). The PAH emissions increases severely for higher burn 
rates and overloaded combustion beds.  

Mass size distributions of biomass combustion aerosol 

The mass size distribution as a function of mobility diameter from a combination 
of scanning mobility particle sizer (SMPS) and DMA-APM data is shown in 
Figure 12a. The distribution of inorganic ash particles from optimal pellet 
combustion peaks at about 90 nm, which is to be expected (Torvela et al., 2014). 
The organic aerosol from the add fuel phase has a wider mass distribution which 
peaks around 300 nm. The organic particles from the add fuel phase of wood log 
combustion have been proven to be nearly spherical. The mass distribution of the 
soot dominated aerosol has a similar shape as the distribution of organic aerosol 
and peaks at almost 300 nm and most of the mass is captured within the 
measurement range of the SMPS.  

The mass size distribution as a function of vacuum aerodynamic diameter from 
SP-AMS measurements is shown in Figure 12b. The curve representing inorganic 
ash particles is shifted to the right and the distribution peaks at ~250 nm, having a 
similar shape as the inorganic ash (blue) curve in Figure 12a. The curve 
representing organic aerosol (green) is rather wide. It is shifted slightly to the right 
compared to the corresponding curve in Figure 12a. The curve representing soot 
particles (black) peaks at a vacuum aerodynamic diameter of about 120 nm, which 
is significantly lower than the corresponding curve in Figure 12a. 

DeCarlo et al. (2004) derived a relationship between the mobility equivalent 
diameter (dme) and vacuum aerodynamic diameter (dva) (Equation 6), using another 
type of effective density ߩ௘௙௙ூூூ  (where ρ0 is unity density). If an assumption is made 
that  ߩ௘௙௙ூூூ  is equal to ߩ௘௙௙ூ 	in Equation 2, the mass distribution from SMPS-DMA-
APM could be described as a function of vacuum aerodynamic diameter by 
multiplying the mobility diameter vector with the size resolved effective density. 
Applying the aforementioned method on the distribution described in Figure 12a 
gives a qualitative explanation of the rather large differences between the mass 
size distributions from the two approaches. However, some uncertainties remains 
(for example the difference in peak size for the inorganic ash case is slightly larger 
than the expected factor of 1.9), these may prescribed to uncertainties in the 
calibration of the instruments, the orientation of large soot agglomerates in the two 
instruments and different flow regimes (transition vs. free molecular regime).   

݀௩௔ = ఘ೐೑೑಺಺಺ఘబ ݀௠௘  (6) 
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The mass-mobility relationship obtained from DMA-APM measurements enables 
computation of mass size distributions as a function of mobility diameter, which 
could be useful for lung dose estimations since the deposition mechanisms can be 
described by the mobility diameter (Muala et al., 2014). Converting the mass size 
distribution to vacuum aerodynamic diameter enables a comparison between two 
measurements techniques that uses different measurement principles for the 
determination of size and mass.   

 

 

 

Figure 12 
Normalized mass size determined from (a) number size distributions (SMPS) combined with particle 
effective densities (DMA+APM) as a function of mobility diameter, and (b) SP-AMS as a function 
of vacuum aerodynamic diameter. The curves represents organic aerosol (green), inorganic ash 
(blue) and soot dominated aerosol (black). 
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5.4 The effect of aging on chemical composition and 
toxicity of biomass combustion emissions – Paper IV 

It is reasonable to believe that the toxicological properties of an aerosol changes 
with atmospheric transformation. This has also have been indicated in a study by 
Jalava et al. (2006), where long-range transport particles gave different 
toxicological responses than freshly emitted particles. In Paper IV we aimed to 
study the changes in toxicological responses and chemical composition due to 
ozone initiated aging of biomass combustion aerosol.  Ozone initiated aging is 
relevant for biomass combustion aerosol since this type of combustion is a 
common source of domestic heating during winter months in the northern parts of 
the world, where the solar irradiation is low. Samples of fresh and aged particles 
emitted from two combustion modes in the wood log stove- nominal combustion 
(NOM) and hot air starved combustion (HAS) - were used in the cell study.   

As previously discussed, PAHs are likely to be important mediators of aerosol 
toxicity, so portions of the particulate samples were analyzed for PAHs. The 
fraction of PAHs was four times higher for the hot air starved combustion 
compared to the nominal combustion case. PAHs are reactive (Tsapakis and 
Stephanou, 2003) and it is likely that they can be transformed during ozone-
initiated aging of biomass combustion aerosol. Figure 13 shows the relative 
concentration of PAHs in the collected particle sample from the fresh and aged 
aerosol in the hot air starved combustion samples. The concentration of the PAHs 
measured is generally decreasing in the aged sample. 

The lower relative PAH concentration in the aged HAS aerosol sample compared 
to the fresh sample is primarily due to chemical degradation of the PAHs due to 
ozone initiated aging. There is a trend in Figure 13 that the PAHs with the highest 
ozone reactivity decreases more. This is supported by a recent publication by 
Bruns et al. (2014), who studied changes in the chemical composition of wood 
smoke due to aging, where they found a significant decrease in the PAH 
concentration. They also found an increase in oxygenated reaction products, 
mostly small PAHs after aging. Previous studies (Shiraiwa et al., 2012) have also 
found that PAHs on particle surfaces can react with ozone and form secondary 
oxygenated reaction products.  
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Figure 13 
The relative concentration of particle phase PAHs from fresh and aged hot air starved aerosol, 
ordered from left to right according to their increasing ozone reactivity  (Tsapakis and Stephanou, 
2003). 

Table 5 
A summary of the most important toxicological results from the study presented in Paper IV. The 
toxicological study as a whole is presented in Figures 3-6 in that paper. The number of doses that 
show a significant difference are given in parentheses. 

Toxicological test Fresh HAS 
compared to fresh 
NOM (number of 
significant 
differences) 

Aged HAS compared 
to aged NOM 
(number of 
significant 
differences) 

Aging of the HAS 
aerosol (number of 
significant 
differences) 

Cell death  Increase for the higher 
doses (3) 

Increase for the higher 
doses (2) 

Slight increase for the 
higher doses (1) 
 

TNF-α  Decrease for all doses 
(4) 

Decrease for all doses 
(4) 

All doses at or below 
the control level (0) 
 

MIP-2 No trend in dose 
response 
(2) 
 

Significantly 
decreased for the 
highest dose (1) 

Similar results  
(1) 

Genotoxicity No significant 
difference for the three 
lowest doses,  no 
response was detected 
for the highest dose of 
HAS aerosol (0) 

For the second highest 
dose there is a two-
fold increase (3) 

The genotoxicity 
increased strongly for 
the aged sample at the 
second highest dose; 
no response was 
detected for the 
highest dose (1) 
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Table 5 presents a summary of the most important results from the toxicological 
study in Paper IV. The results from the toxicological study generally showed an 
increasing response for increasing dose, except for the highest doses of fresh and 
aged hot air starved aerosol, where the cell death was very high. The difference 
due to combustion conditions showed up most clearly in the cell viability tests, 
where the hot air starved aerosol induces more cell death (at least for the higher 
doses), which is consistent with previous studies (Tapanainen et al., 2011; Jalava 
et al., 2012). The production of markers for tumor necrosis and macrophage 
inflammation is generally similar or lower for the hot air starved samples 
compared to the samples from nominal combustion, which would indicate that the 
more complete nominal combustion would induce a stronger inflammatory 
response.  

There was a trend towards a decrease in viability for the cells exposed to the aged 
HAS sample compared to the cells exposed to fresh HAS sample for all doses, 
although only statistically significant at one dose. The genotoxicity was several 
times higher for the second highest dose of aged HAS compared to the fresh 
sample. The cells exposed to the highest dose of both fresh and aged HAS gave no 
response, probably due to high cell death.     

DNA damage (genotoxicity) has been associated with exposure to particle samples 
with high PAH content (Tapanainen et al., 2011). The highest genotoxic response 
was induced by an aged sample from the hot air starved combustion experiment. 
The response was more than twice as high for the corresponding fresh sample, 
even though the relative fraction of PAHs was lower in the aged sample. It is 
likely that the PAHs had undergone degradation due to aging and have formed 
oxygenated (Bruns et al., 2014) and nitrated species. Oxy-PAHs can reduce 
oxygen to reactive oxygen species, which can induce DNA damage (Shiraiwa et 
al., 2012) and nitro-PAHs have high mutagenic ability (FinlaysonPitts and Pitts, 
1997). There is a clear need for more studies on the health effects of degraded 
PAHs in particular and the toxic potential of aged aerosol in general. 

5.5 Mass-mobility relationship and mixing state of urban 
aerosol – Paper V 

Urban measurements of the mass mobility relationship 

In order to determine the mixing status and particle properties of urban aerosol, a 
measurement campaign monitoring the air close to a busy street in central 
Copenhagen was performed. The DMA-APM system was deployed for roughly a 
month and sampled simultaneously as an SP-AMS and an SMPS. Particles were 
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also collected on substrates for TEM analysis during selected episodes. The long 
time horizon and relatively slow changes in particle properties allowed us to use 
high mass resolution and a wide sampling span with the DMA-APM. The same 
setup was placed in the rural background station at Vavihill (Tunved et al., 2003) 
during the same period the following year. The DMA-APM data were analyzed 
using the MATLAB program described in section 4.1, which fitted two normal 
distributions to the spectra.  

To further investigate the influence of air mass origin on the aerosol mixing state 
in Copenhagen, the DMA-APM data from the measurement campaign was divided 
into two periods, defined from different air mass origins (Figure 14). The Hysplit 
trajectory model(Draxler and Hess, 1997) was used to derive the air mass origin. 
Period I had winds coming from west/northwest, thus from the Atlantic Ocean and 
period II had winds coming from the southeast/east/northeast, thus from 
continental Europe, Scandinavia and Russia.  

 

 

Figure 14 
Air mass origins derived from Hysplit (Draxler and Hess, 1997) for the two periods. The color 
coding represents the distance to the air mass origin while the radius of the slices represents the 
fraction of trajectories placed in that direction. 

Particles with two different types of mass-mobility relationships were observed 
during the measurement campaign: 1) less compact particles with an effective 
density that decreased with increasing mobility diameter and 2) more compact 
particles where the effective density was almost constant for all mobility 
diameters.  

The measurement episodes were sorted according to the wind direction into two 
periods. The effective density spectra from period I was dominated by the less 
massive particles with low mass per particles and effective density at a given 
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mobility diameter (Figure 15). The effective density was decreasing with 
increasing particles size in a way that is typical for soot particles. The effective 
density spectra from period II with easterly winds was typically bimodal, which 
implies that the aerosol was externally mixed containing particles of two different 
types with two different effective densities. 

 

 

Figure 15 
Typical DMA-APM  voltage spectra for three mobility diameters: 75 nm (a), 150 nm (b) and 250 nm 
(c). The red curve represents period I and the blue curve period II. The corresponding effective 
density is given as an extra x-axis. 

Comparing the effective density spectra from the two periods in Figure 15, it is 
evident that the soot mode, which is apparent in both cases, is not significantly 
shifted between the periods (i.e. the effective density of the soot particles are 
similar). The second mode which was prevalent during period II, had an effective 
density of 1.4 g cm-3. Particles with similar density were also found at the 
background station Vavihill in the measurement campaign the following year. The 
particles from this second mode are interpreted to be long-range transport particles 
that consist of organic aerosol and salts such as ammonium nitrate and ammonium 
sulfate. 

Figure 16b shows the particle number fraction of soot particles as a function of 
mobility diameter. The soot number fraction for the whole measurement campaign 
was about 50% and there was not an increasing or decreasing trend with increasing 
particle size. For period I, where winds had a westerly origin, the number fraction 
of soot aerosol increased with increasing particle size and almost 100% of the 
largest particles were soot. The opposite trend was seen for period II, where the 
number fraction decreased with increasing mobility diameter and only about 20% 
of the largest particles were soot. 
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Figure 16 
The average effective density (a), the errorbars are one standard deviation. The effective densities 
from diesel soot experiments in Rissler et al. (2013) (light duty vehicle) and Park et al. (2003) (75 
kW engine) are also plotted. (b) the number fraction of aggregated particles during the urban 
campaign.   

The mass-mobility relationship of the soot sampled in Copenhagen was compared 
to DMA-APM measurements of diesel soot presented in Rissler et al., (2013), 
where the same DMA-APM setup was used and Park et al. (2003) (Figure 16a). 
The average mass-mobility exponent in the Copenhagen study was 2.42. The mass 
mobility exponent for soot particles in Rissler et al. (2013) were 2.27 for light duty 
vehicles (idling) and 2.38 for heavy duty vehicles (transient) (not in the figure). 
This suggests that diesel soot generated in laboratories shares to a high extent the 
same physical characteristics as the soot found in urban environments.  

5.6 Laboratory experiments on aging of diesel soot 

Smog chamber experiments were performed where SOA formed from the photo-
oxidation of light aromatics (a mixture of toluene and m-xylene) was condensed 
on diesel soot particles in order to study the effect of the atmospheric 
transformation on the diesel soot properties. The same smog chamber setup as 
described in Paper I was used. Measurements using the DMA-APM technique 
were performed before the photo-oxidation started and throughout the experiment. 
The DMA was set at a fixed voltage and with the APM the mass was measured at 
each mobility diameter bypass and through a thermodenuder (300 °C) in adjacent 
runs. The mass growth factor was defined as the ratio between the mass of the 
particles bypassing the thermodenuder (massproc) and the mass of the particles 
passing through the thermodenuder (massfresh) for each mobility diameter.  
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The effective density as a function of mass growth factor is plotted in Figure 17. 
For fresh soot at a mass growth factor of 1, the effective densities decreased with 
increasing mobility diameters. The effective density values were typical for fresh 
diesel soot (Park et al., 2003; Rissler et al., 2013). Initially the density increased 
with increasing mass growth factor but eventually the effective density converged 
to about 1.4 g cm-3, which is about the same number as previous observations of 
SOA density (Ng et al., 2007), assuming spherical particles. 

 

 

Figure 17 
The effective density as a function of mass growth factor for four mobility diameters during 
simulated atmospheric processing of diesel soot in the smog chamber. 

The effective density of the aged diesel soot converged towards the density of 
SOA, which is expected since a majority of the mass is SOA. Larger mobility 
diameters require a higher mass growth factor, i.e. more condensed mass before 
converging to spherical particles). That is to be expected since the larger 
agglomerates have a higher dynamic shape factor. Thus having a lower effective 
density requires more SOA mass to fill the voids in the structure. The 
transformation also includes restructuring of the soot core to a more compact 
shape (Pagels et al., 2009). 
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Comparison of ambient measurements and laboratory studies 

Comparing the mass-mobility relationship of the soot particles measured on the 
street in Copenhagen with the mass-mobility relationship measured in previous 
laboratory studies indicates that the observations of aggregated soot particles in 
Copenhagen comes from nearby anthropogenic combustion sources, possibly from 
the same street. That is also supported by the diurnal emission pattern, Figure 5a in 
Paper V shows that the number fraction of soot aggregates is highest around rush 
hours and that the soot number fraction correlates with NOx emissions (Figure 5b, 
Paper V). 

The density of the long range transport particles is similar ~1.4 g cm-3 to the 
density that the aged soot particles in the laboratory study converged to. Figure 17 
also shows in the laboratory experiments, that the soot mass fraction of an aged 
particle with a density of 1.4 g cm-3 is only ~10-20% of the total particle mass. The 
non-volatile (most probably soot) fraction of the long-range transport particles in 
the urban study was not possible to resolve, due to the interference with freshly 
emitted soot in the APM spectra. The non-volatile fraction of the long-range 
transport particles found at the background station varied between ~20% down to 
almost zero from day to day, larger particles had generally had lower mass 
fractions of non-volatile material. It was however not possible to resolve what 
number fraction of the long-range particles that had a soot core. From both 
laboratory studies and field measurements it is evident that only a small mass 
percentage of the internally mixed aged particles are soot. A substantial fraction of 
the soot in urban environments is freshly emitted. 
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6 Conclusions and outlook 

6.1 Conclusions 

This thesis has presented new knowledge on the characteristics of fresh and aged 
particles emitted from in-use combustion sources. Novel in situ techniques have 
been used to characterize the physical and chemical particle properties on-line.  

Traditional secondary organic aerosol (SOA) precursors were responsible for up to 
60% of the SOA formed from idling gasoline vehicle exhaust studied in the newly 
implemented smog chamber system. The vast majority of the organic aerosol 
produced from gasoline vehicles is secondary, even in the relatively short window 
of several hours of atmospheric aging studied here. Secondary organic aerosol 
from gasoline vehicle exhaust is likely to contribute to the aerosol in and 
downwind urban areas. 

The emissions of particulate phase polycyclic aromatic hydrocarbons (PAHs) were 
almost an order of magnitude higher for high burn rate operations compared to 
nominal operations of a common conventional wood stove. The highest PAH 
emissions occurred during episodes of fast burning at hot air starved conditions, in 
the intermediate (flaming) combustion phase. 

Three main particle types with significantly different mass-mobility relationships 
were found in biomass combustion emissions, consistent with spherical organic 
particles, soot agglomerates and compact inorganic ash particles. The particle 
types originated from different combustion situations. The mass-mobility 
relationship of full-cycle wood stove emissions was affected by combustion 
conditions. 

Particles from less efficient combustion in the wood stove (high OA and PAHs) 
were a more potent inducer of cell death than particles from more complete 
combustion. Particles from aged less efficient combustion induced altered 
toxicological responses (e.g. genotoxicity) compared to fresh particles from the 
same combustion mode. The alterations in toxicological response were 
hypothesized to be caused by organic degradation products (including PAHs) 
formed from ozone-initiated dark processing of the combustion aerosol.  

Two major types of particles with different mass-mobility relationships were 
observed at urban street level, and identified as soot agglomerates and compact 
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long range transport particles. The fraction of soot agglomerates correlated with 
nitrogen oxide emissions, while the long-range transport particles were to a higher 
extent present in polluted air masses during days of easterly winds. The soot 
agglomerates analyzed at street level had characteristics that were similar to those 
emitted from diesel engines studied in laboratory experiments. 

The results presented in this thesis show that the physical, chemical and 
toxicological properties of carbonaceous aerosol from anthropogenic combustion 
are affected by source, combustion conditions and atmospheric aging. This needs 
to be taken into account when assessing health and climate effects of aerosol 
particles. 

6.2 Outlook 

In order to make accurate estimations of how anthropogenic combustion emissions 
can affect public health, more information is needed about which physical and 
chemical characteristics that drive the negative health effects. Hence it is 
important to combine human exposure and cell studies with detailed chemical and 
physical characterization of the aerosol. 

To be able to make better predictions of the climate effects of aerosol particles, 
more accurate global aerosol modelling is needed. To improve global aerosol 
modelling, more data, such as emission factors from primary and secondary 
sources and the mixing state of absorbing components are needed, as well as 
ambient aerosol monitoring to validate the models.  

Earlier recommendations on emissions reduction from small scale biomass 
combustion have focused on avoiding low temperature combustion due to the 
resulting high mass emissions of organic aerosol. There emissions are caused by 
high moisture content in the fuel, poorly insulated stoves, etc. The data presented 
in this thesis suggests that hot air starved combustion also should be avoided due 
to the high PAH emissions. Hot air starved combustion is best avoided by 
upgrading old wood stoves to modern pellet combustion techniques, though it 
might not be feasible to replace all existing wood stoves. Monitoring O2 in the flue 
gases as an indication of PAH emission might be a cost effective way to identify 
potential PAH emissions from wood stoves.  

The toxicity of aged biomass combustion aerosol clearly merits further 
investigation to improve knowledge about the health effects and toxic potential of 
the aerosol from various types of biomass combustion. 

Finally, it should be mentioned that the conclusions are based on experiments 
performed on a limited number of biomass combustion appliances and vehicles. 
More extensive studies are needed. 
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