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LV Less volatile 
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MEE Mass extinction efficiency (m2 g-1) 
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PM Particulate matter (µg m-3) 

PSAP Particle soot absorption photometer 
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1 Introduction 
Ambient air consists of mixture of gases and solid or liquid particles – called aerosol. Particles in 

this mixture are formed either from natural or anthropogenic sources. Anthropogenic particles are 

mainly formed in combustion processes, such as combustion engines of vehicles, small-scale 

biomass combustion with various burning appliances and large-scale combustion of oil, gas or coal. 

Particles emitted from combustion sources are harmful to human health and affect radiative balance 

in the atmosphere. Aerosol particles affect air quality locally and regionally but have global 

influences as well (e.g. Flanner et al., 2007; Robinson et al., 2007).  

Adverse health effects are a concern especially when considering local and regional particle 

emissions. Local emissions are mostly produced by the sources with low emission height such as 

traffic and small-scale combustion. These emissions can also impact regionally. Instead, large-scale 

combustion of fossil fuels where emission height is high mainly has regional influence. Overall, 

fresh combustion particles are mostly in particle size range below 1 µm of diameter (PM1, fine 

particles) (e.g. Virtanen et al., 2006; Sippula et al., 2009). These emissions contain ultrafine 

particles (i.e. particles with diameter <100nm) that are poorly soluble and may be more likely than 

larger particles to translocate from the lung to the blood and other parts of the body (Pope and 

Dockery, 2006). An association between these fine particulate pollutions and cardiovascular 

diseases has been found even though the evidences are still uncertain (Pekkanen et al., 2002; 

Boman et al., 2003; Pope et al., 2004). Particularly sensitive to adverse effects of particles are 

asthmatics and elderly and children patients of cardio-respiratory diseases (e.g. Larson and Koenig, 

1994; Boman et al., 2003).  

The health effects of particles are influenced by local, regional and long-range transported 

emissions but the climate effects are global due to intercontinental transport of polluted air masses 

(Flanner et al., 2007). According to the Intergovernmental Panel on Climate Change (IPCC) the 

effective radiative forcing  of anthropogenic aerosols including both cooling (scattering) and 

warming (absorbing) particle types is estimated to be negative (–0.45 W m–2) (Stocker et al., 2013). 

Black carbon (BC, also referred to as soot) emitted from fossil fuel and biomass burning gives a 

positive feedback to the atmospheric and surface forcing by absorbing solar radiation effectively 

(e.g. Podgorny et al., 2000; Shindell et al., 2012). For example, Jacobson (2001) suggested the 

global climate forcing of BC particles emitted by the fossil fuel burning to be ca. 0.5 W m-2. The 

IPCC has estimated the surface forcing of BC on ice and snow to be between 0.02 and 0.09 W m–2 

(Stocker et al., 2013). On the other hand, in contrast to the previous estimations of the forcing effect 
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of BC, the study of Cappa et al. (2012) showed the possibility of the overestimation of warming 

effect of BC.  

When BC particles are deposited on snow surfaces they affect the albedo of the snow cover, 

accelerate melting of the snow and glaciers, and thus affect the complex climate system in general 

(Hansen and Nazarenko, 2004; Koch and Hansen, 2005). Globally, anthropogenic contribution to 

the total snow forcing has been suggested to be at least 80 % (Flanner et al., 2007).  

Typically particles emitted by burning processes of small-scale appliances, like vehicle engines or 

small-scale biomass combustion, consist of organic compounds, soot and ash components with 

composition depending on fuel and combustion conditions (e.g. Sandradewi et al., 2008; Schneider 

et al., 2008; Tissari et al., 2009; Lamberg et al., 2011; Pirjola et al., 2012). Instead, the large-scale 

burning of fossil fuels emits particles with minor fraction of organic compounds and soot. These 

emissions are rather composed of ash components with mineral and metallic compounds (e.g. Linak 

et al., 2000; Sippula et al., 2009; Wang et al., 2010). 

Particles released from combustion processes can be defined as refractory particles based on the 

definition: refractory materials are chemically and physically stable in high temperatures, i.e. heat 

resistant. In aerosol science, refractory particles have been overall associated with black carbon BC, 

low-volatile organics and inorganic mineral components such metals or trace elements typical for 

solid fuels (Ninomiya et al., 2004; Onasch et al., 2012). In previous studies, the term refractory has 

been used for example in emission studies of e.g. oil or coal combustion: there, refractory part of 

the particles is considered to be the fraction of particles that is non- or less volatile in high 

temperature combustion including e.g. various metal components (e.g. Linak et al., 2000; Ninomiya 

et al., 2004). On the other hand, the definition of the term refractory can be method dependent: in 

the instruments that analyze particle composition after vaporization of particles, the refractory is 

operationally defined to mean species that do not evaporate in a certain temperature (Canagaratna, 

et al., 2004; Onasch et al., 2012). In this thesis, the term refractory refers to components of the 

particles that are released from various high temperature combustion processes. However, not only 

heat resistant components are considered but also for example organics that are evaporated in 

combustion processes are taken into account.   

This thesis gives an insight to the physical and chemical characteristics of the particle emissions of 

various burning processes. The primary particle emissions were studied for residential wood and 

wood pellet combustion, heavy fuel oil (HFO)-fired heating station and coal-fired heating and 

power plant. The mixing state of less volatile (soot) traffic related particle emissions were 
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investigated by ambient measurements. Overall, chemical and physical (e.g. size distribution) 

properties of aerosols from various combustion sources are widely studied individually for example 

investigating a certain particle property (e.g. size distribution, chemical composition or some certain 

chemical components such as metals) for one or more combustion source (e.g. Virtanen et al., 2006; 

Reddy et al., 2005). This thesis connects chemical and physical properties of particle emissions 

more versatile than previously. For example, optical properties of particles emitted from 

combustion processes are not widely studied together with chemical and other physical properties 

of emitted particles. Also, versatile factors affecting particle emissions were considered: 

combustion source, fuel and combustion conditions. The experiments of this thesis including optical 

characterization enabled e.g. the estimation of the influence of particles emitted from different 

combustion sources on the radiative forcing of the earth radiation balance.  

2 Objectives of the Study 
The purpose of this thesis was to clarify the characteristics of particle emissions from various 

combustion sources. Chemical composition as well as physical and optical properties of the particle 

emissions were versatilely determined. In the investigations of traffic related particle emissions, the 

measurements were conducted at an ambient air measurement station. In ambient air both primary 

and secondary particles, i.e., particles formed from gas-to-particle conversion are present. Instead, 

primary emissions were studied in the cases of small-scale wood combustion, HFO-fired heating 

station and coal-fired heating and power plant. 

The objectives of this thesis were following: 

• to test the suitability of  a volatility tandem differential mobility analyzer and a differential 

mobility particle sizer to determine less volatile particle fraction (soot) of ambient aerosol 

influenced by traffic. The way to establish mixing state of measured aerosol masses was 

presented (Paper I). 

• to clarify the influence of optimization of combustion processes or cleaning techniques on 

properties of particle emissions (Papers II, III and IV). 

• to determine chemical composition and fraction of light absorbing material of particle 

emissions of various combustion processes (Papers II, III and IV). 

• to assess the influence of combustion technology and combustion process on optical 

properties of particle emissions and thus, on their radiative effect in the atmosphere (Paper 

III). 
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• to investigate the hygroscopicity of particles emitted from large-scale HFO burning because 

of the possibility of those particles to affect cloud formation in the atmosphere (Paper IV).  

3 Review on the state of the research on particle emissions from combustion 

processes 
 Particle emissions of combustion processes have been a concern many decades because of the 

recognized adverse health and environmental effects of them. Even though burning and flue gas 

cleaning techniques are developed, it is not obvious that best techniques are used worldwide. On the 

other hand, development of the techniques requires research on emissions to reach the best results. 

Further, even though particle emissions from combustion processes are widely studied during past 

decades, the formation mechanisms of the particles are still uncertain. Thus, the field still requires 

further scientific research in many areas. 

Ambient air particles influenced by traffic are reported to increase BC fraction in the local ambient 

air (e.g. Pakkanen et al., 2000; Rose et al., 2005; Sandradewi et al., 2008). The previous studies on 

motor vehicle emissions, especially equipped with diesel engines, have shown that these particles 

include remarkable amount of nucleation mode - and nanoparticles (diameter ~10-40 nm) right after 

the emission source that could be composed e.g. of metal or pyrolyzed hydrocarbon core (Virtanen 

et al. 2006; Meyer and Ristovski, 2007; Rönkkö et al., 2007). Studies of Rönkkö et al. (2007) and 

Meyer and Ristovski (2007) also showed that formation of these particles is dependent on the load 

of the engine (Meyer and Ristovski, 2007; Rönkkö et al., 2007). Soot particles of traffic emissions 

are approximately in the size range between 60 and 80 nm (Rose et al., 2005; Virtanen et al., 2006). 

The particle properties emitted from motor vehicles have been studied with several measurement 

techniques. Many of the assumption are based on size distribution, absorption and volatility 

measurements techniques (e.g. Philippin et al. 2004; Virtanen et al., 2006; Meyer and Ristovski, 

2007; Sandradewi et al., 2008). 

Small-scale wood fuel combustion includes several combustion techniques where fuel quality and 

operational practices vary remarkably. There are many factors influencing combustion conditions in 

various appliances and thus, particle emissions. Some examples are fuel seasoning, fuel pattern size 

and arrangement inside the chamber and possibility to affect primary and secondary combustion air 

supply. The emissions also depend on the phase of the combustion because biomass combustion 

rarely is operated continuously but can be divided into three phases: firing, combustion and burn out 

phase. The investigations have shown that particle emissions of small-scale wood combustion can 
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include remarkable amount of particulate organic matter (POM) and BC (or elemental carbon) that 

are basic tracers of incomplete combustion (e.g. Johansson et al., 2004; Lamberg et al. 2011). The 

influence of wood or other biomass combustion on the ambient air is also widely studied based on 

the known tracers such as ratio between BC or elemental carbon to organic carbon (OC) and 

monosaccharide anhydrides (e.g. Khalil and Rasmussen, 2003; Saarnio et al., 2012). If rather 

complete conditions with high combustion temperature are reached, such as in cases of modern 

pellet boilers, the chemical composition of emitted fine particles is reported to be dominated by 

inorganic ash species formed via evaporation-nucleation-condensation path (e.g. Davidsson et al., 

2002; Sippula et al., 2009; Lamberg et al., 2011). Size distributions of small-scale wood combustion 

also vary depending on the appliance, fuel and combustion conditions. Previous studies have shown 

that particle size distributions (both number and mass) shift to larger particles and are wider as 

combustion conditions deteriorate when compared with the sufficient conditions (e.g. Tissari et al., 

2009, Lamberg et al., 2011). Usually the number size distributions have a dominating mode in size 

range between 0.1 and 1 µm with geometric mean diameter in the range of 100 and 200 µm 

(Sippula et al., 2007; Tissari et al. 2009).  

Large-scale combustion of fossil fuels, such as coal and heavy fuel oil, is better controlled than 

small-scale combustion. Large-scale burning techniques allow higher combustion temperature and 

better control of the fuel and air supply than small-scale combustion. Also oil burning in small 

boilers is fairly efficient because of e.g. developed burner technique and fuel supply. Thus, particle 

emissions of those sources do not usually contain significant amount of BC or OC but some 

exceptions are also reported (e.g. Cao et al., 2006; Bond and Bergstrom, 2006; Sippula et al. 2009). 

For example, Bond and Bergstrom (2006) showed that oil combustion could emit remarkable 

amount of absorbing particles. The research on particle emissions of large-scale combustion or 

overall on fossil fuel particle emissions is mainly concentrated on studies of ash forming elements, 

especially toxic ones and formation of particles from these elements (e.g. Linak et al., 2000; 

Ninomiya et al., 2004; Yoo et al., 2005; Sippula et al., 2009; Wang et al., 2010; Córdoba et al. 

2012). Also size distributions of particle emissions of coal and oil burning have been studied (Linak 

et al., 2000; Ninomiya et al., 2004; Yoo et al. 2005; Sippula et al. 2009). Bond and Bergstrom 

(2006) also reported results of the light absorption due to particles emitted from residual oil 

burning. They concluded that these particles would have surprisingly high net warming effect. 

Particle emissions of trace elements are a bit different for coal and oil fuels but vary also depending 

on the ash content of coal or oil (Linak et al., 2000; Yoo et al., 2005). Some typical trace elements 

of particles emitted from coal combustion are reported to be Fe, Mg, Cu, As and Zn (e.g. Linak et 
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al., 2000; Reddy et al., 2005). The typical elements found from the oil combustion particle 

emissions are Al, K, Ba, Zn, Ca, Fe, V, Cu and As (e.g. Linak et al., 2000; Reddy et al., 2005; 

Wang et al., 2010). Particle mass or volume size distributions of fossil fuel emissions are reported 

to consist of two or three modes including a possible ultrafine mode (maximum at ~100 nm), a 

mode with maximum at ~1 µm and a coarse mode between 1 and 10 µm (Linak et al., 2000; 

Ninomiya et al., 2004; Sippula et al., 2009). Some clearly unburned residual particles have also 

been determined in particles >10µm (e.g. (Linak et al., 2000; Ninomiya et al., 2004). Ultrafine and 

fine particles of fossil fuel combustion are expected to be formed from vaporized and nucleated 

volatile heavy metals and fragmentation of inherent minerals (Linak et al., 2000; Ninomiya et al., 

2004). The previous studies suggest that the coarse mode of particles emitted from fossil fuel 

combustion is composed primarily of unburned carbon char, inherent trace elements and fragments 

of inorganic (e.g. calcium-alumino-silicate) fly ash including trace elements (coal) (Linak et al., 

2000; Ninomiya et al., 2004). 

4 Theoretical background 

4.1 Combustion appliances and cleaning techniques 

4.1.1 Spark ignition and diesel engines of road traffic 

Spark ignition (SI) and diesel engines are the most common sources of traffic-related particle 

emissions. SI vehicles are usually light-duty passenger cars whereas diesel vehicles include also 

heavy-duty traffic. The most commonly used fuels in the SI and diesel engines are gasoline and 

diesel that both are fractional distillates of petroleum oil.  

The operation principles of the SI engines are based on the Otto cycle that converts pressure into a 

rotating motion with a four-stroke cycle (Flagan and Seinfeld, 1988, p. 227-229). The diesel engine 

differs from the gasoline powered Otto cycle by using highly compressed hot air to ignite the fuel 

instead of using a spark plug. There, air is supplied into the cylinder and compressed to high 

pressure leading to high temperature of the air. The sprayed fuel is injected into the high 

temperature compressed air. The fuel ignites and expansion of combustion gases lead to the power 

production to the crankshaft. (Flagan and Seinfeld, 1988, p. 269) 

In the gasoline engines, air and fuel are mixed for the entire compression stroke, ensuring complete 

mixing of the air and fuel. Instead, diesel fuel is injected just before the power stroke. As a result, 

the fuel cannot burn completely unless it has a sufficient amount of oxygen. Inadequate oxygen 
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amount can result in incomplete combustion and black smoke in the exhaust. Diesel engines are 

known to produce more particulate emissions when compared with the emissions of the gasoline 

engines. On the other hand, diesel engines burn less fuel than gasoline engines performing the same 

work. Overall, motor vehicles emit hydrocarbons, carbon monoxide, NOx, particulate matter (PM), 

Sulfur oxide (SOx) volatile organic compounds (VOC) that all have negative effect on human health 

and environment. 

Improved engine design has decreased vehicle emissions but tightened emission goals cannot be 

reached only with advanced engine technology. Thus, additional emission control technologies, 

such as secondary air injection, exhaust gas recirculation (EGR), catalytic converter and diesel 

particulate filter (DPF), are essential. Air injection is used to support the catalytic converter's 

oxidation reaction, and to reduce emissions when an engine is started from cold. The EGR is a NOx 

emissions reduction technique used in gasoline and diesel engines. EGR recirculates a portion of 

exhaust gas back to the engine cylinders. The catalytic converter placed in the exhaust pipe converts 

hydrocarbons, carbon monoxide, and NOx into less harmful gases by catalytic reactions (Flagan and 

Seinfeld, 1988, p. 266-269). The particulate matter (PM) emissions, including a larger amount of 

soot (black carbon, BC) produced by the diesel engines can be reduced using DPF technique where 

particles of the exhaust gas are trapped into the filter walls and burned. The combustion temperature 

needs to be high (~400-500ºC) to burn particles containing soot.  

4.1.2 Small-scale wood fuel heaters and boilers 

In developed countries, various small-scale heaters and boilers using wood fuels are used in 

households as primary but more often as secondary heating sources. Commonly used burning 

appliances include batch and continuous combustion appliances that can be used with different 

forms of wood fuels (e.g. wood logs, densified logs and pellets and wood chips). For example van 

Loo and Koppejan (2008) have described some common type small-scale combustion devices. 

Here, masonry heaters and pellet boiler were used as combustion source and these appliances will 

be described. Figure 1 shows simplified examples of operation principles of a conventional masonry 

heater and a top feed pellet boiler system. 

Masonry heaters are wood batch burning devices that can be made of e.g. masonry products or 

soapstone. The heat production is based on the high mass of the appliance (~800-3000 kg) that 

stores and releases heat long after burning process. The released energy is typically between 40 and 

100 kWh. These heaters usually consist of an upright firebox with a glass door. Combustion devices 

can be conventional or modern masonry heaters. Conventional techniques have a conventional grate 
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through which the main air is supplied. The only way to control the burning rate is by the main air 

supply through the ash box below the firebox grate. In a modern masonry heater, the primary and 

secondary airflows are controlled and directed to surround fuel batch to improve combustion 

efficiency and therefore, reduce emissions. In both types of the masonry heaters, the exhaust gas 

flows from the firebox to an upper combustion chamber, goes down through the ducts and into the 

chimney from the bottom or top of the heater. 

Modern pellet boilers are integrations of the burner and the boiler. They are almost completely 

automated combustion appliances: The feeding of the pellets from the fuel tank to the burner and 

combustion air supply are usually automated. In addition, modern combustion appliances have heat 

control with O2 sensors, movable grates and effective heat exchangers (Strehler, 2000). The boilers 

are operated based on the thermostat control that results in the intermittent operation of the burner. 

There are three typical burner types classified based on the feeding system: top-feed, under feed and 

side feed burners.  

 

Figure 1 Schematic drawings of a) a conventional masonry heater and b) a pellet boiler system. 

4.1.3 Heavy fuel oil-fired boilers 

Heavy fuel oil (HFO)-fired boilers can be used for the production of district heat in large-scale 

combustion. Light fuel oil (LFO) is mainly used for the start-up of these plants because of clearly 

higher costs of LFO when compared with the costs of HFO. A common boiler configuration type is 

a water tube boiler. In a water tube boiler, water circulates in tubes heated externally by the 
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combustion flue gases. Fuel is burned inside the furnace, creating hot gas which heats water in the 

steam-generating tubes. (ASME, 2010). A simplified example of the boiler working principle is 

shown in Figure 2. 

Heavy fuel oil needs to be preheated before the supply of the fuel into the furnace by burners. The 

preheated fuel is atomized to micrometer size droplets or vaporized by pressurizing it or by a 

mechanical spinning cup to allow stable combustion and minimum amount of unburned oil char. 

This atomized spray burns in the flame of the burner. The emissions of the HFO combustion can be 

influenced by combustion conditions and techniques: one of the major concerns is gas emissions of 

nitrogen oxides (NO). NO can be formed from nitrogen in combustion air in high temperatures 

(thermal NO) and from fuel-bound nitrogen (fuel-NO). Further, part of the NO reacts with oxygen 

and forms nitrogen dioxide (NO2). In most cases, the fuel NO has a bigger influence than the 

thermal NO on NOX (NO and NO2) emissions. The low-NOX combustion techniques are based on 

influencing known NO formation mechanisms. Thermal NO is reduced by flue gas recirculation 

that reduces flame temperature and oxygen concentration or by decreasing the air-fuel ratio below 

stoichiometric value. Stoichiometric value is the point where exactly all oxygen is consumed and all 

fuel burned. NOx emissions can be reduced by low air-fuel ratio, flame internal flue gas 

recirculation, flue gas recirculation and combustion air or fuel staging. (Finnish Environment 

Institute, 2001, p. 26) 

More efficient burning of the sprayed fuel, especially when particle emissions are concerned, can be 

reached by water emulsion. The influence of emulsion can be explained by the occurrence of a 

“micro-explosion” of evaporating water. A “micro-explosion” creates numerous new auto-ignition 

centers of combustion, leading to more efficient burning. (Fu et al., 2002) 

4.1.4 Coal-fired boilers  

The operation principles of power generation in coal combustion plants are the same as in oil 

combustion: heat from the hot combustion gases in the furnace boils the water in the water tubes to 

produce the high-temperature, high-pressure steam. The steam is separated from boiler water and 

sent to the steam turbine.  

Large-scale coal-fired boilers are widely equipped with pulverized fuel burners. Coal is first dried 

and ground in coal mills to fine powder to enable stable flame in all burners. The burners in the 

boiler can be located on one or two opposite walls (so-called wall firing, Figure 2) or in the furnace 

corners (so-called tangential firing) at multiple height levels. Pulverized combustion allows a high 

combustion temperature, which is important for the coal char to burn efficiently. High combustion 



23 
 

efficiency usually results fly ash with low unburned coal content (< 5 %). The drawback of the high 

combustion temperature in pulverized coal combustion is that it causes high primary NO and NO2 

emissions. These emissions can be minimized with modern low- NOx burners. The low-NOx 

burners operate at the under-stoichiometric combustion range (air/fuel ratio 0.85-0.95) and a high 

combustion temperature is needed to ensure ignition. (Finnish Environment Institute, 2001, p. 29) A 

simplified example of the operation principle of the coal fired boiler is shown in Figure 2. 

Modern coal-fired power plants are nowadays often equipped also with technologies that reduce 

particle and sulfur emissions. Flue gases after furnace can be passed through an electrostatic 

precipitator that removes effectively particles from the flue gas (Miller, 2011, p. 438-442). In 

addition, the plant can include flue gas desulfurization (FGD) process that cleans flue gas for 

remained particles and sulfurdioxide. In the FGD, calciumhydroxide (or lime) is mixed into the flue 

gas passing the desulfurization area to decrease sulfurdioxide concentration (Miller, 2011, p. 388-

390). Further, fabric filters can be installed after desulfurization part to reduce particles drifted 

through the previous processes and formed in the desulfurization reactions (Miller, 2011, p. 447-

450). 

 

Figure 2 Simplified illustrations of a) an oil fired water tube boiler and b) a pulverized coal fired 
boiler equipped with front wall boilers (based on presentation of Xu et al., 2010).  
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4.2 Formation of particle emissions of combustion processes 

In a combustion process, the reaction of a fuel with oxygen produces heat energy. To get to this 

point, the fuel first needs to get through drying and pyrolysis phases. Drying phase consumes heat 

but within pyrolysis and combustion, heat is released more than used. In the complete combustion, 

only CO2 and H2O are produced. However, hardly ever burning process is complete leading to 

formation of unwanted combustion products both in gaseous and liquid or solid particle form. The 

interest within this thesis was in the formation of particles during combustion processes. A 

simplified description of formation of soot, inorganic ash and organic aerosol particles in a 

combustion process is shown in Figure 3. Naturally, the formation paths depend on the fuel and 

combustion appliance but Figure 3 represents the most probable cases. 

 

Figure 3 Description of particle formation via various production paths according to Haynes et al. 
(1982), Bockhorn (1994) and Linak and Wendt (1994). 
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4.2.1 Gaseous emissions and organic particles 

Typical gaseous emissions from combustion processes are carbon dioxide (CO2), nitrogen oxides 

(NOx), sulfur oxides (SOx), carbon monoxide (CO) and organic compounds that can occur both in 

gaseous and particle phase. The composition of gaseous compounds of the flue gas depends on fuel 

and combustion technique. CO2 emissions of wood combustion are considered to be compensated 

by bounding of the gas when growing. Instead, fossil fuels are not renewable and thus, CO2 emitted 

by them increase greenhouse gas concentration in the atmosphere.  

In burning process, both nitric oxide (NO) and nitrogen dioxide (NO2) are produced but majority of 

NOx is emitted as NO and further converted to NO2 in the flue gas and atmosphere. NO can be 

formed from the fuel and from the atmospheric nitrogen (N2). Formation of NO due to oxidation of 

N2 requires high combustion temperature and thus, e.g. in the small-scale wood combustion 

appliances this path is unlikely. (e.g. Flagan and Seinfeld, 1988, p. 167-200; Miller and Tillman, 

2008, p. 21) 

SOx gas emissions are formed from the sulfur species of the fuel (e.g. pyrite (FeS2) in the coal or 

organic sulfur forms). Sulfur is oxidized to SO2 and further to SO3 that is corrosive to the boilers. In 

addition, SO3 may react with water to form sulfuric acid (H2SO4). SOx compounds are also involved 

in the formation of fine ash particles. (e.g. Flagan and Seinfeld, 1988, p. 217-221; Miller and 

Tillman, 2008, p. 21) 

CO emissions are likely in the insufficient combustion conditions. CO can be oxidized only if 

sufficient air is mixed with combustion gases at high temperatures. Thus, CO levels are high in low 

combustion temperatures and in the fuel-rich conditions. Also hydrocarbon emissions are 

consequence of incomplete burning. Fuel and lubricant evaporation, that are non-combustion 

sources of hydrocarbons, is major contributor to the hydrocarbon emissions. (Flagan and Seinfeld, 

1988, p. 201-217). Polycyclic aromatic hydrocarbons (PAH) are a significant class of combustion-

generated hydrocarbons because of their toxicity (e.g. Kaivosoja et al., 2013). They are formed in 

the fuel-rich flame areas when hydrocarbons polymerize instead of oxidizing (Flagan and Seinfeld, 

1988, p. 215). 

Also emissions of organic compounds (organic carbon, OC), that occur both in gas and particle 

phase, indicate the combustion conditions and techniques. In incomplete combustion, organics may 

condensate onto existing particles or form new particles by nucleation (e.g. Rönkkö et al., 2007; Shi 

and Harrison, 1999). These freshly emitted organics are primary organic aerosols (POA). When the 

flue gas cool after combustion chamber, emitted organics form secondary organic aerosols (SOA) 
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by oxidation of gas-phase precursors. The gas-particle partitioning of the organics depends on the 

volatility distribution of the organic emissions (Robinson et al., 2007).  

4.2.2 Ash particles 

The ash produced in combustion processes arises from noncombustible mineral inclusions in the 

fuel and from heteroatoms (i.e. molecules that do not include carbon or hydrogen) of the fuel 

molecules. Ash particles include inorganic constituents of the fuel such as silicon, aluminum, iron, 

calcium, magnesium, sodium and potassium. These often are expressed as oxides but can form 

other chemical compounds as well. Also trace metals, such as cadmium, chromium, lead, copper, 

nickel, vanadium and zinc, present in various fuels are found from the ash particles. The behavior of 

inorganic species in the combustion processes is highly dependent on the combustion temperature 

because of susceptibility of these species to temperature (Miller and Tillman, 2008, p. 22). There 

are two major mechanisms for the evolution of ash particles: residue particle formation and ash 

particle formation through vaporization-nucleation paths. Residue ash particles remain when carbon 

burns out in the combustion process. The smallest ash residue particles in the flue gases are mineral 

inclusions of the unburned fuel. These inclusions can also agglomerate to form larger particles. 

Further, these ash agglomerates may melt in high temperature and coalesce to form large droplets of 

molten ash on the surface of the burning char. The ash particles formed via vaporization-nucleation 

path are smaller than ash residue particles. Here, the ash vaporizes in high combustion temperature. 

Part of this volatilized ash forms very small particles by homogeneous nucleation that further grow 

by coagulation and condensation of additional vaporized ash. As the flue gases cool, these particles 

form solid particles that may coagulate with each other to produce chain agglomerate structure. 

(Flagan and Seinfeld, 1988, p. 358-361).   

4.2.3 Soot particles 

The formation process of soot is still not well understood e.g. due to the complexity of hydrocarbon 

chemistry in the flame. Basically, soot particles form in insufficient burning conditions with lack of 

combustion air, poor mixing of air and combustion gases and low combustion temperature. Soot 

particles are mainly composed in the fuel-rich areas of the flame from hydrocarbons (e.g. polycyclic 

aromatic hydrocarbons (PAHs)). The formation process begins with pyrolysis of the fuel leading to 

transition of flue gas components from the gas phase to a solid phase. This process occurs with an 

extremely complex nature of conversion of the hydrocarbon fuel molecules containing a few carbon 

atoms to carbonaceous particles containing a few millions of carbon atoms. The smallest particles 

are first formed by coagulation of PAHs. After that, the soot concentration increases as a result of 

adsorption of PAHs and especially as a result of particle surface reactions that increase this surface. 
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This process involves hydrogen detachment and carbon attachment. The primary particles coagulate 

into large aggregates (size range of 0.01-0.1 µm) including small spherical particles. (Mansurov, 

2005; Flagan and Seinfeld, 1988, p. 373) 

Soot absorbs light efficiently and therefore often the term black carbon (BC) is used as a synonym 

of soot although the definition of BC is unclear. Actually soot contains both organic and elemental 

carbon (OC and EC). They are measured using thermal methods leading to an instrumental 

definition of these components. BC is measured with techniques based on light transmission 

through a filter because of its light absorbing character (e.g., Aethalometer, the Multi-Angle 

Absorption Photometer (MAAP) and Particle Soot Absorption Photometer (PSAP)). (e.g. Andreae 

and Gelencsér, 2006; Bond and Bergstrom, 2006). This technique leads to determination of 

absorption coefficient that is converted to BC mass concentration based on mass absorption 

efficiency (MAE) that depends on the wavelength of light, size distribution and chemical 

composition of particles of the sample air. Usually, this factor is assumed to be constant. In this 

thesis, BC is also refereed as absorbing material when filter based techniques were used. 

4.2.4 External and internal mixture of particles 

Particles are usually externally mixed immediately after emission. In this state, an individual 

particle compose of one component or compound (e.g. soot, metallic compounds). During aging, 

externally mixed particles may coagulate with other particles or get coated with chemical 

compounds like sulfates, nitrates or organics by condensation and thus get internally mixed.  

5 Experimental 

5.1 Measurement sites 

The measurement campaigns of this thesis composed of campaigns studying chemical and physical 

properties of particles emitted from various combustion sources. The campaign determining particle 

emissions of engines used in traffic differed from the other campaigns being the only one where 

measurements were conducted for the ambient air. The campaigns studying small-scale biomass 

combustion where performed in laboratory conditions for the fresh primary particle emissions. 

Primary emissions of large-scale oil and coal combustion were investigated at a district heating 

station fired by HFO and a coal fired heat and power plant. The description of the campaigns is 

given in Table 1. 
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5.1.1 Ambient air influenced by traffic emissions 

The measurements were done from December 22, 2005 to January 15, 2006 on the roof of the 

Leibniz Institute for Tropospheric Research (IfT) in Leipzig, Germany. The site is located on the 

outskirts of Leipzig, between heavily trafficked roads but far enough of these so that for most of the 

time the air can be considered representing urban background. A PM10-inlet was used upstream all 

the instruments to allow sampling of particles with diameters below 10 μm. 

5.1.2 Small-scale wood and wood pellet combustion 

Particle emissions of small-scale wood fuel burning appliances were studied in two campaigns that 

were performed in laboratory conditions. Two commercially available conventional masonry 

heaters and a top-feed fuelled pellet boiler with integrated fixed grate burner were used in the 

experiments. The combustion conditions mimicked real life situation with accurate control of 

burning conditions. The combustion appliances (masonry heaters (MH) and pellet boiler (PB), 

Papers II and III) were situated on a balance for control of fuel mass flow. The flue gases were 

conducted through the stack that was placed below a hood with a flue gas fan. The draught in the 

stack was adjusted with the hood and flue gas fan to mimic natural draught conditions. The fuel 

flow rate, stack pressure and temperature of combustion gases were measured continuously. In 

addition, concentrations of different combustion gases, like organic gaseous carbon compounds 

(OGC), NO, NO2, CO, CO2 and O2, were measured and recorded.  

5.1.3 Coal-fired heating and power plant 

Paper III included experiments at a coal-fired heating and power plant (C-PP) that operated on 

average with nominal power of 300 MW. The boiler of the plant was a natural circulation steam 

boiler equipped with front-wall HTNR burners (high temperature NOX reduction burners). Burners 

were high temperature NOX reduction (HTNR) burners that enabled combustion of pulverized coal 

and HFO. This low-NOX-technology was in use to minimize nitrogen oxide (NOX) emissions. The 

flue gases were cleaned for particles and sulfurdioxide in a cleaning system containing an 

electrostatic precipitator (ESP) and a desulfurization plant (DSP) comprising of semi-dry flue gas 

desulfurization (FGD) and fabric filters. The plant was fuelled by coal or mixture of coal and pellet 

(pellet content 4.5 ± 1.4 % of the total fuel volume). 

The particle emissions of the coal combustion were measured in the smokestack at 35 meter height. 

The results of the coal-fired power plant experiments were based on the emissions during steady 

state operation. The influence of the DSP on particle emissions was investigated bypassing the 

DSP. 
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5.1.4 Heavy fuel oil-fired heating station 

Particle emissions of a HFO-fired heating station (HFO-HS) operated with two various oil-fired 

water tube boilers were investigated at different operation conditions (Paper III and IV). The boilers 

were equipped with rotary cup type burners. The nominal outputs of the boilers were 120 MW and 

47 MW (Paper III and Paper IV, respectively). In the study of Paper III, the boiler was operated at 

78 MW fuelled by HFO, at 78 MW fuelled by HFO with water emulsion and at 120 MW fuelled by 

a mixture of HFO (84 %-w) and light fuel oil (LFO, 16 %-w). In the experiments of the Paper IV, 

the boiler was operated at 30 MW power. There, the properties of particle emissions were 

determined for the following combinations of the fuel and combustion conditions: HFO 

combustion, HFO combustion with emulsion and combustion of mixture of HFO and LFO with 

emulsion. The particle sample flows in the investigations of the Paper III and IV were taken from 

the flue gas tunnels approximately 10 or 20 meters (Paper III and IV, respectively) after the boilers 

and particle instruments were situated ca. 10 meters below the flue gas tunnel and dilution system. 

Table 1 Description of the campaigns of this thesis. 

Paper I II III IV 

Experiment 
type 

urban 
background 

influenced by 
traffic 

combustion 
laboratory 

combustion laboratory, C-
PP1 (smokestack), HFO-

HS2 
HFO-HS2 

Emission 
source 

gasoline/diesel 
engine 

MH3 MH3, PB4, C-PP1, HFO-
HS2 HFO-HS2 

Abbreviation 
of campaign 

 SSWC1 SSWC2, C-PP,  
HFO-HS1 

HFO-HS2 

Fuel 
gasoline/diesel 

oil 
wood logs 

(pine) 

wood logs, wood pellet, 
coal and coal+wood pellet, 

HFO and LFO 
HFO and LFO 

Measurement 
type 

continuous 
measurements,   
22nd Dec 2005         
-15th Jan 2006 

batch 
combustion; 
normal and 
smouldering  

various combustion 
sources, steady state 

operation 

comparison of fuels 
and operation 

conditions, steady 
state operation 

Dilution - 
dilution 

tunnel, DR 
180:1-330:1 

dilution tunnel (DT) and 
DT+ejector diluter (ED), 

fine particle sampler 
(FPS), DR 20:1-2450:1 

FPS, DR 60:1 

1C-PP= coal-fired heating and power plant, 2HFO-HS= heavy fuel oil-fired heating station, 3MH= masonry heater, 4PB= 

pellet boiler 
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5.2 Dilution of sample flow 

In the studies of small-scale wood and wood pellet combustion (Papers II and III), the combustion 

air from the stack was first diluted in a dilution tunnel (DT) according to the ISO 8178-1 standard 

(Sippula et al., 2007). The dilution was done with dry, particle-free air. Also nitrogen oxides and 

hydrocarbons were filtered from the dilution air. The dilution ratio (DR, typically between 50 and 

300) of the DT was adjusted controlling the flow rate and low pressure of the tunnel. The DT 

dilution was used for the filter sampling methods such as virtual impactor (VI) and PM1 sampler 

presented in Sections 5.5.1 and 5.5.3 (Papers II and III). The optical instrumentation presented in 

Paper III needed additional dilution because of the determination limits of the measurement 

techniques. Therefore, an ejector diluter (ED, Dekati Ltd., Lyyränen et al., 2004) was installed after 

the DT. The DR of the ED was approximately eight.  

The sample air at the coal fired power plant of Paper III was diluted with a fine particle sampler 

dilution system (FPS-4000, Dekati Ltd., Tampere, Finland; perforated tube and ejector) including a 

control unit to reach measurable particle concentrations for the instruments used in the study. The 

control unit calculates the dilution ratio based on monitored temperature and pressure differences 

within the dilution system. The FPS allows dilution ratios between 20 and 200. In the study of 

Paper III, the DR varied between 18 and 45.  

At the HFO-fired heating station (Paper III and IV), the sample flow was diluted with a fine particle 

sampler (FPS-4000, Dekati Ltd.). The dilution ratio was in the range 55-62.   

5.3 Measurements of particle optical properties 

Instruments measuring particle optical properties were used in the studies of Papers I and III. They 

were used to characterize absorption and scattering of light by the particles that are important 

properties when climatic effects of particles are discussed. In addition, absorption measurements 

were used to estimate the content of black carbon (BC) in the particle emissions. The specifications 

of the optical instrumentation used in the studies of this thesis are shown in Table 2. 

PSAP. 3-wavelength particle soot absorption photometer (3λ PSAP, Radiance Research) was used 

in Paper III for estimation of contribution of absorbing material to emission particles. The 

measurement of absorption is based on transmission of light through filter material (Bond et al., 

1999; Virkkula et al., 2005). The transmission is measured by wavelengths of 467, 530 and 660 nm.  

MAAP. In the Papers I and III, a multi-angle absorption photometer (MAAP; Thermo Fisher 

Scientific Inc., Model 5012) was used to determine absorption coefficient (σAP) and BC mass 
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concentration (MBC) of particles. The MAAP determines absorption coefficient of the particles 

deposited on a filter by a simultaneous measurement of transmitted and backscattered light (Petzold 

and Schönlinner, 2004). The instrument uses wavelength of 637 nm determined by Müller et al. 

(2011). The σAP is converted to the MBC with mass absorption efficiency (MAE) of 6.6 m2 g–1.  

The principles of absorption coefficient (σ0) measurements are based on the Beer-Lambert law:  

𝜎0 = 𝐴
𝑉

ln 𝐼𝑡−∆𝑡
𝐼𝑡

   (1) 

where A is the area of the sample spot, V is the volume of air drawn through the spot area during a 

given time period ∆t, and It−∆t and It are the filter transmittances before and after the time period. 

The resulting absorption measured by filter-based methods is not straightforward: measured 

absorption is influenced by transmission decrease affected by filter loading and scattering particles 

that decrease amount of transmitted light through the filter leading to underestimation of absorption 

coefficient. In the MAAP this problem is solved by measuring the decrease of transmission and also 

light scattering from the aerosol-filter system. The data evaluation algorithm includes multiple-

scattering effects into the analysis of the aerosol-filter system (Petzold et al. 2002, 2005). Instead, 

the PSAP results need to be corrected afterwards because there is no determination of backscattered 

light from the filter. The scattering correction demands also determination of scattering coefficient 

(see Section 5.7.4). The correction algorithms are presented e.g. by Bond et al. (1999), Virkkula et 

al. (2005) and Virkkula (2010).  

Nephelometer. Scattering coefficients (σSP) at wavelengths 450, 550 and 700 nm were measured 

using a TSI nephelometer (Model 3563) (Anderson et al., 1996; Anderson and Ogren, 1998).The 

instrument is an integrating nephelometer that provides a direct method to determine light scattering 

by particles based on Beer-Ambert law. The sample air is led into the sample volume where it is 

illuminated over angle range from 7 to 170º. The instrument determines scattering and 

backscattering of the light and also corrects the results for the scattering influenced by gas phase, 

background and scattering influenced by the walls of the instrument. Because scattering 

measurement angle range is limited, the results need to be truncation corrected afterwards 

(Anderson and Ogren, 1998) (see Section 5.7.4). 

5.4 Particle number and volume size distribution measurements 

Real-time measurements of particle number and volume size distributions were done in Papers I, III 

and IV. In Paper I, number and volume size distributions were used to fit the size distributions of 

less volatile particles determined by a VTDMA (see Section VTDMA) and for the Mie calculation to 
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model the scattering and absorption coefficients. The information of the instruments is presented in 

Table 2. 

DMPS/SMPS. A differential and scanning mobility particle sizer (DMPS and SMPS) are systems 

for particle size distribution measurements. These instrumentations consist of a differential mobility 

analyzer (DMA) and a condensation particle counter (CPC). The operation of the system is based 

on electrical mobility of particles: polydisperse charged aerosol is lead through an electrical field 

between two cylinders with sheath flow. Particles with higher electrical mobility (small size) will 

diffuse on a cylinder because of electrical forces affecting between opposite charges between 

particle and cylinder. Particles with low mobility (large particles) are not affected as strong by the 

electrical field and they will be lead out from the DMA with excess flow. Particles with certain 

mobility, and thus certain size, will be allowed to penetrate DMA. The penetrating particle size can 

be chosen changing the voltage of the DMA. The DMA can be operated two ways: first, the DMA 

voltages are stepped in distinct increments yielding a discrete, channel-wise size distribution 

(DMPS). Alternatively, the same hardware set-up may be operated as a scanning mobility particle 

sizer (SMPS, Wang and Flagan, 1990) which involves a quasi-continuous ramping of the DMA 

voltage. After DMA, classified particles are detected and counted by a CPC. The CPC detects 

particles optically. Before optical counting, particles need to be enlarged to be detectable. This is 

done by saturating particles by water or alcohol vapor (e.g. butanol) leading to an increase of 

particles. 

In the studies of this thesis, different size ranges were determined with various combinations of 

DMA and CPC models. In Paper I, the twin-DMPS presented by Birmili et al. (1999) consisted of 

two Hauke-type DMAs and CPCs (TSI, Models 3025 and 3010) that determined mobility particle 

size range of 3-800 nm. In the campaigns of Paper III, two different SMPS instrumentations were 

used: DMA 3071 with CPC 3775 (mobility size range 10-414 nm) and DMA 3085 with CPC 3025 

(mobility size range 2-163 nm but in the study, particle sizes larger than 10 nm were considered  

reliable) (TSI Inc.). In Paper IV, two SMPS were used to measure mobility size range 3–400 nm. 

The instrumentation consisted of a DMA 3071 with CPC 3775 (TSI Inc.) and a DMA 3085 with 

CPC 3025 (TSI Inc.). 

VTDMA. A volatile tandem differential mobility analyzer (VTDMA, Philippin et al., 2004) is an 

application of DMPS that enables determination of volatility of size segregated particles. It consists 

of two Differential Mobility Analyzers (DMA), two Condensation Particle Counters (in Paper I, 

CPC, TSI Model 3010), and a heating unit. The heating unit includes two parallel heating tubes that 
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are held at temperatures of 25 and 300ºC. In the first DMA, monodisperse particles are selected 

from the polydisperse aerosol. The total number concentration of the initially selected particles is 

measured with a CPC. Next the monodisperse aerosol passes through the heating tubes. At 25ºC the 

particles remain unchanged and the VTDMA measurement acts as a reference of behavior of 

untreated aerosol particles while at 300ºC volatile compounds such as sulfates, nitrates, and most of 

the organic carbon will evaporate. In the last step, the number size distribution of non-volatile 

particles, divided into the number of more and less volatile particles, is measured by using a second 

DMA/CPC combination. The residual particles that are non-volatile at 300ºC are usually clearly 

separated in two modes (Wehner et al. 2004), representing either externally mixed non-volatile 

particles that do not shrink significantly during the heating (less volatile particles), or particles that 

evaporate partly in the heating unit and are then smaller than before heating. These so called more 

volatile residual particles may consist for instance of aged, coated soot or other non-volatile 

particles such as polymers. In Paper I, the initial particle sizes 20, 30, 50, 80, 150, and 250 nm were 

chosen for the VTDMA treatment. The measured size distributions (at 25 and 300ºC) were 

corrected for the CPC counting efficiency and for particle losses due to thermophoresis and 

diffusion in the VTDMA using an empirically determined loss function that depends on the particle 

size and heater temperature.  

HTDMA. In a hygroscopic tandem differential mobility analyzer (HTDMA, Swietlicki et al, 2008) a 

certain particle size is chosen from the particle size distribution with the DMA (in Paper IV, DMA 

3085, TSI Inc.) after which the sample is subjected to chosen relative humidity. The second DMA 

(in Paper IV, short Vienna type) and the following CPC (in Paper IV, CPC 3025, TSI Inc.) then 

work as an SMPS and measure the particle size distribution after the humidity conditioning. Thus, 

the HTDMA measured the hygroscopic growth of emitted particles providing additional 

information about their behavior in the atmosphere. A HTDMA was used in the experiments of 

Paper IV. There the hygroscopicity of particles was studied for particle diameters of 20, 47 and 72 

nm in ca. 90 % relative humidity.  

Thermodenuder. A thermodenuder (TD) can be used to remove volatile and semivolatile 

compounds from the particles. In the TD, the sample is led through a heater where the volatile 

compounds are evaporated. After the heater, the evaporated compounds are gradually cooled and 

absorbed into active charcoal to allow only nonvolatile part of the particles to pass the system. In 

studies of Paper IV, a TD was set prior HTDMA and size distribution measurements. The sample 

was alternately measured with and without TD.  
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FMPS. A fast mobility particle sizer (FMPS, TSI Inc., Model 3091) measures particles in the 

mobility size range from 5.6 to 560 nm. The particles are positively charged using a corona charger. 

Charged particles are introduced to the measurement column where they flow downwards near the 

high voltage electrode column with filtered sheath airflow. The electrode is positively charged 

creating an electric field that repels the particles outward according to their electrical mobility. 

Outward of the column, there are low-noise electrometers that are struck by charged particles. The 

charges of particles are detected by electrometers. A particle with high electrical mobility is 

detected by an electrometer near the top of the column whereas particles with low electrical 

mobility are introduced further in the measurement column.  

ELPI.   The Electrical Low Pressure Impactor (ELPI, Dekati Inc., Keskinen et al., 1992) is a real-

time particle size spectrometer for real-time monitoring of particle size distribution.  The ELPI 

measures particle size distribution in the size range of 0.03-10 µm with 12 channels. With filter 

stage the size range can be extended down to 7 nm (Marjamäki et al., 2002). The main components 

of the instrument are a corona charger, low-pressure cascade impactor and multi- channel 

electrometer. Particles of the sample flow are first electrically charged by the corona charger. These 

particles are then inertially classified based on their aerodynamic diameters in the low-pressure 

cascade impactor. The electrical current produced by charged particles is detected from the 

electrically insulated impactor stages equipped with the electrometers. The current value of each 

channel is proportional to the number of particles collected, and thus to the particle concentration in 

the particular size range. The current values are converted to a (aerodynamic) size distribution using 

particle size dependent relations describing the properties of the charger and the impactor stages. 

APS. An aerodynamic particle sizer (APS, TSI Inc., Model 3321) was used in the studies of this 

thesis to measure particles in size range from 0.5 to 20 µm. The operation principle of the 

instrument is based on the acceleration of particles by sheath airflow in a nozzle and analyzing the 

time-of-flight of different particle sizes. APS measures particle number size distribution in size 

range between 0.5 and 20 µm (aerodynamic diameter). 

The DMPS, SMPS and FMPS measure the particle mobility diameter (Dn) which equals the 

geometric diameter (Dp) for spherical particles (e.g. DeCarlo et al., 2004) but the APS measures the 

aerodynamic diameter (Da). When these quantities are handled together, the relationship between 

them needs to be taken into account. This relationship is presented by Equation 2 (e.g. Hinds, 

1999): 
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where Cc(Dp) and Cc(Da) are slip correction factors of geometric and aerodynamic diameters, ρ0 is 

the unit density (1 g cm-3) and ρp is the particle density. 

Table 2 Specification of the real-time instruments used in this thesis. 

Instrument Manufacturer Quantity Unit Paper 

3λ PSAP 
Radiance Research, 
Seattle (WA), USA σAP Mm-1 III 

MAAP 5012 
Thermo Fisher Scientific 
Inc., Waltham, MA, USA σAP, MBC 

Mm-1,       
µg m-3 

III, IV 

Nephelometer 3563 
TSI Inc., Shoreview, MN, 

USA σSP Mm-1 I, III 

Twin-DMPS 
(Hauke-type DMAs + 
CPCs 3025 and 3010) 

CPC: TSI Inc., 
Shoreview, MN, USA 

number/volume size 
distribution 

# cm-1/   
µm3 cm-3 

I 

SMPS                  
(DMA 3071+CPC 
3775, DMA 3085+ 
CPC 3025, DMA 
3081+CPC 3025) 

TSI Inc., Shoreview, MN, 
USA 

number/volume size 
distribution 

# cm-1   
/µm3 cm-3 

III, IV 

VTDMA (2 × DMA + 
CPC 3010) 

CPC: TSI Inc., 
Shoreview, MN, USA 

number/mass size 
distribution 

# cm-1     
/µg m-3 

I 

HTDMA (DMA 
3085, Hauke-type 

DMA + CPC 3025) 

DMA 3085: TSI Inc., 
Shoreview, MN, USA 

CPC: TSI Inc., 
Shoreview, MN, USA 

Number size 
distribution 

# cm-1 IV 

FMPS 
TSI Inc., Shoreview, MN, 

USA 
number/volume size 

distribution 
# cm-1   

/µm3 cm-3 
II 

ELPITM 
Dekati Inc., Tampere, 

Finland 
volume size 
distribution 

µm3 cm-3 IV 

APS 3321 
TSI Inc., Shoreview, MN, 

USA 
number/volume size 

distribution 
# cm-1   

/µm3 cm-3 
I, III 
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5.5 Sampling systems 

Particle samples of this thesis were collected with various sampling techniques to analyze particle 

mass concentration and chemical composition. Both size distribution samples and samples of e.g. 

PM1 or PM2.5 were taken. Size classification of the samplings is usually based on inertia of 

particles. The inertia increases with increase of particle size. The sample flow is accelerated in a 

nozzle that is followed by a flat plate directed horizontally with the flow. The streamlines of the 

sample flow pass the plate. Depending on the inertia of particles that is dependent on aerodynamic 

diameter, particles either follow the streamlines or impact on the plate. As the diameter of the 

nozzle is decreased the flow is accelerated and smaller particles are collected on the plate.  

5.5.1 Virtual Impactor 

In a virtual impactor (VI, Loo and Cork, 1988), impaction plate is replaced by a nozzle followed by 

filter holder for the sample collection. The sample flow is divided into a major and minor flow with 

the portions of 90 and 10 % from the total flow, respectively. The main flow is curved whereas the 

minor flow follows straight streamlines. Particles with higher inertia follow the minor flow and the 

smaller particles are directed into the major flow line. The nozzle size determines the cut-off 

diameter of the VI. The filter holders are placed after major and minor flows. Thus, the VI separates 

sample flow into two size classes. In this thesis, VI with cut-off diameter of 2.5 µm was used in 

Paper II. The total flow rate in the study was 16.7 l min-1. 

5.5.2 Small deposit area impactor 

Small deposit area impactor (SDI, Maenhaut et al., 1996) is a low pressure cascade impactor where 

several impactor stages with different cut-off sizes are operated in series. The SDI segregates the 

particle sample into 12 size classes. With the flow rate of 11 l min-1 the aerodynamic cut-off 

diameters of the SDI are 0.045, 0.088, 0.142, 0.235, 0.380, 0.580, 0.800, 1.06, 1.61, 2.60, 4.07 and 

8.40 µm.  

5.5.3 PM1 sampling system 

In the studies of this thesis, PM1 samples were collected using a combination of a filter cassette 

(Gelman Science) and a Berner low pressure impactor (BLPI, Berner and Lürzer, 1980; Saarikoski 

et al., 2008). The BLPI is a cascade impactor and here it determines the cut-off diameter. In order to 

collect the submicrometer particle size fraction of PM only (aerodynamic particle diameter <1μm, 

PM1), the five upper stages (7–11) of the BLPI were installed prior to the filter to remove 

supermicrometer particles. The cut-size of the preimpactor (D50) is determined by the lowest stage, 

the others are used to divide the PM loading to several stages and to ensure removal of particles 
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well above the lowest cut-size. Here, the cut-off size of 1µm was reached with flow rate of 25 l min-

1.  

5.5.4 Micro-orifice uniform deposit impactor (MOUDI) 

Micro-orifice uniform impactor (MOUDI) is a cascade impactor that segregates particles into nine 

size classes within the size range from 0.056 to 10 μm (Marple et al., 1991). A back-up filter can be 

used below the MOUDI to sample the particles smaller than 0.056 μm. The sample flow rate is 30 l 

min–1. A rotating nano-MOUDI (model 125B, MSP Corporation, Shoreview, MN, USA) (Marple 

and Olson, 1999) is an advanced version of the MOUDI. It segregates particles into 13 size 

channels in the size range of 0.01-10 µm. A back-up filter below the lowest stage collects particles 

smaller than 0.01 µm. The rotation of the sampling stages during the sampling allows uniform 

samples for the chemical analysis. The flow rate of the instrument is 10 l min-1. 

5.6 Chemical analysis of filter samples 

Chemical composition of particles emitted from various sources was determined from the samples 

collected within the Papers II, III and IV. The samples were collected using the samplers described 

in the section 5.5. 

5.6.1 Filters and sampling substrates 

Polytetrafluoroethylene (PTFE) filters. Polytetrafluoroethylene (PTFE) filters (Millipore, 3.0 µm, 

FSLW04700) with a diameter of 47 mm were used in the VI, PM1 samplers and nano-MOUDI. 

PTFE filters were gravimetrically analyzed before and after sampling for determination of total 

mass concentration of the particles (Mettler M3-microbalance, Mettler Instrumente AG, Zurich, 

Switzerland). The handling and weighing of the PTFE-filters have been described in detail by 

Sillanpää et al. (2005) and Sillanpää et al. (2006). Within this thesis, chemical analysis of PTFE 

filters included major ion, monosaccharide anhydrides (MA), water soluble organic carbon 

(WSOC) and trace element analysis.  

Quartz filters. Quartz filters (Whatman, QM-A, 47 mm diameter) were used in the study of Paper II 

for the analysis of elemental, organic and water soluble organic carbon (EC, OC and WSOC, 

respectively) of the VI samplings. In addition, quartz fiber substrates for the SDI (diameter 21 mm) 

were punched from quartz filter sheet (Whatman, QM-A). The quartz filters and substrates were 

purified by keeping them at 550 ºC approximately 5 hours. Because quartz material was used to 

determine the fraction of organic compounds in the particles, the organic vapors were removed 

from the sample flow setting three annular denuders (URG-2000, 30×242 mm, Chapel Hill, NC, 

USA) coated with XAD-4 material before the samplers (Gundel et al., 1995).  
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Polycarbonate filters. Samples for elemental, ion and monosaccharide anhydride analysis were 

collected on polycarbonate film and filters in the samplings done with the SDI and nano-MOUDI in 

the Papers II and III. In the SDI sampling, 21 mm diameter punched polycarbonate film (Nuclepore 

poreless polycarbonate films, thickness 10 µm) was used. These films were coated with Apiezon L-

vacuum grease to reduce the particle bounce Polycarbonate filters (Millipore, 3.0 µm, GTTP04700, 

0.2 µm) with diameter of 47 mm were used in the nano-MOUDI.  

5.6.2 Analytical methods 

IC. Ion chromatography (IC) is a process that allows the separation of ions based on the interactions 

between the sample ions, stationary phase (analytical column) and mobile phase (eluent). Cations 

and anions are typically analyzed separately because of different types of eluents (basic for anions 

and acidic for cations). The detection of ions can be based on the conductivity of the eluent or mass 

spectrometry.  

In this thesis, the analyses were done with Dionex DX500 (Paper II) and Dionex ICS-2000 (Papers 

III and IV). The major analyzed  ions were sodium (Na+), ammonium (NH4
+), potassium (K+), 

magnesium (Mg2+), calcium (Ca2+), chloride (Cl-), nitrate (NO3
-)  and sulfate (SO4

2-). In the Paper 

II, also nitrite (NO2
-) and oxalate were analyzed.  

Prior the analyses sample substrates were extracted with methanol and deionized water (Milli-Q, 

Millipore Gradient A10). Analytical columns for anion analyses were AS-11 (Paper II) and AS-17 

(Papers III and IV). Analytical column for cations was CS-12A. In Paper II, eluents for the anions 

and cations were NaOH and methanesulfonic acid, respectively. In Papers III and IV, eluents were 

KOH (anions) and methanesulfonic acid (cations). 

ICP-MS and ICP-OES. An inductively coupled plasma mass spectrometer (ICP-MS) or 

combination of ICP-MS and inductively coupled plasma optical emission spectrometer (ICP-OES) 

can be used to determine elements from the particle samples. In the ICP-MS and ICP-OES, the 

sample is ionized in high temperature argon plasma and components are analyzed in the MS or OES 

part based on their mass-to-charge ratios. 

In Paper II, a PerkinElmer ICP-MS (PerkinElmer Sciex Elan 6000, The PerkinElmer Corporation, 

Norwalk, USA) was used to analyze following elements: Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, 

Sb, V and Zn. The extraction of the samples was made with a HNO3-HF mixture (3:1) (Jalkanen et 

al., 1996). A combination of an ICP-MS and IPC-OES (ICP–MS; DRC II, Perkin-Elmer SCIEX, 

Concord, Ontario, Canada and ICP–OES; Vista Pro Radial, Varian Inc., Melbourne, Australia) was 
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used for elemental analyses of Papers III and IV. The analyzed elements were Al, Ar, Ba, Cd, Ca, 

Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, K, Si, Na, V, and Zn. The used analysis method was based on the 

standard SFS-EN 14902:2005 (Ambient air – Standard method for the measurement of Pb, Cd, As 

and Ni in the PM10 fraction of suspended particulate matter). A closed vessel microwave oven 

(MARS Xpress, CEM Corp., Matthews, NC, USA) was employed in the acid digestion (12 ml conc. 

HNO3 and 3.0 ml 30 % H2O2) of the samples followed with dilution to 30 ml with deionized water. 

Before elemental analysis, the samples were further diluted 1:1 with deionized water. Rhodium 

(Rh) was added as an internal standard with the final concentration of 20 µg l–1.  

LC-MS. A liquid chromatograph coupled with an ion trap mass spectrometer is an analytical 

chemistry technique that combines the physical separation capabilities of liquid chromatography 

with the mass analysis capabilities of mass spectrometry (MS). The separation of sample 

components in the LC part is based on the supply of high pressurized liquid and sample mixture 

through a column filled with a sorbent.  Each analyte in the sample interacts slightly differently 

with the adsorbent material, thus retarding the flow of the analytes. The MS part measures mass-to-

charge ratio of charged particles that are ionized by the analysis process. The charged ions are 

separated according to their mass-to-charge ratio, detected and finally the signals are processed into 

mass spectras. 

In Paper II, a LC-MS (LC-MS, Agilent Technologies SL) was used to analyze monosaccharide 

anhydrides (MAs including levoglucosan, galactosan and mannosan) that are degradation products 

of cellulose and hemicelluloses. PTFE-Filter samples were extracted with a 5-ml mixture of 

tetrahydrofuran and water (1:1) in the ultrasonic bath for 30 minutes. Polycarbonate substrates were 

first wetted with methanol. Thereafter, the solution was diluted to 5 ml with Milli-Q water finally 

including 10 % of methanol. In this study, a LC-MS method was used with deionized water (Milli-

Q, Millipore Gradient A10) as an eluent at a flow rate of 0.1 ml min-1. Two LC columns (Atlantis, 

dC18 3 µm, 2.1 × 150 mm, Waters) were used at 7 ºC. The ionization technique was electrospray 

and the monitored ion was m/z 161. The uncertainty of the LC-MS method used for the MA 

analysis was estimated to be at least 20 %. 

HPAEC-MS. A high-performance anion-exchange chromatograph coupled with electrospray 

ionization to a quadrupole-mass spectrometer is an analytical method for separation and analysis of 

chemical components from a sample. In anion exchange chromatography, negatively charged 

molecules are attracted to a positively charged solid support.  
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HPAEC-MS technique (HPAEC–MS, Dionex Corp.) was used in the study of Paper III to 

determine MAs from the small-scale combustion samples. The method is presented in detail by 

Saarnio et al. (2010). Shortly, the analysis procedure was following: the sample preparation 

included extraction with 5 ml of deionized water including internal standard, shaking (15 min.) and 

filtration. The column system consisted of CarboPacTM PA10 guard and analytical columns 

(Dionex). The eluent was produced by a KOH eluent generator. An electrospray ionization 

technique was used for ionization of molecules and MS part was equipped with a quadrupole mass 

analyzer.  

TOA. Organic and elemental carbon (OC and EC) can be determined with a thermal-optical carbon 

analyzer (Birch and Cary, 1996). The operation principle of the thermal-optical-analyzer is shortly 

following: a punch of sampled quartz filter is set into the oven of the analyzer. OC is volatilized at 

four subsequent temperature steps in pure helium atmosphere after which the EC is determined in a 

mixture of oxygen and helium (2 % oxygen) at six temperature steps. Optical correction is applied 

for the separation of pyrolysed OC from EC. In this thesis, a TOA (Sunset Laboratory Inc., Oregon) 

was used to determine OC and EC in Paper II. A 1.5 cm2 piece was cut from the VI quartz filter for 

the analysis. The sampling area in the SDI is smaller than 1.0 cm2 and therefore the whole deposit 

area can be analyzed. The temperature program used was similar to the NIOSH program except for 

the last temperature step in helium phase that was decreased from 850 to 800 °C. Inorganic carbon 

(carbonate carbon) can interfere with the determination of OC, since it volatilizes concurrently with 

the OC in the helium phase. 

TOC analyzer. A total organic carbon analyzer is a method to determine water soluble organic 

carbon (WSOC) from the sample solutions. A TOC-VCPH organic carbon analyzer (Shimadzu) with 

a highly sensitive catalyst was used in Paper II of this thesis. A non-purgeable organic carbon 

(NPOC) method was used. In the NPOC-method the sample is first put into 15 ml of deionized 

water to extract all water soluble organic carbon from the filter. Thereafter, the sample-solution is 

drawn through a plastic tube to the syringe using an 8-way valve. The acid addition (1 % 2M HCl) 

and helium bubbling (1.5 minutes) are done in the syringe. After that, all inorganic carbon should 

be converged to carbon dioxide and should be evaporated from the sample solution. After bubbling, 

the sample is injected into an oven, where it is catalytically oxidized to carbon dioxide at 680 °C.  
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5.7 Data analysis 

5.7.1 Determination of less volatile particle size distribution 

In Paper I, the method combining the VTDMA and the twin-DMPS and APS measurements yielded 

the number concentration of less volatile (NLV) particles that mainly were expected to be soot 

particles. The VTDMA measurement resulted the number fraction of less volatile particles that was 

the ratio of NLV measured in the oven temperature of 300ºC and initial number concentration (N1) 

before heater treatment. Based on the simultaneous measurement of ambient particle number size 

distribution with the twin-DMPS and APS, the concentration of less volatile (LV) particles was 

calculated by multiplying the LV number fraction for each selected size by the corresponding 

number concentration measured with the Twin-DMPS and the APS. Finally, the size distribution of 

LV particles was achieved by applying a lognormal function through all data points available from 

the VTDMA measurements. The lognormal fitting is presented in equation 3: 

𝑁𝐷𝑖 = 𝑁𝑚𝑎𝑥𝑒𝑥𝑝 �−
(ln𝐷𝑚𝑎𝑥− ln𝐷𝑖)2

2(ln𝜎)2
�   (3) 

where NDi is number concentration of particles with diameter Di (corresponding diameters of twin-

DMPS and APS), Nmax is maximum concentration of number size distribution of less volatile 

particles, Dmax is particle diameter at the less volatile distribution maximum and σ is the width of 

the less volatile number size distribution.  

The mass size distributions and total mass of LV particles were calculated assuming the density of 

particles to be 1.0 g cm-3 Hitzenberger et al., 1999). This density was chosen according to the 

density of loosely packed soot clusters (Ouimette & Flagan, 1982). 

5.7.2 Mie modeling 

Mie modeling was used in Paper I to compare measured and modeled optical properties of the LV 

particles and to consider the mixing state of measured ambient aerosol. In this comparison, modeled 

absorption was based on LV number size distribution and measured one was based on the 

absorption measured by the MAAP.  The modeling was done by assuming that the aerosol was 

either internally (1) or externally (2) mixed. In case (1) the σSP and σAP were calculated from 

𝜎𝑆𝑃(𝜆) = ∫𝑄𝑆𝑃�𝜆,𝐷𝑝,𝑚��𝜋𝐷𝑝
2

4
�𝑁�𝐷𝑝�𝑑 𝐷𝑝  (4) 

𝜎𝐴𝑃(𝜆) = ∫𝑄𝐴𝑃�𝜆,𝐷𝑝,𝑚� �𝜋𝐷𝑝
2

4
�𝑁�𝐷𝑝�𝑑 𝐷𝑝  (5) 
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where QSP(λ,Dp, m) and QAP(λ,Dp, m) are the scattering and absorption efficiencies of particles with 

diameter Dp, m is the complex refractive index m = nr + kii , and n(Dp) is the number concentration 

of all particles – volatile and non-volatile – with diameter Dp.  

In case (2) σSP and σAP were calculated from 

𝜎𝑆𝑃(𝜆) = 𝜎𝑆𝑃,𝑉 + 𝜎𝑆𝑃𝐿,𝑉 =

∫𝑄𝑆𝑃�𝜆,𝐷𝑝,𝑚𝑉� �
𝜋𝐷𝑝2

4
�𝑁𝑉�𝐷𝑝�𝑑 𝐷𝑝 + ∫𝑄𝑆𝑃�𝜆,𝐷𝑝,𝑚𝐿𝑉� �

𝜋𝐷𝑝2

4
�𝑁𝐿𝑉�𝐷𝑝�𝑑 𝐷𝑝  (6) 

𝜎𝐴𝑃(𝜆) = ∫𝑄𝐴𝑃�𝜆,𝐷𝑝,𝑚𝐿𝑉� �
𝜋𝐷𝑝2

4
�𝑁𝐿𝑉�𝐷𝑝�𝑑 𝐷𝑝    (7) 

where NV(Dp) and NLV(Dp) are the number concentrations and  mV and mLV the complex refractive 

indices of volatile and nonvolatile particles, respectively. NV(Dp) was calculated from N(Dp) – 

NLV(Dp). The refractive indices were varied so that the measured and modeled σSP and σAP agreed 

within a few percent. 

The Mie modeling was also used in the Supporting Information of Paper III to simulate optical 

properties of the small-scale wood combustion campaign to ensure validity of measured values. 

5.7.3 Conversion and normalization of particle emissions to the standard conditions 

All the results in emissions of Papers II and III were converted to the NTP conditions (0°C and 

101.3 kPa) and normalized from the oxygen content in the flue gas to the reference oxygen content 

of each fuel (13 % for wood and pellet, 3 % for HFO and LFO and 6 % for coal).  

The conversion and normalization were based on formulas (8) and (9): 

𝑐𝑁𝑇𝑃 = 𝑐𝑚
𝑇𝑁𝑇𝑃
𝑇𝑚

× 𝑝𝑚
𝑝𝑁𝑇𝑃

    (8) 

and 

𝑐𝑂2 = 𝑐𝑚
20.9−𝑂2,𝑟𝑒𝑓

20.9−𝑂2,𝑚
    (9) 

where  

cNTP = measured quantity converted to the NTP conditions 

cm = measured quantity 

TNTP = NTP temperature, 0°C 



43 
 

pNTP = NTP pressure, 101.3 kPa 

Tm = measured temperature 

pm = measured pressure 

CO2 = measured quantity normalized from the oxygen content in the flue gas to the reference 

oxygen content of fuel 

20.9 = oxygen content in the air 

O2,ref = reference oxygen content of certain fuel 

O2,m = measured oxygen content of burned fuel  

Emission results excluding optical data for the studies of Paper II and III were presented as 

emission factors (EF), i.e. in the relation to the mass of burned fuel or energy input to the burning 

processes, respectively. EFs of these studies were calculated based on the standard SFS 5624. 

5.7.4 Correction of optical data and calculation based on optical results 

The nephelometer and PSAP data (i.e. σSP and σAP) suffer from the instrumental limitations. Thus, 

σSP and σAP data have to be corrected based on the methods shown by Anderson and Ogren (1998) 

and Virkkula (2010), respectively. The truncation correction of the nephelometer data (σSP) 

determined by Anderson and Ogren (1998) is based on the following equation (10): 

 𝜎𝑆𝑃(𝜆) = 𝑎 + 𝑏𝛼𝑆𝑃𝑏     (10) 

where a and b are empirical factors for the wavelengths of 400, 550 and 700 nm presented by 

Anderson and Ogren (1998) and αSP is scattering Ångström exponent that describes the wavelength 

dependence of the scattering by particles. αSP is formulated as follows: 

𝛼𝑆𝑃,1−2 = −
log𝜎1𝜎2
log𝜆1𝜆2

    (11) 

where the numbers 1 and 2 describe wavelengths that are considered. In the studies of this thesis 

(Papers I and III), the σSP values measured at λ=700 nm were interesting ones because of 

comparison with σAP at λ=660 nm (PSAP) or at λ=637 nm (MAAP) and thus, the αSP for truncation 

error calculation was determined between wavelengths of 550 and 700 nm. . The Ångström 

exponent of absorption is calculated similarly from wavelength-dependent absorption coefficients.    
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σSP measured at λ= 700 nm and σAP measured by the PSAP were interpolated logarithmically to the 

MAAP wavelength (637 nm) assuming that the ångström exponent α is constant within the 

wavelength interval: 

𝛼1−2 = −
log𝜎1𝜎2
log𝜆1𝜆2

 ↔  𝜎2 = 𝜎1
𝜆1
𝜆2

𝛼1−2
   (12) 

𝑖𝑓 𝛼1−𝑥 = 𝛼1−2  →  𝜎𝑥 = 𝜎1 �
𝜆1
𝜆𝑥
�
𝛼1−2

   (13) 

In this study, the abbreviations 1 and 2 describe wavelength range measured by the nephelometer 

(450 – 700 nm) or PSAP (437 – 660 nm) and abbreviation x is the wavelength to which the results 

are needed to interpolate (637 nm). Ångström exponent for scattering (αSP) can also be related to 

particle size: αSP increases with decreasing particle sizes (e.g. Eck et al., 1999; Doherty et al., 2005; 

Pereira et al., 2011) and thus, αSP can be compared with size distribution studies (Paper III).  

The single scattering albedo (ω0), that is the ratio of σSP to the sum of σSP and σAP (extinction 

coefficient, σEP), was calculated based on the corrected σSP and σAP at wavelength of 637 nm in the 

studies of Paper III. ω0 is an important factor in the estimations of radiative forcing of the aerosol 

particles (e.g. Takemura, 2002). 

The mass extinction efficiency (MEE), that is dependent on particle size composition and size 

distribution, can be calculated based on the ratio of extinction coefficient (σEP=σSP+σAP) to mass 

concentration (for example PM1). Accurate estimates of MEE are important when computing the 

radiative forcing effects of aerosols and in the chemical extinction budgets used for the visibility 

regulatory purposes (Hand and Malm, 2007). In this thesis, the MEE values were calculated in the 

studies of Paper III. 

Radiative forcing effect of particles can be assessed by aerosol forcing efficiency (∆F/δ, i.e. aerosol 

forcing per unit optical depth, W m-2) (e.g. Sheridan and Ogren, 1999; Delene and Ogren, 2002):  

∆𝐹
𝛿

= −𝐷𝑆0𝑇𝑎𝑡2 (1 − 𝐴𝑐)𝜔0𝛽 �(1 − 𝑅𝑠)2 − �2𝑅𝑠
𝛽
� �� 1

𝜔0
� − 1��   (14) 

where D is the fractional day length, S0 is the solar constant, Tat is the atmospheric transmission, Ac 

is the fractional cloud amount, Rs is the surface reflectance, and β is the average upscatter fraction 

calculated from hemispheric backscatter ratio b (backscattering-to-scattering) based on formula β = 

0.817+1.8495b−2.9682b2 (Delene and Ogren, 2002). ∆F/δ were determined for the studies of Paper 
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III. There, ∆F/δ were estimated for each of the combustion cases using the average values of ω0 and 

b for 637 nm. The constants used were D = 0.5, S0 = 1370W m−2, Tat = 0.76, Ac = 0.6, and Rs = 0.15 

as suggested by Haywood and Shine (1995). 

6 Results and discussion 
In the Results and discussion section, traffic related particle emissions are partly considered 

separately from the other combustion sources because they were measured from the ambient air. 

Thus, measurement conditions differed from the emission measurements of wood fuel, coal and 

heavy fuel oil combustion appliances. 

6.1 Less volatile traffic related particle emissions 

Traffic related particle emissions are formed by small combustion engines such as gasoline and 

diesel engines. When compared with large-scale combustion, the burning process of these engines 

is less efficient leading to formation of e.g. organic compounds and BC. Especially diesel engines 

without particle filtration emit substantial amount of BC particles indicating with insufficient 

burning of the fuel. In the scope of this thesis, BC emissions played an important role. In the Paper 

I, BC particles were considered as less volatile (LV) because of the measurement technique used. 

Mass concentration of LV (MLV) particles determined by the VTDMA was compared with BC mass 

concentration (MBC) measured by the MAAP. In addition, comparison between measured and 

modeled scattering and absorption coefficients (σSP and σAP, respectively) was done. As Figure 4 

(Paper I) shows, MBC was most of the time higher than MLV. Figure 4 also shows the volume 

weighed LV particle fraction <φLV> that weakly correlated with the fraction of MLV to MBC. As the 

MLV and MBC closely followed each other, the wind was coming from the urban area influenced by 

the traffic emissions. During these periods dominated by fresh vehicle emissions (hatched areas in 

Figure 5), the fraction of less volatile particles (i.e. BC) was around 0.2 when otherwise it was 

clearly smaller. Local traffic emissions were also seen in the measured and modeled optical 

properties of particles: as <φLV> increased, the modeled σAP assuming external mixture of particles 

agreed with the measured one when overall the modeled absorption of light due to externally mixed 

particles was smaller than measured σAP. For the whole period the average (± std) refractive index 

was 1.55 (±0.09) – 0.04 (±0.02)i when internal mixing was assumed. When <φLV> was >0.2 the 

average refractive index of LV particles was 1.96 – 0.8 (±0.18)i when σAP was modeled assuming 

external mixing. 
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Figure 4 Hourly-averaged (a) MLV and MBC concentrations, (b) wind speed and direction and (c) 

volume-weighted less-volatile particle fraction <φLV > measured between December 24 and 31, 

2005 (Paper I). 
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Figure 5 Hourly-averaged (a) measured and modeled σAP assuming internally mixed particles, (b) 

measured and modeled σAP assuming externally mixed particles -modeled σAP is given for the data 

based on the fitted refractive index (Modelled1) and a literature value for the refractive index of 

soot, m = 1.96 – 0.66i (Modelled2), (c) imaginary part ki of externally and internally mixed particles 

and (d) less-volatile particle fraction <φLV> between January 10 and 15, 2006 (Paper I). 
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6.2 Particle emissions of wood fuel, coal and heavy fuel oil combustion 

The wood fuel combustion (including wood logs and pellets) considered in this thesis (campaigns 

SSWC1 and SSWC2, Paper I and III, respectively) represented small-scale combustion that in 

Finland is commonly used as secondary heating system in households. Instead, coal and both heavy 

and light fuel oil (HFO and LFO, respectively) combustions described large-scale energy 

production. Coal-fired power plant produced both power and heat (campaign C-PP, Paper III) 

whereas oil was combusted in a heating station (campaigns HFO-HS1 and HFO-HS2 Papers III and 

IV).   

6.2.1 Particle emissions and their chemical composition 

The chemical composition of PM emitted from burning processes is dependent on both fuel and 

combustion process. Overall, large-scale combustion is better controlled than small-scale 

combustion. Large-scale combustion techniques allow higher combustion temperature and better 

control of the fuel and air supply than small-scale combustion.  

Emission factors of the PM1 (EF) determined within this thesis are shown in Table 3 and 

corresponding mass closures in Figure 6. The abbreviations in Table 3 and Figure 6 represent 

following cases: SSWC1+MH+N and SSWC1+MH+S1/S2 describe small-scale wood log 

combustion in a masonry heater combusted with normal and smouldering conditions (Paper II). In 

the SSWC2+PB and SSWC2+MH, small-scale combustion was carried out in a pellet boiler fuelled 

with wood pellets and in a conventional masonry heater fuelled with birch wood logs, respectively 

(Paper III). Coal combustion was studied in the cases of C+DSP, C+P+DSP and C+P+bypassDSP 

that described coal combustion emissions after the ESP and DSP, emissions of mixture of coal and 

pellet fuels after ESP and DSP and emissions of mixture of coal and pellet fuels in the case of 

bypassing the DSP, respectively (Paper III). HFO+78MW, HFO+E+78MW and 

HFO+LFO+120MW are the emission cases at the heating station fuelled with heavy fuel oil (HFO) 

with the power of 78 MW, HFO with water emulsion with the power of 78 MW and mixture of 

HFO and light fuel oil (LFO) with the power of 120 MW, respectively (Paper III). The other 

experiment at the HFO-fired heating station (HFO-HS2) included the cases HFO+30MW, 

HFO+E+30MW and HFO+LFO+E+30MW meaning the HFO combustion tests with addition of  

LFO and water emulsion in a boiler run with 30 MW power. 

The studies of this thesis showed that PM1 emissions of the small-scale wood or pellet combustion 

were clearly higher than PM1 emissions of large-scale burning of coal/coal-pellet mixture and 

HFO/HFO-LFO mixture. In addition, the variation of the emission factors of small-scale 



49 
 

combustion was high: EF was lowest in the pellet boiler burning (~17 ± 2 mg MJ-1) but the EF of 

masonry heaters varied from ~39 to 490 mg MJ-1 depending from the burning appliance and 

combustion conditions. Smouldering combustion characterized situation where common mistakes 

of the operational practices, such as overloading of the firebox and insufficient air supply, were 

present. Thus, particle emissions in these situations were clearly highest.  

Particle emissions were lowest at the coal-fired power plant when the flue gases were cleaned in the 

DSP (Paper III). The EF was 0.18 ± 0.06 mg MJ-1 for the C-DSP case (Paper III) (Table 3). The 

studies at the coal-fired power plant showed that the DSP effectively removed particles from the 

flue gas: within the study of Paper III, particle emissions were ~90 % smaller with the DSP when 

compared with the case where the DSP was bypassed. When emissions were determined by 

bypassing the DSP, EFs was at the same range or a little smaller as the ones for the combustion of 

HFO and mixture of HFO and LFO at the heating station where no cleaning technique was used. In 

these cases, EFs varied between ~1.3 and 4.0 mg MJ-1 (Papers III and IV). The maximum difference 

between EF of various combustion cases was between smouldering small-scale wood combustion in 

a masonry heater (SSWC1+MH+S2) and combustion of the mixture of coal and pellet fuel when the 

DSP was used (C+P+DSP). In this case, the EF of the SSWC1+MH+S2 was approximately 3270 

times higher than EF of the C+P+DSP. 
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Table 3 Average emission factors (EF)  (±standard deviation) of the PM1 of the combustion cases of 

the thesis determined based on the weighed filter samples. 

Paper Combustion case EF (mg MJ-1) 

II 

SSWC1+MH+N 150 ± 23 

SSWC1+MH+S1 478* 

SSWC1+MH+S2 494* 

III 
SSWC2+PB 17 ± 2 

SSWC2+MH 39 ± 2 

III 

C+DSP 0.18 ± 0.1 

C+P+DSP 0.15 ± 0.02 

C+P+bypassDSP 1.3* 

III 

HFO+78MW 3.1* 

HFO+E+78MW 3.6* 

HFO+LFO+12+MW 2.3* 

IV 

HFO+30MW 3.2* 

HFO+E+30MW 3.3* 

HFO+LFO+E+30MW 4.0* 
*standard deviation could not be determined because of only one sample for the condition in question. 

In most of the combustion cases of this thesis, the chemically analyzed mass did not fill the total 

PM1 mass because of the limitations of the used analytical techniques. Overall, the mass closure 

was best reached in the SSWC1 campaign where analyzed mass contributed ~85-97  % of the total 

PM1 mass. In the SSWC-PB, analyzed mass covered 63 ± 7 % of the PM1. Here, organics and 

elements (i.e. metals) were not analyzed that could explain part of the missing mass. However, the 

study of Lamberg et al. (2011), that presented results of the same experiments as in the cases of 

SSWC2+PB and SSWC2+MH, showed that the organic carbon (OC) and metals would contribute 

less than 10 % of the PM1 mass in the pellet boiler combustion (efficient combustion (EFC) in the 

study of Lamberg et al., 2011). In the SSWC-MH, analyzed mass was larger than weighed PM1 

indicating uncertainty in analyze techniques or estimation of MBC. In the HFO-HS1, HFO-HS2 and 

C-PP campaigns, the coverage of the total mass varied from 22 to 89 %. The missing mass in these 

campaigns could include some non-analyzed elements such as silicon (Si) that occurs especially in 

coal e.g. in the form of quartz (SiO2), aluminosilicate or aluminosilicate salt (Tomeczek and 

Palugniok, 2002). In addition, oil and coal include a significant amount of trace metals that could 

form metallic oxides in the flue gas. Oxygen in these compounds could explain part of the missing 
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mass. Other possible components of particles that were not analyzed were, e.g., carbonate and 

hydroxide ions and water. 

Carbonaceous compounds, e.g. organic and elemental/black carbon (OC and EC/BC, respectively), 

are the major chemical compounds that indicate with incomplete burning process. Here, BC was 

also refereed as absorbing material (Figure 6) because of the measurement techniques used (PSAP 

and MAAP, see sections 4.2.3 and 5.3). The absorbing part is usually proposed to be BC but can 

also include e.g. iron oxides that are highly absorbing in the UV and visible light wavelengths and 

occur in oil and coal combustion flue gases. Thus, the absorbing material fractions of the coal and 

oil combustion of the Papers III and IV could also include iron that was analyzed also by the 

analytical methods. The results of the absorbing material and iron were both summed to the 

analyzed mass as individual components. Thus, they might overlap if iron was in the form of iron 

oxides. Instead, in wood fuels, iron is not such significant component. Water soluble organic carbon 

(WSOC) was determined in the studies of Papers II and III. The WSOC was converted to water 

soluble particulate organic matter (WSPOM) by a factor based on the ratio between the molecular 

weight of organic compounds and carbon weight (e.g. Turpin and Lim, 2001). This ratio is 

dependent on the composition of organics and aging of the aerosol mass and was here chosen to be 

1.8 for the WSPOM. WSPOM also includes monosaccharide anhydrides (MAs) that were 

separately analyzed from the filter samples. The emission of the MAs was subtracted from the 

WSPOM in the cases of Paper II to more clearly see the influence of the combustion process on 

different chemical compounds. Total OC was available for the studies of Paper II and studies at the 

heavy fuel oil-fired heating station (HFO-HS1 and HFO-HS2, Papers III and IV, respectively). In 

the study of Paper II, the total OC in addition to WSOC was analyzed and converted to particulate 

organic matter (POM) by a factor of 1.6. In Figure 6, the POM includes organics that are not water 

soluble (i.e. total POM-WSPOM-MAs).  

Based on the results of the Papers II and III, particle emissions of the masonry heaters fuelled with 

wood logs included substantial amount of EC/BC (Figure 6, cases of Paper II (EC) and 

SSWC2+MH (BC, i.e. absorbing material)). In the cases of normal and smouldering combustion of 

the masonry heater (Paper II), EC fraction of particle emissions varied approximately in the range 

of 20 and 30 % being higher in the case of normal combustion. In the case of the SSWC2+MH, 

particle emissions surprisingly consisted mostly of the absorbing material (94 ± 28 % of the total 

emission) but the fraction of organic compounds was unsubstantial. For the SSWC2+MH and 

SSWC2+PB, total POM was not analyzed but only the WSPOM. As is seen from Figure 6, the mass 

closure of the SSWC2+MH was full and it only included approximately 3 % of WSPOM whereas 
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in the cases of Paper II, the total POM including WSPOM and MAs contributed 32 % of the mass 

closure of the normal combustion in a masonry heater. In the cases of smouldering combustion, the 

contribution of the total POM was almost 70 % to the total particle emission. The relationship 

between EC and OC also indicates with combustion conditions: EC fraction usually decreases in 

relation to the OC when fuel burning gets insufficient. This behavior was seen between normal and 

smouldering combustion in a masonry heater. The EC-to-OC ratio was on average 1.7±0.6 in the 

SSWC1+MH-N case, whereas the corresponding values in the SSWC1+MH-S1/S2 experiments 

were 0.60 and 0.52. The inefficient combustion conditions created by restricting air supply and 

overloading of the firebox in the SC were the reasons of the higher fraction OC in the SC.   

In the large-scale combustion, i.e. coal and oil combustion, organic compounds were only measured 

at the heating station fuelled with HFO and LFO. Overall, carbonaceous emissions played a minor 

role in the large-scale combustion, as was expected. The POM fraction of the particle emissions at 

the HFO-fired heating station (campaigns HFO-HS1 and HFO-HS2) varied between 0.6 and 6.0 %. 

Absorbing material (BC) fraction was approximately 1 % in the HFO-HS1 campaign. Instead, the 

absorbing material fractions were higher in the HFO-HS2 campaign varying between 6 and 20 %. 

The highest fraction of absorbing material (20 %) was determined in the case of 

HFO+LFO+E+30MW. The reason stayed unclear but most probable reason could be some mistake 

in the optimization of the combustion process that led to inefficient combustion conditions. Overall, 

the boiler of the HFO-HS1 campaign was the main operational boiler where the combustion process 

was better optimized than the process of the boiler used in the HFO-HS2 campaign. The particle 

emissions of the power plant fuelled with coal and mixture of coal and wood pellets (pellets 4.5 ± 

1.4 % of fuel volume) included 1.4 ± 0.4 and 3.7 ± 0.8 % of absorbing material when flue gases 

where cleaned with the DSP. Instead, when the DSP was bypassed absorbing material fraction was 

rather high (16 %) in the case where mixture of coal and pellets was burned. That high absorbing 

material content was actually not expected but one reason could be the addition of pellets into the 

fuel. Even though the pellet content was rather low, it could be possible that the combustion 

technique optimized for the coal combustion did not work properly for the mixture (e.g. grinding of 

the fuel, supply of the fuel into the boiler). However, the DSP seemed to remove most of the 

absorbing material. It has to be noted that absorbing material of emissions of coal and oil 

combustion of the Papers III and IV could also include iron oxides that also are highly absorbing 

(Ninomiya et al., 2004; Alfaro et al., 2004). In the HFO-HS1 campaign, the contribution of iron and 

absorbing material to the PM1 was on average 3.3 ± 0.1 % and 0.8 ± 0.2 %, respectively. The iron 

contribution to the PM1 was on average 0.3 ± 0.1 % for the C-PP campaign in the cases when the 
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DSP was bypassed. There were no significant differences between iron fractions of the C+DSP and 

C+P+DSP cases. In the case of C+P+bypassDSP, the iron fraction was 1.4 %. The absorbing 

material contributed 3.7 ± 0.4 %, 1.4 ± 0.8 % and 16 % of the PM1 in the C+DSP, C+P+DSP and 

C+P+bypassDSP cases, respectively. The influence of iron oxides on light absorption was tested 

assuming iron to be in the form of ferric oxide (Fe2O3) and MAE to be 0.56 m2 g-1 (Paper III). The 

results are shown in Table 4. The test results showed that for the HFO-HS1 campaign, absorption of 

light due to Fe2O3 was in the range measured by the MAAP whereas in the C-PP campaign this 

absorption contributed only some per cents of the measured absorption. 

Table 4 Measured absorption coefficient (σap), absorption coefficient of Fe2O3 (σap,Fe2O3) and ratio 

between σap,Fe2O3 and σap (as percentage %) ± standard deviation for the C-PP and HFO-HS1 

campaigns (Paper III). 

Combustion case 
σap 

(Mm-1) 

σap,Fe2O3 

(Mm-1) 

σap,Fe2O3/σap  

(%) 

C+DSP 110±73 1.9±0.9 1.6±0.4 

C+P+DSP 41±56 2.1±1.1 7.8±7.8 

C+P+bypassDSP 3653±107 77* 2.1* 

HFO+78MW 816±152 612* 75* 

HFO+E+78MW 482±48 661* 137* 

HFO+LFO+120MW 436±86 430* 99* 

*stdev could not be determined because of only one sample for the condition in question. 

In the PM1 emissions, ions including alkali metals comprised the majority of the analyzed mass in 

most of the studied combustion cases. Also elements, such as trace metals, had a significant 

contribution to the analyzed mass in the HFO-HS1, HFO-HS2 and C-PP campaigns. For the 

SSWC2 campaign elements were not analyzed but the results of the SSWC1 showed that 

contribution of elements to the PM1 was not remarkable. In the SSWC campaigns, the increase in 

the ion fraction correlated with better combustion technology: ion fraction was highest in the pellet 

boiler combustion and clearly higher in the normal combustion of the masonry heater than in the 

smouldering combustion. Especially in the high combustion temperature of the SSWC2+PB, 

inorganic ash species first evaporate and form particles by homogenous nucleation and subsequent 

condensation in the cooling flue gas (Sippula et al., 2009). In the HFO-HS emissions, the ions-to-
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PM1 and elements-to-PM1 fractions were ~30 – 50 % and ~10 – 20 %, respectively. SO4
2- 

contributed approximately 80 – 90 % to ions in the HFO-HS cases. The most significant elements 

were Fe, Ni, V, K and Mg. In the C-PP campaign, ions dominated the PM1 in the cases when the 

emissions were determined after the DSP (~40 – 60 % of the PM1). In the case of bypassing the 

DSP, the ionic contribution decreased to around 4 %. Also the element contribution decreased from 

24 – 26 % to 11 % when the DSP was bypassed. The main reasons for the high ion fractions were 

the chemicals used in the DSP process. When the DSP was used, metallic components and 

absorbing material were effectively removed from the flue gas. Calcium hydroxide (Ca(OH)2) and 

sodium chloride (NaCl) are added to the flue gas passing the DSP to decrease the emissions of 

sulfur dioxide gas (SO2). The chemical reactions in the DSP resulted in decrease of SO2 and metal 

emissions and enhanced mass concentrations of ions such as Ca2+, Na+, Cl- and SO4
2- when 

compared with the concentrations of these chemical components in the case of the DSP bypass.  

 

Figure 6 Chemical mass closures of the particle emissions of the small-scale wood combustion, coal 

and oil combustion based on the studies of Papers II-IV. 

6.2.2 Size distributions 

Size distributions of particle emissions of various combustion technologies were determined with 

the different measuring techniques in the studies of this thesis. Number and volume size 

distributions were based on the measurements of the real-time instruments (DMPS, SMPS, FMPS, 

APS). Mass and chemical size distributions were determined from the analysis of the filter samples 
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collected with the cascade impactors such as the SDI and MOUDI. Examples of the results of the 

real-time instrument measurements of Papers II and III are shown in Table 5. The table collects 

geometric mean diameters (GMD) and geometric standard deviations (GSD) of the number and 

volume size distributions of the size distributions for the aerodynamic and geometric (mobility) 

diameters (Da and Dp, respectively). The density shown in the Table 5 is the one used for the 

conversion between Da and Dp. The superscripts from a to f describe the instrumentation that was 

used to measure size distribution for which the GMDs and GSDs in question were calculated.  

Size distributions of particle emissions of various combustion techniques are influenced by the 

burning conditions and fuel. In addition, aging of the aerosol mass changes the size distribution 

because of the physical and chemical reactions in the ambient air (e.g. coagulation, condensation). 

Thus, particle size distributions in the ambient air usually are wider than distributions of fresh 

aerosol masses right after the emission source. This is seen from the number GSD (NGSD) and 

volume GSD (VGSD) of the ambient air influenced by traffic shown in Table 5: the values were 

~2.6 and 2.4, respectively whereas for the size distributions determined right after the emission 

sources were clearly narrower (NGSD ~1.4-1.95 and VGSD ~1.4-2.0). All the size distributions 

from various emission sources had an ultrafine particle mode with NGMD(Da) between 30 and 150 

nm. Also in the size distributions determined in Paper IV (not presented in Table 5) for the oil 

combustion, the NGMDs of various combustion cases had NGMDs in particle size of ca. 50 nm. 

Overall, the number concentrations of coal combustion emissions were significant up to 1 µm when 

compared with the size distributions of the oil combustion. Thus, in Table 5, the NGMDs of SMPS 

and APS are shown for C-PP campaign whereas for the HFO-HS1 campaign, there was no 

significant mode seen in the APS measurements. Naturally, VGMDs shifted to the larger particles. 

Especially in the large-scale coal combustion, modes in supermicrometer sizes were significant in 

the volume size distributions. Also in the oil combustion, coarse particles played an important role 

in volume size distribution even though it was not as clear as in the coal combustion. Ultrafine and 

fine particles of coal and oil combustion are most probably formed from vaporized and nucleated 

volatile metals. The coarse mode of oil combustion could be composed of residual particles. Coal 

combustion particles also form from inherent mineral matter within coal transferred into PM 

forming coarse particles. The emissions of small-scale wood fuel combustion including birch log 

and wood pellet combustion varied clearly depending on the combustion conditions and technique. 

For the SSWC1 campaign (Paper II), only size distributions of chemical components were 

determined. However, also these chemical distributions give an overview to the influence of 

combustion conditions on the shape of the size distributions. The mass size distributions of EC, 
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POM, MA and ions showed that smouldering combustion shifted the size distribution to the larger 

particles when compared with the size distributions of the normal conditions. Especially the ion size 

distribution constituted two clear modes instead of one in the inefficient burning conditions. In the 

SSWC2 campaign (Paper III), the size distribution of wood log combustion differed clearly from 

the combustion wood pellets. As is shown in Table 5, the particle number emissions of the SSWC2-

MH included two modes in submicrometer range (GMD(Da)= 0.03±0.01 and 0.11±0.01) whereas 

the number size distribution of the SSWC2-PB was unimodal (GMD(Da)= 0.09±0.002). Thus, the 

width of the number size distribution increased with the inefficiency of combustion. Instead, 

VGMDs of these cases both were unimodal. 
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Table 5 Number and volume geometric mean diameters (NGMD and VGMD, respectively) 

±standard deviations (stdev) of the various combustion cases as geometric (≈mobility) and 

aerodynamic diameters (Dp and Da, respectively). Density is the one that was used for the 

conversion between Da and Dp (see Section 5.4, Equation 2). In addition, the number and volume 

geometric standard deviations (NGSD and VGSD, respectively) of the distributions (±stdev) are 

shown. 
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Table 5 Continued 
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Superscripts describe the instrumentation to which the calculation of the GMDs and GSDs is based on: aFMPS, bSMPS, 
cAPS, dSMPS+APS, etwin-DMPS+APS, ftwin-DMPS+APS+VTDMA   
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6.2.3 Optical properties 

Optical properties of PM1 particles emitted from various combustion sources (σSP, σAP and ω0), the 

dependency of optics on chemical composition and on size distribution of these particles (MEE and 

αSP) were studied within Paper III. In addition, the influence of the energy production technology on 

the radiative forcing efficiency over dark surface was estimated (∆F/δ). For the SSWC2 campaign, 

optical properties were also simulated by the Mie model. The results are shown in Table 6. 

Table 6 Mass extinction efficiency (MEE), scattering Ångström exponent (αSP), single scattering 

albedo (ω0), radiative forcing efficiency (∆F/δ) and radiative forcing efficiency ∆F/δ per produced 

energy (± stdev) of studied combustion cases. 

Combustion case 
MEE                 

(m2 g-1) 
αSP ω0 

∆F/δ 

(W m-2) 

∆F/δE 

(W m-2 MJ-1) 

SSWC2-PB, 

measured 
0.1 ± 0.02 3.8 ± 0.4 0.67 ± 0.13 -10 ± 10 -1E-1 ± 1E-1 

SSWC2-PB, 

simulated1 
0.12 3.7 0.55   

SSWC2-PB, 

simulated2 
0.17 3.7 0.69   

SSWC2-MH, 

measured 
7.1 ± 7.9 2.2 ± 0.2 0.16 ± 0.08 34 ± 7 0.2E-1 ± 4.9E-2 

SSWC2-MH, 

simulated 
9.8 2.3 0.2   

      

C+DSP 2.4 ± 0.9 1.3 ± 0.1 0.89 ± 0.05 -23 ± 4 -2E-5 ± 4E-6 

C+P+DSP 1.5 ± 0.5 1.8 ± 0.2 0.93 ± 0.06 -29 ± 5 -3E-5 ± 5E-6 

C+P+bypassDSP 3.3 ± 1.1 0.9 ± 0.03 0.65 ± 0.09 -6 ± 8 -5E-6 ± 7E-6 

HFO+78MW 0.2 ± 0.02 1.1 ± 0.1 0.57 ± 0.03 0.3 ± 3 1E-6 ± 1E-5 

HFO+E+78MW 0.2 ± 0.01 2.1 ± 0.1 0.76 ± 0.02 -19 ± 1 -7E-5 ± 6E-6 

HFO+LFO+ 120MW 0.1 ± 0.01 1.4 ± 0.1 0.52 ± 0.05 4 ± 4 1E-5 ± 1E-5 
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The MEE values were calculated in order to connect the optical properties with the PM1 emissions. 

For the measured and simulated SSWC2-PB and HFO-HS campaign, the MEEs were rather low 

(ca. 0.1-0.2 m2 g-1). The size distributions of these cases were rather similar with the NGMD(Dp) far 

below 100 nm (see Table 5). The size distribution dependence of mass scattering efficiencies 

(MSE) reviewed by Hand and Malm (2007) also agreed with the low MEE values of this thesis 

showing decreasing trend of the MSE with decreasing particle sizes. Instead, The MEE of the 

SSWC2-MH was high according to measured and simulated results (7.1 ± 7.9 and 9.8 m2 g-1, 

respectively). The high MEEs agreed with mass absorption efficiencies (MAE) published 

previously e.g. by Petzold and Schönlinner (2004). The result is consistent with the high fraction of 

absorbing material in the PM1 emissions presented in Section 6.2.1 (Figure 6). The MEE values of 

the C-PP campaign were in the range of 1.5-3.3 that corresponds with the published MSE values for 

inorganic species of fine particles (2.9 ± 0.3 m2 g-1) (Malm and Hand, 2007). As the chemistry and 

the number size distribution results showed, argumentation of the MEE values were reasonable for 

C-PP campaign. 

Scattering Ångström exponent αSP was discussed to relate scattering with the particle diameter. 

Overall, αSP was the highest for the SSWC2 campaign (3.8 ± 0.4 and 2.2 ± 0.2 for the SSWC2-PB 

and SSWC2-MH, respectively). αSP usually increases with increasing fraction of fine particles. This 

is consistent with the results shown in Table 5: the number size distribution of the SSWC2-MH was 

bimodal and wider than the distribution of the SSWC2-PB case. Thus, the lower αSP value for the 

SSWC2-MH than for the SSWC2-PB was reasonable. The lowest value of αSP (0.9 ± 0.03) was 

found for the C+P+bypassDSP case. The result could partly indicate with increasing influence of 

particles near 1 µm instead of ultrafine particles. This fact stands for low αSP values. αSP values in 

the HFO-HS1 campaign were in the range of ca. 1.1 – 2.1. Even though the number concentration 

and particle mode maximum were nearly constant in the four combustion cases, the αSP varied 

clearly. In general, the αSP seemed to be dependent also in combustion technology and fuel. The 

lowest values of the C-PP campaign were in agreement with the values presented for dust aerosol 

both including significant amount of mineral matter (Eck et al., 1999). The results of the HFO-HS1 

campaign fitted best with the values of scattering Ångström exponent around 1.5 – 1.8 reported for 

polluted urban aerosol (Doherty et al., 2005; Lyamani et al., 2008; Pereira et al., 2011). 

The average (± stdev) single scattering albedo ω0 of the SSWC2+MH, HFO+78MW and C+DSP 

cases are shown in Figure 7 (black squares) and Table 6. ω0 of the additional combustion cases are 

shown as black stars. In the ambient air ω0 differs depending   on the source and age of particles. In 
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the urban air, the values between 0.5 and 0.9 have been determined (e.g. Lyamani et al., 2008; 

Carrico et al., 2003). In non-polluted regions, ω0 is usually higher than 0.9 that represents particles 

consisting almost only of scattering material. ω0 of pure soot is approximately 0.3 (Mikhailov et al., 

2006). As Figure 7 shows, obvious differences in ω0 were seen between the combustion cases. ω0 of 

the HFO-HS1 campaign varied between 0.52 ± 0.05 and 0.76 ± 0.02 and was in the same range with 

ω0 of the SSWC2+PB case (0.67 ± 0.13). These values indicated a rather high absorbing influence 

of particles even though fraction of absorbing material was rather low. This discrepancy between 

low fraction of absorbing material and high single scattering albedo could be explained by optical 

properties of size distributions of these cases: The simulation process presented in Supporting 

Information of Paper III showed that for the SSWC1-PB, absorption efficiencies of particles 

approximately <60 nm (mobility diameter) were higher than scattering efficiencies. Remarkable 

part of particles was below this range in the SSWC2+PB case but also in the cases of the HFO-HS 

campaign. Thus, same behavior could be expected. The low ω0 of the SSWC-MH (0.16 ± 0.10) was 

consistent with high BC fraction shown in Figure 6. The C-PP campaign seemed to emit mostly 

scattering particles when the DSP was used. The high fraction of ions (Figure 6) with a high sulfate 

fraction endorsed high ω0 values. The contribution of absorbing material increased with the bypass 

of the DSP corresponding to a significant decrease of ω0 to 0.65 ± 0.09 (Figure 7, Table 6).  

 

Figure 7 Single scattering albedo (ω0) of the PM1 emissions of the combustion technologies 

presented in Paper III (Figure 3, Paper III). 
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In the ∆F/δ results (Table 6), the negative and positive sign indicate cooling and warming effect of 

the aerosol in question. The used surface reflectance Rs=0.15 represents dark surface such as grass. 

Setting Rs to value describing snow-covered ground (>0.6) would lead higher values of ∆F/δ. ∆F/δ 

values were negative (i.e. cooling effect) for all the other cases but SSWC2+MH, HFO+78MW and 

HFO+LFO+120MW (Table 6). As fresh aerosols, the SSWC2+MH would have clearly strongest 

warming effect (∆F/δ =34 ± 7 W m-2 or (∆F/δ)/produced energy=0.2×10-1 ± 4.9×-2 W m-2 MJ-1). 

The study of Virkkula et al. (2011) reported ∆F/δ values between -20 and -27 W m-2 for ambient 

background aerosol. These results were in the same range as radiative forcing efficiencies of the 

C1+DSP, C1+P+DSP and HFO+E+78MW cases. Overall, if primary particle emissions of this 

study would transport to the areas with high ground reflectance (e.g. snow-covered Arctic) as such 

they would have warming effect. 

6.2.4 Hygroscopic growth of particles emitted from large-scale combustion of HFO 

The hygroscopic growth of particles having mobility diameters of 20, 47, and 72 nm were studied 

using an HTDMA in Paper IV. The measurements were performed close to 90 % relative humidity 

both through and bypassing the thermodenuder. The results were based on averages on 2 to 7 and 4 

to 7 separate HTDMA measurements with humidified and dry air, respectively.  

In the case of HFO combustion (HFO+30MW), the growth factors (ratio between humidified and 

dry particle size, GF) were overall higher than the GFs of the HFO+E+30MW and 

HFO+LFO+E+30MW cases. When the water emulsion was added to the combustion of HFO, the 

GFs were somewhat lower than in the case of HFO+30MW. In the case of emulsion, the GFs 

decreased with increasing the particle size.  

The effect of thermodenuder was seen in the case of the HFO+30MW and especially for the particle 

diameter 72 nm: the GF decreased to ~1.25 from ~1.35. This reduction may mean that there were 

more volatile hygroscopic compounds in this particle size that evaporated in thermodenuder than in 

smaller sizes.  

When the HFO+LFO emulsion was used, the growth factors of the measured particle sizes changed 

considerably with the particle size and the GFs were mostly smaller than the corresponding GFs for 

the other cases of the study. The thermodenuder treatment did not noticeable affect the GF values of 

the HFO+LFO+E+30MW. The largest (72 nm) particles, with and without the thermodenuder 

treatment, actually shrank in the HTDMA treatment. The behavior indicates that 72 nm particles 

were agglomerates with low hygroscopicity. It has been reported by Pagels et al. (2009) that the 
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condensation of sulfuric acid or water on agglomerated soot initially results in shrinkage of mobility 

diameter due to the restructuring of the soot core.  

Growth factors of smallest determined particles (20nm) were highest and in the same range studied 

previously by Henning et al. (2012). They claimed that soot particles coated by sulfuric acid with 

changing OC content were more hygroscopic with higher OC content because of the reaction of 

sulfuric acid with some organics. This could lead to change in hygroscopicity. Here, the OC content 

in relation to BC was lowest when LFO was mixed with HFO with emulsion. In this case, the GFs 

were lower than in the other combustion cases. This result supports the above mentioned 

assumptions. However, the reduction in GFs in the HFO+LFO+E+30MW case in comparison with 

the HFO+30MW and HFO+LFO+30MW cases can also be affected by other differences in 

chemical composition.     

The results of Paper IV showed that the fine particles emitted from HFO combustion are quite 

hygroscopic even as fresh particles. However, by adding water to the combustion process and, 

further, by mixing HFO into LFO, the hygroscopic growth factors of emission particles decreased. 

Overall, it is probable that particles from HFO combustion will contribute to cloud formation, 

reduce visibility and, furthermore, have a detrimental effect on the overall air quality especially in 

large cities. 

7 Review of articles and author’s contributions 

Paper I presents a method that enables determination of number and mass concentration of 

externally mixed soot particles (here called less volatile (LV) particles) based on the combination of 

VTDMA and DMPS. The mass concentration of LV particles (MLV) was compared with the mass 

concentration of BC particles measured with the MAAP (MBC). The DMPS and VTDMA data were 

also used for calculation of σSP and σAP with a Mie model. The model was run changing the 

refractive index and assuming external and internal mixing of absorbing and scattering aerosol. The 

modelled values were compared with measured σAP. The comparisons between MLV and MBC as 

well as measured and modelled σAP with the combination of wind direction information verified 

suitability of the VTDMA-DMPS system to measure LV particles. The instrumentation and data 

analysis of this study also made it possible to determine the local traffic-related particle emissions.  

I contributed to this study taking care of the ready-build measurements with the co-authors, 

analyzed the data and wrote the article with the help of the co-authors. 



64 
 

Paper II contains a study of influence of combustion conditions on particle emissions of small-scale 

wood combustion. The chemical composition and size distribution of particles emitted from a 

conventional masonry heater were studied in normal and smouldering combustion conditions. The 

normal combustion was characterized by the best operational practice of this heater, whereas the 

smouldering combustion corresponded to the slow heating combustion that results from the 

common user mistakes in operational practice (overloading of the firebox, restriction of air supply 

to prolong heating). The results were based on the versatile chemical analysis of the filter samples 

collected using different sampling techniques. The chemical compositions and mass size 

distributions of the normal and smouldering combustion were compared and the estimations of the 

reasons for the differences were presented. 

I participated in the design and preparation of the measurement setup and carried out the 

measurement campaign with the co-authors. I made the elemental and organic carbon analysis 

whereas other chemical analyses were carried out by the co-authors. I analyzed the data of the study 

and wrote the article.  

 

In Paper III, the properties and differences of particle emissions produced by the various energy 

production technologies were studied. The studies included three combustion campaigns: small-

scale wood combustion including investigations of a pellet boiler and conventional masonry heater 

combustion (fuelled with wood pellets and birch wood logs, respectively), combustion of coal and 

mixture of coal and pellets at a coal-fired power plant and combustion of heavy and light fuel oil at 

a heavy fuel oil-fired heating station. The chemical compositions of the particle emissions were 

determined based on filter sample analyses and real-time measurements of e.g. absorbing material 

and organic carbon. In addition, number and volume size distributions as well as optical properties 

of emitted particles were measured. Based on the optical results, the quantities that are important in 

the estimations of influence of particles on global warming were calculated (e.g single scattering 

albedo, aerosol forcing efficiency).  

In each of the campaign of this paper, I was responsible of the design and preparation of the 

measurement setup as well as the measurement campaign with my co-authors. The chemical 

analyses were carried out by the co-authors. I was responsible of the data analyses excluding the 

Mie modeling and preprocessing of part of the chemical results that were made by the co-authors. I 

wrote the article. 
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Paper IV concerned size distributions, chemical and hygroscopic properties of particles emitted 

from large-scale oil combustion at a heavy fuel oil-fired heating station. Especially chemical 

properties of the particle emissions were linked with the hygroscopic growth of the particles. 

Hygroscopic character of particles is important when the influence of particles on cloud formation 

is considered. The combustion was carried out in an oil-fired water tube boiler run with 30 MW 

power. The investigation compared particle properties in three different cases: combustion of heavy 

fuel oil, combustion of heavy fuel oil with addition of water emulsion into the combustion process 

and combustion of mixture of heavy and light fuel oil with water emulsion. The influence of 

different fuel conditions on hygroscopicity (HTDMA) and number and volume size distributions of 

emitted particles were measured. Chemical compositions were studied based on filter sample 

analyses and real-time measurements of absorbing material (black carbon, BC) and organic carbon 

(OC). Especially changes in sulfate content and ratio between BC and OC were of interest because 

previous studies have shown these components to be important factors for hygroscopic properties of 

particles. In addition, influence of thermodenuder treatment on particle size distributions and 

hygroscopicity was investigated. This experiment gave information of the volatility of the particles.  

I participated in the design, preparation and measurements of the campaign. The instrumentation 

concerning chemical properties of the particles was more of my duty whereas HTDMA and size 

distribution measurements were carried out by the authors from the Tampere University of 

Technology. The chemical analyses were carried out by the co-authors. I analyzed the chemical data 

of the study. The analysis of size distribution and HTDMA data was made by the co-authors from 

the Tampere University of Technology. The article was mainly written by the authors from the 

Tampere University of Technology. I participated in the writing process giving advices and ideas 

concerning the particle composition part of the manuscript and writing mainly technical 

descriptions of the chemical instrumentations.  
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8 Summary 

Combustion processes emit remarkable amount of particles into the atmosphere. These particles are 

released into the atmosphere e.g. from the spark ignition (SI) and diesel engines of road-traffic and 

from the combustion processes of small and large-scale energy production. Burning technologies 

and conditions influence strongly on physical and chemical properties of particle emissions that are 

harmful to human health and affect the climate. This thesis focused on the investigation of the 

characteristics of particle emissions of various combustion sources. The primary particle emissions 

influenced by the energy production were versatilely investigated and the results were collected 

together within this thesis. The atmospheric radiative forcing effects of the particle emissions of the 

combustion processes were also assessed. In addition, suitable measurement and data handling 

techniques to verify the soot fraction and the mixing state of particles in the ambient air influenced 

by traffic was studied.  

The traffic related particle emissions were connected to the study where a suitable technique to 

study soot fraction and mixing state of ambient air particles was tested. A combination of a 

volatility differential mobility analyzer (VTDMA) and twin differential mobility particle sizer 

(DMPS) was used to determine the mass concentration of less volatile (LV) particles (MLV) that 

was assumed to be externally mixed soot. The results were compared with optically measured black 

carbon (BC) mass concentrations (MBC). In addition, measured and modeled optical properties 

(scattering and absorption coefficients, σSP and σAP, respectively) with the information of wind 

direction were used to strengthen the estimations of suitability of the VTDMA-DMPS-technique to 

measure the externally mixed soot fraction of ambient aerosol.  

The results of the study showed that the MLV agreed with the MBC during the periods when the air 

masses where coming from the highways indicating fresh traffic emissions. During these periods, 

the volume weighed LV particle fraction increased remarkably. For the periods with fresh traffic 

related particles, also the modeled σAP assuming external mixture of particles agreed with the 

measured one. Overall, the modeled absorption of light due to externally mixed particles was 

smaller than measured σAP that most probably indicated absorption of light due to internally mixed 

long range-transported aerosol mass. The measurement and analysis techniques proved to be 

suitable for determination of LV particle fraction in the ambient air that in most of the cases can be 

expected to be soot. The study also gave information about mixing state and refractive indices of 

the ambient aerosol particles.   
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The characteristics of the primary particle emissions were studied for small-scale wood and wood 

pellet combustion (SSWC), coal combustion and mixture of coal and pellet combustion at a coal-

fired heating and power plant (C-PP) and heavy and light fuel oil combustion (HFO and LFO, 

respectively) at a HFO-fired heating station (HFO-HS). The SSWC campaigns included studies that 

concerned the influence of combustion conditions on particle emissions of a conventional masonry 

heater (i.e. comparison between normal and smouldering combustion) and the comparison of 

particle properties between the emissions of a conventional masonry heater and a pellet boiler. The 

particle emissions of the masonry heater and pellet boiler combustion were compared with the 

emissions of the HFO-HS1 and C-PP. The studies of primary emissions of the small and large-scale 

combustion included versatile instrumentations determining various chemical and physical 

properties of the particles. The chemical composition of the particles and their size distributions 

were mainly determined based on the analysis of the filter samples collected with various sampler 

and impactor techniques. Particle number and volume size distributions, optical properties were 

determined for the SSWC2, HFO-HS1 and C-PP campaigns. Further, hygroscopic properties of 

particles emitted from a HFO-fired heating station processed with various fuel combinations were 

investigated and connected with chemical characteristics.  

The PM1 emission factors (EF) of the small-scale combustion of wood fuels were clearly higher 

than EFs for the large-scale burning of coal/coal-pellet mixture and HFO/HFO-LFO mixture. In the 

SSWC cases, EF were clearly lowest in the pellet boiler burning but the EF of masonry heaters 

varied in the wide range depending from the burning appliance and combustion conditions. 

Smouldering combustion characterizing inefficient burning conditions influenced e.g. by the 

overloading of the firebox and insufficient air supply caused the highest particle emissions. Instead, 

the EFs of the large-scale combustion at the HFO-fired heating station or coal-fired power plant 

were ~4 to 110 times smaller than the emissions in the cleanest case of the SSWC (pellet boiler). 

Particle emissions were lowest at the coal fired power plant when the flue gases were cleaned in the 

desulfurization plant (DSP). The DSP removed more than 90 % of the particle emissions from the 

flue gases. When emissions were determined without the DSP, EFs of particles were at the same 

range as the ones measured at the HFO-fired heating station where no flue gas cleaning techniques 

were used. 

The difference between the efficiency of the combustion processes of the large and small-scale 

combustion was also seen in the chemical composition: organic compounds (POM) and black 

carbon (BC, here refereed as absorbing material) that are tracers of the incomplete combustion were 

the main chemical components in the SSWC cases excluding the pellet boiler that represents rather 
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efficient small-scale combustion appliance. Instead, the large-scale combustion of the coal, mixture 

of coal and pellet, HFO and mixture of HFO and LFO emitted mostly particles including ionic 

compounds with alkali metals and elements such as trace metals. It has to be noted that for the C-PP 

campaign, organic compounds were not analyzed but it was expected based on the previous 

knowledge that the emissions of organic compounds are insignificant. In the particle emissions of 

the C-PP and HFO-HS campaigns, the absorbing material determined could also indicate to iron 

oxides that are highly absorbing in the UV and visible light wavelengths and occur in oil and coal 

combustion flue gases. In the C-PP combustion cases, the DSP clearly influenced the chemical 

composition of the particles: the chemicals added into the DSP process resulted in a decrease of 

SO2, metal and absorbing material emissions and enhanced emissions of some ionic compounds 

when compared with the emissions in the case of the DSP bypass. 

The influence of combustion process and fuel was also seen in the particle size distributions. 

Overall, the number concentrations of coal combustion emissions were significant up to 1 µm when 

compared with the size distributions of the oil combustion. The number size distributions of the 

HFO-HS and pellet boiler combustion were unimodal and rather sharp whereas the number size 

distributions of the masonry heater and coal combustion particle emissions were wider and had 

many modes. Especially in the large-scale coal combustion, modes in supermicrometer sizes were 

significant in the volume size distributions. Ultrafine and fine particles of combustion processes are 

most probably formed from vaporized and nucleated volatile metals. The coarse mode of oil 

combustion could be composed of residual particles. Coal combustion particles also form from 

inherent mineral matter within coal transferred into PM forming coarse particles. The SSWC studies 

showed that the smouldering combustion shifted the size distributions to the larger particles when 

compared with the size distributions in the normal conditions.  

The hygroscopic properties of particles studied in the HFO-HS2 campaign with the HTDMA were 

closely related to the particle size and chemical composition. The HTDMA results showed that the 

fine particles emitted from HFO combustion were rather hygroscopic even as fresh particles. 

However, by adding water to the combustion process and, further, by mixing HFO into LFO, the 

hygroscopic growth factors of emission particles decreased. Also sulfate content decreased with 

addition of water emulsion. Sulfate content indicates with sulfur in flue gas that could form sulfuric 

acid. Sulfuric acid has been seen important factor in particle growth. In addition, it has been shown 

that the decrease of organic compound (OC) content in relation to black carbon (BC) would 

decrease the hygroscopic growth of soot particles coated by sulfuric acid. This assumption was also 

supported by the observations of this thesis: in the case of emulsion added to the combustion of 
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mixture of heavy and light fuel oil, the OC to BC ratio was smaller than in case of the combustion 

of only HFO. Furthermore, growth factors of the emitted particles were strongly dependent on the 

size of the particles. Overall, these results indicate that particles from HFO combustion can have 

significant effect on cloud formation, visibility and air quality. 

The information about the optical properties of the particles emitted from the various combustion 

processes gave the possibility to investigate the relationships between the particle optics, PM1 

emissions and size distributions as well as the possible radiative effects of these particles. The 

determined parameters were mass extinction efficiency (MEE) scattering Ångström exponent αSP, 

single scattering albedo ω0 and radiative forcing efficiency ∆F/δ. The MEE values indicated both to 

the chemical composition and size distribution: MEE values were lowest for the pellet boiler and 

HFO-HS cases where particle number size distributions were unimodal and concentrated to the 

sizes below 100 nm (geometric diameter). The result was in agreement with mass scattering 

efficiencies (MSE) presented previously for the ultrafine particles. For the masonry heater 

combustion including significant amount of absorbing material in the flue gas, the MEE was high 

and corresponded to the values of mass absorption efficiencies reported for the absorbing material. 

Moreover, The MEE values of the coal combustion agreed with the published MSE values for 

inorganic species of fine particles. 

Also the results of the αSP that relates scattering with the particle diameter were mostly reasonable. 

αSP usually increases with increasing fraction of fine particles that was in partly accordance with the 

size distributions: αSP was lowest for the coal combustion whereas for the pellet boiler, masonry 

heater and HFO-HS cases the αSP was higher. In general, the αSP seemed to be dependent also in 

combustion technology and fuel.  

The ω0 (ratio between scattering and extinction) varied obviously between combustion cases. ω0 

was clearly lowest for the wood combustion in a masonry heater. There, absorbing material 

dominated the chemical composition. Also ω0 of the pellet boiler emissions was surprisingly low 

even though the fraction of absorbing material was low. This is probably because of high absorbing 

efficiency of the ultrafine particles. ω0 of the HFO-HS emissions were in the same range with the 

pellet boiler emissions. Instead, coal combustion with the DSP treatment seemed to emit mostly 

scattering particles based on the high ω0. This result was in accordance with the chemical 

composition of the flue gas particles. ω0 is connected to the ∆F/δ that represented the radiative 

effect of particles in the atmosphere over a surface with a certain reflectance. Here, the surface was 
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assumed to be dark, such as grass. ∆F/δ values were negative (i.e. cooling effect) for all of the cases 

except for the wood combustion in a masonry heater and part of cases of oil combustion. As fresh 

aerosols, the masonry heater combustion would have clearly strongest warming effect. Instead, the 

radiative forcing efficiencies of the coal combustion with the DSP and HFO combustion with 

emulsion were in the same range as presented for the ambient background aerosol and were clearly 

cooling. Overall, if primary particle emissions of the studied cases would transport to the areas with 

high ground reflectance (e.g. snow-covered Arctic) as such they would have warming effect. 

  



71 
 

9 Outlook of the used techniques and research field 
The measurement techniques used in this thesis presented mostly techniques that are widely used in 

aerosol science. Partly, the results were however processed in new ways. The determination of 

chemical properties of particles was mostly based on the filter sampling excluding the 

determination of BC and organics. Modern filter analyze techniques were used leading to results 

with high accuracy and yield. Nowadays there are also real-time techniques available to measure 

chemical composition of particles, such as time-of-flight aerosol mass spectrometer (ToF-AMS), 

but these instruments still have some restrictions that still support filter sampling at least in parallel 

with real-time techniques. For example, particle size range of the ToF-AMS is restricted to the 

range of 0.04 and ~0.7 µm.  

This thesis provided detailed information about particles emitted from the small- and large-scale 

combustion processes taking into account various fuels and combustion conditions. One study was 

more concentrated on testing of the suitability of measurement method to determine LV particle 

fraction with the VTDMA-DMPS technique. Also in this case, the influence of combustion process 

on particle emissions was seen in the cases of externally mixed particles. The study on the 

VTDMA-DMPS technique also presented a way to connect information given by this technique 

with optical properties of particles determined by the measurements and Mie-modeling. The Mie-

modeling gave a possibility to approve the estimation of mixing state and refractive indices of the 

air masses. This kind of approach is not widely used and thus, offers a new way to combine various 

measuring and modeling techniques.  

The studies on the various combustion processes included comprehensive instrumentation that 

provided possibility to determine versatile particle properties leading to useful information of the 

influence of combustion process and conditions on the refractive particle emissions. Chemical 

properties and size distributions of particles emitted from various combustion processes have been 

studied previously and the results of this thesis supported those findings. Instead, connections of the 

optical properties of emitted particles to the chemical and size distribution information is not 

usually presented. Optical information allows the estimation of radiative forcing effect of the 

particles emitted from burning processes and simultaneous determination of chemistry and other 

physical properties of particles make it possible to assess which exact factors are the ones affecting 

the radiative forcing of the earth. The thesis also studied the hygroscopic properties of particles 

emitted from oil combustion but there was no comparison with the optical properties of particles. 

The information about scattering and absorption is important when e.g. the cloud properties are 
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considered and could be interesting field to study together with hygroscopic measurements in the 

future.  

As the combustion processes are complex and the techniques develop all the time, the research in 

the field of emissions will be needed also in the future. To compare the results in the past and in the 

future, it is important to use comparable measurement techniques. The new measurement 

techniques can be tested in parallel. Real-time techniques are important if variations during 

combustion processes are investigated. The research in the field of the particle emission from the 

combustion can be shared into various pieces depending on the viewpoint. Here are some examples: 

comparison of suitable measurement techniques, comparison of particle emissions between 

different combustion processes and influences of combustion conditions in a certain combustion 

process on particle emissions. Also basic research on particle formation mechanisms during 

combustion processes is still needed.  

Overall, this thesis gave inclusive insight to the influence of combustion appliance, condition and 

fuel on emissions of refractory particles. The information given by the thesis can be used as 

scientific base for the future studies. In addition, the information is valuable in the evaluations of 

the best available combustion technique. Particle formation mechanisms and the factors influencing 

them are studied widely but are still rather uncertain. Thus, this field needs further investigation that 

benefits from the previous research. 
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