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Abstract

Fossil fuels, coal and oil are used for energy production around the world. Combustion of
these fossil fuels produces gases and particles that a�ect air quality and climate. TheCO2

emissions can be decreased by substituting fossil fuels with biomass and this substitution
can further a�ect the particle emissions of the power plants. This thesis focuses on
characterising particles of real-scale power plants with various fuels, from combustion to
atmospheric dilution. The studied power plants were a combined heat-and-power (CHP)
plant (combusting coal and a coal �wood pellet mixture) and a heating plant with three
fuel mixtures. The particles were characterised mainly based on particle number size
distribution and number concentration, using aerosol sampling from the superheater area
of the boiler of the CHP plant, the stack of the CHP and the heating plant and the
atmosphere surrounding the CHP plant.

Measurements for the aerosol samples taken from the boiler indicated that the particles
from the combustion of coal and the mixture of coal and industrial pellets had already
formed in the boiler. The formation of the particles was studied by changing the dilution
of the aerosol sample and by comparing the electrical charges of the particles in the
boiler. The coal-combustion particles were around 25 nm in diameter. The addition of
10.5% industrial pellets to the coal caused the formation of a second particle mode, the
soot mode (120 nm in diameter), in the boiler. In the heating plant, the addition of
light fuel oil to heavy fuel oil had a similar e�ect on the oil-combustion particles. The
particles from the combined coal-and-pellet combustion agglomerated and coagulated
before reaching the sampling point in the stack. These processes, combined with the
e�ect of an electrostatic precipitator, resulted the mean diameter of the particles to be 80
nm. Further, the �ue-gas desulphurisation and fabric �lters lowered the particle number
concentrations. The particles measured inside the stack were also observed from the
atmosphere before they were diluted to background concentrations. The �ue-gas plume
was measured in four occasions, in three wind directions and with four �ue-gas cleaning
and fuel combinations. These measurements resulted in the observation of a new particle
formation in the diluting plume. In the atmospheric measurements, the concentrations
of SO2 and CO2 played an important role in measuring the dilution process. In the
heating-plant experiment, the characterization of oil-combustion particles showed that
the lower fuel sulphur content decreased the particles' hygroscopic growth factors.

The atmospheric primary emissions of coal-�red power plants can be e�ectively lowered
through �ue-gas cleaning technologies. In this study, �ue-gas cleaning was shown to a�ect
the �ue gas's particle number and the mass concentration as well as its black carbon
concentration. The cleaning did not prevent new particle formation in the �ue-gas plume
in the atmosphere, but it did reduce the potential for particle formation.
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Tiivistelmä

Fossiilisia polttoaineita kuten kivihiili ja öljyä käytetään maailmanlaajuisesti energiantuotan-
nossa. Näiden fossiilisten polttoaineiden käyttäminen tuottaa kaasuja ja hiukkasia, joilla
on vaikutusta ilmanlaatuun ja ilmastoon. CO2-päästöjen vähentämiseksi fossiilisia polt-
toaineita korvataan biomassalla. Tällä voi olla vaikutusta voimalaitoksen hiukkaspäästöi-
hin. Tässä väitöskirjassa on määritetty voimalaitoksien hiukkaspäästöjen ominaisuuksia
erilaisilla polttoaineilla aina kattilasta ilmakehään. Tutkitut voimalaitokset olivat yhdis-
tetty sähkön ja lämmöntuotannon voimalaitos (combined heat and power plant (CHP),
poltti hiiltä sekä hiilen ja puupellettien seosta) ja kaukolämpölaitos, jossa poltettiin kolmea
öljyseosta. Hiukkasten lukumääräkokojakauma ja lukumääräkonsentraatio määritettiin
näytteestä, joka otettiin CHP-laitoksen kattilasta, CHP-laitoksen piipusta, kaukoläm-
pölaitoksen piipusta ja CHP-laitosta ympäröivästä ilmakehästä.

Kattilaolosuhteista otetuille aerosolinäytteille suoritetut mittaukset indikoivat, että hii-
len poltosta sekä hiili-pellettiseoksen poltosta syntyneet hiukkaset olivat syntyneet jo
kattilassa, eivät näytteenoton yhteydessä. Hiukkasten muodostumista tutkittiin primääri-
laimennussuhdetta muuttamalla ja vertailemalla hiukkasissa olevien varausten määrää.
Hiilipoltossa muodostuneiden hiukkasten keskimääräinen halkaisija oli 25 nm. Hiilestä
10.5% korvattiin pelletillä, jonka seurauksena kattilasta otetun näytteen hiukkaskokojakau-
maan muodostui toinen moodi, nokimoodi (keskimääräinen halkaisija 120 nm). Kaukoläm-
pökattilaa tutkittaessa kevyen polttoöljyn seostaminen raskaaseen polttoöljyyn aiheutti
myös nokimoodin muodostumisen. Hiili-pellettiseospoltossa muodostuneet hiukkaset agg-
lomeroituivat ja koaguloituivat ennen piipun näytteenottoa. Nämä prosessit yhdistettynä
sähkösuodattimen käyttöön aiheuttivat hiukkasten keskimääräisen koon muutoksen 80
nm:iin. Edelleen savukaasun rikinpoistolaitos ja letkusuodattimet madalsivat hiukkasten
lukumääräpitoisuutta. Piipussa mitatut hiukkaset pystyttiin havaitsemaan ilmakehästä
tehdyissä mittauksissa ennen savukaasun laimenemista ilmakehän taustapitoisuuksiin.
Savukaasuvanan laimenemista mitattiin neljä kertaa, kolmeen eri tuulen suuntaan ja
neljällä eri savukaasunpuhdistus- ja polttoaineyhdistelmällä. Nämä mittaukset osoittivat
että laimentuvassa savukaasuvanassa muodostuu uusia hiukkasia. Ilmakehämittauksissa
SO2 ja CO2 olivat tärkeässä roolissa laimenemisen tutkimisessa. Kaukolämpölaitok-
sessa tehdyissä mittauksissa havaittiin myös, että polttoaineen madaltuva rikkipitoisuus
pienensi hiukkasten hygroskooppisuuskasvukertoimia.

Voimalaitosten ilmakehäpäästöjä voidaan vähentää tehokkaasti savukaasun puhdistus-
menetelmillä. Tässä työssä osoittettiin, että savukaasupuhdistimilla voitiin vaikuttaa
hiukkasten lukumäärä- ja massapitoisuuksiin sekä mustan hiilen pitoisuuksiin. Savukaasun
puhdistus ei kuitenkaan pystynyt estämään hiukkasmuodostusta laimentuvassa savukaa-
suvanassa vaikka se vähensi hiukkasmuodostuspotentiaalia.
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1 Introduction

Werner von Siemens created one of the �rst working generators in 1866, and 16 years later,
the �rst central power stations were opened in New York and London (Termuehlen and
Emsperger (2003), Thomas (2017)). The coal production and consumption statistics since
1980 are shown in Fig. 1.1 (BP2, 2017). Since 2014, coal production and consumption
have followed a decreasing trend worldwide. Coal consumption was roughly 32 PWh in
1965, which is roughly half of the coal consumption in 2016. In Finland in 2016, coal
consumption was 66.7 TWh, which was 0.10% of the global total (BP2, 2017).
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Figure 1.1: The total coal production (left) and consumption (right) in various regions plotted
as a function of the year. Reproduced from BP2 (2017) with permissions.

Power-plant planning starts with choises regarding the fuel and the power capacity
(electricity, heat, or both). These two factors with the �nancial costs guide the combustion
method and the amount of fuel needed for energy production. Depending on its quality the
fuel can be burned in burners, over a grate, in a �uidised bed or in an internal-combustion
engine. The combustion of the fuel releases energy, which heats the circulating water
within the walls of the boiler. The energy in the water or steam is used to produce heat,
electricity or both. The energy that is not tranferred to the circulating water remains in
the �ue gas. The heat in the �ue gas can be further used to heat the steam or the water
in the tubes i.e., in a superheater or, later on to heat the water in an economizer or the
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2 Chapter 1. Introduction

combustion air in a reheater. The e�ciency of the boiler can vary between 80 and 95%
depending on the plant type. The electricity generating e�ciency from the combustion of
fuel is 30 �48% which depends on the heat exchangers, steam pressure and temperature.
In a combined heat-and-power (CHP) plant, rest of the heat is captured to district heat.

Once most of the heat has been transferred to the power plants' steam�water circulation,
the �ue gas can be cleaned. This cleaning is needed for environmental reasons. Power
plants have emission limits to protect enviroment. These emission limits are de�ned for
gaseous compounds and for particles, both of which are released during combustion. Some
of the gaseous compounds can be removed from the �ue gas using scrubbers and catalysts,
such asNOx and SO2. Particles in the �ue gas can be �ltered using the impaction,
di�usion of intersection mechanisms on �lters or using the electrical charge of the particles
to collect them on electrostatic precipitator (ESP) plates.

In the beginning, centralised energy production using coal caused environmental problems.
Likens and Bormann (1974) wrote, .̀..these trends in fuel consumption, fuel preference,
and pollution control technology (increasing height of smokestacks and installing particle
precipitators) have transformed local �soot problems� into a regional �acid rain problem� '.
The acid rain problem triggered e�orts to control the SO2 emissions of power plants.
Currently, the emission problems is global as humans have disturbed the Earth's climatic
system (IPCC, 2013). The atmospheric levels of greenhouse gases are increasing. Accord-
ing to IPCC (2013), CO2 concentration determines the extent of climatic warming. Thus,
the most e�ective method to slow down global warming might be decreasing theCO2

emissions.

Fossil-fuel combustion is one of the largest sources ofCO2 emission. However, theCO2 is
not the only pollutant from combustion, which also produces particles and other gaseous
compounds. The combustion-generated particles are not the only ones that a�ect the
climate. Some particles form in the atmosphere from vapours emitted by natural sources,
and some are emitted directly from other sources (e.g. sea salt). All the di�erent particles
and vapours mix in the atmosphere, and both their properties and processes that they
undergo in the atmosphere a�ect the climate. According to Boucher et al. (2013, p. 617,
Fig. 7.18), the total radiative forcing of aerosol particles has a negative e�ect, although the
uncertainty is high. To know the real e�ects that aerosols have through radiative forcing,
the primary emissions of particles and gases must be evaluated based on calculations,
from models and/or measurements.

1.1 Research objectives and scope of the thesis

The aim of this thesis is to provide information about the emissions of fossil-fuel-�red
power plants, particularly those that use coal or a mixture of coal and industrial pellets and
three oil fuel mixtures. The characteristics of the emissions provide detailed information
for use in climate models. The characterisation of these emissions provides answers to
the following questions:

ˆ How do power plants' fuel choices a�ect �ue-gas particles' properties?
ˆ What are the primary emissions of power plants?
ˆ How do aerosol particles from combustion behave in the atmosphere?

Chapter 1 highlighted the fuels used in energy production and introduced basic information
about energy production and emissions. The second chapter 2 is about previous power-
plant emission studies. The results from these previous studies are compared with



1.1. Research objectives and scope of the thesis 3

the results presented in this thesis. The following chapters expand upon the �ue-gas
lifespan. Chapter 3 gives detailed information about the power plants, the fuels and the
measurement instruments used in each measurement setup. Chapter 4 presents the results
related to a CHP plant's particle emissions, from the boiler to the atmosphere. The
particles originating from combustion of coal and of the mixture of coal and industrial
pellets were characterised from a hot aerosol sample from the boiler. The particles were
also characterised from a sample taken from the �ue-gas duct. Measurements were also
made regarding two �ue-gas cleaning situations. The results are then shown for the
primary particle emissions of an oil-�red heating plant. The volatility and hygroscopicity
of the particles from the oil-�red heating plant are discussed with the results form the
stack measurements of the CHP plant. The results are presented here because some of the
particles' atmospheric properties can be also measured from the �ue-gas sample before
the gas is emitted into the atmosphere. Lastly, the results for a CHP plant are discussed
in terms of gas concentrations and the particle number concentration in the atmosphere.
Chapter 5 provides a summary of the results and a discussion about this study's impacts
regarding aspects related to the power-plant emissions.





2 Power-plant emission studies

This chapter focuses on previous power-plant emission studies and features details about
measurement techniques and particle characteristics. This chapter also provides informa-
tion about how the papers included in this thesis relate to the previous literature. The
internal structure of this chapter follows the lifespan of the �ue gas: from the boiler to
the atmosphere.

Primary particle emissions due to combustion can be studied in multiple ways, and
this thesis uses two methods. In the �rst method, particles in the hot �ue gas were
characterised, when the �ue gas was sampled from the boiler. The second method was
to study the particle emissions from the stack. The hot �ue gas measurement from the
boiler provided information about the e�ect that the fuel had on the particles during
the combustion process. Particle sampling from hot �ue gas requires a speci�c sampler
because the temperatures inside the boilers range from 500 to 1 300� C. The temperature
of the �ue gas is not the only problem; there can be high concentrations of particles and
water, which can condense inside a sampling probe. Some of the previous researches
(Aho et al., 2008; Jiménez and Ballester, 2005) have used a diluting probe that tolerates
temperature over 1 000� C. These hot temperature diluters were designed to decrease
the sample's temperature and its water vapour and particle concentrations before the
measurement. The other option for taking particle sample from a hot environment is
to use a non-diluting sampling probe, which only lowers the sample temperature. Such
non-diluting probes have been applied to temperatures of roughly 800� C. Further, the
sample can be diluted for example with ejector diluters (Broström et al., 2007; Davidsson
et al., 2007). Due to the high temperature of the sampling, cooling of the sample can
produce particles (Abdul-Khalek et al., 1999; Sippula et al., 2012) from compounds with
low vapour pressure. On the other hand, diluters can be designed to promote nucleation
of gaseous compounds to the particle phase during dilution (Jiménez and Ballester, 2005).
Dilution a�ects the measurement results; therefore, the characterization of the dilution is
important.

After the dilution of the �ue-gas sample, the particles in the sample can be characterised
based on their properties, such as mass and number concentrations, particle mass and
particle number size distributions and particle diameters. Particle formation, particle mass
and particle number size distributions have been studied both on the real and laboratory
scales with regard to power plants (Joutsensaari et al., 1992; Kauppinen and Pakkanen,
1994; McElroy et al., 1982; Nielsen et al., 2002; Schmidt et al., 1976; Ylätalo and Hautanen,
1998). The real-scale power-plant measurements have been conducted using a sample
dilution and aerosol instrumentation such as electrical low-pressure impactors (ELPI s)
(Keskinen et al., 1992), scanning mobility particle sizers (SMPSs) (Wang and Flagan,
1990), low pressure impactors and electrical aerosol analyser (Liu and Pui, 1975). These
previous measurements for real-scale power plants were made from the ESP inlet.
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6 Chapter 2. Power-plant emission studies

There is limited information related to measurements where the �ue-gas sample is taken
directly from a real-scale power plant boiler and the particles are characterised with similar
instrumentation and methods than in paper I . Kuuluvainen et al. (2015) made particle
measurements from a bubbling �uidized bed boiler using similar diluter as in paper
I . They made combustion test with fuel mixtures of various fuels: bark, sludge, peat
and solid recovered fuel. They found out that the particle number size distribution was
bimodal. The �rst mode (20 nm in diameter) was formed in the dilution by condensation
of gaseous species over core particles and this mode was sensitive to measurement location,
fuel mixture and additive feeding. The second mode (80 nm in diameter) was formed
in the combustion and it was more stable than the �rst mode. In addition to particle
number size distribution measurements, Kuuluvainen et al. (2015) studied the morphology
of the particle from TEM images, the e�ective density of the particles and the electric
charge of the particles. One key �nding was that the e�ective density of the particles was
nearly constant in the �rst mode and varied as a function of size in the second mode. The
electric charge of the particles varied between the modes; the �rst mode had a negative
net charge whereas the second mode had negative and positive net charge depending
on the diameter of the particle. The physical properties of particles (e.g. size, electrical
charge, e�ective density) provide information about the formation process of the particles.

After boiler, the heat in the hot �ue gas is transferred to water. The cooled �ue gas can
be cleaned of particles with various �ue-gas cleaning devices before the gas is released into
the atmosphere. For example, theCHP plant in papers I, II and III has a six-section
unit ESP, a two-chamber semi-dry �ue-gas desulphurisation (FGD) (discussed in Korpela
et al. (2015)) and fabric �lters ( FF). Regarding the �ue-gas cleaning, the previous studies
have been focused on �ltration e�ciency of the various �ue-gas components, such as trace
metals (Helble, 2000) and particulate matter (PM), after undergoing �ue-gas cleaning
with the devices. The �ltration e�ciency of an ESP for various trace metal elements
was found to be around 99% (Helble, 2000). Ylätalo and Hautanen (1998), on the other
hand, studied PM before and afterESP. The collection e�ciency of the ESP depended
on the boiler load, the ESP voltages, the operation of the coal mill and the particle size
(Ylätalo and Hautanen, 1998). The most di�cult particle diameter range to collect using
an ESP was 0.1-3� m (Ylätalo and Hautanen, 1998). The operation of the ESP was
sensitive to the particle's diameter (Ylätalo and Hautanen, 1998). TheESP in�uenced
the incoming particle number size distribution by removing the larger particles; some of
the smaller particles went through the ESP. The information about the particle number
size distribution after use of the ESP provides information about the collection e�ciency
of that ESP. The collection e�ciency of an ESP determines the particle number size
distribution of the �ue gas that is released into the atmosphere or that is passed to other
�ue-gas cleaning devices.

Some previous studies have focused onPM (Córdoba et al., 2012; Frey et al., 2014; Ma
et al., 2016; Saarnio et al., 2014; Yi et al., 2008), but a few have also considered particle
number concentrations (PN) (Frey et al., 2014; Yi et al., 2008). The characterisation of
�ne particles after applying ESP is the focus ofpapers II and III ; further, the particles
have been characterised after �ue-gas desulphurisation (FGD) and FF using the same
measurement setup. The main di�erences between the measurements are often the diluter,
the dilution temperature (hot/cold) and the instrumentation choices. Therefore, the
comparability of the measurement results from power plants is di�cult. This can slow
down the processes of understanding the properties of particles from similar power plants.
In papers II and III , the power plant under the study is the same as that in Frey et al.
(2014). The biggest di�erence between the measurements was in the dilution temperature,
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which caused some di�erences in the particle number size distribution results, as discussed
later.

The desulphurisation has been designed to decreaseSO2 concentration in the �ue gas.
However, the SO2 removal e�ciency depend on the technique (semi-dry or wet) applied
in the desulphurisation plant. More than 90% of the desulphurisation plants useCa2+

method world wide and over 85% of them are wet-FGD (Jamil et al., 2013). The wFGD
removes more than 95% of theSO2 whereas the removal e�ciency is 85-90% for a semi-dry
FGD (Jamil et al., 2013). The semi-dry FGD is normally combined with fabric �lters,
whereas after wet-FGD, the emission is directly released to the atmosphere without any
additional �lters. Córdoba et al. (2012) studied the operation of FGD, when mixture
of petroleum coke and coal was combusted in a pulverized coal combustion plant. The
analysis was mainly based on o�ine samples collected from various parts of the �ue-gas
cleaning systems and PM samples collected on �lters. Their results showed thatFGD
removesPM from the �ue-gases. On the otherhand, Saarnio et al. (2014) studied mainly
PM1 samples collected before and after semi-dryFGD from a coal-�red power plant. The
analysis made for the PM1 samples showed that the particles afterESP, before FGD,
consisted mainly of inorganic impurities of coal. They also found out that the usage
of FGD changed the chemical composition of the particles. AfterFGD, the particles
consisted mainly of chemical species from reagents used in theFGD process. Based on
the TEM images in Saarnio et al. (2014), the particles were mainly internally mixed after
the FGD but some primary emission particles were also observed separately from the
internally mixed particles. Córdoba et al. (2012) and Saarnio et al. (2014) both state
that FGD decreasesPM emissions and alters the chemical composition of the particles
by removing the primary particles and replacing them with particles released fromFGD.
In comparison to Saarnio et al. (2014), thePM measurements were made using online
instrument in papers II and III . Further, the transmission electron microscope (TEM )
images from particles were used to identify the chemical composition of the particles as
well as mixing state (paper III ).

Yi et al. (2008) made the measurements at a coal-�red power plant equipped with bag-
house �lters. They studied online particle mass and number size distribution with ELPI
and conducted an o�ine PM analysis from collected samples before and after bag-house
�lters. In addition, they studied morphology of the particles by an electron microscope
and energy dispersive X-ray spectrometer (EDS) analysis. The particle number size
distribution showed a bimodal number size distribution with mean diameters of 100 nm
and 2000 nm. Based on the electron microscope images most of the particles were spherical.
Frey et al. (2014) have also studied a coal-�red power plant but it was equipped withESP,
FGD and FF. They made volatile particle number size distribution measurements with
SMPS and calculated emission factors for particle mass and particle number. In addition,
they studied the chemical composition of the particles in both �ue-gas cleaning situations.
Frey et al. (2014) reported also results for co-combustion of 4.5% of pellets mixed with
coal. However, the main result in Frey et al. (2014) was that the particles from coal-�red
power plant after �ue-gas desulphurisation and fabric �lters had a negative radiative
forcing (over a dark surface) mainly due to sulphate particles released fromFGD. Paper
II and III present similarly to Frey et al. (2014), the particle number size distributions
for non-volatile particles from coal and mixture of coal and 10.5% pellet combustion
situations. Paper III contains calculated emission factors for dust, black carbon and
particle number concentration with both fuels and two �ue-gas cleaning situations.

Power plant emissions to atmosphere have been studied on 1970-1980's when the �ue-gas
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cleaning was not widely used. Meagher et al. (1981) studied two power plants combusting
coal containing approximately 3.8% of sulphur. One of the power plants did not have any
�ue-gas cleaning systems and the other had a wet �ue-gas desulphurisation plant. The
measurements made with instruments installed to an aircraft showed that the atmospheric
oxidation rates were the same and were not a�ected by the �ue-gas cleaning. Liebsch
and De Pena (1982) studied a coal-�red power plant with electrostatic precipitators by
measuring conversion fromSO2 to SO4

2 � in a �ue-gas plume. The results were similarly
shown in plume travel time as in papers II and III and in Dittenhoefer and De Pena
(1978). In Liebsch and De Pena (1982), the measurements were made after the plume
had diluted 5 minutes whereas inpapers II and III the measurements were done right
after emission. The largest di�erences were in cut-point diameter of the particle counter
and the particle number size distribution measurement. The smallest detected particles
were 6 nm in Liebsch and De Pena (1982) and the particle number size distribution was
measured with electrical aerosol analyser (EAA ) (cyclic measurement) with the lowest
cut-point of 10 nm. Since then, the �ue-gas cleaning devices have become more common
and the aerosol instrumentation has developed so that the smallest detectable particle
diameters are around 2.5 nm when using condensation particle counters (papers II and
III ) and the particle number size distribution can be measured 1 Hz time resolution down
to 5.6 nm particles in diameter (papers II and III ).

Emission-controlling devices have been installed in power plants to achieve the emission
limits set by governments and other authorities. The emission limits of a power plant vary
depending on its age, fuel, power/size, yearly operation hours and location. Emission limits
are mainly set for PM, NOx (as NO2) and SO2 or SO3. In addition, the concentration of
heavy metals in particles and in gases can be regulated; for instance, in coal-�red power
plants, it is mandatory to measure the total Hg concentration of the �ue gas once per
year. Finnish and EU laws regulate the emission limits for power plants (Ministry of
the Environment, 2014). Continuous measurements ofSO2, NOx , PM, O2, temperature,
pressure andH2O are required for all power plants that exceed 100 MW in power. The
H2O concentration measurement is not mandatory if the regulated measurements are
made on dry �ue gas. The law allows exceptions to these emission measurements based on
operation hours or fuel. These regulations and emission limits have a�ected the gaseous
and particulate concentrations in the �ue gas emitted to the atmosphere.

Once �ue-gas �ow enters the atmosphere, it starts mixing with the surrounding air.
Di�usion, convection and turbulent mixing of �ue gas and air cause this natural dilution.
The rate at which the �ue gas dilutes depends on the source strength, the background
concentration and meteorology (Stevens et al., 2012). The dilution can be studied through
in-�ight measurements taken from an aircraft (Brock et al., 2002; Keil et al., 2002;
Lonsdale et al., 2012; Stevens et al., 2012) such as an ultralight aircraft (Junkermann
et al., 2011a) or a helicopter (papers II and III ). To understand this dilution, these
�ights should be made crosswind, upwind and downwind from the source. Stevens et al.
(2012) and Lonsdale et al. (2012) have studied long-distance crosswind pro�les of the
plumes' gas and particle concentrations as a function of the distance from the stack. In
Junkermann et al. (2011a), the focus of the measurements was mainly in the upwind and
downwind directions, but some crosswind pro�les were also measured.

The dilution of a fresh �ue-gas plume can be traced using a trajectory calculation or with
gaseous tracers. The gaseous tracers for the fresh �ue gas includedCO2, H2O and O3

(Junkermann et al., 2011b); andSO2 and NOx (Lonsdale et al., 2012);SO2, CO, HNO3,
total reactive gas phase nitrogen (NOy = NO+ NO2+ HNO3+ PANs+ RONO2...), NO and
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NO2 (Brock et al., 2002). These gases can be classi�ed into two groups: non-reactive (CO2,
H2O) and reactive tracers (all others). In addition to gases, primary particles can be used
to trace a �ue-gas plume in the atmosphere. The primary emissions in the �ue-gas plume
have been measured through particle number size distribution (Junkermann et al., 2011b;
Lonsdale et al., 2012; Stevens et al., 2012) and number concentration. Measurements have
been conducted with a condensation particle counter (CPC) battery (Brock et al., 2002)
and an optical particle counter (Brock et al., 2002). In some cases, the measurement
instruments have observed new particle formation in diluted plumes (Junkermann et al.,
2011a; Stevens and Pierce, 2014; Stevens et al., 2012) within a few and tens of kilometres
from a power plant. Stevens and Pierce (2013) made a parameterisation for particle
formation in sulphur-rich plumes. The equations regarding sulphuric acid formation and
nucleation in paper II were taken from Stevens and Pierce (2013) and used to produce
a simpli�ed model to compare the experimental results with those from a sulphuric-acid
nucleation model. A more detailed model have been published by Lazaridis et al. (2001)
which for example includes more detailed chemical reaction models of gaseous compounds,
deposition and condensation.

The dilution of atmospheric �ue-gas plume and atmospheric oxidation processes are
di�cult to study due to multiple variables. The variables can be weather, �ue-gas
cleaning devices and precursors. Brock et al. (2003) made atmospheric measurements
with aircraft near Houston, Texas. One of the studied sources was a coal-�red power
plant. The main gaseous emission components of the power plant wereNOx and SO2 and
the power plant did not emit high concentrations of volatile organic compounds (VOCs)
or PM. Brock et al. (2003) found out that the SO2 mixing ratio correlated well with the
particle volume concentration. However, they also found out that nitrates and organics
were the main contributors for particle growth in the �ue-gas plume. Similar results have
been reported by Pirjola et al. (2015) for internal combustion engines and by Kulmala
et al. (2013) for atmospheric nucleation processes. Results presented inpaper II suggests
similar results related to the observed particle formation yet measuring also the dilution
process before the particle formation in the atmosphere.

Further, the particles emitted from the stack or the particles formed in the atmosphere are
exposed to various atmospheric conditions such as humidity, radiation and temperature.
The particle properties such as hygroscopicity is discussed inpaper IV for combustion
originated particles. If the particle has hygroscopic tendencies, it will absorb water from
the surrounding gas. In paper IV , the hygroscopic growth factors were determined for
three fuel mixtures combusted in a real-scale power plant. In the study of Henning et al.
(2012) the soot particles were generated with soot generator and in Happonen et al. (2013)
the particles were in the engine exhaust. The hygroscopicity was estimated based on a
growth factor; the ratio between the particle diameter in the humid environment and
the particle diameter in the dry environment. Soot particles were found to have growth
factors close to one, so no clear indication of hygroscopic growth. The hygroscopicity of
the particles is also a�ected by the chemical composition of the particles and one of the
most important components is sulphate (Henning et al., 2012).

Hygroscopicity of the particles is linked with the volatile compounds on the particles. For
example, nucleation mode particles originated from sulphuric acid are volatile (Rönkkö
et al., 2013), the volatility can be measured using thermodenuder (TD ) heated up to
265 � C. The volatile fraction consists of compounds that are in gaseous phase in high
temperature exhaust but condense on particle surfaces in cooling dilution of exhaust. The
amount of volatiles varies depending on the fuel sulphur content and engine load (Rönkkö
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et al., 2013). Actually, similar information about the condensation of volatile species on
particles can be obtained with dilution ratio tests as in paper I or with fuel changes
(Kuuluvainen et al., 2015). In paper IV , the TD method was used to the particles from
an oil-�red heating plant, where the volatility was linked with hygroscopic properties of
the particles.

In this thesis, particle emissions of a real-scale power plant were characterised simultane-
ously with the state-of-the-art instrumentation and dilution. Physical properties of the
particles were used to characterise the formation mechanisms in the boiler conditions,
after �ue-gas cleaning devices and in the atmospheric conditions. The characterisation of
the particles in the boiler was made combusting two fuels: coal and a mixture of coal and
10.5% wood pellets. The e�ect of �ue-gas cleaning on the particles was studied in two
�ue-gas cleaning situations after electrostatic precipitators � with and without �ue-gas
desulphurisation and fabric �lters. The atmospheric measurements were made in each
of the previous cases by following the diluting plume with a helicopter. The helicopter
enabled one second sampling resolution for particle number concentration, for particle
number size distribution and for selected gaseous components. In addition, particle
number size distribution, hygroscopicity and volatility were measured for particles from
an oil-�red heating plant. Moreover to particle emission characterisation, the connecting
factor in the fuel choices of the power plants was the mixing of widely used fossil fuels,
such as heavy fuel oil and coal, with more re�ned and presumably more environmentally
friendly fuels, namely industrial pellets and light fuel oil.



3 Experimentation

This chapter focuses on describing the power plants, fuels and measurement locations, and
it also gives an overview of the measurement instruments and setups used inpapers I,
II, III and IV . First, the CHP plant and its fuel characteristics are introduced. Second,
the measurement methods applied in the boiler (paper I ), stack (papers II and III )
and atmospheric (papers II and III ) measurements are discussed. Third, the oil-�red
power plant, fuel mixtures and measurements are described (paper IV ).

3.1 Coal-�red power plant

The studied power plant was a base-loadCHP plant situated in Helsinki, Finland (see
Fig. 3.1). The power plant had two boilers (each 362MW th ) that entered use in 1974
and 1977, respectively. The boilers were equipped with reheaters and utilised a natural
circulation of �ue gas. Each boiler had 12 pulverised fuel burners situated on its front wall.
The burners had been upgraded to high-temperatureNOx reduction (HTNR ) burners
(Tampella/Babcock-Hitachi) (Ochi, 2009) in 1992 and 1993, respectively to achieve lower
NOx emissions. The combustion air, which was also the carrier air for the pulverised fuel,
was heated up to 350� C before reaching the fuel grinders. The fuel was then ground
using ball-ring grinders (nine rolling balls) before being blown through a sieve to the
burners.

The low-NOx burners were used to achieve reducedNOx concentrations by staging the
combustion air to secondary and tertiary air. The air staging lowered the combustion
temperature to around 1 100� C. A pellet-feeding system was installed in the power plant
prior to the measurements. This system fed wood pellets to two of the four ball-ring
grinders. The wood pellets and coal were then ground together. The combined grinding
a�ected the fuel particles' diameters. The sieve returned any particles that were still
too large to the grinders, which had been designed for coal grinding. The normal size
range for coal particles is 47 �62� m (58 �69% below 74 � m and 100% below 600� m).
The wood pellets' properties a�ected the grindability, so the fuel-particle size changed
depending on the amount and the quality of the wood pellets.

3.1.1 Coal- and wood-pellet characteristics

The studied wood pellets were industrial quality wood mixed with coal; the pellets
provided from 6% to 10.5% of the boiler's thermal power. Industrial pellets (or wood
pellets of industrial quality) ful�ll the EN 14961-1 standard, which states that such pellets
have lower quality than do domestic pellets. A low-quality wood pellet is de�ned one
that includes bark. Normally, wood for these pellets is produced by grinding logs or stem
wood to a powder and then drying that powder before pelletizing it. This manufacturing

11
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Figure 3.1: Hanasaari CHP power plant situated in Helsinki, Finland. The measurements in
papers I, II and III were conducted at this power plant.

method makes the industrial pellets more brittle than domestic pellets. A mixture of
coal and industrial pellets results in a fuel-particle diameter ranging from 54 to 174� m
(28 �59% below 74 � m and 79 �99% below 600� m). A comparison of the fuel particles'
mean diameters shows that the coal � industrial pellet mixture is ground to larger particles
than coal alone is.

Table 3.1: Properties of coal and the pellets used in the combustion tests made in a CHP plant.
Adapted from papers I, II, III .

Industrial pellet Coal
Moisture % 6.7 11.0 �11.3

Ash % 0.8 10.5 �11.4
Volatiles % 78.1 32.8 �33.1

Heating value GJ/t 17.7 24.6 �24.9
C % 47.4 62.3 �63.1
H % 5.6 4.1 �4.2
N % 0.1 1.8 �2
O % 39.4 0
S mg/kg dry 180 3 100 �4 600
Cl mg/kg dry 39 236
Ca mg/kg dry 2 300 4 300 �4 800
Mg mg/kg dry 280 1 700 �1 900
Na mg/kg dry 69 1 400 �1 600
K mg/kg dry 760 2 500 �2 900
Al mg/kg dry 130 14 200 �15 000

The source wood's chemical composition and the pelletizing method a�ect the pellet's
chemical composition. The properties of coal and industrial pellets are listed in Table 3.1.
Coal had higher moisture and ash content. TheO and volatile content were higher in the
pellet than in the coal. The concentrations of S and Cl, however, were lower in pellet
than in coal. In fact, the alkali metals (K and Na) had lower concentrations in the pellet
than in the coal as well. The heating value of the pellet was lower than that of the coal.



3.1. Coal-�red power plant 13

Figure 3.2: A schematic picture of the Hanasaari CHP plant, which utilises both coal and
coal � pellet-mixture combustion. The measurement locations in papers I, II and III are
indicated with arrows: the boiler, the stack and the atmosphere. Figure courtesy of Helen Oy.

3.1.2 Measurement instruments and �ue-gas treatment devices

The �ue-gas aerosol of the coal-�red power plant was studied in three locations: boiler,
stack and atmosphere; the locations are shown in Figure 3.2. In the power plant, each of
the boilers had its own �ue-gas duct. One of the boilers and the corresponding duct inside
the stack were used in the experiments. The �ue-gas sample was measured after two
�ue-gas cleaning situations: �rst, after an ESP, and second, after theESP and semi-dry
FGD unit and FFs. These situations are later referred asFGD+FF o� and FGD+FF
on, respectively. The �ue-gas ducts had their own ESPs, FGDs and FFs so, the �ue gases
were not mixed before reaching the stack measurement location. However, the �ue gases
were mixed when they entered the atmosphere.

The atmospheric measurements were made with instruments installed in a helicopter.
The �ue gas from the two boilers that had their own �ue gas ducts became mixed when
released into the atmosphere. The mixing of the �ue gases in the atmosphere meant that
the measurement instruments inside the helicopter were measuring mixed �ue gases. In
the FGD+FF on situation, both of the �ue-gas cleaning devices were operating, whereas
in the FGD+FF o� situation only the studied �ue gas was bypassing the FGD and
FF; the gas in the other �ue was cleaned with FGD and FFs. An image related to the
helicopter measurements is shown in Figure 3.3. Figure 3.3 shows that the �ue-gas plume
could be detected with the eye. The helicopter �ew both upwind and downwind of the
plume and also made some crosswind �ights. More details about the helicopter �ight
paths are in paper II (Figure 1) and paper III (Figure SI1).

Combustion aerosol contains high concentrations of gases and particles. Sample dilution
is needed, as �ue gas contains high concentrations of water, and the aerosol instruments
work at room temperature and are designed to measure relatively low particle number
concentrations. On the other hand, gas analysers need particle-free air and low concen-
trations to maintain their detection accuracy. Table 3.2 is a brief list of the locations
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Figure 3.3: A picture of the measurement of atmospheric dilution of �ue gas from pulverized-
fuel combustion. Measurements were made by aerosol instruments installed in a helicopter.
The �gure demonstrates that the �ue-gas plume can be visually observed while conducting
measurements.

of the measurement instruments and gas analysers applied inpapers I, II and III .
More detailed measurement setups are presented in Figure 3.4, which provides additional
information about the sampling line lengths and the arrangement of the instruments.

Flue gas can contain volatile gaseous species that can condense on the surfaces of
primary particles (Lyyränen et al., 2004). The condensation of these volatile species
can be observed from the particle number size distribution (e.g. as a change in the
mean particle diameter). The primary diluter used in the boiler measurements had
three primary dilution ratios. The dilution-ratio tests were used to evaluate the places
where the particles formed. If particles formed in the dilution, the primary dilution
ratio changes should have changed the nature of the particle number size distribution
because of the volatile species. To support the primary dilution-ratio tests, the electric-
charging probability of the particles was determined based on neutral and charged particle
concentrations. These concentrations were measured with a mini-ESP and a SMPS
consisted of a di�erential mobility analyser ( DMA ) and a CPC. The electric-charging
probability values were compared with the particle-equilibrium charge distribution (by
Boltzmann; see Hinds (1982, eqs. 15.30 and 15.31)) to obtain information on the particles'
formation temperature. The calculation of the Boltzmann particle-equilibrium charge
distribution relied on the combustion temperatures in the boiler and on the particle size.

The dilution process was not tested in the stack measurements, as the temperatures of the
sampling probe and dilution gas were higher than that of the �ue-gas. Moreover, aTD
(Heikkilä et al., 2009) was used in the stack measurements to ensure the measurement of
nonvolatile particles. However, the �ue gas taken with the helicopter needed no additional
dilution because of the natural dilution in the atmosphere. The atmospheric sample was
diluted naturally in the atmosphere and was captured with measurement instruments
(Table 3.2) installed in the helicopter.

3.2 Oil-�red power plant

The other studied power plant was a peak-load power plant; it was also situated in
Helsinki, Finland. The studied boiler (47 MW th ) was an oil-�red water-tube boiler (Foster
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Table 3.2: Sampling techniques, measurement instruments and gas analysers used
at various locations within the power plant in papers I�III .

location device manufacturer

Boiler

PTD 1+E 2 self-made and Dekati Ltd.
ELPI 3 Dekati Ltd.
SMPS4 TSI Inc.

CO2 analyser FTIR5 DX-4000 Gasmet
CO2 analyser SIDOR SICK Maihak

Stack

FPS6+E 2 Dekati Ltd.
ELPI 3 Dekati Ltd.
SMPS7 TSI Inc.
CPC8 TSI Inc.

Aethalometer AE339 Magee Scienti�c
CO2 analyser VA3100 Horiba

CO2 analyser GM 35-type SICK
SO2 analyser GM 32-type SICK

Atmosphere

CPC8 TSI Inc.
EEPS10 TSI Inc.

CO2 analyser G1301-m Picarro
SO2 analyser 43i Thermo Scienti�c

RH11analyser

1 porous tube diluter, Vesala (2007), Aho et al. (2008)
2 ejector, Giechaskiel et al. (2004)
3 electrical low-pressure impactor, Keskinen et al. (1992), Marjamäki et al.

(2002), Yli-Ojanperä et al. (2010)
4 scanning mobility particle analyser, DMA3071 (di�erential mobility anal-

yser) and CPC3025 (condensation particle counter), 0.6 slpm/6 slpm,
Wang and Flagan (1990)

5 Fourier transform infrared spectrometer
6 Fine-particle sampler (FPS), Mikkanen and Moisio (2001)
7 scanning mobility particle analyser, DMA3071 and CPC3775, 0.6 slpm/6

slpm, Wang and Flagan (1990)
8 condensation particle counter, CPC3776, 1.5 slpm, Stolzenburg and Mc-

Murry (1991)
9 Drinovec et al. (2015)
10 Engine-exhaust particle sizer, Mirme (1994), Johnson et al. (2004)
11 Relative humidity
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Wheeler) with a rotary cup-type burner. The boiler entered operation in 1995. In paper
IV , the boiler operated at 30 MW. The usage hours of the plant alternated on yearly
basis, from 1 458 hours in one year to 2 164 hours in the next year. The boiler typically
operated with two fuels: natural gas and oil. The power plant had one stack (108 metres
tall) with two inner ducts, and it lacked �ue-gas cleaning devices.

3.2.1 Oil characteristics

The oils (Table 3.3) were stored in their own containers and blended before combustion.
The purpose of the blending was to lower the viscosity of the heavy fuel oil (HFO), as
the viscosity of HFO is almost 50 times higher than that of light fuel oil (LFO). Still, the
fuel blend had to be heated both before and during blending and before combustion. In
paper IV , three oil blends were combusted during the measurements:

ˆ HFO
ˆ water emulsion (em.) of HFO (HFO+em.)
ˆ 66 mol-% HFO and 34 mol-% LFO blend with em. (HFO+LFO+em.)

The water emulsion was obtained by mixing district heating water with the oil blend.
The amount of added water varied from 3 to 4 L min� 1 (i.e. it was less than 10% of the
total fuel consumption).

Table 3.3: Properties of heavy and light fuel oils used in measurement at a peak-load power
plant. The water content of the fuel was determined either with the Karl Fischer method or by
distillation. Adapted from paper IV .

Heavy fuel oil Light fuel oil
Water (by distillation) mol-% < 0.05 -
Water (Karl Fischer) mg/kg - 35

Density g cm� 3 0.956 (at 60 � C) 0.8183 (at 20 � C)
Viscosity mm2 s� 1 99.52 (at 60 � C) 2.60 (at 20 � C)

Heating value (calculated) GJ/t 40.9716 43.3548
Ash m-% 0.04 -
C mol-% 87.2 85
S mol-% 0.89 0.01
N m-% 0.31 -

3.2.2 Measurements

The �ue-gas sampling and dilution system used in the stack measurements for the heating
plant in paper IV (Fig. 3.5) was similar to the dilution system used in papers II and
III . In the �ne-particle sampler ( FPS), the dilution air was heated to 39 � C. The total
dilution ratio was around 60 during the measurements. After the dilution, the �ue-gas
sample was captured by the instruments with an approximately 10-metre-long copper
line. The diluted �ue-gas sample was divided into four branches, each with measurement
instruments. The �rst branch consisted of a PM1-cyclone and aCPC3010 (TSI Inc.),
plus a soot-particle aerosol mass spectrometer (SP-AMS) (Aerodyne Research Inc.). The
second branch had a nano-micro ori�ce uniform-deposit impactor (MOUDI ) (model 125B,
MSP Corporation, Shoreview, MN, USA). This device was used for size fractionedPM
collection to obtain mass samples for elemental analysis. The third branch led toNOx and



3.2. Oil-�red power plant 17

CO2 analysers. TheCO2 concentration was used to calculate the total dilution ratio for
the �ue-gas sample. The last branch had aTD before reaching the site of the particle size
distribution measurements. The particle number size distributions were measured with an
ELPI (Dekati Inc.), a nano-SMPS (TSI Inc.) and a SMPS (TSI Inc.). The fourth branch
also had a hygroscopic tandem di�erential mobility analyser (HTDMA ) (introduced in
paper IV and in Happonen et al. (2013)) to measure the particles' hygroscopicity. The
TD was used to study the volatility of the particles.
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(a) Measurement setup used to characterise
particles in hot �ue gas sampled from su-
perheater area of the boiler. Adapted from
paper I .

(b) Measurement setup applied in �ue-gas
measurements in the stack. Adapted from
papers II and III .

(c) Measurement setup installed in the he-
licopter to study the �ue-gas plume in the
atmosphere. Adapted from papers II and
III .

Figure 3.4: Measurement setups used at the various measurement locations within the CHP
plant: (a) boiler, (b) stack and (c) atmosphere. Instuments used in the measurement setups are
presented in Table 3.2. The E1 and E2 corresponds to ejector diluters, F stands for �lter, PM1
means cyclone with 1 � m cut-o� diameter and TD is the thermodenuder. The dashed line in (a)
represents 11-m long sampling line.
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Figure 3.5: The measurement setup used to characterise particle emissions and properties
of the particles resulting from the oil-mixture combustion in a peak-load heating plant. The
studied particle properties were hygroscopicity, volatility and chemical composition. Adapted
from paper IV .





4 Results and discussion

The results of papers I, II and III are presented here in the order following the path
of the �ue gas from the boiler to the atmosphere. These results are mainly related to the
CHP plant, and the results for the heating plant (paper IV ) are clearly indicated. The
�rst section focuses on the particles in the boiler, and speci�cally those in the superheater
area. The second section focuses on the particles after the �ue-gas cleaning. This section
also includes measurements of the particle characteristics that have atmospheric relevance
(hygroscopicity and volatility) from the �ue-gas duct of the oil-�red power plant. Lastly,
the results of the atmospheric dilution of the �ue-gas plume are presented. The results
regarding both the dilution process and the new particle formation are discussed in the
�nal section.

4.1 Characterisation of particles from the combustion of coal
and a mixture of coal and industrial wood pellets

In paper I , the dilution of the sample was conducted at a higher temperature than
in the previous studies concerning pulverised coal combustion. Additionally, the �ne-
particle characterisation in paper I was more detailed than that in the previous studies
by Joutsensaari et al. (1992), Kauppinen and Pakkanen (1994), McElroy et al. (1982),
Ylätalo and Hautanen (1998), Schmidt et al. (1976) and Nielsen et al. (2002) in terms of
the �ne-particle number and mass size distributions, as well as particles' e�ective density
and charging state (as described in Sec. 3.1.2).

In paper I , the dilution ratio of the primary diluter was changed to study the e�ect that
the diluter would have on particle formation. Figure 4.1a shows that the change in the
primary dilution ratio did not a�ect the shape of the particle number size distribution.
The particles' mean diameter was 25 nm for all the dilution ratios, which indicated that
the particles formed in the power plant's boiler rather than in the diluter. This result
also indicated that the gas phase did not contain low-vapour-pressure gases that could
condense on the particles' surfaces.

To further characterise the particles, the particle-charging probability was calculated from
the SMPS measurements, which were made with and without a mini-ESP (Figure 4.1b).
This probability was linked with the particle-equilibrium charge distribution (by Boltz-
mann; see Hinds (1982, eqs. 7-31 and 7-32)), which depends on the particles' formation
temperature and the particle number concentration (Burtscher et al., 1986). Wiedensohler
(1988) made a parameterisation for the particle-equilibrium charge distribution. The
Wiedensohler parameterisation is valid at room temperature. The charge probability has
also been used as an indication of the particles' formation temperatures (Alanen et al.,
2015; Lähde et al., 2009; Maricq, 2006; Sgro et al., 2011). Here, it was used for supporting
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Figure 4.1: Particle number size distributions measured with SMPS for (a) total dilution ratios
of 294, 490 and 1022 by changing the primary dilution ratio and (b) the fraction of charged
particles in the size range of 20 � 70 nm with three fuel mixtures. In (b), B293K, B773K, B1073K
and B1373K refer to Boltzmann particle-equilibrium charge distribution at the given temperature
(in Kelvins). The labels W1 and W1+W2 refer to the Wiedensohler parameterisation for 1 and
2 elemental charges in a particle, respectively. The charging probabilities were then calculated
for combustion coal, coal + 6.6% industrial pellets, and coal + 10.5% industrial pellets. These
measurements were conducted for �ue-gas sample from the superheater area of CHP plant.
Modi�ed from paper I .

information, along with the primary dilution-ratio tests, to show that the 25 nm particles
formed in the boiler and not in the diluter. Figure 4.1b shows that the particles in the
boiler had three to four times as much charge as the ones formed at room temperature.
The Boltzmann equilibrium charge probability at 800 K is the closest one to the measured
charge probability.

Based on a previous study (Nzihou and Stanmore, 2015), the joint-combustion of coal
and wood pellets should increase thePM. However, the PM formation was a�ected by
the amount of pellets and the pellet quality in paper I . The di�erence was observed in
the particle number concentration with industrial-pellet � coal mixtures (see Figure 4.2).
The addition of industrial wood pellet decreased the particle number concentration based
on the peak height of the particle number distribution. The results for particle number
concentration in the boiler are also listed in Table 3 in paper I . The mean particle
diameter of the mode was 25 nm for most of the coal �wood pellet mixtures. The coal
and 10.5% industrial-pellet mixture was an exception, as this addition caused another
mode in the particle number size distribution with a mean diameter of 125 nm. The
particles in second mode have higher impact to the volume concentration compared to
the particles in �rst mode (see Figure 4.2b).

The particle number size distribution of coal with the 10.5% addition of industrial
pellets was found to be bimodal, whereas the other particle number size distributions
were unimodal. The di�erence in modality could be explained by the fuels' individual
properties. Transmission electron microscope (TEM ) analyses of the particle samples
collected from the boiler were made after the online measurements. TheTEM analysis
con�rmed the bimodality of the particle size distribution (see Figure 4.3). The qualitative
EDS analysis for 10-25 nm (Figure 4.3b) particles showed that the particles contained Si,
Al, P, Fe, Ca and Ti; moreover, the 120-130 nm (Figure 4.3c) particles contained Si, Al,
P, Fe, Ca, Ti and Mg. These chemical compositions supported the elemental composition
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Figure 4.2: (a) The particle number size distribution and (b) the particle volume size distribution
(measured with SMPS) from the superheater area aerosols of CHP plant. Coal and mixture of
coal and 6.6% of industrial pellets resulted nearly unimodal particle size distribution with a
mean diameter of 25 nm. Two particle modes (mean diameters of 25 nm and 125 nm) can be
seen in the size distributions with the mixture of coal and 10.5% industrial pellets. Modi�ed
from paper I .

(a) Overview of particles. (b) 10-25 nm particles. (c) 120-130 nm particles.

Figure 4.3: Particle types observed in the power-plant boiler with coal and 10.5% industrial
pellet mixture, collected onto TEM grids during the experiments at CHP plant. Based on the
EDS analysis, the particles consisted mainly of inorganic material. Adapted from paper I .

that were reported in previous coal-combustion studies (Damle et al., 1981; Flagan and
Friedlander, 1978; Linak et al., 2000; McElroy et al., 1982; Ninomiya et al., 2004; Xu et al.,
2011). In TEM , the 25 nm particles lost some material under the electron beam. This
disappeared material was seen as comprising hollow spherical particles such as red blood
cells. The hollowness of the particles could be related to low-vapour-pressure chemical
compounds exiting the particle under the electron beam.

The e�ective density calculations made in paper I showed that the e�ective density
of the particles was approximately 2.05 g cm� 3. Thus, the calculated e�ective density
was higher than 1.3 g cm� 3, which was the previously identi�ed lower limit for mineral
particles (Flagan and Friedlander, 1978). This calculated e�ective density supported the
EDS analysis of the particles in theTEM . This EDS analysis showed that the particles
consisted mainly of inorganic substances that can be found in minerals.
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The absence or undetectable concentrations of K, Na and Cl in particles indicated that
the addition of 10.5% wood pellets might not increase the corrosion risk of the boiler,
which was in line with the results of studies by Pisa and Lazaroiu (2012) and Montgomery
et al. (2008). The lack of alkalis and chloride was explained by the chemical composition
of the fuels. The 100% coal version had higher total alkali and chloride concentrations
than for the mixture of coal and industrial wood pellets, as the industrial wood pellets
had a lower total alkali and chloride concentrations compared with coal. Consequently,
pellet substitution lowered the total alkali and chloride concentrations in the boiler. The
most important compound to prevent alkali chloride formation has been found to be
sulphur (Broström et al., 2007; Montgomery et al., 2008). Sulphur can prevent the
formation of alkali chlorides by reacting with the alkalis by forming alkali sulphates by
consuming the alkalis from the gas phase. The alkali sulphite compounds form at higher
temperatures and are stable after formation. Thus, the alkali sulphate formation could
be used to prevent the formation of alkali chlorides. Inpaper I , coal contained higher S
concentration than pellets, which decreased the corrosion risk caused by the fuel mixture.
However, it is possible that at some point, the alkali chloride formation can become more
dominant in the �ue gas, such as that reported by Pisa and Lazaroiu (2012).

Particles from the wood pellet � coal mixture combustion were on average more electrically
charged than the coal combustion-originated particles. Taking into account that the
pellet � coal mixture produced lower nanoparticle concentrations and higher electrical
charge on nanoparticles, the pellet � coal combustion could lead a slightly more e�cient
ESP operation.

4.2 Particle emission of power plants

4.2.1 The combustion of coal and the mixture of coal and industrial
wood pellets

The following paragraphs concentrate more on the di�erences in the particle emissions
caused by the co-combustion of industrial pellets and coal. A comparison between the
particle number size distributions after the ESP in Figure 4.4 shows that the peak concen-
tration of wood pellet � coal combustion was slightly lower than the peak concentration in
the coal combustion. The particle diameter for the coal combustion after theESP was 80
nm, which was measured with the SMPS. The wood pellet addition in the boiler did not
change the mean particle diameter after theESP. The more e�cient performance of the
ESP in co-combustion could be due to the higher-charged fraction of particles below 70
nm in diameter or the second particle mode in the particle number size distribution. The
particle number size distribution from the wood pellet � coal combustion after the ESP,
the FGD and the FF was similar in shape to that after the ESP. The peak concentration
was also lower after theFGD and FF than after the ESP. With the coal combustion, the
situation was di�erent in terms of the number size distribution shape. The mean diameter
was shifted to smaller sizes: less than 60 nm in the SMPS compared to co-combustion.

The chemical composition of the particles was obtained using aTEM and an aethalometer,
which measured the absorbed and re�ected portion of the light through the particle
collection �lter paper. The black carbon ( BC) concentration for emission factor calculation
was obtained from the aethalometer 880 nm wavelength (Drinovec et al., 2015). The black
carbon concentration was obtained from the aethalometer signal, which was converted
to mass concentration using mass absorption coe�cients. TheBC concentration was
three-times higher for mixture of industrial wood pellet and coal combustion (seepaper
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Figure 4.4: The non-volatile particle number size distribution of the �ue-gas sampled from
stack of the CHP plant. The measurement was made with the SMPS. The studied �ue-gas
cleaning situations were with the ESP and with the ESP, FGD , FF. The mean particle diameter
for the particles measured was approximately 80 nm, except the coal-combustion situation with
ESP, FGD, FF. Modi�ed from papers II and III .

III ) than pure coal combustion (unpublishedBC concentrations for coal combustion).
The BC concentrations measured after theFGD and the FF were close to zero, which
was seen as a high standard deviation in the measurement values. Some error in the
results could be obtained from the conversion of absorption signal to aBC mass because
the mass absorption coe�cients used to convert the signal of the aethalometer to theBC
mass should have chosen based on the fuel and combustion method (Olson et al., 2015).
Another explaining factor for the BC formation in co-combustion situation could be the
increased amount of fuel and the lack of excess oxygen (Wang et al., 2016). However, the
co-combustion particles contained moreBC (Drinovec et al., 2015), causing a warming
e�ect on the atmosphere. In addition, it was observed that the FGD and FF cancelled
the e�ect of fuel on BC formation in the combustion.

The TEM images of the particles from the co-combustion (in Figure 4.5) showed three
types of primary particles in the stack after the ESP: inorganic 25 nm (Figure 4.5b)
in diameter (EDS: Si, Al, Ca, P, Fe and Mg), inorganic 400 �500 nm (Figure 4.5a) in
diameter (EDS: Si, Al, Fe, K, Ca, Mg and Ti) and soot (Figure 4.5c) particles. The
small inorganic primary particles (Figure 4.3b) had agglomerated with each other and
had coagulated with the large primary particles (Figure 4.3c) after leaving the boiler. In
addition, the soot particles had formed their own agglomerates, but some small inorganic
particles were also found from the soot agglomerates (EDS: C and small amounts of Si,
Al, P and Ca).

After the �ue-gas cleaning (ESP, FGD and FF), the agglomerated particles disappeared
due to the FGD and FF. However, the FGD produced new particles (Figure 4.5d, EDS:
Ca, S and small amount of Ti, Si and Mg) that were not observed after theESP. The
chemical composition of particles after theFGD (S and Ca rich particles) supported
the previous observations made by Saarnio et al. (2014). According to Saarnio et al.
(2014), the FGD plant modi�ed the chemical composition of the particles. After FGD, the
particles contained reagents from the desulphurisation process (e.g.CaSO4 and NaCl).
Some of the larger primary particles were covered with agglomerates (Figure 4.5e), which
consisted of primary particles, were also seen in TEM images after the FGD and FF.
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(a) (b) (c)

(d) (e)

Figure 4.5: TEM images of particles collected from the �ue gas on the TEM grids with (upper
row) ESP and with ESP, FGD , FF (lower row) in the �ue gas of the CHP plant. The �ue-gas
after ESP contained three types of particles (upper part, a-c). First, particles (a) which were
400 �500 nm in diameter and spherical in shape. Those particles had collected agglomerates
(shown in b) on their surfaces. The chemical composition of the spherical particles was mainly
inorganic. Second, particles (b) that have agglomerated to 50 �300 nm sizes, depending on
the fractal dimension. The agglomerate consisted of small spherical particles which contained
inorganic compounds based onEDS analysis. Third, another type of agglomerate (c) was over
250 nm in diameter and had a nanostructure of soot. When the �ue-gas was cleaned using ESP,
FGD and FF, there was two types of particles. First, particles in a size range of 800 �1 600
nm. These particles were irregular in shape and had a porous surface structure. The particles
consisted mainly of Ca2+ and SO4

2 � (measured with EDS). The second type after FGD , FF was
the large 800 �1 200 nm particles, that were irregular in shape and had collected agglomerates
on its surface. Adapted from paper III .

Co-combustion additionally a�ects the �ltration e�ciency of the FGD and FF. In
papers II and III , the �ltration e�ciency was evaluated after the �ue-gas cleaning,
since bypassing them was fairly simple and did not require any changes to measurement
set-up. The e�ect of the FGD and FF on the particle number and mass concentration
was remarkable, since the �ltration e�ciency was 99.9% for the nanoparticle number
concentration and 95 �98% for thePM. The �ltration e�ciency was not a�ected drastically
by the 10.5% addition of industrial pellets to the coal (see Table 4.1). TheFGD and FF
also had an e�ect on the SO2 concentration in the �ue gas. The combination of FGD
and FF lowered the SO2 concentrations by a factor of four (coal + industrial pellet) or
�ve (coal).
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Power plant emissions can be presented as concentrations or as emission factors. The
particle number and mass concentrations are shown in Table 4.1. Table 4.1 also contains
the calculated emission factors for particle number (EFPN ), mass (EFPM ) and black
carbon in PM1 size fraction (EFBC ). The emission factors were calculated usingCO2

concentration and the fuel-speci�c default emission factor forCO2 (t CO2 TJ � 1). The
BC concentration for coal combustion is unpublished data from the same measurement as
papers II and III . The emission factors were almost the same between the fuel mixtures
after the �ue-gas cleaning. The EFPN was around 108 MJ � 1, the EFBC was 14 ng MJ� 1

and the EFPM was 2 mg MJ� 1 for both of the fuels after �ue-gas cleaning. Without
the �ue-gas cleaning devices (FGD and FF), the coal combustion situation of the EFPN

was 8:74� 1012 MJ � 1 and the EFPM was 91 mg MJ� 1, compared to the wood pellet-coal
mixture combustion of the EFPN was 3:37� 1011 MJ � 1, and the EFPM 50 mg MJ� 1. The
biggest di�erence was observed between the EFBC , because for the mixture of coal and
10.5% industrial pellet, the EFBC was 11.7� g MJ� 1, and for coal combustion, it was 3.6
� g MJ� 1 after the ESP.

The emission factors can be used to estimate, for example yearly emissions caused by
coal combustion by taking into account the energy produced by coal combustion and
the emission factors (in Table 4.1). If only the �ue-gas cleaning situation with the ESP
was looked at, the global particle number emissions were 2� 1027 particles year� 1, 43 000
kt year � 1 and 830 t of BC in a year calculated with the emission factors inpaper III .
The yearly particle number emission was close to the yearly particle number emission for
power production (2.5� 1027, 2010) estimated by Paasonen et al. (2016) with a di�erent
method. Paasonen et al. (2016) also calculated an estimate for yearly particle mass
emission for power production (40 000 kt year� 1, PM2.5), which was at the same order
of magnitude as the particle mass emissions from a coal-�red power plant based on the
yearly consumption of coal and usage of the ESP in �ue-gas cleaning.

Estimation for Finland's coal combustion emissions was made using the coal consumption
(66.7 TWh from 2016) and the information about �ue-gas cleaning (e.g. all power plants
equipped with ESP, FGD and FF). The estimation was made using emission factors for
particle number concentration (PN) and PM calculated for coal combustion. The yearly
particle mass emissions were 960 t year� 1 and the particle number emissions 4.7�1019

particles year� 1. For comparison, the PM2:5 emissions from tra�c were 6 750 t year� 1 in
2015 and were 13 151 t year� 1 for energy production (Ymparisto.�, 2015). Unfortunately,
the data for comparison could not be found from 2016, since the statistics for 2016 will
be released in autumn 2018.

4.2.2 Atmosphere-relevant characteristics of oil-combustion particles

The non-volatile and volatile particle number size distribution of oil combustion is shown
in Figure 4.6. A large number of particles below 400 nm was observed in the �ue gas of
an oil-heating plant. The mean particle diameter was around 47 nm for all oil mixtures.
The LFO addition to the HFO �water emulsion mixture caused an additional mode of
around 120 nm, which was close to the size of soot. The addition of water to theHFO
did not change the shape of the particle number size distribution.

The formation of the second mode was observed in the boiler with the lowest sulphur
content of the fuel and with the oil mixture that had the lowest sulphur content. The
lower sulphur content of the fuel has been found to correlate (Ntziachristos et al., 2016;
Sippula et al., 2014) and uncorrelate (Anderson et al., 2015) with soot particles in marine
engines designed forHFO combustion. The BC (measured with SP-AMS) explained
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6 �20.3% of the PM1 of the oil-combustion emissions. ForHFO combustion, the BC
concentration was 0.986 mg m� 3, emulsion addition decreased theBC concentration to
0.864 mg m� 3 and the LFO addition increased theBC concentration to 3.65 mg m� 3.
The BC results followed the trend set by the co-combustion and the sulphur content of
the fuel.

In Figure 4.6, the particle number size distribution was unimodal with HFO and HFO
emulsion with and without the TD . The non-volatile particle number size distribution
was measured using a thermodenuder heated up to 265� C. The non-volatile particle
number size distribution peak for the HFO combustion particles was higher than the
peak concentration for the non-volatile HFO and water emulsion particles. The water
emulsion mixed with the HFO lowered the volatility of the particles compared to the
HFO combustion. The di�erence in the volatility could be due to the higher share of
unknown substances (unanalysed mass in Figure 5,paper IV ) or a slightly higher share
of particulate organic matter in the HFO combustion particles (paper IV , Figure 5).

The LFO addition to the HFO emulsion increased the share of particulate organic matter
and unanalysed mass, as well as the amount of volatile compounds in the particles.
The particle concentration in the �rst mode was increased with the TD , whereas the
concentration in the second mode was decreased. This behaviour indicated that the
particles have grown by condensation of volatile components from the �rst mode to the
second mode. Because of theTD , the particles in the second mode shrank to sizes that
correspond the diameter of the particles in the �rst mode. Depending on the atmospheric
conditions, these volatile components on particle surfaces could either evaporate or oxidise,
a�ecting the particle size and the chemical composition of the particles, and even further,
a�ect their hygroscopicity.

Figure 4.6: A particle number size distribution measured with and without a thermodenuder
(TD ) from the oil-�red heating plant with three fuels. The fuels were heavy fuel oil (HFO),
heavy fuel oil emulsi�ed with water (HFO+ em.) and mixture of heavy fuel oil and light fuel oil
emulsi�ed with water (HFO+LFO em.). The vertical lines present the particle sizes selected for
the hygroscopicity studies. Adapted from paper IV .

A simple method used to estimate the hygroscopicity of the particles was to calculate the
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growth factor. The growth factor was calculated by dividing the humidi�ed particle diam-
eter with the dry diameter. The growth factor can also provide information about shape
of the particles (e.g. agglomerates). If the particles are agglomerates, the agglomerate
structure can collapse when exposed to high humidity (Pagels et al., 2009).

Figure 4.7: The hygroscopic growth factors (GF in the y-axis) of particles from the oil-�red
heating plant measured with and without the thermodenuder ( TD ) when combusting (a) the
HFO, (b) the HFO emulsion and (c) the HFO+ LFO emulsion. The measurements were made
at a relative humidities (RH) indicated in the upper part of the Figure. The d dry diameters,
i.e. particle diameters before the humidi�cation, are also marked with grey lines in Fig. 4.6.
Adapted from paper IV .

Figure 4.7 shows the growth factors for each of the studied oil mixtures and three dry
particle diameters (20 nm, 47 nm and 72 nm). The dry particle diameters were also shown
in Figure 4.6 with the vertical dashed lines. The GFs were measured for the volatile and
non-volatile particles at relative humidity, from 86 �92%. The HFO combustion produced
particles with growth factors of between 1.2 and 1.4. TheHFO emulsion combustion
particles had growth factors from 1.2 to 1.3 with a decreasing linear trend as a function
of increasing dry particle diameter. The HFO, LFO emulsion combustion particles had
growth factors from 0.9 to 1.25 with a steep linear decrease as function of dry particle
diameter.

The TD was used to remove the volatile components from the particles, which means
that the non-volatile particles can still contain inorganic non-volatile species and soot.
The di�erence in the growth factors of volatile particles and non-volatile particles shows
the di�erence in the hygroscopic properties of the volatile species. Here, clear di�erences
were not observed between the growth factors of non-volatile and volatile particles, which
can mean that the volatile species in the particles do not increase the hygroscopicity
of the particles. However, most of the non-volatile particles grew larger in the humid
environment, which means that the inorganic compounds in the particles caused the
hygroscopic growth. This is because the 100% soot does not grow under humid conditions
(Henning et al., 2012). Soot particles mainly contain carbon, whereas the oil combustion
nanoparticles consisted of 10 �20% of elements, 25 �50% of ions, 6 �20.3% of BC and
25 �35% of unanalysed matter.

The HFO had the highest sulphur content of the fuels. The more blended the oil mixture
was, the lower the sulphur content was in the oil mixture. The sulphur content of the fuel
was re�ected by the sulphate (SO4

2 � ) fraction in the nanoparticles. The HFO combustion
caused the highest fraction of sulphate for the 20 nm particles in diameter, whereas the
other oil mixtures decreased the amount of sulphate in the 20 nm particles. However,



4.3. Flue-gas plume in the atmosphere 31

the 47 nm and 72 nm particles from HFO emulsion and HFO+LFO emulsion combustion
contained a higher amount of sulphate than the 20 nm particles (paper IV , Figure 4).
The sulphur concentration of the fuel (the highest with HFO) did not a�ect the growth
factors of particles 20 nm in diameter (see Figure 4.7). Although, the lower of sulphur
content of the fuel (HFO emulsion and HFO+LFO emulsion) could have decreased the
growth factors of the 47 nm and 72 nm particles. Previous study by Henning et al. (2012)
showed that the sulphur content of the coating a�ects the hygroscopic growth factor. The
sulphur dependence of the growth factor was also observed with the oil-blend combustion
in marine engines (Kuittinen, 2016).

The 72 nm particles from the HFO and LFO emulsion combustion shrank slightly when
exposed to the humidity in the HTDMA . The behaviour indicated an agglomerate or
a porous surface structure. The chemical composition of theHFO and LFO emulsion
combustion particles was somewhat di�erent than with the other fuels since the ionic
mass fraction was the lowest.

4.3 Flue-gas plume in the atmosphere

Background particle number concentrations in the atmosphere can be higher than the
�ue-gas plume nanoparticle concentrations. The �ue-gas nanoparticle concentrations
depended on the power plants's �ue-gas cleaning (papers II and III ). In paper II , the
�ue-gas plume from the coal-�red power plant was studied upwind and downwind from
the stack. The major di�erence from the previous studies was analysing the measured
data based on the plume age on a second time scale. The time scale was more dense than
in Brock et al. (2002), where the in-�ight measured data were from discrete plume age
intervals from 0 to 13 hours. Plume age inpaper II and III was calculated based on
the distance from the stack (Global positioning system (GPS) coordinates) and wind
speed at the �ight altitude. The agescale was divided to 5-second intervals, which were
used to classify the measurement data. Within each 5-second interval, the median value
was calculated from the measurement data ofCO2, SO2 and � Ntot . The � Ntot was
calculated using the background concentrations obtained from the upwindside of the stack.
The age-based approach was used inpapers II and III , because Brownian di�usion,
coagulation, gas-to-particle conversion and condensation are time dependent (Hinds, 1982)
and can take place in the diluting �ue-gas plume.

Figure 4.8 shows the dilution pro�les as a function of plume age. The concentrations of
CO2 and SO2 were plotted on the left axis, whereas the� Ntot was plotted on the right
axis. Regarding to the [CO2] and [SO2], the dilution pro�les have a high peak between
0 and 100 seconds. This peak was caused by the �ue gas exiting from the duct. The
concentrations observed before the peak mainly represent the background concentrations.
The exiting �ue-gas �ow was turbulent, meaning that some of the �ue gas might have
di�used to the upwind side of the stack. In papers II and III , the dilution started
between the fresh and 100-second-old �ue-gas plume from the highest concentration value.
All of the measured components behaved similarly in the dilution, and they followed the
dilution pro�le de�ned by the Gaussian dilution model. The atmospheric measurement of
the �ue gas also showed the same di�erences inSO2 and Ntot concentrations that were
observed in the stack measurement with theFGD and FF; the concentrations were lower
compared to the situation without FGD and FF.

In paper II , the dilution of CO2 and SO2 in the background concentrations was complete
in 200 �300 seconds (0.74 �1.5 km) after emission (see 4.8a). In addition, the dilution
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(a)

(b)

Figure 4.8: Flue-gas dilution pro�les of CO2 , SO2 and � Ntot in the plumes of CHP plant in (a)
coal-combustion situation and (b) coal and industrial pellets 10.5% combustion situation. The
upper panels of (a) and (b) were measured in FGD+FF o� and the lower panels in FGD+FF on
situations. The � Ntot is the di�erence between the concentrations measured from the plume and
the atmospheric background. The concentration values are mean values for 5 second intervals.
The measurements were made from the atmosphere with instruments installed in a helicopter.
Adapted from paper II and III
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time scales were similar inpaper III , corresponding to approximately 2 km from the
stack. The peak concentrations forCO2 were 950 �2 900 ppm, depending how well the
fresh �ue-gas plume was caught with the helicopter. TheSO2 peak concentrations varied
from 250 ppb to 2 100 ppb, depending on the �ue-gas cleaning and the fuel in the �ue-gas
plume in the atmosphere. After dilution, the concentrations of SO2 and CO2 were at
the background concentration level and did not provide a trace for the plume. Since the
dilution time scale was some hundreds of seconds, the validity of the dilution pro�le in
paper II was analysed using the Gaussian plume model. The Gaussian plume model
is a solution to an advection �di�usion equation. The equation describes the changes in
the �ue-gas plume concentrations due to wind advection and turbulent mixing with the
surrounding air (Stockie, 2011). The Gaussian plume model describes the dilution in
three dimensions. The model uses also the height of the stack, the mean wind speed, the
emission rate and the dispersion coe�cients as inputs. The dispersion coe�cients were
calculated using the parameterisation and the atmospheric stability class by Klug (1969).
The wind speed and a solar radiative �ux at the surface were obtained from measurements
(seepaper II for more details) to calculate the atmospheric stability class. The Gaussian
dilution model was used to calculate the dilution pro�le of the concentration in the plume
centre line.

Inputs for the model from the stack measurements were �rst manipulated with an
atmospheric dilution ratio to match the peak concentrations measured close to the stack.
After that, the manipulated input concentrations were diluted with the Gaussian plume
model and compared to the in-�ight results. A comparison was made between the Gaussian
plume modelledCO2 concentration and the measuredCO2 concentration for both of the
�ue-gas cleaning situations (seepaper II , Table 2). The comparison showed that the
Gaussian plume model explained the �ue-gas dilution pro�le, which was measured from
the atmosphere (paper II ). The Gaussian plume model was also used to calculate the
theoretical maximum for SO2 concentration in the plume centre line based on theSO2

concentration measured from the �ue-gas duct. The theoretical maximum was 131 �413%
higher than the measuredSO2 concentration. The observed di�erence could be due to
the oxidation of SO2.

The increase in the total particle number concentration was observed when the plume
aged in the atmosphere. The increase was observed in three wind/�ight directions during
two separate days and fuel combinations and in two �ue-gas cleaning situations. The
measurement results of the total particle number concentration (� Ntot ) in papers II and
III are shown in Figure 4.8. After the � Ntot reached zero (200 seconds, 300 seconds, 300
seconds and 600 seconds, in Figure 4.8a upper and lower, b upper and lower, respectively),
a moderate increase in the� Ntot was observed after 400 seconds, 500 seconds, 400
seconds and 800 seconds. In both of theFGD+FF o� cases, the� Ntot behaved similarly,
the SO2 concentration was approximately the same however, the Ntot in the stack was
di�erent. In the FGD+FF on cases, theSO2 and Ntot in the stack were same; but the
time scales for increasing� Ntot were di�erent by 500 seconds and 800 seconds. There was
no clear relationship between the increasing� Ntot , and the concentrations of measured
components in the �ue gas was found to explain the plume behaviour.

The particles in the �ue gas were 80 nm in diameter (paper II Figure S5 andpaper
III Figure 3) based on theSMPS measurements in the stack. In the industrial pellet �
coal mixture combustion, the signal in the Engine exhaust particle sizer (EEPS) was
clearly linked to the 80-nm particles in the �ue-gas plume diluting in the atmosphere
in the FGD+FF o� case. In theFGD+FF on case with industrial pellet � coal mixture
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combustion, the signal from the 80-nm particles was weak, although visible. In the
coal-combustion situation (paper II ), the signal in the EEPS from the �ue gas-originated
particles was not that clear because the background aerosol concentrations or the noise
in the electrometers was too high.

In paper II , a simple sulphuric acid nucleation model was applied in the diluting
plume to see if the nucleation of a sulphuric acid could explain the increase in the total
particle number concentration. The model inputs were gained directly from the stack
and atmospheric measurement data (paper II ). The nucleation model assumed that
the formation of H2SO4 only depended on the measuredSO2 and the calculated OH �

concentration as well as a condensation sink (CS) � 1 (Kulmala et al., 2006; Stevens and
Pierce, 2013; Stevens et al., 2012). The model also assumed that theH2SO4 was only
lost on the particle surfaces. The total CS was calculated based on theCS calculated
from stack measurements inpaper II . Then, the CSstack was diluted to the background
CS with the atmospheric dilution ratio calculated based on the CO2 in the stack and
from the peak concentration of the atmospheric measurements. The backgroundCS was
calculated from the SMEAR III station measurement data (Junninen et al., 2009). The
concentration of the OH � was calculated based on the parametrization from Stevens et al.
(2012), which included a downward short wave radiative �ux at the surface and [NOx ]
from the measurements. TheNOx concentration in relation to the parameterisation
was calculated based on the atmospheric time-dependent dilution ratio and theNOx

concentration in the stack. A background [NOx ] was assumed to be negligible based on
Pirjola et al. (2014). The nucleation rate (Jnuc ) depended only on the [H2SO4] and a
coe�cient A (Kulmala et al., 2006). Di�erent values of A were tested in a sensitivity
analysis. The nucleation rate was further applied to the particle appearance rate (Lehtinen
et al., 2007) for particles over 2.5 nm in diameter. The diameter of 2.5 nm was chosen
based on the lowest detection limit of CPC3776, which was used in measurements.

Based on the model, the sulphuric acid concentration in the �ue-gas plume was at the
same level as in the atmosphere: 1 �10�106 cm� 3. The result was in a range that had been
previously reported by Mikkonen et al. (2011) and Sarnela et al. (2015) for Finnish non-
industrial and industrial areas. The sulphuric acid formation in the atmosphere was limited
by the OH � production and the [SO2]. The OH � and the SO2 had opposing trends in their
concentrations during the plume dilution. The [SO2] was decreased in the diluting plume,
while [OH � ] production was restrained by [NOx ] in the beginning. The opposing trends
caused fairly constant sulphuric acid concentrations after the steepest descent in dilution
of SO2 and NOx concentrations. The sulphuric acid concentration was too low to produce
high appearance rates to explain the particle number concentration measured with the
CPC. The sensitivity of the model for A and [H2SO4] was tested by taking 10-foldA and
varying [H2SO4] from 1 to 10-fold. Based on the sensitivity analysis, the [H2SO4] should
have been 5-fold to 10-fold higher than calculated here, based on the atmospheric measure-
ments. If assuming only the sulphuric acid nucleation, the result indicated that [OH � ] and
SO2 were underestimated or that CS had been overestimated. The underestimation of
[OH � ] could be explained with high [NOx ], which had also been the case in Lonsdale et al.
(2012, Fig. 1). The underestimation ofSO2 was possible because the measurement values
from the atmosphere were 3 �4 times lower than theSO2 would have been based on the
atmospheric time-dependent dilution ratio and SO2 concentration in the stack. In fact, the
unknown concentration of SO3 and low-VOCs were not taken into account in the model.
According to an atmospheric study from Kulmala et al. (2013) and an engine exhaust study
from Pirjola et al. (2015), the organic compounds have a high impact on the atmospheric
nucleation, and these compounds can actually be one major error source in the model.
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The main objective of this thesis was to characterise the �ne particles of a power plant,
from the boiler to the atmosphere. The characterisation was made with two solid fuels,
coal and a mixture of coal and industrial pellets, and with three oil-mixtures. Figure 5.1
summarises the e�ect of the fuel on the particles of the studied power plants, from the
boiler into the atmosphere. In the coal-combustion tests, the primary dilution ratio was
varied to study the location of particle formation. The primary dilution ratio tests showed
that the particles were formed in the power plant boiler and not in the dilution probe.
The coal combustion produced a unimodal particle size distribution with a count median
diameter of 25 nm, whereas 10.5% of the industrial pellet � coal mixture combustion
produced a bimodal particle number size distribution. The �rst mode corresponded to the
mode that originated from the coal combustion and the second mode was linked with the
industrial pellet addition. The count median diameter of the second mode was 125 nm.
In addition to the changes in the shape of particle number size distribution, the 10.5%
industrial pellet addition increased the electrical charge of the particles in the boiler. The
TEM images showed that the particles were mainly spherical and consisted of inorganic
matter.

The power plant �ue gases were cleaned with theESP, FGD and FFs. The ESPs removed
over 99% of the particle number concentration. The particle number size distribution
after the ESPs was unimodal with a count median diameter of 70 �80 nm. The black
carbon concentration after the ESP was higher with the 10.5% industrial pellet � coal
mixture compared to the coal combustion. TheFGD and FFs cleaned the �ue gas from
particles with over 99% e�ciency when calculated from the particle number concentration.
The particle number size distribution was unimodal after the FGD and FFs with a count
median diameter of 30 �72 nm. The TEM images of particle samples revealed that
the primary particles formed agglomerate structures before the sampling location. The
desulphurisation and FFs a�ected not only the particle number concentration but the
black carbon and SO2 concentrations. Actually, the black carbon concentrations were
very low after the last �ue-gas cleaning devices were used.

The particle number concentrations in the urban background and in the city centre were
taken for comparison against the power plant emissions (Figure 5.1). The particle number
concentrations of the studied power plant were lower than the urban background particle
number concentrations, and the result showed that this particular power plant does not
worsen the air quality in Helsinki in terms of the particle number concentration. On the
contrary, the �ue gas from the power plant could dilute the particle number concentration.
The other emission components, such as gases, however, can in�uence the air quality.

The �ue-gas behaviour in the atmosphere was studied with measurement instruments
installed in a helicopter. The measurement showed that it was possible to distinguish

35
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Figure 5.1: Overview of results regarding particle number concentrations (y-axis), particle
mean diameters and their changes from boiler to atmosphere (x-axis). The results are presented
for coal combustion in the CHP plant (blue), for the combustion of coal+10.5% industrial
pellets in CHP plant (green) and for combustion of HFO+LFO emulsion (red) in a peak-load
heating plant. For the latter two, a bimodal particle number size distribution is indicated by two
di�erent values for count mean diameter (CMD). Particle number concentrations of the power
plant are compared to the urban background concentration (Pirjola et al., 2012) and city centre
concentration (Lähde et al., 2014). Results from papers I, II, III and IV .

both of the �ue-gas cleaning situations using measurements taken close to the stack. The
atmospheric measurements were made upwind and downwind of the diluting �ue-gas
plume. The �ue gas then diluted to the atmospheric concentrations some hundreds of
seconds, after which the particle number concentration started to slowly increase. This
increase in the particle number concentration was interpreted as new particle formation in
the atmosphere. The increase was observed during two days, with three wind directions
and with four �ue-gas compositions.

The particle number size distribution from the HFO and HFO emulsion combustion was
unimodal with a count median diameter of 47 nm. The addition of the LFO to the HFO
emulsion caused the formation of a second mode to the particle number size distribution.
The count median diameter of the second mode was around 100 nm. The particles from
the oil-mixture combustion were treated with the TD to remove volatile components from
the particle surfaces. The �ne particles that originated from the oil-mixture combustion
were not highly volatile only the second mode from the combustion of HFO mixed with
LFO emulsion had some volatile components coating the particles. The hygroscopicity of
the volatile and non-volatile particles from oil-mixture combustion was studied based on
the hygroscopic growth factor. The growth factors altered from 0.9 to almost 1.4. The
smallest studied dry particles (20 nm in diameter) had the highest growth factors, and
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the larger the dry diameter was, the smaller the growth factor. Growth factor plotted as a
function of particle diameter had a decreasing linear trend, and the slope of the graph got
steeper when the fuel sulphur concentration was decreased. The oil-combustion particles
had the potential to grow larger in the atmosphere at relative humidity over 85%.

Power plants' fuel choices have an e�ect on the particle formation in oil-�red and coal-
�red combustion ( papers I and IV ). The combustion process could be optimised for
the fuel based on theCO and O2 concentrations and the temperatures in the boiler.
Still, the optimised combustion does not guarantee the lowest particle number or mass
concentrations. Here, the better-quality fuels (industrial pellet and LFO) decreased
particle number concentrations in the boilers. On the other hand, the portion of 10.5%
industrial pellet mixed with coal caused a second particle mode in the particle number size
distribution. The second particle mode was within the size range of soot. Soot mode was
also produced by theLFO addition in the oil-�red power plant, similarly to the industrial
pellet addition in the coal-�red power plant. The LFO addition and the industrial pellet
addition decreased the fuel sulphur and heavy metal concentrations. Previous studies
have been reported that heavy metals could catalyse the combustion in engines (Anderson
et al., 2015; Moldanová et al., 2013). Also, lower sulphur content in fuel has been found to
correlate (Ntziachristos et al., 2016; Sippula et al., 2014) and uncorrelate (Anderson et al.,
2015) with soot particles in marine engines designed forHFO combustion. The marine
engine tests have shown that the fuel sulphur content a�ected the sulphate fraction in
the particles (Lehtoranta et al., 2015). These results indicated that the fuel composition
also drastically a�ected the emissions.

The e�ects of combustion originated particles on the atmosphere depended on the �ue-gas
cleaning technologies (papers II and III ). Based on Table 5.1, the �ue-gas cleaning
could have a�ected the particle and gaseous emissions multiple ways. To make truthful
conclusions about �generic� power plant emissions (high or low polluting), the emission
source and the �ue-gas cleaning devices inside the stack must be identi�ed before publishing
the results. Many di�erent conclusions of particle formation could be made by assuming
the emission-controlling techniques installed at the studied power plant. In addition, there
is a small probability that substituting coal with wood pellets could be a trade-o� between
sulphate aerosol andBC (paper III ). Fortunately, the trade-o� can be controlled by
applying �ue-gas cleaning technologies. TheESP alone is not enough to remove theBC
from wood pellet-combustion emissions; therefore, more versitile �ue-gas cleaning might
be needed.

Despite the �ue-gas cleaning devices, new particle formation was observed in the �ue-
gas plume (papers II and III ). The new particle formation was observed within two
separate days and three wind directions and four precursor gas and condensation sink
concentrations. The precursor gases andCS concentrations were de�ned by �ue-gas
cleaning. However, the fuel mixtures might have had an e�ect on the precursor gas
concentrations (e.g. organics). HighNOx concentrations could hinder theOH � formation
in the atmosphere and slow the oxidation processes that can produce particle forming
compounds. The new trend in power plants is to lower theNOx concentrations. TheNOx

reductions can change the oxidation process ofVOC and the oxidant formation cycle,
meaning that the particle formation potential can change.
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Table 5.1: The most relevant emission-controlling techniques, discussed in this thesis applied in
coal-�red power plants and the side e�ects of certain techniques for gaseous and particle emissions.
The target implies the main purpose of the technique, and if the techniques has side e�ect they
are shown in the table. The results from papers I-III are expressed inbold . The calculated
decrease is marked with *. With the PN, the decrease can also mean that thePN fraction survives
through the technique and appears to increase. The cleaning techniques have been organised by
the installation order, and one technology (between each line) can be chosen by the power plant
(except FF can not be used after wet-FGD).

�ue-gas cleaning technique target side e�ect

wood pellets SO2, CO2*, NO x decrease inPM 1, PN ; increase in BC
low-NOx burners NOx increase in BC and PM

SNCR2

SCR3
NOx increase in NH3

NOx increase in NH3 and SO3
4

ESP PM, PN 5

wFGD6

FGD
SO2 increase in PM 7and PN7

SO2 decrease inPM 8; increase in PN
FF PM decrease inPN and SO 2

1 Increase in Nzihou and Stanmore (2015)
2 Selective non-catalytic reduction
3 Selective catalytic reduction
4 Srivastava et al. (2004)
5 Ylätalo and Hautanen (1998)
6 Wet-FGD
7 Ma et al. (2016)
8 Córdoba et al. (2012)

5.1 Future outcomes

Future research questions could be related to potential aerosol mass produced from the
emissions of a power plant or related to the volatility and hygroscopicity of the potential
aerosol mass. These should be further studied to fully understand the atmospheric e�ets
of the particles in terms of climate change and air quality. At the same time, it would be
bene�cial to study the gaseous precursors in more detail in the diluting �ue-gas plume.
The precursor gases seem to have a high impact on the particle number concentration in
quite early stages in the atmosphere. A chemical-ionization atmospheric-pressure inlet
time-of-�ight mass spectrometer could be used to measureSO3

� , H2SO4 and organics,
but applicability, to atmospheric measurements to understand the cluster chemistry would
be challenging. A simpler approach would be to use a Particle Size Magni�er andCPC
to measure the particles below 3 nm in the �ue-gas plume.

New particle formation in the �ue gas clearly increased the particle concentrations in the
atmosphere. These newly formed particles can grow larger due to coagulation, agglomer-
ation and condensation. Larger particles can then further act as a cloud condensation
nuclei. There is no information about the potential of a newly formed particles for cloud
condensation nuclei activation.

Real-scale emission studies are still needed to understand what consequences real emissions
have on particle formation and �ue-gas cleaning devices. There is a lot of information on
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the small-scale testing of di�erent fuels. The results of gaseous emission measurements
can be scaled to real-world applications. In comparison, no one knows if the particle
concentrations measured in small-scale tests can be transferred to a real scale, because
the aerosol processes depend on the gas phase composition, as well as the particle
concentration and size. This scalability of particle emissions from laboratory to reality is
one problem to solve using real-scale emission studies companied with small-scale studies.

A SNCR-system has been installed in Hanasaari because of the tightenedNOx emission
limits (Ministry of the Environment, 2016). Nevertheless, the power plant has decided
to shut down in 2024. However, on a global scale, coal will be still combusted, even
though, coal combustion will end in Finland. I hope the results presented in the thesis
will help people elsewhere to make decisions related to controlling power plant emissions.
In addition, the fuel change can lowerCO2 emissions, but the change will not guarantee
lower particle number emissions, and the fuel change can override the observed cooling
radiative e�ect of particles (Frey et al., 2014).
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