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ABSTRACT 

This scientific report is a part of the efforts to achieve an efficient and a non-polluting 

heating technology by biomass combustion. The report is included in the technical 

development aimed at sustainable energy production. It also provides an increase in the 

scientific competence in Sweden with respect to this area and has connections to technology 

for industrial development in the field of cleaning devices and combustor technology. The 

present work, including the scientific publications of the groups, could be accounted as a 

guideline for a national strategy directed towards a domestic sustainable development as well 

as towards a successful participation in scientific and political collaborations internationally. 

The immediate goal of the scientific work was to create an increased understanding on 

aerosol formation and emission in small and large-scale boiler so that processes (combustion 

and gas cleaning) can be optimized with respect to economy and environment. 

Accomplishment of these research activities gave the following opportunities: the 

establishment of a network between different relevant competencies, a number of 

postgraduate students that have graduated and qualified in this field of technology to develop 

criteria for efficient energy production with a minimum impact on environment and public 

health. 
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1 Introduction 

In Sweden bio-fuels including peat constitute one of the major energy sources contributing to 
approximately 16% (97 TWh) of the total energy supply, and increasing by approximately 3 TWh 
annually (Administration 2001). There are a growing number of medium sized heating units (0.5-10 
MW) operating on wood-based biofuels. These units provide an advantageous opportunity to exploit 
locally produced biomass residues. They can be located close to the heat consumer, reducing the 
investment costs for the heat distribution net. These plants generally have low emissions of unburned 
compounds, such as CO, soot and organic compounds. The boilers can use fuels that are difficult to 
handle in domestic firing, e.g. fuels with high ash and moisture contents. They can be sized and 
designed to comply with the supply of industrial waste fuels fiom local supplies, such as sawing mills 
and wood industries. Boilers in this effect range are typically of grate type, and they often lack 
efficient gas cleaning devices. It is well documented that this type of units may produce relatively 
high emissions of fine particles (Hasler and Nussbaumer 1998; Obemberger et al. 2001; Johansson et 
al. 2003). 
During combustion of solid fuels such as biomass, peat and coal, aerosol particles are formed from the 
inorganic species present in the fuel. A fraction of the particles will deposit inside the boiler, where 
they can cause operational problems such as reduced heat transfer, blockage, and corrosion (Miles et 
al. 1996; Baxter 1998; Michelsen et al. 1998). A substantial fraction of the fine particles may be 
emitted to the ambient air, especially when there is no effective gas cleaning. Several epidemiological 
findings demonstrate the correlation between increased ambient levels of PMlO and PM2.5 and 
increased mortality and morbidity in the population (Dockery and Pope 1994; Schwartz 1994; Pope et 
al. 1995; Schwartz 1999; Samet et al. 2000). 

1 .  Aims of this work 

In this project, particle and gaseous emissions from 7 medium sized heating units located in the South 
of Sweden were extensively characterized. The general objectives of the present study are 
investigation of particle formation by a mechanistic interpretation of the emission data. Also a method 
a novel sampling method for combustion aerosols at high temperatures is investigated. This method 
may facilitate future the investigation of how aerosol particles are formed and how they evolve in the 
hot sections of the boiler and the flue gas ducts. 

1.2 Combustion of biofuels 

Biofuels include a vast range of biomass that can be used for energy production. Biomass is organic 
matter that can be available on a renewable basis, and includes agricultural crops, wastes and residues; 
wood and wood wastes and residues; animal waste; municipal waste; and aquatic plants. 

Biofuels generally contain a high fraction of volatiles, that is, material that will be released during 
pyrolysis. They also contain about 0.5-20% of inorganic compounds that will form ash when the fuel 
is combusted. The highest concentrations of ash are found in herbaceous materials such as straw and 
grass, whereas wood contains inorganic species in the lower range. The ash-forming elements in 
biomass fuels include silica, potassium, sodium, calcium, magnesium, phosphorous, zinc, chlorine, 
and sulphur, as well as a number of trace elements, including transient and heavy metals. 

In wood fuels the most abundant ash-forming element is calcium, followed by potassium, sulphur and 
chlorine, whereas the silica content is much lower if not introduced as contaminations e.g. soil, during 
harvesting or handling. Potassium is a macronutrient for plants and is more abundant in younger, 
actively developing tissues than in mature stem wood. In biomass fuels 80-90% of the potassium 
occurs in the form of mobile (water soluble and ion exchangeable) species, making it more 



susceptible to vaporisation during combustion (Miles et al. 1996; Baxter et al. 1998; Dayton et al. 
1999). This is in contrast to coal, where the alkali (sodium) occurs mainly in the form of more stable 
silicates. Calcium has lower mobility than alkali in biomass, as well as lower vapour pressure at 
combustion temperatures. Consequently calcium will not be vaporised, and therefore mainly be 
present in the bottom ash or in the coarse fly ash fraction. 

There are several techniques available for combustion of solid biomass fuels. These include(Loo and 
Koppejjan 2002): 
- Fixed bed combustion 
- Fluidised bed combustion 
- Pulverised combustion 

Fixed bed combustion systems rely on combustion of the solid fuel where the fuel particles form a 
continuous bed during combustion. Fixed bed combustion includes grate-combustion, where the fuel 
bed is resting on a perforated grate through which air and combustion gases can pass. In updraught 
grate boilers, the air is supplied from below and distributed over the bed by the grate. In moving grate 
boilers, the fuel is frequently pushed down the grate, as it is combusted. Pushing of the fuel can be 
accomplished by moving every second grate section group-wise, enforcing the fuel to slide down the 
grate. The updraft moving grate technique is widely used in small to medium sized district heating 
units. In the downdraft techniques, the combustion air is supplied from above and the combustion 
gases leave the fuel bed through the grate. In these cases, the grate is exposed to the hot combustion 
products and is usually manufactured from ceramic, heat resistant materials. The downdraft technique 
is mainly used in small-scale applications, e.g. in domestic log firing boilers. 

Within fluidised bed combustion, the fuel is burned in a self-mixing suspension, which is maintained 
by a high gas velocity through the bed. To obtain a uniform fluidisation, the bed usually consists of 
90-95% of inert material, e.g. sand, and only 5-10% of fuel. Depending on the fluidisation gas 
velocity, bubbling bed and circulating fluidised bed combustion techniques can be distinguished. In 
the circulating fluidised bed (CFB) combustion, non-combusted material is separated in the process 
cyclone and reintroduced into the combustion chamber. Particles that are too small to be separated in 
the cyclone will follow the flue gas to be treated in the flue gas cleaning system. 

Pulverised combustion is the most common technique for large-scale coal combustion. It has also 
been used for combustion of some pulverised biomass fuels. The fuel is ground in mills and is then 
supplied with the primary air to the burners. The particles are small and have a high surface area, 
which facilitates a rapid and efficient combustion process. Most of the inorganic material in the fuel 
will follow the flue gas to the flue gas cleaning system. 

1.3 Particle formation 

The woody fuel introduced into the combustion chamber, will undergo a series of physical and 
chemical transformations. Firstly the fuel is dried. As the fuel is further heated, it will devolatilise, 
which includes craclung of the molecular structure of the wood and release of hydrocarbons. After 
devolatilisation (pyrolysis) the remaining char will be oxidised. These processes (drying, pyrolysis 
and char oxidation) are partly separated in time and room. In pulverised combustion, the spatial and 
time separation is in the micro range, whereas in moving grate furnace, separate conversion-zones can 
be identified, i.e. a drying zone, a devolatilisation zone, and a char oxidation zone. 

The fly ash particle forming elements in solid fuels include Si, Ca, K, Na, S, C1, Mg, Zn, Fe, Mn as 
well as other transition and heavy metals. The fly ash forming material may be released to the gas by 
a number of mechanisms. The release may be classified according to when in the combustion process 
the component is released, that is, if the component is released during the dryinglpyrolysis phase, 
during the char combustion, or from the ash residue. It may also be classified according the physical 
state of the material, that is, whether it is released from the fuel as a vapour or as particles/droplets. 



An additional class of particle inception that may be identified is particles formed from fly ash 
material, which has been previously deposited on surfaces in the boiler, flue gas channels, or gas 
treatment equipment, and then re-entrained as coarse fly ash particles. Solid material can generally not 
be fragmented into aerosol particles smaller than about 0.5 pm and material released by 
fragmentation/dispersion is generally found in the coarse particle fraction. 

After being released from the fuel, the gaseous ash forming components may deposit on the surfaces 
in the boiler or it may undergo a series of physical and chemical transformations to form aerosol 
particles. Inorganic vapours may form particles by homogenous nucleation in the boiler when the 
saturation ratio exceeds unity, which is when the partial pressure exceeds the saturation vapour 
pressure. Any substantial rate of particle formation by homogenous nucleation requires saturation 
ratios considerably higher than unity. High saturation ratios may be induced by rapid cooling of the 
flue gas or, by homogenous gas phase reactions, forming new compounds with lower vapour pressure. 
Nucleation is then a very rapid process, where a large number of particles representing a high surface 
concentration, is formed. The high surface area concentration will quench any further nucleation, 
since the saturation ratio will be decreased as the vapour condenses on existing particles. In order to 
understand the dynamics of particle formation in biomass combustion, there is a great interest in 
establishing the paths of nucleation and condensation for different particle forming components. 
These paths will influence in what size fraction the components will be present, as well as the particle 
concentration and size distribution in the flue gas. Since it is difficult to characterise the aerosol at 
high temperatures, the formation paths and mechanisms have generally been deduced from how ash 
forming components are released from the fuel, and from their distribution in the particles sampled 
downstream the boiler. 

The material dispersed as particles or droplets generally contribute to the coarse fraction of the 
combustion aerosol. The relative contribution of condensing material onto these particles is generally 
limited by the lower specific surface area of this particle fraction, as well as the limited transport 
through the depleted boundary layer that forms around the coarse particles. 

Particles formed may react with the gaseous species present in the flue gas. These heterogeneous 
reactions may be driven by the change of atmosphere in the fmace  i.e. the change from a reducing to 
an oxidising environment as well as by changes in temperature. Heterogeneous reactions may be 
transport limited or kinetically limited. If they are transport limited, and there is competition for 
reactive gas between the coarse and the fine fraction, the reaction will be guided to the fine fraction by 
the same transport mechanism as for condensation. However, if the reaction is rate limited, the 
reaction may also be guided towards the interior surface of large porous particles. 

Particle nucleation and coagulation is generally accompanied by particle coalescence, where particle 
aggregates fuse into more compact structures. The rate of coalescence depends on surface properties 
as well as diffusivity and viscosity of the particle material. Consequently, coalescence is favoured by 
high temperatures and a high specific surface area (small particles). Figure 1 (from Lighty et al., 
2000) illustratres the major processes affecting the formation of submicron and supermicron ash 
during combustion of coal, biomass and oil. 



Figure 1. Formation of inorganic particles during combustion of solid and liquid fuels. (From Lighty 
et al., 2000) 

1.3.1 Particle formation in pulverised coal combustion. 
The formation of particles from pulverised and CFB coal combustion has been studied extensively 
since the 1970s (Sarofim et al. 1977; Flagan 1979; McNallan et al. 1981; Damle et al. 1982; Quann 
and Sarofim 1982; Lind et al. 1996). Coal combustion generally produces a bi-modal particle size 
distribution with one fine mode in the submicrometer range and a coarse mode in the supermicrometer 
range. Part of the inorganic material is included in the coal matrix as discrete crystals, and some is 
incorporated in the organic matrix as organo metallic complexes or as ion-exchanged metals bound to 
organic acids. Some of the minerals are present as extraneous particles. 

The fine particle mode around 0.1 pm is formed via nucleation of vaporised ash components and 
growth by coagulation and heterogeneous condensation. In the high temperature and reducing 
atmosphere surrounding the char particle, the refractory oxides (e.g. Si. Al, Fe, Mg) can undergo a 
reduction to more volatile sub-oxides or metals and vaporise. The vapours diffuse out and away from 
the burning char particle. In the boundary layer of the char particle, the reduced compounds oxidise 
and move into the solid phase via a supersaturated nucleation process. 

The coarse particle fraction is formed by char fragmentation proceeded by transformation of the non- 
volatile ash fraction. The fly ash mass is dominated by the coarse fraction (typically -99%). 

1.3.2 Particle formation in large scale biomass conrbustio~z 
During biomass combustion the coarse fly ash particles (> lpm) are formed mainly from refractory 
ash components such as Ca, Mg and Si, whereas fine particles in the submicometer range, are formed 
mainly from more volatile constituents that are vaporised in the combustion process. Volatile 
elements and compounds such as alkali metals, S, C1 and heavy metals are released from the fuel to 
the gaseous phase and subsequently undergo homogeneous gas phase reactions. Bench scale 



combustion tests have indicated that the major release of alkali material occurs during the char 
combustion phase (Dayton et al. 1995; Wornat et al. 1995; Olsson et al. 1997; Dayton et al. 1999; 
Davidsson et al. 2002). Since the C1 concentration in biomass fuels is high, it has been assumed that K 
associates with C1 as the fuel is dried, and is then evaporated as gaseous KCI. However it has been 
shown that during pyrolysis of several biomass samples, 20-50% of the water soluble C1 was already 
released already at 400°C, and that at 900°C 30-60 % was left in the char. Only a minor fraction of the 
C1 was released in the temperature interval where evaporation of KC1 would be expected (Bjorkrnan 
and Stromberg 1997). These findings may have implications for the particle formation process in 
grate combustion units, since components released at different temperatures may be spatially 
separated close to the fuel bed. 

During combustion of straw, the main constituents of the submicron particle fraction were potassium 
sulphate and chloride (Christensen et al. 1998). A theoretical analysis indicated that the gas to particle 
conversion occurs during the cooling of the flue gas by homogeneous nucleation of K2SO4 particles, 
which act as condensation nuclei for the subsequent condensation of KCl. If the rate of oxidation of 
SO2 to SO3 is slow or if there is not enough C1 and S to bind K as K2S04 and KCI, other nucleating 
alkali compounds such as KOH, and K2CO3 may form. 

Circulating fluidised bed combustion of wood has been shown to produce a fly ash mass size 
distribution with at least two distinct modes (Valmari et al. 1998; Valmari et al. 1999; Valmari et al. 
1999). In the CFB boiler, a major part of the the refractory ash will be re-circulated in the furnace 
until deposited in the bed material or fragmented to a size small enough to pass the process cyclone. 
Consequently, in CFB combustion of wood, the fly ash mass upstream the particle emission control 
device, will generally be dominated by the coarse fraction. 

Grate combustion of wood has also been shown to produce a bimodal fly ash mass size distribution, 
but in this case the fly ash is usually dominated by the fine mode (Hasler and Nussbaumer 1998; 
Obernberger et al. 2001; Pagels et al. 2003; Lillieblad et al. 2004). In a grate boiler the refractory ash 
will not be fragmented as effectively as in a CFB, but will to a larger extent be transported out of the 
boiler as bottom ash. Consequently, the coarse fraction of fly ash will generally be lower in a grate 
boiler than in a CFB. During combustion of bark in a moving grate 450kW boiler, considerable 
amounts of Ca were found in the submicron mode (Obernberger et al. 2001). The authors assumed 
that a release of Ca to the vapour phase was not possible and that very small Ca particles already 
existed in the flue gas directly after the flue gas left the fuel bed. The coarse particle concentration 
may vary substantially for different biomass fuels. In one study (Hasler and Nussbaumer 1998), the 
particle size distributions of the fly ash was determined with an Andersen cascade impactor for 
various biomass fuels in different furnaces and under different operating conditions. For native wood, 
chipboard fuel, urban waste wood and hay, unimodal particle size distributions were found with mean 
diameters <0.25 pm. Bark was the only fuel investigated, that produced a bimodal particle size 
distribution 

1.3.3 Heavy metals in jly ash from wood based fuels 
Some growing plants have a tendency to take up and accumulate heavy metals from the soil. During 
combustion the heavy metals are usually enriched in certain ash fractions. The heavy metal behaviour 
during fluidised bed combustion of biomass has been investigated in a few studies (Valmari et al. 
1998; Lind et al. 1999). There are also some studies on fly ash from grate boilers. (Biedermann and 
Obernberger 1998; Obernberger et al. 2001). Heavy metals are generally volatile and may evaporate 
during combustion and may form particulate matter by gas to particle conversion. It is well known 
that by injecting sorbent powders e.g. lime and kaolinite, heavy metals may be separated by surface 
reactions on the sorbent particles. During CFB combustion of forest residue the studied heavy metals 
were to a large extent chemically bound to the coarse fly ash fraction (Lind et al. 1999), and none of 
the heavy metals studied were enriched in the fine particle fraction. During grate combustion of 
biomass, there is less residence time and fragmented fly ash available for the binding with the coarse 
particle fraction. In addition the temperature is higher. Consequently, one would expect the heavy 



metals to be more associated with the fine fraction. Obenberger et al. found that the concentration of 
Pb, Zn, As, and Cd increased with decreasing particle diameter (Obernberger et al. 2001). 

1.3.4 Inorganic carbon (sooi) 
Soot is inorganic carbon (IC) particles that forms in a flame as the result of a complicated chain of 
events. After inception soot will form an agglomerated structure with primary particles in the size 
range of 10-50 nm (Flagan and Seinfeld 1988). Soot particles formed in the fuel-rich regions of the 
flame are oxidised in the fuel-lean regions of the furnace. If the combustion conditions are 
unfavourable, e.g. by innsufficient mixing, the soot particles may escape the combustor, thereby 
contributing to the particulate matter emitted. 

The high concentration off soot particles in the flame is a complicating factor in understanding the 
formation of inorganic particles, since particles formed prior to or in the flame will participate in the 
soot particle dynamics, that is, inorganic particles may be enclosed by soot, which subsequently 
oxidise. This may affect the temperature and atmosphere around the particle, as well as the collision 
frequency and the resulting particle size distribution. Further more, sot particles may act as seed 
particles for nucleation and coagulation of inorganic particles, which may affect the resulting size 
distribution as well as partitioning of elements in the resulting particles. 

1.3.5 Organic carbon 
As for soot, organic carbon (OC) components such as tars and PAH, found in the fly ash are a results 
of incomplete combustion. These compounds may deposit on the particle surface as the flue gas is 
cooled. They generally are much more volatile than the ash forming compounds, and consequently 
OC condensation will take place on the surface of the previously formed fly ash particles. 

1.4 Health effects of combustion aerosols 

The epidemiological link between air pollution and death was established many years ago by a series 
of smog episodes (Meuse Valley, Belgium, 1930; Donora, Pennsylvania, 1948; London, United 
Kingdom, 1952). In all of these incidents, stagnant weather conditions made concentrations of black 
smoke, sulphur oxides, and noxious substances rise to levels that were extremely high. In the London 
case, the number of deaths caused was estimated to exceed 4,000 in one week. Since the mid-1970s, 
much additional research on the health effects of air pollution has been conducted. Ease of access to 
electronically archived data on mortality and hospital admissions, along with development in 
analytical tools for statistical evaluation have given researchers new opportunities to explore the 
relationships between air pollution and various diagnostic outcomes for both illness and cause of 
death. Several recent reviews have concluded that particulate matter emitted from combustion sources 
can be associated with human morbidity and mortality (Dockery and Pope 1994; Pope et al. 1995; 
Samet et al. 2000). Studies that have examined cause-specific mortality have consistently shown that 
in addition to respiratory deaths, cardiovascular deaths increase with increased particle exposure 
(Poloniecki et al. 1997; Schwartz 1999). Poioniecki et al. estimated that 1 in 50 heart-attack patients 
treated at London hospitals are triggered by outdoor air pollution. 

Suggested causes of the negative health effects caused by airborne particulate matter include particle 
composition. Heavy metals present in the fuel can be enriched in the submicrometer fraction of 
combustion-generated particles, which have a high penetration probability to the lower respiratory 
tract. Transition metals including iron, vanadium, copper, and nickel act as catalysts in the formation 
of reactive oxygen species and are associated with the activation of many biochemical processes 
(Lighty et al. 2000). Particles emitted from the combustion of a mixture of dried human sewage 
sludge and pulverised coal was shown to have a significant negative impact on lung functioning in 
mice (Fernandez et al. 2001). In this case, the toxic effects seemed to be associated with the presence 
of zinc in the fine particles. The health effects of soot include the role of soot as the major type of 
combustion-derived ultrafine particle mass in the ambient air, and fiom the role of associated organic 



compounds e.g. polycyclic aromatic hydrocarbons (PAH), which have mutagenic, carcinogenic, and 
imtant properties. 

1.5 High temperature characterisation of combustion aerosols 

In order to understand the physical and chemical dynamics of the ash forming components, it is 
desirable to characterise the combustion aerosol at high temperatures. There are certain properties that 
must be considered when sampling and measuring aerosols of high concentration and temperature, 
since a number of dynamic physicochemical processes are in progress within the aerosol system. The 
characterisation of aerosols at temperatures where part of the inorganic vapours have not yet 
condensed, requires the instrument to be kept at the flue gas temperature during the measuring 
procedure. If the gas is to be extracted and cooled, the effects of condensing species must be taken 
into account. 

In order to avoid condensation of gaseous species, the aerosol can be sampled at high temperatures in 
situ using filters or impactors. Valmari et al. investigated the formation and transformation during the 
fluidised bed combustion of willow, using a Berner low-pressure impactor at 650°C (Valmari et al. 
1998). 

In another study by Valmari et al., inorganic vapours and fly ash particles were studied at 810-850 "C 
in a 35 MW circulating fluidised bed, firing two different bio-fuels (Valmari et al. 1999; Valmari et 
al. 1999). In this study two sampling systems were used. In the first system the hot flue gas passed a 
pre-cyclone and a quartz fibre filter in order to separate the particle phase from ash vapour 
components. Then the filtered gas was quenched with cool air in order to condense the inorganic 
vapours. A porous steel tube was used as a dilution probe in order to minimise losses of vapours and 
particles to the walls of the probe. The particles formed during quenching were then collected on a 
poly-carbonate filter. The second sampling system used by Valmari et al. in the 35 MW boiler, was 
designed in order to investigate the fly ash particle mass distribution and size resolved composition. 
The flue gas was quenched without passing the quartz filter and then classified using a Berner Low 
Pressure Impactor. The inorganic vapours condensed during quenching and appeared primarily in the 
submicron mode. 

The formation of submicron particles in pulverised olive reside combustion was studied using an 
aerodynamic-quenching probe (Jimenez and Ballester 2004). In the probe the hot flue gas was 
accelerated and expanded using a nozzle entrance followed by a divergent cone, which induce a 
sudden decrease in gas temperature. The particles formed were then collected on TEM substrates by 
means of impaction. In the probe the condensing species formed a nucleation mode around 15 nm, 
which could be clearly distinguished fiom the original particle mode in the subsequent TEM-XEDS 
analysis. 

2 Measurements sites 

In Sweden there are a number smaIl grate boilers (< 10 MW, thermal) used for district heating and for 
producing process heat in sawmills. These boilers are mainly fired with local bio-energy fuels such as 
wood-waste and by-products fiom the local wood industry. There are also a few boilers fired with 
processed fuels like pellets. The flue gas cleaning systems are in many cases limited to multi-cyclones 
for dust removal. The particle emission requirements are usually in the range of 100-150 mgNrn3. 
Slightly larger boilers often have emission requirements of 50 mg/Nm3 and are therefore equipped 
with an additional dust removal device, commonly a single field electrostatic precipitator (ESP). 
These boilers may also be equipped with a flue gas condenser, in order to maximise the thermal 
efficiency. 
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A schematic view of the moving grate boiler design, including furnace and heat exchanger is shown in 
Figure 2. The fuel is transported into the furnace using a conveying screw. The fuel is then further 
transported down the moving grate while combusted. Air is supplied from the primary air ports below 
the moving grate, as well as from the secondary and tertiary air ports. In some boilers re-circulated 
cooled flue gas can be supplied, in order to control the combustion process. The temperature of the 
flue gas inside the furnace is around 1000°C. Upon exit from the boiler, the flue gas temperature has 
decreased to about 200°C. 

Measurements were carried out at 7 biomass-fired boilers used in commercial district heating units. 
All of them were situated in the south of Sweden. A summary of the boilers included in this study 
together with information about their maximum thermal effect, type of fuel used, operating load and 
present gas cleaning devices is given in Table 1. Additionally, high temperature measurements were 
made upstream the super heaters in a 104 MW CFB boiler. In the following presentation the boilers 
will generally will be denominated XY W ZZ, where XY refer to the unit, W refer to the year of the 
measurement campaign, and ZZ refer to the boiler load [Low load (LL), Medium Load (ML), High 
Load (HL)]. 



Table I .  List of boilers included in this study, their maximum thermalcapacityt, type offuel used, 
operating load and used gas cleaning devices. 

Thermal Load Flue gas 
Unit capacity Fuel Gas cleaning recirculation. 

In 1 MW Forest residue Mediummigh Yes Multicyclone 

At 6 MW Forest residue High Yes Multicyc1.-ESP-Cond. 

Ro 1.5 MW Sawdust Low/Medium/High Yes Multicyclone 

Br 1.5 MW Pellets LowIMedium Yes Multicyclone 

Kk 12 MW Forest residue High Yes Multicyc1.-ESP-Cond. 

FP 0.9 MW Pellets Low No Multicyclone 

RP 0.7 MW Pellets Medium No Multicyclone 

Sk 104 MW Forest res./Peat Medium 

All of the medium sized (0.7-12 MW) boilers are of moving grate types. The fuel is transported into 
the furnace using a system of conveying screws. The fuel is injected continuously or with short 
intervals. All boilers >1 MW has flue-gas re-circulation in order to control the combustion process. 
Boiler Br and Fp have horizontal tubes for heat exchange and the rest have vertical tubes. All units are 
equipped with multicyclones for separation of coarse ash particles and fuel particles. The units At and 
Kk are equipped with single field electrostatic precipitators (ESP) for additional particle separation. 
They are also equipped with flue gas condensers in order to increase the heat output from the flue gas. 
All of the boilers are O2 regulated, that is, the pre-set O2 concentration is regulated by variable-speed 
control of flue gas fan, which is positioned downstream the cyclone (condenser in At and Kk). 
Generally the O2 value is set to 4-8 %. If the temperature inside the boiler approaches a set maximum 
value, the O2 regulation is changed into temperature regulation, in order to prevent interior damages 
of the furnace. In addition to the automatic regulation, the boiler includes a number of manually 
operated draught valves, which are occasionally adjusted by the personnel in order to optimise the 
boiler operation In boiler At and Kk, CO and NOx are monitored continuously in addition to 02 .  The 
temperature of the flue gas inside the furnace is around 1000°C. Upon exit from the heat exchangers, 
the flue gas temperature has decreased to about 200°C. In all moving grate boilers, the aerosol was 
sampled downstream the multi-cyclone. In At and Kk particles were also sampled downstream the 
ESP and condenser respectively (Figure 3). 
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Figure 3. Scheme of a the At unit equipped with multicyclone, electrostatic precipitator (ESP) and 
flue gas condenser. 

In 1999 gas compositions and temperatures were measured in the furnace at the At unit, operating on 
forest residues (Abrahamsson et al. 1999). The results are displayed in Figure 4. The gas was sampled 
with a water-cooled probe including a thermocouple for the temperature measurements. The positions 
of the probe ports, A1 -A3, B 1 -B3 and C3, are shown in Figure 4. The air was introduced as primary 
air, as well as secondary air through a system of nozzles in the furnace. Re-circulating flue gas was 
fed with the primary air as well as through nozzles positioned above and parallel to the grate. The 
results from the 02, CO and temperature measurements are displayed as squares in the figure. The 
front square represents the values when sampling in the centre of the furnace. The slightly concealed 
squares represent sampling close to the furnace wall. 



Figure 4. Results from temperature and gas measurements in the At unit perfomzed 1999. 

2.1 Particle separation techniques 

There are several techniques that can be used to reduce the particle emissions from biomass 
combustion, including cyclones, electrostatic precipitators (ESP) and fabric filters. In Sweden, the 
particle emission requirement for small boilers (0.5-2 MW) is generally about 150 mg/m.f (I md = 

lm3, at lbar and O°C), which usually makes cyclones a sufficient measure for fly ash removal. 
Slightly larger boilers often have a particle emission requirement of 50 mgirnd and are therefore 
equipped with an additional dust removal device, commonly a single field electrostatic precipitator. 

2.1.1 The multi-cyclone 
Cyclone separators are frequently used for the removal of particles larger than a few micrometers 
from process gases by means of inertial separation (Friedlander 2000). The gas acquires a rotating 
motion, and the particles move to the outer wall as a result of centrifugal forces. They fall from the 
slowly moving wall layer into a hopper at the bottom. For a given pressure drop and geometric 
conditions the particle cut size is roughly proportional to the cyclone diameter. By connecting a large 
number of small cyclones in parallel in a multiple cyclone (multi-cyclone), high flow and a small cut 
size can be combined. Multi-cyclones used in fix bed biomass boilers are used for separation of large 
fly ash particles (>5pm). Consequently, the cyclone is an effective measure to reduce the total dust 
mass concentration to within the legislated limits at low costs, but its effect on health related 
particulate emission levels, e.g. PM 10 and PM 2.5, is low. 



2.1.2 The Electrostatic precipitator 
Electrostatic precipitators (ESPs) are one of the most common particulate control devices used to 
control fly ash emissions from utility boilers, incinerators and many industrial processes. They can 
operate in a wide range of gas temperatures and achieve high particle collection efficiency. The total 
mass collection efficiency for ESPs can easily exceed 99% (Zhuang et al. 2000). However, field 
measurements have shown that there is a "penetration window" in the submicrometer size range 
where the collection efficiency can be as low as 70-80% (Mohr et al. 1996; Ylatalo and Hautanen 
1998). In the ESP, gas molecules are ionised by corona discharge at the discharge electrode. The 
aerosol particles are charged by the ionised gas molecules and transported in the electrical field to the 
grounded collection plates. The separated dust is usually removed by rapping at a set frequency. The 
dust is then removed out of the ESP by a conveying screw. 

2.1.3 The flue gas condenser 
The flue gas from biomass combustion will contain a considerable amount of water vapour, especially 
when fuels with high moisture content are used. In the flue gas condenser, the temperature is reduced 
below the dew point of the gas. In this way, also the latent heat of the condensation of the water 
vapour can be recovered. The rate of recovery is determined by what temperature the gas can be 
cooled to, which is determined primarily by the temperature of the re-circulating water from the 
district heat distribution net. Flue gas condensers are generally not optimised for particle separation, 
but for high heat transfer and low-pressure drop. However, it is known that the flue gas condenser can 
also reduce the particle concentration, and those particles >10 pm can be almost completely separated 
(Jakobsen 199 1 ; Neuenschwander et al. 1998). 

3 Sampling systems 

Two different sampling devices were used. In the measurements performed during 2000-2001 (In 00, 
In 01, Ro 00, Fp 00 and At 01) sampling system I was used (Figure 5). For the subsequent 
measurements, sampling system I1 was used (Figure 6). Both systems, as well as the sampling probe 
used during the high-temperature measurements in Sk 02 are described in this section. 

3.1 Sampling system I 

The flue gas was sampled iso-kinetically using a dilution probe. (Figure 5) In order to decrease gas 
temperature, particle concentration and relative humidity, flue gas was diluted (1 :20) using particle- 
free, dry compressed air. The airflow for dilution and excess flow from the outlet were controlled with 
mass flow controllers. After the dilution-probe the gas passed a pre-cyclone with dSo of 8 pm, in order 
to avoid clogging in the downstream equipment. 
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Figure 5. Sampling system I. 

3.2 Sampling system I1 

In this system the flue gas was diluted in two stages with ejector diluters (Figure 6). Filtered 
compressed air was used in both diluters. Possible organic impurities in the compressed air were 
removed with a use of active carbon filter. In the first stage the compressed air was heated to about 
110 "C to avoid condensation of volatile material on sampled particles. In the second stage air at 
ambient temperature was supplied. The dilution ratio in the particle sampling system was around 
1 : 150. Carbon dioxide control measurements were used for adequate assessment of the dilution ratio. 
The flow after the diluters was split into different instruments sustaining isolunetic sampling. 
Instruments used consisted of Low Pressure Cascade Impactor, APS, SMPS (DMA + CPC), ELPI and 
OC-EC sampling line. 
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Figure 6. Sampling system I1 



3.3 The high temperature dilution probe 

In Figure 7 the sampling probe used for the high temperature characterization of particles in the 104 
MW CFB boiler (Sk 02) is shown. The sampling probe consists of two co-axial quartz tubes. At the 
hot side of the outer tube, there is a contraction ending with a thin inlet tube. At the cold end of the 
outer tube there is a contraction to seal the outer tube around the inner tube. At the cold end there is 
also a perpendicular inlet tube for the dilution gas. The inner tube is centred inside the outer tube by a 
sleeve. The dilution air was fed through the perpendicular inlet and heated by tube walls as it was 
transported towards the dilution position at the hot end of the probe. In the dilution and mixing 
section, the gas from the inlet tube was diluted with the heated dilution air. The diluted gas was then 
cooled to about 200°C by the walls before exiting the probe. Dried and filtered compressed air was 
used as dilution gas and the flow rate was controlled using a calibrated mass flow controller 
(Bronkhorst HI-TEC). The outlet flow to the instruments was 10 llmin. 

In order to set the dilution ratio, the inlet and outlet flows on the cold end of the probe were 
controlled. By initiating each measurement by establishing the zero-flow, a stable flow difference as 
low as 0.1 llmin could be produced, yielding a dilution ratio of 1: 100 with an accuracy within 30%. 
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Figure 7. The high temperature dilution probe. 



4 Instrumentation 

In order to measure the number size distribution in field, a Scanning Mobility Particle Sizer (SMPS), 
an Aerodynamic Particle Sizer (APS) and Electric Low Pressure Impactor (ELPI) were used. The 
low-pressure impactor was used for mass size distribution measurements, as well as to sample 
particles for the elemental size distribution analyses. 

4.1 The Impactor 

The impactor is an inertial device classifying particles according to their aerodynamic diameter. In the 
simplest type of impactor of a single jet of particle-laden gas (aerosol) is impinging upon a flat plate. 
Particles larger than the cut-size of the impactor will slip across the streamlines and impact upon the 
plate while smaller particles will follow the streamlines and not be collected. In the cascade impactor, 
a series of impactor stages are used in a cascaded fashion, such that the gas passes from one stage to 
the next, to remove particles in discrete size ranges. A schematic view of the cascade impactor is 
given in Figure 8. 

Aerosol 

To vacuum pump 

Figure 8. The Dekati low pressure cascade impactor (DLPI) used in the measurements, classifies 
airborne particles in the size range 0.03-1 0 p n  in 13 stages. 

4.2 The SMPS system 

The SMPS system is an electric mobility spectrometer consisting mainly of a bipolar diffusion 
charger, a differential-mobility analyser (DMA) and a condensation particle counter (CPC) (Figure 9). 
A software package, including the inversion algorithm, is used to convert the penetration 
characteristics to the particle size distribution. 

Before entering the DMA, the aerosol particles are charged by passing though a bipolar diffusion 
charger (neutraliser), where a well-defined charge distribution is established. The DMA consists of a 
centre electrode surrounded by a grounded outer concentric cylinder. A particle free "sheath airflow" 



and the aerosol sample, flow downward and axially between the two cylinders. The DMA separates a 
narrow size channel from a poly-disperse aerosol. The size-selective separation is based on the 
mobility of charged particles in the electric field. Thus, the particle size distribution is determined 
according to the electric-mobility-equivalent particle size. In the SMPS system a CPC is used to 
establish the concentration of particles from the DMA outlet. The particle size distribution is 
determined by measuring the particle penetration characteristics as a function of the voltage applied to 
the mobility analyzer. 

Figure 9. The electric mobility spectrometer. (From TSI inc.) 

The electrical mobility spectrometer (SMPS 3934, TSI Inc.) used incorporated a or CPC 3010 (TSI 
inc.) or a CPC 3022 (TSI inc.). It was used to determine the number weighted particle distributions in 
the submicrometer range (-20-700 nm). 

4.3 The APS 

The APS (TSI Inc.) sizes particles by measuring their velocity relative to the air velocity within an 
acceleration nozzle. At the exit of the acceleration nozzle, each particle passes through two laser 
beams. The light scattered from the particle causes two pulses to be detected by a photomultiplier and 
the time lag between the two pulses is recorded. Small particles follow the motion of the air closely, 
while larger particles lag behind, causing an increase in relative velocity between air and particles. 

4.4 The ELPI 

The ELPI (Dekati Ltd.) is a real-time particle size spectrometer designed at the Tampere University of 
Technology for real-time monitoring of aerosol particle size distributions. The ELPI measures size 
distribution in the size range 0.03-10 pm with 12 channels. The principle is based on charging, inertial 
classification, and electrical detection of the aerosol particles. The instrument consists primarily of a 
corona charger, low-pressure cascade impactor and multi-channel electrometer (Figure 10). 



The sample first passes through a unipolar positive polarity charger where the particles in the sample 
are charged electrically by small ions produced in a corona discharge. The charged particles are size 
classified in a low-pressure impactor. The stages of the impactor are insulated electrically and each 
stage is connected individually to an electrometer current amplifier. The charged particles collected in 
a specific impactor stage produce an electrical current, which is recorded by respective electrometer 
channel. A larger charge correlates to a higher particle population. The current value of each channel 
is proportional to the number of particles collected, and thus to the particle concentration in the 
particular size range. The current values are converted to a (aerodynamic) size distribution using 
particle size dependent relationship, describing the properties of the charger and the impactor stages. 
The strongly size-dependent charger efficiency function relates the number of particle per current unit 
detected in each stage. Since the number of charges per particle depends on the mobility diameter and 
the size segregation depends on aerodynamic diameter one needs to know the effective density to 
correctly assess the number or mass concentration from the detected current distribution. 

Figure 10. Electrical Low Pressure Impactor. Cfrom Dekati Oy) 

4.5 Tandem Differential Mobility Analyser 

The tandem differential mobility analyser (TDMA) depicted in Figure 11, represents an approach to 
study aerosol particles on an individual particle basis. The aerosol property is studied by measuring 
the particle mobility changes as a function of a defined conditioning, e.g. elevated relative humidity 
(RH) or temperature. The TDMA used to measure aerosol hygroscopic growth is called the 
hygroscopic TDMA (H-TDMA). The H-TDMA determines, in situ, the hygroscopic diameter growth 
of individual aerosol particles when taken from a dry state (RH < 10%) to a controlled humidified 
state. The H-TDMA consists mainly of three parts: the first DMA, which selects a narrow quasi- 
monodisperse size range of aerosol at dry condition; the second part, the humidifiers, which condition 
the air to a well defined RH; and the third part, the second DMA, which determines the change in 
diameter caused by the humidification. 
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Figure 1 I .  The scheme of the H-TDMA. 

4.6 Sample characterisation 

4.6.1 PIXE 
The samples from the 13-stage multi-jet low-pressure cascade impactor (Dekati DLPI), collected on 
Nuclepore polycarbonate substrates were analysed for elements with atomic numbers greater than 12 
(Z>12) with PIXE. 
In PIXE (Particle Induced X-ray Emission), charged particles, such as protons, a -particles or heavier 
ions are used to create inner shell vacancies in the atoms of the specimen. The characteristic X-rays 
produced by de-excitation of the vacancies can be measured by an energy-dispersive X-ray detection 
system. 

The PIXE analysis used a proton beam with an energy of 2.55 MeV from an electrostatic single-ended 
accelerator of type NEC 3UH. The X-rays induced by the proton beam and emitted from the sample 
were detected with a HPGe X-ray detector, and the resulting X-ray spectra were evaluated with the 
fitting programme GUPIX, converting peak areas to elemental concentrations. Typical analytical 
conditions were a proton current of 10-50 nA, and a total collected proton charge of 5-20 PC. A broad 
beam with a diameter of 10 mm was used. This beam covered the entire impactor sample. Blank 
samples were also analysed, and all concentrations were blank-corrected. Normally 10-20 elements 
were found above detection limits and could be quantified. Typical uncertainties for elements were 
within 10% (Wierzbicka 2004). 

4.6.2 Ion chromatography 
Selected aluminium substrates from 13-stage multi-jet low-pressure cascade impactor (Dekati DLPI) 
were used to detect water-soluble positive and negative ions such as: K', ~ a ' ,  M ~ ~ ' ,  ca2+, C1-, and 
~ 0 ~ ~ -  using ion chromatography (IC). The same aluminium substrates were used first for gravimetric 
analysis then for ion chromatography. 

4.6.3 Particulate organic and elemental carbon 
For particulate organic carbon (OC) and elemental carbon (EC) sampling quartz filters were used 
(Figure 12). Prior to the sampling the quartz filters were pre-heated for three hours at 800°C in order 



to remove organic impurities. The sampling line for particulate OC and EC analysis was split into two 
parallel lines after a pre-cyclone with a cut-off diameter of about 1 pm, hence achieving collection of 
fine mode particles. In one sampling train a quartz filter (Q) was placed and in the other a teflon filter 
(T) followed by quartz backup filter (QBCK). This enabled capturing of the particles on teflon filter (T) 
while analysis of the downstream backup quartz filter (QBCK.) allowed estimation of the amount of gas 
phase organic vapours absorbed onto quartz filter (positive artefact). A thermal-optical method, using 
carbon analyser developed by Sunset Laboratory Inc., was used for organic and elemental carbon 
analysis. 

Figure 12. Particulate organic and elemental carbon sampling line. 

QBCK 

4.6.4 Single-particle imaging 
Transmission electron microscopy (TEM) was used to study the morphology of fine particles. The 
particles were collected, with a specifically designed electrostatic precipitator, directly onto electron 
microscopy copper grids, covered with a thin carbon or Formvar (polyvinyl formaldehyde) substrate. 
The precipitator was placed between a DMA and a CPC enabling collection of already charged 
particles of known electrical mobility, as well as control over the number of particles collected in the 
device. Artificial "shadows" were imposed on particles collected in the device. 

) 

4.6.5 PAHmeasurements 
The sampling train consisted of a probe, a particle filter and a condenser followed by a solid adsorbent 
filter, a drying tower, a pump and a volume flow meter (Figure 13). Before each run the sampling 
equipment including all components of the sample line were cleaned. 

Pre- 
cyclone 

The sampling probe was inserted into the stack downstream the multi-cyclones. Isokinetic sampling 
was achieved by choosing a proper probe diameter. The glass fibre particle filter was placed directly 
after the probe, outside the stack. The sampled gas was cooled below 20 "C and the condensate was 
collected in a flask. A glass cartridge packed with XAD-2 sorbent trap and supported by polyurethane 
foam (PUF) plug was used to collect the gas phase PAHs downstream the condenser. After each 
sampling cycle the sampling train was rinsed with acetone. The acetone was added to the condensate 
and included in the analysis. The sampled volume was approximately 1 m3. All experiments were 
repeated three times. In addition to PAH, concentration of 02, temperature at the PAH sampling point, 
as well as boiler load (fuel feeding rate) were recorded. 

Q 

The sample treatment included soxhlet and liquid-liquid extraction, filtration through silica gel 
column and dimethylformamide (DMF) purification before the GC-MS analysis. The PAH was then 
analysed with GC-MS SIR (gas chromatograph - mass spectrograph - selecting ion recording) on the 
two filters and the condensate. The total PAH concentration was achieved by adding the 29 selected 
PAHs. 
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Figure 13. PAH sampling train. 

4.6.6 Flue gas composition analysis 
During the external flue gas composition analysis the hot flue gas sample was extracted from the flue 
gas channel. The gas was filtered and transported in a heated hosing to the instrument. In the 
instrument the gas was split into two gas streams. One was transported to the flame ionisation detector 
(FID) for total hydrocarbons analysis. The other was cooled and filtered before transported to the gas- 
analyzing instrument. The gases 02, CO, C 02 ,  NO were analyzed using infra red (IR) technique and 
NO2 was analyzed using UV technique. 



5 Results 

In this section the results from the field measurements in 2000-2003 are summarized. In some units 
several measurements campaigns were carried through, but generally only results from one campaign 
are presented. 

5.1 Biofuels characteristics 

Particle emissions from combustion of the three most commonly used biofuels in Swedish district 
heating: forest residues, pellets, and sawdust, were studied. The fuel and fuel ash analysis for fuels 
used in Ro 02, In 01, and Br 02 are given in Table 2 respectively, representing the three different fuels 
used in this study. 

The forest residues consist mainly of wood chips from felling waste and by-products from the timber 
processing in the forest. Bark content is relatively high in this fuel. Spruce and pine are the dominant 
species. Moisture content was about 50 % (weight), ash content on the dry basis (d.b.) was about 2 % 
(weight). The pellets are produced mainly from sawdust and cutter shavings. They are refined and 
relatively homogenous with low moisture content (-7 % weight) and shaped into cylindrical fuel 
particles of about 8 mm in diameter. The bark content in the pellets was low, and ash content (d.b.) 
about 0.5 % (weight). The sawdust used in Ro is a by-product from a local board manufacturing 
industry. It contains cutter shavings in addition to sawdust. Moisture content was about 10 % weight. 
Bark was not present in this fuel, ash content (d.b.) was about 0.3 % by weight. 



Table 2. Fuel composition and ash composition. 

Unit Ro 02 In 01 Br  02 
Fuel Sawdust Forest residue Pellets 
Moisture (% ) 9,84 48.4 7,3 
Ash 0,32 2,15 0,5 
Ultimate analysis (% by weight, dry basis) 
C 51,l 50,5 

Ash composition ( % ,prepared at  575OC) 
Method ICP XRF ICP 
Si02 1 1,4 12.2 
A1203 2,44 1.7 
CaO 3 1,6 35.7 
Fe203 0,78 1 .O 
K 2 0  11,l 14.1 
MgO 9,8 1 5.2 
M n 0 2  4,07 0.8 
Na20 1,06 0.8 
P205  1,99 6.5 
T i02  0,08 0.0 
SO3 2.9 
C1 0.0 
C 0 2  18.3 (LECO) 
As ( P P ~ )  < 6  
Ba (PPm) 1580 1000 (BaO) 
Be (PPm) < 0,6 
Cd ( P P ~ )  2 1,7 
c0 ( P P ~ )  13,7 
C r  @Pm) 48,6 
Cu (PPm) 269 
Hg ( P P ~ )  < 0,2 
La (PPm) < 6  
Mo ( P P ~ )  < 6  
Nb (PPm) < 6  
Ni ( P P ~ )  28,2 
Pb ( P P ~ )  40,2 
S ( P P ~ )  8710 
Sc ( P P ~ )  < 1 
Sn ( P P ~ )  < 20 
Sr  ( P P ~ )  919 2000 (SrO) 
V (PPm) 19,9 
W ( P P ~ )  < 60 
Y ( P P ~ )  8,28 
Zn ( P P ~ )  5790 3000 (ZnO) 
Z r  (ppm) 42,8 



5.2 Particle concentration and size distribution 

5.2.1 Number and mass concentrations 
The number concentrations for all studied boilers, measured with SMPS, APS and ELPI are 
summarised in Table 3. The total number concentration after the multicyclone as measured with the 
SMPS was clearly dominated by fine mode (d, < 0.8 pm) and varied between 2.0*lo7 to 9.0*107 
particles/cm,3 (cm; = cm3 O°C, 1 bar, 13% C0'). The corresponding number concentration of the 
coarse mode (d,, > 1 pm) was 3 to 5 orders of magnitude lower than the number concentration of fine 
particles. The total number concentration as given by the ELPI was typically within a factor 2 of the 
SMPS results. The number concentration given by the ELPI will depend on the assumed effective 
particle density entered into the ELPI software. 

Table 3. The number concentrations as given by SMPS, APS and ELPI. 

Number Number Number 
concentratio concentratio concentratio 

Boiler Type Of Load 
Sampling n n n 

fuel position d,0.01-0.8 da,0.8-5pm d,, (0.03-10 
pm (SMPS) (APS) Pm (ELPI) 

[ C ~ , J I  [c~;] [cmi31 
Low After cyclone 3.4. lo7 2.1 . lo3 6.8 ' lo7 

Ro 02 Sawdust Medium After cyclone 6.7 . lo7 1.0. lo4 1.3. 10" 
High After cyclone 6.1. lo7 1.2. lo4 1.8 . 10" - 
Medium Before cyclone 6.8 . lo7 2.7 . lo2 Forest 

In O1 residues Medium After cyclone 4.7 . lo7 1.5 . lo2 
High After cyclone 5.1. lo7 2.7. lo3 - 
High After cyclone 4.4 . lo7 8.7 . lo3 

At 01 Forest High After ESP 1.8. lo6 3.3. lo2 - 
residues After 

1.7. lo6 2.4 . lo2 
High condenser 

- 

Br O2 Pellets Low After cyclone 2.8. lo7 5.8. lo3 5.3 . lo7 
Medium After cvclone 6.3 . lo7 4.3 . lo3 5.1 . lo7 

FD 00 Pellets Low After cvclone 2.0 ' lo7 - 
High After cyclone 9.0 . lo7 5.4' lo3 4.6. lo7 * 

Kk 03 Forest High After ESP 1.0. lo6 2.3 . 10' 9.0 . lo5 * - 
residues After 

High condenser 

* in these cases assumed density of 1 g/cm3, for all other ELPI values assumed density of 2 &m3. 

Number size distributions for the particles with mobility equivalent diameter between 15 and 600 nm 
(measured with SMPS) displayed a variation of the peaks representing different geometric mean 
diameters for the three fuels (Figure 14a). On average the GMD was about 100 nm for forest residues, 
80 nm for pellets and 70 nm for sawdust. The geometric standard deviation was typically around 1.5 
for all boilers operating on medium or high load. 
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Figure 14a. The number size 
distributions as given by the 
SMPS. 

Figure 14b. The mass size 
distributions as given by the 
DLPI. 

Total mass concentrations measured with DLPI together with total dust filter measurements are 
summarised for all boilers in Table 4. The average PM6 concentration for forest residues was around 
150 mg/m; (m: = m3, O°C, 1 bar, 13% CO'), while the corresponding concentration for sawdust was 
65 mgl m: and for pellets 50 mg/m;. The fine mode concentration PM1 clearly dominated PM6 for 
all measurements, except during high boiler load for forest residue (In 01 HL and AT 01 HL). The 
PM1 was around 100 mg/m; for moist forest residue compared to 50 mg/m; for sawdust and pellets. 

Table 4. Mass concentrations measured with DLPI and total dust filter. 

Mass concentration Mass 
concentration Total dust 

Boiler Type of Sampling d,, 0.03-1 pm (Filter 
No fuel position @LpI) d,, 1-6 pm 

W P I )  
measurements) 

( m d d )  (mgjrn.3) ( m g h ?  

Low After cyclone 63 12 48 
Ro 02 Sawdust Med. After cyclone 49 17 101 

High After cyclone 44 23 - 
Before 142 4 3 34 

In 01 Forest Med' cyclone 
residue Med. After cyclone 116 3.6 153 

High After cyclone 98 87 
At 01 High After cyclone 76 5 9 

Forest High After ESP 13 2.6 
residue After 6.3 1.8 - 

High condenser 

Br O2 Pellets Low After cyclone 44 6.5 5 9 
Med. After cyclone 4 1 12 - 

Fp 00 Pellets Low After cyclone 2 1 
Kk 03 Forest High After cyclone 135 19 173 

residue High After ESP < 5 



The mass size distributions for five boilers running at medium or high load are given in Figure 14b. 
The particle mass size distribution in most cases was bimodal with a dominating fine mode of around 
0.1-0.3 pm and a coarse mode in the range 2-6 pm. In most cases there was little difference between 
the mass concentration measured as total dust, using an in-situ filter sampling device, and PM6 as 
measured with the DLPI (Table 4). This suggests that the mass size distribution is represented 
reasonably correctly by the DLPI results, i.e. that particles larger than 6 pm are not dominating the 
total particle mass. 

In Figure 15 the PMl mass size distributions (DLPI) for the three boilers fired with forest residues are 
given together with the mass size distribution calculated from the SMPS results. A good fitting was 
obtained when using an effective density of 2 g/cm3 in In 01 HL and At 01 HL, and 1 g/cm3 in Kk 01 
HL. 

Aerodynamic Diameter dm. [nm] 

Figure 15. Mass size distributions obtained from DLPI and SMPS results. 

In Figure 16 the measured and calculated mass size distributions in Kk 03 HL are given for all 
instruments used (DLPI, SMPS, ELPI, and APS). An effective density of 1 g/cm3 was used for 
calculating the ELPI and SMPS particle size distributions, whereas an effective density of 0.1 g/cm3 
was used for the APS. 

There is a fairly good match between the calculated mass size distributions (fi-om SMPS, ELPI data) 
and the measured mass size distributions (DLPI) in the fine particle range, indicating that the assumed 
particle density was correct. In the coarse particle range, the mass concentration as calculated fi-om the 
APS data, accounted for only about 30% when a density of lg/cm3 was used, whereas the ELPI data 
gives a mass concentration almost an order of magnitude higher than the DLPI data. This lack of 
agreement may be due to experimental/instrumental inaccuracies. It may also be due to inaccuracies 
in the assumed particle density and morphology. The assumed particle density and spherical shape 
may be a good approximation for fine particles formed by condensation of volatilised species, whilst 
some coarse particles may be more correctly represented as porous structures and/or agglomerates 
with an extremely low effective density. Neglecting the slip correction factor, the mass of a particle 
with an aerodynamic diameter d,, is given by 

where p, is the effective density of the particle and p,, is lg/cm3. In the impactor, particles are 

classified according to their aerodynamic diameter. As the particle mass is approximately inversely 
proportional to the square root of the effective density, hollow and porous particles will be classified 
as small particles with a large mass in the DLPI. 

If a coarse particle density of 0.1 g/cm3 were assumed, a fairly good match between APS and DLPI 
results was obtained. The discrepancy between the data was a possibly a combination of instrument 
inaccuracy and a low effective particle density. The ELPI mass data is more insensitive to particle 
density, and the discrepancy in the coarse range may also be an effect the high concentration of fine 
particles, affecting the results obtained from the coarse channels. 
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Figure 16. The mass size distributions obtainedfiom the DLPI, SMPS, ELPI and APS data. 

The hygroscopic properties of submicrometer particles from Br 01 HL using a Hygroscopic Tandem 
Differential Mobility Analyser (H-TDMA) is demonstrated in Figure 17a. The particles were taken 
from a dehydrated state (Relative Humidity <7%) to a state at a defined relative humidity (RH), which 
was varied between 30-90%. For RH of around 60% and up to 75% a shrinking behaviour of the 
particles was seen. Submicrometer flue gas particles from efficient wood combustion are known to 
have a high content of hydrophilic and water soluble compounds such as alkali sulphates and 
chlorides Most likely the shrinking behaviour was due to the reshaping of the agglomerate particles 
when they are humidified between the two DMA:s. 

The particle number size distributions (SMPS) obtained when sampling downstream the ESP in Kk 01 
HL, using two different temperatures in the sampling probe, are shown in Figure 17b. When the 
temperature was changed from 100°C to 60°C, the geometric mean diameter changed from 1 10 nm to 
85 nm and the GSD changed from 1.59 to 1.5. The decrease in particle diameter with decreasing 
probe temperature is probably an effect of the high relative humidity obtained when the flue gas is 
cooled in the probe. The flue gas moisture content is high due to the rich hydrogen content of the fuel. 
This will cause soluble agglomerates to collapse into more dense structures, when the temperature of 
flue gas sample is decreased to close to the water dew point. 

Figure 17a. RH dependent hygroscopic 
growth of I OOnm particles at Br 01 HL. 
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Figure 17b. Number size distributions 
fiom Kk 03 HL, using different probe 
temperatures. 



5.3 Particle Composition 

5.3.1 Elemental Composition 
The main elements present in the fly ash particles as detected by PIXE were K, S, C1, Ca and Zn. A 
number of trace elements were also detected, however only those contributing to the discussion 
regarding the particle formation mechanisms will be presented. 

PIXE can only be used to detect elements with an atomic number higher than 12, and consequently 
known ash forming elements such as Na and Mg, as well as the inorganic and organic carbon 
fractions cannot be quantified with this method. In Figure 18 the particle size dependent elemental 
composition is given for In, Ro and Br, representing the different fuels used. The results presented in 
this way may best be conceived as the elemental mass concentration of the particles in the separate 
size fraction, assuming that all other elements than the ones given in the chart, have been removed. In 
the figure two data sets for each boiler are displayed in order to indicate the validity and generality of 
the results. In In and Ro the results fiom two different measurement campaigns are presented, and in 
Br the results for two different loads are presented. 

The composition of the fine particles (d, < lpm) is dominated by K, S and C1. In Ro 02 HL, there is 
also a substantial fraction of Ca, and in Br 02, the Zn concentration is high. In the coarse particle 
fraction (dae > 1pm) the concentration of the refractory components Ca and Mn is higher, but not 
dominating, since the concentrations of K, S and C1 are also high. The data obtained from different 
years in In and Ro respectively, are similar, indicating that the results are valid not only for the 
specific measurement occasion. For Br 02 the change of load did not have any substantial effect on 
particle composition. 

Aerodynamic diameter (nm) 

Figure 18. Elemental composition ofparticle deposits on the DLPI substrates (PLXE,). 



In Figure 19 the size dependent elemental compositions for five boilers operating on medium or high 
load is presented. In some cases, the results from the high temperature measurements in the 104 MW 
CFB boiler is also included for reference. The result fi-om all boilers and for each element is displayed 
in the same chart in order to facilitate the general mechanistic interpretation of the results. 
In the bottom row of Figure 19, the concentration is displayed in log-log charts in order to display the 
l/da proportionality. 

Aerodynamic Diameter [nm] 

Figure 19. Elemental composition ofparticle deposits on the DLPI substrates. 



In order to investigate the compositional similarity of the potentially volatile fractions the coarse and 
fine particles, the mass ratios of K to S, C1 and Zn respectively were investigated. The ion ratio of 
W(2*S+Cl) was also calculated from the PIXE data, assuming that the elements were present as K', 
C1- and ~ 0 ~ ~ -  ions. The results are given in Table 5. The results show that the ratios are similar in the 
coarse and fine fractions, indicating that these elements have a similar path of particle formation. 

Table 5. The mass ratios of US, WCl and K/Zn ,and the ion ratio ifW(2*S+CI), as detected by 
PIXE. 

Fraction mass ratio WS mass ratio WCI mass ratio WZn Ion ratio W(2*S+CI) 
Unit daecl pm dae>l pm daecl pm dae>l pm daecl pm dae>l pm daecl pm dae>l pm 

In 01 HL 3.71 2.99 4.39 4.98 81 5 8  81 .04 1.10 0.96 
At 01 HL 2.85 2.16 4.72 8.37 21.83 15.96 0.92 0.79 
Ro 02 HL 4.42 7.03 15.28 3.92 17.12 21.08 1.60 1.59 
Br02ML 3.28 3.37 5.22 4.98 7.99 12.52 1.05 1.06 
Kk 03 HL 3.46 2.05 6.84 5.13 15.95 16.97 1.16 0.71 
Average 3.55 3.52 7.29 5.48 28.89 29.52 1.17 1.03 

In order to evaluate the mass fraction of K present in the coarse mode, the ratio of K in the coarse 
fraction, to the total K, as detected by PIXE was calculated. The results are given in Table 6. The 
results show that the fraction of K is highest in In 01 and At 01, which are also the boilers with the 
highest mass concentration of coarse particles. 

Table 6. Fraction of K present in the coarse mode, as detected by PIXE. 

fraction of K in 
coarse fraction, 

Unit % 
In 01 HL 9.0 

5.3.2 Ion composition 
The ion chromatography results for impactor stages 4 and 9, corresponding to aerodynamic diameters 
200 nm and 1900 nm respectively is given in Figure 20. The results are given as ion-equivalent 
concentrations, and only the ions presented in the figure were analyzed. The results show that K', s2- 
and C1' dominate in bots size classes, with minor fractions of Ca2+ and Mg2+ ions, especially in the 
coarse particles. In In 01, and At 01, there was a positive ion balance, indicating the presence of 
negative ions not analysed, e.g. carbonate or hydroxide ions. In Br 01 there was a slight negative ion 
balance, indicating the presence of positive ions not analysed. 
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Figure 20. Results of the Ion Chromatography analysis of DLPI deposits given as ion-equivalent 
concentrations. 



6 Discussion 

6.1 Particle formation 

Implications of physical properties 
The proposed mechanism for fine particle formation during biomass combustion is nucleation of 
K2S04 particles followed by condensation of more volatile inorganic species e.g. KC1 (Christensen et 
al. 1998; Valmari et al. 1998; Obernberger et al. 2001). The number concentrations (Table 3) 
demonstrated in this study are consistent with the proposed mechanism, assuming polydisperse 
coagulation and a typical residence times of -10 sec. The GSD of around 1.5 is consistent with the 
asymptotic proceeding towards a self-preserving size distribution, which is also in line with the 
proposed nucleation-condensation-coagulation mechanism. 

In In 01 HL and At 01 HL the effective density used to fit the mass size distributions for the fine 
fraction (Figure 15) was 2 &m3, which is close to the bulk density of the assumed components 
K2SO4 and KC1 (2.66 g/cm3 and 1.98 &m3 respectively). This indicates that the submicron particles 
in these cases were close to spherical, and not agglomerates as would be expected from the 
coagulation process in the boiler and flue gas ducts. This is probably be an effect of the sampling 
system (system I) that was used in I n  and At. In this system, the flue gas is diluted with cool air, which 
may have induced a high relative humidity in probe, causing the particles to coalesce. Variations in 
particle morphology and effective density may also be an effect of boiler operation and design, 
affecting aerosol dynamics and time-temperature history of the particles. In Kk 01 HL the particles 
presumably were more highly agglomerated structures than in any other unit, which is revealed in the 
low effective density (lg/cm3) needed to fit the SMPS and DLPI (Figure 15), as well as the shrinlung 
behaviour at high RH (Figure 17b). In Kk 03 HL the number concentration was higher than in any 
other the units, which may also be an effect of the specific aerosol dynamics in this boiler. 

In the units with varying load (Ro, In, Br), lower load would generally give lower number 
concentrations of submicrometer particles. This is consistent with the increasing residence time in the 
boiler after particle formation. The decrease in number concentration is also accompanied by higher 
particle mass concentration. This may be explained by a less efficient combustion, i.e. more EC and 
OC is formed, which will contribute to the particulate mass. It may also be explained by depletion of 
the alkali species by transference to the coarse fraction, as higher loads were generally accompanied 
by the formation of a distinct coarse mass mode. In some cases (Ro, Br) the low load cases gave 
dramatic drops in number concentration. It cannot be excluded that in these cases the presence of soot 
particles affected the aerosol dynamics, e.g. by enhancing coagulation. 

6.1.1 Implications ofjine particle conzposition 
In order to investigate the possible compounds and chemical reactions in the high temperature system 
of K, S, and C1, a commercial software (HSC Chemistry, Outokumpu Oy, Finland) was used for 
thermodynamic equilibrium calculations. The result for an oxidizing combustion gas with typical 
concentrations of KC1 and K2S04, is shown in Figure 21. It was assumed that K, C1 and S were 
present in stoichiometric concentrations to form K2SO4 and KCI. This gas mixture corresponds 
approximately to the conditions in the high temperature section in At, downstream the measurement 
ports A1-A3 in Figure 4. At temperatures higher than 1100 "C KOH (g) and KCl(g) are the only 
stable alkali species. As the temperature decreases below 1050°C K2S04(s) will be formed, however 
this reaction is limited by the kinetics of the SO2 oxidation to form SO3 (Christensen et al. 1998). 
Below 650°C KC1 will condense. If there is not enough S and C1 to bind all K, KOH and K2C03 will 
form 
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Figure 21. Equilibrium distribution of gases and condensed species corresponding to the assumed 
elemental composition in At 01 HL. 

As shown in Figure 19, K is the most abundant element in the whole submicrometer fraction in all 
units. Sulphur concentration is very similar in all size classes for all boilers except in Ro 02, whereas 
the concentration of C1 is decreasing slightly with particle size. The ion balance for the fine particles, 
as calculated from the PIXE results (Table 5) is around unity in all boilers except for Ro 01, where it 
is 1.6. This is consistent with the particle formation mechanism assuming that submicron particles are 
formed mainly from alkali sulphates and chlorides when there is an excess of S and C1 in the gas. The 
ion chromatography results presented in Figure 20 support the assumption of the fine mode formed 
mainly from alkali compounds dominated by potassium sulphates and chlorides with minor amounts 
of potassium hydroxides or carbonates, as well as sodium and magnesium compounds. 

The C1 concentration is decreasing with increasing particle size. This is an expected effect of surface 
condensation of KC1 on the previously formed &So4 particles, as the specific surface is higher for 
small particles. A further review on the fate of material condensing is discussed later. 

The concentration of S was rather stable over the whole submicrometer range, as discussed above. 
Sulphur was not depleted in the lowest size classes (<200nm) as may be expected by the higher C1 
concentrations in this size range. This is possibly an effect of heterogeneous reaction of SO3 with 
condensed particulate material. e.g. the hydroxides and carbonates. These reactions are presumably 
more effective in the small particles representing higher surface area and with shorter distance for 
intra-particle diffusion. 

Zink is enriched in the fine fraction, suggesting that it is formed by gas-to-particle conversion. 
Thermodynamic calculations show that Zn may form Zn (g) above 1200 OC, and that ZnO(s) is the 
most stable compound below 1200 "C in an oxidizing environment. In a reducing environment the Zn 
(g) will be stable at much lower temperatures. Consequently it may be assumed that Zn is evaporated 
during char combustion in the reducing regions of the furnace. As the air is introduced by the 
secondary air ports above the fuel bed, the environment becomes more oxidizing, and ZnO particles 
may form by nucleation/condensation. It may therefore be assumed that formation of ZnO particles 
precedes nucleation of K2S04, and that ZnO will be stable if the temperature in the combustion gases 
never exceeds 1200°C. The specific trend exhibited by the Zn concentration in Figure 19 with a 
maximum around 200nm in four of the boilers may be an effect of early gas to particle conversion of 
Zn. The depletion of Zn in the first size classes can be explained by the nucleation, condensation and 



coagulation of K2SO4, which drives the previously condensed ZnO towards higher size classes. The 
drop in concentration profile of Zn in the 200-500 nm size ranges can be an effect simply of dilution 
of the Zn containing particles by more &So4. 

The high concentration Ca in the upper part of the submicrometer range constitutes the tail of the 
coarse mode of submicron refractory ash fragments released from the burning fuel particles or from 
the bottom ash. High concentrations of Ca in the submicrometer range have been reported from grate 
combustion of bark (Brunner et al. 2001; Obernberger et al. 2001). The authors could not explain the 
high calcium concentration but assumed that very small Ca particles were present in the flue gas when 
it was leaving the fuel bed. In the boilers investigated in the present study, the ratio if Ca to Mn and 
Fe is similar in the coarse and fine size classes. This indicates that the formation mechanism is similar 
in the whole size range i.e. the proposed release of hollow ash structures from burning fuel or from 
the residual ash, which is fragmented by the movements in the bed and entrained by the gases passing 
through the bed materials. 

6.1.2 Element partitioning andparticle growth by condensation 
After nucleation of K2SO4, further nucleation will be prohibited by the high particle surface 
concentration and all subsequent gas-to-particle conversion will be by condensation. The rate of mass 
addition to spherical particles is given by the Fuchs-Sutugin equation (Seinfeld and Pandis 1998) 

Where d, is the particle diameter, Di is the diffusion coefficient of the condensing species, Mi is 

the molecular weight, f (&a) is the correction due to non-continuum effects and surface 

accommodation, and pi - P, ,~  is the difference between the vapour pressure far away from the 

particle and the saturation vapour pressure on the surface of the particle. The Fuchs-Sutugin equation 
can be integrated to give the size dependent mass concentration of a condensing trace species (Lighty 
et al. 2000). This concentration will be proportional to a power of l/dp. For ultrafine particles in the 
free molecular regime (Kn>>l) the mass concentration will be proportional to lid, and for 
supermicron particles in the continuum regime (Kn<<l), to lid;. Consequently the concentration of 
condensing species will be higher in the smaller particles. The size dependent relationship can be used 
when evaluating experimental data in order to establish the mechanisms of gas to particle conversion 
of a certain element or species. For submicrometer particles formed during combustion the Knudsen 
number will close to unity, and consequently the expected proportionality exponent will be between 
1-2. 

In the bottom row charts of Figure 19, the mass concentration of C1, Pb and Cu are given in log-log 
plots, where the slope of the curve will indicate the exponent n proportionality in lld,". The slope of 
lid, and l / d l  is plotted in the figure for reference. As indicated by the experimental results the 
exponent n is much lower than would have been expected for condensation of the KCl. There are a 
number of mechanisms that can explain the deviation from the expected distribution: Firstly, the lld," 
proportionality is valid only for low concentrations of the condensing species, which is not the case 
for C1. It also assumes spherical particles. Even if the proportionality is established in the furnace 
directly after condensation, it will be blurred by subsequent particle coagulation in the boiler and flue 
gas ducts. Since condensation of most inorganic compounds will take place at high temperatures, 
there will be considerable time for coagulation before the particles are sampled at the multi-cyclone 
outlet. Deviations may also be induced by variation in local concentrations e.g. transient behaviour or 
transversal concentration gradient in the furnace, which, in the most extreme case, can cause regions 
of almost pure K2S04 and KC1 particles. 



For Ro the elemental profile of C1 is close to the l/d slope for at least the first three impactor stages, in 
a similar way as for the high temperature measurements in Sk. In Sk this is expected, since the 
particles are sampled close to the position of KC1 condensation and no substantial coagulation will 
occur between KC1 condensation and sampling. The results suggest that in Ro the l/d relation is 
retained in the coagulation process in a higher degree than for the other units. The same behaviour can 
be seen for Pb in Ro, In and Kk. The retention of the l/d relationship may be an effect of initial 
particle formation and secondary condensation being more separated in time, that is, condensation 
will take place after the coagulation rate have declined. In Ro this may be an effect of combustion 
conditions e.g. a high oxygen concentration and lower temperature in the furnace, resulting in 
retention in the temperature window between 750-950 OC (Figure 21), where K2S04 particles are 
formed and KC1 is still in the gas phase. Cu shows a similar l/d, behaviour as Pb in Br and In, 
indicating that Cu was partly present as gaseous compounds after nucleation of K2SO4. 
Thermodynamic calculations show that Pb and Cu can be present as gaseous compounds at low 
temperatures, especially in the presence of C1. 

6.1.3 Coarse particle formation 
It has been proposed that the coarse particle fraction in boilers operating on biomass fuels is formed 
from refractory ash components, released in the combustion chamber by fragmentation of the burning 
char and the residual ash. Consequently the concentration of volatile elements should be low in the 
coarse particle fraction formed in grate combustion of woody fuels. However, the results in Figure 19 
show that the concentration of K was 15-50% in the coarse particles. 

K has been reported to be associated with the coarse fraction from combustion of wood-based fuels in 
CFB (Valmari et al. 1998; Valmari et al. 1999). In these cases, the potassium is presumed to react 
with minerals in the ash or bed material to form alkali silicates. In the CFB the fragmenting fly ash 
and the bed material is well mixed with the burning fuel and the ash forming vapours during an 
extensive period of time. However, in the grate boiler the conditions are different since there is no bed 
material rich in silicone, and the bottom ash is not in extensive contact with the combustion gases, 
once the gases have left the bed. Furthermore, in the coarse fraction also the concentrations of C1 and 
S were high (Figure 19). S may be associated with Ca by heterogeneous reaction of SO3 to form 
gypsum. However CaC12 is not stable in the flue gas and there must be some other rout for C1 to the 
coarse fraction. The results indicate that the material in the coarse fraction is not only refractory ash 
material that is transported as solids through the furnace, but also of volatile material. 

In order to investigate the similarity of the potentially volatile elemental fractions present in the coarse 
and fine particles, the mass ratios of K to S, C1 and Zn respectively were investigated (Table 5). The 
ion ratio of W(2*S+Cl) was also calculated from the P E E  data, with the assumption that the elements 
were present as K', C1' and ~ 0 ~ ~ -  ions. The results show that the ratios are similar in the fine and the 
coarse fraction, suggesting a common origin, i.e. that fine particles are formed and then transferred 
into the coarse particle fraction by some mechanism. 

Jokiniemi et al. (Jokiniemi et al. 2001) used a numerical code to model the aerosol dynamics during 
CFB combustion. They concluded that the condensation of volatile species on the coarse mode is 
insignificant and that the presence of these elements in the coarse mode is may instead be explained 
by non-complete vaporisation, chemical surface reactions or re-entrainment of deposited particles. 

Non-complete vaporisation in the grate boiler requires the volatile components in the fuel or ash 
particles to be transported through the high temperature zone without evaporating. The particle 
composition suggests that the potassium is present as in its volatile form. This is not likely to happen 
in the grate boiler, unless there is some additional mechanism for retaining the potassium inside the 
burning fuel. 

In order to investigate the proposed explanation of coarse particles being formed by re-entrainment of 
deposited particles, the mass fraction of K present in the coarse mode was estimated from the P E E  
data (Table 6). In the units with the highest concentrations of coarse particles (At 01 and In 01) the 



fraction of potassium present in the coarse fraction according PKE analysis was 9.0 and 21.9 % 
respectively. In these cases the proposed mechanism requires a very high portion of fine particle 
material to be continuously retained on surfaces inside the boiler, and then re-entrained as particles in 
the 1-5 pm range. 

An additional explanation is that fine particle coagulates with coarse particles released from the bed. 
Such a mechanism would require the coarse particle surface concentration to be in the same order as 
the fine particle surface area, which requires the coarse particle fraction to be populated by extremely 
large and hollow structures with low effective density. 

7 Conclusions 

The fine particle composition as analysed with P E E  and IC, was dominated by potassium, sulphur 
and chlorine. In some cases there was also a substantial concentration of zinc in the fine mode 
particles. The proposed mechanism for formation of the fine mode is homogenous chemical reactions 
to form potassium sulphate, which nucleates to form the a fine particle mode at high temperatures . 
The concentration profile of zinc indicates that zinc-containing species may form particles by gas-to- 
particle conversion prior to the nucleation of potassium sulphate. As the flue gas temperature decrease 
below 650 C potassium chloride will condense on the surfaces of the previously formed particles. As 
the temperature descends further, other more volatile components such as Pb and heavy hydrocarbons 
will condense. 
The coarse particle number concentration varied between 100-10000 particles/cm3, and the mass 
concentration varied between 4-87 mg/cm3, with the highest concentrations for the high load cases. 
The coarse mode particles were mainly composed of calcium and manganese in addition to potassium, 
sulphur and chlorine. The proposed mechanism for inception of the coarse particle mode was 
fragmentatioddispersion of refractory material from the burning char or from the residual ash in the 
bed. The ratios of the potentially volatile elements potassium, sulphur and chlorine, were similar in 
the fine and the coarse mode, indicating the material had the same origin in both modes. The presence 
of the volatile components may be explained by non-complete vaporisation, chemical surface 
reactions, and re-entrainment of deposited particles or by coagulation of fine 
Particles. However, nether of the proposed mechanisms can give a conclusive explanation to the 
composition of the coarse mode, i.e. the high concentration potentially volatile elements. 
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