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Abstract

Combustion of solid biomass under fixed bed conditions is a common technique 
to generate heat and power in both small and large scale grate furnaces (domestic 
boilers, stoves, district heating plants). From both an environmental and 
economical perspective, one of the most interesting alternatives to replace oil and 
electricity for heating of family houses and apartments in Sweden is wood pellets 
made of stem wood sawdust from pine and spruce. Unfortunately, combustion of 
biomass (also wood pellets) will produce particle emissions that may have a 
negative implication on the human health. The smallest (< 1.0 m) particles are 
very hard to separate in ordinary cleaning devices. However, for large plants, 
advanced gas cleaning devices are an acceptable option and therefore a relatively 
high amount of particles in the flue gas before cleaning may be tolerated. For 
small appliances such as wood pellets burners and stoves advanced gas cleaning 
devices is not an option due to the relatively high costs. Hence, the only way to 
reduce emissions of small particles in small scale equipment is therefore to reduce 
the formation of particles already in the combustion process. The aim with this 
work was to study the formation mechanisms and the influence from different 
operating and fuel parameters on particle emissions during combustion of wood 
pellets. The results from this work may then be used as a basis for design with aim 
to minimise the particle emissions already in the combustion process.  

To address these issues, experiments were carried out in an 8-11 kW updraft fired 
wood pellets reactor that has been custom designed for systematic investigation of 
particle emissions. To investigate the formation mechanisms, particle samples 
were withdrawn from the centre line of the reactor through 10 sampling ports by a 
rapid dilution sampling probe. The corresponding temperatures at the sampling 
positions were in the range of 200-1450 ˚C. The particle sample was size 
segregated in a low pressure impactor, allowing physical and chemical resolution 
of the fine particles. The chemical composition of the particles was investigated 
by SEM/EDS and XRD analysis. Furthermore, the experimental results were 
compared to theoretical models of particle formation and growth. When the 
influence from fuel and operating parameters was investigated, particle samples 
were withdrawn isokinetically in the flue gas stack after the reactor. The particle 
mass was analysed with traditional filtering technique. The particle mass and 
number size distribution were analysed by low pressure impactor and a scanning 
mobility particle sizer. The chemical composition of the particles was furthermore 
analysed with SEM/EDS.

The results in this work show that combustion generated particles during wood 
pellets combustion is produced from several mechanisms resulting in a bimodal or 
a trimodal size distribution. The largest particles (> 10 m) are produced from 
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residual fly ash particles (refractory metals) that have left the fuel bed and been 
carried by the gas upwards. The finest particles (< 1 m) are produced from two 
mechanisms, vaporisation and condensation of easily volatile ash elements (K, 
Na, S, Cl, Zn and in some case also P) and from incomplete combustion (i.e. soot 
particles). The middle mode between the coarse and the fine mode (~1 m), is 
produced from a combination of refractory oxides, unburned carbon and 
condensable inorganic species. In general the fine mode (< 1 m) dominates the 
mass and number concentration of the total particle emissions in the flue gases 
after the combustion chamber followed by the coarse mode (> 10 m). The mass 
concentration of the middle mode (~1 m) is significantly lower than both the fine 
and the coarse mode.   

The particle concentration in the flue gas channel is affected by both operating 
and fuel parameters. The results showed that both the temperature and the flow 
pattern in the combustion zone affect the particle emissions. Increasing 
combustion temperature yields decreasing emissions of coarse fly ash (> 10 m) 
and soot particles, however, the emissions of submicron fly ash particles increases 
simultaneously. Increased mixing rate in the combustion chamber will also 
decrease the emissions of soot particles. In addition to the operating conditions, 
significant differences in particle emissions were found between different biomass 
fuels. For the particles that were dominated by ash elements the particle emissions 
were correlated to the ash concentration in the unburned fuel. However, if the 
combustion condition allowed for organic particles, the sooting tendency of each 
fuel becomes important. Furthermore, the results showed that in general the fuel 
type affects the particle emissions stronger than the influence from different 
operating and construction parameters. 
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1. Introduction 

Combustion of coal, biomass and other fuels will generate particulate matter (PM) 
ranging from millimetres to ultrafine nuclei with only a few nanometers in 
diameter (Lighty et al., 2000). The largest particles are removed in the combustion 
zone as bottom ash or wall deposits or are collected in the post-combustor gas 
cleaning devices. The smaller particles are carried by the exhaust gas from the 
furnace. Combustion generated particles are responsible for ash deposition on the 
heat transfer surfaces in the furnaces and corrosion of the surfaces are closely 
related to these deposits (Miles et al., 1996; Baxter et al., 1998; Michelsen et al., 
1998). Furthermore, combustion generated particles contribute to the ambient air 
pollution level of particles on both the urban and the regional scale. Contemporary 
epidemiology studies have shown a clear correlation between the particle 
concentration in the air and adverse health effects on humans (Dockery et al., 
1993; Pope et al., 1995). In a recent study, Gauderman et al. (2004) show that fine 
particles in the air have chronic, adverse effects on the lung development in 
children from the age of 10 to 18 years, leading to clinically significant deficiency 
in the lung function as the children reach adulthood. According to Fernandez et al. 
(2001) zinc is an especially harmful component in the fine particles, since they 
found that the lung function in mice is affected negatively when the mice are 
exposed to fine particles containing zinc. In recent years, these discoveries have 
motivated a large research effort towards in combustion generated particles to 
understand how these particles are formed and to find methods to control the 
emission of particles.   

Biomass is an important energy resource in the world, 14% of the energy used in 
the world comes from biomass (Demirbas, 2004). In development countries, 
biomass is the most important energy source and around 35% of the energy used 
comes from biomass (Loo and Koppejans, 2002). The use of biomass in 
industrialised countries today is low (~3%) compared to development countries. 
Worldwide, there is a growing interest to increase the use of biomass for energy 
purposes. There are various reasons for that (Loo and Koppejans, 2002), such as: 

Political benefits (reduction of the dependency on imported oil) 
Employment creation- biomass fuels create up to 20 times more 
employment than oil and coal 
Environmental benefits. Carbon dioxide (CO2) emissions have increased 
the CO2 concentration in the atmosphere. This is expected to increase the 
greenhouse effect and hence the average temperature on earth. Biomass 
absorbs carbon dioxide during grow and emits it during combustion. 
Within the life cycle of the fuel, the biomass can therefore be regarded as a 
CO2 neutral fuel.
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Today, heat and power from biomass is generated through several different types 
of both domestic burners (wood-stoves, wood-log boilers, and wood pellets 
burners) and industrial combustors (fixed bed furnaces, and fluidised beds) (Loo 
and Koppejans, 2002). The emissions from domestic burners are generally high 
and the combustion efficiency low (except for well designed wood pellets 
burners). In industrial combustion, biomass is either fired under fixed bed 
conditions (grate furnaces, and underfeed stokers) or in fluidised bed furnaces 
(bubbling fluidised bed and circulating fluidised beds). In general, fluidised bed 
furnaces have better combustion performance than fixed bed furnaces since 
efficient and uniform heat transfer and good mixing in the combustion zone 
results in low emissions and low excess air demands (  ~ 1.1, 1.2). However, the 
bed temperature has to be relatively low (800-900 ˚C) to prevent ash sintering of 
the bed (Öhman, 1999). For smaller combustion plants the investment and 
operational costs are usually too high in comparison to fixed-bed systems.  

In Sweden biomass, including peat, contributes approximately 17 % of the total 
energy supply. From both an environmental and economical perspective, one of 
the most interesting alternatives to replace oil and electricity for heating of family 
houses and apartments in Sweden is wood pellets made from stem wood from 
pine and spruce. The wood pellets are fired either in a wood pellets stove or in a 
traditional boiler where the oil burner has been replaced by a pellets burner. 
Several studies have shown that these types of boilers may produce relatively high 
emissions of submicron particles (e.g. Wieser and Gaegauf, 2000; Johansson et 
al., 2003, paper A-E). The possible negative health effect of zinc may also be 
relevant to wood pellets combustion, since the concentration of zinc in the 
submicron particles from wood pellets combustion is relatively high, 3-9 weight 
% of the total submicron particle concentration (Boman et al., 2004; paper A-E). 
The smallest particles are very hard to collect in ordinary gas cleaning devices 
(McElroy et al., 1982), however, for large plants, advance gas cleaning equipment 
(e.g. electrical filters) that reduce the emissions of fine particles is an acceptable 
option and therefore a relatively high amount of particles in the flue gas may be 
tolerated. However, for small scale equipment such as wood pellets burners and 
stoves advanced gas cleaning devices is not an option due to its relatively high 
costs. Hence, the only way to reduce emissions of small particles in small scale 
equipment is therefore to reduce the formation of particles already in the 
combustion process. 
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Fig. 1. Modern wood pellets stove (left plate) and wood pellet burner (right plate).  

1.1 Objective of the thesis 

The overall goal with this work was to study the particle emissions from small-
scale combustion of wood pellets. The main emphases were: (i) Improve the 
understanding of how combustion generated particles are formed and (ii) 
determine the impact of different operating and fuel parameters on the amount and 
characteristic of the particle emissions. The results from this work may then be 
used to (i) develop and validate mathematical models of the particle formation 
process that can be used for design optimisation, and (ii) improve the design of 
wood pellets burners so that the emissions of particles are minimised already in 
the combustion process. 

To address these issues, an experimental approach in a laboratory reactor was 
chosen. The advantages with a laboratory reactor is that well controlled and 
reproducible conditions can be achieved which makes it possible to study the 
particle formation process in detail and investigate the influence from operating 
and fuel parameters on the particle emissions. One disadvantage with laboratory 
reactor is often that the results can be hard to generalise to full scale commercial 
equipment due to scaling effects. However, the thermal power of the “full scale” 
commercial burners (wood pellets burners and stoves) that are investigated in this 
study is already small (~10 kW). This makes it possible to design a laboratory 
reactor with the same thermal power and similar geometry as commercial burners. 
Therefore, the experiments in this thesis were conducted in an 8-11 kW updraft 
fired laboratory reactor. 



 4

1.2 Outline of the thesis 

This thesis begins with a description of different aerosol dynamic processes such 
as nucleation, condensation and coagulation to make the readers are familiar with 
these definitions when they read the following chapters of the thesis.  

The next chapter summarises the literature on combustion generated particles. In 
this section, the major formation mechanisms for soot particles, fly ash formation 
during pulverised coal combustion, fluidised bed combustion of biomass, fixed 
bed combustion of straw and woody biomass are reviewed.   

The experimental equipment and the experimental approach are described in 
chapter 4 followed by a summary of the appended papers in two chapters. The 
first one (chapter 5) is dedicated to the formation mechanisms during fixed bed 
combustion of wood pellets and the second one (chapter 6) is dedicated to the 
impact of different operating and fuel parameters on the particle emissions. In the 
end, conclusions from this work and recommendations for future research on 
particle emissions during combustion of wood pellets are given.
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2. Aerosol dynamics 

Aerosols are suspensions of liquids or solid particles in gases. Aerosol particles 
sizes range from nanometers to tens of micrometers. In this chapter, important 
aerosol dynamic processes are described briefly based on the theory given by 
Friedlander (1977), Seinfeld (1986), and Linak and Wendt (1993). Aerosols are 
by their nature multiphase, and equilibrium thermodynamics provides constraints 
and limiting conditions on their properties. Usually, aerosols are not in 
equilibrium or only partially so with respect to certain constituents. Particle size 
and chemical species distributions depend on interactions of transport processes 
and equilibrium thermodynamics. This chapter starts with some useful definitions 
(Hinds, 1998).

The partial pressure, p (Pa) is the pressure that the gas (or vapour) in a mixture of 
gases would exert if it were to occupy, all by itself, the entire volume that is 
occupied by the mixture. The sum of the partial pressure of the components in the 
gas (pi) equals the total pressure of the mixture (ptot) according to Daltons law.  

itot pp                                                   [1]                 

             
The saturation vapour pressure, ps (Pa) also called the vapour pressure, is the 
pressure required to maintain a vapour in mass equilibrium with the condensed 
vapour (liquid or solid) at a specified temperature. When the partial pressure of a 
vapour equals its saturation vapour pressure, evaporation from the surface of a 
liquid just equals condensation on that surface, and there is mass equilibrium at 
that surface. The pressure in any sealed container that contains only a liquid and 
its vapour is the saturation vapour pressure of the material at the temperature of 
the container. A sealed container that contains of air and liquid water in 
equilibrium will have a partial pressure of water vapour equal to the saturation 
vapour pressure of water at the temperature of the container.  

If at a given temperature the partial pressure p of a vapour is less then ps, then the 
vapour is unsaturated, and if p is grater than ps, the vapour is supersaturated. The 
saturation ratio S is the ratio of the partial pressure of vapour in a system to the 
saturation vapour pressure for the temperature of the system. 

)(Tp
pS

s
                       [2]

                      
When the saturation ratio is greater than unity, the gas-vapour mixture is 
supersaturated. Supersaturation is usually produced by cooling a saturated vapour. 
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Because the partial pressure of the vapour remains constant and ps decreases with 
decreasing temperature, saturation ratios greater than 1.0 can be achieved.

The saturation vapour pressure is defined as equilibrium partial pressure for a 
plane liquid at a given temperature. If the liquid surface is sharply curved, such as 
the surface of a small droplet, the partial pressure required to maintain mass 
equilibrium is greater than for a flat surface. The curvature of the surface modifies 
slightly the attractive forces between surface molecules, so that the smaller the 
droplet, the easier it is for molecules to leave the droplet surface. To prevent this 
evaporation, the partial pressure of vapour surrounding the droplet must be greater 
than ps. This phenomenon is called the Kelvin effect. The modified vapour 
pressure where Kelvin effects are taken into account takes the form 

Tkd
v

pp
Bp

m
sd

4
exp                        [3]

                     
where ps is the vapour pressure above a flat surface (Pa),  is the surface tension 
(N m-1), vm is the molecular volume (m3), dp is the droplet diameter (m), kB is 
boltzmanns constant (J K-1) and T is the temperature (K).       

2.1 Aerosol general dynamic equation (GDE) 

The dynamic behaviour of an aerosol system can be described by a transport 
equation called the aerosol General Dynamic Equation (GDE). This equation 
represents a particle material balance over a volume fixed in space and can be 
written as (Linak and Wendt, 1993): 

vRncnDnu
t
n

                     [4]

                    
where n(v,x,t) (m-3) is the number size distribution and where n(v,x,t) dv is the 
number of particles per unit volume (m-3) in the particle volume range, v to v + 
dv, at a position x (m), and time t (s). The gas velocity vector is given by u (m s-1),
D is the diffusion constant (m2 s-1) and c is the particle migration velocity 
resulting from external forces including gravity (m s-1). Rv(n,x,t) represents the net 
source of particles of size v, at a position x, and time t, and include several other 
internal physical process which generate those particles. This internal process 
includes:

Coagulation, which leads to particle growth due to particle adhesion or 
collision, thus changing the particle size distribution (number of particle 
decreases), without changing the total volume (or mass) of particles. 
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Condensation, which changes the particle size distribution because of 
particle growth caused by mass transfer from the gas phase to an existing 
particle, without changing the total numbers of particles.
Nucleation, which allows the formation of new particles directly from 
the gas phase. Thereby, both the number and the mass of the particulate 
phase increase. 

Thus:

nucleationoncondensatincoagulatiov RRRR                      [5]

                   
Other possible sources or sinks for aerosols are fragmentation, evaporation, 
inertial impaction, diffusion to surfaces and thermophoresis. Since the GDE is a 
nonlinear partial differential equation analytical solutions only exists for very 
simple cases and therefore approximate numerical methods are often used in 
solutions of the GDE. In this thesis coagulation, condensation, and nucleation are 
discussed further.

2.2 Coagulation 

Coagulation of aerosols is a process wherein aerosol particles collide with one 
another, due to a relative motion between them and adhere to form larger 
particles. When the relative motion between the particles is Brownian motion the 
process is called thermal coagulation. This type of coagulation is a spontaneous 
and ever-present phenomenon for aerosols. When the relative motion arises from 
external forces, such as gravity or electrical forces, or from aerodynamic effects, 
the process is called kinematic coagulation.  

To model particle collisions and coagulation, an expression for the time rate of 
change of the particle size distribution function has to be derived. Let Nij be the 
number of collision occurring per unit time and volume between two classes of 
particles of volumes vi (m

3) and vj (m3). All particles are assumed to be spherical, 
which means that i and j are uniquely related to particle diameters. When two 
particles collide, according to this simplified model, they coalesce to form a new 
particle with a volume equal to the sum of the original two. The collision 
frequency can be written in terms of the concentrations of particles with volumes 
vi and vj, as follows (Friedlander, 1977) 

jijiij nnvvN ),(                       [6] 
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where (vi,vj) is the collision frequency function (m3 s-1), dependent on the size of 
the colliding particles and on such properties of the system as temperature and 
pressure. The question is then how to determine the collision frequency function.  

Particles smaller than about 1 m collide as a result of Brownian motion (most of 
the theoretical and experimental studies of coagulation have been concerned with 
this mechanism). In the continuum regime where the particle is larger than the 
mean free path of the gas (mean distance a molecule travels before colliding with 
another molecule) the collision frequency can be described by the following 
expression (Friedlander, 1977) 

3/13/1
3/13/1

11

3

2
),( ji

ji

B
ji vv

vv
Tk

vv                         [7]

                   
where kB is Boltzmanns constant (J K-1), T is the gas temperature (K) and  is the 
viscosity of the gas (Pa s). For particles much smaller than the mean free path of 
the gas (free molecular regime), the collision frequency is obtained from the 
expression derived in the kinetic theory of gases for collisions among molecules 
that behave as rigid elastic spheres (Friedlander, 1977) 

3/13/1

2/12/16/1
116

4

3
),( ji

jip

B
ji vv

vv
Tk

vv                     [8]

                   
where p is the particle density (kg m-3).  If the collision frequency is a 
homogenous function of particle volume, a similarity transformation can be made. 
After the transformation, the shape of the particle size distribution at different 
times is similar, although the particle size distribution may move laterally along 
the particle size axis. The change in total number of particles, N  (m-3 s-1) with 
time in the continuum regime is found to be (Friedlander, 1977)  

21
3

2
Nab

Tk
dt

dN B                       [9]

                    
where a and b are constants with a value of 0.9046 and 1.248, respectively. In the 
free molecular regime, the change in total number of particles with time can be 
expressed as

6/116/1

2/16/1
6

4

3

2
NV

Tk
dt

dN

p

B                          [10]                 
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where V is the volume fraction of particles and , found to be 6.67 by numerical 
analysis (Friedlander, 1977).

The effect of coagulation on the particle concentration and the average particle 
diameter are illustrated in figure 2. In this example, the initial particle 
concentration and particle diameter were 1018 particles/m3, and 10 nm, 
respectively. The temperature in this example was 1000 ˚C and the gas was 
assumed to be air. The mean free path of the gas for such a system is around 0.3 

m. Thereby the coagulation occur in the free molecular regime and the 
coagulation rate can be calculated according to equation 7. The coagulation rate is 
strongly dependent on the particle concentration and therefore the particle 
concentration decrease rapidly in the beginning. After a coagulation time of 
approximately 0.2 s, the particle concentration has decreased by factor of 100 to 
1016 particles/m3. The final particle concentration and particle diameter after a 
coagulation time of 1s were 1.6 1015 particles/m3 and 86 nm.  

Coagulation time [s]
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Fig. 2. Effect of coagulation time on the particle number concentration and average particle 
diameter.  

2.2 Condensation 

When the concentration of particles is large and the super-saturation of the 
gaseous species is low, condensation takes place on existing particles without 
formation of new nuclei. This process is called heterogeneous condensation. The 
rate of condensation depends on the exchange of mass and heat between the 
particle and the continuous phase.
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In the continuum range diffusion theory can be used to calculate the transport rate 
between the phases. The rate of diffusional condensation on a single particle of 
(constant) size dp (m) for the continuum range is given by (Friedlander, 1977) 

Tk
ppDd

F
B

dp )(2
                    [11]

                   
where F is the flow of molecules (s-1) to the surface of the particle, D is the 
diffusion coefficient (m2 s-1) and pd is the vapour pressure of the droplet (Pa).

For particles much smaller then the mean free path of the gas, the rate of 
condensation are dependent on molecular bombardment and can be calculated 
from the kinetic theory. The net flow of molecules at a surface of area dp

2 is 
given by (Friedlander, 1977) 

2/1

2

2 Tmk

dpp
F

B

pd                     [12]

                   
where  is an accommodation coefficient which has to be determined 
experimentally (or given an assumed value, usually) and m is the mass of a 
molecule.

Chemical reactions at a particle surface may also lead to particle growth. Such a 
reactions are likely to be important near aerosol sources where the particle surface 
is fresh and their catalytic activity is high.

2.3 Nucleation 

Nucleation, or homogeneous condensation, changes both the aerosol number and 
mass concentrations, through the formation of new particles from the gas phase. 
In general condensation onto the surface of existing particles is 
thermodynamically favoured over nucleation. However, when the number of sites 
for condensation is insufficient or when the supersaturation pressure is sufficiently 
high, self-nucleation may occur. Molecular collisions results in molecular clusters 
and these clusters are always present even in an unsaturated gas. However, small 
molecular clusters are not stable, since the surface forces are not strong enough to 
keep the molecules attached to the surface. If the vapour is supersaturated, there 
can be a molecular cluster size for which the addition is larger than the removal of 
vapour molecules. The cluster size for which the evaporation of molecules is 
equal to the addition rate is called the critical cluster size. Using the Kelvin 
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relation, it can be shown that the critical cluster diameter dp
* (m) can be defined as 

(Seinfeld, 1986) 

STk
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4*                      [13]

                    
where  is the surface tension (N m-1) of the condensable species, vm is the 
molecular volume of the condensable species (m3), kB the boltzmann constant (J 
K-1), T the temperature (K) and S is the saturation ratio. Higher super saturation 
increases the concentration of molecular clusters and decreases the diameter of the 
critical cluster size. The nucleation rate can be described by the classic nucleation 
model developed by Becker and Doring and it gives the nucleation rate J
(particles m-3 s-1) as particle formed per unit time and volume as (Seinfeld, 1986) 
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where Nm is the number of molecules of the nucleated species in the gas (m-3).
The nucleation rate is extremely sensitive to the surface tension, which in the 
classic theory is related to the macroscopic surface tension. However, for small 
particles the surface tension is not known very accurately and the classic theory 
often predict critical cluster size less then the size of the molecule.  

Fortunately in many engineering applications where nucleation acts along with 
condensation and coagulation the early nucleation kinetics are less important since 
the time for nucleation and growth of the particles is small compared to the total 
residence time (Flagan and Friedlander, 1978). Therefore, the details of the early 
nucleation step have little impact on the final number and size of the inorganic 
particles.
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3. Particles from combustion 

Particles from combustion can be divided in two categories, primary and 
secondary particles. Primary particles are formed at high temperatures in the 
combustion zone and secondary particles are formed in the flue gas plume or in 
the atmosphere. In this thesis the main focus is on primary particles formed in the 
combustion zone.  

The primary particles consist of inorganic or organic species or a combination of 
the two. These particles, so called combustion aerosols, are multimodal. The 
finest particles are produced by gas-to-particle conversion and form nuclei or 
nanoparticles. These then grow by coagulation and surface growth. The larger 
submicron particles are produced from inorganic matter that remains in the solid 
or liquid phase in the fuel. 

The particles that form from the gas or vapour precursors in combustion systems 
are classified into four classes (Lighty et al., 2000).

soot produced at high temperatures (primary particles), 
condensable organic particles produced at exhaust temperatures (secondary 
particles).
inorganic particles produced at high temperatures (primary particles), and 
H2SO4 produced at exhaust temperatures (secondary particles) 

Three of these, inorganic ash particles, H2SO4 droplets and condensable organic 
compounds, involve homogeneous or heterogeneous nucleation. The total amount 
of condensation for these three categories is well defined, being approximately 
equal to the amount of initially vaporised material that is in excess of equilibrium 
at the ambient temperature (Lighty et al., 2000). However, for soot, both the 
nucleation step and the amount of soot are determined by detailed kinetics rather 
then by thermodynamic equilibrium (Lighty et al., 2000; Warnatz et al., 2001) 

3.1. Particles from incomplete combustion 

3.1.1. Soot formation
Soot, which consists of elementary carbon, is produced by a sequence of chemical 
reactions, some of them essentially irreversible. The soot formation mechanisms 
are complex and the current understanding of formation is incomplete. In figure 3, 
a schematic description of soot formation in premixed gaseous combustion is 
presented (Bockhorn, 1994). Soot is used in many industrial process (often called 
carbon black), like in the production of printing ink or as a filling material in 
rubber tires. In combustion processes soot is an undesirable end-product. 
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However, soot is a much desired intermediate product in furnaces, since it 
contributes a great deal to the heat transfer through radiation. The strategy is to 
generate soot early in the flame, have it radiate, and then have the soot oxidised 
before leaving the furnace.  

Soot forms under fuel-rich conditions in which hydrocarbon fragments have a 
greater probability of colliding with other hydrocarbon fragments and growing 
rather than be oxidised to CO and CO2. At equilibrium soot exist when C/O 
exceeds 1.0. However, in non-premixed flames soot forms even in the presence of 
excess air, since oxygen-deficient conditions will always be found on the fuel side 
of the flame front. These fragments are cracked into smaller pieces and react with 
one another and the surrounding gases to form aromatic rings. To these aromatic 
rings, alkyl groups are added and form polynuclear aromatic hydrocarbons (PAH). 
It is widely accepted that further growth of the PAH leads to soot (Bockhorn, 
1994 Wagner, 1979). The particle inception takes place at molecular masses 
between 500 and 2000 a.m.u. Furthermore, the diameter of these soot nuclei is 1-2 
nm. Thereafter, the particles grow larger by surface reactions and coagulation. In 
the late phase of soot formation when, due to lack of surface growth, coagulation 
is no longer possible, soot agglomeration take place. The soot formation in non-
premixed flames usually occurs early in the flame and is followed by oxidation as 
soot is convected through the tip of the flame. Oxidation occurs primarily as a 
result of attack by molecular oxygen, O2 and the OH radical. Other oxygenated 
species such as the O atom, H2O and CO2 may be important under some 
conditions. The soot oxidation rate is connected to the oxygen concentration and 
the temperature, however as soon as the temperature decreases below a certain 
value the oxygen concentration plays only a minor role. Therefore addition of too 
much cool air only reduces the temperature and thereby increases the life time of 
the soot particle. If the residence time for complete oxidation is too short, the soot 
particles survive and contribute to the particle emissions.  
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Fig. 3.  Schematic picture of soot formation from premixed gaseous combustion (Bockhorn, 1994)

For solid fuels, such as a burning coal particle, experiments from laboratory 
reactors have shown that soot nucleation occurs early in the flame zone around the 
burning particle (McLean et al., 1981; Seeker et al., 1981; Timothy et al., 1986) . 
Volatiles are released to the gas phase from coal particles in the initial stage of 
coal combustion. Secondary reactions of coal volatiles, especially coal tar, are 
generally thought to be the major soot formation mechanism in coal flames (Ma et 
al., 1996; Fletcher et al., 1997). A schematic representation of the formation of 
soot in the envelope flame surrounding a devolatilizing coal particle is shown in 
figure 4. The soot particles are formed in the coal particle boundary layer flow 
around the particle and agglomerate in the particle wake. The influences of coal 
type on the formation of soot have been studied by Ma et al. (1996) and by Mitra 
et al. (1987). In these investigations a clear correlation between the tar production 
capability of coal and the formation of soot were found. High volatile coals have 
the highest formation of soot.  

The structure of an individual diesel soot particle has been investigated by 
Ishiguro et al. (1997) and figure 5 shows the schematic model of a soot particle. A 
primary soot particle with a diameter of app. 20 to 30 nm has two distinct parts, an 
inner core with a diameter of app. 10 nm at the central region of the primary 
particle and an outer shell. The inner core is composed of several fine particles of 
about. 3 to 4 nm in diameter. These fine particles have a nucleus with a diameter 
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of ca. 1 nm for the central portion, which corresponds to several tens of atoms in 
carbon numbers. The nucleus is covered by several carbon layers with distorted 
structure. The outer shell is composed of microcrystallines with periodic 
orientation of carbon sheets, or a so-called graphitic structure. Almost all the 
crystallites are planar in shape, app. 1 nm thick and app. 3.5 nm wide and are 
oriented perpendicular to the radius of the primary particle. 

Fig. 4. Schematic representation of the formation of soot in the envelope flame surrounding a 
devolatilizing coal particle in the presence of oxygen (Fletcher et al., 1997) 

Fig. 5. A schematic model of the microstructure of the diesel soot particle (Ishiguro et al., 1997) 

3.1.2. Condensable organic particles 
At low temperatures and insufficient air supply, the emissions of tar can be 
significant. Tar is a complex mixture of condensable hydrocarbons with a 
molecular weight larger than benzene (Devi et al., 2003). The tar is produced in 
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the pyrolysis step. If the temperature in the combustion zone is too low to crack 
the tar molecule these can later on when the temperature decreases condense on 
earlier produced particles or form new tar particles.    

3.2. Fly ash particles 

Solid fuels such as coal or biomass contain inorganic species. In the combustion 
process these inorganic species produce a combustion product called ash. The ash 
particles can be divided in several categories dependent on their size. The largest 
ash particles, up to several mm are often called bottom ash since they are left in 
the combustion chamber after the combustion. Fly ash particles usually leave the 
combustion zone with the flue gas, but some of them may be left in the furnace as 
wall deposits. The particles in the flue gas will contribute to the ambient air 
pollution of particles. The fly ash is often divided in two categories, submicron fly 
ash (<1 m) and supermicron fly ash (>1 m) since they are produced from two 
different mechanisms, that are described below. The ash formation mechanisms 
for biomass and coal are similar. For coal combustion the fly ash formation has 
been extensively investigated and is well understood. Hence, it is relevant to 
review the fly ash formation mechanisms for pulverised coal combustion and to 
asses their relevance for biomass combustion.  

In pulverised coal combustion, the fuel particles (typically less than 100 m) are 
injected into the furnace along with air through burners. At the burner exit, the 
fuel and air mix in the furnace, the fuel particles heat up rapidly, they dry and the 
devolatilisation of the coal particles starts. The combustion of devolatilised gases 
creates a flame close to the burner entrance. Outside the flame zone from 
volatiles, oxygen can reach the fuel particle and char combustion starts.       

The ash forming mechanisms of coal combustion is well established (Flagan and 
Friedlander, 1978; Flagan 1979; Neville et al., 1982; Quann et al., 1990) and a 
schematic sketch is shown in figure 6 (Helble et al., 1986). Historically, field and 
laboratory studies have shown that ash from coal combustion is produced by two 
mechanisms resulting in a bimodal size distribution of the emitted particles 
(Neville et al., 1981; McElroy, et al 1982; Helble et al., 1986). The larger ash 
particles, 1-20 m in diameter, are produced by the fusion of mineral matter on 
the surface of the burning particles. Smaller particles, < 1 m in diameter, are 
produced by vaporisation and recondensation of a small portion of the mineral 
matter. However, recent experimental results and re-examination of literature data 
show that the coarse mode (1-20 m) can be divided in two distinct modes (Linak 
et al., 2002), one middle mode between approximately 0.7-3.0 m and one mode 
with particles larger than 10 m.    
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During combustion of pulverised coal, the bulk of the mineral matter (>99 %) 
coalesces to form spherical ash droplets on the char surface. If the char particle 
remains intact during combustion, one ash particle would be obtained per particle 
of coal burned. However, as a consequence of the fragmentation of the char, each 
coal particle may typically generate 3-5 large residual ash particles 10-20 m in 
diameter and a larger number of 1-3 m ash particles.  

A fraction of the mineral matter vaporises during combustion in pulverised coal 
flames. During the high temperature in the char combustion phase in a pulverised 
coal particle, the refractory metal oxide ash (SiO2, CaO, and MgO) in coal 
undergoes reduction by the carbon monoxide inside the burning char and thereby 
form volatile inorganic vapours (SiO, Ca, and Mg) (Quann and Sarofim, 1982). 
The inorganic vapours diffuse out and away from the burning char particle. In the 
oxygen rich boundary layer of the coal particle, the inorganic vapour is oxidised 
and again forms refractory metal oxide (SiO2, CaO, and MgO) with extremely low 
vapour pressure. The high super saturation of metal oxide leads to production of 
extremely fine particles by the nucleation mechanism (Neville et al., 1981; Helble 
et al., 1986). The particles then grow by a collision and coalescence process in the 
free molecular regime in the boundary layer region of the burning char particle 
forming primary particles with a diameter of < 0.2 m. Thereafter, the primary 
particles aggregate and form clusters of 15 to 25 primary particles with an 
aerodynamic diameter of < 1.0 m (Helble et al., 1986). The submicron particles 
have a stratified structure (Neville and Sarofim, 1982). The inner core of the 
particles consists of refractory oxides and the outer layer consists of more volatile 
compounds that have condensed to produce the outer layer of the inorganic 
particles.  

The vaporised fraction of the mineral matter depends on the combustion condition 
and the coal type. The amount of vaporised ash is strongly connected to the char 
combustion temperature since higher temperature leads to more vaporisation of 
ash minerals (Neville et al., 1981; Quann and Sarofim, 1982; Taylor and Flagan, 
1982). If the coal contains more easily volatile ash elements the production of 
submicron particles also increases (Quann and Sarofim, 1982: Quann et al., 1990). 
For some coal types (lignites) the submicron fraction is also affected by staged 
combustion (Linak and Peterson, 1984; Linak and Peterson, 1986) due to more 
vaporisation of ash elements as a consequence of the local reducing atmosphere 
conditions. Taylor and Flagan (1982) investigate the influence of combustor 
operating conditions on the fine particle from pulverised coal combustion. They 
find that the combustor wall temperature, fuel-air equivalence ratio, preheat 
temperature and the burner aerodynamics affected the concentration of submicron 
particles in the flue gas.
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Fig. 6. Illustration of the ash formation process during pulverised coal combustion (Helble et al., 
1986) 

3.3 Particles from biomass combustion 

During combustion of different biomass fuels, both inorganic particles and 
organic particles are formed. The general formation mechanisms for the ash 
particles are similar to those in coal combustion. However, the detailed picture is 
not the same since the ash content and composition between the biomass and the 
coal is different. Generally, biomass fuels, with few exceptions, have lower ash 
content than coal and the ash composition is dominated by alkali salts with low 
melting points (Nordin, 1994; Abbas et al., 1996).

3.3.1 Vaporisation of inorganic material during biomass combustion
The first step in the submicron aerosol formation is vaporisation of inorganic 
matter from the biomass fuel under the combustion phase. The release of 
inorganic matter for straw to the vapour phase in combustion, pyrolysis or 
gasification situations was investigated in several bench scale studies (Björkman 
and Strömberg, 1997; Jensen et al., 2000; Knudsen et al., 2004). They found that 
chlorine is released in two steps, about 20-70 % of the chlorine was released in a 
temperature region up to 500 ˚C and most of the residual chlorine is released 
between 700-900 ˚C. The major release of alkali material to the gas phase occurs 
under the char combustion phase (Wornat et al., 1995) 
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The transformation and release of potassium, sulphur and chlorine from biomass 
to the gas phase has been investigated experimentally by Jensen et al. (2000) for 
straw and extended for other types of annual biomasses by Knudsen et al. (2004). 
The results for straw can be summarised as follows (Jensen et al., 2000). About 60 
% of the Cl is released at a temperature interval of 200 to 400 C. In a temperature 
interval of 400-700 C, no significant amounts of K or Cl are released to the gas 
phase. From 700 to 830 C, all KCl evaporates, and thereby most of the chlorine 
in the char is released. In this temperature range K also reacts with silicon to 
generate potassium silicates. From 830 to 1000 C, K2CO3 is decomposed and 
potassium is released as KOH or as free K atoms. Above 1000 C, potassium may 
be released to the gas phase from the char matrix and from potassium silicates. 
The study shows that by limiting the temperature in a pyrolysis reactor to 700 C
a significant release of potassium could be prevented. Release of some chlorine 
could not be prevented.

Knudsen et al. (2004) showed that both the combustion temperature and the ash 
composition greatly affected the quantity of Cl, K, and S released to the gas 
phase. Their experimental results showed that potassium was released in a 
significant amount when the temperature exceeded 700 ˚C and that the quantity 
released increased with increasing combustion temperature. At 1150 ˚C, between 
50-90 % of the total potassium was released to the gas phase. The biomass fuels 
with an appreciable content of silicates showed the lowest release of potassium 
since the potassium may be incorporated into silicate network and become less 
volatile. On the other hand, a high Cl concentration relative to K may increase the 
volatility of K because the relatively high vapour pressure of KCl at combustion 
relevant temperatures. Between 30 and 55 % of the fuel sulphur was released at 
500 ˚C. The samples rich in K and Ca, but low in Si, displays only a minor 
increase in the sulphur release as the combustion temperature increases further. 
On the other hand, the sulphur release increased abruptly above 700-800 ˚C for 
the Si-rich samples.  

3.3.2 Ash formation during fluidised-bed combustion of wood
For combustion of bio-mass in fluidised beds the following ash formation 
mechanisms were proposed by Lind et al. (2000) (see figure 7). The fly ash is 
decomposed in two different modes, a fine mode with an aerodynamic diameter of 
0.1-0.2 m and a coarse mode with an aerodynamic diameter of 1-15 m. The 
concentrations in the flue gas channel of the fine mode were between 14-73 
mg/m3 and for the coarse mode between 230-290 mg/m3 dependent on the fuel 
type used. Chemical analysis of the fine mode shows that the particles consist 
mainly of K, with smaller amounts of Cl, S, and Ca. The fine-mode particles are 
formed from the ash species that volatilised during combustion. The volatile 
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species then form new particles by nucleation and grow quickly by coagulation, 
coalescence and condensation. Since the resulting fine particles are close to 
spherical single particles, it is concluded that no agglomeration occur in the fine 
mode. The coarse fly ash particle mode is formed by two mechanisms: (1) 
attrition and fragmentation of the quartz sand particles and the coating on their 
surfaces in the furnaces and (2) formation of residual ash particles from the ash 
elements in the fuel. 
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FLY ASH BOTTOM ASH

mixed in bed

devolatilization 

char burning 

char fragmentation

volatilization
agglomeration 

coalescence

collisions

chemical 

reaction

attritioncondensation
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Fig. 7. A simplified schematic figure of the ash formation mechanism during circulating fluidised-
bed combustion of solid wood-based biomass (Lind et al., 2000) 

3.3.3 Particle formation during fixed bed combustion of straw 
Christensen and co-workers investigated the formation of submicron particles 
during fixed bed combustion of straw (Christensen, 1995; Christensen et al., 1998; 
Christensen et al., 2000). They found that the particle emissions were dominated 
by submicron particles containing mainly K2SO4 and KCl. The submicron particle 
concentration in the flue gas varies fromd 75 to 2095 mg/Nm3 depending on the 
straw type used. A theoretical analysis (Christensen et al., (2000) indicates that 
particle formation starts by nucleation of potassium sulphates from the gas phase 
followed by condensation of mainly KCl and K2SO4 on the nucleated seed 
particles when the flue gas is cooled by the super heaters. They also showed that 
at high temperatures, potassium exists primarily as KCl and KOH while sulphur 
and chlorine are bound as SO2 and HCl. At lower temperatures, potassium 
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sulphates are formed from a sulphation process of KOH and KCl according to the 
following reactions 

OHSOKOSOKOH 24222
2

1
2                    [15]

            

HClSOKOHOSOKCl 2
2

1
2 42222                                          [16]

                 
Both experimental (Iisa et al., 1999; Jimenez and Ballester, 2005) and theoretical 
(Christensen et al., 2000; Glarborg and Marshall, 2005) investigations have shown 
that the sulphation process is dependent on the oxidation of SO2 to SO3. The 
sulphation process is fast above 900 ˚C but below 800 ˚C the reaction rate is 
reduced considerably and become kinetically controlled. If the sulphation process 
is too slow or if there is not enough Cl and S to bind all the K as K2SO4 and KCl, 
other alkali compounds as KOH and K2CO3 may form. Furthermore, the 
transformation of KCl to K2SO4 may have practical implications since K2SO4 is 
less aggressive than KCl with respect to high temperature corrosion of the boiler 
and heat exchangers. The transformation of KCl to K2SO4 can be achieved by 
adding SO2 to the combustion atmosphere by co-firing the biomass with a fuel 
with relatively high sulphur content, for example coal or peat.   
.
3.3.4 Particle formation during fixed bed combustion of biomass 
In recent years in Sweden there have been large efforts to characterise particle 
emissions from medium (district heating plants) and small scale combustors fired 
with woody biomasses (pellet burners and stoves). The general characteristics of 
the particle emissions are the same independent of the combustor type. Johansson 
et al. (2003) and Boman et al. (2004) investigate the particle emissions during 
combustion of woody biomass pellets in small scale combustors. In both these 
investigations, the particle matter is dominated by submicron particles which 
consist of both vaporised inorganic matter and organic and elementary carbon 
(soot) from incomplete combustion. The reported particle concentration in the flue 
gas for these two works were between 34-240 mg/Nm3 (Johansson et al., 2003) or 
between 57-377 mg/MJfuel (Boman et al., 2004), with the higher values during 
unsatisfactory operating conditions. If the combustion conditions are 
unsatisfactory, the particle emissions are dominated by particles from incomplete 
combustion. The inorganic ash particles always remain as a background 
constituent in the particle emissions and if the combustion conditions are 
optimised the inorganic particles dominate the mass of the particle emissions. The 
inorganic mass of the submicron particles are dominated by K, Na, S, Cl and the 
heavy metal Zn. The inorganic phases observed in the particle emissions are KCl, 
K2SO4 and K3Na(SO4)2 (Boman et al., 2004).  
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Johansson et al. (2003) investigated also the particle emission from a 2 MW 
district heating plant (grate type) fired with wood pellets and briquettes and Pagels 
et al. (2003) investigated the particle emissions from two district heating plants 
(grate type) with a power of 1 and 6 MW respectively fired with forest residues. 
In the investigation by Johansson et al. (2003) the particle matter is dominated by 
submicron particles. However in the investigation by Pagels et al. (2003) the 
particle matter was bimodal with one submicron mode and one supermicron 
mode. The dominating inorganic elements are K, S, and Cl in the fine mode and 
Ca, K, S in the coarse mode. Wierzbicka et al. (2005) characterise the particle 
emissions from a district heating plant (1 MW, grate type) operating on forest 
residue, pellets and sawdust. They found that the submicron particles in addition 
to the inorganic content were made up of a significant fraction of matter from 
incomplete combustion. Particle organic compounds and elementary carbon (soot) 
contributes to fine particles with 1-19 % and 0-56 %, respectively.
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4. Experimental equipment 

4.1 The wood pellets reactor and burner configuration 

The system investigated in this study was an 8-11 kW updraft fired pellets reactor 
that has been custom designed for systematic investigation of particle emissions 
during wood pellets combustion. The design was similar to commercial pellets 
stoves but with slightly different dimensions. The reactor was a vertical cylinder, 
0.2 m in diameter and 1.7 m in length. The reactor can be insulated on the outside 
so that different process temperatures can be achieved in the reactor. In the bottom 
of the reactor different types of pellet burners can be docked to the reactor. Figure 
8 and 9 shows the reactor and the burner configuration used in paper A, B and 
paper C-E, respectively. The wood pellets are delivered through a gravity feed 
pipe to the wood pellets burner by a mechanical feeding system. Over a period of 
15 min, the feed rate can be controlled within 2 % of the required mean value. 
However, maintaining a constant feed rate of a solid fuel is difficult, and, during a 
feeding period occasional perturbations in the mass flow have been observed. 
After the reactor, the flue gas left the reactor through a horizontal duct with a 
diameter of 120 mm (flue gas channel). Through the top of the reactor, the 
combustion process inside the reactor can be inspected through a window. 
Sampling probes can be inserted horizontally into the centre line of the reactor, 
through 9 sampling ports in the reactor and 1 sampling port (port 10) early in the 
flue gas channel (see figure 8).

Different pellet burners were used in this study. The aim with the burner 
configuration used in paper A, and B (see figure 8) was to create a stable 
symmetric flame located around the centre line of the reactor so that 
representative measurements could be done at the centre line of the reactor. 
Primary air enters the burner through a circular perforated stainless steel plate 
with 32 holes with a diameter of 3 mm, resulting in an open area of 5.9 %. 60 mm 
above the grate, secondary air is inserted through 12 holes with a diameter of 4 
mm. The secondary air jets are located symmetrically around the centreline of the 
reactor and the injection angle between the jets and a horizontal plane is 30˚. 75 
mm above the grate tertiary air is inserted vertically through 12 holes with a 
diameter of 4 mm located symmetric around the centre line of the reactor.
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Fig. 8. Schematic sketch of the reactor and the pellets burner used in paper A and B. The location 
of the 9 sampling port in the reactor and the sampling port in the flue gas channel (port 10) are also 
showed.  

The aim with the burner design used in paper C-E (see figure 9) was to design a 
pellet burner that can be used to study the influence of different operating 
parameters on amount and characteristics of the particle emissions. Primary air 
entrance the burner through perforated stainless steel plate with 121 holes of 3 
mm diameters resulting in an open area of 6.25 %. Secondary air was inserted to 
the reactor horizontally above the grate. The secondary zone consists of 24 holes 
in three horizontal sections, eight holes in each section. The height from the grate 
to the lowest inlet section in the secondary zone is 0.13 m and to the highest inlet 
section 0.3 m. Different flow patterns in the combustion zone can be created since 
the injection angle to the radial direction of the jets in the secondary zone can be 
changed to allow an adjustable amount of swirl in the reactor and the amount of 
air supply in the primary and secondary zone can be controlled independently of 
each other.
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Fig. 9. Schematic sketch of the reactor and the pellets burner used in paper C-E. The sampling 
system used to sample particles from the flue gas channel are also showed.   

4.2 Experimental methods 

Particle formation mechanisms and the influence of operating and fuel parameters 
on the particle emissions were investigated by aerosol sampling technology. 
Different type of instruments for experimental investigations of particle emissions 
was used in this study and they are briefly described in this chapter:

A high temperature particle sampling system (paper A, and B) was used to 
investigate the particle formation mechanism. A schematic sketch of the particle 
sampling system used in this study is presented in figure 10. Particle samples were 
withdrawn from the centre line of the reactor (port 1-9) and in the flue gas channel 
(port 10) by a rapid dilution sampling probe with a quenching ratio up to ~106

˚C/sek. At the probe tip the hot flue gas was diluted down to a temperature of 
~300 ˚C with particle free air and the dilution ratio was 25. The flow in the 
dilution probe was driven by an ejector. The residence time from the probe tip to 
the inlet of the ejector was ~10 ms. In the ejector, the sampling flow was diluted 
again with particle free air with a dilution ration of ~4 making the overall dilution 
ratio in the system to 100. At the outlet of the ejector, the diluted particle stream 
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was sent to different types of particle analysis systems (filter and low pressure 
impactor). 

A flue gas particle sampling system (paper C-E) was used to investigate the 
influence from operating and fuel parameters on the particle emissions. Particle 
samples were withdrawn isokinetically from the flue gas channel (see figure 9) 
and the particle samples were thereafter sent to particle analysis system (cyclone, 
filter, low pressure impactor, and SMPS) 

The aerosols collected from the positions mentioned above were analysed by 
different aerosol instruments. The instruments used in the present thesis were 
traditional filtering, a pre-cyclone, a multi-stage low-pressure impactor, a 
scanning mobility particle sizer (SMPS), environmental scanning electron 
microscope (ESEM), energy disperse X-ray spectroscopy (EDS) and powder X-
ray diffraction (XRD). 

In traditional filtering (paper C-E) the total mass of particulate matter was 
collected on a filter (quartz or glass fibre). The filter was weighed carefully on a 
6-digit balance before and after the samples. To avoid condensation of moisture 
on the collected particles, the temperature in the pre-cyclone was held over 105 ˚C
during the experiments.     

A pre-cyclone can be used to collect coarse particles (paper E). The size of 
particles collected in the pre-cyclone can be varied by changing the flow rate in 
the cyclone. In the present investigation the size cut was ~6 m. To avoid 
condensation of moisture on the collected particles, the temperature in the pre-
cyclone was held over 105 ˚C during the experiments.

A multi stage low-pressure impactor (LPI) was used to measure the particle mass 
size distribution (paper A-E). The LPI separates aerosols according to their 
aerodynamic diameters in 13 stages from 0.03-10.7 m. The impactor is designed 
according to the principle of inertia impaction (Baron and Willeke, 2001). 

A scanning mobility particle sizer (SMPS) was used to determine the particle 
number size distribution (paper C-E). The SMPS consists of a differential mobility 
analyser (DMA) that size-classifies particles according to their electrical mobility 
in the range from 15.4-697 nm. The size-classified particles from the DMA were 
counted with a condensation particle counter (CPC).  

An environmental scanning electron microscope (ESEM) equipped with an 
energy X-ray spectroscope (EDS) analyses the particle sample with respect to 
particle morphology and elemental composition (paper A-E). Furthermore, to 
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identify possible crystalline phases of the particles they were analysed with 
powder X-ray diffraction (paper A, B, and E).

In addition to the particle measurements the gaseous composition and the 
temperature were analysed both in the centre line of the reactor through the 9 
sampling ports (paper A, and B) and in the flue gas channel (paper A-E). The 
combustion gases at the centreline from port 1-9 in the reactor were withdrawn 
with an air cooled sampling probe and analysed with respect to O2, CO2, CO and 
NOx by conventional gas instruments. The concentration in the flue gas channel 
(port 10) was measured continuously under every experiment in this study and 
analysed with respect to O2, CO, and NOx with a chemical cell instrument. To 
minimise the errors from radiative heat transfer, the mean and the fluctuation 
temperature of the gas at the centre line of the reactor was measured with an 
uncoated fine wire S-Type (Pt and Pt 90%/Rh 10%) thermocouple with a wire 
diameter of 50 m. These wires were welded by an acetylene/oxygen flame to 
form a thermocouple junction with a diameter < 200 m. The thermocouple 
junction was located 10 mm, from the end of a ceramic protective tube. At the 
other end of the ceramic tube the thermocouple wires were connected to a 
standard S type thermocouple connector. The thermocouple signal was measured 
with a data logger connected to a computer. The temperatures in the fuel bed and 
in the flue gas channel were measured with standard N-type thermocouples.  

Sampling probe
Ejector

Cyclone

LPI

Filter

Pump

Pump
Mass flow 

meter

Rota meter

NOx

Over flow

Gas meter

Filter

Pressurised air

Fig. 10. Schematic sketch of the high temperature particle sampling system (Paper A-B) 
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5. Formation of aerosols from wood pellet combustion

In this chapter the results obtained in paper A and B are briefly summarised. As 
shown in the literature review, the general formation mechanism of combustion 
generated particles from combustion of different biomass under various 
combustion techniques are known from measurements in the flue gas channel. 
Large fly ash particles are produced from fusion of non-volatile ash forming 
species in the burning char particles while inorganic fine particles have been 
produced from nucleation and condensation of easily volatile ash elements (K, 
Na, S, Cl, and Zn). The dominating alkali phases in the fine particles are K2SO4,
KCl and for fuels containing e.g. wood also K3Na(SO4)2. Mathematical models of 
the condensation process and high temperature point measurements in full scale 
equipment and laboratory reactors have shown that the alkali sulphates nucleate 
and condense before alkali chlorides that condense on the alkali sulphate particles 
already present in the gas. Soot is produced in the early fuel rich region of the 
flame and the resulting soot particles are thereafter oxidised in the fuel lean region 
of the flame. If the combustion conditions are unsatisfactory e.g. by insufficient 
mixing, too low temperatures in the combustion zone or poor furnace design the 
soot particles may escape the combustion zone and contribute to the fine particles. 

5.1 Detailed measurements of high temperature aerosols 

Although the overall picture of the formation mechanism for fine aerosols is 
known from measurements in the flue gas channel, detailed measurements that 
can shed light on the various stages of the aerosol formation from the hot flame 
region to the flue gas channel are rare. The aim with this study was therefore to 
perform a spatially resolved high temperature characterisation of combustion 
generated aerosols during fixed bed combustion of biomass under practical 
combustion conditions. In paper A, a reference type wood pellets with a relatively 
low ash content was used (0.4 wt %) and in paper B the fuels investigated were 
extended to also include a wood pellets with different ash content (0.76 wt %) and 
a bark pellet with an ash content of 3.7 wt %. The results from this work may be 
used to i) increase the understanding of the various stage of aerosol formation ii) 
provide useful benchmark data for mathematical modelling of aerosol and iii) as a 
reference case for development of well controlled laboratory reactors for studies 
of various steps of aerosol formation in biomass combustion.  

To perform detailed measurements of the particle formation mechanism, 
particulate samples were taken at 9 sampling points along the centre line of the 
reactor and one point (port 10) at the beginning of the flue gas channel through a 
rapid-dilution sampling probe (paper A). However, in paper B, particle samples 
were only withdrawn from sampling port 2, 4, 7, and 10.  After the dilution probe, 
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a part of the particle samples were quickly led through a low pressure cascade 
impactor (LPI) allowing subsequent physical and chemical analysis of the 
submicron particles. Another part of the flow was led through an absolute filter to 
determine the total particle concentration. Furthermore, at the centre line of the 
reactor the combustion gases were withdrawn with an air cooled sampling probe 
and analyzed with respect to O2, CO2, CO and NOx while the temperature inside 
the reactor was measured with a ultra-fine wire S type thermocouple (wire 
diameter 350 m or 50 m) to minimise the influence from radiative heat transfer 
to the thermocouple hot junction. The chemical composition of the particles was 
furthermore investigated by SEM/EDS and XRD analysis.

The measured gas concentration (CO2, O2, CO, and NOx) and the temperature 
profile at the centre line of the reactor are presented in figure 11 for a reactor 
power of 8 kW. Similar temperature and gas profiles were found for a reactor 
power of 11 kW. The concentration of CO in the first port is high and thereafter it 
decreases rapidly with increasing height over the grate. A stable value of around 
10 ppm was reached after sampling port 4 (445 mm above the grate). This 
indicates that the main combustion zone in the reactor was located between 
sampling port 1 and 4. The temperature in the first point was around 1450 ˚C,
thereafter the temperature decreases gradually to around 430 ˚C at the outlet of the 
reactor. The differences in temperature between the 50 m wire diameter and the 
350 m wire diameter are noticeable at higher temperatures (see figure 11). The 
difference can be explained with differences in radiative heat transfer from the 
reactor walls due to the difference in surface area between the two thermocouples. 
The gaseous and temperature profile for the fuel used in paper B, was almost 
identical to the reference wood pellets used in paper A, except for the NOx

concentration. This was expected since the thermal power and the operating 
conditions of the reactor are the same for all fuels. The NOx concentration were 
higher for the two fuels only used in paper B, than for the reference pellets used in 
paper A and B. This is probably connected to the fuel NOx formation mechanism, 
which itself is connected to the nitrogen content of the unburned fuel. With the 
same combustion conditions one would expect the production of fuel NOx to 
increase with increasing nitrogen content in the fuel.   
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Fig. 12.  The particle size distribution (PSD) in the centre line of the reactor. (A) port 1-5 and (B) 
port 6-10 (paper A). The location of the sampling port are showed in figure 8.  

The measured particle size distribution (PSD) at the centre line of the reactor is 
presented in figure 12. Early in the flame zone (port 1), the particle concentration 
is high and the PSD show a bimodal size distribution. Chemical analysis show 
that both the fine and the coarse mode were dominated by carbon which indicates 
that the particles are produced from incomplete combustion (e.g. soot) The 
particle concentration decreases rapidly between port 1 and 2, in particular for the 
smallest particles in the PSD due to rapid oxidation of the carbon rich particles in 
the oxygen rich post flame zone. After port 2 the particle concentration in the first 
mode continues to decrease, whereas the concentration of the second mode is 
almost unchanged. The oxidation of soot particles has decreased the fine particles 
significantly and a minimum in fine particle concentration was found in sampling 
port 3 and 4. Equilibrium simulations show that at a temperature above 1000 ˚C,
K, and Na, were bound mainly as KOH(g), KCl(g), NaOH(g), and NaCl(g). When 
the temperature decreases further after the flame, gaseous alkali sulphates (K2SO4,
and Na2SO4) were formed from a sulphation process. When the dew point 



 31

(saturation ratio, S=1) for alkali sulphates are reached (~950 ˚C), they starts to 
condense mainly on pre-existing fine particles in the gas (soot and/or refractory 
oxides). Alkali chlorides (KCl, and NaCl), condense after the alkali sulphates at a 
temperature of about 600 ˚C. According to the theoretical model, the only stable 
zinc species at high temperatures was Zn(g). When the temperature decreases to 
around 1100 ˚C, the zinc gas was oxidised and in the temperature range of 1100-
900 ˚C all Zn(g) was oxidised and formed ZnO(g) which immediately condenses 
and form solid ZnO. However, in the experiments, Zn was detected in significant 
amount in the fine mode at the same temperature range as the alkali sulphates. 
Moreover, no ZnO was identified in the XRD investigation for wood pellets. This 
may indicates that the Zn was bound in a more complex solid phase the ZnO. Due 
to the gas-to-particle conversion of inorganic matter, the particle concentration 
and the particle diameter increase when the gas temperature decreases in the 
reactor.

A comparison between the theoretical (chemical equilibrium) and experimental 
condensation process is illustrated, as elemental concentration, in figure 13 in the 
temperature region from 1200-200 ˚C (port 2-10). From the experiments, a clear 
increase in alkali metals, and sulphur could be identified at above 900 ˚C. During 
cooling of the gases an increase also of the chlorine in the fine particle fraction 
was observed in the cooling interval from 700-500 ˚C, with a parallel continuous 
increase in condensed alkali metal concentration. A trend of increasing fine 
particles containing zinc was also observed from the second sampling port (i.e. 
~1150 ˚C) until cooling to approximately 700 ˚C. The corresponding condensation 
process from the chemical equilibrium modelling results show that the general 
trends of the behaviour of alkali, sulphur and chlorine agreed rather well between 
the experimentally and theoretically predicted data. Based on both the 
experimental and theoretical results, it was clear that the condensation of alkali 
sulphates ~950 ˚C and alkali chlorides ~600 ˚C was the dominating fine particle 
formation process. The somewhat more continuous trends in these processes 
during cooling of the gases obtained experimentally (especially for zinc) 
compared to theoretically predicted values may be explained by the time scale for 
condensation, incomplete mixing, slow kinetics for the sulphation of alkali metals 
with SO2, temperature fluctuation under the experiments (see figure 11) and/or a 
result of sampling artefact (i.e. probe effect on fine particle formation).  
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Fig. 13.  Experimental results and theoretically predictions of the gas-to-particle conversion 
process for a reactor effect of 8 kW (paper A).   

During cooling of the gas in the quench-probe, inorganic vapours will condense 
and form particles mainly through the nucleation mechanism since the quenching 
ratio is extremely fast (106 ˚C/s). Early in the reactor (port 2-4), it is possible to 
identify elements (K, N, S, and Cl) in the particles that according to the 
equilibrium model should be in gas phase (see figure 13). However, the 
concentration of these elements is relatively low. The explanation for this is 
probably that a small fraction of the inorganic vapour interacts either through 
nucleation (most likely) or through condensation in the probe with the pre-
existing particles in the gas.  

After the hot flame the concentration of the coarse mode in the PM2.5 region was 
almost constant in the temperature range of 1100-700 ˚C (port 2-7). A slight 
decrease in the coarse mode was observed from 700 ˚C to the flue gas channel. 
The coarse mode consists of carbon, refractory metals (Ca, Mg, Si, Mn, and Fe) 
and considerably high amounts of condensable inorganic species (K, Na, S, Cl 
and Zn). The decrease of mass early in the flame can be explained by oxidation of 
carbon. The non-volatile refractory metals are thereafter left as a residue in the 
coarse mode. The large concentration of condensable matter on the coarse mode 
may be an artefact of the sampling method and/or some unknown gas to particle 
formation mechanism. 
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5.2 Influence of fuel ash type on high temperature aerosols 

The particle size distribution (PSD) for the other two fuels measured in sampling 
port 2, 4, 7, and 10 are presented in figure 14. As for the first wood pellets, the 
PSD in the PM2.5 region was bimodal with one fine and one coarse mode. The 
concentration of the fine mode and the particle diameter increased due to 
condensation of metal vapour. The concentration of the coarse mode was almost 
constant in the reactor with a slightly decrease in the end of the reactor (port 10). 

 The general trends in the chemical composition of the PSD for the different fuels 
used in this study were also relatively similar. Carbon dominates the chemical 
composition of the particles in sampling port 2 and these particles were rapidly 
oxidised in the post flame zone. After sampling port 2, inorganic material totally 
dominates the particle composition. During the formation of the particles alkali 
sulphates condensed before alkali chlorides. In addition to the well known 
inorganic elements often found in biomass combustion (K, Na, S, Cl, and Zn) 
both the fine mode for the second wood pellets and bark pellets contains a 
significant fraction of phosphor. Small differences in the evolution of the 
chemical composition of the fine particles could however be observed between 
different fuels especially early in the reactor (port 4). The phosphor seems to 
condense and form particles early in the reactor at a temperature of ~1000 ˚C.
However, no crystalline phase with phosphorous was identified in the XRD 
investigation. For Bark pellets, the Zn concentration in the fine mode especially in 
sampling port 4 was significantly higher than for the other two fuels and 
furthermore it was also possible to identify ZnO as a crystalline phase for the bark 
pellets.  
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(paper B).  
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5.3 Formation of supermicron particles (> 10 m) 

In addition to the two modes in the PM2.5 region, large fly ash particle (>10 m) 
are also produced during combustion of biomass pellets in the reactor. These 
particles were not investigated in paper A and B since the sampling probe was not 
designed to study large particles. The large particles are instead studied in paper 
C-E and figure 15 shows a SEM micrograph of typical large fly ash particles 
sampled in the flue gas channel.  

Fig. 15. Typical large particles (>10 m) produced in fixed bed combustion of biomass (paper E).   

The production of large fly ash particles is connected to ejection of char particles 
from the fuel bed. When the wood pellets are delivered from the feeder they fall 
down on the fuel bed and in the impact, glowing char particles are ejected from 
the bed. Several different types of particles can be identified from the SEM 
micrographs: (1) particles with an irregular shape (skeletal or agglomerates of 
very small particles); (2) spherical particles, (3) hexahedral particles with sharp 
edges, and (4) grain-like particles with rounded edges. Point wise EDS analysis of 
different types of coarse particles shows that irregular, spherical and hexahedral 
particles are dominated by Ca with minor elements of Mg and Mn (these particles 
also contain smaller amounts of P, Si and K). However, for the particles with 
grain-like shape two different chemical compositions could be identified, the first 
one was similar in comparison to the other coarse particle types and was 
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dominated by Ca, Mg and Mn. For the other type, Si, Al, K and Ca dominate the 
particle composition.

Particles with a calcium-rich skeletal shape has earlier been found in the 
investigation by Chenevert et al. (1998) who investigated the ash characteristics of 
high alkali sawdust and sanderdust in a down-fired tunnel furnace. They 
suggested that the skeletal structure of unfused ash remains when the char has 
burned out. Lind et al. (2000) who investigated the ash formation mechanism 
during combustion of wood in fluidized beds suggested that the irregular 
agglomerated structure was formed from non-volatile ash elements that collide 
and agglomerate when the char burns out. The formation mechanisms of the other 
Ca rich particles are not fully elucidated in the literature. However, the presence 
of large spherical particles indicates that some of the residual ash will melt and 
form droplets under the combustion process. The presence of calcium rich 
particles with a cubic and grain-like shape indicates also that these particles 
consist of molten ash, however, different temperature histories in the melting or 
solidification phases creates different shapes. For the grain-like particles that were 
dominated by Si, Al, K and Ca. Öhman et al. (2002) proposed that the particles 
are “sand particles” that have contaminated the raw biomass during the 
manufacturing process. To summarise, the different coarse particles in the present 
study have been produced from non-volatile residual ash particles that have been 
carried away by the gas from the combustion zone.    

5.4 Vaporisation of metals 

In paper B, the vaporisation of alkali metals from the fuel bed were also 
investigated through chemical equilibrium calculations. At high temperatures 
(above 1100 ˚C), potassium was predicted to be volatilised mainly as K(g), 
KCl(g) and KOH(g), dependent on atmosphere in the fuel bed, i.e. increasing 
KOH(g) concentration and decreasing K(g) with increasing oxygen concentration 
in the fuel bed. The corresponding dominated volatilised specie for sodium were 
Na(g), NaCl(g), and NaOH(g), with the same influence from the oxygen 
concentration in the fuel bed.  The amount of vaporised alkali from the fuel bed 
was strongly dependent on combustion temperature and the fuel composition. The 
amount of alkali vapour vaporised was connected to the initial alkali 
concentration and the alkali to silicon ratio of the fuel. Increasing alkali 
concentration leads to more vaporisation of alkali, however, high Si concentration 
in the fuel could reduce the vaporisation of alkali significantly, alkali reacts with 
Si and form alkali silicates which not vaporised and thereby the volatilisation of 
alkali to the gas phase was reduced. Furthermore, the calculations show that the 
vaporisation of alkali increases with increasing bed temperature.  
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5.5 Formation mechanisms for combustion aerosols 

The main particle formation mechanisms during fixed bed combustion of wood 
pellets found in this study are summarised in figure 16.   

(I) Super coarse particles, > 10 m were formed from residual fly ash 
particles that have been ejected from the fuel bed and carried the gas 
upwards. These particles contains mainly of refractory metals such as 
Ca, Mg, Mn and Si. 

(II) Coarse particles, ~1 m are probably produced from gas-to-particle 
conversion of alkali salts on pre-existing residual fly ash/char particles 
in the flue gas. The exact formation mechanisms for these particles are 
still unknown and can be an artefact of the sampling system.  

(III) Fine fly ash particles, < 1 m are produced from vaporisation of easily 
volatile metals (K, Na, S, Cl, Zn and in some case also P) from the 
fuel/ash particles in the bed or from the ejected char/ash particles in the 
flame. In the reducing atmosphere in the early flame, the vaporised 
elements are bound mainly as K(g), KCl(g), KOH(g), Na(g), NaCl(g), 
NaOH(g), and Zn(g) and in the oxygen rich flame mainly as KCl(g), 
KOH(g), NaCl(g), NaOH(g) and Zn(g). When the temperature 
decreases to ~1000 ˚C alkali sulphates are formed from a sulphation 
process of alkali hydroxides and alkali chlorides. When the 
temperature decreases below the dew point for the alkali sulphates 
(~1000 ˚C) they condense on possible pre-existing fine particles in the 
gas (soot particles and/or refractory oxides) or form new particles by 
nucleation. Gas-to-particle conversion of zinc also occur at high 
temperatures (~1000 ˚C), the zinc is bound as ZnO or a more 
complicated zinc phase (still unidentified). At a temperature of ~600 
˚C, alkali chlorides start to condense on pre-existing fine particles in 
the gas.

(IV) Fine particles from incomplete combustion (e.g. soot particles), < 1 m
are produced in the oxygen lean early flame and these particles are 
thereafter oxidised rapidly in the hot oxygen rich post flame zone. If 
the soot particles survive the oxidation process they can probably act 
as condensation nucleus for alkali sulphates and Zn. After the flame, 
the fine mode mass concentration and particle diameter grow by gas-
to-particle conversion of metals. Simultaneously, the fine mode 
number concentration decreases and the particle diameter increases 
due to coagulation between the particles. 

The resulting particle mass size distribution in the flue gas in the laboratory 
reactor was bimodal with one fine mode (< 1 m) and one coarse mode (> 10 m) 
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or trimodal dependent on the existence of the middle mode (dp ~1 m). The mass 
concentration of the fine mode (< 1 m) in the flue gas channel is in general 
larger then the concentration of the coarse mode (> 10 m), and the mass 
concentration of the coarse mode is in turn larger the middle mode (~1 m).   

The general aerosol formation steps of potassium salts obtained in this work 
(K2SO4, and KCl) are in good agreement with both theoretical (e.g. Christensen 
and Livbjerg, 2000) and recent high temperature experimental results obtained in 
an entrained flow reactor (Jimenez and Ballester, 2004) of the gas-to-particle 
conversion of potassium salts. However, as shown in this work for combustion of 
wood pellets under realistic combustion environment, several other inorganic 
elements (Na, Zn and P) are vaporised from the fuel bed and in addition to the 
potassium salts also contribute to the formation of fine particles. Furthermore, 
soot particles are formed in the flame and may interact with the inorganic 
elements after the hot flame.  

The chemical composition of the fine particles from the experimental reactor in 
this work is also in good agreement with what was found in combustion of woody 
biomass in commercial equipments (e,g. Boman et al., 2004) except for the fuels 
where phosphorous was found in the fine particles. This may be due to the higher 
fuel bed temperature in this experimental pellets burner compared to that in 
commercial equipments. Alternatively, it could be an effect of the fuel ash 
composition. In commercial pellet burners and stoves, the particle mass size 
distribution in the flue gas is often uni-modal and dominated by submicron 
particles (< 1 m) and no significant emissions of particles larger than 10 m will 
normally be found (e.g. Johansson et al., 2003). The explanation for this 
discrepancy between the commercial burners and stoves and the experimental 
reactor used in this work is probably connected to geometry differences of the flue 
gas channel after the combustion zone. The geometry after the combustion zone 
and until the flue gas channel is much more complicated (several sharp bends) in 
commercial equipment than in this reactor (see figure 8 and 9). Therefore, 
particles larger then 10 m released from the fuel bed are likely to impact and 
stick on surfaces due to centrifugal separation in commercial equipments. Hence, 
they will not contribute significantly to the particle emissions from the boiler.    
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6. Particle emission minimisation during wood pellets combustion 

The second part of this thesis addresses the influence of operating and fuel 
parameters on the particle emissions from fixed bed combustion of wood pellets. 
In this chapter the results from the last three papers (C, D, and E) are summarised 
briefly. As mentioned earlier it is especially essential to minimise the particle 
emissions already in the combustion zone from small scale combustion units, 
since advanced gas cleaning is not an option due to its relatively high cost. The 
aim with this study was therefore to investigate the impact from different 
operating, construction and fuel parameters on the amount and characteristics of 
the combustion generated particles. We believe that the results may be used as a 
guide on how commercial wood pellets burners and stoves can be constructed and 
operated so that the particle emissions are minimised already in the combustion 
process.

6.1 Influence of combustion aerodynamics and temperature  

Paper C contains a screening study on which operating parameters that has the 
largest influence on the particle emissions in combustion of a reference pellets 
with an ash content of 0.4 wt %. Significant effects on the particle emissions were 
found for the combustor wall temperature (process temperature) and the flow 
pattern in the reactor. The results show that the total particle emissions were a 
mixture of large fly ash particles ejected from the fuel bed, submicron fly ash 
particles produced from vaporisation and condensation of ash minerals (K, Na, S, 
Cl, and Zn) and submicron particles produced from incomplete combustion (i.e. 
soot). Figure 17, presents the influence of combustor wall temperature on the total 
particle concentration (submicron + supermikron) and the submicron particle 
mass size distribution.  
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Increasing the combustor wall temperature decreases the emissions of coarse fly 
ash particles and soot particles due to higher oxidation rate of the soot particles at 
higher temperatures. The decrease in coarse fly ash particles is probably 
connected to a higher tendency to stick on the reactor walls at higher temperatures 
and thereby the deposition on the wall of large particles increases as the wall 
temperature of the reactor increases. However, at the same time as the soot and 
coarse fly ash particle emissions decrease when the wall temperature increases the 
emissions of submicron fly ash increases simultaneously due to higher 
vaporisation rate of inorganic material from the fuel bed and/or from the large fly 
ash particles flowing through the hot secondary combustion zone in the reactor. 

The flow pattern in the combustion zone also affects the emissions of soot 
particles especially at low combustor wall temperatures (400 ˚C). By allowing for 
sufficient residence time at high temperatures with good mixing between fuel and 
air in the combustion zone, complete oxidation of soot and other hydrocarbons 
can usually be ensured. However, if the flow pattern in the combustion zone 
results in poor mixing between fuel and air and local flame quenching by the 
reactor walls, e.g. due to too much swirl in the reactor, the emissions of soot and 
hydrocarbons can be significant. At high combustor temperatures the effect of 
poor mixing and local flame quenching is not as significant as for low combustor 
temperatures.       

6.2 Influence of fuel type 

In paper D, the influence of fuel type on the final particle emissions in the flue gas 
channel was investigated. Three different biomass fuels were studied, bark pellets 
(ash content 2.7 wt %), wood pellets (ash content 0.4 wt %) and granulates made 
from hydrolysis residues (ash content 0.1 wt %). The influence of fuel type on the 
submicron particle emissions are presented in figure 18 for a reactor wall 
temperature of 675 ˚C. The results show a significant increase of particle 
emissions with an increase of the ash concentration. For a wall temperature of 675 
˚C, the submicron particles were dominated by alkali metals and Zn that have 
vaporised in the combustion zone. For the three fuels used in this study the 
concentration of volatile ash elements increased with increasing ash content and 
therefore the emissions of submicron particles increased with ash content due to 
more vaporisation of inorganic elements.  

When these three fuels were fired in the reactor at a wall temperature of 400 ˚C,
the concentration of submicron particles in the flue gas was increased slightly for 
the bark pellets and the wood pellets due to slightly higher emissions of soot 
particles but the particle composition was still dominated by alkali salts. However, 
the concentration of submicron particles for the hydrolysis residues was increased 
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about 17 times and now the particle composition was totally dominated by carbon 
(98.9 wt %).
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Fig. 18. Effect of fuel type on the particle emissions in the flue gas (paper D). 

When the reactor was operated at 400 ˚C, the concentration of CO in the flue gas 
was of the same order for all experiments, independently of the fuel. Because the 
concentration of CO is connected to incomplete combustion, the explanation for 
the substantial increase in submicron particle mass for the hydrolysis residues 
appears to be unconnected to the overall gaseous combustion conditions. The 
explanation for the increase in unburned matter for the hydrolysis residue may 
therefore be sought in factors connected to the fuel itself. As discussed in paper D, 
this can be an effect of either (1) the production of soot/organic particles has 
increased for the hydrolysis residues compared to the other fuels and/or (2) the 
oxidation rate of soot/organic particles is lower for the particles in the hydrolysis 
flame.  

The general sooting tendency is dependent on the initial fuel structure and for coal 
combustion it has been found a correlation between the tar production capability 
and the soot formation. In our experiments the hydrolysis residue has a high lignin 
concentration compared especially to the wood pellets. Since the lignin has a 
different chemical structure than the hemicellulose and cellulose that make up the 
remainder of the biomass it is possible that this difference between the fuels 
affects the tar production. It is also likely that the composition of the tar in the 
early pyrolysis step in the fuel bed will be affected which then could increase the 
soot yield compared to the other fuels.
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The oxidation rate of soot may be connected to the initial nano structure of the 
soot particle. One possible explanation for the increase in particle emissions for 
the hydrolysis residue at the lower temperature could then be that the particle 
structure is different for the soot particles produced from hydrolysis residue 
compared to the other fuels used in the present study. Furthermore, alkali 
additives in pilot flames have been observed to decrease the soot volume fraction 
and the diameter of the soot particles. This would then yield higher oxidation and 
burnout rate at the late combustion stage. Alkali metals can also have a catalytic 
effect in the soot oxidation process and thereby increase the soot burnout rate. The 
difference between the stem wood and bark pellets compared to the hydrolysis 
residue fuel is that the stem wood and bark pellets contain much more alkali salts 
(Na and K). Therefore, the soot produced when bark or wood pellets with a 
significant amount of alkali salts were fired could have a higher oxidisation rate 
compared to the hydrolysis residue flame with almost no alkali salts present. 
Moreover, from the experiments presented herein it can be seen that when the 
wall temperature increase from 400 C to 675 C the oxidation rate of soot 
particles from the hydrolysis residue appears to have increased, since the analysis 
of the particles showed that the mass of submicron particles decreased 
significantly and the chemical composition of the particles were dominated by ash 
elements instead of carbon when the temperature was increased.  

It should also be pointed out that high emission of unburned particles for 
combustion of hydrolysis residues is not unique for the experimental equipment 
used in this study. Öhman et al. (2005) also found relatively high production of 
unburned submicron particles in comparison to ordinary wood pellets when 
hydrolysis residues were fired in commercial pellets stoves and burners.

6.3 Influence of air supply strategy

As shown in paper C, the production of submicron fly ash is probably connected 
to the temperature in the fuel/ash particle due to higher vaporisation of inorganic 
vapour at high combustion temperatures. One could expect that it should be 
possible to decrease the emissions of submicron fly ash particles if it was possible 
to decrease the temperature in the burning fuel bed. One possible way to decrease 
the combustion temperature in the fuel bed is to introduce the air in a secondary 
zone above the bed. How this affects the particle emissions was demonstrated in 
paper E. In Flame A, all combustion air was fed through the grate (fuel bed), in 
Flame B the combustion air was equally divided between the grate and the 
secondary air register and in Flame C, all combustion air was inserted through the 
secondary air register.
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Fig. 19.  Influence of the air supply strategy on the emissions of submicron particles (A) and 
supermicron particles (B). In Flame A, all the air was inserted through the grate (primary zone). In 
Flame B, the combustion air was equally divided between the primary and the secondary zone and 
in Flame C all the air was inserted through the secondary zone (paper E).    

The influence of air supply strategy on both the submicron and the supermicron 
particles are illustrated in figure 19. The results show a significant reduction of the 
submicron particle size with decreasing air supply to the fuel bed, probably due to 
lower oxygen concentration in the fuel bed and thereby lower temperature in the 
burning char particles that would results in lower vaporisation of ash elements. 
The emissions of supermicron particles were also affected by the air supply 
strategy with minimum of supermicron particles in the flue gas when the air was 
equally divided between the primary and secondary zone. The explanation of the 
connection to the air supply strategy is that the different flow field in Flame A, B, 
and C interacts with the fuel bed in different ways leading to different ejection 
rates and entrainment of supermicron fly ash with the flue gases.    

6.4 Effect on the particle size distribution

As shown in papers B-E in this study the resulting shape of particle size 
distribution was strongly connected to the particle concentration in the flue gas 
channel. This effect is exemplified in figure 20 for the two wood pellets and the 
bark pellets used in paper B and also for a mixture of olive residue and ordinary 
wood pellets (50/50 wt %) fired at the same operating conditions as for the other 
three fuels. In the figure, the total particle concentration in the PM2.5 region is also 
shown. As seen in the figure, the particle diameter increased with increasing 
concentration in the flue gas channel mainly because the particle size distribution 
is connected to the coagulation/condensation mechanism. In both the coagulation 
and the condensation mechanism the average particle diameter increases with the 
particle concentration in the gas.   
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Fig. 20. Influence of particle concentration on the shape of the particle size distribution.   

An overall goal in combustor design is to reduce both the mass and number of 
submicron particles emitted to the air. However, this is not easily achieved due to 
the coupling between the particle size distribution and the particle concentration. 
When the particle concentration decreases due to design optimisation, the particle 
size is shifted to smaller and smaller particles and therefore the number of ultra 
fine particles (<0.1 m) in the flue gas increases. This effect was illustrated in 
paper B and also shown herein in figure 21. Figure 21 presents the particle 
number size distribution for the three fuels in paper B, bark pellets, wood pellets, 
and granulates from hydrolysis residues. The corresponding particle mass size 
distribution have been shown earlier (fig. 18) and the particle concentration was in 
decreasing order bark > wood > hydrolysis residues. Figure 21 shows that the 
number concentration of the finest particles increases when the particle 
concentration decreases in the reactor.  

The connection between the concentration of the ultrafine particles and the total 
submicron concentration in the flue gas channel may be important because, as 
pointed out in the review by Lighty et al. (2000), the concentration of ultra fine 
particles in the air is probably more important for health effects than the total 
mass of particle emissions.  
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Fig. 21.  Influence of the fuel type (particle concentration) on the particle number size distribution. 
The corresponding particle mass size distributions for these three fuels are shown in figure 18 
(paper D).  

6.5 Chromium release from stainless steel 

When the reactor was operated at very high wall temperatures (950 ˚C),
chromium, probably from the reactor walls (made from stainless steel, 253 MA), 
was released and significantly contaminated the submicron fraction (6 % by 
weight for bark and up to 17 % by weight for hydrolysis residue). For the other 
wall temperatures, the release of chromium was insignificant. In paper, A, B, D 
and in E no or almost no significant chromium was found in the submicron 
particles within the accuracy of the EDS detector. For paper C, the chromium 
found in the particle concentration for a wall temperature of 950 ˚C was 
subtracted from the particle mass before evaluation. Hence, it should not alter the 
conclusion about the effect from wall temperature on particle emissions. The 
amount of alkali vaporisation from the fuel itself is probably not connected to the 
vaporisation of chromium from the reactor wall, although the crystalline particle 
phase may be affected, for example alkali chromates may form instead of alkali 
sulphates and chlorides.

The release of chromium from the reactor wall is connected to high temperature 
corrosion. Gaseous chloride compounds (HCl, Cl2, KCl, and NaCl) penetrates 
through the metal oxide layer on the steel surface and react chemically with the 
iron and chromium in the steel forming volatile chromium species, for example 
CrCl2 (Nielsen et al., 2000). The vaporised chromium species, probably reacts 
further with alkali vapour and produces alkali chromates and when the 
temperature decreases under the dew point, these alkali chromates condense and 
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form submicron particles. Contamination of chromium in submicron particles is 
not unique for this reactor, during combustion of paper mill waste sludge under 
fluidised bed conditions Latva-Somppi et al. (1998) also find a significant 
contamination of chromium in the finest particles from steel alloys. However, in 
the article they do not provide any further information of where the chromium 
comes from, if it was released from the furnace or maybe from the sampling 
system.  

6.6 Recommendation for particle emission minimisation 

This study shows that it is possible to affect the emissions of all particle types, 
super and submicron fly ash and particles from incomplete combustion (i.e. soot) 
by a proper engineering design optimisation of the pellets burner geometry and/or 
operating principle. The following recommendations can be given for 
minimisation of particle emissions during fixed bed combustion of wood pellets.  

The emissions of super micron fly ash particles can be reduced by an 
optimal construction of the feeding system and an appropriate air supply 
strategy that reduce the ejection of glowing char/ash particles from the fuel 
bed.
The emissions of sub micron fly ash particles can be reduced if it is 
possible to minimise the temperature in the burning char particles and 
thereby reduce the vaporisation of ash minerals. This can be done for 
example by air staging, where the excess air (i.e. oxygen concentration) in 
the fuel bed is reduced so that the temperature in the fuel bed decreases. 
Furthermore, glowing char/ash particles can leave the fuel bed and it is 
therefore important to reduce the residence time or deposition of these 
particles in the hot secondary combustion zone (e.g. surrounded by 
ceramic insulation that keep up the process temperature in the secondary 
zone) above the fuel bed, since the vaporisation of mineral matter from 
these particles may be significant. This may be done by an appropriate 
aerodynamic design of the secondary zone so that the residence time 
and/or deposition of glowing char particles in the secondary zone are 
reduced.
The emission of submicron particles from incomplete combustion (soot 
and other hydrocarbons) is the easiest particle emission type to minimise 
by design optimisation. The emissions of soot particles can be reduced by 
allowing for good mixing between the volatile gas from the fuel bed and 
the air supply and by ensuring a long residence time in the high 
temperature oxygen rich post combustor zone to allow for complete 
oxidation of the soot particles. It is also important to design the flow 
pattern in the secondary zone so that local flame quenching is suppressed, 
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for example by contact between the flame and a cold combustor wall. A 
practical demonstration of a pellets burner design with almost no soot and 
CO in the flue gas channel without very high combustor wall temperatures 
was documented in paper A and B. For that burner the emissions of soot 
and CO in the flue gas channel for ordinary wood pellets and a thermal 
power of 8 kW were only ~0.5 mg/Nm3 and ~10 ppm (6 % O2 in the flue 
gas), respectively. It should be pointed out that there is a contradiction 
between the recommendation for minimisation of submicron fly ash (low 
temperature) and soot particles (high temperature) and it is therefore 
important to separate the low temperature region in the fuel bed from the 
high temperature region in the gaseous combustion zone above the fuel 
bed.
In general the fuel type affects the amount of particle emissions more than 
the influence from different operating and construction parameters. The 
mass of submicron fly ash is proportional to the vaporised fraction of the 
ash and therefore the emissions of submicron fly ash increases with 
increasing alkali content of the fuel. It is therefore important that the fuel 
used in small scale pellets burner and stoves have low ash content so that 
independently of the operating principle of the burner the initial possible 
ash vaporisation is reduced. However, as shown in paper B, alkali metals 
can react with Si and forming silicate melts (slag) and therefore the 
vaporisation of alkali metals from the fuel bed is reduced if Si is presented 
in the fuel. Unfortunately, slagging and/or sintering of the fuel bed is a 
significant problem for the commercial pellets burners on the market 
today, but for the new types of pellets burner that are under development 
for agricultural fuels with extremely high ash content, sintering of the fuel 
bed may no longer be a significant problem (Norin and Hedman, 2005). In 
the future, this provides an opportunity to introduce additives (e.g. Si) to 
the fuel and thereby incorporate the alkali metals in a sintering structure 
(e.g. silicates) in the fuel/ash bed so that the vaporised fraction of the 
alkali metals is reduced.  
The last recommendation is about the chromium release from the stainless 
steel. The use of stainless steel as a construction material should if 
possible be avoided in high temperature regions of commercial burners 
operated on woody biomass since the corrosion rate of these parts can be 
high which also may lead to emissions of chromium rich submicron 
particles. Stainless steel should also be avoided as a construction material 
for combustion related studies in laboratory reactors, since possible 
chromium release may contaminate the research results significantly.     
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7. Conclusions

In this work the formation mechanisms and the influence from operating and fuel 
parameters on combustion generated particles during fixed bed combustion of 
wood pellets were investigated in a laboratory reactor. The main conclusions from 
this work are; 

Combustion generated particles are produced from several mechanisms resulting 
in a bimodal or a trimodal size distribution. The largest particles (> 10 m) are 
produced from residual fly ash particles (refractory metals) that have left the fuel 
bed and followed the gas upwards. The finest particles (< 1 m) are produced 
from two mechanisms, vaporisation and condensation of easily volatile ash 
elements (K, Na, S, Cl, Zn and in some case also P) and from incomplete 
combustion (i.e. soot particles). The middle mode between the coarse and the fine 
mode (~1 m), are produced from a combination of refractory oxides, unburned 
carbon and condensable inorganic species. However, the amount of the middle 
mode in the flue gas channel is uncertain since the condensable fraction of the 
middle mode can be an artefact of the sampling system. In general the fine mode 
(< 1 m) dominates the mass and number concentration of the total particle 
emissions in the flue gases after the combustion chamber followed by the coarse 
mode (> 10 m). The mass concentration of the middle mode (~1 m) is 
significantly lower than both the fine and the coarse mode.   

The particle emissions in the flue gas channel are affected by both operating and 
fuel parameters. The results showed that the temperature and the flow pattern in 
the combustion zone affect the particle emissions. Increasing combustion 
temperature yields decreasing emissions of coarse fly ash (> 10 m) and soot 
particles. However, the emission of submicron fly ash particles increases 
simultaneously. Increased mixing rate in the combustion chamber will also 
decrease the emissions of soot particles. In addition to the operating conditions, 
significant differences in particle emissions were found between different biomass 
fuels. For the particles that were dominated by ash elements the particle emissions 
were correlated to the ash concentration in the unburned fuel. However, if the 
combustion condition allowed for organic particles, the sooting tendency of each 
fuel becomes important. Furthermore, the results showed that in general the fuel 
type affects the particle emissions more than the influence from different 
operating and construction parameters.  
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8. Recommendation for future work  

There are several topics that need further investigation, among them are  

The structure and size of the soot particles in the post flame zone (if the 
soot particles are round or made up of aggregates of finer particles). The 
structure of the particles is important, since the aggregate size determines 
the aerodynamic behaviour of the particles while the primary particle size 
determines the surface area. The structure of the soot particle is important 
for example in calculations of the oxidation rate of the soot or 
condensation rate of inorganic vapour on pre-existing soot particles in the 
gas. This may be done by inserting a very thin wire that attains the 
temperature of the gas, into the hot flame a short time. A subsequent 
examination of the particles on the wire in a high resolution transmission 
electron microscope (HTEM) will yield valuable information.  
The connection between alkali metals and the formation and oxidation of 
soot needs to be investigated. This is important since the formation and 
oxidation of soot is important in burner and furnaces design. If the alkali 
vapour significantly affects the formation and oxidation of soot, 
mathematical models for prediction of soot formation and oxidation 
without a model for interaction between soot and alkali vapour will not 
predict the soot yield in biomass combustion correctly. It may also lead to 
surprisingly high emissions of soot when low alkali content fuels (e.g. 
hydrolysis residues) are used in commercial furnaces designed for 
ordinary biomasses. The study may be done by introducing different 
amounts of alkali metals in hydrolysis residues with almost no initial alkali 
content and thereafter perform well controlled combustion and particle 
emission studies in for example the reactor used in this work.  
The possibility to introduce additives (e.g. Si) in the raw biomass to bind 
alkali metal in the fuel bed should be investigated further in a burner type 
where ash sintering/agglomeration no longer are a problem. If such a test 
is successful, it gives the opportunity to reduce the emissions of fine 
particles already in the combustion process.  
The time-temperature vaporisation of alkali metals from the burning fuel is 
important since the present work indicates that equilibrium simulations of 
the vaporisation of alkali metals significantly over predict the vaporised 
fraction of alkali metals during fixed bed combustion of biomass. This 
study may be done by combustion of single pellets in a special designed 
reactor and measurement of the release of alkali vapour for example by a 
molecular beam mass spectrometer (MBMS). 
In a project financed by the Norbottens Research Council we will in the 
near future try to apply our research results from the special designed 
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reactor to minimise the particle emissions from a commercial wood pellets 
stove without negatively affecting other performance parameters, e.g. 
gaseous emission data or overall thermal efficiency.   
Implement an advanced mathematical model of the formation of 
combustion generated aerosols in a commercial CFD code. Such a model 
may then be used to simulate the formation of oxidation of soot, 
vaporisation of alkali metals, gaseous alkali sulphation process and in the 
end the gas-to-particle formation of alkali salts. Such a model can give 
very detailed information about the various stage of the aerosol process 
and may then be used for design optimisation of real furnaces with respect 
to particle emissions.   
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Abstract

The formation and evolution of high temperature aerosols during fixed bed combustion of 
wood pellets in a realistic combustion environment were investigated through spatially 
resolved experiments. The purpose of this work was to investigate the various stages of the 
aerosol formation starting from the hot flame zone to the flue gas channel. The investigation 
is important both for elucidation of the formation mechanisms and as a basis for development 
and validation of particle formation models that can be used for design optimisation. 
Experiments were conducted in an 8-11 kW updraft fired wood pellets combustor. Particle 
samples were withdrawn from the centre line of the combustor through 10 sampling ports by a 
rapid dilution sampling probe. The corresponding temperatures at the sampling positions were 
in the range of 200-1450 ˚C. The particle sample was size segregated in a low pressure 
impactor, allowing physical and chemical resolution of the fine particles. The chemical 
composition of the particles was investigated by SEM/EDS and XRD analysis. Furthermore, 
the experimental results were compared to theoretical models for aerosol formation processes. 

The experimental data show that the particle size distribution has two peaks, both of which 
are below an aerodynamic diameter of 2.5 m (PM2.5). The mode diameter of the fine and the 
coarse mode in the PM2.5 region were, ~0.1 m and ~0.8 m, respectively. The shape of the 
particle size distribution function continuously changes with position in the reactor due to 
several mechanisms. Early, in the flame zone, both the fine mode and the coarse mode in the 
PM2.5 region were dominated by particles from incomplete combustion indicated by a 
significant amount of carbon in the particles. The particle concentration of both the fine and 
the coarse mode decrease rapidly in the hot oxygen rich flame due to oxidation of the carbon 
rich particles. After the hot flame, the fine mode concentration and particle diameter increases 
gradually when the temperature of the flue gas drops. The main contribution to this come 
from condensation on pre-existing particles in the gas of alkali sulphates, alkali chlorides and 
Zn species, formed from constituents vaporised in the fuel bed. The alkali sulphates were 
found to condense at a temperature of ~950 ˚C and alkali chlorides condense later at ~600 ˚C.
This agrees well with chemical equilibrium calculation results of the gas-to-particle 
conversion temperature. After the hot flame the coarse mode concentration decreased very 
little when the flue gas was cooled. In addition to carbon, the coarse mode consists of 
refractory metals and also considerably large amounts of volatile alkali.  
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1. Introduction 

Combustion of biomass is a well established and growing technique to generate heat and 
power without net emissions of greenhouse gases. Unfortunately, combustion of biomass will 
generate particle emissions containing both large fly ash particles (>1 m) and fine particles 
(<1 m) that can consist of both fly ash and soot. Measurements of the particle emissions 
from the flue gas stack for different biomass fuels and combustion techniques have given an 
overall picture of the formation of combustion generated particles [1-9]. The larger fly ash 
particles have been produced from fusion of non-volatile ash forming species in the burning 
char particles [2, 4, 9], while the inorganic fine particles have been produced from nucleation 
and condensation of easily volatilised ash elements (K, Na, S, Cl) [1-9] and the heavy metal 
Zn [5, 7-9]. The dominating alkali phases in the fine particles are KCl, K2SO4 and for fuels 
containing sodium e.g. wood also K3Na(SO4)2. The soot particles have been produced from 
secondary reactions of tar in the early fuel rich regions in the flame. The soot particles are 
thereafter oxidised in the fuel lean region of the furnace. If the combustion conditions are 
unsatisfactory e.g. by insufficient mixing, too low temperature in the combustion zone or poor 
furnace design the soot particles may escape the combustion zone and contribute to the 
emissions of fine particles [5-8].  

Combustion generated fly ash particles are responsible for ash deposition on the heat transfer 
surfaces in the furnaces which will lead both to reduced heat transfer and corrosion [10-13]. 
Furthermore, combustion generated particles contribute to the ambient air pollution level of 
particles. Contemporary epidemiology studies have shown a clear correlation between the 
particle concentration in the air and adverse health effects on humans [14,15]. In a recent 
study, Gauderman et al. [16] show that fine particles in the air cause chronic, adverse effects 
on the lung development in children from the age of 10 to 18 years, leading to clinically 
significant deficiency in the lung function as the children reach adulthood. According to 
Fernandez et al. [17] zinc present in submicron particles affects the lung function negative in 
mice. This could also be relevant for biomass combustion, since the concentration of the 
heavy metal zinc in the submicron particles from biomass pellets is of the order of 3 weight % 
of the total inorganic submicron concentration [5-8] 

Although the overall picture of the formation mechanisms for fine aerosols is known from 
measurement in the flue gas channel in biomass combustion, detailed measurement that can 
shed light on the various stages of the aerosol formation from the hot flame region to the flue 
gas channel are rare. Such data are especially important as a basis for development of 
mathematical models for particle formation that can be used for design optimisation with 
respect to both particle emissions and thermal efficient. To get these information ones needs 
to perform high temperature sampling of the combustion generated aerosols.

Sampling of combustion aerosols at high temperature is however difficult, since at high 
temperature the combustion aerosols are a mixture of soot particles, inorganic particles at high 
concentrations and inorganic vapour that has not yet been condensed at the temperature level 
of interest. To study the soot particles, the sample needs to be quenched and diluted very 
rapidly to freeze the oxidation and coagulation process. To study the inorganic particles, it is 
again desirable to dilute the sampling gas so that the coagulation process freezes and the 
inorganic vapour remains in gas phase. Unfortunately, the vapour pressure of the inorganic 
species of interests in biomass combustion, alkali and heavy metal is almost negligible below 
400 ˚C leading to undesirable condensation of the inorganic vapour. This makes it difficult to 
determine the true chemical and physical nature of the combustion aerosol of interest.  
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There have been a few attempts to study the inorganic part of the fine aerosols in biomass 
combustion at high temperatures. Valmari et al. [18] studied the fly ash formation during 
combustion of willow in a 3-12 MW fluidised bed boiler. In their investigation, the particle 
mass size distribution was measured by a low pressure impactor that was installed either 
inside the convection path of the boiler at a temperature of 650 ˚C or downstream the 
convection path (160 ˚C). As a result K2SO4 was condensed prior to the sampling station at 
650 ˚C. Condensation of KCl and also K2CO3 were observed only at the later sampling station 
at 160 ˚C. In another study by Valmari et al. [19], they investigated the fly ash formation 
during combustion of forest residue and willow in a 35 MW fluidised bed plant. The particle 
samples were collected inside the furnace by a pre-cyclone and a quartz filter at a temperature 
of 810-850 ˚C. After the quartz filter, the gas sample was quenched down to 100 ˚C with cool 
air using a special porous tube sampling probe in order to minimise sampling losses. During 
quenching, the inorganic vapour was shown to nucleate and form fine particles that were 
collected on a polycarbonate filter. The particle deposits on the second filter consisted mainly 
of K and Cl. Sulphur was not detected in significant amounts, indicating that sulphur was 
present mainly in particles collected on the first filter or as gaseous compounds that do not 
condense during quenching.

Jimenez and Ballester [20] studied the formation of fine particles during combustion of 
pulverised olive residue in an externally heated entrained flow reactor. The particle samples 
were withdrawn through an aerodynamic-quenching sampling probe and collected on a TEM 
grid. Inside the probe, the hot flow is accelerated along a subsequent diverging section, 
causing a sudden decrease in static temperature and pressure (aerodynamic quenching) that 
reduces the physical phenomena that can modify the particle population characteristics 
(condensation, coagulation). Particle samples were withdrawn at three temperatures (1300 ˚C,
900 ˚C and 560 ˚C). They found that K2SO4 starts to nucleate between 1300 ˚C and 900 ˚C,
while KCl is not observed at these temperatures. Condensation of KCl on the previous K2SO4

particles is observed at a temperature of 560 C and below. Strand et al. [21] use a dilution 
probe to investigate the influence of dilution ratio on combustion aerosols in both a laboratory 
reactor with a known concentration of SiO2 particles and KCl vapour and in a 104 MW 
fluidised bed boiler fired with a mixture of forest residue (90 %) and peat (10 %). The 
sampling temperature in the laboratory reactor was 900 ˚C and 780 ˚C in the fluidised bed 
boiler. They found that when a high dilution ratio was used, the KCl vapour was effectively 
separated from the pre-existing particles due to condensation on the probe walls. When a 
lower dilution ratio was used, the KCl vapour generates a distinct nucleation mode when the 
samples are cooled in the probe.  

As mentioned above, point measurements of high temperature aerosols have been performed 
earlier in large scale boilers [18,19] and electrically heated reactors [20,21]. However to the 
author’s knowledge no spatially resolved experimental investigation of the particle formation 
process all the way from the hot flame zone to the flue gas channel have been performed for 
self-sustaining combustion of biomass. In such a reactor the mass flow of fuel is high enough 
to create a realistic flame and the reactor needs no external heating.

The aim of this study was therefore to perform a spatially resolved high temperature 
characterisation of biomass combustion generated particles with focus on the particles with an 
aerodynamic diameter smaller than 2.5 m (PM2.5). In addition to the particle measurements, 
the general combustion condition was also investigated through spatially resolved 
measurements of the temperature and gas concentration fields. The results from this work 
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may be used (i) to increase the understanding of the various stages of aerosol formation (ii) to 
provide useful benchmark data for mathematical modelling of aerosol formation and (iii) as a 
reference case for development of well controlled laboratory reactors for studies of various 
steps of aerosol formation in biomass combustion.       

2. Experimental 

2.1 Reactor and burner design 

The experiments were conducted in an updraft fired biomass pellets reactor that has been 
custom designed for systematic investigations of particle emissions. The design is similar to 
commercial pellets stoves but with slightly different dimensions. The reactor is a vertical 
cylinder, 0.2 m in diameter and 1.7 m in length made of stainless steel that can be insulated on 
the outside. A wood pellets burner was docked to the bottom of the reactor. Figure 1 presents 
a sketch of the reactor and the wood pellets burner. Different burner design was tested both 
practically in the reactor and through numerical simulations of the flow field. The aim with 
this study was to design a burner that produces a stable and rotationally symmetric flame so 
that measurements can be performed along the centre line of the reactor. Primary air enters 
the burner through a circular perforated stainless steel plate with 32 holes with a diameter of 3 
mm, resulting in an open area of 5.9 %. 60 mm above the grate, secondary air is inserted 
through 12 holes with a diameter of 4mm. The secondary air jets are located symmetrically 
around the centreline of the reactor and the injection angle between the jets and a horizontal 
plane is 30˚. 75 mm above the grate tertiary air is inserted vertically through 12 holes with a 
diameter of 4 mm located symmetrically around the centre line of the reactor. In the bottom of 
the burner residual fly ash are collected in an ash hopper.

The wood pellets are delivered through a gravity feed pipe to the wood pellets burner by a 
mechanical feeding system. Over a period of 15 min, the feed rate can be controlled within 2
% of the required mean value. However, to maintaining a constant feed rate of a solid fuel is 
difficult and during a feeding period occasional fluctuations in the mass flow have been 
observed. The first 1.2 m of the reactor is slightly insulated to obtain a realistic process 
temperature in the reactor. The remaining 0.5 m of the reactor is left in free contact with the 
ambient air, to act as a heat sink. After the reactor, the flue gas is leaving the reactor through a 
horizontal duct with a diameter of 120 mm (flue gas channel). At the top of the reactor, the 
combustion process inside the reactor can be inspected through a window. A sampling probe 
was inserted horizontally to the centre line of the reactor, through 9 sampling ports in the 
reactor and 1 sampling port (port 10) early in the flue gas channel. The first sampling port is 
located 145 mm above the grate. The vertical distance between ports 1-6 are 100 mm, 
between ports 6-8 are 200 mm, between port 8-9, 400 mm and the horizontal distance 
between the centre line of the reactor and sampling port 10 in the flue gas channel was 900 
mm. The particle sampling locations are summarised in table 1.   

2.2 Temperature measurements 

One key parameter in studies of high temperature aerosols is the gas temperature since 
dynamic aerosol processes such as nucleation, condensation and coagulation are strongly 
dependent on the gas temperature. To minimise the errors from radiation heat transfer, the 
mean and the fluctuation temperature of the gas at the centre line of the reactor was measured 
with an uncoated fine wire S-Type (Pt and Pt 90%/Rh 10%) thermocouple with a wire 
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diameter of 50 m. These wires were welded by an acetylene/oxygen flame to form a 
thermocouple junction with a diameter < 200 m. The thermocouple junction was located 10 
mm, from the end of a ceramic tube that protects the rest of the wire. At the other end of the 
ceramic tube the thermocouple wires were connected to a standard S type thermocouple 
connector. The thermocouple signal was measured with a data logger with electrical cold 
junction connected to a computer. The temperature was measured every 0.1 s and the total 
measuring time was 20 min at each sampling port.  

The measured gas temperature is strongly affected by radiative heat transfer and to some 
extent by catalytic reactions and conductive losses through the wires [22]. In the present 
work, the measured temperature has not been corrected for conductive losses. Since the 
thermocouple wire diameter is so small the conductive error can probably be neglected in 
comparison with other errors. The influence of catalytic effects is difficult to estimate, but 
other investigations have shown that catalytic effects are small in comparison to the radiative 
losses [22]. The influence of radiative heat transfer between the thermocouple, the cool walls 
of the reactor and the flame was experimentally investigated (see appendix A1). The results 
from this investigation showed that the thermocouple was affected more from radiation from 
the reactor walls then by the flame and the maximum error in the measured temperature in the 
reactor was estimated to be approximately 50 ˚C for a measured temperature of about 1450 
˚C. At lower temperatures the corresponding error from radiative losses was smaller due to 
the Stefan-Bolzmann T4- law for radiative exchange.  

The temperatures in both the flue gas channel (port 10) and in the fuel bed, just above the 
grate were measured with a shielded N-Type thermocouple with a diameter of 3 mm.  

2.3 Gas concentration measurements 

The combustion gases at the centreline from port 1-9 in the reactor were withdrawn with an 
air cooled sampling probe and analysed with respect to O2, CO2, CO and NOx by conventional 
gas instruments. The gas concentration was measured every 1 s and the total sampling time 
was 20 min. Calibration of the instrument against a gas with a known concentration of O2,
CO2, CO and NOx was performed before every experimental run. The concentration in the 
flue gas channel (port 10) was measured continuously under every experiment in this study 
and analysed with respect to O2, CO, and NOx with an electrical chemical cell instrument.  

2.4 Particle sampling system 

The aim with the particle sampling system was to separate particles from inorganic species 
that could condensate on the particles and to prevent coagulation of the particles in the 
sampling line. As shown by Strand et al. [21] and Davis et al. [23] this may be done by a rapid 
dilution sampling probe for high temperature aerosols in biomass combustion and in a natural 
gas flame doped with toxic metals. The high quenching rate at the dilution zone in the probe 
tip was found to size separate nuclei formed from inorganic vapour during quench from the 
pre-existing particles. As shown both theoretically [24] and experimentally [23] a high 
cooling rate of the gases (> 600 ˚C/sek) will favour nucleation of new particles instead of 
condensation on pre-existing particles. As shown by Strand et al. [21], if a very high dilution 
rate is obtained in the probe tip it is also possible to suppress the nucleation mode due to 
inorganic vapour condensation on the probe walls.
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A schematic sketch of the particle sampling system used in this study is presented in figure 2. 
Particle samples were withdrawn from the centre line of the reactor (port 1-9) and in the flue 
gas channel (port 10) by a rapid dilution sampling probe with an estimated quenching rate up 
to ~106 ˚C/sek. The probe design is similar but not identical to the dilution probe used by 
Strand et al. [21]. At the probe tip the hot flue gas was diluted down to a temperature of ~300 
˚C with particle free air using a dilution ratio of 25. The flow in the dilution probe was 
driven by an ejector on the suction side. In the ejector, the sampling flow was diluted again 
with particle free air with a dilution ratio of ~4 making an overall dilution ratio in the system 
of 100. After the ejector the temperature of the diluted gas was ~50 ˚C.

At the ejector outlet, a part of the flow (20 NL/min) was sent to an absolute filter where                       
the mass concentration of fine particles were analysed. Prior to the absolute filter large 
particles were separated from the flow with a pre-cyclone with a size cut of 6 m. Another 
part of the flow (18 NL/min) was sent to a Dekati-type low-pressure impactor (LPI), 
consisting of 13 stages with aerodynamic 50% cut off diameters of 0.033, 0.064, 0.110, 0.177, 
0.270, 0.414, 0.667, 1.04, 1.69, 2.57, 4.16, 6.95, and 10.7 m. The first (top) 6 plates operates 
at close to atmospheric pressure, thereafter the pressure decreases over the final 8 plates 
through the impactor to a final pressure of 10 kPa. The last (bottom) plate acts as a sonic 
orifice, regulating the flow through the impactor to 18 NL/min, which was measured by a 
rotameter after the impactor. The outlet pressure of the impactor was also measured to ensure 
proper operation of the impactor throughout the tests. Thin aluminium films were used as 
impactor substrates. The NOx concentration at the outlet of the ejector was also measured 
continuously, to check the overall dilution ratio of the system. The residence time from the 
probe inlet to the inlet of the ejector was 10 ms and from the inlet of the ejector to the inlet 
of the impactor was 50 ms. The residence time over the LPI was 500 ms which makes the 
total residence time from the probe tip to the outlet of the LPI to  560 ms.  

The influence of dilution ratio and residence time on the measured PSD was investigated (see 
appendix A.2). The result from this investigation shows that after the dilution system the PSD 
was practically unaffected by the dilution ratio at the probe tip and the residence time in the 
sampling system. Hence, an overall dilution ratio of ~100 is assumed to be enough to freeze 
the PSD in the present study. 

2.5 Chemical analysis of particulate matter

The PM on selected impactor plates were analysed for morphology and elemental 
composition with a Philips XL30 ESEM-FEG environmental scanning electron microscope 
(ESEM) equipped with an EDAX energy disperse spectroscopy (EDS) detector. For each 
impactor plate 3 area analyses (50 50 m) were performed on the particle sample stacks.   

Selected impactor plates were further analysed by X-ray diffraction (XRD) for identification 
of possible crystalline phases. The XRD investigation was performed using a Bruker 
d8Advance instrument in -  mode, with an optical configuration involving primary and 
secondary Göbel mirrors. The sample foils were mounted on a rotating low-background Si-
single-crystal sample holder. Continuous scans at a rate of one degree/min were applied. By 
adding repeated scans, the total data-collection time for each sample amounted at least 12 
hours. A Fourier smoothing was applied to the scans and the background was removed. 
Analyses of the diffraction pattern were done by Bruker software [25] together with a PDF2 
database [26].
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2.6 Wood pellet composition 

The fuel fired in the present study was typical softwood pellets with a diameter of 6 mm and 
an average length of 6.5 mm, made from stem wood sawdust from Scottish pine and Norway 
spruce, manufactured by Bionorr AB in Härnösand, Sweden. The wood pellets properties are 
given in table 2. The ash content of this wood pellets after oxidation at 550 ˚C was 0.4 % and 
it consists mainly of alkali and alkaline-earth metals. The composition of the wood pellets and 
its ash were similar to a reference stem wood described by Nordin [27] 

2.7 Operating conditions

Two different reactor operating conditions with a thermal power of 8 and 11 kW load 
respectively were investigated in the present study. The experimental conditions are 
summarised in table 3. The general flow pattern in the combustion zone for the 8 kW flame is 
visualised in figure 3 through numerical simulations (CFD) of the cold flow in the reactor. 
The jets from the secondary air inlets penetrate the flow from the primary zone on the grate 
and create a stagnation point at the centre line of the reactor. A part of this flow turns and 
flows downwards the fuel bed. The other part of this flow turns from the stagnation point 
upward towards the top of the reactor. The jets from the tertiary air inlets flows first straight 
upwards, however, after a while they are entrained in by the central flow at the centre of the 
reactor. The first 6 sampling locations are also presented in the figure by black dots. Under 
the combustion process the small burning fuel/ash particles are carried away from the fuel bed 
by the gas flow from the primary and the secondary air supply. These particles then follow the 
gas flow up from the burner until they come into a low velocity area where they fall under the 
force of gravity down to the ash hopper where they can be collected after the experiment.

The flow pattern described above creates a symmetrical conic shaped flame that is centred in 
the middle of the reactor. Photos of the resulting flame for the two experimental conditions 
taken from an inspection window at the top of the reactor are presented in figure 4. The small 
black dots at the outer edge of the flame are the twelve tertiary air inlets. The other inlets are 
obscured by intense light of the flame.   

2.8 Experimental procedure 

Before particles were withdrawn from a sampling port (randomly selected according to the 
principles of experimental design), the reactor was operated for 120 min, to reach thermal 
equilibrium of the system. The particle sampling system (cyclone and filter) were then 
operated for 40 min, with 3 replicates in each run (  20 min waiting between each replicate). 
The PSD was determined with the LPI that was operated simultaneously with the particle 
sampling system. The sampling time was varied between 20-120 min dependent on the 
sampling position in the reactor to collect a measurable amount of particles on the stages 
without overloading any of the impactor stages. The total filter and the impactor plates were 
weighed carefully on a microbalance with an accuracy of 0.001 mg (six digits) before and 
after the sampling to determine the mass of the collected particles. After weighing the 
impactor plates were stored in an exicator before they were analysed with the SEM and XRD 
instruments. At the end of the experimental campaign, the mass concentration were analysed 
again in some measurement port to ensure that the system was not drifting with time.    
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The temperature and the gas concentration at the centre line of the reactor were measured 
separately from the particle samples and the sampling time in each port was 20 min for both 
the temperature and the gas measurements.   

2.9 Chemical equilibrium calculations 

To help the interpretation of the experimental findings of the inorganic fine particle forming 
processes chemical equilibrium model calculations were performed using the software 
program FACTSage 5.2 with thermodynamic data taken from the FACT and SGTE databases 
[28]. The program uses the method of minimization of the total Gibb´s free energy of the 
system. The calculations aimed at determining the chemical equilibrium condensation 
behaviour of the fine particle forming material during subsequent cooling of the flue gases in 
the temperature range of 1200-200 °C. The experimentally determined amounts of different 
fine particle forming elements (i.e. K, Na, Zn, S and Cl) sampled by the LPI were, together 
with the fuel amounts of C, H, O and N, used as input in the calculations. The calculations 
were performed simulating global fully oxidizing conditions in the reactor (i.e. air-to-fuel 
ratio=1.35) under atmospheric pressure (1 bar). 

Stoichiometric data as well as non-ideal solid and liquid solution models were included, 
including a liquid salt solution model and all relevant binary and higher solid and liquid alkali 
salt solutions models. These solution models included in the calculations were (the 
designations of the solution models were taken from FACTSage 5.2): Salt-liquid (-SALT), 
Alk-Cl (-ACI), Na,K/OH (-AOH), CO3,SO4/Li,Na,K (-CSOB), Na,K/SO4 (-NKSO), 
Na,K/SO4,CO3 (-KSO), Na,K/CO3 (-NKCA), Na,K/CO3 (-NKCB), K3Na(SO4)2 (-KNSO), 
Na,K/OH,F,Cl (-NKXA), Na,K/OH,F,Cl (-NKXB), Na/Cl,OH (-NCOA), Na/Cl,OH (-
NCOB).

3. Results

3.1 Combustion condition 

The average concentration of O2, CO2, CO, and NOx at the centre line of the reactor is shown 
in figure 5. The lowest O2 and the highest CO concentrations were found in sampling port 1. 
After port 1, air from the tertiary air inlets was transported in to the centreline by turbulent 
mixing and as a result the concentration of O2 increases. After port 1 the CO reacted with O2

from the tertiary air inlets and therefore the concentration of CO2 increases slightly after port 
1. Stable values of the gaseous concentration were found after port 4, 445 mm above the grate 
for both flames. This indicates that the main combustion zone was located between the grate 
and port 4.

The measured temperature at the centre line of the reactor is presented in figure 6. In the 
figure, the square represents the average temperature and the bar represents  one standard 
deviation of the temperature fluctuations. The first temperature measurement represents the 
fuel bed temperature and the last 9 points represents the gas temperature in the reactor 
measured by the fine wire thermocouple. The average temperature in the fuel bed was ~1100 
˚C for the 8 kW flame and ~1190 ˚C for the 11 kW flame. The highest temperature was 
measured in sampling port 1 and for both flames the maximum temperature was ~1450 ˚C. 
After port 1, the temperature decreases all the way to the outlet of the reactor. The 
temperatures in the flue gas channel (port 10) are not shown in this figure but it was 200 ˚C



9

and 270 ˚C for the 8 and 11 kW flame respectively. Except in sampling port 1, the 
temperature for the 8 kW flame was lower than for the 11 kW flame due to the lower heat 
input in the reactor. The temperature fluctuation was largest early in the flame zone as a result 
of turbulent fluctuation in the flow and fluctuations in the fuel feed rate. Furthermore, the 
temperature/time profiles of the gas in the reactor for the two flames (port 1-9) are presented 
in figure 7. The residence time was estimated by assuming a plug velocity profile of the gas.  

3.2 Particle mass concentration 

The particle concentrations at the centre line of the reactor (port 1-9) and in the flue gas 
channel (port 10) are plotted against the average temperature in figure 8. The particle 
concentration was determined from both the absolute filter and from the LPI (impactor plates 
with aerodynamic 50 % cut of between 0.033-2.57 m. The particle concentration is 
presented in mg/Nm3 (not normalised to a specific O2 concentration) this makes it possible to 
see if the absolute particle concentration increases or decreases in the reactor when the 
oxygen concentration is unchanged. The actual concentration in the reactor can be 
recalculated from the known gas temperature.  

For both flames (8 and 11 kW) and for both analysis methods, the trend in the particle 
concentration was the same. There was a high concentration in the first measurement port 
early in the flame zone. After port 1 there was a rapid reduction of the particle concentration 
and the lowest particle concentrations were found in sampling port 3-4. Thereafter the particle 
concentration increases slightly all the way from port 4 to the flue gas channel. The particle 
concentration for the 11 kW flame was higher then for the 8 kW flame in the reactor. The 
particle concentration measured with LPI was lower than for the absolute filter, especially 
early in the reactor. This discrepancy can probably be explained by two effects. First, there 
are always some losses in the different impactor stages and thereby the measured 
concentration will be lower in comparison to an absolute filter. Secondly, small particles can 
be produced from nucleation of the inorganic vapour in the sampling probe. These particles 
will be captured by the absolute filter, but they are so small that they pass through the LPI 
without being captured in the impactor stages. This effect makes again the measured particle 
concentration lower for the LPI in comparison to the absolute filter.  

3.3 Evolution of the PSD 

The PSD for the 8 kW flame at the different sampling locations are presented in figure 9 and 
the corresponding PSD for the 11 kW flame are presented in figure 10. The mass 
concentration for the coarse and the fine mode for both flames are presented in figure 11 to 
visualise how the two modes are changing through the reactor. The x-axis in figure 9 and 10 
represents the aerodynamic diameter which means that the particle diameter is not corrected 
for different material densities. The PSD for both flames show similar trends. In the first port, 
the PSD show a bimodal size distribution with one fine mode and one coarse mode both 
below an aerodynamic diameter of 2.5 m. For both flames, the fine mode was located 
between 0.033-0.219 m with a mode diameter of 0.085 m and the coarse mode was located 
between 0.219-3.253 m with a mode diameter of 0.523 m. Furthermore, the mass 
concentration of the fine mode was larger than the coarse mode. Between port 1 and 2 there is 
a large reduction of the particle concentration of the fine mode, ~10 times for both flames and 
a smaller reduction of the coarse mode. At sampling port 2, the mass concentration of the fine 
mode was slightly smaller then the mass concentration of the coarse mode. The only 
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difference in the shape of the PSD was that the mode diameter for the coarse mode for the 8 
kW flame has increased from 0.523 m to 0.829 m.   

Between port 2 and 3 there is again a substantial reduction of the concentration of the fine 
mode. For the 11 kW flame, there was a reduction of the mass concentration of the coarse 
mode and the mode diameter increases to 0.829 m, however for the 8 kW flame the 
concentration and the mode diameter were almost the same. The concentration of the fine 
mode has a minimum in sampling port 3-4 (temperature range ~1000 ˚C). When the 
temperature decreases after port 4, there was an increase of particle concentration of the fine 
mode as well as an increase in the particle diameter all the way from port 4 to the flue gas 
channel.

The mass concentration and the shape of the coarse mode were almost constant for both 
flames between port 3-7 and thereafter both the particle concentration and the mode diameter 
of the coarse mode decreases slightly from port 8 to the flue gas channel. After port 7, the 
particle concentration of the fine mode again exceeds the concentration of the coarse mode. In 
the flue gas channel, the concentration of the fine mode was ~4 times larger then the coarse 
mode.

3.4 Chemical composition of the PSD 

The elemental compositions of the impactor samples corresponding to the mass mode 
diameter in the fine and the coarse mode respectively are presented in figure 12 and 13 for the 
8 kW flame. Similar trends in PSD were found for the 11 kW flame and therefore the trends 
in the chemical composition for the fine and the coarse mode in the 11 kW flame can be 
expected to be the same as in the 8 kW flame.  

The major observed elements in the fine mode were C, O, Cl, K, Na, S, and Zn. Early in the 
flame, the fine mode was dominated by particles from incomplete combustions since, in the 
two first sampling ports the fine mode was totally dominated by C atoms ~90 atomic % with a 
minor amount of O ~10 %. The large reduction of the mass concentration of the fine mode 
from port 1 to 3 can therefore probably be connected to oxidation of the carbon rich particles 
in the hot oxygen rich zone. From port 3, and thereafter the fine mode was dominated by the 
inorganic elements K, Na, Cl, O and the heavy metal Zn. The observed increase in the fine 
mode concentration after port 4 can therefore probably be connected to condensation of alkali 
metals and Zn. Furthermore, it is possible to identify two condensation zones, one early 
condensation zone located between port 5-7 (900-700 ˚C) and one late condensation zone 
located after port 7 between port 8-10 (600-200 ˚C). In the first re-condensation zone (port 5-
7) the particles were dominated by K, Na, O, S and Zn and the particle contained were 
relatively little Cl. The S/Cl ratio was in the order of 8.3-2.2. However, after port 7 the 
potassium and especially the chlorine content increases and the S/Cl ratio decreases to 
between 0.9-0.4 (port 8-10). The inorganic phases in the fine mode from the flue gas channel, 
identified in the XRD were KCl and K3Na(SO4)2. This indicates that potassium sulphates and 
sodium sulphates and an unidentified zinc phase condense and create particles at a higher 
temperature then the potassium chloride.  

In addition to the observed elements in the fine mode, C, O, Cl, K, Na, S, and Zn the coarse 
mode also contains a significant fraction of refractory metals, Mg, Si, Ca, Mn, and Fe. In the 
first sampling port the coarse mode contains a significant fraction of carbon (~50 %), 
thereafter the carbon content decreases to ~10 % in sampling port 3 and the carbon content 
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was almost constant at  ~10 % between sampling port 3-10. The reduction of particle 
concentration for the coarse mode is probably connected to oxidation of carbon early in the 
flame. After port 2 no major changes in the coarse mode elemental concentration was 
observed. In the flue gas channel (port 10), the coarse mode was dominated by the same 
elements as for the fine mode and the refractory metals only contribute to ~10 % of the coarse 
mode composition. As for the fine mode the only phases identified in the XRD analysis were 
KCl and K3Na(SO4)2.

3.5 Condensation of metals

In the modelling of the condensation process during cooling of the gases, the experimentally 
obtained initial amounts of the metals in the particles was used as initial data for the chemical 
equilibrium calculation. The experimental results showed that 12%, 17%, 54% 28% and 36% 
of the total fuel input of the elements K, Na, Zn, S, and Cl, respectively was found to form 
fine particles. Corresponding experimental data for the coarse mode fraction was 2%, 2%, 
11%, 4%, and 8%. The results from the calculated condensation process are presented in 
figure 14 for the potassium and sodium phases. At temperatures above 1000 ˚C, the 
dominated K, and Na, species were KOH(g), KCl(g), NaOH(g), and NaCl (g). When the 
temperature decreases, gaseous alkali sulphates were formed, starting to condense at 
temperatures ~950 ˚C. When the temperature drops to ~600 ˚C alkali chlorides starts to 
condense.  At a temperature below ~450 ˚C all alkali metals are expected to have condensed 
and form particles. The condensed phases predicted by the equilibrium calculations were 
sulphate based metals in the temperature range 950-850 ˚C, hexagonal alkali solid solutions in 
the temperature range of 950-450 ˚C, alkali chloride based melts in the temperature range of 
600-500 ˚C, and solid solutions of alkali chloride, K3Na(SO4)2 and Na2SO4 at lower 
temperatures. Results from the XRD analysis, as discussed previously, were in relatively good 
agreement with the above chemical equilibrium predictions. During oxidised conditions at 
high temperature, the only stable zinc species was Zn(g). When the temperature decreases to 
around 1100 ˚C, the zinc gas starts to be oxidised and in the temperature range of 1100-900 
˚C all Zn(g) were oxidised and formed ZnO(g) which immediately condenses and form solid 
ZnO due to the low vapour pressure of ZnO at this temperatures.  

A comparison between the theoretical and experimental condensation process is illustrated, as 
elemental concentration, in figure 15 in the temperature region 1200-200 ˚C (port 2-10). From 
the experiments, a clear increase in alkali metals, and sulphur could be identified at above 900 
˚C. During cooling of the gases an increase also of the chlorine in the fine particle fraction 
was observed in the cooling interval from 700-500 ˚C, with a parallel continuous increase in 
condensed alkali metal concentration. A trend of increasing fine particles containing zinc was 
also observed from the second sampling port (i.e. ~1150 ˚C) until cooling to approximately 
700 ˚C. Corresponding condensation process from the chemical equilibrium modelling show 
that the general trends of the behaviour of alkali, sulphur and chlorine agreed rather well with 
the experimentally data. For zinc, however, relatively large discrepancies were observed. 
Based on both the experimental and theoretical results, it was clear that the condensation of 
alkali sulphates ~950 ˚C and alkali chlorides ~600 ˚C was the dominating fine particle 
formation process. The somewhat more continuous trends in these processes during cooling of 
the gases obtained experimentally compared to theoretically predicted values may be 
explained by incomplete mixing, previously reported slow kinetics (e.g. sulphation of alkali 
metals [29-31]), and temperature fluctuation under the experiment (see figure 6).                                              

4. Discussion
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There are several aspects of the data reported herein that needs discussions. The formation 
mechanism for combustion aerosols are discussed with the help of the experimental and 
theoretical results (chemical equilibrium modelling and simple models for condensation and 
nucleation). Possible artefacts from the sampling method on the fine and coarse mode are also 
discussed.

4.1. Fine particles 

4.1.1. Particles from incomplete combustion 
As shown in the experiment, particles from incomplete combustion dominate the fine modes 
composition early in the flame. In addition to carbon the particles contains also a significant 
amount of oxygen (~10 %). This indicates that at least a fraction of the particles are not pure 
soot particles (elementary carbon). However, the colour of the particles in the flame (port 1 
and 2) was black (visual inspection). These particles are probably produced in the oxygen lean 
flame early in the combustion zone (between the grate and the first measurement port) and 
thereafter transported by the flow upward into the oxygen rich flame above the secondary air 
inlets were the oxidation starts. The oxidation rate of these particles were fast in the hot 
oxygen flame and in sampling port 3, the mass concentration of carbon were only a little 
fraction of the concentration in port 1 (0.3 wt % for the 8 kW flame). The high oxidation rate 
for both CO and particles in the flame are probably connected to a high turbulence level early 
in the flame caused by the jets in the secondary and tertiary air inlets.

4.1.2 Gas to particle conversion of inorganic matter 
When the flue gas temperature decrease in the reactor, both the experimental and theoretical 
results shows that condensation of inorganic matter was the dominating fine particle 
formation mechanism after the hot flame. The gas-to-particle transformation process could be 
either a homogeneous nucleation process, where fine particles are formed directly from the 
gas and/or a heterogeneous condensation process where vapour molecules condense on pre-
existing particles in the flue gas. Unfortunately, chemical equilibrium simulations can not 
give the answer of which process (nucleation/condensation) dominates or the time scale for 
the gas to particle conversion process. 

 The condensation rate of molecules (s-1 m-3) of an inorganic specie on a cloud of round 
particles with a diameter dp (m) in the free molecular regime can be written as [32]   
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where Ni is the number of molecules of species i in the gas phase (m-3), pi is the partial 
pressure of species i (Pa), pd is the vapour pressure at the particle surface (Pa),  is 
accommodation coefficient (assumed to be 1), mi is the weight of a molecule (kg), k is 
Boltzmanns constant (J K-1), T is the gas temperature (K), and Np is the number of pre-
existing particles in the gas (m-3). The partial pressure pi is a function of the number of 
molecules in the gas and the vapour pressure pd is a strong function of the gas temperature. 
Assuming that the particle diameter dp and the gas temperature T are constant during the 
condensation and also neglecting the Kelvin effect, equation 1 is a separable ordinary 
differential equation that can be solved analytically and the solution is  
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where N0 is the number of molecules initial present in the gas (m-3), R is the universal gas 
constant (J K-1 mol-1), and NA is Avogadro’s constant (mole-1).

As seen in the experiments and the equilibrium calculations, alkali sulphates is the first major 
inorganic species that condense and form the fine particle mode. In figure 15, the 
condensation of potassium sulphates according to equation 2 is illustrated for two 
temperatures, 900 ˚C and 800 ˚C. The initial concentration of K2SO4 was set to 10 mg/Nm3

giving a super saturation of ~4 and ~73, respectively using thermodynamic data of the vapour 
pressure from Knacke et al. [33]. The initial particle concentration was varied between 0.1-10 
mg/Nm3 and the particles can be produced either from soot which has not been fully oxidised 
in the flame or from refractory oxides that already have nucleated and produced particles 
early in the flame (i.e. ZnO). The high initial concentration can be motivated assuming a 
slightly sooting flame (much higher values of particles from incomplete combustion have 
been reported in commercial furnaces [5, 7] and the low initial concentration can be motivated 
by a non sooting flame. The initial particle concentration obtained in the experiments at 
temperature ~1000 ˚C (slightly above the dew point for K2SO4) was ~2-3 mg/Nm3 for both 
the 8 and 11 kW flame. The mode diameter (aerodynamic diameter) found in the experiments 
at temperatures ~1000 ˚C was ~ 100 nm. Unfortunately, the true particle diameter differs from 
the aerodynamic diameter.  For example, particles with an aerodynamic diameter of 100 nm 
could have been made up of agglomerates of finer particles. The structure of the particles is 
important, since the aggregate size determines the aerodynamic behaviour of the particles 
while the primary particle size determines the surface area. Such agglomerates are often 
observed for soot particles, independently of combustion technique [34] and for submicron 
ash particles from coal combustion [35], where the individual soot or ash particles are in the 
order of 10-30 nm [36]. In this study, the particle was assumed to be individual particles with 
a density of 2000 kg/m3 and the particle diameter was varied between 10-100 nm. The 
number of particles initially present in the gas can be calculated from particle mass 
concentration, diameter, and the density. The condensation time for K2SO4 was found to be 
very sensitive to the initial particle concentration and particle diameter within the cooling time 
in the reactor. The cooling time in the reactor in the present temperature range (900-800 ˚C) is 
of the order of ~0.5 s (see figure 7). However, for the two combinations with high initial 
particle concentration (10 mg/Nm3) the condensation time was of the order of 1 s for 
potassium sulphates. For the other cases, the time scale for condensation was larger then 1 s. 

As seen in the experiments and the equilibrium simulations, alkali chlorides condense at 
lower flue gas temperatures (~600 ˚C). In figure 16, the condensation time for potassium 
chloride is illustrated for two temperatures, 550 ˚C and 485 ˚C. The initial concentration of 
KCl was set to 10 mg/Nm3 giving a super saturation of ~5 and ~74, respectively using 
thermodynamic data of the vapour pressure from Knacke et al. [33]. The initial particle 
concentration was increased since possible alkali sulphates have already condensed and the 
concentration was varied between 1-20 mg/Nm3. The initial particle diameter was again 
assumed to be between 10-100 nm, with a particle density of 2000 kg/m3. In contrast to what 
were found for the alkali sulphates, the condensation time for KCl was relatively insensitive 
to the initial particle concentration and particle diameter within the cooling time in the reactor. 
The cooling time in the reactor in the present temperature ranges (550-450 ˚C) is in the order 
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of ~1-2 s (see figure 7). It was only for relatively low initial particle concentrations (1 
mg/Nm3) and large initial particle diameter (100 nm) that the condensation time exceeds 1 s.  

One other possible gas to particle conversion mechanism is nucleation, where particles are 
formed directly from the gas phase. The nucleation rate J (Nm-3 s-1) of K2SO4 and KCl was 
estimated using the model of Girshick et al. [37]. The nucleation rates are extremely sensitive 
to the surface tension values, which, especially for small particles are uncertain. In this work 
the macroscopic surface tension was modified as suggested by Christensen [1] by introducing 
a Tolman coefficient so that the surface tension is dependent on the critical particle size. 
Furthermore, the macroscopic value of the surface tension and the Tolman length for 
potassium sulphates and potassium chloride were also taken from Christensen [1].  

Figure 17 shows the saturation ratio S and the nucleation rate J as a function of the 
temperature in the reactor for K2SO4 and KCl. The concentration for both K2SO4 and KCl was 
set to 10 mg/Nm3 for all temperatures (no gas to particle conversion is allowed to occur). 
Following the work by McNallan et al. [38], the supersaturation ratio S to generate 1 
nucleus/cm3 s (106 nuclei/m3 s) is taken to be the point where generation of particles directly 
from the gas phase can occur. When the temperature decreases in the reactor, super saturation 
of gas (S=1) occurs at ~950 C for the K2SO4 and ~600 C for the KCl vapours. The saturation 
of the inorganic vapour increases rapidly when the temperature decreases below the dew point 
and critical nucleation rates for K2SO4 occurs at a temperature of ~715 ˚C and ~530 ˚C for the 
KCl. The critical saturation ratios to generate nucleation are for K2SO4 significantly higher 
(S~103) than for KCl (S~101). When the temperature drops further the nucleation rate 
increases rapidly, especially for potassium chloride.  

To get nucleation of K2SO4 or KCl, the temperatures needs to be below ~715 ˚C or 530 ˚C,
respectively. On the other hand condensation of potassium salts on pre-existing particles can 
start already when the saturation ratio exceeds 1, which occur at a temperature of ~950 ˚C for 
K2SO4 and ~600 ˚C for KCl. Nucleation of new particles can therefore be stopped if the 
condensation time between the dew point and the temperature for nucleation is short so the 
critical super saturation for nucleation is never exceeded. From the theoretical estimations of 
the condensation rate (figure 15 and 16) and the residence time in the reactor (figure 8) 
nucleation of new K2SO4 may occur for low initial particle concentrations or large particle 
diameters. For potassium chloride, the condensation time is faster then for potassium 
sulphates, and for a temperature of 550˚C and the time scale for condensation is smaller then 
1 s except for extremely low initial concentrations and large initial particle diameters (see 
figure 17).

If the experimental PSD (figure 9 and 10) is considered, it is possible to see that when the 
alkali salts condense and form fine particles (port 5 and forward), the mass increase in the first 
mode of the PSD occur in impactor plate 2-4. No significant increase of the mass in the first 
impactor plate was observed for both the 8 and the 11 kW flame. This indicates that the major 
gas to particle formation mechanism in the experiments were condensation of alkali salts on 
pre-existing particles in the gas. Furthermore, the amount of K and S (see figure 15) increases 
in the particles well before the temperature has dropped to the critical temperature for K2SO4

nucleation. This indicates again that the major gas to particle conversion of K2SO4 were 
through the condensation mechanism. Unfortunately, the experimental resolution in the 
interesting region (600-500 ˚C) for the KCl condensation/nucleation is not enough to make 
any conclusion about possible nucleation of KCl from figure 15. The somewhat more 
continuous trends and also temperature delay in condensation of alkali salts in comparison to 
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the equilibrium results (figure 15) may be connected to the time scale for condensation and 
the delay time in possible nucleation. The experimental results also indicate that the major gas 
to particle conversion of inorganic vapour is in the fine mode and not on the coarse mode, 
since the increase of mass from the experiments occurred in the fine mode (see figure 9-11) 

4.1.3 Sampling artefacts on the fine mode 
During cooling of the gas in the quench-probe, inorganic vapours will condense and form 
particles mainly through the nucleation mechanism since the quenching ratio is extremely fast 
(106 ˚C/s). Early in the reactor (port 2-4), it is possible to identify elements (K, N, S, and Cl) 
in the particles that according to the equilibrium model should be in gas phase (see figure 15). 
However, the concentration of these elements is relatively low. The explanation for this is 
probably that a small fraction of the inorganic vapour interacts either through nucleation 
(most likely) or though condensation in the probe with the pre-existing particles in the gas.

4.2 Coarse particles

As for the fine mode, the coarse mode in the PM2.5 was dominated by carbon (50 %) early in 
the flame. This indicates that the coarse mode initially comes from incomplete combustion, 
either of soot particles that have created large agglomerates with a relative large aerodynamic 
diameter and/or from fragmentation of char particles ejected from the fuel bed. These 
particles are then oxidised in the flame, and from port 3, the carbon content of the coarse 
mode was relatively constant (or decreasing somewhat) ~10 %.   

In every measurement port the coarse mode also consists of non-volatile refractory metals 
(Ca, Mg, Si, Mn, and Fe), left as residual particles after the char has been oxidised, and a 
significant fraction of alkali metals. High values of alkali metals in particles with an 
aerodynamic diameter of ~1 m, sampled from the flue gas channel in combustion of woody 
biomasses in district heating plants have also been reported earlier by Strand [39]. This may 
be due to (i) coagulation of small alkali rich particles on the larger char/residual ash particles 
in the flue gas (ii) condensation of alkali vapour on the pre-existing residual fly ash particles 
and (iii) chemical reactions of alkali vapour at the surface of pre-existing coarse particles in 
the flue gas. The existence of alkali in the coarse mode may also be an artefact of the 
sampling method, condensation of alkali vapour and/or coagulation of particles produced 
under quenching on pre-existing coarse particles may also explains the relative high alkali 
content of the coarse mode.  

5. Conclusion

In this work, the formation of high temperature aerosols during fixed bed combustion of wood 
pellets in a realistic combustion environment was studied through a spatially resolved 
experimental investigation in a laboratory reactor. Particle samples were withdrawn from the 
combustion zone in 10 steps in the temperature region from 1450-200 ˚C by a rapid dilution 
sampling probe. The experimental results were also compared and discussed in view of 
theoretical models of the aerosol formation process (chemical equilibrium and aerosol 
dynamic models of condensation and nucleation). The main conclusions from this work are; 

The particle size distribution in the PM2.5 region was bimodal, with one fine mode 
(mode diameter ~0.1 m) and one coarse mode.  



16

The fine mode mass concentration was highest early in the oxygen lean combustion 
zone (~1400 ˚C) and decreases to a minimum just after the hot oxygen rich flame 
(~1000 ˚C). The fine mode particle mass concentration and the particle diameter 
thereafter increases gradually when the temperature of the flue gas is decreases in the 
post combustor zone.   
Particles from incomplete combustion (soot and/or other hydrocarbon particles) 
dominate the fine mode composition early in the flame. Furthermore, these particles 
were rapidly oxidised in the hot oxygen rich flame. 
K, Na, S, Cl, and the heavy metal Zn were vaporised under the combustion process in 
the fuel bed. Alkali sulphates (K2SO4 and Na2SO4) and chlorides (KCl and NaCl) 
were formed from the inorganic vapour. Alkali sulphates condense and form particles 
at a temperature of ~950 ˚C and alkali chlorides condense later at a lower temperature 
of ~600 ˚C.  
The major gas-to-particle conversion process for both the alkali sulphates and 
chlorides in the fine mode were probably condensation on fine pre-existing particles 
in the gas. 
Experimental and theoretical (chemical equilibrium simulations) results of the gas-to-
particle conversion agreed qualitatively well. 
The concentration of the coarse mode was also highest early in the flame and decrease 
thereafter to an almost constant concentration in the temperature range of ~1100-700 
˚C. A slight decrease in the coarse mode concentration was observed from 700 ˚C to 
the flue gas channel (200 ˚C)
The coarse mode consists of carbon, refractory metals (Ca, Mg, Si, Mn, and Fe) and 
considerably high amounts of K, Na, S, Cl and Zn.  
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Appendix

A.1. Radiative heat transfer from the thermocouple junction 

The measured gas temperature can be affected by radiative heat transfer between the 
thermocouple junction and the surrounding reactor walls and between the thermocouple 
junction and the flame. To estimate the strength of the radiative heat transfer and thereby the 
difference between the true gas temperature and the measured gas temperature, the gas 
temperature was measured with two S-type thermocouples with wire diameters of 350 
(junction diameter  1 mm) and 50 m (junction diameter  150 m). The large differences in 
surface area should result in corresponding large difference in the radiative exchange between 
the thermocouple junction and its surroundings. The measured mean temperature and the 
temperature fluctuation for the two wire diameters are presented in figure A.1. For both 
flames, the mean temperature and the temperature fluctuation was higher for the wire with a 
diameter of 50 m. Furthermore, the larges differences between the two thermocouples occur 
where the gas temperature is high in the flame zone and decrease simultaneously when the gas 
temperature decreases towards the end of the reactor. This indicates that the measured 
temperature was more affected by radiative cooling from the reactor walls then by radiative 
heating from the hot flame.  

The influence of the junction diameter on the measured temperature can be explained and 
estimated by a simple steady state heat balance over the thermocouple junction (equation A.1) 
neglecting conduction losses from the junction, catalytic heating and radiative heat transfer to 
the junction from the gas. The terms included in equation A.1 are conductive heating of the 
junction by the hot gas and cooling of the junction by radiative heat transfer between the 
junction and cooler reactor walls.

jwjgas TTT
h

T 44
                                     [A.1] 

were Tgas is the gas temperature (K), Tj is the measured temperature, Tw is the temperature of 
the surrounding walls (K),  is the emissivity the thermocouple junction,  is Stefan-
Bolzmanns constant (W m-2 K-4) and h is the heat transfer coefficient (W m-2 K-1).
Furthermore, the heat transfer coefficient can be calculated according to equation A.2, were 
Nud is Nusselt´s  number, k is the thermal conductivity of the gas (W m-1 K-1) and d is the 
diameter of the thermocouple junction (m).  

d
kNuh d                                                                         [A.2] 

To minimise the differences between the measured and the real gas temperature, the first term 
in equation A1 needs to be minimised. This can be done by decreasing the emissivity or as 
shown in the experiment above by decreasing the diameter of the junction.  

The effect of the radiative loss from the thermocouple junction was estimated using equation 
A.1-2. No visible soot or ash deposit was apparent on the 50 m wires at the first sampling 
port. The emissivity of the junction was therefore taken to be that for bright platinum at 1500 
K, with a value of 0.18 [40]. The junction diameter was set to 150 m, the wall temperature to 
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600 ˚C and Nusselt´s number equal to two (zero gas velocity). The maximum error in the 
temperature due to radiation losses was estimated to be approximately 50 ˚C.

A.2. Influence of sampling conditions on the PSD

The aim with the rapid dilution sampling probe used in this work was to quench the aerosol 
process that could alter the true PSD. After sampling the PSD can be affected by coagulation 
in the sampling line, condensation of vapours still in gas phase on the pre-existing particles or 
the probe walls and diffusion losses to the probe walls.  

The influence of dilution ratio on the measured PSD was investigated further in sampling port 
4 and port 9. The dilution ratio at the probe tip was varied in three steps 25, 12.5 and 6.25 
whereas the dilution ratio in the ejector was held constant at a dilution ratio of 4, giving an 
overall dilution ratio of 100, 50 and 25. The results presented in figure A2 show that no 
significant influence on the first mode in the PSD can be seen when the dilution ratio is varied 
for the samples withdrawn from both port 4 and 9. In port 4, the mass concentration of the 
second mode in the PSD was 25 % larger for an overall dilution ratio of 25 than for the other 
two dilution ratios. This may be due to condensation of inorganic vapour on the second mode 
or just some uncontrolled experimental variation. It appears that an overall dilution ratio of 50 
should be enough to freeze the PSD in the present study. 

The influence of residence time from the probe tip to the inlet of the LPI was also investigated 
in sampling for port 4 and 9 and for an overall dilution ratio of 100. To increase the 
residence time, the sampling line between the ejector and the LPI was lengthened; thereby the 
residence time increased with 900 ms or a factor of 15. The results presented in figure A3 
shows no significant influence of the residence time on the PSD. Within the resolution of the 
LPI, the PSD can be regarded to be unaffected by aerosol dynamic process after the particle 
sample was diluted in the probe and the ejector.  
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Tables

Table 1. Location of the 10 sampling ports based on a coordinate system located in the centre 
of the grate [mm] 
Port 1 2 3 4 5 6 7 8 9 10 
x,y,z 0,0,145 0,0,245 0,0,345 0,0,445 0,0,545 0,0,645 0,0,845 0,0,1045 0,0,1445 0,900,1600 

Table 2. Wood pellet composition 
Analysis Method Value 

Physical dimensions (mm) 
Diameter  6 
Average length  std 6.5  1.9 
Proximate analysis (wt % as received)  
Volatile matter SS-ISO 562:1 79.4 
Fixed Carbon by difference 14.2 
Moisture SS 187170:3 6.0 
Ash  SS 187171:1 0.4 
Ultimate analysis (wt % dry) 
Carbon LECO-1 50.9 
Hydrogen LECO-1 6.3 
Nitrogen LECO-1 <0.1 
Chlorine SS 187154:1 <0.01 
Oxygen  by difference 42.4 
Sulphur ICP-AES 0.0049 
Lower heating value (MJ/kg) SS-ISO1928:1 19.24 
Major ash components (wt % dry) 
Si ICP-AES 0.0168 
Al  ICP-AES 0.0045 
Ca ICP-AES 0.0908 
Fe ICP-AES 0.0038 
K ICP-AES 0.0464 
Mg ICP-AES 0.0153 
Mn ICP-AES 0.0108 
Na ICP-AES 0.0064 
P ICP-AES 0.0051 
Ti ICP-AES 0.0001 
Zn ICP-SFMS 0.0008 

Table 3. Reactor operating condition. 
Power 8 kW 11 kW 

Wood pellets feed rate, kg/h 1.65 2.27 
Primary air flow rate, kg/h 2.09 2.94 
Secondary air flow rate, kg/h 4.26 4.41 
Tertiary air flow rate, kg/h 6.81 9.68 
Excess air, % O2 in flue gas 6 5 
Insulated wall temperature, ˚C 600 675 
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Fig. 3. Visualisation from a CFD simulation of the velocity field in the reactor for the 8 kW 
flame. The left side of the centre line corresponds to a plane through the tertiary air jets and 
the right side of the centre line corresponds to plane through the secondary air jets. The black 
dots in the centre line of the reactor represents the 6 first sampling locations.  
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Fig. 4. Photos of the flame taken from the top of the reactor. Left plate, 8 kW flame and right 
plate, 11 kW flame.  
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Fig. A1. Influence of thermocouple wire and junction diameter on the measured average and 
fluctuation temperature for the 8 and 11 kW flame. The circles and squares represent the 
average temperature and the error bars represents one standard deviation of fluctuation 
temperature. 
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Abstract

In this work, the influence of fuel ash composition (two wood pellets and one bark pellets) on 
the vaporisation of inorganic matter and the corresponding aerosol formation during fixed bed 
combustion of biomass were investigated in a laboratory reactor. Particle samples were 
withdrawn from the reactor in 4 steps in the temperature range of 1150-200 ˚C by a rapid 
dilution sampling probe and the particle samples were thereafter size segregated in a low 
pressure impactor. The chemical composition of the particles was investigated by SEM/EDS 
and XRD analysis. Furthermore, the vaporisation of inorganic matter from the fuel under 
combustion and the condensation of inorganic matter during the cooling of the flue gas were 
investigated theoretically by chemical equilibrium model calculations.   

For all fuels, the particle mass size distribution in the PM2.5 region was bimodal, with one fine 
mode and one coarse mode. Early in the flame, the fine mode was dominated by particles 
from incomplete combustion and these particles were rapidly oxidised in the post flame zone. 
After the hot flame, the fine mode concentration and the particle diameter increases gradually 
when the temperature decreases due to condensation of vaporised inorganic matter, K, Na, S, 
Cl, and Zn. For two of the fuels also P could be found in the particles. When the phosphorus 
content of the particles was relatively small, it did not significantly change the condensation 
behaviour of the alkali salts. For those fuels, both theoretical and experimental results 
suggested that alkali sulphates condense at a temperature of ~950 ˚C and alkali chlorides 
condense later at a temperature 600 ˚C. However, when a significant fraction of P was found 
in the particles relatively large discrepancies between the experimental and theoretical results 
were found. For example, almost all alkali in the theoretical results was bound as alkali 
phosphates which condense and form particles at high temperatures (1200-1000 ˚C) and this 
behaviour of the aerosol formation could not be experimentally verified. For all fuels in this 
study, the coarse mode consists of carbon, refractory metals and considerable amounts of 
alkali. The amount of vaporised metals from the fuel bed was strongly dependent on the fuel 
ash composition.  

mailto:henrik@etcpitea.se
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Introduction 

Measurements in the flue gas channel from various types of biomass fired boilers have given 
a good overview of the formation mechanisms for combustion generated aerosols [1-9]. 
Inorganic particles are produced from two different mechanisms; large particles are produced 
from fusion of non-volatile ash elements in the burning char particles and fine particles 
produced from nucleation and condensation of volatile ash elements (K, Na, S, Cl, and Zn). If 
the combustion conditions are unsatisfactory, soot particles may also escape the combustion 
zone and contribute to the emissions of fine particles.

To get a more detailed picture of the various stages of the aerosol formation in wood pellets 
combustion, we have previously performed a spatially resolved measurement series [10]. 
Particles were sampled in 10 steps all the way from the hot flame (1450 ˚C) in the pellets 
burner to the flue gas channel (200 ˚C). Early in the flame, the particle concentration was 
relatively high and dominated by particles from incomplete combustion (i.e. soot particles). 
Furthermore, the particle size distribution in the PM2.5 region was bimodal with a distinct fine 
mode (dmode ~0.1 m) and an equally distinct coarse mode. In the oxygen rich post flame 
region, the small soot particles were oxidised and therefore the fine mode almost disappeared. 
When the gas temperature decreased to under about 1000 ˚C, alkali sulphates, alkali chlorides 
and Zn species started to condense on the particles still existing in the fine mode and the mass 
concentration increases. Simultaneously the average particle diameter increased continuously 
on the way to the flue gas channel. In the flue gas channel the concentration of the fine mode, 
dominated by alkali components was larger than the concentration of the coarse mode that 
consisted of carbon, refractory oxides and alkali metals.     

The aim of this study was to investigate if similar trends in the evolution of the combustion 
aerosols from the hot flame to the flue gas channel could be found for other types of woody 
biomass than the wood pellets investigated earlier [10]. The focus in the study is on particles 
with an aerodynamic diameter smaller than 2.5 m (PM2.5).

Experimental

Reactor and particle sampling

A detailed description of the reactor, pellet burner, sampling and analysis methods can be 
found elsewhere [10] and therefore only a brief description is given herein. The system 
investigated was an 8 kW updraft fired reactor with a pellets burner docked to the bottom of 
the reactor (figure 1). In the bottom of the pellets burner primary air enters the reactor through 
a perforated plate acting as a grate on two separable levels and with flow direction that were 
optimised to give stable combustion and rotationally symmetric conditions in the reactor. 
Secondary and tertiary air was inserted above the grate. The pellets were delivered through a 
feed pipe above the pellets burner. A sampling probe was inserted horizontally into the centre 
line of the reactor, through anyone of 9 sampling ports in the reactor and 1 sampling port (port 
10) early in the flue gas channel. In the present study, the sampling probe was only inserted in 
port 2, 4, 7, and 10. Particle samples were withdrawn from the centre line through a rapid 
dilution sampling probe. From the probe, samples were sent to a 13-stage Decati low-pressure 
impactor (LPI) allowing physical and chemical resolution of the particles in the submicron 
range. The NOx concentration in the diluted stream was also measured to check the overall 
dilution ratio. Furthermore, at the centre line of the reactor the combustion gases were 
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withdrawn with an air cooled sampling probe and analyzed with respect to O2, CO2, CO and 
NOx concentrations while the temperature was measured with a fine wire S type thermocouple 
(wire diameter 50 m) to minimize errors from radiative heat transfer. Particulate matter on 
selected impactor plates was analysed for elemental composition with an environmental 
scanning electron microscope (ESEM) equipped with an energy disperse spectroscopy (EDS) 
detector. Selected impactor samples were also analysed by X-ray diffraction (XRD) for 
identification of crystalline phases.

Biomass composition 

Three different fuels were used in the present study, two types of commercial wood pellets 
and one bark pellet. The wood pellets were produced from sawdust of pine and spruce. The 
first wood pellet was the same as in our previous investigation [10] and is hereafter called 
Wood 1. The ash content in Wood 1 was 0.4 wt %. The ash content of the second wood 
pellets, hereafter called Wood 2 was 0.76 wt %. The fuel ash composition for the three fuel 
used in this study are summarised in table 1.  The higher ash content of Wood 2 compared to 
Wood 1 was mainly due to higher Si content (see Table 1). This is most probably an effect of 
contamination of the raw material during handling, storage, or drying since no additives 
except steam and water were used during pelletisation. The bark pellets used in this study has 
an ash content of 3.7 wt %. The diameter of the pellets for Wood 1 and Bark were 6 mm and 
for Wood 2, 8 mm. The average length and standard deviation of the pellets were 6.5 1.9,
10.7 4.5, and 7.1 3.5 mm for fuels, Wood 1, Wood 2, and Bark, respectively.

During combustion of these three fuels, the behaviour of the residual ash differed. For both 
Wood 2 and the Bark pellets a significant fraction of the total fuel ash inserted into the reactor 
remained in the burner cup as slag. The slag to initial ash inserted into the reactor (slag ratio) 
obtained during combustion of Wood 2 and Bark are shown in table 1. For Wood 1, however, 
no significant amount of slag was observed in the burner cup and the bottom ash had left the 
combustion zone and was instead found in the ash hopper. 

Operating conditions and experimental procedure  

The reactor operating conditions are summarised in table 2. The mass flow of fuel was 
controlled to obtain a thermal effect of 8 kW and the total air flow was controlled to obtain an 
O2 concentration ~6 % in the flue gas.

Before the start of the particle measurements, the reactor was operated for 120 min to reach 
thermal equilibrium of the system. The dilution ratio in the particle sampling system was 
~100 for the two wood pellets, and ~150 for the bark pellet. The particle size distribution 
(PSD) and the mass concentration were measured with a low pressure impactor (LPI) and the 
total sampling time was varied between 30-210 min dependent on the fuel type and sampling 
location. The impactor plates were weighed carefully on a microbalance with an accuracy of 
0.001 mg before and after the sampling to determine the mass of the collected particles. After 
weighing the impactor plates were stored in a decicator for later analysis by ESEM/EDS and 
XRD.

The temperature and the gas concentration at the centre line of the reactor were measured 
separately from the particle and the sampling time in each port was 20 min for both the 
temperature and gas measurements. For Wood 2, and the Bark pellets, the bottom ash left in 
the burner was also collected for analysis.
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Chemical equilibrium calculations  

To help the interpretation of the experimental findings of the transformation and release of 
inorganic material as well as fine particle formation processes, chemical equilibrium model 
calculations were performed using the software program FACTSage 5.2 with thermodynamic 
data taken from the FACT and SGTE databases [11]. The program uses the method of 
minimization of the total Gibb´s free energy of the system. Additional thermodynamic data 
for K-phosphates as well as one Mg-phosphate was taken from the HSC database and 
included in the calculations [12]. The calculations were performed in two separate steps.  

Firstly, the degree of volatilization of ash forming elements in the temperature range of 800-
1400 °C was calculated using data on ash composition from Table 1 and typical biomass fuel 
data for the contents of C, H, O and N in wood and bark fuels from Nordin [13]. Two liquid 
phases were assumed to co-exist, i.e. an oxide/silicate (slag) melt and an alkali salt melt. In 
addition, all relevant binary and higher solid and liquid solutions were included. The elements 
and solution models used in the calculations for the first modelling stage are shown in table 3. 
To cover potential variations in the oxygen concentration in the combustion zone calculations 
were performed with air-to-fuel ratios ( ) of 0, 0.44 and 1.35, respectively, under atmospheric 
pressure (1 bar). =0.44 corresponds to an oxygen availability of all primary and half of the 
secondary air supply together, whereas =1.35 corresponds to fully oxidizing conditions after 
the tertiary air supply. 

Secondly, the chemical equilibrium condensation behaviour of the fine particle forming 
material during subsequent cooling of the flue gases in the temperature range of 1200-200 °C 
was modelled. The experimentally determined amounts of different fine particle forming 
elements (i.e. K, Na, Zn, S, P and Cl) sampled by the LPI were, together with the fuel 
amounts of C, H, O and N, used as input in the calculations. The calculations were performed 
simulating global fully oxidizing conditions in the reactor (i.e. air-to-fuel ratio=1.35) under 
atmospheric pressure (1 bar). Stoichiometric data as well as non-ideal solid and liquid 
solution models were included. The elements and solution models used in the calculations for 
this second modelling stage are shown in Table 3. 

Results and discussion  

Combustion conditions 

The combustion condition (temperature and gaseous concentration) for the three fuels in the 
centre line of the reactor are summarised in table 4. A detailed picture of both the temperature 
and the gas concentration for Wood 1 are available elsewhere [10]. No major differences in 
the combustion conditions between the fuels were found in this study, except for the NOx

concentration. This indicates that the combustion condition in the reactor is almost 
independent of the fuel type used. This is expected since the thermal power and the operating 
conditions of the reactor are the same for all fuels (see table 2). However, the fuel type 
significantly affected the NOx concentration at the centre line of the reactor. The NOx

concentration for Wood 2 (170-145 ppm) and Bark (406-386 ppm) were higher then for 
Wood 1 (109-94 ppm). This effect is probably related to the fuel-NOx forming mechanism. 
The production of fuel NOx is itself connected to the nitrogen-content of the unburned fuel 
and with the same combustion conditions one would expect the production of fuel NOx to 
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increase with increasing N content in the fuel. The increase of NOx emissions in combustion 
of bark pellets in comparison with ordinary wood pellets during fixed bed combustion have 
been reported earlier [8]. In sampling port 2, the CO concentration was significantly higher 
and the O2 was significantly lower than in the other sampling ports in this study. The gas 
temperature span in the investigation was measured to ~1150-200 ˚C. The temperature in the 
fuel bed was only measured for Wood 1 and the temperature in the fuel bed for that fuel was 
~1100 ˚C.

Evolution of the PSD 

The total particle concentration (PM2.5), the fine mode and the coarse mode concentration in 
the reactor for the three fuels are presented in table 5. The particle concentrations in table 5 
are expressed in mg/Nm3 which means that it is possible to see if the absolute particle 
concentration increases or decreases in the reactor. The evolution of the PSD from sampling 
port 2 to sampling port 10 for the three fuels is presented in figure 2-4. For all three fuel 
pellets very similar trends in the evolution of the PSD could be observed. The PSD for these 
fuels were bimodal in the PM2.5 range in the reactor (port 2, 4, and 7) and also in the flue gas 
channel (port 10). The fine mode was smaller than ~0.35 m and the coarse mode was located 
between ~0.35-2.5 m. For Wood 1 there was a reduction of the mass concentration of the 
fine mode between port 2 and 4, while the lowest mass concentration for both Wood 2 and 
Bark were observed in sampling port 2. For Wood 2 and Bark, there was a small increase of 
the fine mode particle mass and average diameter from port 2 to port 4. Between port 4 and 
10, for all three fuels there was an increase in the mass concentration of the fine mode with 
6.1, 3.5, and 5.9 times for Wood 1, Wood 2, and the Bark pellets, respectively. Furthermore, 
the diameter of the fine mode also increases from port 4 to port 10. At port 10 it was 0.14 m, 
0.1 m, and 0.22 m, for Wood 1, Wood 2, and the Bark pellets, respectively. In the flue gas 
channel the concentration of the fine mode was larger than the concentration of the coarse 
mode for all fuels in this study (4.3-6.5 times).   

As for the fine mode, the general trends of the coarse mode between the fuels were the same, 
however for Wood 2 and the Bark pellets an increase in the coarse mode concentration was 
observed between sampling port 2 and 4 which was not observed for Wood 1. Between 
sampling port 7 and 10 a decrease in the coarse mode concentration was observed for all fuels 
in this study.

Chemical composition of the PSD 

The spatial resolved elemental composition of the fine mode is presented in figure 5 and of 
the coarse mode in figure 6, for the three fuels. For all fuels the fine mode in sampling port 2 
was dominated by carbon (~60-90 at %) and oxygen (~10-20 at %). This indicates that the 
particles were soot or other hydrocarbons as a result of incomplete combustion. These 
particles are rapidly oxidised in the hot post flame zone and from port 4 and thereafter 
condensable inorganic material dominates the fine mode composition while the carbon 
contribution to the fine mode composition is only ~5-10 at % after port 2. In addition to the 
well known inorganic elements often found in biomass combustion (K, Na, S, Cl, and Zn) 
both the fine mode for Wood 2 and Bark pellets contain a significant fraction of phosphor.

For Wood 1, it is possible to identify two condensation zones, one early condensation zone 
located before port 7 and one late condensation zone after port 7. In the first condensation 
zone the particles were dominated by K, Na, O, S, and Zn with relative small Cl content. 
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After port 7 the potassium and especially the chlorine concentration increases relative to the 
other elements. This is most likely due to condensation of alkali sulphates and Zn species at 
high temperature (~950 ˚C) and condensation of alkali chlorides at a lower temperature ( 600
˚C) [10]. The same general trends could be observed in the evolution of the particle chemical 
composition for Wood 2 and Bark pellets (alkali sulphates condense before alkali chlorides). 
The condensation of inorganic material can therefore be assumed to explain the fine mode 
increase in particle mass from port 4 to 10 (se figure 2-4) 

Small differences in the evolution of the chemical composition of the fine particles could 
however be observed between the different fuels especially early in the reactor (port 4). For 
Wood 2 and Bark pellets the fine mode also contains a significant fraction of phosphorus. The 
relative content of phosphorous in the particles was highest in sampling port 4 (12 at % for 
Wood 2, and 4 at % for Bark) and thereafter it decreases towards the flue gas channel. In 
sampling port 10 the relative P content was 8 at % and 2 at % for Wood 2 and Bark, 
respectively. This indicates that phosphor species condenses and form particles early in the 
reactor at a temperature of ~1000 ˚C. For the Bark pellets, the relative concentration of both 
Na and Zn was very high in sampling port 4 in comparison to the other fuels and decreases 
thereafter towards the flue gas channel. This indicates that Na and Zn containing species 
condense before the other elements again at a temperature of ~1000 ˚C.   

For Wood 1 and 2, K3Na(SO4)2 and KCl were the only identified crystalline phases in the 
XRD investigation. However, in addition to K3Na(SO4)2 and KCl it was also possible to 
identify ZnO in the fine particles for Bark Pellets. Independently of fuel, no phosphorous 
containing crystalline phase was identified in the XRD investigation.

As for the fine mode the carbon content of the coarse mode was highest in the second 
sampling port (~30-40 at %) and decreased towards the flue gas channel. At sampling port 10, 
the carbon concentration of the coarse particles was in the range of 6-20 atom %. The coarse 
mode also consists of a smaller parts of refractory metals (< 10 at %) and a relatively large 
fraction of the same condensable species found in the fine mode. 

Vaporisation of mineral matter

Table 6 presents the fraction of the total fuel input of the elements Na, P, S, Cl, K, and Zn 
found in the fine and the coarse mode, respectively. For both Wood 2 and Bark, a 
significantly lower fraction of K (~5 wt %) was found in the particles in comparison to wood 
1 (14 wt %). For Bark, a significantly lower fraction of sodium was found in the particles (11 
%) in comparison to the other two fuels (20-25 %). However, no major differences in the Zn 
fraction of the flue gas particles were found (52-65 %). As mentioned earlier, phosphorous 
was only detected in the fine and the coarse mode for Wood 2 and Bark. Furthermore, the 
fractions of P found in the particles were higher for Wood 2 than for Bark, 8 wt % and 2 wt % 
respectively.

The results from the chemical equilibrium calculations of the vaporisation alkali from the fuel 
bed are shown in figure 7. For every fuel, the air-to-fuel-ratio (AFR) was varied in three steps, 
0, 0.44, and 1.35 in the temperature range 800-1400 ˚C. At high temperatures (above 1100 
˚C), potassium was volatilised mainly as K(g), KCl(g) and KOH(g), dependent on the AFR, 
i.e. increasing KOH(g) concentration and decreasing K(g) with increasing AFR. The 
corresponding dominating volatilised specie for sodium are Na(g), NaCl(g) and NaOH(g), 
with the same influence from AFR. Figure, 7 shows the span between the maximum and 
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minimum degree of vaporisation, dependent on the AFR. As for the experimental results the 
theoretical calculation of the vaporisation shows large differences between the fuels for 
potassium vaporisation and significantly more K is realised to the gas phase for Wood 1 than 
for the other two fuels. A relatively small influence of the AFR was found especially for low 
combustion temperatures, for Wood 1 and Bark. However, for Wood 2 the influence of the 
AFR on the amount of vaporised K and Na was relatively large, especially for temperatures 
above ~1050 ˚C. During reducing conditions, Zn volatilised as Zn(g) for all fuels in the whole 
temperature interval (800-1400 ˚C). For Wood 2 and Bark, phosphorous was volatilised 
mainly as (P2O3)2(g), PO(g), and P(g). The vaporisation starts at a relatively high temperature 
~1100 ˚C and only for AFR=0. As also observed experimentally, the degree of P vaporisation 
in the equilibrium calculations were higher for Wood 2 in comparison to the Bark pellets. For 
Wood 1, significant phosphorous vaporisation (> 1 %) was only predicted for temperatures 
above 1300 ˚C. In the experiments no significant phosphorous was observed in the fine and 
the coarse mode.

As seen in table 1, the alkali to silicon ratio (K+Na)/Si in the fuel was significantly lower for 
Wood 2 (0.58) and Bark (0.49) in comparison to Wood 1 (3.14). The explanation for the 
dependency of the fuel ash composition on the vaporisation of alkali metals to the gas phase 
can probably be found in the (K+Na)/Si ratio of the fuel. As shown by Öhman et al. [14], 
during fixed bed combustion of woody biomass, alkali metals can react with Si in the fuel and 
produce alkali silicates with relatively low melting point during. Alkali silicates are thereby 
captured in the ash slag and are therefore not vaporised at the actual temperatures. Hence, the 
slagging tendency of a woody fuel is could be dependent on the Si content of fuel. In the 
present work, slagging of the ash in the burner cup was observed for the two fuels with 
relatively low alkali to silicon ratio, i.e. Wood 2 and Bark. In these cases, a relative large 
fraction of the total ash input to the burner was bound as slag in the burner cup. However, for 
Wood 1 no slag was observed in the burner cup and most of the residual ash escaped the 
burner was found in the ash hopper.

For Wood 1 the theoretical results predict a very high degree of vaporisation of alkali metals 
due to the relatively low Si content in the fuel (see figure 7), for example at a temperature 
above 1100 ˚C, all the potassium was predicted to be volatilised from the fuel bed, 
independently on the AFR ratio. The experimental results on the other hand showed that only 
12 %, 18 %, and 54 % of the total fuel input of K, Na, and Zn, respectively was found to form 
fine particles. Corresponding experimental data for the coarse mode fraction was 2 %, 2 %, 
and 11 %. One reason for these discrepancies determined for Wood 1, between the modelled 
and the experimentally observed volatilisation of alkali metals and Zn could potentially be 
explained by kinetically restricted volatilisation from the burning fuel/ash particles before 
entrainment to the ash hopper (no slag in the burner cup was found for Wood 1). Two other 
possible reasons are the lack of data for thermochemically stable phases (e.g. alkali 
phosphates and phosphides) and/or inaccurate thermochemical data for alkali sulphides.  

For the two slagging fuels (Wood 2 and Bark) the predicted volatilisation of potassium and 
sodium is in relatively good agreement with what was found experimentally, especially for 
bark pellets. For these fuels 72-82 % of the ash remained as slag in the burner cup and thereby 
the residence time to reach equilibrium may be reached.  

The potential capture of alkali metals into silicates in the fuel/ash bed implies that the particle 
mass concentration in the fuel gas channel is not always directly coupled to the ash 
concentration or alkali concentration of the fuel. This phenomenon probably explains why the 
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particle concentration in the flue gas channel of Wood 1 is about 2 times higher than for 
Wood 2 (see table 5), although the alkali content of Wood 2 in the fuel is about 1.4 times 
higher than for Wood 1 (see table 1). Furthermore, the particle concentration for Bark is only 
3 times higher than for Wood 1 (see table 5), while the alkali content in the Bark pellets is 6.7 
times higher then for Wood 1 (see table 1). The difference in particle concentration could 
possibly have been even more pronounced if the fuel/ash particles for Wood 1 had stayed in 
the bed and not been ejected by the flow from the fuel bed into the ash hopper. The reason for 
this is that the vaporisation of metals from Wood 1 is probably not in chemical equilibrium 
and is therefore strongly affected by the time-temperature history of the fuel/ash particles in 
the combustion zone.  

Condensation of metal species

In the modelling of the condensation process during cooling of the gases, the experimentally 
obtained initial concentration of particle forming elements (see table 6) was used as an input 
to the calculations. The results are presented in figure 8,9, and 10 for Wood 1, Wood 2, and 
the Bark pellets respectively.

For Wood 1 (no phosphorous), the major stable K, and Na species above 1000 ˚C were 
KOH(g), KCl(g), NaOH(g), and NaCl(g). When the temperature decreased, gaseous alkali 
sulphates were formed, that starts to condense at temperatures ~950 ˚C. When the temperature 
drops to ~600 ˚C alkali chlorides starts to condense.  At a temperature below ~450 ˚C all 
alkali metals are expected to have condensed and formed particles. The condensed phases 
predicted by the equilibrium calculations were sulphate based alkali metals in the temperature 
range 950-850 ˚C, hexagonal alkali solid solutions in the temperature range of 950-450 ˚C,
alkali chloride based melts in the temperature range of 600-500 ˚C, and solid solutions of 
alkali chloride and sulphates at lower temperatures. Results from the XRD analysis, as 
discussed previously, were in relatively good agreement with the above chemical equilibrium 
calculations. For this fuel, measurements of the particle concentration exist for all sampling 
ports (1-10) and a comparison between the theoretical and experimental condensation process 
shows a relatively good agreement [10].  

When a significant fraction of phosphorous is present in the gas, the condensation process 
more complicated. Furthermore, the thermochemical data of alkali phosphates are relatively 
uncertain making equilibrium calculations less reliable when P is present in significant 
concentrations in the gas phase (Wood 2). For the Bark pellets, however, the P content of the 
particles is relatively low (3 % of the fine mode) and therefore the condensation process for 
Bark pellets (see figure 10) is rather similar to the clean K-Na system obtained for Wood 1 
(see figure 8). As for Wood 1, KOH(g), KCl(g), NaOH(g) and NaCl(g) are found stable at 
high temperatures. When the temperature decreases, gaseous alkali sulphates were formed, 
and for Bark pellets they start to condense at a temperature of ~1000 ˚C. When the 
temperature drops to ~ 650 ˚C alkali chlorides starts to condense and at a temperature below 
450 ˚C almost no alkali containing vapour exists in the flue gases. The experimental results 
for the Bark pellets (see figure 5) also supported an alkali sulphates condensation before an 
alkali chloride condensation since the S/Cl ratio decreases when the flue gas temperature 
drops from 680 to 200 ˚C. At low temperatures the pure alkali phases (no phosphorous) in the 
equilibrium calculations were solid solutions of alkali chlorides and alkali sulphates (e.g. 
K3Na(SO4)2). This was in relatively good agreement with the experimental data since both 
KCl and K3Na(SO4)2 were identified in the XRD analysis. At oxidising conditions, for Bark 
pellets, phosphorous was predicted as K3PO4(s) and/or Na3PO4(s) in the whole temperature 
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region except for low temperatures (~200 ˚C) where K4P2O7(s) was found to be the most 
stable alkali phosphate phase. The theoretical results indicate that P should be in particle 
phase and not in gas phase in the oxidising atmosphere after the hot flame. However, in the 
experimental results no significant amount of phosphorous was detected in sampling port 2 
(~1150 ˚C) and the major gas to particle conversion was found from sampling port 4 and 
thereafter.

For Wood 2, the P content of the particles was significantly higher than for the Bark pellet 
and the influence of the phosphorous on the speciation of alkali predicted by the equilibrium 
calculations was large (see figure 9). Stable species at 1200 ˚C were KOH(g), KCl(g), 
NaOH(g), NaCl(g), and PO2(g). According to the equilibrium calculations, condensation of 
alkali phosphates begin at a temperature of about 1200 ˚C and at a temperature below 1000 ˚C
no significant phosphorous concentration is found in the gas phase and thereby most of the 
alkali is also found as particles (see figure 9). When the temperature decreases below 800 ˚C,
alkali sulphates are formed from sulphation of alkali vapour (alkali chlorides/hydroxides) still 
present in the gas phase and they immediately thereafter condense and form particles. At a 
temperature below 600 ˚C all alkali metals are expected to have condensed and formed 
particles. In the equilibrium calculations direct condensation of alkali chlorides was not 
observed, since formation of alkali phosphates/sulphates is thermodynamically favoured. 
However, in the experiments chlorine was detected in the particles and furthermore KCl was 
also identified in the XRD investigation which indicates that gas-to-particle conversion of 
alkali chlorides occur under the experiments. In addition to KCl, K3Na(SO4)2 was also 
identified in the XRD investigation, however, no alkali phosphates could be found in the 
XRD measurements.   

The equilibrium calculation results indicate that condensation of alkali phosphates occur at a 
relatively high temperature (above 1000 ˚C). This is supported by the experiments since the 
relative P content of the fine particles was highest in sampling port 4 (~900 ˚C) and decreases 
gradually thereafter (port 7 and 10). The explanation for the major condensation of phosphate 
species after 1000 ˚C and the discrepancy between experiments and theory may be connected 
to slow kinetics of the formation of alkali phosphates and the time scale for 
condensation/nucleation. Unfortunately, no phosphorous containing phase was identified in 
the XRD investigation of particles despite the fact that the P content of the investigated 
particles could be as high as 12 % (e.g. fine particles for Wood 2 in sampling port 4). The 
complex analysis of small amounts of particles on the impactor substrates with XRD (large 
background noise), and/or low crystallinity of the phosphorous containing species, may 
explain this absence. Phosphorous has also been discovered in the fine particles in minor, but 
not negligible, amounts during combustion of straw in large scale grate furnaces [1]. 
Recently, Jimenez and Ballester [15] also found a significant amount of phosphorous in fine 
particles during combustion of olive residues in an externally heated entrained flow reactor 
when the reactor was operated at very high temperatures (1450 ˚C). However, when the 
reactor was operated at lower temperatures (1100 ˚C and 1300 ˚C) no significant amount of 
phosphor was found in the fine particles. Jimenez and Ballesters results [15] and the results 
from the equilibrium simulations in this work indicate that the combustion temperature need 
to be relatively high and the atmosphere strongly reducing before any significant volatilisation 
of P would occur. At weak reducing conditions and at oxidising conditions no volatilisation of 
P was predicted in the equilibrium calculations.  

The theoretical calculations showed that the condensation behaviour of Zn during cooling of 
the gases were similarly independent of the fuel. At high temperatures (> 1200 ˚C), the only 
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stable Zn species was Zn(g). When the temperature decreased, Zn(g) was oxidised to ZnO(g), 
which immediately condensed and form ZnO particles. One minor difference could however 
be observed in the theoretical calculations. For Bark pellets, condensation of ZnO starts at a 
temperature of ~1200 ˚C and for Wood 1 and Wood 2, condensation of ZnO starts at a 
temperature of ~1100 ˚C. As mentioned earlier, it was only for the Bark pellets ZnO were 
observed in the XRD investigation. The predicted concentration of gaseous Zn and the 
corresponding fine particle forming Zn matter was also largest for Bark pellets. If this 
indicates, that the relative amount of Zn in the gas needs to be sufficient high before clean 
ZnO can be formed under practically combustion conditions or that amount of Zn in the 
particles needs to be relative high before ZnO could be identified in the XRD due to the large 
background noise from the Al-substrates could unfortunately not be addressed in this work.

Conclusions

In this work, the influence of fuel ash composition (two wood pellets and one bark pellets) on 
the vaporisation of inorganic matter and subsequent aerosol formation was investigated during 
fixed bed combustion in a realistic combustion environment. The experiments were conducted 
in an 8 kW updraft fired pellets reactor and particle samples were withdrawn from the reactor 
in 4 steps in a temperature region from 1150-200 ˚C by a rapid dilution sampling probe. In 
addition to the experimental investigation, both the vaporisation of inorganic matter from the 
fuel under combustion and the condensation of inorganic matter during the cooling of the flue 
gas were investigated through chemical equilibrium calculations. The main conclusions from 
this work are; 

For all fuels, the particle mass size distribution in the PM2.5 region was bimodal, with 
one fine mode and one coarse mode.  
Early in the flame zone, the fine mode of all fuels was dominated by particles from 
incomplete combustion (soot and/or other hydrocarbons) and these particles were 
rapidly oxidised in the hot oxygen rich flame.  
Independently of fuel, when the flue gases are cooled after the hot flame, inorganic 
vapour condense and form particles and thereby the mass concentration and the 
particle diameter of the fine mode increase. The total mass concentration in the flue 
gas was correlated to the amount of inorganic matter volatilised from the fuel bed.  
The inorganic elements detected in the fine mode for all fuels were K, Na, S, Cl, and 
Z. For one of the wood pellets (Wood 2) and for the bark pellets also a significant 
amount of P was found. When no (Wood 1) or relatively little P (Bark) was detected in 
the fine particle phase, the general trends of the alkali condensation were similar. 
Alkali sulphates (K2SO4 and Na2SO4) and chlorides (KCl and NaCl) were formed 
from the inorganic vapour. Alkali sulphates condense and form particles at a 
temperature of ~950 ˚C and alkali chlorides condense later at a temperature of ~600 
˚C. For that case, the experimental and theoretical results of the gas-to-particle 
conversion agreed qualitatively well.
When the particles contain significant amounts of P (Wood 2) the chemical 
equilibrium calculations and the experimental results, agree poorly.  For example, 
condensation of alkali phosphates in the temperature range of 1000-1200 ˚C was 
theoretically predicted. The rest of the alkali, condense as alkali sulphates at a 
temperature of ~800 ˚C. Moreover, no condensation of alkali chlorides occur in the 
calculations and very low alkali concentration was predicted in the gas phase at 
temperatures below 600 ˚C. These trends were not observed in the experiments, for 
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example Cl was experimentally found in the fine particles and KCl was identified in 
the XRD investigation. Furthermore, no P containing phases in the fine particles could 
be experimentally determined.  
For Bark pellets, crystalline ZnO was found in the fine particles but for the other two 
fuels the exact Zn containing phase could not be experimentally determined.    
For all fuels, the coarse mode in the PM2.5 region consists of carbon, refractory metals 
(Ca, Mg, Si, Mn, and Fe) and considerable amounts of K, Na, S, Cl, Zn, and also P 
(Wood 2 and Bark). 
The amount of vaporised metals released from the fuel bed is strongly dependent on 
the combustion temperature and the fuel composition. The present results for woody 
biomass fuels show that the amount of vaporised and aerosol forming alkali matter 
correlates both to the initial alkali concentration and the alkali to silicon ratio 
(K+Na)/Si in the fuel. 
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Tables

Table 1. Ash forming elements for the different fuels used in the present work (wt % dry). 
Wood 1 Wood 2 Bark 

Ash 0.4 0.76 3.7 
Si 0.0168 0.1229 0.7199 
Al 0.0045 0.0036 0.1148 
Ca 0.0908 0.0865 0.5467 
Fe 0.0038 0.0044 0.0902 
K 0.0464 0.0683 0.2997 
Mg 0.0153 0.0180 0.0730 
Mn 0.0108 0.0130 0.0259 
Na 0.0064 0.0029 0.0550 
P 0.0051 0.0127 0.0676 
Ti 0.0001 0.0002 0.0052 
Zn 0.0008 0.0013 0.0100 
S 0.0049 0.0084 0.0478 
Cl <0.01 <0.01 0.04 
K+Na 0.0528 0.0712 0.3547 
(K+Na)/Si 3.14 0.58 0.49 
Slag ratio* - 82 72 

* Slag ratio = slag trapped in the burner cup divided by the total fuel ash inserted into the 
reactor.

Table 2. Reactor operating condition.
Fuel feed rate, kg/h 1.65 
Primary air flow rate, kg/h 2.09 
Secondary air flow rate, kg/h 4.26 
Tertiary air flow rate, kg/h 6.81 
Excess air, % O2 in flue gas 6 
Insulated wall temperature, ˚C 600 
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Table 3. Elements and solution models used in the chemical equilibrium model calculations. 
The designations of the solution models were taken from FACTSage 5.2 [11]. 

 Modeling stage 1 
"Volatilization" 

Modeling stage 2 
"Condensation" 

Elements C, H, O, N, S, Cl, P, K, Na, Ca, Mg, 
Si, Al, Fe, Zn 

C, H, O, N, S, Cl, P, K, Na, Zn 

Solution models Slag:         Slag-liq (-SLAGD) 

Salt:            Salt-liq (-SALTA) 

Other:         Monoxide rocksalt (-MONOA) 
                    Melilite (-MELI) 
                    MSiO3 (-SiO3A) 
                    NCSO (-NCSO) 
                    Willemite (-WILL) 
                    Forsterite (-FORS) 
                    Spinel (-SPIN) 
                    Zincite (-ZNIT) 
                    Willemite (-WilF) 
                    Olivine2 (Oli2A) 
                    liq-K,Ca/CO3,SO4 (-LCSO) 
                    s-K,Ca/CO3,SO4 (-SCSO) 
                    s-Ca(SO4),Mg(SO4) (-SCMO) 
                    liq-Ca,Mg,Na(SO4) (-LSUL) 
                    s-Ca,Mg,Na(SO4) (-SSUL) 
                    Rare earth (-SAL2) 
                    Sphalerite (-SPHA) 
                    Wurtzite (-WURT) 

Salt liq: Salt-liquid (-SALT) 

Other:  Alk-Cl (-ACI) 
             Na,K/OH (-AOH) 
             CO3,SO4/Li,Na,K (-CSOB) 
             Na,K/SO4 (-NKSO) 
             Na,K/SO4,CO3 (-KSO) 
             Na,K/SO4,CO3 (-KCO) *

             Na,K/CO3 -(NKCA) 
             Na,K/CO3 -(NKCB) 
             K3Na(SO4)2 (-KNSO) 
             Na,K/OH,F,Cl (-NKXA) 
             Na,K/OH,F,Cl (-NKXB) 
             Na/Cl,OH (-NCOA) 
             Na/Cl,OH (-NCOB) 

* excluded due to converging problems during the calculations 

Table 4. Combustion conditions in the sampling ports for Wood 1, Wood 2, and Bark
Fuel Wood 1 Wood 2 Bark 

Port 2 4 7 10 2 4 7 10 2 4 7 10 

Temp 
[˚C]

11411

89 
8911

49 
6781

38 
2002 - - - - 

11651

82 
9051

52 
6801

34 
2001

O2

[%] 
4.53 6.13 6.13 6.04 4.63 5.93 6.33 5.74 5.23 6.33 6.43 5.64

CO2

[%] 
15.65 14.35 14.25 - 15.65 14.65 14.25 - 14.75 13.75 13.75 -

CO
[ppm] 

28625 175 155 - 33135 45 55 - 15585 65 85 -

NOx

[ppm] 
1096 936 946 - 1706 1516 1456 - 4066 3826 3866 -

1 Fine wire S-type thermocouple (dwire = 50 m)  
2 N-Type thermocouple  
3 Parametric sensors  
4 Electro chemical cells 
5 Non-dispersive infrared spectroscopy (NDIR) 
6 Chemiluminescence   
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Table 5.  The PM2.5, fine mode, and coarse mode concentration (mg/Nm3) in different 
positions in the reactor. 
Fuel Wood 1 Wood 2 Bark 

Port 2 4 7 10 2 4 7 10 2 4 7 10 

PM2.5 18.1 12.4 23.0 27.2 5.7 10.9 12.8 16.4 16.7 28.3 45.2 81.6 
Fine 7.4 3.6 12.2 22.1 2.0 3.9 6.5 13.8 9.3 12.1 33.7 70.8 

Coarse 10.7 8.8 10.8 5.1 3.7 7.0 6.2 2.7 7.4 16.2 11.5 10.8 

Table 6. Fractions (%) of the total fuel input of the element Na, P, S, Cl, K, and Zn, 
experimentally found in the fine and the coarse mode (wt %).
Fuel Wood 1 Wood 2 Bark 

Mode Fine Coarse Fine Coarse Fine Coarse 

Na  18 2 22 3 10 1 
P  - - 7 1 2 0 
S 28 4 4 1 5 1 
Cl* 36 8 16 2 35 5 
K 12 2 4 0 5 1 
Zn 54 11 56 9 45 7 
* For Wood 1 and 2, the chlorine content of the initial fuel was assumed to be 0.01 weight % 
dry.
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Fig. 8. Chemical equilibrium diagram for the condensation of K and Na during cooling of the 
gas from 1200-200 ˚C for Wood 1 [10]. 
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Fig. 9. Chemical equilibrium diagram for the condensation of K-P and Na-P during cooling of 
the gas from 1200-200 ˚C for Wood 2. 
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Fig. 10. Chemical equilibrium diagram for the condensation of K-P and Na-P during cooling 
of the gas from 1200-200 ˚C for Bark. 
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In this study, laboratory experiments in a small-scale (10 kW) reactor have been performed to
investigate the particle formation mechanisms and the influence of different operating parameters
on the particle emissions from combustion of wood pellets under fixed-bed conditions. The results
presented herein show that the particles from fixed-bed combustion are formed from three different
mechanisms: coarse fly ash particles (>10 μm) are released by mechanical ejection from the fuel
bed, submicrometer-sized fly ash particles are produced from the vaporization and nucleation of
ash minerals, and, finally, submicrometer-sized soot particles are produced from incomplete
combustion. Significant effects on the particle emissions have been observed for the combustor
wall temperature and the flow pattern in the combustion zone. Increasing the combustor wall
temperature yields a decrease in the emissions of coarse fly ash and soot particles; however, the
emissions of submicrometer-sized fly ash particles increase simultaneously. For example, the
emissions of soot are reduced by a factor of ∼5 and the emissions of fly ash are increased by a
factor of ∼2 when the wall temperature increases from 400 °C to 950 °C. Increasing the mixing
rate in the combustion chamber will also decrease the emissions of soot particles. An important
conclusion from this study is that the total emissions of particles can be minimized in fixed-bed
combustion of a solid biomass by minimizing the combustion temperature in the burning char
particle and maximizing the temperature in the secondary combustion zone.

Introduction

Fixed-bed combustion of solid biomass fuels is a well-
established technique in both large- and small-scale
furnaces. However, the combustion of biomass will
generate particulate emissions ranging from millimeters
to ultrafine nanoparticles.1 The largest particles are
removed in the combustion zone as bottom ash or wall
deposits or are collected in the post-combustor gas
cleaning devices. The smallest particles in the flue gas
are so small that they are very difficult to separate in

ordinary gas cleaning devices.2 Therefore, they contrib-
ute to the ambient air pollution. Contemporary epide-
miological studies have shown that fine particles are a
health risk to the general public.3,4 It is therefore
essential to find ways to minimize particulate formation
already in the combustion process.

The formation mechanisms of particles from pulver-
ized coal combustion have been studied extensively and

* Author to whom correspondence should be addressed. Telephone:
+46-911-232380. Fax: +46-911-232399. E-mail address: henrik@
etcpitea.se.
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(2) McElroy, M. W.; Carr, R. C.; Ensor, D. S.; Markowski, G. R.
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are well-understood.5-10 It is therefore of interest to
review these results to determine if they can be applied
to biomass combustion. Field and laboratory studies
have shown that ash from coal combustion is produced
from two mechanisms, resulting in a bimodal size
distribution of the emitted particles. The larger ash
particles (1-10 μm in diameter) are produced by fusion
of nonvolatile ash-forming species on the surface of
burning char particles. If the combustion is complete,
the fine particles (<1 μm in diameter) are produced by
vaporization of mineral matter in the coal particles. This
vapor homogeneously nucleates to form a large number
of extremely fine particles that grow by collisions and
coalescence in the free molecular regime. However, if
the combustion condition is near stoichiometric, the fine
fraction mode consists not only of ash minerals but also
of carbon in the form of soot.11

The formation mechanisms of fine particles from
biomass combustion are not as well-understood as those
for coal combustion. However, Christensen12,13 has
studied the formation of submicrometer-sized particles
from the fixed-bed combustion of straw, and Lind et al.14

have studied the ash formation mechanism in the
combustion of wood in circulating fluidized beds. In the
fluidized-bed combustion of wood, the resulting fly ash
was decomposed in two different modes: a fine mode
(with diameters of 0.1-0.2 μm) and a coarse mode (with
diameters of 1-15 μm). In both of these investigations,
the fine fly ash particles were formed by the nucleation
of volatilized species and consisted mainly of KCl and
K2SO4.

To the authors’ knowledge, very few investigations
have tried to elucidate the effect of different operating
conditions on the particle emissions from the small-scale
fixed-bed combustion of biomass. However, for coal
combustion, it has been shown that the fly ash of
submicrometer-sized particles is strongly dependent on
the combustion condition.7,15 For example, Neville et al.
showed that the amount of submicrometer-sized fly ash
increased from 0.1% of the total ash at a particle
temperature of ∼1800 K to 20% at 2800 K.7 The purpose

of this study is to investigate if the trend is the same in
biomass combustion and if the effect of different operat-
ing conditions on the particle emissions in a small-scale
fixed-bed combustor can be quantified. This study is
further motivated by the substantial increase in the
heating of family houses and apartments by combustion
of wood pellets in Sweden, which may have far-reaching
implications for the public health if the associated
emissions become large.16,17

Experimental Equipment and Methodology
The Pellets Reactor. The system investigated in the

present study is a 10 kW updraft fired wood pellets
reactor that has been custom-designed for the system-
atic investigation of particle emissions. The design is
similar to commercial pellet stoves but with slightly
different dimensions (see Figure 1). The reactor is a
vertical cylinder, 0.2 m in diameter and 1.7 m in length,
made of stainless steel. In the bottom of the reactor, a
circular cup that has a diameter of 0.132 m, with a
perforated bottom, acts as a grate. The grate is made
from a perforated stainless-steel plate with 121 holes
with a diameter of 3 mm, resulting in an open area of
6.25%. The wood pellets are delivered through a gravity
feed pipe to the grate, where they are devolatilized and
burnt. Secondary air is inserted to the reactor horizon-
tally above the grating. The secondary zone consists of
24 holes in three horizontal sections, eight holes in each
section. The height from the grate to the lowest inlet
section in the secondary zone is 0.13 m, and the distance
to the highest inlet section is 0.3 m. The holes are
located symmetrically around the center line and the
diameter of the holes is 3 mm. The injection angle to
the radial direction of the jets in the secondary zone can
be changed to allow an adjustable amount of swirl flow
in the reactor. The initial 0.6 m of the cylindrical walls

(5) Flagan, R. C.; Friedlander, S. K. In Recent Developments in
Aerosol Science; Shaw, D. T., Ed.; Wiley: New York, 1978; pp 25-59.

(6) Flagan, R. C. In Proceedings of the 17th Symposium (Interna-
tional) on Combustion; The Combustion Institute: Pittsburgh, PA,
1979; pp 97-104.

(7) Neville, M.; Quann, R. J.; Haynes, B. S.; Sarofim, A. F. In
Proceedings of the 18th Symposium (International) on Combustion; The
Combustion Institute: Pittsburgh, PA, 1981; pp 1267-1274.

(8) Quann, R. J.; Sarofim, A. F. In Proceedings of the 19th Sympo-
sium (International) on Combustion; The Combustion Institute: Pitts-
burgh, PA, 1982; pp 1429-1440.

(9) Neville, M.; Sarofim, A. F. In Proceedings of the 19th Symposium
(International) on Combustion; The Combustion Institute: Pittsburgh,
PA, 1982; pp 1441-1449.

(10) Helbe, J.; Neville, M.; Sarofim, A. F. In Proceedings of the 21th
Symposium (International) on Combustion; The Combustion Insti-
tute: Pittsburgh, PA, 1986; pp 411-417.
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Symposium (International) on Combustion; The Combustion Insti-
tute: Pittsburgh, PA, 1981; pp 1227-1237.
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1995.
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Maenhaut, W. Proceedings of the 28th Symposium on Combustion; The
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117.
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Figure 1. Sketch of the special designed wood pellets burner
and the particle sampling and analysis system.
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from the bottom of the reactor can be insulated, to
minimize heat loss. The remaining 1.1 m of the walls
are left in free contact with the ambient air, to act as a
heat sink. The wall temperature in the insulated portion
of the reactor is measured with two type-N thermo-
couples drilled into the reactor wall, to minimize
conductive losses. These thermocouples are located 0.06
and 0.25 m above the grate. The mass flow of wood
pellets into the reactor is controlled by a mechanical
feeding system. Over a period of 15 min, the feed rate
can be controlled within (2% of the required mean
value. However, maintaining a constant feed rate of a
solid fuel is difficult, and, during a feeding period,
occasional perturbations in the mass flow have been
observed. The mass flow of wood pellets in this study is
2.06 kg/h, which corresponds to a thermal power of 10
kW. Mass flow regulators control the mass flow of air
through the grating and in the secondary zone with an
accuracy of (2.0%.

Description of the Fuel. The fuel fired in the
present study is a 6-mm-diameter wood pellet, made of
stem wood from pine and spruce, that was manufac-
tured at Bionorr in Härnösand, Sweden. The length of
the pellets is ∼5 mm. The wood pellet properties are
given in Table 1. The ash content in the fuel after
oxidation at 550 °C is 0.4% and consists mainly of alkali
and alkaline-earth metals. The chemical composition
and the ash content of this wood pellet are similar to
reference wood pellets that have been extensively
studied.18

Aerosol and Gas Sampling. In the present study,
isokinetic sampling with a suction probe is conducted
in the flue gas stack at a distance of 0.75 m after the
outlet of the reactor. The temperature in the sampling
point is ∼150-200 °C, and the residence time from the
outlet of the reactor until the sampling point is ∼0.9-
1.3 s, dependent on the reactor wall temperature and
the air flow rate in the reactor. The total mass of the
particulate emissions, often called dust, was collected
with a 90-mm filter (quartz). To avoid the condensation

of moisture on the collected particles, the temperature
in the filter was always >105 °C. In some experiments,
the particle mass size distributions were determined by
collecting size-classified particle samples with a 13-stage
low-pressure cascade impactor (Dekati) that size-clas-
sifies particles according to their aerodynamic diameter
(in the range of 0.03-10 μm). Thin aluminum films were
used as impactor substrates. Furthermore, a pre-cutter
cyclone was used ahead of the impactor, to collect
particles that had a size of >16 μm.

The number size distribution of the emitted particles
in the size range of 15.4-697 nm in the flue gas stack
was determined by a scanning mobility particle sizer
(SMPS), which consisted of a TSI model 3077 dif-
ferential mobility analyzer (DMA) that size-classifies
particles according to their electrical mobility diameter.
The particles that were size-classified with the DMA
were then counted with a TSI model 3010 condensation
particle counter (CPC). The sample gas flow was diluted
by two ejector diluters (Dekati) in series, and the
dilution ratio was 50.

In addition to the particle measurements, the flue gas
composition, with respect to O2, CO, and NOx, was
recorded by a chemical cell instrument (Testo, model
350 XL).

Analytical Techniques. The quartz filters, and their
filter boxes, and the aluminum films from the impactor
were weighed carefully before and after the sampling.
The weight increase of the filters, after exposure to the
flue gas, in the present work, is defined as dust. The
dust consists of fly ash, soot, and other hydrocarbons,
depending on the combustion conditions in the reactor
(dust ) fly ash + soot and other hydrocarbons). To
obtain the qualitative relationship between the amount
of fly ash and organic compounds (soot + other hydro-
carbons) in the dust, the filters were heated in air to
550 °C in 2 h. Within this period, most organic com-
pounds were expected to volatilize and the soot is
assumed to be oxidized and emitted as gases. The
weight loss after this period is then defined as soot and
other hydrocarbons. The residual particle mass is
defined as the fly ash content of the total dust (salts,
metals, silicates). To ensure that there was no weight
loss from the quartz filters and their filter boxes, they
were preheated to 550 °C in 2 h before the experiments.

Some of the particle samples at the filters and at the
impactor stages were analyzed using environmental
scanning electron microscopy (ESEM) and energy-
dispersive X-ray spectroscopy (EDS). At wall tempera-
tures of 950 °C, the EDS analysis showed an amount of
chromium enrichment in the submicrometer fraction.
The chromium is obviously not released from the wood
pellets and, therefore, is assumed to come from the
reactor walls, which were made from stainless steel (253
MA). However, because the focus of this study is on
particle emissions from the fuel, the weight of chromium
is subtracted from all the filter and impactor plate
weights sampled at wall temperatures of 950 °C.

Experimental Design. As mentioned previously, the
intent of this study is to investigate the effect of different
operating parameters on the particle emissions in the
fixed-bed combustion of wood pellets. The process
parameters investigated are the primary air factor, total
air factor, reactor wall temperature, and the injection(18) Nordin, A. Biomass Bioenergy 1994, 6, 339-347.

Table 1. Composition of the Stem Wood Pellets Used for
the Experiments

analysis value

proximate analysis (wt %, as received)
volatile matter 77.6
fixed carbon 13.8
moisture 8.2
ash 0.4

ultimate analysis (wt %, dry)
carbon 50.9
hydrogen 6.3
nitrogen <0.1
chlorine <0.01
oxygen (by difference) 42.4

lower heating value (MJ/kg) 17.46
major ash components (wt %, dry)

SiO2 0.0490
Al2O3 0.0126
CaO 0.134
Fe2O3 0.0070
K2O 0.0601
MgO 0.0307
MnO2 0.0192
Na2O 0.0037
P2O5 0.0135
TiO2 0.0007
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angles of the jets (amount of swirl) in the secondary air
zone. To get an initial indication of the effect of the
chosen parameter, it was decided to use statistical
design and to perform a screening study on the system.
To study both the main effects and the interaction
effects, the statistical design is chosen to be a 24-1

fractional factorial design with five extra runs in the
center.19 In a combustion process, the response is
usually highly affected by interaction terms and, there-
fore, factorial design is a suitable tool.20,21 The factorial
design is often coded using signs of plus and minus for
the high and low factor levels at which the experiments
are performed. The factors and their design levels are
given in Table 2, and the final coded experimental
design is shown in Table 3. The design was also
expanded with two extra runs and one extra center
point (experiment numbers 14-16), to determine non-
linearity effects in wall temperatures. Furthermore, the
air flow rates in the reactor for different experimental
conditions are summarized in Table 4.

At each experimental point, the particle and gas
samplings were performed in 30 min, after allowing 45
min for equilibrium to stabilize the conditions in the
reactor after changing the operating conditions. In the
screening study, the total mass of particles was collected
at the filter and the number size distribution function
was analyzed with the SMPS, while no measurements
of the mass size distribution were performed.

Results

The measured mass of the particle emissions for the
investigated operating conditions are summarized and
presented in Table 3. A statistical analysis of the data
was performed, and the results are presented in Table
5, where the coefficients are defined by

where �0 is the constant term, �i is the regression
coefficient, and xi represents the varied factors. The
dust, fly ash, and soot contents are represented by the
general variable y in eq 1. The coefficients were fitted
to the measured data by multiple regressions, and the
effects of the different variables are presented in the
forms of scaled regression coefficients. The scaling
makes the coefficients directly intercomparable, so that
a large numerical value indicates a strong influence,
positive and negative. The P value is the calculated
probability that an effect is only coincidental.

An R2 value close to unity indicates that a major
fraction of the response is explained by the model,
whereas an Radj

2 value close to unity indicates that the
model has a good predictive ability. In the present study,
a good fit between the modeled and measured particle
emissions was obtained, because the R2 and Radj

2 values
were 0.94 and 0.88, respectively, for dust; 0.95 and 0.88,
respectively, for ash; and 0.89 and 0.76, respectively,
for soot. From the six center points, the reproducibility
of the model can be estimated and the reproducibility
was 0.8 mg/MJ of fuel for dust, 0.5 mg/MJ of fuel for fly
ash, and 0.5 mg/MJ of fuel for soot and other hydrocar-
bons.

Figure 2 shows the main effects on dust, fly ash, and
soot and other hydrocarbons from each respective
investigated operating parameter, and, in Table 5, the
statistical analysis of the data is summarized. The main
effects presented in Figure 2 have been estimated from

(19) Montgomery, D. C. Design and Analysis of Experiments;
Wiley: New York, 2001.

(20) Nordin, A.; Eriksson, L.; Öhman, M. Fuel 1995, 74, 128-135.
(21) Nordin, A. Fuel 1995, 74, 615-622.

Table 2. Factors and Their Design Levels

levels
primary

air factor (λ)
total

air factor (% O2)
wall temperature

(°C)
injection angle

(°)

(-) (0.3) 4 400 0
(0) (0.6) 7 675 22.5
(+) (0.9) 10 950 45

Table 3. Experimental Design in Coded Values

experiment
number

primary
factor

air
factor

wall
temperature

injection
angle

dust
(mg/MJ)

fly ash
(mg/MJ)

soot and hca

(mg/MJ) Dpb

1 - - - - 9.5 7.6 1.9 67
2 + - - + 18.1 9.6 8.5 78
3 - + - + 22.2 10.4 11.8 72
4 + + - - 16.5 13.5 3.0 63
5 - - + + 25.2 24.8 0.4 84
6 + - + - 24.6 21.0 3.6 78
7 - + + - 17.9 17.2 0.7 72
8 + + + + 16.0 15.0 1.0 63
9 0 0 0 0 8.3 8.0 0.3
10 0 0 0 0 8.5 7.0 1.6
11 0 0 0 0 8.2 7.4 0.8
12 0 0 0 0 8.4 7.6 0.9
13 0 0 0 0 9.1 8.1 1.1
14 0 0 - 0 13.8 11.9 1.9 72
15 0 0 0 0 10.2 8.4 1.8 63
16 0 0 + 0 15.8 14.5 0.9 78

a Hydrocarbons. b Mode particle diameter.

Table 4. Air Flow Rate in the Reactor for the Different
Experimental Conditions

level
primary air flow rate

(N m3/h)
total air flow rate

(N m3/h)

(-) 2.76 11.28
(0) 5.46 13.68
(+) 8.22 17.40

y ) �0 + ∑
i)1

k

�ixi + ∑
i)1

k

�iixi
2 + ∑

i<j
∑ �ijxixj (1)
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the mathematical model (eq 1), and the regression
coefficients are presented in Table 5. As an example,
the wall temperature includes the constant term (�0)
and the regression coefficients related to the wall
temperature (�3, �33

2 ). The results for the different
types of emissions are discussed in detail below.

Dust. The emissions of dust for the investigated
operating conditions were 8.2-25.2 mg/MJ of fuel,
depending on the combustion conditions in the reactor.
Interpretation of Tables 3 and 5 and Figure 2a shows

that the single operating parameter that has a major
influence of the dust emissions is the combustor wall
temperature. At a wall temperature of 400 °C, the
average dust emission is 16.0 mg/MJ of fuel; however,
this parameter will decrease to 8.8 mg/MJ of fuel when
the wall temperature increases to 675 °C. However,
when the wall temperature increases to 950 °C, the
average emissions of dust increase to 19.9 mg/MJ of fuel,
showing that a nonlinear connection exists between the
dust emission and the wall temperature. The other main
factors have only a minor effect on the emissions of dust.
Figure 2 shows that the emissions of dust increase as
the injection angle increases and decrease slightly as
the total air factor increases.

In addition to the main effects, there also exist two
interaction effects (see Table 5). The first effect is
between the wall temperature and the injection angle,
or it could be between the primary and secondary air
factors; however, the latter is not likely, because both
of these factors are insignificant. At low combustion wall
temperatures, the dust emissions are higher at an
injection angle of 45°, compared to an injection angle of
0°, and this effect cannot be observed at a wall temper-
ature of 950 °C. The second interaction effect is between
the wall temperature and the total air factor, or it could
be between the primary air factor and the injection
angle; however, the latter is not likely, because these
factors are insignificant. At a combustor wall temper-
ature of 950 °C, the emissions of particles decrease as
the total air factor increases.

Fly Ash. The emissions of fly ash for the investigated
operating conditions were 7.0-24.8 mg/MJ of fuel, with
47%-98% of the total particle mass in the fly ash,
depending on the combustion conditions in the reactor.
Interpretation of Tables 3 and 5 and Figure 2b shows
again that the single operating parameter that has a
major influence on the fly ash emissions is the combus-
tor wall temperature. The highest fly ash emissions are
observed at wall temperatures of 950 °C, whereas the
fly ash emissions decrease as the wall temperature
decreases. However, when the temperature reaches 400
°C, the amount of fly ash increases again. Hence, similar
to dust emissions, there seems to be a nonlinear
connection between the amount of fly ash and the wall
temperature.

One interaction effect between the wall temperature
and the total air factor was discovered, or the effect
could also be between the primary and total air factors;
however, the latter is not likely, because both the
primary and total air factors are insignificant. At a
combustor wall temperature of 400 °C, the fly ash

Table 5. Scaled Coefficient and the P Valuea

Dust Fly Ash Soot and hcb

term coefficient P (%) coefficient P (%) coefficient P (%)

constant, �0 8.8 7.8 1.1
primary factor, �1 NS 89.0 NS 86.7 NS 77.9
total air factor, �2 NS 44.0 NS 22.4 NS 65.7
wall temperature, �3 1.9 2.1 4.0 0.0 -2.0 0.4
injection angle, �4 NS 6.2 NS 92.6 1.6 2.5
�1�2 or �3�4 -2.0 3.2 NS 61.8 -2.3 0.4
�1�3 or �2�4 NS 38.8 NS 6.9 NS 24.0
�1�4 or �2�3 -3.4 0.3 -2.5 0.6 NS 17.1
�33

2 9.2 0.0 6.8 0.0 2.3 2.6

a The abbreviation NS stands for nonsignificant. b Hydrocarbons.

Figure 2. Effects from primary air factor, total air factor,
combustor wall temperature, and the injection angle on the
emissions on (A) dust, (B) fly ash, and (C) soot and other
hydrocarbons when these factors are changed from low (-1)
to high (+1) value. Note that dust ) fly ash + soot and other
hydrocarbons.
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emissions increase as the air factor increases. However,
at a wall temperature of 950 °C, the fly ash emissions
decrease as the air factor increases.

Soot and Other Hydrocarbons. The emissions of
soot and other hydrocarbons for the investigated operat-
ing conditions were 0.3-11.8 mg/MJ of fuel, with 2%-
53% of the total particle mass in the form of soot or
hydrocarbons. Interpretation of Tables 3 and 5 and
Figure 2c shows that the wall temperature and the
injection angle have a significant effect on the emissions
of soot and other hydrocarbons. The average emissions
of soot and other hydrocarbons are 5.4 mg/MJ of fuel at
a wall temperature of 400 °C and decrease to 1.1 mg/
MJ of fuel at a wall temperature of 675 °C. At a wall
temperature of 950 °C, the emissions had increased
slightly to 1.3 mg/MJ of fuel. The emissions of soot and
other hydrocarbons also increase as the injection angle
increases. The primary air factor and the total air factor
seem to have a negligible effect on the emissions of soot,
at least within the limits selected for this study.

There also exists an interaction effect between the
injection angle and the wall temperature, or between
the primary and total air factors; however, the latter is
not likely, because both the primary and total air factors
are insignificant. This can be observed in the emissions
of soot and other hydrocarbons at a wall temperature
of 400 °C, which is 4 times higher at an injection angle
of 45°, compared to that at an injection angle of 0°.

Particle Number Size Distribution. The number
size distribution of the fine particle mode (15.4-697 nm)
in the flue gas is in the range of 107-108 cm-3 and the
electrical mobility peak particle diameter is in the
ultrafine region (<100 nm)s63-84 nmsfor all experi-
ments in the present study (see Table 3).

Two operating conditions seem to have a major
influence on the peak particle diameter, the total air
factor, and the combustor wall temperature. The peak
particle diameter decreases when the excess air is
increased. The same phenomenon has been reported
earlier by Johansson et al. for a 1.75 MW boiler fired
with wood pellets22 and by Wieser and Gaegauf for a
wood chips boiler.23 The peak particle diameter has the
same connection to the wall temperature as the dust
emissions. Hence, the largest peak particle diameter is
found at high wall temperatures and the smallest peak
particle diameter is found at a combustor wall temper-
ature of 675 °C.

Effect of Temperature. Because the screening
study showed that the wall temperature has the stron-
gest influence on the particle emissions from the com-
bustion chamber, it was decided to investigate this
parameter in more detail. In this study, all the other
factors were held at a constant value, at their middle
values, and three experiments (14, 15, and 16) were
performed for wall temperatures of 400, 675, and 950
°C, respectively.

In Figure 3a, the emissions of dust, fly ash, and soot
(in units of mg/MJ of fuel) are plotted against the wall

temperature. The figure shows that the dust and fly ash
concentrations have a nonlinear connection to the wall
temperature. The lowest emissions of dust and fly ash
are found at a wall temperature of 675 °C and the
highest emissions are found at a wall temperature of
950 °C. The soot concentration has a slightly different
behavior, with a decrease being observed when the wall
temperature is increased. However, the changes for the
soot concentration are relatively small and may not be
statistically significant.

(22) Johansson, L.; Tullin, C.; Persson, H.; Österberg, S.; Johansson,
M.; Leckner, B. In Proceedings of the 1st Biennial Meeting of the
Scandinavian-Nordic Section of the Combustion Institute: Göteborg,
Sweden, 2001, pp 19-24.

(23) Wieser, U.; Gaegauf, C. K. In 1st World Conference and
Exhibition on Biomass for Energy and Industry (Sevilla, Spain, 2000);
EnergiaTA: Florence, Italy, 2000.

Figure 3. Effect of temperature only on (A) emissions of dust,
fly ash, and soot and other hydrocarbons; (B) particle number
size distribution (normalized to 10% O2); and (C) particle mass
size distribution (normalized to 10% O2).
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Figure 3b and 3c show the number particle size
distribution and the mass particle size distribution,
respectively, for the investigated wall temperatures,
both normalized to 10% O2 in the flue gas. The maxi-
mum particle diameter is 63-78 nm for the number size
distribution, and for the mass size distribution, this
value is in the range of 122-201 nm. When the wall
temperature is 675 and 400 °C, the submicrometer mass
mode is located at 122 nm with the largest submicrome-
ter mass concentration being observed at 400 °C. For a
wall temperature of 950 °C, the submicrometer mass
modes shift to 201 nm and, at the same time, the
submicrometer mass concentration increases. For the
number size distribution, the smallest peak particle
diameter and the highest number concentration for the
peak particle diameter are found at a temperature of
675 °C and the peak particle diameter increase and the
number concentration decreases when the temperature
is 400 °C. When the wall temperature is 950 °C, the
peak particle diameter has increased and the number
concentration for the peak particle diameter has de-
creased again. Therefore (cf. Figure 3b and 3c), it seems
to be a connection between the mass concentration and
the particle diameter in both the number size distribu-
tion function and mass size distribution function, be-
cause the particle diameter increases as the submi-
crometer mass concentration. Therefore, the particle
diameter has the following order: 675 °C wall temper-
ature < 400 °C wall temperature < 950 °C wall
temperature.

Figure 3c shows that the mass of emitted particles in
the measured size range from 0.33 μm to 10 μm is in
the submicrometer range (<1 μm). However, for wall
temperatures of 675 and 400 °C, large particles are
found in the pre-cutter cyclone, with most large particles
being observed for a wall temperature of 400 °C.

Figure 4 shows scanning electron microscopy (SEM)
micrographs of the particle morphology collected on a
quartz filter for a wall temperature of 400 °C. Two
different types of particles can be identified on the
filter: coarse particles (>10 μm) and agglomerates of

very fine particles. The main constituents (neglecting
oxygen and silicon) in the coarse particles were calcium,
magnesium, chlorine, potassium, manganese, carbon,
and phosphorus. In principle, these are the same
constituents that are found in the analysis of the wood
pellets ash. Therefore, the coarse particle is most likely
released from the fuel bed by mechanical ejection and
is thereafter carried by the airflow out from the com-
bustor. The SEM micrographs of the ash show that the
number of coarse mode particles decreases as the wall
temperatures increase, and, at 950 °C, only agglomer-
ates of submicrometer-sized particles were found on the
quartz filters. The main elements (neglecting oxygen
and silicon) in the submicrometer-sized particles are
potassium, carbon, chlorine, sulfur, sodium, and zinc.
Therefore, the submicrometer-sized particles have most
likely been produced by the vaporization and homoge-
neous condensation (nucleation) of ash elements or from
the production of soot.

Figure 5 shows elemental analysis (by weight) of an
impactor plate with a 0.12 μm size cut for the three
investigated wall temperatures. The potassium content
and oxygen content of the submicrometer-sized particles
increase as the wall temperatures increase while the
carbon content decreases.

Discussion

Soot and Organic Compounds. For large emissions
of soot and other hydrocarbons, the color of the filter is
either black or black-brown. After heating the filters to
550 °C in an oxygen-rich atmosphere, the color of the
filters changed to white. This indicates that the major
weight loss of this heating step comes from oxidation of
organic compounds and soot. Large emissions of soot
and hydrocarbons are found at low wall temperatures
and at large injection angles. The physical variables that
affect the emissions of soot and hydrocarbons are the
residence time, temperature, and turbulence in the

Figure 4. Scanning electron microscopy (SEM) micrograph of the particles collected on a quartz filter at a wall temperature of
400 °C; feature a is a coarse fly ash particle and feature b shows an agglomerate of very fine submicrometer-sized particles.
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combustion chamber.24 By allowing for more time at
high temperatures with good mixing between fuel and
air, the complete oxidation of soot and other hydrocar-
bons is usually ensured. This indicates that the effect
of increasing wall temperature on the emissions of soot
and other hydrocarbons comes from a resulting increase
in the overall temperature in the combustion zone of
the reactor, which will increase the oxidation rate of soot
and hydrocarbon. The end result from this process will
be lower emissions of soot and hydrocarbons in the flue
gas stack.

To understand why the injection angle affects the soot
formation, numerical simulations of the nonreacting
flow field in the reactor have been performed with the
k-ε turbulence model and the commercial code CFX
5.5.25 The intent of these simulations is to show the
qualitative differences in regard to flow pattern between
the investigated cases and it is believed that the
relatively simple turbulence model will suffice for this.
In the eddy viscosity assumption, the turbulent diffusion
constant (Dt, in units of m2/s) has a proportional
relationship:

where k is the turbulent kinetic energy (given in units
of m2/s) and ε is the dissipation of turbulent kinetic
energy (given in units of m2/s3). An increase in the
turbulent diffusion constant will reduce the time to mix
two fluids or equivalently increase the local mixing rate.
In Figure 6, the effect of jet injection angle on the flow
pattern and the turbulent mixing rate (k2/ε) in the
combustion chamber is examined. Figure 6a corresponds
to an injection angle of 0°, and Figure 6b corresponds
to an injection angle of 45°. Nonzero injection angles
will generate a swirling flow with relatively weak
mixing above the fuel bed and recirculation of the flue
gases at the top of the combustion chamber, as exempli-
fied for a 45° injection angle in Figure 6b. An injection

angle of 0°, on the other hand, produces a downward
flow along the centerline between the fuel bed and the
secondary air supply with strong turbulent mixing,
particularly in the vicinity of the fuel bed.

The reduction in turbulent diffusion with increasing
injection angle (and, thereby, the reduction of the mixing
between the combustible gas and air) will impede
efficient combustion and thereby lead to more produc-
tion of soot and other organic compounds, as observed
in the experiments (see Figure 2c). Another argument
for the connection between the amount of soot and
organic compounds and incomplete combustion in the
reactor can be observed in Figure 7, where the emissions
of soot and other hydrocarbons are plotted against the
measured CO concentration in the flue gas. An increas-
ing CO concentration is directly linked to incomplete
combustion. Figure 7 shows that the mass concentration
of soot and organic compounds increases as the CO
concentration increases.

As mentioned previously, there exists an interaction
effect probably between the wall temperature and the
injection angle. This can be explained by the observation
that the effect of the injection angle at low combustor

(24) Warnatz, J.; Maas, U.; Dibble, R. W. Combustion; Springer:
Berlin, 2001.

(25) AEA-Technology, CFX 5.5.1, Flow Solver User Guide, Compu-
tational Fluid Dynamics Service, Building 8.19, Harwell Laboratory,
Harwell, U.K., 2002.

Figure 5. Elemental analyses (by mass) of an impactor plate
with a 0.12 μm size cut for three wall temperatures (400, 675,
and 950 °C).

Dt ∝ k2

ε
(2)

Figure 6. Predicted nonreacting flow field and the turbulent
mixing rate (k2/ε, in m2/s) in the combustion chamber for two
different injection angles: 0° (left-hand side) and 45° (right-
hand side). Black color corresponds to a value above 1 × 10-3

m2/s and white color corresponds to value below 1 × 10-4 m2/s
(i.e., darker colors correspond to stronger mixing).
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wall temperature is stronger than at high wall temper-
atures, because the combustion process is more affected
by poor mixing between the fuel and air at low process
temperatures.

Fly Ash. The screening study showed that the emis-
sions of fly ash were associated with the combustor wall
temperature. High fly ash emissions were observed for
high wall temperatures and low emissions were ob-
served at middle and low wall temperatures, whereas
minimum emissions were obtained at middle wall
temperatures.

The submicrometer-sized fly ash is produced from the
vaporization of ash minerals. One physical parameter
that affects the vaporization of ash minerals in both coal
combustion7,8 and biomass combustion26 is the temper-
ature in the burning fuel particle. For pulverized coal
combustion, Taylor and Flagan15 have also shown that
the submicrometer aerosol volume concentration in-
creases as the combustor wall temperature increases.
To examine the effect of the combustion temperature,
the fuel-bed temperatures were measured. Qualita-
tively, the emission of fly ash seems to increase as the
bed temperature increases. However, the mechanism
behind this is not clear; for example, the highest
measured bed temperatures did not give the highest
emissions of fly ash. However, note that the thermo-
couple that measured the bed temperature is unshielded
and, hence, does not measure the true temperature,
because of radiation losses.27 The shape of the fuel bed
is also subject to changes with combustion conditions.
Because of these uncertainties, it is impossible, based
on the present experiments, to draw definite conclusions
about the coupling between bed temperature and fly ash
production.

Another important factor is the ejection of larger
particles from the fuel bed. When the wood pellets are
delivered from the feeder, they fall down on the fuel bed
and, in the impact, glowing char particles will be
released from the bed (Figure 8). The glowing char
particles will subsequently follow the gas flow upward.

The glowing char particles will continue to burn while
being carried upward by the gas or after sticking to the
walls of the reactor. When the char has been burnt out,
residual fly ash will be left in the particles. As men-
tioned previously, the emissions of coarse fly ash
particles decrease as the wall temperature increases,
and, at 950 °C, there are almost no emissions of coarse
fly ash particles. One possible explanation for this
observation is that the coarse fly ash particle has a
greater tendency to stick to the wall at higher particle
temperatures and thereby the deposition on the wall of
particles increases as the wall temperature of the
reactor increases.

Furthermore, the coarse fly ash particles released
from the fuel bed also probably contribute to the
submicrometer fly ash fraction, especially at high
combustor wall temperatures, for which it is assumed
that some of the particles will stick to the walls in the
oxygen-rich secondary zone. A high temperature in the
secondary zone will lead to higher temperature in the
glowing char particles and thereby more vaporization
of ash minerals.

The total mass of fly ash consists of both submicrome-
ter-sized fly ash particles for which the mass in the flue
gas increases with increasing wall temperature and
supermicrometer-sized fly ash for which the mass
decreases with increasing wall temperature. The com-
bination of these opposing trends explains the observed
nonlinear dependency of the total fly ash formation as
a function of the reactor wall temperature.

The results showed that the primary air factor (the
amount of air passing through the fuel bed) does not
affect the emission of fly ash in this reactor. However,
the secondary air register was located quite close to the
fuel bed and this caused the flow from the secondary
air register to interact directly with the fuel bed (cf.
Figure 6) and, thus, affect the primary air factor. This

(26) Jensen, P. A.; Frandsen, F. J.; Dam-Johansen, K.; Sander, B.
Energy Fuels 2000, 14, 1280-1286.

(27) Rumminger, M. D.; Dibble, R. W.; Heberle N. H.; Crosley, D.
R. Proceedings of the 26th Symposium (International) on Combustion;
The Combustion Institute: Pittsburgh, PA, 1996; pp 1755-1762.

Figure 7. Measured concentration of soot and other hydro-
carbons plotted against measured CO concentration in the flue
gas.

Figure 8. Photograph taken from the top of the reactor
looking down on the combustion process on the fuel bed. Small
dots are glowing char particles that have been released from
the fuel bed due to the impaction of the delivered wood pellets.
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phenomenon may have affected the evaluation of the
influence of the primary air factor on the emissions of
the fly ash particles. Therefore, more experiments must
be conducted before definite conclusions of the primary
air factors effect on emissions of fly ash can be drawn.

Particle Number Distribution. The operating pa-
rameters that affected the shape of the particle number
size distribution were the total air factor and the wall
temperature. Fewer and larger particles were formed
when the total air factor was decreased. As mentioned
previously, the wall temperature affected the concentra-
tion of dust in flue gases and, as shown in Figure 9, the
particle peak diameter also seems to correlate to the
concentration of dust (in units of mg/m3) in the flue gas,
because the particle peak diameter increases as the dust
concentration increases. This behavior may be explained
by the following theoretical considerations.

Combustion-generated submicrometer-sized particles
are formed by the nucleation of inorganic vapor or soot
with subsequent growth by coagulation.5-11 Therefore,
to understand the effect of the total air factor and the
dust concentration on the particle number size distribu-
tion, theoretical calculations (assuming monodisperse
thermal coagulation28) were performed. The rate of
change of the number concentration of monodisperse
particles can be expressed as

where N is the particle number concentration and K is
the coagulation coefficient, which depends on gas tem-
perature, gas viscosity, and the particle size. In the
calculations, a moving material control volume is stud-
ied. The coagulation is assumed to start after the hot
secondary zone and end at the outlet of the reactor. The
middle temperature is assumed to be 750 °C, and the
initial particle diameter is assumed to be 10 nm, which
is of the same order of magnitude as that for pulverized
coal combustion.10 The mean residence time was esti-
mated with a plug flow assumption to be 1.9 s for an
excess air of 10% O2 and 2.9 s for an excess air of 4%
O2 in the flue gas. The initial number concentration was

estimated from the measured dust concentration in the
flue gas, assuming an initial particle density of 2 g/cm3.
The highest and lowest initial concentrations were then
calculated to be 2.4 × 1010 cm-3 and 0.8 × 1010 cm-3,
respectively. The high and low values for the residence
time and the initial particle number concentration were
combined according to the face-centered central com-
posite design19 and a response surface was fitted to the
calculated final particle diameter and the final number
concentration (Figure 10).

Figure 10 indicates that the calculated particle di-
ameters are in the range of 52-76 nm and the calcu-
lated final number concentrations are between 4.1 ×
107 cm-3 and 7.4 × 107 cm-3. The predicted particle
diameter is slightly smaller, compared to the measured
peak particle diameter. However, as noted by Lind et
al.,14 only monodispersible thermal Brownian motion of
particles with the same size was assumed and the
calculated coagulation rate can therefore be considered
as a lower limit. Other types of coagulation, caused by
the collisions of particles of different size and by
mechanisms other than Brownian motion, may increase
the coagulation rate.28 Figure 10 shows that the calcu-
lated particle diameter increases as the residence time
and initial particle number concentration each increase.
The calculated final concentration, on the other hand,
decreases as the residence time increases and increases
as the initial particle number concentration increases.

The previously discussed theoretical calculations
indicate that an increase of the excess air level reduces
the residence time and thereby reduces the coagulation
time in the reactor, thus leading to smaller particles and
larger number concentrations. Larger emissions of dust
increase the initial particle concentration and thereby
affect the collision rate between particles, leading to
larger final particle diameters both in the number and
mass size distribution function (cf. Figures 3 and 7).
Therefore, the smallest particle diameter is found at a
combustor wall temperature of 675 °C, because this(28) Hinds, W. C. Aerosol Technology; Wiley: New York, 1999.

Figure 9. Mode particle diameter (Dp) plotted against the
measured concentration of dust (in units of mg/m3) in the flue
gas.

dN
dt

) -KN2 (3)

Figure 10. Calculated response surface for the particle
diameter (“Dp”, in nanometers) and the final number concen-
tration (final concentration, 107 cm-3) as a function of the
residence time (“Time”, given in seconds) and initial number
concentration (“Conc”, in units of 1010 cm-3).
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experimental condition has the lowest emission of
submicrometer-sized particles. Furthermore, the par-
ticle diameter increases when the wall temperature
either decreases to 400 °C or increases to 950 °C,
because for both of these experimental conditions, the
emitted mass of submicrometer-sized particles is larger
than that for a wall temperature of 675 °C.

From the theoretical calculations, the final particle
diameter seems to be more affected by the particle
concentration than by the residence time. Furthermore,
the coagulation rate limited the particle diameter to
∼100 nm and a final concentration of 107 cm-3 in a real
furnace, because the coagulation rate between the
particles are very slow at these particle concentrations.
To increase the particle diameter further, a very long
residence time (on the order of ∼1 min) is needed and
that cannot be achieved in real furnaces.

Conclusions

In this study, laboratory experiments were performed
in a small-scale (10 kW) reactor to investigate the
influence of different operating parameters on particle
emissions in the combustion of wood pellets under fixed-
bed conditions. The investigated operating parameters
were the primary air factor, total air factor, wall
temperature, and injection angle of the jets in the
secondary zone.

The experiments and theoretical calculations indicate
that particles from fixed-bed combustion of biomass are
formed from three different mechanisms. Coarse fly ash
particles (>10 μm) are released from the fuel bed.
Submicrometer-sized fly ash particles are produced from
the vaporization and nucleation of ash minerals and
submicrometer-sized soot particles from incomplete
combustion. The submicrometer-sized particles grow via
the coagulation mechanism to a peak particle diameter
in the number size distribution function of <0.1 μm.

The most influential operating parameters were the
combustor wall temperature and the jet injection angle.

Increasing the combustor wall temperature decreases
the emissions of coarse fly ash and soot particles;
however, the emissions of submicrometer-sized fly ash
particles increases. The influence of the jet injection
angle shows that the aerodynamics in the combustion
zone has an important role in regard to soot emissions.
Computational fluid dynamics (CFD) simulations, in
combination with the experimental results, yields the
conclusions that an increasing mixing rate in the
combustion zone leads to decreased particle emissions.
Other investigated operating parameters have only
minor effects on the particle emissions. Moreover, the
number and mass size distribution of the submicrome-
ter-sized particles were affected by the residence time
and concentration of particles in the flue gas. Higher
residence times and particle concentrations increase the
submicrometer particle size. The overall conclusion from
this study is that the total emissions of particles can be
minimized in the fixed-bed combustion of solid biomass
by minimizing the combustion temperature in the
burning char particle and maximizing the temperature
in the secondary combustion zone. It seems likely that
this can be achieved through a proper engineering
design optimization.
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Three different biomass fuels (bark pellets, wood pellets and granu-

lates made from hydrolysis residues) were burned under identical

conditions to determine the effect of biomass type on the amount

and composition of the combustion-generated particles under

fixed-bed conditions. Significant differences in emissions of dust,

submicron particles, and the shape of the particle number and mass

size distributions were found between the different biomass fuels.

For the particles that were dominated by ash elements, the particle

emissions were correlated to the ash concentration in the unburned

fuel. However, if the combustion condition allowed for organic par-

ticles, the ‘‘sooting’’ tendency of the fuel was found to become more

important than the amount of ash in the fuel. Furthermore, the fuel

type affects the particle emissions more than changes in reactor

operating parameters.
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INTRODUCTION

Combustion of wood pellets will generate particles that consist of fly ash

and soot, depending on the combustion conditions (Boman et al., 2004;

Johansson et al., 2003). Earlier investigations from pulverized-coal com-

bustion (Flagan, 1979; Flagan and Friedlander, 1978; Helbe et al., 1986;

Neville and Sarofim, 1982; Neville et al., 1981; Quann and Sarofim,

1982) and combustion of biomass under various conditions (Christensen,

1995; Lind et al., 2000) have shown that fly ash particles can be pro-

duced from two mechanisms, resulting in a bimodal size distribution

function. The larger ash particles, 1–10 mm in diameter, are produced

by fusion of nonvolatile ash-forming species on the surface of burning

char particles. The fine particles (<1 mm) are produced from vaporiza-

tion of ash minerals that will later homogeneously nucleate and form a

large number of extremely fine particles that grow by coagulation and

coalescence in the free-molecular regime. In biomass combustion, the

composition of the submicron particles is dominated by K2SO4 and

KCl (Christensen, 1995; Lind et al., 2000). During pulverized-coal

combustion, soot is generated from coal when volatile matter, tar in

particular, undergoes secondary reactions at high temperature in the

flame surrounding devolatilized coal particles (Fletcher et al., 1997;

Ma et al., 1996; Timothy et al., 1986).

In an earlier experiment (Wiinikka andGebart, 2004), we investigated

the particle formationmechanisms and the influence of different operating

conditions on the particle emissions in the combustion of wood pellets

under fixed-bed conditions. The study was performed in a 10-kW labora-

tory reactor and the results showed that the formation of combustion-gen-

erated particles in fixed-bed combustion of wood pellets (Figure 1) arose

from three different mechanisms similar to the formationmechanisms just

mentioned: (1) coarse particles ð>10 mmÞ were formed from residual fly

ash particles that have been ejected from the fuel bed mechanically and

are carried by the flue gas upwards; (2) submicron fly ash particles

ð<0:5 mmÞ, were produced from vaporization and homogeneous conden-

sation (nucleation) of easily volatilized ash components (S, Cl, Na, K)

and the heavy metal zinc; and (3) submicron organic particles (soot;

<0:5 mmÞ were produced from incomplete combustion. The submicron

particles then grow mainly via the coagulation mechanisms to a mode

diameter in the ultrafine region ð<0:1 mmÞ. Furthermore, the most influen-

tial parameter in the particle emissions was found to be the reactor wall
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temperature. This was interpreted as the result of an increase in the

temperature in the combustion chamber that will increase the emissions

of coarse fly ash andwill decrease the emissions of organic particles. How-

ever, the temperature rise will also yield increased emissions of submicron

fly ash. Therefore, the combined effect of these mechanisms can explain

the observed minimum in particle emissions for an intermediate process

temperature. In addition to the wall temperature, the aerodynamics (flow

pattern and turbulence intensity) in the combustion zone was shown to

play an important role for formation of organic particles.

In addition to the effect of the combustor operating parameters on

the emissions of particles, the composition of the wood and the amount

and composition of the wood pellet ash is also expected to have an influ-

ence. For pulverized-coal combustion in a laboratory furnace, Quann

et al. (1990) have shown that there is dependence between the submicron

particle emissions and the coal type. Moreover, Christensen et al. (1998)

have studied the formation of submicron particles from combustion of

straw in two utility boilers with thermal outputs of 13 and 18MW,

Figure 1. Simplified illustration of the particulate formation mechanisms during fixed-bed

combustion of a solid biomass.
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respectively. They found a correlation between the potassium concen-

tration in the straw and the mass concentration of submicron particles

in the flue gas. Mitra et al. (1987) have also shown that different ranks

of coal affect the formation of polycyclic aromatic hydrocarbons and

soot during pulverized-coal combustion in a laboratory plug-flow reac-

tor. The influence of biomass fuel type on the formation of soot and

heavy hydrocarbons has also been pointed out in the investigation by

Kozinski and Saade (1998).

In the present study, we focus on the influence of fuel type on

particle formation in the combustion of biomass. Three different types

of biomass fuels were burned under identical fixed-bed conditions in a

laboratory furnace to determine the impact of fuel type on the amount

of and composition of particles.

METHOD

Experimental Equipment and Methodology

The system investigated in the present study is a 10-kW updraft fired

wood pellets reactor that has been custom designed for systematic inves-

tigations of particle emissions. The design is similar to commercial pellet

stoves but with slightly different dimensions (see Figure 2). The reactor is

a vertical cylinder, 0.2m in diameter and 1.7m in height, made of stainless

steel. In the bottom of the reactor, a circular cup with diameter of

0.132m, with a perforated bottom, acts as grate. The grate is made from

a perforated stainless steel plate with 121 3-mm-diameter holes resulting

in an open area of 6.25%. The wood pellets are delivered through a grav-

ity feed pipe to the grate, where they are devolatilized and burned.

Secondary air is inserted to the reactor radially above the grating. The

secondary zone consists of 24 holes in three horizontal sections, 8 holes

in each section. The height from the grate to the lowest inlet section in the

secondary zone is 0.13m and to the highest inlet section it is 0.3m. The

holes were located symmetrically around the centerline and the diameter

of the holes was 3mm. The injection angle to the radial direction of the

jets in the secondary zone can be changed to allow an adjustable amount

of swirl flow in the reactor. The initial 0.6m of the cylindrical walls from

the bottom of the reactor are insulated to minimize heat loss. The remain-

ing 1.1m of the walls are left in free contact with the ambient air to act as a

heat sink. The mass flow of wood pellets into the reactor is controlled by a

mechanical feeding system. Over a 15-min period, the feed rate can be
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controlled within�2% of the required mean value. However, maintaining

a constant feed rate of a solid fuel was difficult and during a feeding

period occasional perturbations in the mass flow have been observed.

Mass flow regulators control the mass flow of air through the grating

and in the secondary zone with an accuracy of �2:0%.

In the present study, isokinetic sampling is done with a suction probe

in the flue gas stack. The total mass of the particulate emissions, often

called dust, was collected with a 90-mm filter (quartz). To avoid conden-

sation of moisture on the collected particles, the temperature in the filter

was maintained above 105�C. The particle mass size distributions were

determined by collecting size-classified particle samples with a 13-stage

low-pressure cascade impactor (Dekati) that size-classifies particles

according to their aerodynamic diameter in the range 0.03–10 mm. Thin

aluminum (Al) films were used as impactor substrates. Furthermore, a

precutter cyclone was used before the cascade impactor to collect parti-

cles larger than 16 mm. The number size distribution of the emitted

Figure 2. Sketch of the experimental wood pellets burner and the particle sampling and

analysis system.
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particles in the size range 15.4–697 nm in the flue gas stack was determ-

ined by a scanning mobility particle sizer (SMPS) consisting of a differ-

ential mobility analyzer (DMA, TSI 3077) that size-classifies particles

according to their electrical mobility diameter. The particles size-classi-

fied with the DMAwere then counted with a condensation particle coun-

ter (TSI 3010). The sample gas flow was diluted by two ejector diluters

(Dekati) in series and the dilution ratio was 50. In addition to the

particle measurements, the flue gas composition with respect to O2, CO,

and NOx was recorded by a chemical cell instrument (Testo 350 XL).

The quartz filters and their filter boxes and the aluminum films from

the impactor were weighed carefully before and after sampling. The

weight increase of the filters after exposure to the flue gas, are defined

in the present work as dust. The dust consists of fly ash, soot, and other

hydrocarbons dependent on the combustion conditions in the reactor. To

get the qualitative relationship between the amount of fly ash and organic

compounds (soot plus other hydrocarbons) in the dust, the filters were

heated in air to 550�C over 2 h. For this period, most organic compounds

were expected to volatilize and the soot is assumed to be oxidized and

emitted as gases. The weight loss after this period is then defined as soot

and other hydrocarbons. The residual particle mass was defined as the fly

ash content of the total dust (salts, metals, silicates). To ensure that there

is no weight loss from the quartz filters and their filter boxes, they were

preheated to 550�C for 2 h before the experiments. For all experiments,

impactor plate number 3 with a size cut of 0.094 mm was analyzed

with an environmental scanning electron microscope (ESEM) and

energy disperse x-ray spectroscopy (EDS).

Description of the Fuels

Three different fuels were used in this study: bark pellets, wood pellets,

and granulates made from hydrolysis residues. The specification of the

fuels, including major ash components, can be found in Table 1. The

bark pellets used in this study have the highest ash content (2.72%) com-

pared to the other fuels. The wood pellets are made from sawdust and

consist mainly of stem wood with an ash content of 0.41% and can be

a regarded as a representative fuel used in the commercial wood pellets

market. The hydrolysis residue granulates are made from weak acid

hydrolysis of stem wood spruce and is a secondary product from

wood-based ethanol production. The hydrolysis residue consists mainly
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of lignin and has a low ash content (0.1%) compared to the other fuels.

In ethanol production from wood, approximately only 50% of the wood

feedstock is converted to ethanol; therefore, it is important for the total

economy of the process to find a high price market for the residue. One

attractive market is to use it as a fuel in fixed-bed combustors (Öhman

et al., submitted). A more comprehensive description of the combustion

properties of the hydrolysis residue can be found in the investigation by

Öhman et al. (submitted).

Burner Operating Conditions and Experimental Procedure

The burner operating conditions are summarized in Table 2. The mass

flow of fuel was controlled to obtain a thermal power of 10 kW. The

Table 1. Composition of the bark, wood, and hydrolysis residue fuels

Fuel Bark Wood Hydrolysis residue

Proximate analysis (wt% as received)

Volatile n.a. 77.6 n.a.

Fixed carbon n.a. 13.8 n.a.

Moisture 9.4 8.2 5.5

Ash 2.72 0.41 0.1

Ultimate analysis (wt% dry)

Carbon 51.6 50.9 56.4

Hydrogen 6.0 6.3 6.0

Nitrogen <0.1 <0.1 <0.1

Chlorine 0.01 <0.01 <0.01

Sulfur 0.03 0.0068 0.0167

Oxygen (by difference) 39.3 42.4 37.6

Lower heating value (MJ=kg) 18.80 19.24 21.50

Major ash components (wt% dry)

Si 0.2052 0.0229 0.0217

Al 0.0356 0.0067 0.0048

Ca 0.8290 0.0958 0.0066

Fe 0.0818 0.0049 0.0031

K 0.1909 0.0499 0.0030

Mg 0.0706 0.0185 0.0009

Mn 0.0281 0.0121 0.0001

Na 0.0348 0.0027 0.0039

P 0.0372 0.0059 0.0003

Ti 0.0016 0.0004 0.0002

Zn 0.0124 0.0011 0.0003
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primary airflow rate was controlled to obtain an understoichiometric

condition in the fuel bed. The injection angle of the jets was 22.5� and
thereby a rotating flow was set up in the combustion chamber (Wiinikka

and Gebart, 2004). The thermal power, the ratio of primary and secon-

dary airflow rate, and the injection angle were held constant under the

test series with different fuels as the varied parameter. To examine

the effect of different wall temperatures on the particle emissions

for the investigated fuels, the insulation thickness on the wall was also

varied to obtain wall temperatures of about 400 and 675�C, respectively.
Before the experiment started, the reactor was operated for 120min

to reach thermal equilibrium. The SMPS was operating for the entire

experimental sampling period, which is 60min. During the first 30min,

at the beginning of the experimental period, dust was collected on the

quartz filter. After this period, the cascade impactor was used for sam-

pling between 1 and 4min, depending on the particle concentration in

the flue gas. However, for one experimental condition, hydrolysis residue

fired at a wall temperature of 400�C, and the sampling time had to be less

than 1min to avoid overloading with soot and significant bouncing of par-

ticles from the impactor plates. Therefore, the sampling time was reduced

in several steps down to 0.17min. Unfortunately, overloading or particle

bouncing effects could still be observed from impactor plate 4, which has

a size cut of 0.159 mm. The results presented for the particle mass size

distribution for the case of low temperature and hydrolysis residue fuel

are therefore uncertain and should be regarded with this in mind.

RESULTS

Dust

In Figure 3 the total mass of particle emissions or ‘‘dust’’ in the flue gas

stack for the bark, wood, and hydrolysis residue fuels are given, normalized

Table 2. Reactor operating condition

Thermal effect (kW) 10.0

Primary airflow rate (l=min) 91

Secondary airflow rate (l=min) 137

Secondary jet injection angle 22.5�

Insulated wall temperature (�C) 400 and 675
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to mg=MJfuel for the two investigated wall temperatures. For both wall

temperatures, a significant dependency of the fuel type on the emissions

of dust can be seen, and the fuel that produces the largest emissions of

dust in both cases is the bark pellets. For a combustor wall temperature

Figure 3. Emissions of dust in the flue gas stack normalized to mg=MJfuel for two different

reactor wall temperatures (400 and 675�C).
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of 400�C, the dust emissions fall in the following order: bark

pellets > hydrolysis residue > wood pellets. However, when the wall

temperature was increased to 675�C, the dust emissions from the wood

pellets and the hydrolysis residue were shifted so that the dust emissions

are ordered as follows: bark pellets > wood pellets > hydrolysis residue.

Submicron Particles

Figure 4 presents the particle mass size distribution functions in the

particle size range 0.027–10.9 mm. For all experimental conditions,

except when bark pellets are fired at a wall temperature of 400�C, almost

all mass in the measured size range was found in the submicron range

ð<1:0 mmÞ. However, for the bark fuel at a wall temperature of 400�C,
a significant weight of particles around 10 mm was observed. In the sub-

micron range, the particle number size distribution function is also

strongly affected by the fuel type. For a wall temperature of 400�C, the
smallest particle emissions in the submicron range were found for the

wood pellets. For the bark pellets and the hydrolysis residue, the submi-

cron emissions were of the same order and about five times higher than

for the wood pellets. For a wall temperature of 675�C, the particle emis-

sions in the submicron range decreased slightly for both the bark and the

wood pellets; however, the particle emissions for the hydrolysis residue

decreased approximately 17-fold. Therefore, the submicron particle

emissions at a wall temperature of 675�C had the following order: bark

pellets > wood pellets > hydrolysis residue. Hence, the fuel type not only

affected the total mass of emitted particles in the submicron range, but it

also affected the shape of the particle mass size distribution functions.

When the emitted mass of particles increases, the peak particle diameter

also increases and was found to be about 0.159 mm for bark pellets. On

the other hand, for both the wood pellets and the hydrolysis residue,

the peak particle diameter was found to be about 0.094 mm. The afore-

mentioned peak particle diameter is defined as the cutoff diameter of

the impactor plate with the largest captured mass.

The particle number size distribution in the measured size range

15.4–697 nm is presented for all wall temperatures and fuels in Figure 5.

The peak particle number concentration for all of the investigated cases

is on the order of 107–108 cm�3. Furthermore, both the fuel type and the

wall temperature have a strong effect on the shape of the number size

distribution function. For a wall temperature of 400�C, the peak particle
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diameter had the following order: hydrolysis residue > bark pellets>

wood pellets. However, for a wall temperature of 675�C, the peak particle

diameter for the hydrolysis residue had become smaller than that for

the other two fuels. Therefore, the peak particle diameter for the

highest temperature had the following order: bark pellets > wood

pellets > hydrolysis residue.

Figure 4. Particle mass size distribution measured with the impactor for two different

reactor wall temperatures (400 and 675�C).
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The chemical constituents of the submicron particles (ash elements

and carbon, except oxygen) collected on an impactor plate with a size cut

of 0.094 mm are presented in Table 3. The ash elements, Na, S, Cl, K, Fe,

and Zn, dominate the chemical composition for all experimental con-

ditions (96.2–80.3 wt% ash elements), except when hydrolysis residue

is fired at a wall temperature of 400�C. For this case, carbon totally domi-

nated the submicron fraction (98.9 wt% C). When the particles were

Figure 5. Particle number size distribution function measured with SMPS for two different

wall temperatures (400 and 675�C).
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dominated by ash elements, potassium was the dominating chemical

element for all fuels. For the hydrolysis residue, the sodium and sulfur

content of the ash were significantly higher than for the other investi-

gated fuels. The submicron particle composition was quite similar for

the bark and the wood pellets for both the investigated wall tempera-

tures, except for the carbon and the chlorine content. The carbon con-

tent was higher and the chlorine content was lower in the particles

from wood pellets. Furthermore, for all fuels, the carbon content

decreased when the wall temperature increased from 400 to 675�C.

DISCUSSION

Dust

The dust is a collection of both large ð>10 mmÞ and submicron particles

ð<1 mmÞ and the particles can be either inorganic or organic in character.

As mentioned earlier, the amount of organic (unburned) compared to

inorganic (residual ash) content of the dust can be estimated by heating

the filters to 550�C in air. For the bark and the wood pellets, most of the

dust was found to be of inorganic character. For the hydrolysis residue,

the dust (large and submicron particles) contains a large fraction of

organic material. However, for a wall temperature of 675�C, only the

large particles from the hydrolysis residue, probably unburned char

particles released from the fuel bed, contained a significant fraction of

carbon. Furthermore, at this wall temperature, the large carbon-contain-

ing particles dominate the total mass of the dust. This can be seen

Table 3. Chemical composition of the submicron particles (ash elements and carbon)

except for oxygen on an impactor plate with a size cut of 0.094 mm

Fuel Bark Wood Hydrolysis

Wall temperature (�C) 400 675 400 675 400 675

Fine particle composition (wt%)

C 4.7 3.8 19.7 14.6 98.9 11.0

Na 2.4 1.4 4.0 2.9 0.4 18.0

S 14.2 10.7 13.7 10.5 0.2 23.2

Cl 18.4 28.5 10.3 15.2 0.1 5.0

K 55.1 53.5 50.0 54.5 0.1 37.4

Fe 0.4 0.2 0.3 0.6 0.2 2.6

Zn 4.8 1.8 2.3 1.8 0.1 2.8
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because, in the heating step in air, large weight losses of the dust were

obtained (�97% at a wall temperature of 400�C and �95% at a wall

temperature of 675�C), which indicates that the major mass of the dust

from the hydrolysis fuel was made up of unburned material. Moreover,

the chemical analysis of the submicron particles shows that for a wall

temperature of 400�C the submicron particles were totally dominated

by carbon (98.9% by weight), but for a wall temperature of 675�C the

submicron particles were dominated by inorganic material and only

11% of the particle mass was organic. The total mass of submicron par-

ticles for the hydrolysis residue was also significantly less when the wall

temperature was increased from 400 to 675�C. The presence of large

unburned char particles in the flue gas for the hydrolysis residue explains

why there is only a small reduction of dust emissions from the hydrolysis

residue with its very low ash content when it is compared to the wood

pellets. However, if only the emission of submicron particles is studied,

there is a significant reduction when the hydrolysis fuel is compared to

the wood.

In Figure 6, the inorganic content of the dust is plotted against the

ash concentration of the different fuels for the wall temperatures investi-

gated in the present study. From the figure it can be seen that there

is a linear correlation between the ash content of the dust and the ash

concentration in the unburned fuel.

Submicron Particles

As reported in the Results section, the fuel type affected both the total

mass of particle emissions and the shape of the particle mass and

number size distribution functions in the submicron range. The emis-

sions of submicron particles were generally ordered after the mass con-

centration of ash in the unburned fuel. This is true for all fuels at a wall

temperature of 675�C and for the bark and wood pellets at 400�C. The
explanation for this dependency is that the concentration of ash elements

(K, Na, S, Cl, and Zn) with low vaporization temperature increases with

increased ash concentration in the unburned fuel used in the present

study. However, when the hydrolysis residue is fired at a wall temperature

of 400�C, this trend is broken, because the chemical composition of the

submicron particles in that case was totally dominated by carbon. Hence,

there appears to be no connection to the ash concentration when large

concentrations of unburned particles are present in the flue gas because
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the presence of unburned particles has no connection to the amount of

ash, at least for low ash contents.

When the reactor is operated at 400�C, the concentration of CO in

the flue gas is of the same order for all experiments, independent of

the fuel. Because the concentration of CO is connected to incomplete

combustion, the explanation for the substantial increase in submicron

particle mass for the hydrolysis residue appears to be unconnected

to the overall gaseous combustion condition. The explanation for

the increase in organic matter for the hydrolysis residue must therefore

be sought in factors connected to the fuel itself. Two hypotheses for

Figure 6. Emissions of dust versus the ash concentration of the fuel for two different wall

temperatures (400 and 675�C).
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the increase are proposed: (1) it is the production of organic particles

that has increased for the hydrolysis residue compared to the other fuels,

or (2) the oxidation rate of organic particles is lower for the particles in

the hydrolysis residue flame. Evidence in favor of both hypotheses can be

found in the literature. For the first hypothesis, the general sooting tend-

ency is dependent on the initial fuel structure (Glassman, 1988). Further-

more, for coal combustion, Ma et al. (1996) and Mitra et al. (1987) have

found a clear correlation between the tar production capability and the

soot formation. Their conclusion is that soot formation increases with

increasing tar production capability. In our experiments, the hydrolysis

residue has a high lignin concentration, especially compared to the wood

pellets. Because the lignin has a different chemical structure than the

hemicellulose and cellulose that make up the remainder of the biomass,

it is possible that this difference between the fuels affects the tar pro-

duction; it is also likely that the composition of the tar in the early pyrol-

ysis step in the fuel bed will be affected, which then could increase the

soot yield compared to the other fuels. For the second hypothesis,

Vander Wal and Tomasek (2003) have pointed out that the oxidation rate

of soot is connected to the initial nanostructure of the soot particle. One

possible explanation for the increase in particle emissions for hydrolysis

residue at the lower temperature could then be that the particle structure

is different for the soot particles produced from hydrolysis residue

compared to the other fuels used in the present study.

Another argument for the second hypothesis is based on the obser-

vation that alkali additives in pilot flames decrease the soot volume frac-

tion and the diameter of the soot particles (Bonczyk, 1991; Tappe et al.,

1993). This would then yield higher oxidation and burnout rate at the

late combustion stage. Furthermore, as pointed out by Tappe et al.

(1993), alkali metals can also have a catalytic effect in the soot oxidation

process and thereby increase the soot burnout rate. The difference

between the stem wood and bark pellets, compared to the hydrolysis

residue fuel, is that the stem wood and bark pellets contain much more

alkali salts (Na and K). Therefore, the soot produced when bark or wood

pellets with a significant amount of alkali salts were fired could have a

higher oxidization rate compared to the hydrolysis residue flame with

almost no alkali salts present. Moreover, from the experiments presented

herein, it can be seen that when the wall temperature increase from 400

to 675�C the oxidation rate of soot particles from the hydrolysis residue

appears to have increased; the analysis of the particles showed that the
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mass of submicron particles decreased significantly and the chemical

composition of the particles was dominated by ash elements instead of

carbon when the temperature was increased.

For a particle system dominated by submicron particles in the free-

molecular regime, the following relationship can be derived between the

volume average particle diameter Dp, the volume concentration of

aerosols, fv, and the coagulation time t as long as particle growth is

dominated by coagulation (Neville et al., 1981):

Dp / ðfvtÞ2=5 ð1Þ

From this equation, the volume average particle diameter increases with

increasing volume concentration in the flue gas regardless of the compo-

sition of the particles. This dependency probably explains the observed

effect of the fuel type on the shape of the particle size distribution (mass

and number). As observed in the experiments and theoretically con-

firmed by Neville et al. (1981) [Eq. (1)], higher mass concentration of

particles in the flue gas will result in larger particle sizes, both in the

mass and number size distribution function. Therefore, the particle size

will increase for a fuel that produces more particles regardless of whether

the source of particles is more vaporization of ash elements or a higher

production of soot.

Epidemiological studies of Dockery et al. (1993) and Pope et al.

(1995) have shown a correlation between negative health effects and

the concentration of particles in the ambient air. An implication of the

epidemiological studies on the results presented herein is, therefore, that

the biomass with the lowest total emission of particles is preferred as a

fuel in fixed-bed combustors. However, an interesting contradiction of

this can be seen if the influence of fuel type on the number concentration

of ultrafine particles ð<0:1 mmÞ in the flue gas is examined (compare

Figure 5). Comparison of the particle number size distribution obtained

from different fuels in Figure 5 shows that, when the number concen-

tration of submicron particles in the flue gas decreases (total mass of

submicron particles decreases; see also Figure 4), the number concen-

tration of particles in the ultrafine region increases. The increase in

concentration of ultrafine particles in the flue gas may be important

because, as pointed out in the recent review by Lighty et al. (2000),

the concentration of ultrafine particles is probably more important for

health effects than the total mass of particle emissions.
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The reactor was also operated at a wall temperature of 950�C. Unfor-

tunately, chromium from the reactor walls (made from stainless steel, 253

MA) was released in this case and significantly contaminated the sub-

micron fraction (6% by weight for bark and up to 17% by weight for

the hydrolysis residue). Therefore, these results have not been presented

herein; however, the same trends were observed for the different fuels on

the particle emissions (dust, mass, and number size distribution) at the

high temperature (950�C) as for a wall temperature of 675�C.

Influence of Fuel Type versus the Influence from

Operating Conditions

In an earlier investigation (Wiinikka and Gebart, 2004), the influence of

different operating conditions on the particle emissions was investigated

with this reactor and with the same wood pellets that have been used as

fuel in the present study. Table 4 summarizes the range of variation in

emissions by changes in operating conditions (Wiinikka and Gebart,

2004) and largest influence of fuel type (this study). From the table it

can be seen that different biomass fuels have a larger influence on the

particle emissions (dust, fly ash, soot, and the submicron fraction) than

changes in operating conditions for a particular fuel. However, this con-

clusion is only valid for the present experimental reactor and more

studies on other types of combustion chambers are needed before it

can be concluded that this is a universal result.

NOx Emissions

Another relevant pollution in combustion processes is nitrogen oxides,

often referred to as NOx (Bowman, 1992). In addition to the measure-

ments of the particle emissions, the concentration of NOx in the flue

Table 4. Comparison between the ranges of variation in emissions from variation in fuel

type versus variations in operating conditions (Wiinikka and Gebart, 2003)

Type of particle emissions Fuel type Operating conditions

Dust (mg=MJfuel) 14–102 8–25

Fly ash (mg=MJfuel) 1–97 7–25

Soot and organic material (mg=MJfuel) 2–37 0.3–12

Submicron (mg=Nm3) 3–62 9–19
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gas stack was also recorded during the experiments and these results are

briefly discussed. In Figure 7, the influence of fuel type on the emissions

of NOx for the two investigated wall temperatures is presented. For both

wall temperatures, the emissions of NOx are approximately two times

higher for the bark pellets compared to the other two fuels. Furthermore,

the NOx emissions were also slightly higher when the hydrolysis residue

was used instead of the wood pellets as a fuel.

For each fuel, no significant effect on the NOx emissions was

observed when the wall temperature was increased from 400 to 675�C.
This indicates that the dominating NOx formation mechanism in the

present experiments is the fuel-NO mechanism instead of the thermal-

NO mechanism. The thermal-NO mechanism is strongly connected to

the combustion temperature (Bowman, 1992) and, if this mechanism

would dominate the formation of NOx in comparison to the fuel-NO

mechanism, one would expect that the NOx emissions should increase

when the wall temperature increases (increasing combustion tempera-

ture) and be fuel independent. The argument for the fuel independency

comes from the assumption that it is unlikely that the different fuels used

in this study should have significantly different flame temperatures. In

the fuel-NO mechanism, organic nitrogen bound in the fuel evaporates

during the gasification process and leads to NOx formation in the gas

phase (Warnatz et al., 2001). The explanation for the dependency of fuel

type on NOx emissions can therefore probably be connected to the nitro-

gen concentration in the fuel. However, the analysis of the nitrogen con-

centrations in the biomasses used in the present study is not sufficiently

accurate to show any significant differences between the fuels (see

Table 1). In the study by Nordin (1994), the concentration of nitrogen

in bark is found to be significantly higher than that in wood. This could

explain why the bark pellets have a slightly higher level of NOx emissions

compared to the wood pellets if the same is true for the fuels in the

present study.

CONCLUSIONS

In this study, laboratory experiments were performed in a small-scale

(10-kW) reactor to investigate the influence of fuel type on particle emis-

sions in combustion of biomass under fixed-bed conditions. Three

different biomass fuels (bark pellets, wood pellets, and granulates made

from hydrolysis residue) were burned under identical conditions so that
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Figure 7. Emissions of NOx for different biomass pellets for two different wall temperatures

(400 and 675�C).
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the following conclusions about the impact of fuel type on the particle

emissions can be drawn:

. Different types of biomass pellets have a strong effect on the particle

emissions: for example, the total mass of emitted particles (super-

micron and submicron), the mass of submicron particles, and the shape

of the mass and number size distribution functions. The type of fuel also

affects the proportion of inorganic and organic content of the particles.

. The inorganic part of the dust for the three fuels is linearly dependent

on the amount of inorganic content in the unburned fuel.

. If the combustion is complete (negligible organic content in the parti-

cles), the masses of super-and submicron particles are connected to

the ash content of the unburned biomass. Higher ash content will give

a higher concentration of particles in the flue gas.

. If the combustion is incomplete (both inorganic and organic particles

in the flue gas), the particle emissions are generally still ranked

according to ash content of the fuel. However, if a very sooty fuel is used

(e.g., the hydrolysis residue), the emissions can become dominated by

organic particles without connection to the amount of ash in the fuel.

. The size of the emitted particles is also affected by the biomass type,

because a larger mass concentration of particles in the flue gas results

in larger particle sizes through the coagulation growth mechanism.

. The impact of fuel type on the particle emissions from the experi-

mental reactor is stronger than that from operating parameters.
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ABSTRACT 

Combustion of biomass under fixed bed conditions will generate both coarse and fine 
particles that have negative effect on technical performance or pose health hazards. It is 
therefore important to reduce the emissions of these particles already in the combustion 
process. The aim with this study was to experimentally investigate how different air supply 
strategies affect the particle emission in fixed bed combustion of biomass. The air was 
supplied either through the grate, through a secondary air register or equally divided between 
the two. The results showed that the air supply affects the emissions of both coarse and 
especially fine fly ash particles. The emissions of fine particles decrease when the air supply 
through the grate decrease, probably due to lower oxygen concentration in the fuel bed and 
thereby lower temperature in the burning char particles that results in less vaporisation of ash 
elements. Hence, changing or optimizing the air supply strategy appears to be an attractive 
way to reduce the particle emissions already in the combustion process. 

Keywords: Biomass, particles, aerosols, fly ash, emissions, air supply 
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INTRODUCTION

Combustion of solid biomass under fixed bed conditions is a common technique to generate 
heat and power in both small and large scale grate furnaces (domestic boilers, stoves, district 
heating plants). Unfortunately, combustion of biomass will generate particle emissions 
containing both large fly ash particles and fine particles that consist of fly ash and soot 
(Wiinikka and Gebart, 2004a). The large fly ash particles have been produced from fusion of 
non-volatile ash-forming species in the burning char particle (Lind et al., 2000). The inorganic 
fine particles have been produced from nucleation of volatilised ash elements (K, Na, S, Cl 
and Zn) (Lind et al., 2000; Christensen, 1995). If the combustion is incomplete, soot particles 
are also produced from secondary reaction of tar. The particles in the fine fraction mode grow 
by coagulation and coalescence to a particle diameter around 0.1 m.  

Combustion generated particles are responsible for ash deposition on the heat transfer 
surfaces in furnaces and corrosion of the surfaces are closely related to these deposits (Miles 
et al., 1996; Baxter et al., 1998; Michelsen et el., 1998). Moreover, airborne fine particles 
have been correlated to adverse effects on the human health (Dockery et al., 1993; Pope et al., 
1995). The smallest particles are very hard to collect in ordinary cleaning devices (McElroy et 
al., 1982), however, for large scale plants, advanced gas cleaning equipment that reduces the 
emissions of fine particles is an acceptable option and a relative high amount of particles in 
the flue gas may be tolerated. For small scale equipment gas cleaning is not an option. 
Regardless of plant size a design that minimizes the amount of particle emissions is likely to 
be the optimum both from an economical and an ecological point of view.   

In grate furnaces the air supply is often divided between the primary air, supplied through the 
grate and between a secondary air register located in the combustion zone above the grate. 
This gives the opportunity to control the distribution of air passing through the grate and the 
secondary air register. The influence of air supply strategy on the emissions of NOx has been 
extensively investigated for several different combustion techniques. Leckner and co-workers 
investigate the influence of air supply on NOx and N2O formation in fluidized bed combustion 
of coal and biomass (Åmand and Leckner, 1992; Lyngfelt et al., 1998; Lyngfelt and Leckner, 
1999). Wendt et al. (1979) investigate how the emissions of NOx in pulverised coal 
combustion were affected by air staging. The general results from these investigations are that 
it is possible to reduce the emissions of NOx by controlling how and when the air is supplied 
through the combustion zone (e.g. air staging).  However, there appears to have been no 
investigation of the influence of the air supply on the formation of combustion generated 
particles in fixed bed combustion of biomass. The aim with this study is therefore to 
investigate how the air supply affects the emissions of coarse and fine particles in combustion 
of biomass in grate furnaces.  

EXPERIMENTAL  

Combustor and Experimental Conditions 

The system investigated in the present study is a 10 kW updraft fired wood pellets reactor that 
has been custom designed for systematic investigation of particle emissions from fixed bed 
combustion of wood pellets (see figure 1). The reactor is a vertical cylinder, 0.2 m in diameter 
and 1.7 m in height made of stainless steel. In the bottom of the reactor there is a circular cup 
with a perforated bottom as grate. Secondary air is inserted horizontally to the reactor about 
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30 cm above the grating. The secondary zone consists of 24 holes in three horizontal sections, 
eight holes in each section. The injection angle to the radial direction of the jets in the 
secondary zone can be changed to allow an adjustable amount of swirl flow in the reactor. 
The wood pellets are delivered continuously to the reactor from a mechanical feeding system. 
Mass flow regulators control the mass flow of air through the grate and in the secondary zone. 
A comprehensive description of the reactor can be found elsewhere (Wiinikka and Gebart, 
2004a; Wiinikka and Gebart, 2004b).  

Three different furnace operating conditions referred to as Flame A, B and C were 
investigated in the present study and the experimental conditions are summarised in table 1. In 
Flame A, all combustion air is fed through the grate, in Flame B the combustion air is equally 
divided between the grate and the secondary air register and in Flame C all combustion air is 
inserted trough the secondary air register. The differences in air supply strategy will affect the 
general aerodynamic conditions in the combustion zone. A qualitative comparison of the 
differences from computer simulations of a cold flow is shown in figure 2. For Flame A, an 
updraft flow is set up between the grate and the outlet of the reactor. For the other two 
investigated flames, the secondary air jets create a complicated flow pattern with several 
stagnation points and recirculation zones between the grate and the secondary air register and 
between the different levels in the secondary air supply. For Flame B and C air from the first 
air injection location in the secondary air zone will flow downwards to the grate and interact 
with the combustion process in the fuel bed. The initial 1.2 m from the bottom of the reactor 
is insulated to minimize heat losses and ensure a high temperature in the combustion zone to 
minimize emissions of organic particles. The wall temperature for all flames in the insulated 
part of the reactor is about 550 C.

Biomass Composition 

The effect of air supply strategy on the particle emissions is investigated for two different 
fuels, stem wood pellets and bark pellets. Table 2 presents the physical characteristic, 
proximate and ultimate analysis for the two fuels investigated in the present study. A more 
comprehensive description of the fuels and the ash elements can be found elsewhere 
(Wiinikka and Gebart, 2004b). The difference between the fuels that is crucial for the present 
study is the ash content of the fuels, which is 0.4 wt % for the wood pellets and 3.0 wt % for 
the bark pellets. The wood pellets ash consists mainly of alkali and alkaline earth metals 
(Wiinikka and Gebart, 2004b) 

Sampling and Particle Measurements 

In the present study, isokinetic sampling with a suction probe is done in the flue gas stack. 
The total mass of large particles was collected in aluminium cups assembled in a pre-cyclone 
with a size cut of 6 m. After the pre-cyclone the fine particles were collected with a 90 mm 
absolute filter (quartz). To avoid condensation of moisture on the collected particles, the 
temperature in the pre-cyclone and the filter was held above 105 C during the experiments.  

The particle mass size distributions were determined by collecting size classified particle 
samples with a 13-stage low-pressure cascade impactor (Dekati) that size-classifies particles 
according to their aerodynamic diameter in the range 0.03-10 m. Thin aluminium (Al) films 
were used as impactor substrates. Furthermore, a pre-cutter cyclone was used before the 
impactor to collect particles larger than 16 m. The number size distribution of the emitted 
particles in the size range of 15.4-697 nm in the flue gas stack was determined by a scanning 
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mobility particle sizer (SMPS) consisting of a differential mobility analyser (DMA, TSI 3077) 
that size-classifies particles according to their electrical mobility diameter. The particles size-
classified with the DMA were then counted with a condensation particle counter (CPC, TSI 
3010). The sample gas flow was diluted by two ejector diluters (Dekati) in series and the 
dilution ratio was 47. In addition to the particle measurements, the flue gas composition with 
respect to O2, CO and NOx was recorded by a chemical cell instrument (Testo 350 XL).  

Before the start of the particle measurements, the reactor was operated for 120 min, to reach 
thermal equilibrium of the system. The particle sampling system (cyclone and filter) was then 
operated in 30 min, with 3 replicates for each flame ( 30 min waiting between each replicate). 
After the first sampling point, particles were collected in the impactor and the sampling time 
was 1 min for the bark pellets and 3 min for the wood pellets to collect measurable amounts 
of particles on the stages without overloading the impactor stages. The SMPS was operated 
under the first 60 min of the experiment. The filter, the aluminium cups in the precutter 
cyclone and the impactor plates were weighed carefully on a microbalance before and after 
the sampling to determine the mass of the collected particles. The accuracy of the 
microbalance was 0.01 mg for the filters and 0.001 mg for the aluminium cups from the 
cyclone and the impactor plates. The bottom ash left in the reactor was not analysed further, 
since it was not possible to only withdraw the bottom ash under the steady state operating 
period (same period as the fine and the coarse mode were analysed). This means that after one 
experimental run, the bottom ash will be a mixture of ash from both the start up and the 
operating phase.

Fine particles collected on impactor plates number 3 and 4 with a size-cut of 0.094 and 0.159 
m respectively for the wood pellets and impactor plates number 4 and 5 with a size-cut of 

0.159 and 0.254 m respectively for the bark pellets were analysed with an environmental 
scanning electron microscope (SEM) and energy disperse X-ray spectroscopy (EDS). These 
two impactor plates were chosen since most of the mass of fine particles were collected there. 
Typical large particles, collected in the pre-cutter cyclone were also investigated with the 
SEM/EDS instrument. For flame A, the same impactor plates which were analysed with the 
SEM/EDS instrument were furthermore analysed by X-ray diffraction (XRD) for 
identification of possible crystalline phases.

RESULTS AND DISCUSSIONS 

For all the measurements presented herein, the particle concentrations are normalized to a flue 
gas with an oxygen concentration of 10 %.

Coarse Particles 

Figure 3 presents SEM micrographs of typical particles in the coarse mode collected in the 
pre-cyclon (this picture from Flame A, bark). Several different types of particles can be 
identified from the SEM micrographs: (1) particles with an irregular shape (skeletal or 
agglomerates of very small particles); (2) spherical particles, (3) cubic particles with sharp 
edges, and (4) grain-like particles with rounded edges. Point wise EDS analysis of different 
types of coarse particles shows that both irregular, spherical and cubic particles are dominated 
by Ca with minor elements of Mg and Mn (these particles also contain smaller amounts of P, 
Si and K). However, for the particles with grain-like shape two different chemical 
compositions could be identified, the first one was similar in comparison to the other coarse 
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particle types and was dominated by Ca, Mg and Mn. For the other type, Si, Al, K and Ca 
dominate the particle composition.  

Particles with a calcium-rich skeletal shape has earlier been found in the investigation by 
Chenevert et al. (1998) who investigated the ash characteristics of high alkali sawdust and 
sanderdust in a down-fired tunnel furnace. They suggested that the skeletal structure of 
unfused ash remains when the char has burned out. Lind et al. (2000) who investigated the ash 
formation mechanism during combustion of wood in fluidized beds suggested that the 
irregular agglomerated structure was formed from non-volatile ash elements that collide and 
agglomerate when the char burns out. The formation mechanisms of the other Ca rich 
particles are not fully elucidated in the literature. However, the presence of large spherical 
particles indicates that some of the residual ash will melt and form droplets under the 
combustion process. The presence of calcium rich particles with a cubic and grain-like shape 
indicates also that these particles consists of molten ash, however, different temperature 
histories in the melting or solidification phases creates different shapes. For the grain-like 
particles that were dominated by Si, Al, K and Ca. Öhman et al. (2002) proposed that the 
particles are “sand particles” that have contaminated the raw biomass during the 
manufacturing process. To summarise, the different coarse particles in the present study have 
been produced from non-volatile residual ash particles that have been carried away by the gas 
from the combustion zone.             

The effect of air supply strategy on the concentration of large particles in the flue gas is 
presented in figure 4. For both the investigated fuels, Flame B (combustion air equally 
distributed between primary and secondary air register) has the lowest emissions of coarse 
particles in the flue gas. The estimated error is quite large for the bark pellets and the results 
are therefore more uncertain for that fuel. However, the trend appears to be the same as for 
wood pellets. When all combustion air is passing through either the grate (Flame A) or the 
secondary air inlets (Flame C), the emissions of coarse particles increase compared to the case 
where the air is divided evenly between primary and secondary air inlets. One significant 
difference between the trends for the coarse particle emissions was found between the two 
fuels. For wood pellets the highest particle emissions were found for Flame C. However, for 
the bark pellets, Flame A hade the highest concentration of coarse particles in the flue gas. 
Furthermore, the emissions of coarse particles for the bark pellets are about 2.5 times higher 
than for the wood pellets. The initial ash concentration inserted in the reactor estimated from 
the fuel analysis (table 2) was 447 mg/Nm3 for the wood pellets and 3352 mg/Nm3 for the 
bark pellets. The concentration of the coarse mode divided by the concentration of the total 
ash for the different flames and fuels are presented in table 3. As can be seen from table 3, 
only a small fraction of the initial ash (1.1 – 3.3 wt % for wood and 0.6 – 1.0 wt % for bark) 
leaves the reactor as coarse fly ash particles after the combustion process.   

The production of coarse fly ash particles are connected to ejection of char particles from the 
fuel bed (Wiinikka and Gebart, 2004a). When the wood pellets are delivered from the feeder 
they fall down on the fuel bed and in the impact, glowing char particles are ejected from the 
bed. The glowing char particles will thereafter be carried by the gas flow upwards. The 
observed effect of different air supplies on the coarse particle mode is probably connected to 
different flow fields above the fuel bed (cf. fig 2). When all air is inserted through the fuel bed 
(Flame A), the air velocity in the holes of the grate is relatively high and a straight updraft 
flow is generated in the reactor. The char particles released from the fuel bed have therefore a 
strong tendency to be carried by the gas flow upwards and towards the flue gas stack. The 
explanation for the reduction in coarse particles for Flame B, compared to Flame A is that a 
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relatively weak down flow from the secondary air register towards the fuel bed is generated 
and the release rate of char particles from the fuel bed will thereby decrease. However, when 
all air is inserted in the secondary air register (Flame C) a relatively strong down flow from 
the secondary air register is generated towards the fuel bed and followed by an up flow along 
the sides of the reactor. This will create a strong interaction between the down flow and the 
char particles in the bed that is expected to lead to more entrainment of particles in the flue 
gases. Another explanation that is less likely is that the different flow patterns between the 
investigated flames create different deposition rates of coarse particles on the walls of the 
reactor that affect the concentrations of large particles in the flue gas stack.

Fine Particles 

Figure 5 presents SEM micrographs of fine particles collected on the quartz fibre filter. The 
figure shows aggregates of very small rounded particles (  0.1 m) that have collided with the 
quartz fibre. The EDS analysis of fine particles for all flames shows that the easily volatilised 
inorganic elements K, Na, S, Cl and Zn dominate the chemical composition of the fine 
particles. This confirms the hypothesis that the particles have been produced from 
vaporisation and nucleation of volatile ash elements. In addition to these submicron particles 
(< 1 m), larger spherical particles with a diameter of 1-3 m are found embedded in the 
submicron fraction. As suggested by Chenevert et al. (1998) and Linak et al. (2002) these 
particles are not produced from gas to particle conversion. Instead, the formation mechanism 
of these particles can probably be connected to ejection of molten ash from the burning 
particle (Linak et al., 2002). In these investigations, the spherical particles with a diameter of 
1-3 m contribute significantly to the total mass of emitted particles and the resulting particle 
size distribution was trimodal with an ultrafine mode at approximately 0.1 m and two larger 
modes at 1-3 m (fine fragmentation mode) and > 10 m (coarse fragmentation mode). 
However, in the present study the particles with a diameter of 1-3 m did not significantly 
contribute to the total mass of the fine particle fraction (see fig. 6) and most of the mass 
comes from submicron particles. One possible explanation for the differences to the present 
case can be that Chenevert et al. (1998) and Linak et al. (2002) studied pulverised fuels 
(biomass and coal) where the temperature in the burning particles probably is higher than in 
fixed bed combustion conditions. Hence one would, in the present experiments, expect less 
production of particles in the fine fragmentation mode (1-3 m).      

The effect of air supply on the concentration of fine particles in the flue gas is presented in 
figure 6. The figure shows that different air supply strategies have a significant effect also on 
the emissions of fine particles for both the wood and the bark pellets. For both fuels, the fine 
particle emissions decrease linearly with decreasing primary air supply through the grate and 
therefore the smallest emissions of fine particles are found for Flame C. The particle 
concentration is approximately 2 times higher when all of the combustion air is led through 
the grate (Flame A) compared to when all air is fed through the secondary air register (Flame 
C). Moreover, the particle concentration in the flue gas is about 5 times higher for the bark 
pellets flames compared to the wood pellets flames. The reason for this is probably that the 
ash concentration of easily volatile ash elements is much higher in the bark pellets. The 
concentration of the fine mode divided by the concentration of the total ash initially inserted 
into the reactor in wt % is presented in table 4. The wt % of the fine mode is between 6.5 – 
3.4 % for the wood pellets and between 4.7 – 2.1 % for the bark pellets dependent on the 
flame type.    
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The particle mass size distribution and the particle number size distribution function are 
presented in figure 7 and 8, respectively. Figure 7 show that almost all of the particle mass in 
the measured size range from 0.03-10 m (particles in the pre-cyclone are not included) for 
all investigated flames was located in the submicron range (< 1.0 m) with a mode diameter 
located between 0.1-0.2 m. The measured number concentrations of fine particle modes for 
all flames were in the order of 107-108 cm-3. The particle mode diameter for the wood pellets 
was located in the ultra fine region, below 0.1 m. The mode diameter for the bark pellets is 
slightly larger than for the wood pellets and located between 0.10-0.12 m. From figure 7 and 
8 respectively the effect of the air supply on the particle mass and number size distribution 
can be assessed. As observed in the filter measurements, the particle concentration decreases 
when the air supply is shifted from the grate to the secondary air register. Additionally, the 
particle size also decreases with the mass concentration, since the particle diameter is a 
function of the particle volume fraction due to the coagulation mechanism (Flagan and 
Friedlander, 1978; Neville et al., 1981).

Figure 9 presents the elemental composition of the fine particles collected on the impactor 
plates with most captured particle mass. For all flames the carbon content is in the order of 5 
weight % and it is suspected to come either from incomplete combustion or carbonates. 
However, since the carbon content is so low the observed effect of air supply on the particle 
emissions can not be connected to incomplete combustion. The particle composition is totally 
dominated by inorganic elements and potassium is the most frequent species for all 
investigated impactor plates. The heavy metal zinc is present in the fine particles for all 
flames in a relatively high concentration, about 3 % by weight. For both fuels, the XRD 
analysis clearly identified potassium chloride (KCl) as a crystalline phase and most likely also 
potassium sodium sulphate (K3Na(SO4)2). No obvious trends from the air supply on the 
elemental composition could be seen. The only trend that may be seen was regarding the 
elemental composition of oxygen and chloride. When the oxygen concentration increase the 
chlorine concentration decrease and when the oxygen concentration decrease the chlorine 
concentration increases. This may be due to that the SEM/EDS results do not represent the 
bulk composition of the submicron particles and was affected by the local composition of the 
particles. For example, when the chlorine concentration increase and the oxygen 
concentration decrease, the particle were weighted to more KCl than K3Na(SO4)2.

From the elemental composition (figure 9), the submicron particle concentration (figure 6) 
and the known elemental composition of the fuel (table 2) it was possible to estimate the 
degree of vaporisation of ash elements (K, Na, S and Zn). As mentioned earlier the total 
elemental mass balance could not be recalculated since the bottom ash was not analysed in 
this study.  Figure 10 presents the degree of vaporisation of ash elements for different flames 
and fuels. The result for potassium and sulphur shows clear trends that the degrees of 
vaporisation of these elements were affected by the air supply. For both fuels, the degree of 
vaporisation of potassium and sulphur decrease with decreasing primary air supply. For wood 
pellets, the degree of vaporisation of sodium also decreases with decreasing primary air 
supply. For the bark pellets, the degree of vaporisation of sodium seems unaffected by the air 
supply rate. However, for both the sodium and the zinc, the results are uncertain since the 
concentration of these elements on the impactor plates are low (~ 3 weight %) and a small 
fluctuation in the concentration of these element in the EDS results (see figure 9) highly 
affected the degree of vaporisation from these elements. This is particularly visible in the 
results for the zinc for which the degree of vaporisation varies between 30 to 60 weight 
percent with no obvious dependence on the air supply or fuel type.
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The observed effect of air supply on the emissions of fine particles can probably be connected 
to different oxygen concentrations and thereby different temperatures in the burning char 
particles at the grate. The oxygen concentration in the fuel bed is highest for Flame A and 
decreases when the air supply is shifted to the secondary air register. The temperature of a 
burning coal particle (Mitchell and McLean, 1982; Timothy et al., 1982) or a wood pellet 
(Palchonok et al., 2002) is connected to the oxygen concentration around the burning particle 
and results in a temperature increase in the particle with increased oxygen concentration. 
Furthermore, Sarofim and co-workers (Neville et al., 1981; Neville and Sarofim, 1982) and 
Jensen et al. (2000) have shown that the vaporisation of ash minerals increases when the 
temperature in the burning coal particle (Neville et al., 1981; Neville and Sarofim, 1982) or 
straw particle (Jensen et al., 2000) increases. As mentioned earlier, the fine particles in the 
present study have been produced from vaporisation of inorganic elements. The influence of 
air supply on the magnitude of fine particle emissions would then be connected to lower 
vaporisation of ash minerals when the temperature in the burning char particle is decreased by 
shifting air from the primary (grate) to the secondary air register.     

CONCLUSIONS 

In this study, the influence of air supply strategy on the particle emissions (both fine and 
coarse) in fixed bed combustion of biomass were investigated experimentally in a laboratory 
reactor. The experimental results lead to the following conclusions;  

The air supply has a significant effect on the emissions of both coarse and fine fly ash 
particles. The emissions of fine particles decrease when the air supply through the 
grate is decreased, probably due to lower oxygen concentration in the fuel bed and 
thereby lower temperature in the burning char particle that would result in lower 
vaporisation of ash elements. 
The particle size in the fine mode decreases when the air supply through the grate is 
decreased due to the reduction of the particle mass concentration in the flue gas that 
will reduce the effect of coagulation.  
The emissions of coarse particles have a minimum when the combustion air is divided 
equally between the primary and secondary air register.  
Changing or optimizing the air supply strategy in fixed bed combustion of biomass 
appears to be an attractive way to minimize both the emissions of coarse and fine 
particles already in the combustion process. Thus, the need for gas cleaning would 
disappear or be significantly reduced.
Based on the present results the ideal appears to be to send all air to the secondary air 
register, which would minimise the emissions of fine particles that are considered the 
most dangerous from a health perspective.                                                                                      
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TABLES

Table 1. Reactor operating condition  
Flame A B C 

Thermal power (kW) 10 10 10 
Excess air (% O2 in flue gas) 7 7 7 
Primary air flow rate (l/min) 228 114 0 
Secondary air flow rate (l/min) 0 114 228 
Insulation height (m) 1.2 1.2 1.2 
Secondary jet injection angle ( ) 0 0 0 

Table 2. Biomass composition. The abbreviation n.a. stands for not available.  
Fuel Wood Bark 

Physical dimensions (mm) 
Length  2-7 4-10 
Diameter  6 8 
Proximate analysis (wt % as received)  
Volatile 77.6 n.a. 
Fixed Carbon 13.8 n.a. 
Moisture 8.2 9.4 
Ash  0.4 3.0 
Ultimate analysis (wt % dry) 
Carbon 50.9 51.6 
Hydrogen 6.3 6.0 
Nitrogen < 0.1 < 0.1 
Chlorine < 0.01 0.01 
Oxygen (by difference) 42.4 39.3 
Sulphur 0.0068 0.0300 
Potassium 0.0499 0.1909 
Sodium 0.0027 0.0348 
Zinc 0.0011 0.0124 
Lower heating value (MJ/kg) 19.24 18.80 

Table 3. The mass fraction (wt %) of the coarse mode compared to the initial ash.  
FLAME A B C 

Wood 2.0  0.7 1.1  0.5 3.3  0.5 
Bark  1.0  0.2 0.6  0.2 0.7  0.3 

Table 4. The mass fraction (wt %) of the fine mode compared to the initial ash.  
FLAME A B C 

Wood 6.5  0.2 4.7  0.5 3.4  0.3 
Bark  4.7  0.3 3.3  0.2 2.1  0.5 
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FIGURES

Figure 1. Sketch of the experimental reactor and the particle sampling and analysis system. 
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FLAME A FLAME B FLAME C 

Figure 2. Velocity vectors and the axial velocity (m/s) from computer simulations of a cold 
flow corresponding to flame A-C.  Black colour represents a strong up flow and white colour 
represents a strong down flow in the reactor.
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Figure 3. SEM micrograph of large particles from combustion of the bark pellets with 100 % 
of the air through the grate (Flame A).   
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Figure 4. Concentration of coarse particles in the flue gas normalised to 10 % O2 in the flue 
gas. The error bars represents  one standard deviation.
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Figure 5. SEM micrograph of the fine particles for Flame A and bark pellets.   

Fine particles

FLAME A FLAME B FLAME C

m
g

/N
m

3

0

20

40

60

80

100

120

140

160

180

Wood

Bark

Figure 6. Concentration of fine particles in the flue gas normalised to 10 % O2 in the flue gas. 
The error bars represents  one standard deviation.
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Figure 7. The particle size distribution function measured by the cascade impactor for the 3 
investigated flames for (a) the wood pellets and (b) the bark pellets. 
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(B) Bark
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Figure 8. The particle number size distribution function measured by the SMPS for the 3 
investigated flames for (a) the wood pellets and (b) the bark pellets.
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Figure 9. Elemental composition of the fine particles, for the different flames and fuels.  
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Figure 10. Fraction of K, Na, S and Zn input in the reactor experimentally found in the fine 
mode (degree of vaporisation) 






