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Results from mathematical modeling of aerosol formation during combustion of woody biomass
fuels were compared with results from particle size distribution (PSD) measurements at a pilot-
scale biomass combustion unit with moving grate and flame tube boiler. The mathematical model
is a plug flow model considering coagulation, nucleation, condensation, and particle deposition
mechanisms (thermophoresis, particle diffusion, turbophoresis, and gravitational settling) of
spherical particles as well as condensation of vapors on cooled boiler walls and a changing flue
gas composition determined by equilibrium calculations. Additionally, the influence of kinetically
limited homogeneous and heterogeneous reactions was taken into account in the case of sulfation
reactions. To check the modeling results, investigations regarding PSDs and total aerosol mass
loadings of the flue gas resulting from biomass combustion (beech chips, waste wood) were
performed by measurements at a fixed bed biomass combustion unit (nominal boiler capacity:
440 kW). Furthermore, the composition of the aerosols sampled was determined. The comparison
of calculated and measured particle size distributions and aerosol compositions agreed well, which
permits the conclusion to be drawn that the model is applicable to the estimation of amount and
chemical composition of aerosol emissions from fixed-bed biomass combustion.

Introduction

The formation of particulate matter in biomass fired
heating plants and CHP plants is on one hand a problem
in regard to particle emission, especially in small-scale
plants with a nominal capacity smaller than 1 MWth,
where the installation of efficient aerosol precipitation
devices is too expensive to be economic. On the other
hand, deposition of particles on furnace and boiler
surfaces leads to corrosion and a reduction of the heat
transfer, which can cause subsequent plant shutdowns
and increased operating costs. But within the scope of
advancing biomass combustion for sustainable energy
supply, the emissions from biomass combustion devices
must be lowered and the efficiency of the combustion
units improved. The knowledge of particle formation
and deposition mechanisms is important therefore to
derive measures for lowering particulate emissions and
harmful deposits. Among the particulate matter, aero-
sols (dp < 1 µm) are of special interest because flue gas
cleaning devices show a minimum of precipitation
efficiency for particles in the range between 0.01 and 1
µm,1 and aerosol forming species have a considerable
influence in regard to fouling in heat exchangers.2 To
examine possible practical influences on aerosol forma-

tion in biomass-fired boilers and to determine amount
and chemical composition of particle emissions, an
accurate model for aerosol formation and deposition
processes in combustion devices is required.

The formation and behavior of aerosols in combustion
systems have been studied by several researchers,3-10

and their investigations were the basis for further
mathematical simulation of aerosol formation and depo-
sition in furnaces and boilers. Mathematical modeling
of aerosol formation was initially not only related to the
field of combustion but also to industrial processes,11
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Proceedings of the IEA Seminar “Aerosols from Biomass Combustion”,
Zürich, Switzerland; Nussbaumer, T., Ed.; Verenum: Zürich, 2001; pp
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nuclear technology,12,13 atmospheric modeling,14,15 and
other scientific purposes.16,17 The first computer codes
dealing with combustion aerosol modeling have been
developed for coal and waste combustion18-21 because
there is a longer tradition of advanced research on coal
combustion than on biomass combustion. Concerning
aerosol formation from the combustion of biomass fuels,
Christensen22 predicted aerosol formation in straw
combustion units by the Plug Flow Aerosol Condenser.
Recent modeling work focusing on biomass combustion
combined aerosol formation codes with computational
fluid dynamics (CFD).23,24

Aerosol formation during biomass combustion is only
partially comparable with aerosol formation during coal
combustion because the chemical composition, the re-
lease behavior, and the combustion temperatures are
different in biomass and coal furnaces. Investigations
of fly ash particle formation during fixed-bed combustion
of European woody biomass fuels (namely, chemically
untreated wood chips, bark, and waste wood) were
performed by Obernberger et al.9 It was ascertained that
fly ashes can be divided into a coarse part (dp > 1 µm)
containing mainly Ca, Mg, Si, K, and Al and a submi-
cron part (the aerosols) of which the chemical composi-
tion greatly varies with the chemical composition of the
fuel used. Furthermore, the formation pathway of the
aerosols is expected to be different for the fuel types
investigated.

It was shown that for chemically untreated wood
chips ash-forming matter released from the fuel bed
consists to a great amount of K, S, and Cl forming
gaseous compounds, which undergo nucleation and
subsequent condensation on particle surfaces. The pres-
ence of a relevant amount of seed particles influencing
aerosol formation can be ruled out definitively due to
chemical analyses of aerosol size fractions, which show
the most important seed particle compound for wood
chips (namely, Ca) to be mainly present in the coarse
particle fraction. Ca compounds are not expected to
become gaseous under conditions present during biom-
ass combustion, as chemical equilibrium calculations
have shown.

During the combustion of bark considerable amounts
of submicron Ca-rich particles, which act as seed

particles for the condensation of alkali sulfates and
chlorides, are released directly from the fuel bed along
with the elements mentioned for wood chips. These
particles may act as seeds for condensation; therefore,
nucleation rates of new particles might be decreased.
The concentration of Ca in the aerosol fractions from
bark combustion is thus clearly higher than from
combustion of chemically untreated wood chips. Ad-
ditionally, the content of heavy metals in the fuel and
the aerosols is higher than from chemically untreated
wood chips but does not have a strong influence on
aerosol formation.

Furthermore, particle formation during the combus-
tion of waste wood is also different. The main aerosol-
forming elements are Na, K, Cl, S, Zn, and Pb. Based
on thermodynamic data of Zn compounds, Zn is expected
to evaporate in the reducing atmosphere of the fuel bed
to subsequently form ZnO, which nucleates forming seed
particles for all further condensable species. Nucleation
of considerable amounts of further aerosols seems to be
suppressed by surface condensation on these ZnO
particles. This is confirmed by the fact that the distribu-
tion of the Zn concentration in the aerosol fractions from
waste wood combustion follows the particle size distri-
bution and Zn seems to be present in most aerosol size
fractions.

Previous modeling approaches of aerosol formation
during combustion were often restricted to the formation
of aerosols either from alkali metal species or from
heavy metal species and to a limited number of different
seed particle size classes. The modeling approach pre-
sented in this paper includes data for modeling aerosol
formation from both groups of species, as this is required
for simulating the formation of aerosols from the
combustion of waste wood, which contains relevant
amounts of alkali metals as well as heavy metals.9

To check the simulation results concerning particle
size distributions (PSD) and chemical composition of the
particles formed, measurements with a Berner-type low-
pressure impactor (BLPI) were performed at a pilot-
scale combustion unit. Then, the particles sampled were
analyzed by means of wet chemical analyses in order
to determine the chemical composition of the sampled
aerosol fractions. This procedure should provide evi-
dence of the degree of applicability of the modeling
approach.

Model Description
General Modeling Approach and Model Setup.

The aerosol formation model was set up as a plug flow
model including the particle formation mechanisms of
nucleation, condensation, and agglomeration as well as
particle deposition (thermophoresis, particle diffusion,
turbophoresis, and gravitational settling) and vapor
condensation on furnace and boiler surfaces. The model
is one-dimensional, which implies that no resolution of
the gas volume perpendicular to the flue gas channel is
made and that gradients of gas and particle properties
in the bulk gas stream are neglected. But data repre-
senting the boundary conditions (such as diameters,
perimeters, and temperatures of the combustion unit
sections) are used, and relevant transport mechanisms
are treated with wall functions.

The gas-phase composition, which is the basis for
modeling particle formation processes, is determined by
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chemical equilibrium calculations. Kinetically limited
gas-phase reactions are considered by introduction of
an Arrhenius approach. Then the particle formation and
deposition processes are calculated. After each of the
calculation steps, particle and gas properties are adapted
to the new conditions.

The aerosol formation model was restricted to the
formation of particles of compounds that are stable
under oxidizing flue gas conditions. Thus the starting
point of the calculations was set to the secondary air
inlet of the combustion plant, because the assumption
was made that at the point of secondary air inlet the
flue gas is burned out and oxidizing flue gas atmosphere
prevails. Therefore, initial conditions for the simulation
are given by the initial flue gas properties such as
temperature, pressure, gas composition, and the pri-
mary particle size distribution at this point.

In the modeling approach presented, the possibility
of inserting primary particles in various sizes, amounts,
and various chemical compositions allowed the require-
ments for modeling aerosol formation from different
biomass fuels to be considered. Primary particles are
already present at the calculation starting point and are
mostly raised from the fuel bed by the gas stream.
During their residence time in the flue gas, they may
undergo changes due to aerosol formation processes and
chemical reactions with the surrounding flue gas, and
finally they may deposit on furnace and boiler walls.
The coarse primary fly ash particles from the combus-
tion of woody biomass consist mainly of compounds,
which have low volatility under the given conditions
such as CaO or SiO2 and of not released amounts of
volatile compounds such as compounds of potassium and
sulfur. Regarding the aerosols, the amount of primary
particles may vary greatly depending on the kind of
biomass fuel used.

In addition to the initial conditions, boundary condi-
tions are required, which are flue gas and wall temper-
ature, pressure, gas velocity, and the residence time in
the calculation volume. Flue gas temperature and
pressure along the gas stream were interpolated from
single measurement values, and concerning the wall
temperatures the assumption was made that the tem-
perature is about 100 °C in the boiler regions (boiler
and fire tube) and about 50-100 °C below the average
flue gas temperature in the furnace. Gas velocity and
residence time were calculated from the volume flow at
the respective temperature, pressure, and geometric
data of the combustion plant.

The required data for initial and boundary conditions
as well as data for the comparison of measured and
calculated aerosol properties were gained from test runs
performed with selected biomass fuels and from element
mass balances based on these tests. The mass balances
provided the amount of matter released from the fuel
bed, and subsequent thermodynamic equilibrium cal-
culations allowed estimating the mass of ash forming
matter in the gas phase and in primary particles.

The calculation results are the total mass of aerosol
particles, the aerosol PSD, the chemical composition of
aerosol particles, and the flue gas composition at the
boiler outlet.

Chemical Composition of Gas Phase and Par-
ticles. Detailed knowledge about the gas phase com-

position is essential for the simulation of the aerosol
formation process because the amount of the relevant
gas phase compounds greatly affects mass, chemical
composition, and size distribution of the particles formed.
The actual composition of the gas phase is therefore
determined at the beginning of each calculation step by
performing a thermodynamic equilibrium calculation.
Solid and liquid phases are excluded from the calcula-
tion of the condensable compounds in order to achieve
possible supersaturations, which are needed to calculate
gas to particle conversion processes. For integrating the
equilibrium calculations into the calculation procedure,
the commercial package Chemsheet was used. The
compilation of the relevant thermodynamic data was
performed with FactSage.

Regarding the particle composition, chlorides and
sulfates of alkali and earth alkaline metals are expected
to be dominant. Additionally, for chemically untreated
woody biomass fuels, the amounts of alkali metals,
especially potassium, exceed the sum of chlorine and
sulfur to such an extent that the formation of alkali
carbonates is highly probable.22 Therefore, in the present
approach thermodynamic data of gaseous potassium
carbonate (K2CO3) were also used, although also a
heterogeneous formation of K2CO3 is supposed to oc-
cur.25

Furthermore, the formation of gaseous sulfur com-
pounds is known to be kinetically limited at flue gas
temperatures below approximately 820 °C.26 To imple-
ment the kinetic limitation in the current approach by
an Arrhenius equation as done by Christensen et al.,27

the oxidation reaction of SO2 to SO3 was set as the
limiting step assuming that for the formation of gaseous
sulfates the presence of SO3 is required. The SO3 formed
was taken as sulfur input for a second thermodynamic
equilibrium calculation in each control volume, which
was used to determine the amounts of alkali sulfates
in the gas phase. To fit the modeling results of SO2/
SO3 in the gas phase to measured values, the param-
eters of the Arrhenius equation were adapted for each
modeling case.

Heterogeneous reactions between gas and particles,
especially sulfation reactions, may have a further
impact on the gas-phase and particle compositions. In
the step-by-step calculations these reactions are not
considered, but the possible effect on particle and gas
composition is considered while estimating the amounts
of primary particles.

To guarantee the applicability of the thermodynamic
gas-phase calculation model, the most stable compounds
of the following elements from woody biomass fuels were
evaluated by test calculations: H, C, N, O, S, Cl, F, P,
Si, Na, Mg, K, Ca, Al, Fe, Cu, Zn, Pb, Cd, and Hg.

Gas to Particle Conversion Processes. Gas to
particle conversion occurs when compounds in the flue
gas become supersaturated due to cooling or expansion
of the gas or as a result of chemical reactions. This
change of state of aggregation can either occur by
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heterogeneous condensation and nucleation of vapors
on existing surfaces or by homogeneous nucleation.

For the latter process, homogeneous nucleation, Beck-
er and Döring28 derived the classical model of nucle-
ation, which was later extended by several authors.29-32

The modeling approach developed by Ford et al.31 was
used for the calculation of the nucleation rate in this
aerosol formation model. Nucleation starts with the
random formation of small molecule clusters, which can
either grow or evaporate until they have reached a
critical radius (r*). Then they become stable and will
only grow further. At the critical cluster radius the
partial pressure (pi) of the vapor equals the saturation
vapor pressure (pi,S) at the surface of the clusters. This
point is strongly affected by the surface tension of the
nucleating species, which itself is again affected by the
particle size. This effect is expressed by the so-called
Tolman relation (including Tolman length, τ). According
to this relation, the surface tension of a KCl particle
with a diameter of 0.01 µm is expected to be about 5%
smaller than without considering this effect (data taken
from Christensen22). But because of a serious lack of
Tolman length data for most of the condensable species
and possible validity limitations of the Tolman rela-
tion,33 this effect was not considered in the simulations.

The other way vapors can transform into a liquid or
solid phase is condensation/nucleation on existing sur-
faces, which is on particles in the flue gas, respectively.
In this modeling approach heterogeneous condensation
only was used. An equation expressing the molecular
rate of condensation Fi,j of species i on Nj particles of
size dp,j in the control volume for the entire range of
the particle size was derived by Fuchs and Sutugin34

(eq 1):

Di and CFS in eq 1 are the diffusion coefficient and the
Fuchs-Sutugin correction factor, respectively. In the
aerosol formation model, eq 1 was used for the calcula-
tion of the rates of condensation of different condensable
compounds on the different particle classes. The con-
densable species considered in the calculations per-
formed were K2SO4, KCl, K2CO3, Na2SO4, NaCl, ZnCl2,
PbO, and PbCl2 and the dimers (KCl)2 and (NaCl)2.

Coagulation of Particles. While gas to particle
conversion processes change the total amount of solid
and liquid phases, this mass remains constant during
the process of coagulation, which effects only the PSD.
Collisions between the particles occur due to the differ-
ent motions of the aerosol particles relative to each
other. Subsequently these particles then may adhere to

each other or coalesce. In this model coagulation is
treated as coalescence, and the particles are always
treated as absolute spheres.

Causes for the relative motion of the particles can
either be Brownian motion (thermal coagulation) or
external forces (kinematic coagulation).35 The change
in the particle size distribution caused by coagulation
mechanisms is determined with collision frequency
functions, which represent coagulation probabilities and
are calculated separately for each mechanism.

For the mechanism of Brownian motion a formula for
the collision frequency derived by Fuchs36 was used.
Important coagulation mechanisms caused by external
forces considered in the aerosol modeling code are
gravitational settling and turbulent shear. The collision
frequency function of gravitational settling is calculated
according to Hinds.35 Turbulent eddies also cause rela-
tive motion of particles and subsequent coagulation. The
expression used for the calculation of the collision
frequency function caused by turbulent eddies is given
by Saffman and Turner.37

Furthermore, the single coagulation frequency func-
tions are summed up and multiplied with the actual size
class particle numbers (Ni, Nj) to obtain the effective
number of collisions of two particle classes i and j per
unit time and volume.

Particle and Vapor Deposition. A part of the
entrained and the newly formed particles in the flue gas
deposits on furnace and boiler walls together with vapor
condensation of aerosol forming compounds. These
processes may cause slag formation in furnace regions
and a reduction of the heat transfer as well as corrosion
in the boiler section.

The main mechanisms in combustion devices that
lead to particle deposition are gravitational settling,
inertial impaction, particle diffusion, and thermophore-
sis. Since the model is a one-dimensional plug flow
reactor model and no impaction of large particles on
tube banks had to be considered, the effect of inertial
impaction was skipped. This is in fact of minor relevance
for aerosol particles but has an influence on the deposi-
tion modeling for coarse fly ash particles.

Particle and vapor deposition processes always occur
together with erosion, shedding, and re-entrainment of
particles, which play an important role for the build-
up of deposits. In the plug flow model these deposit
build-up processes must be considered by a general re-
entrainment factor for each particle size and location
in the plant.

Gravitational Settling. Gravity is one of the external
forces causing particle movement and subsequent depo-
sition, but for turbulent tube flow it is only relevant for
coarse particles. To calculate the amount of settled
particles the so-called terminal settling velocity is
determined with the particle Reynolds number (Rep),
which expresses the relation of viscous effects and
inertial effects during particle motion. Relations for the
determination of the settling velocity (vdep,sett) at differ-
ent Reynolds numbers are reported by Hinds.35 For the
determination of the amount of settled particles in
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combustion applications, the approach of stirred settling
was used.38

Deposition by Thermophoresis. Particles exposed to a
temperature gradient in the surrounding gas will be
drawn into the direction of decreasing temperature,
which is called thermophoresis.

In this modeling approach, the following relation (eq
2) for the thermophoretic velocity (vdep,th) was used. The
factor Kth is the thermophoretic coefficient by Talbot et
al.,39 which is valid for the whole particle size range.
The validity range of the equation was the reason for
preferring it to other relations:

Deposition by Particle Diffusion and Turbulent Ed-
dies. In a particle-laden gas stream, a gradient of the
particle concentration will always be established at
boundary walls because unlike gas molecules the par-
ticles do not rebound from the walls.35 For the deter-
mination of the amount of particles deposited by diffu-
sion from turbulent flow with a plug flow approach, it
is commonly assumed that in the turbulent bulk stream
the concentration of particles is uniform and in the
boundary layer the concentration decreases linearly to
zero at the wall. Turbulent eddies of the gas stream
additionally contribute to particle deposition by throw-
ing particles toward the wall, which was mainly rel-
evant for coarse particles under the given conditions in
the boiler (Re < 30000, vgas < 25m/s).

In this model, the special case of deposition during
tube flow is taken as an approach for particle removal
by diffusion and turbulent eddies. The particle number
decrease during the flow through a tube of length l and
diameter dt was calculated with the following expression
(eq 3)35 using a deposition velocity (vdep), which con-
siders both mechanisms, diffusion, and turbulent im-
paction:40

Vapor Condensation at Boundary Walls. In addition
to particle formation and deposition processes, direct
condensation of aerosol-forming species on furnace and
boiler walls also occurs. This mechanism is considered
with the approach for condensation of vapor mixtures
in the presence of inert gases according to VDI.41

Determination of the Primary Particle Compo-
sition. Taking into account the influence of primary
particles on aerosol formation, coarse primary particles
and primary aerosols must be considered separately.
Especially primary aerosols will act as seed particles
for precipitation of condensable matter. Furthermore,
during particle formation the coarse particles will
remain virtually unchanged while the chemical compo-
sition as well as the PSD of the aerosols will change
significantly.

With respect to aerosol formation from woody biom-
ass, the main elements in fly ash particles forming low
volatility compounds are, according to their thermody-
namic data, Ca, Mg, Si, and Zn.10 In woody biomass
(e.g., spruce), calcium is present mainly as oxalate and
in water-soluble form.42 Under furnace conditions,
calcium oxalate decomposes first to calcium carbonate
(CaCO3) and later on to calcium oxide (CaO). To check
the occurrence of Ca in the fuel during combustion of
woody biomass, investigations on charcoal particles
were performed by means of scanning electron micros-
copy (SEM)/energy-dispersive X-ray spectrometry (EDX)
analyses (Figure 1).

The investigations confirmed previous results,9,10

which showed coarse particles containing most of the
Ca in supermicron crystals and chain agglomerates as
well as in aerosol particles formed with Ca seeds.

In the presence of SO2, CaO reacts to CaSO4 and
CaSO3.43 A simulation of the reaction process requires

(38) Davies, C. N. In Aerosol Science; Davies, C. N., Ed.; Academic
Press: London, 1966; pp 393-446.

(39) Talbot, L.; Cheng, R. K.; Schefer, R. W.; Willis, D. R. J. Fluid
Mech. 1980, 101, 737-785.

(40) Lee, K. W.; Gieseke, J. A. J. Aerosol Sci. 1994, 25, 699-709.
(41) VDI. Wärmeatlas, 8th ed.; Springer: Berlin, 1997.

(42) Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.;
Academic Press: San Diego, 1995.

vdep,th )
-ηgasKth∆T

FgasT
(2)

N ) N0 exp(- 4vdepl
dtvgas

) (3)

Figure 1. SEM images of charcoal particles from biomass
combustion; samples taken from partly unburned fuel particles
from the grate of a biomass combustion unit firing bark; first:
Ca-containing crystals formerly consisting of calcium oxalate
are set free by combustion, second: Ca-containing particles
(also submicron) are driven out of the charcoal; analyses
performed at the Institute of Electron Microscopy, Graz
University of Technology.
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data about the CaO structure. Specific surface and pore
size distributions are properties that may differ consid-
erably and have a considerable influence on the reaction
progress, since after pore plugging has occurred, the
reaction is limited by product layer diffusion. Literature
data about the structure of CaO from calcium oxalate
formed by combustion of biomass could not be discovered
by the authors. Therefore, and because of the short
residence time of aerosol particles in the calculation
compared to experiments, the possible amount of CaO
conversion was determined with the CaO conversion
values of Adánez et al.,44 which do not exceed ap-
proximately 15% for a residence time of 2 s.

Mg compounds are expected to behave in a manner
similar to Ca compounds, but the concentration of Mg
is much lower than that of Ca; therefore, the possible
effects on the flue gas and gas composition were
neglected.

In waste wood also Si is present in greater amounts9

mainly because of cullet, but with only a few exceptions
Si is assumed to be present mainly in coarse fly ash
particles. Furthermore, Si is not expected to undergo
rapid reactions with considerable quantities of aerosol-
forming species. No reactions of Si were thus considered
in the model.

The fate of Zn in combustion systems has already
been explained in the Introduction. It mainly forms
ZnO, which subsequently nucleates to aerosol particles.
ZnO particles are therefore not primary particles en-
trained from the fuel bed, but they are assumed to be
present when further condensable compounds become
supersaturated and convert to particles.

Mathematical Description and Numerical Solu-
tion. A general mathematical description of aerosol
formation and transport processes of particles of differ-
ent size classes in a control volume has been given by
the General Dynamic Equation (GDE):45

In this equation the change of the number of particles
in size class j with time in a control volume is deter-
mined by the source and sink terms for particle coagu-
lation, particle growth, homogeneous nucleation, vapor
condensation, particle diffusion into and out of the
control volume, particle motion due to the gas velocity
(vgas), and due to the relative velocity vp of the particles.
vp is caused by external forces such as gravity and
thermophoresis and, together with particle diffusion,
may lead to particle deposition.

Furthermore, in this modeling approach the particle
size distribution is represented by the so-called “nodal
point method”.20 With this method, the particle size
distribution (PSD) is treated as a discrete size distribu-
tion, whereas the sections are reduced to their mean
diameters. New particles with a diameter between two

sectional mean diameters, resulting particle formation
processes, are allocated to the two already existing
classes. This kind of representation of the PSD con-
serves the mass and number of particles in the gas. The
number of size classes must be adapted to the modeling
problem in order to achieve results of sufficient ac-
curacy. In this study the number of size classes was set
to 100 with diameters equally logarithmically distrib-
uted between 10-3 and 500 µm.

Additionally, beside the aerosol population balance,
a balance of the gas-phase components was imple-
mented. The set of equations to be solved covers
therefore balancing equations for j particle classes and
for i and k condensable and noncondensable compounds,
respectively. The system was solved by spatial discre-
tisation into the flow direction, whereas during one
calculation step the operation conditions were assumed
to be quasi-stationary. Then, in each modeled control
volume, first the gas composition was determined. The
particle formation and deposition processes were not
calculated in the following as a set of equations but in
random sequence and finally, at the end of each calcula-
tion step the balances were updated. The whole model
was developed as VBA-Code using MS Excel for data
input and output.

Experimental Section

To check the applicability of the aerosol formation model,
calculations were performed, and the results were compared
with measured particle size distributions obtained from test
runs with woody biomass fuels at a fixed-bed combustion plant.
Within these test runs, each of which lasted 48 h, fuel as well
as ash and gas samples (bottom ash, boiler fly ash fractions,
total suspended particles, SOx/HCl samples) were taken
regularly in order to perform chemical analyses and to
determine the mass flows of fuel and ashes. Operating data
were recorded during the test run period and evaluated. This
information provided the basis for balances of the relevant
elements over the combustion plant. Furthermore, the initial
and boundary conditions chosen in these test calculations were
gained from these analyses.

Description of the Biomass Combustion Plant. The
plant consists of a furnace with a horizontally moving grate,
staged primary air inlet, a secondary combustion zone, and a
flame tube boiler consisting of a fire tube and two ducts of
flame tubes. Combustion temperatures can be controlled by
flue gas recirculation below and above the grate. The nominal
boiler capacity amounts to 440 kWth. A scheme of the combus-
tion unit is given in Figure 2.

Measurement Techniques. The PSD measurements at
the boiler outlet were performed with a nine-stage Berner-
type low-pressure impactor (BLPI) and an upstream nozzle
for isokinetic sampling. The BLPI was heated before and
during the sampling period in order to avoid condensation of
water on the sample foils.

Measurements of the total amount of suspended particles
in the flue gas at the boiler outlet were performed according
to VDI-2066. The sampling of HCl and SOx from the flue gas
was performed by sucking a defined, dust-free flue gas stream
through a set of bottles filled with H2O/ H2O2. Furthermore,
the total amounts of ashes were sampled for balancing and
samples for wet chemical analyses were taken at periodic
intervals. To obtain information about the chemical composi-
tion of aerosols sampled on the impactor stages, wet chemical
analyses regarding the elements Ca, Si, Mg, Na, K, S, Cl, Zn,
and Pb were performed.

(43) Marsh, D. W.; Ulrichson, D. L. Chem. Eng. Sci. 1985, 40, 423-
433.

(44) Adánez, J.; Garcı́a-Labiano; F., Fierro, V. Chem. Eng. Sci. 2000,
55, 3665-3683.

(45) Friedlander, S. K. Smoke Dust and Haze; John Wiley & Sons:
New York, 1977.
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Results from Test Runs and Model Input

Fuel Composition. Chemically untreated wood chips
and waste wood were chosen as fuels for this study. As
can be seen from the wet chemical analysis results in
Table 1, the concentrations of aerosol-forming species
in waste wood are clearly higher than in chemically
untreated wood chips except for K. Also, the ratios of S
and Cl content to the alkali content of the fuels differ,
which should be relevant for the aerosol composition.

Mass Concentration and PSD of Aerosol Par-
ticles. The BLPI measurements performed during the
test runs yielded the following averaged results, which
were taken as a reference for comparison with aerosol
formation calculations.

Several impactor measurements were performed dur-
ing the combustion of beech and waste wood. Plant
operation data such as temperatures, flue gas volume
stream, energy output, and oxygen content in moist and
dry flue gas were recorded simultaneously. The evalu-
ation of the data showed that the average emissions of
submicron particles at the boiler outlet were 46.6 and
68.5 mg/Nm3 (related to 13 vol % O2 in dry flue gas) for
beech and waste wood, respectively. The mean particle
size distributions of combustion aerosols from beech and
waste wood are shown in Figure 3. It can clearly be seen
that the peak of the PSD from beech combustion is
situated on the 3rd stage (cut diameter: 0.125 µm)
whereas for aerosols from waste wood combustion the
peak is partly on the 3rd and the 4th stage (cut
diameter: 0.25 µm). During the combustion of waste
wood under the same conditions of residence time and
temperature and in the same time, a higher mass of

aerosol-forming matter is distributed in the flue gas
(Table 2). Compared to aerosols from beech combustion
this produces bigger particles, which form mainly
because of stronger coagulation.45

Chemical Composition of Aerosol Particles. Re-
sults of the analyses of BLPI samples taken during
beech combustion are shown in Figure 4.

It can clearly be seen that K and S are enriched in
the finer particles, which are mainly formed by gas to
particle conversion. On the other hand, the amount of
Ca and Mg increases with the particle diameter. Cl, Na,
and Zn concentrations follow no clear trend, which can
be related to the low concentration of these elements.
Furthermore, as can be seen in Figure 3, the impactor
stages with a cut diameter above 1 µm show very low
sampled mass as compared to the smaller stages. This
implies higher uncertainties of the results obtained for
these stages.

Results of wet chemical analyses of aerosol particles
from waste wood combustion are plotted in Figure 5.
The concentrations of the elements K, Cl, Na, and Pb
show a tendency to decrease with increasing particle
diameter, whereas the amount of Ca increases with
increasing particle diameter. S shows a weak tendency
to be enriched in the bigger particles and the Zn
concentration follows the particle size distribution (i.e.,
the Zn concentration is highest for size fractions with
the highest mass).

Input Data for Particle Formation Modeling.
The evaluation of the test run operating data of the
combustion unit, which included temperatures, ther-
mal output of the plant, gas composition, and flue
gas velocity at the boiler outlet, allowed the compila-
tion of plant profiles for temperature, pressure, flue

Figure 2. Scheme of the biomass combustion plant used for
ash sampling and for particle size distribution measurements
of aerosols; BLPI, Berner low-pressure impactor.

Table 1. Composition of the Biomass Fuels Investigated
in Regard to Aerosol-Forming Elements

fuel [mg/kg d.b.]a fuel [mg/kg d.b.]a

element beech
waste
wood element beech

waste
wood

S 134 621 Ca 2236 5008
Cl 40.0 585 Fe 95.5 1305
Si <400 2811 Cu 1.6 14.7
Na 12.0 466 Zn 7.4 238
Mg 328 761 Pb 0.63 83.6
K 1209 919 Cd 0.05 0.61
a d.b., dry basis.

Figure 3. Mean particle size distributions measured at the
boiler outlet; measurements performed with a 9-stage Berner-
type low-pressure impactor (BLPI); values in mg/Nm3 13 vol
% O2 dry gas; ae.d., aerodynamic diameter; the first stage
represents the final particle filter.

Table 2. Amounts of Elements Considered for Aerosol
Formation Simulation at the Calculation Starting Point

in the Flue Gas

fuel [mol/mol] fuel [mol/mol]

element beech
waste
wood element beech

waste
wood

H 1.04E-01 1.04E-01 Mg 4.28E-06 2.74E-06
C 3.97E-02 3.97E-02 K 1.10E-05 7.31E-06
N 6.39E-01 6.38E-01 Ca 8.93E-06 1.79E-05
O 2.18E-01 2.17E-01 Fe 1.56E-05 1.79E-04
S 4.06E-06 7.24E-06 Cu 1.28E-08 1.07E-07
Cl 1.16E-06 1.32E-05 Zn 8.21E-08 8.18E-06
Si 1.66E-06 1.20E-05 Pb 2.00E-09 4.83E-07
Na 9.79E-07 5.83E-06 Cd 5.07E-10 4.08E-09

Aerosol Formation during Biomass Combustion Energy & Fuels, Vol. 19, No. 1, 2005 317



gas velocities, and residence times (Figure 6) as de-
scribed in the General Modeling Approach and Model
Setup.

Gas temperature, pressure, and geometric data of the
plant at the calculation starting point served as initial
conditions. Further initial conditions for the simulation

calculations were particle and gas properties in the hot
furnace. In Table 2, the amounts of elements leaving
the fuel bed are listed for chemically untreated wood
and waste wood.

From these data, the amounts of nonvolatile com-
pounds were estimated by means of chemical equilib-
rium calculations at the local gas temperatures (be-
tween 900 and 1200 °C) as described in chapter the
General Modeling Approach and Model Setup. These
calculations indicated the following stable compounds:
CaSO4, CaO, MgO, SiO2, K2SO4, ZnO, Na2CO3, and K2-
CO3. CaSO4, CaO, MgO, and SiO2 were supposed to be
released as solids and therefore considered totally as
primary particles. The possible amount of CaSO4 formed
was determined as explained in Determination of the
Primary Particle Composition. Furthermore, the other
compounds obtained were assumed to be partially solid
and partially gaseous.

Figure 4. Concentrations of aerosol forming compounds in particles sampled on impactor plates during beech combustion; ae.d.,
aerodynamic diameter; elements considered exceed 1 wt % at any stage; results normalized to 100%.

Figure 5. Concentrations of aerosol forming compounds in particles sampled on impactor plates during waste wood combustion;
ae.d., aerodynamic diameter, elements considered exceed 1 wt % at any stage; results normalized to 100%.

Figure 6. Characteristic plant data vs the distance in the
plant; T, temperature; p, pressure; v, gas velocity; t_cum,
residence time cumulated from the secondary air inlet to the
relative distance; 0 m, secondary air inlet.

Figure 7. Simulated and measured particle size distributions
of aerosols from beech combustion at the boiler outlet; calcu-
lated, calculated particle size distribution; transformed, par-
ticle size distribution transformed to virtually measured PSD;
measured, averaged measured PSD.
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The PSD of coarse particles was modeled with mea-
sured fly ash size distributions at the boiler outlet from
the test runs performed. For the submicron particles a
suitable particle mode had to be found by the test
calculations.

Results from Modeling Calculations

Adaptations Required for the Comparison of
Calculated and Measured PSDs. To be able to
compare calculated and measured PSDs, the calculated

Figure 8. Calculated gas-phase concentrations of species relevant for aerosol formation during beech combustion; initial element
concentrations are given in Table 2.

Figure 9. Comparison of simulated and measured concentrations of aerosol forming compounds sampled on impactor plates at
the boiler outlet during beech combustion; ae.d., aerodynamic diameter.
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PSD has to be transformed by determining the mass
of particles precipitated on the impactor stages. This
is done for each calculated particle size class by use
of a precipitation efficiency function (ηpr) in terms
of the impactor stage cut diameter d50 and the particle
diameter dp

46 (eq 5):

The procedure is applied to all impactor stages begin-
ning at the one with the largest cut diameter, and it
gives both the particle size distribution and the average
chemical composition of the calculated impactor stages.

Results from Simulating Aerosol Formation
from Beech Combustion. Figure 7 shows the mass
size distributions of the aerosol fraction for the mea-
sured, the calculated, and the transformed case. The
calculated PSD consists of two peaks located at about
0.02 and 0.15 µm.

The transformation of the calculated PSD into a value
as obtained from a nine-stage BLPI resulted in a PSD
with the main peak on the 3rd stage at a cut diameter
of 0.125 µm. The second, smaller peak was in the range
of the final filter of the BLPI. This result was obtained
when the size of the primary aerosols used in the
calculations was set around 0.02 µm. Smaller primary
aerosols (∼0.01 µm) resulted in a shift of the main peak
to the 2nd impactor stage and larger primary aerosols
(∼0.05 µm) caused a larger mean diameter. These
distributions show good agreement with the measured
PSD, whereas the main peak is a little smaller. A
possible reason for this effect is that particle deposition
may be overpredicted in the calculations.

The calculated total mass of particles with an aero-
dynamic diameter smaller than 1 µm was about 42 mg/
Nm3 (related to 13 vol % O2 and dry gas). The average
mass of aerosols measured was 46.6 mg/Nm3 (related
to 13 vol % O2 and dry gas). One main reason for the
difference is probably the simplification of the calcula-
tion model to a plug flow model, which cannot consider
changing temperature and concentration gradients
perpendicular to the gas flow. Moreover, the fact that
the deposition calculations are performed for clean tubes
and boiler walls in contrast with the measurements,

where fouling has occurred, may also influence the
results.

In Figure 8, the calculated concentrations of relevant
aerosol-forming compounds from beech combustion in
each control volume are plotted versus the flue gas
temperature. During the calculations the first condens-
able K compound, which became stable as a condensed
phase, was K2SO4 followed by KCl. When the concen-
trations of S and Cl compounds in the flue gas had
decreased and hydroxides were stable in appropriate
amounts, KCl precipitation was followed by formation
of considerable amounts of K2CO3 particles. K2CO3
formed a second peak of particles with a mean diameter
smaller than 0.1 µm under the given time-temperature
profile (see Figure 7). NaCl was the first condensable
Na compound to become stable followed by Na2SO4. Zn,
and Pb compounds played no major role for aerosol
formation from the combustion of beech.

The point of beginning kinetic limitation of SO2
oxidation had to be adapted to the modeling problem
in the way that the Arrhenius parameters had to be set
in the way that the final SO2 concentration reached
values comparable to the measured values, which were
about 2 mg/Nm3 related to 13 vol % O2 and dry gas. A
variation of this kinetic limitation may have a powerful
affect on the concentration of sulfates in the aerosols
formed. In contrast to SO2 the concentration of HCl, of
which the formation is not supposed to be kinetically
limited, decreases continuously to values below 10-10

mol/mol. The measured values for HCl emissions during
beech combustion were about 0.5 mg/Nm3 (related to
13 vol % O2 and dry gas) (about 5 ‚ 10-7 mol/mol), which
indicates a possible limitation of HCl reactions in the
gas phase.

Figure 9 shows calculated and measured concentra-
tions of the major aerosol forming elements in fraction-
ated aerosol particles from beech combustion (K, Na,
Ca, Mg, S, and Cl). Generally, for the aerosol particles
the calculation results show the same tendencies as the
measurement results. The concentrations of K and S
decrease with increasing particle diameter while the
concentrations of Ca increase with increasing particle
diameter. The varying concentration trends of Na and
Cl were reproduced especially for the smallest particles.
The composition of particles with a diameter >1 µm is
on one hand greatly affected by the predefined, averaged
chemical composition of the primary particles. On the
other hand, the surface of a real coarse particle may be
much larger than that of the simulated sphere. There-
fore in this size range condensation and coagulation are
probably underpredicted, and simulated composition
values differ from measured ones.

Results from Simulating Aerosol Formation
during Waste Wood Combustion. Measured and
calculated mass size distribution results of aerosols from
waste wood combustion are shown in Figure 10. The
calculated PSD forms one peak with a mean particle
size between 0.4 and 0.5 µm.

The transformed calculated and measured PSDs have
their peak on the 3rd and 4th stage of a nine-stage BLPI
at cut diameters 0.125 and 0.25 µm, respectively.
Furthermore, the peaks show good compliance regard-
ing total amount and shape. As in the calculation for
beech combustion, the primary particles had to be

(46) Kröpfl, P.; Berner, A.; Reischl, G. P. J. Aerosol Sci. 2003, Suppl.
2, 1239-1240.

Figure 10. Simulated and measured particle size distribu-
tions of aerosols from waste wood combustion at the boiler
outlet; calculated, calculated particle size distribution; trans-
formed, particle size distribution transformed to virtually
measured PSD; measured, averaged measured PSD.

ηpr ) eApr‚ln(dp/d50)

1 + eApr‚ln(dp/d50)
(5)

320 Energy & Fuels, Vol. 19, No. 1, 2005 Jöller et al.



introduced at a certain size relative to their amount,
which in this case was around 0.08 µm. A slight
difference between the calculated and measured PSDs
was determined, which can be explained by the lower
mass of aerosols obtained from the calculations (see next
paragraph). In contrast to the results for beech combus-
tion, no second peak formed, probably because enough
surface for condensation of aerosol forming species was
provided.

The mass of aerosol particles obtained from the
calculations was 62.7 mg/Nm3, which is lower than the
average measured concentration of 68.5 mg/Nm3 (both
related to 13 vol % O2 and dry gas). As in the calculation
with beech as fuel, the simplified model and the as-
sumption of clean boiler tubes are assumed to be
responsible for the differences.

In Figure 11 the calculated amounts of gaseous
species relevant for aerosol formation during waste
wood combustion are shown. The first compound un-
dergoing gas to particle conversion was Na2SO4 followed
by K2SO4, KCl, NaCl, PbO, PbCl2, and finally ZnCl2.
This order is confirmed by the thermodynamic proper-
ties of the substances, which indicate that, in the
concentration ranges considered, condensed alkali sul-
fates are already stable at higher temperatures than
alkali chlorides, which are again stable at higher
temperatures than heavy metal compounds. Enough S
and Cl were provided to form K2SO4 and KCl but not
K2CO3, which is not stable in this case according to
thermodynamic data. Furthermore, the oxide was the
most stable product of Pb at temperatures above 600
°C, while below that temperature PbCl2 predominated.
Finally, ZnCl2, the only condensable compound of Zn
considered, became condensed below 300 °C.

As for the beech combustion, the temperature of the
beginning kinetic limitation of SO2 oxidation was adapted
to the modeling problem. By this means an SOx con-
centration of about 20 mg/Nm3 related to 13 vol % O2
and dry gas was reached, which is in the range of the
averaged measured value (22 mg/Nm3 related to 13 vol
% O2 and dry gas). The final concentration of HCl in

the flue gas was too low compared with the measured
values (approximately 0.8 mg/Nm3 related to 13 vol %
O2 and dry gas), as it has been the case for beech
combustion.

Comparisons of calculated and measured element
concentrations of aerosol fractions are plotted in Figure
12. Generally the trends were reproduced: K, Na, Cl,
and Pb show decreasing concentration with increasing
particle diameter, while S and Ca show increasing
concentrations with increasing particle diameter. The
Zn concentration is highest in the aerosol fraction with
the highest mass loading. The total concentrations,
however, could not be reproduced in all cases. They
differ especially for coarse particles, where the small
mass loadings of the analyzed samples lead to uncertain
concentration values and the simulation of condensation
and coagulation may be underpredicted. In the aerosol
range for Zn the sharp peak observable in the measure-
ments did not form in the calculations. The reasons are
probably a fluctuation of element release compared to
the averaged values from the element balances and
missing data concerning PSD and composition of pri-
mary particles.

Conclusions

A plug flow model was developed in order to simulate
aerosol formation during the combustion of different
woody biomass fuels including waste wood. The model
includes the determination of the gas phase composition
by means of thermodynamic equilibrium calculations
and kinetically limited sulfation reactions. For this
purpose, calculations of the rate of SO2 to SO3 conver-
sion as the limiting step were implemented by an
Arrhenius expression. The particle formation mecha-
nisms included are homogeneous nucleation, heteroge-
neous condensation, and coagulation. Furthermore,
thermophoresis, diffusion from turbulent duct flow,
gravitational settling, and wall condensation of vapors
were considered in order to determine the amount of
deposited aerosol particles and condensable matter at
furnace and boiler walls.

Figure 11. Calculated gas-phase concentrations of species relevant for aerosol formation during waste wood combustion; initial
element concentrations are given in Table 2.
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Test runs at a 440 kWth pilot plant were performed
for the calibration and testing of the model. The operat-
ing data of these test runs and fuel and ash analyses
provided the basis for mass balances for the relevant
aerosol-forming species in order to obtain all elemental
concentrations of particles and flue gas leaving the fuel
bed. Furthermore, BLPI measurements were performed
and the particles subsequently analyzed in order to
determine the mean aerosol particle size distributions
and compositions of aerosols at the boiler outlet. The
operating data and element release data were then used
to simulate the formation of aerosol particles from the
combustion of the two investigated fuels.

Good agreement between the calculated and the
measured particle size distributions was observed. The
main peak was located on the same impactor stages for
calculated and measured PSDs. Furthermore, the total
mass of aerosols was in the same order of magnitude

but a little lower for the calculated PSDs. This slight
underprediction of the aerosol mass concentration at the
boiler outlet might be due to the simplification of the
plug flow model and the missing implementation of a
particle-deposit erosion approach.

The amount and size of primary particles were
predefined from the released ash forming matter. The
location of the peak of submicron primary particles,
which was found to be best situated around 0.02 and
0.08 µm for beech and waste wood, respectively, had a
considerable influence on the resulting PSD; the com-
position of the primary particles was determined by
thermodynamic equilibrium calculations, which showed
CaO, MgO, SiO2, ZnO, and partially CaSO4, K2SO4, and
Na2SO4 to be stable at temperatures between 900 and
1200 °C. In regard to the gas composition, SOx emissions
were well-predicted by adapting the kinetic limitation
of SO2 oxidation to the Arrhenius expression as de-

Figure 12. Comparison of simulated and measured concentrations of aerosol forming compounds sampled on impactor plates at
the boiler outlet during waste wood combustion; ae.d., aerodynamic diameter.
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scribed above, but HCl emissions, which were not
considered as kinetically limited, were too low.

The composition of the aerosol fractions was repro-
ducible especially for major aerosol-forming elements
in the aerosol fractions. The prediction of concentrations
of the coarse particle composition was strongly depend-
ent on the predefined primary particles and showed poor
compliance, probably due to averaged composition as-
sumptions and the treatment of the coarse particles as
spheres. Additionally, possible fluctuations of the flue
gas composition and subsequent impacts on the mea-
sured aerosol composition as well as the small amount
of mass sampled from coarse particles on impactor
stages may cause divergences.

In conclusion, it can be stated that the model is
applicable for a simplified simulation of aerosol forma-
tion during biomass combustion. Aerosol mass and
composition can be predicted well, and the influences
of combustion unit and fuel composition can be consid-
ered in detail. The model is a good basis for further
work, which should include the determination of size
and composition of primary particles and the develop-
ment of an improved deposit formation model.
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Nomenclature

Apr [-] ) coefficient for calculation of precipitation efficiency
CFS [-] ) Fuchs-Sutugin correction factor

d50 [m] ) cut diameter of an impactor stage
dp, dp,j [m] ) particle diameter (of size class j)
dt [m] ) tube diameter
Di [m2/s] ) diffusion coefficient of gas component i
Dp,j [m2/s] ) particle diffusion coefficient of size class j
Fi,j [mol/m3] ) rate of condensation on particle surfaces
I [m-3s-1] ) nucleation rate
Kth [-] ) thermophoretic factor
l [m] ) tube length
N, N0 [m-3] ) number concentration, initial number concen-
tration
Nj [m-3] ) number of particles of size class j
pi [Pa] ) vapor pressure of component i
pi,S [Pa] ) saturation vapor pressure of component i
r* [m] ) critical droplet radius
Rgas [J/(mol K)] ) universal gas constant
Re, Rep [-] ) Reynolds number of gas stream and particle
t [s] ) time
T [K] ) temperature
vp, vdep [m/s] ) particle velocity, particle deposition velocity
vgas [m/s] ) gas velocity

Greek Letters

ηgas [kg/(ms)] ) dynamic viscosity of the flue gas
ηpr [-] ) precipitation efficiency
Fgas [kg/m3] ) gas density
τ [m] ) Tolman length
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