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The formation of soot, organic, and inorganic aerosols has a profound effect on the environmental and
technological feasibility of biomass combustion. In this work, the soot and aerosol processes are examined
for a modern pulverized wood-burning 100 MWy, district heating plant. Experimental data was collected
from two locations inside the furnace (30% and 100% thermal loads), including measurements for fine
particle (PM;) number size distribution, number concentration, and chemical composition. The experi-
ments were complemented with Computational Fluid Dynamics (CFD) simulations and Plug-Flow Reactor
(PFR) modeling. The measurements and modeling are combined in a comprehensive analysis, providing
fundamental understanding on the aerosol processes inside the furnace. The wood-powder combustion
is efficient under both thermal loads, indicated by the low unburned carbon content in fly-ash, and the
low CO, NO and soot emissions (<0.3 mg/Nm?3). The fine particles consist mainly of K504, and of lesser
amounts of alkali salts (NaCl, KCI), and Ca and Mg compounds (oxides or sulfates). A large concentration
of KOH/K,CO3 vapor may exist in the flue gas and play a significant role in the heat exchanger fouling.
The applied modeling tools are shown to provide accurate estimations for the composition and formation

regions of fine particles inside the industrial biomass furnaces.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Biomass and waste are important energy sources, accounting
for 10% of the world’s final energy consumption [1]. Biomass is
used extensively in the heat and power generation, and has an
important role in the climate change mitigation scenarios [2].
Biomass can replace coal in the existing power plants, and serve
as a fast-track solution to decrease our fossil fuel dependency [3].
New biomass combusting heat and power plants are being con-
structed around the world. In the Nordic countries Finland and
Sweden, biomass accounts for approximately 20% of the final en-
ergy consumption. In both countries, biomass combusting district
heating plants produce a large share of the total heat supply, and
new plants are being built in many regions. In IEA net zero pro-
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jections, biomass combustion may account for 50% of the global
district heat demand in 2050 [4].

Many technological and environmental challenges in biomass
combustion are related to the particulate emissions. In incomplete
combustion, the hydrocarbons released from biomass devolatiliza-
tion may form soot particles, which induce a strong radiative cli-
mate forcing if released to the atmosphere [5]. The light-absorbing
fraction of particles, referred to as soot, Black Carbon (BC) or El-
emental Carbon (EC) depending on the measurement methodol-
ogy, is estimated to have the second strongest warming impact on
the climate after carbon dioxide emissions [6]. The formation of
soot has been extensively studied in laboratory flames with sim-
ple gaseous hydrocarbon fuels [7-9]. The formation occurs through
nucleation of gaseous hydrocarbon precursors, followed by surface
growth and particle coagulation. Oxidation may remove the al-
ready formed soot if the combustion technology is appropriately
designed. These subprocesses are typically included in the mathe-
matical models of soot formation. The models are applied for ex-
ample in Computational Fluid Dynamics (CFD) simulations, which
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are used in the research and development of combustion devices,
such as the internal combustion engines [10,11]. In biomass com-
bustion, the soot formation is a complicated physicochemical pro-
cess, because a wide variety of hydrocarbon gasses and tars are
involved. The soot formation strongly depends on the combustion
conditions and the chemical properties of the biomass [12].

In addition to soot, various other aerosol particles are formed
in combustion, mainly from the inorganic ash elements within the
biomass. Some aerosols, such as sulfates, have a negative radiative
climate forcing [5], and in contrast to soot have a cooling effect on
the climate. Some ash elements induce technological challenges in
the combustion applications, such as slagging, fouling, and corro-
sion of the heat transfer surfaces. The main problematic elements
are potassium (K), sodium (Na) and chlorine (CI) which can vapor-
ize from the biomass and form alkali salts in the flue gas [13]. The
salt vapors may directly condense on the cold heat transfer sur-
faces. Alternatively, they can nucleate into submicron (PM;) par-
ticles which gradually grow larger by condensation and coagula-
tion, and may deposit on the surfaces through thermophoresis and
other mechanisms [14]. The KCI and NaCl salts are especially prob-
lematic, because they can form sticky and corrosive deposit layers
whereon the coarse fly-ash particles further adhere. These deposits
are hard to remove by the soot-blowing machinery. If the fuel con-
tains enough sulfur, the chlorides may also react into less problem-
atic alkali sulfates (K,SO4/Na;SO4). As such, sulfur containing ad-
ditives can be used for reducing the alkali chloride related issues
[15].

The alkali aerosols are formed through complex physical and
chemical routes. The ash elements are partially vaporized during
the biomass devolatilization and char oxidation stages, but may
also remain in the coarse fly-ash depending on the biomass prop-
erties [16-18]. Evaporation of the elements depends on many fac-
tors, such as the fuel particle size, combustion temperature, heat-
ing rate, and molar ratio between the different elements (such as
K/Si). The aerosol formation has been extensively studied in small
scale experiments, and reaction mechanisms have been developed
to understand the precursor chemistry in the gas-phase [19,20]. In
large scale biomass combustion, studies have been conducted for
fluidized bed boilers [21-24] and grate furnaces [25-27], but less
information exists for pulverized fuel (suspension firing) technol-
ogy.

As described above, understanding the formation of soot and
inorganic aerosols is important in terms of many environmental
and technological aspects of biomass combustion. The scientific
fundamentals of these processes are relatively well understood in
small-scale laboratory environment, but less studied in the power
plant scale. In this work, the soot and fine particle formation is
examined in a modern pulverized wood-burning 100 MW, dis-
trict heating plant. The aerosol concentrations and chemical com-
positions were measured for two thermal loads (30% and 100%) at
two locations inside the furnace. The aerosol was characterized by
online measurements for the particle number concentration, parti-
cle number size distribution, and BC concentration. Offline samples
were collected using low pressure impactors, from which the ele-
mental carbon (EC), organic carbon (OC), and water-soluble ions (K,
Cl, Na, SO4, Ca, Mg) were analyzed. In addition, several modeling
tools are applied in this work for explaining the experimental find-
ings and for gaining more detailed insight on the aerosol formation
fundamentals. A CFD model of the heating plant is used for com-
bustion simulations, and interactions between the biomass parti-
cles, gas-phase chemistry, and soot formation are studied. The CFD
model results are used together with a Plug-Flow Reactor (PFR)
model to characterize the chemistry of K-CI-S species inside the
furnace. Based on the combination of measurements and model-
ing, a comprehensive analysis for the in-furnace aerosol phenom-
ena is presented. The introduced modeling tools can be used for
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Table 1
Proximate and ultimate analysis for the wood pellets burned as a mixture in the
heating plant.

Wood pellet 1 Wood pellet 2
Proximate analysis
Moisture (m-%, ar) 6.6 6.9
Volatiles (m-%, db) 84.1 85.1
Char, by diff. (m-%, db) 15.0 14.5
Ash, 550 °C (m-%, db) 0.9 0.4
LHV (M]/kg, db) 18.58 19.08
Ultimate analysis (dry basis)
C (m-%) 50.1 50.9
H (m-%) 5.9 6.0
0 (m-%), by diff. 43.7 429
N (m-%) 0.24 0.17
S (mg/kg) 150 60
K (mg/kg) 1000 410
Na (mg/kg) 57 53
Cl (mg/kg) 50 20
Ca (mg/kg) 2500 790
Mg (mg/kg) 250 140
Si (mg/kg) 350 31
P (mg/kg) 150 34

solving the aerosol-related problems in pulverized biomass com-
bustion applications.

2. Materials and methods

Fig. 1 presents an overview of the research conducted in this
paper. The main goal is to provide fundamental understanding on
the combustion process in a modern 100 MW, pulverized wood
heating plant, focusing on the soot and aerosol formation. Experi-
mental data was collected from the plant under two thermal loads
(100% and 30%) in different measurement locations. The measure-
ments are complemented with extensive modeling, providing un-
derstanding on the interactions between the fuel particles, gas-
phase chemistry, soot formation, and sub-micron (PM;) aerosol
processes. The following subsections provide a detailed description
of the measurements and modeling included in this work.

2.1. Experimental

Fuel properties

A mixture of two slightly different wood pellets was burned
in the heating plant during the measurement campaign. The ulti-
mate and proximate analysis for both fuels is presented in Table 1.
The pellets have very similar properties, the most significant dif-
ferences being the higher heating value, and the slightly lower ash
and nitrogen content of pellet 2. The trace element concentrations
are rather similar as well. The most important elements for fine
particle formation (K/Cl/S/Na) exist in similar ratios, the potassium
content being much higher compared to the others. The low chlo-
rine content in both pellets is favorable, as it decreases the risk for
chlorine related corrosion in the heat transfer surfaces. The exact
combustion ratio of the pellets during the measurement campaign
is not known, and a 50/50 ratio is used in most calculations of this
work. For the relevant results, error limits are presented for differ-
ent mixing ratios.

Sample collection with high temperature probe and dilution with
eDiluter

The instruments used in the heating plant measurement cam-
paign are presented in Fig. 2. The samples were collected from the
furnace using a high temperature probe (HT-probe). The HT-probe
was introduced for the first time in Ref. [28], where sulfate addi-
tive effects on the fine particles were studied in a pilot-scale flu-
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Fig. 1. Overview of the research presented in this paper.
FURNACE DGI
E g Colections
Dekati HT-probe Cielons W
(7 pm)

A HEPA
(icor) nCNC All, 1 nm
Bridge Bridge Static Flow _
diluter diluter mixer splitter CPE106,5 1

eDiluter

CPC A20, 10 nm
CPCA23,23 nm

Fig. 2. Schematics of the aerosol measurement set up used in the measurements from the bottom of the boiler and empty pass of the boiler.
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Fig. 3. Operation principle of the eDiluter and high temperature probe. Flow direction from right to left.

idized bed reactor. Later, the probe has been used for studying the
particle composition in circulating fluidized bed boiler [29], pulver-
ized coal-fired boiler [30], and bubbling fluidized bed boiler [15].
Commercial version of the HT-probe (Dekati Ltd.) was used in this
study. Detailed information on the probe can be found from Refs.
[31,32]. Briefly, the HT-probe dilutes the aerosol with a permeable
tube diluter located at the tip of the probe (see Fig. 3). The dilu-
tion air temperature can be adjusted up to 400 °C and the sample
cools down in the dilution according to the sample and dilution air
flow rates and temperatures. The dilution air creates a sheath flow

around the aerosol sample, preventing vapor and particle losses to
the walls. Cooling air runs in a mantle enveloping the probe and
protects it under the harsh conditions inside the furnace.

The eDiluter Pro (Dekati Ltd., see details in Refs. [33,34]) is a
two-stage sheath flow ejector diluter, where the dilution stages are
a combination of an axial diluter and an ejector diluter (see Fig. 3).
An essential feature of the eDiluter Pro is the constant Dilution Ra-
tio (DR) independently of the inlet pressure variations in the sam-
ple flow. This is done by measuring the sample pressure and ac-
tively controlling the dilution air pressure to compensate the ef-
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fects of pressure variations. This is due to the fact that the aerosol
reaches the critical velocity in the eDiluter’s ejector which in turn
stabilizes the volumetric aerosol sample flow rate, and also enables
the possibility to compensate the changes in DR by adjusting the
dilution air pressure.

The HT-probe and the eDiluter are connected in a way that the
eDiluter’s first axial diluter is replaced by the HT-probe’s perme-
able tube diluter, and the sample outflow from the probe is main-
tained by the ejector of the first dilution stage. The air in the first
dilution stage was heated to 400 °C. After the HT-probe, a heated
cyclone (400 °C) was used to remove the coarse fly-ash particles
from the sample. In this work, the total DR was kept at 225 in
all measurements. As shown by the measurement setup in Fig. 2,
the sample was led to the various aerosol instruments after the
eDiluter-unit.

Online aerosol instruments and offline analyzation techniques

Particle number concentration was measured continuously
by several instruments with different cut-points for the parti-
cle diameter. Airmodus A1l nanoCondensation Nucleus Counter
(nCNC), with the ability to count particles down to 1 nm size, was
measuring in parallel with an A20 condensation particle counter
(CPC) with a 10 nm cut-point, and an A23 CPC with a 23 nm cut-
point. Measurement data was logged with a MultiCPC software. In
addition, the particle number concentration was measured by a
TSI 3756 CPC with a 2.5nm cut-point. Two bifurcated flow di-
luters (bridge diluters), combined with a static mixer and a flow
splitter, were applied before the nCNC and CPCs to lower the par-
ticle concentration to suitable level, and to mix and equally dis-
tribute the sample.

Particle number size distributions were measured by an
electrical low-pressure impactor ELPI+ [35] (Dekati Ltd.). ELPI+
charges the particles in a corona charger before classifying them
based on the aerodynamic diameter in an impactor column. In im-
pactor stages, the particles that cannot follow the flow path are
impacted on a substrate (sintered plates) and the electrical current
carried by the particles is measured and converted into number
concentration.

Black Carbon (BC) was measured by an AE33 dual-
spot aethalometer [36] (Magee Scientific) equipped with a PM; cy-
clone. In this experiment, the AE33 online compensation parameter
could not be used because the filter tape collection location was
changed often (about every 20-30 min). The AE33 data was
corrected offline by calculating new compensation parameters as
described in Appendix A.

Particle samples for offline analyses were collected by a
Dekati gravimetric impactor (DGI). The DGI consists of five stages
with cut-off diameters of >2.5 ym, 2.5 pm to 1 pm, 1 pm to
0.5 pm, 0.5 pm to 0.2 pm, and <0.2 pm. The smallest size fraction
was collected on a quartz filter (Whatman QM-A, UK), whereas the
other four impactor stages were greased (Apiezon L) polycarbonate
membranes (Nuclepore, pore size 0.2 pm). The size classified DGI
samples were analyzed offline with the methods described below.
The results shown in this article are from the lowest three stages
of DG, i.e. corresponding to PMj.

The inorganic ions were analyzed from the DGI samples using
ion chromatography (IC). The ions were extracted by shaking the
samples with 5 ml of deionized water in a test tube for 15 min.
ICS-2000 ion chromatographs (Dionex, US) were used for quanti-
fying the anions (Cl-, SO42~) and cations (Nat, K+, Mg2*, Ca%t)
in the samples. The IC-2000 systems had AS11/CS12A/AG11/CG12A
analytical/guard columns (4 mm), 500 ul loops, AERS/CERS 500
suppressors, and KOH eluent for anions and MSA eluent for
cations. For all ions, the uncertainty of the IC analysis was esti-
mated to be approximately 10-15% when the analyzed concentra-
tion was >10 ng/mL, and 15-30% when it was <10 ng/mL.
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Monosaccharide anhydrides (MAs), levoglucosan, galactosan
and mannosan, are water-soluble compounds formed in biomass
pyrolysis. They can be used as a marker of incomplete combus-
tion of the pyrolysis gasses. The concentration of MAs was anal-
ysed using a high-performance anion-exchange chromatography-
mass spectrometry (HPAEC-MS). The analytical method is similar
with the one described in Ref. [37], except that the used internal
standard was methyl-B-p-arabinopyranoside. Shortly, the sugars
were extracted from a 1 cm? filter punch using 5.0 mL of deion-
ized water (with internal standard 100 ng mL~!), and the HPAEC-
MS was then utilized for measuring the levoglucosan, mannosan,
and galactosan at m/z 161. The HPAEC-MS system had a 2 mm
CarboPac™ PA10 guard and analytical columns (Dionex), potas-
sium hydroxide (KOH) as an eluent, an El ionization technique, and
a MS quadruple mass analyzer.

Organic Carbon (OC) and Elemental Carbon (EC) samples
were collected to the backup filters of the DGI and analyzed us-
ing a thermal-optical technique based on the evolution of car-
bon species in different temperatures (Lab OC-EC Aerosol Analyzer,
Model 5, Sunset Laboratory Inc., US [38]). The thermal-optical tem-
perature protocol used in this study was EUSAAR2 [39]. The anal-
ysis consists of three stages: first, the OC is desorbed from the fil-
ter punch (1.5 cm?) through progressive heating under a pure He
stream. However, a fraction of OC chars and forms pyrolyzed OC
during that stage. In the second stage, the sample is heated under
a mixture of 90% He-10% O,, during which the pyrolyzed OC and
EC are desorbed. After being vaporized, OC, EC and pyrolyzed OC
are finally converted to CH,4, which is quantified with a flame ion-
ization detector. In the third stage, an internal standard (5% CH,4 in
helium) is injected into the instrument. To correct for the pyrolysis
effect, the transmittance of a 658 nm laser beam through the filter
media is recorded. The split point, which separates pyrolyzed OC
from EC, is determined as a point where the laser signal returns to
its initial value.

Gaseous NO and CO emissions of the heating plant are contin-
uously measured from the stack by the plant operator. The data
from the duration of the measurement campaign was obtained
from the plant’s automation system and was time-averaged for ob-
taining the mean emissions (and standard deviations) for further
model comparison.

Unburned carbon (UBC) and elemental composition of fly-
ash were analyzed from bag-house filter (BHF) ash samples with
loss-on-ignition tests and X-ray fluorescence (XRF), respectively.
The fly-ash samples were collected after each operating load’s test
campaign from two different sections of the BHF. A total of four
samples for each load were analyzed for the UBC and averaged
for obtaining data on the biomass char burnout efficiency. The XFR
analysis (Thermo Scientific™ Niton XL3t GOLDD+) was conducted
similarly for four samples and averaged for obtaining the concen-
tration of main elements in the fly-ash. The reproducibility of the
XFR device was ensured by conducting double tests for the same
samples, and the results were generally very consistent.

2.2. Modeling

CFD model of the heating plant

The heating plant configuration is visualized in Fig. 4. The com-
bustion system consists of two 50 MW burners attached on the
roof of the furnace. A masonry pre-combustion chamber ensures
efficient ignition for the flame. Swirling air and recirculated flue
gas are fed into the burner through primary and secondary in-
lets, whereas tertiary nozzles provide additional staging-air. The
boundary conditions for the simulations, such as the burner mass
flow rates, were obtained from the plant operator. The total air-fuel
equivalence ratios were 1.3 and 1.5 for the 100% and 30% operat-
ing loads, respectively. The equivalence ratios for the burner were
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3D view

2D cut plane (front view)
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Fig. 4. 3D and 2D views of the 100 MW heating plant furnace, displaying the simulation domain, important boundary conditions, and computational mesh with 2.9 million

cells.

0.6 (100% load) and 1.0 (30% load), and the remaining air was
fed through the tertiary nozzles after the pre-combustion cham-
ber. The complete furnace construction is shown in Fig. 4, but
only half of the domain is included in the simulations by using
symmetry boundary condition at the furnace center plane. Multi-
ple meshes with different refinement regions were initially tested,
and the shown configuration was found to provide accurate re-
sults with relatively low total cell count. The burner and flame re-
gions are meshed with a very fine resolution, and the cell size in-
creases towards the furnace outlet. As a mesh independence study,
three simulations with 1.0, 2.9, and 6.3 million polyhedral cells
were tested for the 100 MW simulation. The two finest meshes
(2.9 and 6.3 million cells) provided similar results in terms of
axial temperature distribution and CO and soot results, and the
mesh with 2.9 million cells was used for the simulations of this
work.

The CFD solution is based on the Favre-Averaged Navier-Stokes
methodology, using the Realizable k — € model with standard wall
functions for the turbulence closure. The partial differential equa-
tions describing the fluid flow and turbulence can be found in Refs.
[40,41]. Ansys Fluent R2019 software [41], which uses the Finite-
Volume Method (FVM) for numerical solution, is used through-
out this work. The numerical settings include the least-squares cell
based method for gradient approximation, the PRESTO!-scheme for
pressure discretization, and the second order upwind scheme for
other variables. The pseudo-transient coupled algorithm is used for
the iterative solution because of its good convergence stability. The
important submodels are presented in Table 2.

Fig. 5 presents an overview of the fuel particle and gas phase
subprocesses being modeled in this work. The CFD model setup
and the biomass particle submodels include a great number of
equations and parameters, and only a brief description is given
here. A detailed model presentation is given in Ref. [43], where
a validation study with 120 kW pilot reactor combustion experi-
ments is provided. The biomass particle trajectories are calculated
with the Lagrangian Discrete Phase Model (DPM). The size dis-
tribution for particle calculations is determined with an imaging
software that calculates the sphere-equivalent diameters from 2D

Table 2

Submodels for the CFD simulations.
Feature Submodel
Turbulence k — € Realizable, Standard wall-functions
Turbulence-chemistry Eddy Dissipation Concept (EDC)
interaction

Reaction mechanism
Fuel particle trajectories
Fuel particle devolatilization

14 species and 9 global reactions
Lagrangian Discrete Phase Model (DPM)
Single First Order Reaction (reactivity
parameters from Ref. [42])

Kinetics and Diffusion Limited

Discrete Ordinates (DO), WSGGM for gas
absorption coefficient

Fuel particle char oxidation
Radiative heat transfer

NOx model Thermal (extended Zeldovich), prompt, and
fuel formation paths
Soot model Method of Moments (MoM) with HACA

mechanism

particle projections. The measured dsy and dgg diameters for the
fuel powder are 330 um and 600 um, respectively. The particle
combustion occurs in three stages: 1) moisture evaporation, 2) de-
volatilization, and 3) char oxidation. Equations for solving the tra-
jectories, temperature histories, and mass transfer processes are
given in Ref. [41].

The moisture evaporation is computed with the convection and
diffusion-controlled method. The devolatilization is calculated with
the Single First Order Reaction (SFOR) model, using reactivity pa-
rameters from high heating rate Drop-Tube Reactor (DTR) exper-
iments. The parameters were optimized for the wood pellet 1 in
Ref. [42]. The large particles (d, > 170 pm) have own parameters
that account for the lower devolatilization rate imposed by the in-
ternal heat transfer resistance. Furthermore, the fuel volatile con-
tent is taken from the DTR experiments (94.2 m-%) as it resem-
bles more of the flame conditions compared to the standard prox-
imate analysis of Table 1. The optimized devolatilization parame-
ters ensure that the volatiles are released at the correct location
inside the flame, providing accuracy for the ignition, NOy, and soot
formation predictions. After devolatilization, the residual char re-
acts with oxygen and forms CO and CO, in a 50/50 ratio. The ox-
idation rate is computed with the kinetics and diffusion limited
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Fig. 5. Interaction of particle combustion stages, gas-phase chemistry, and aerosol formation.

Table 3

Gas-phase reaction mechanism for the CFD simulations. Reaction 1 calculated based on wood pellet 1 composition.*.
Reaction A E. B a b #
CHj 55800714 — 0.165H; + 0.423CO + 0.105CO, + 5.000e14 0 0 TAR: 1 - (R1)
0.081H,0 + 0.090CH4 + 0.011C,H; + 0.095C;Hy +
0.031C,Hg + 0.002C3Hg + 0.017CgHg
H, +0.50; — H,0 9.870e08 3.100e07 0 H,: 1.0 0, :1.00 (R2)
CH4 + 1.50, — CO + 2H,0 5.012e11 2.000e08 0 CHy: 0.7 0, :0.80 (R3)
CyH, 4+ 1.50, — 2CO + H,0 4.390e10 1.256e08 0 CyHy: 0.5 0,:1.25 (R4)
CyHy 420, — 2C0 + 2H,0 1.350e10 1.256e08 0 CyHy 1 0.1 0, :1.65 (R5)
CyHg +2.50, — 2CO + 3H,0 7.310e09 1.256e08 0 CyHg : 0.1 0, :1.65 (R6)
CsHs +3.50, — 3CO + 4H,0 5.620e09 1.256e08 0 C3Hg : 0.1 0,:1.65 (R7)
CgHg +4.50, — 6CO + 3H,0 1.350e09 1.256e08 0 CeHg : —0.1 0,:1.85 (R8)
CO + 0.50, — CO, 2.239e12 1.700e08 0 CO:1.0 0,:0.25 (R9)

* Arrhenius parameters for k = AT#exp(—Eq/R,T); rate exponents a and b; units J, kmol, K, s, m.

model, with the pre-exponential factor, activation energy, and dif-
fusion rate constant set as 0.002 1/s, 70 kJ/mol, and 5e-12 (-), re-
spectively. The Fluent database values for coal are used because
no experimental data is available, but the activation energy is low-
ered from 79 to 70 kJ/mol to account for the higher reactivity of
biomass chars.

As described in Fig. 5, the volatiles are released from the fuel as
a primary tar. The tar decomposes rapidly into various hydrocar-
bons that react further in the flame. The complete gas-phase com-
bustion mechanism is presented in Table 3. Reaction R1 describes
the tar decomposition, which is followed by the global hydrocar-
bon combustion reactions R2-R9 according to the Westbrook and
Dryer kinetics [44]. The turbulence-chemistry interaction is mod-
eled with the Eddy Dissipation Concept (EDC) [45], which com-
bines the turbulent mixing rate and chemical kinetics for the mean
reaction rate calculation in each computational cell.

Soot formation modeling

Soot formation and growth in biomass pyrolysis, gasification
and combustion may occur at least through three mechanism:
1) the CPD (cyclopentadienyl, c-C5Hg) route related to lignin de-
composition, 2) the direct condensation of aromatics in pyroly-
sis products, and 3) through the lighter hydrocarbons that grow
by the Hydrogen Abstraction C;H, Addition (HACA) mechanism
[12,46,47]. Aromatic hydrocarbon ring species are crucial compo-

nents in all mechanisms, as they form Polycyclic Aromatic Hy-
drocarbons (PAHs) which are considered the main precursors for
soot nuclei in high temperatures. The oxygen-rich primary tars re-
leased at the initial stage of biomass devolatilization (200-500 °C)
decompose into hydrocarbon gasses and secondary/tertiary tar
species at higher temperatures [48]. In fast pyrolysis tests of Ref.
[46] (sawdust and straw), the main tar components and soot pre-
cursors in temperatures above 900 °C were benzene (CgHg) and
PAH molecules such as toluene (C;Hg), naphthalene (CioHg) and
pyrene (CygHqg). CgHg accounted for over 50 m-% of the tar species
at 900 °C and over 90 m-% at 1100 °C. The CPD and direct conden-
sation mechanisms had a minor contribution to the soot formation.
As such, benzene and the lighter PAHs are likely the main soot pre-
cursors also in high temperature biomass flames (combined with
HACA growth).

In this work, a global reaction mechanism is used where the
primary tar decomposes directly into the main high temperature
soot precursors, CgHg and C,H, (see R1 in Table 3). The stoi-
chiometric coefficients for R1 are determined based on Ref. [49],
where Drop-Tube Reactor experiments in various temperature lev-
els were used for characterizing the wood devolatilization prod-
ucts. A global pyrolysis reaction was derived for wood decompo-
sition into tar (CgHq904), gasses (H,, CO, CO,, H,0, hydrocarbons
up to CgHyp), and residual char. A cracking reaction of tar into
lighter hydrocarbon species was also derived. The wood in their



N.P. Niemeld, F. Mylldri, N. Kuittinen et al.

work had a slightly different C/H/O composition and lower volatile
content than the pellets in this work, and some adjustments are
made to ensure conservation with the ultimate analysis. This is
done by distributing the excess volatile carbon content between
the gasses according to their experimental mass fractions. Finally,
the H, and H,0 concentrations are altered to balance the hydro-
gen and oxygen conservation. Furthermore, the heavier aromatic
compounds (C;Hg and CgHyg) are lumped into CgHg for reducing
the number of transport equations in CFD modeling. This approach
provides a good starting point for soot formation modeling in pul-
verized biomass combustion, as a wide selection of hydrocarbons
can be used as precursors and surface growth species.

Soot formation is computed with the Method of Moments
(MoM) model [41], which is based on the population balance equa-
tions. Three moments are solved for obtaining the concentration,
mean diameter, and surface area of the soot particles. The nu-
cleation, surface growth, coagulation, and oxidation are accounted
by source terms in the transport equations. Nucleation is modeled
with the framework introduced in Ref. [50], where the nucleation
rate is calculated using the collision frequency from Kinetic gas
theory for PAH molecules, which is scaled down by a sticking effi-
ciency y. For example, they use a sticking efficiency of y = 0.025
for pyrene molecules (CigHqg), but report that the efficiency de-
creases rapidly for smaller molecules.

Acetylene (CyH;) and benzene (CgHg) are considered as the
soot precursors in this work, as they are the important building
blocks of PAH molecules [51,52]. However, the sticking efficiency
should be significantly lower than for the large PAHs, because it
must account the overall process of PAH formation and the subse-
quent PAH collisions into soot nuclei. The sticking efficiency is es-
timated with the fourth-power equation y; = CM;1 [50], where the
scaling parameter C is set to 5e-5, and M; (kg/mol) is the precursor
molecular weight. Various values for C were tested and this value
was found to provide reasonable results compared to measure-
ments from the heating plant. The resulting sticking efficiencies
(Ye,H, = 2.3-10712 and y¢ p, = 1.9 - 10710) seem reasonably low to
describe the collisional efficiency into larger PAHs and further into
soot nuclei.

Soot surface growth is calculated with the HACA mechanism us-
ing kinetic rates from Ref. [53]. Rate parameters for soot oxidation
by oxygen (0,) and hydroxyl radicals (OH) are also obtained from
that work. The OH radical concentration is calculated with the par-
tial equilibrium assumption, as OH is not included in the gas-phase
mechanism. Finally, the coagulation of soot particles is included
in the source terms of the moment transport equations, altering
the particle number concentration. The coagulation is assumed to
result in spherical particles with increased diameter (coalescent
growth), and depends on the collision efficiency which is calcu-
lated differently for the continuum, transition and free molecular
regimes (see full description in Ref. [41]). A model for the forma-
tion of chain-like soot aggregates was also tested, but because of
the low soot concentrations it did not affect the simulation results.

NO formation modeling

The NO emissions are modeled with the thermal, prompt, and
fuel formation paths. The thermal NO is calculated with the ex-
tended Zeldovich mechanism with partial equilibrium assumption
for O and OH radicals. The prompt NO forms in the fuel rich re-
gion from the hydrocarbon species as described in Ref. [41]. In the
combustion conditions of this work, the fuel NO has the greatest
contribution to the overall NO emissions. The experiments in Ref.
[54] indicate that biomass fuels with low fuel-N content (<1 m-
%, db) release the nitrogen effectively into gas phase. For biomass,
most of the fuel-N is released during devolatilization in the form of
NH3 and HCN, whereas the char-bound nitrogen is released mainly
as NO [54]. In this work, 90 m-% of the fuel-N content is released
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in devolatilization and the rest 10 m-% during char oxidation. A
high volatile-N content is assumed because of the small particle
size, and high heating rate, temperature, and volatile content of the
wood pellets (94.2 m-%, db). Based on the trends in Ref. [54], the
volatile-N is set as 59 m-% of NH3, 21 m-% of HCN and 20 m-% of
N,, whereas the char-N is released as NO (90 m-%) and N, (10 m-
%). Finally, the released nitrogen species react in the gas phase
according to the HCN/NH3/NO reaction mechanism described in
Ref. [41]. The turbulent mean reaction rates are modeled with the
probability density function utilizing a two-variable beta distribu-
tion for temperature and O, concentration. The global maximum
flame temperature is used as the upper limit for temperature fluc-
tuations, and the temperature variance is calculated with a trans-
port equation.

Plug flow reactor model for fine particle analysis

Fine particle formation inside the furnace is examined with a
Plug Flow Reactor (PFR) model. PFR model enables the use of com-
plicated kinetic mechanisms that are computationally too heavy to
be integrated into full scale CFD simulations. The PFR model as-
sumes that the reactants are well mixed in the radial direction
and the reactions proceed only in the flow direction. This is a rea-
sonable approximation for the post-flame region where the flue
gasses are already relatively well mixed. The PFR calculations pro-
vide detailed information on the aerosol precursor chemistry and
are used for explaining the aerosol measurements in the results
section. However, care must be taken in the interpretation of the
results, as the real furnace conditions deviate from the ideal PFR
assumptions. The modeling is conducted with the Ansys Chemkin
2019 R3 software using the detailed reaction mechanism for K-Cl-
S chemistry available in Ref. [55]. A simplified description for the
K,S0,4 aerosol formation is added to the mechanism from Ref. [20].
It describes the homogenous nucleation and heterogenous con-
densation with an irreversible first-order reaction, ensuring rapid
aerosol formation at temperature range between 1030 and 1130 K.
This temperature interval was obtained from calculations based on
detailed aerosol theory in Ref. [56], and experimental support has
been provided in Ref. [19]. In this work, similar irreversible reac-
tions for KCl and KOH condensation are added to the mechanism.
The activation energies are adjusted so that rapid condensation oc-
curs at 800 K for KCI and at 770 K for KOH, which correspond to
a saturation ratio equal to 4 for the estimated flue gas concentra-
tions.

The temperature and velocity profiles for the PFR model are
taken as cross-sectional averages from the CFD simulations in the
post-flame region of the furnace. As such, the calculations assume
that most of the biomass devolatilization and char oxidation have
occurred in the flame and have released the available aerosol pre-
cursors at the PFR inlet. The precursor inlet concentrations are es-
timated based on the ultimate analysis and K-CI-S release factors
taken from the literature. A 100% release efficiency is assumed for
the Cl and S based on the high temperature pulverized fuel com-
bustion tests in Ref. [16]. The release of K is more complicated but
it has been shown to correlate with the fuel Cl and Si contents
[16,17]. A high ClI content enhances the release of K (as KCl) al-
ready in the devolatilization stage [17]. On the contrary, a high Si
content (molar K/Si < 2) bounds the potassium into silicates and
keeps it retained in the coarse fly-ash [16,17]. The Si content is low
for the pellets of this work (K/Si > 2), and it is assumed that 80%
of the fuel K evaporates to the gas-phase. This estimation is taken
from Ref. [18], where over 70% release efficiencies were measured
for wood pellets. The released K-CI-S elements are set as KOH, KCl,
HCI and SO, at the PFR inlet [19,20]. The Cl content is assumed to
be mainly in the form of KCl (80% of Cl), the rest being HCI. The
excess K is included in KOH.
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Fig. 6. Left: Isosurface of 1650 K temperature colored by axial flow velocity, representing the flame shape and gas residence time for 100% and 30% loads. Right: Heat flux

through the furnace water walls.

3. Results and discussion
3.1. Formation of soot and other emissions under 30% and 100% loads

This section evaluates the biomass combustion process and
emissions under the 30% and 100% thermal loads. The CFD simu-
lation results are compared to the measured plant data, and fea-
tures related to soot and fine particle formation are discussed.
Fig. 6 compares the flame shape and the water wall heat fluxes
between the two loads. The heat flux contours (right) demonstrate
the general engineering results obtained from the CFD simulations.
Fig. 6 (left) presents an isosurface of 1650 K temperature, which
is colored by the axial flow velocity. The isosurface represents the
flame shape inside the furnace, whereas the velocity coloring pro-
vides information on the gas and particle residence times inside
the flame. The results show that the flame size is surprisingly sim-
ilar for the two loads, even though the gas velocities and residence
times are highly different.

Fig. 7 presents the CFD simulation results related to gaseous
emissions and soot formation. Both thermal loads share similar
features, such as the more intense combustion at the rear side of
the furnace, and the low oxygen concentration in the flame core.
The temperature in the post-flame region is significantly lower for
the 30% load. This has a large impact on the fine particle forma-
tion, as will be discussed in the following section. The highest soot
concentrations are found in the region where oxygen concentration
is low, and the hydrocarbon concentrations are high. As Fig. 7 in-
dicates, major concentrations of acetylene (C,H,) are found in this
region for both loads (same applies to benzene). Despite a signif-
icant amount of soot is formed in the flame, it is effectively oxi-
dized after mixing with the tertiary air. As such, the soot concen-
trations are very low at the post-flame region and furnace outlet.

The measured and CFD modeled emissions are compared in
Table 4. The low CO and soot concentrations indicate that the com-
bustion is efficient under both loads. The measured BC concen-
trations inside the furnace are below 0.3 mg/m3 (<0.2 mg/M] for
both loads), which is less than measured for modern pellet stoves
in residential heating (1 mg/M] [57]) and significantly less com-
pared to residential fire places (100-300 mg/M] [57]). Low soot
concentrations are supported by the negligible EC and OC contents
detected from the filter samples (<0.01 mg/m3). Furthermore, no
monosaccharide anhydrides (MA) were detected in the measure-

ments, indicating efficient combustion of the volatile gasses. The
unburned carbon content in fly-ash (UBC) was also relatively low
for both loads, which indicates that the biomass char residue burns
with high efficiency. The measured UBC values are approximately
5 m-%, which means that the fuel char content has burned with
over 99% efficiency. The 5 m-% UBC in fly-ash may at first seem
significant, but due to the very low ash content of the wood pel-
lets (<1 m-%), even a small amount of unburned carbon makes a
large contribution to the fly-ash mass.

The emission levels predicted by the CFD model are in good
agreement with the measurements, although some deviations can
be noticed. Firstly, the CFD model predicts a larger difference for
the NO emissions between the two loads. The difference in the
modeled values is mainly caused by the different char burnout
behavior in the simulations. At 30% load, the particle residence
times are high, and the char is mostly oxidized in the vicinity of
the flame. The NO released in the char oxidation is mixed with
the NH3/HCN that are released in devolatilization, and reduction
of NO towards N, occurs. At 100% load, the char oxidation contin-
ues further downstream of the furnace, where volatile NH3/HCN
are no more available and less NO reduction occurs. The effect can
be seen in the NO concentration fields of Fig. 7. The NO content
peaks after the flame and decreases downstream at the 30% load,
whereas the NO content increases all the way towards furnace out-
let at the 100% load.

Compared to the measurements, the CFD model predicts larger
differences for the fly-ash UBC between the two loads. Consider-
ing the low ash content of the pellets, both the experiments and
simulations indicate a high char burnout efficiency (>99%). How-
ever, the measurements imply a similar UBC for both loads, so the
burnout behavior is not completely realistic in the CFD model. The
burnout is too efficient at 30% load, being the main reason for
the low UBC and NO predictions. This is a major error source in
the current CFD model, and the results could be improved by ex-
perimentally determined char oxidation parameters. In this work,
the char combustion is not studied in more detail, but the results
clearly imply that realistic burnout behavior is imperative for ac-
curate UBC and NO predictions. Accurate devolatilization model-
ing is also important, as the largest particles continue HCN and
NH; release in the post-flame region, and the mixing with char-
NO controls the overall NO emissions. In industrial scale furnaces,
the post-flame char-NO release has a relatively large impact on
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Fig. 7. Side view cut planes comparing the 30% and 100% loads in the heating plant CFD model.

Table 4

Time-averaged emissions and standard deviations from the measurement campaign. CO and
NO are measured from the stack, whereas BC is measured from the furnace with the HT-
probe. The UBC values are averaged over 4 bag-house filter ash samples (each load). CFD

results are taken from the furnace outlet.*.

100% Load 30% Load

Measured CFD model = Measured CFD model
CO (mg/m?3) 424 4+ 59 31.2 51.5 £20.3 11.6
NO (mg/m?3) 1574 +£ 11.2 168.4 164.7 + 13.1 123.6
Soot (mg/m?3) 0.27+0.02 (BC)  0.03 0.20+£0.02 (BC) 1.44
UBC (m-% C in ash) 53 £ 0.7 11.6 4.5 4+ 0.8 0.4

* Concentrations for dry flue gas at 1 bar, 288.15 K, and normalized to 6 vol-% O,.

the NO emissions, as the flame generated NO is minimized by the
efficient burners and air-staging. In future work, the char oxida-
tion modeling should be improved especially for the low operating
loads, where the flue gas temperatures can be relatively low (600-
1000 K).

The soot concentration in the CFD model is slightly underpre-
dicted for the 100% load and overpredicted for the 30% load. In
larger perspective, the soot concentrations are extremely low for
both loads which is well captured by the presented soot model-
ing approach. The major assumption in the modeling is the di-
rect decomposition of primary tar into high temperature hydro-
carbon intermediates. The temperatures in the flame core can be
relatively low (<1000 K), and it is possible that more complex tar
species (heavy PAHs) are present in this region. For more accurate
quantitative results, it is likely that more detailed reaction mech-
anism with complex hydrocarbon chemistry is needed. However,
it is encouraged that this simplified approach is tested in other

biomass combustion applications for further validation. Consider-
ing the complexity of large-scale combustion furnaces, the pre-
sented CFD model predicts the overall soot, CO, NO and UBC levels
remarkably well, although improvement e.g. in the char oxidation
modeling is needed.

3.2. Fine particle formation

In this section, the fine particle formation is analyzed with
a combination of measurements and modeling. The fine particle
number concentrations at the furnace bottom, measured by nCNC,
CPCs, and calculated from the ELPI+ data, are presented in Fig. 8.
The nCNC and CPC number concentrations are shown as a func-
tion of cut-off size, i.e. the bar shows the concentration of particles
larger than the indicated diameter. In case of ELPI+, the concen-
tration represents particles between 7 nm and 1 pm. The ELPI+
measurements are in between the CPC result for >2.5 nm and
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Fig. 8. Measured fine particle number concentrations at the furnace bottom. Note the different scales on y-axis.
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Fig. 9. Post-flame K-CI-S chemistry calculated with plug-flow reactor model using temperature and velocity profiles from CFD simulations. Label (c) refers to condensed

phase.

>10 nm, which indicates consistency between the two measure-
ment techniques. As shown in Fig. 8, the number concentration
of particles larger than 1.7 nm is 25-times higher for the 100%
load as compared to the 30% load. Furthermore, the concentration
of smallest particles (<10 nm; determined by subtracting N. 19 nm
from N.17 nm) is extremely high for the 100% load, which indi-
cates that homogenous nucleation has occurred close to the mea-
surement location or during the sampling. In comparison, there is
no indication of nucleation for the 30% load, as the total particle
number is an order of magnitude lower and is largely contained in
the >10 nm particle diameters (i.e. nucleation has likely occurred
upstream of the measurement location and the number concentra-
tion has decreased due to particle coagulation and agglomeration).

For more detailed understanding of the measurement results,
Fig. 9 presents the PFR model calculations for K-CI-S chemistry
inside the furnace. The results indicate that the SO, and KOH,
that are released from the biomass in the flame, react effec-
tively into potassium sulfate (K,SO,4) in the post-flame region. The
KCI concentration remains nearly constant throughout the furnace

10

length as the high excess of KOH consumes the available SO,.
As the flue gas cools down to around 1100 K, the K,SO4 nucle-
ation/condensation occurs. The KCl, on the other hand, condenses
at much lower temperatures at around 800 K. It likely condenses
on the existing K,S0, particles and does not form new seed par-
ticles through homogenous nucleation [19,24]. The results also im-
ply that a high amount of KOH remains in the flue gas after the
sulfation reactions. This KOH likely reacts into K,COs3, or directly
condenses on the existing particles [58-61]. According to equilib-
rium calculations of Refs. [58,60], K,CO5 formation may occur at
temperatures around 900 K but the kinetics of this reaction may
be slow. K,CO3 formation is not included in the PFR calculations
and KOH is assumed to remain in the flue gas until it condenses at
770 K (i.e. close to the KCl condensation region).

Fig. 9 indicates that the aerosol formation occurs at different
regions inside the furnace depending on the thermal load. At 100%
load, the K,SO4 nucleation begins at the bottom region of the fur-
nace. This leads to a conclusion that the high number concentra-
tion of very fine particles (<10 nm) in Fig. 8 likely results from the
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Fig. 10. Fine particle mass concentrations from IC analysis and number size distributions with median diameters from ELPI+. Measurement locations shown in the furnace

layout with estimated K,SO4 and KCl nucleation/condensation regions.

K,S04 nucleation. At 30% load, K;SO,4 nucleation occurs already in
the upper section of the furnace, which is in line with Fig. 8 where
no nucleation mode particles were detected at the furnace bottom.
The condensation of KCl and KOH/K,CO3 occurs at lower tempera-
tures (below 900 K), which is reached in the heat exchanger region
after the furnace outlet at 100% load, and in the furnace bottom
region at 30% load. Some unshielded thermocouple measurements
are shown in Fig. 9 for providing indication on the validity of the
PFR model temperature profiles.

Experimental support for the PFR analysis is further provided
in Fig. 10. It presents the Ion Cromatography (IC) results for the
two loads, providing information on the chemical composition of
the fine particles (PM;). The measurement locations are shown in
the embedded furnace layout together with the estimated K,SO4,
KCl and KOH nucleation/condensation regions (based on the PFR
model and CFD temperature field). The content of K+ cations and
S0,4%" anions is generally high in all collected aerosol samples. This
implies that the water-soluble PM; largely consists of potassium
sulfate, as indicated also by the PFR modeling. Moderate amounts
of Ca?*t are also found in the samples. Compared to the high fuel
Ca content (Table 1), it is evident that most of the calcium remains
in the coarse fly-ash (=1 pm), but a minor fraction ends up in the
fine particles. Calcium has been found in the fine particles also in
circulating fluidized bed combustion of wood [24]. It might play
an important role in the initial aerosol nuclei formation whereon
the subsequent vapor species condense. Cl~ anions and Mg2*/Na+
cations are measured in lower amounts. The Cl content is likely
in the form of alkali chlorides (KCl/NaCl), whereas the Ca and Mg
likely exist in the form of oxides (CaO [24] and MgO) or sulfates
(CaS04/MgS04). The BC content is very low in all measurement
locations.

The particle number size distributions from ELPI+ are pre-
sented in Fig. 10 for each load and measurement location. A bi-
modal size distribution is clearly seen in the 100% load furnace
bottom graph. The first mode median diameter is 8 nm, which
is consistent with the high concentration of nucleating particles
in Fig. 8. These particles were attributed to the homogenous nu-
cleation of K,SO4 based on the PFR calculations. The homogenous
nucleation has likely occurred during the sampling process (in the

1

probe and cyclone, see Fig. 2) because of the extremely high sat-
uration ratio of 1000 for K,SO4. The K;SO4, KCl and KOH were
all vapors prior to sampling at this location, and the results indi-
cate that they mostly condensed on the coarse fly-ash particles or
wall surfaces in the probe and cyclone (thus they are not detected
in the PM; IC analysis of DGI samples). The second particle mode
at 60 nm diameter likely originates from the coagulation and ag-
glomeration of other measured compounds (Ca, Mg, Na, BC) and
non-water soluble elements (such as P, Al, Si, Zn). These particles
have likely grown also by the K,S04/KOH condensation in the sam-
pling. The furnace outlet measurement (100% load) shows that the
size distribution has evolved unimodal (119 nm median diameter)
and the mass concentration of K and SO4 ions has increased by
a factor of 7. These features are well explained by the estimated
K,S0,4 nucleation/condensation region shown in the furnace lay-
out, which implies that the fine particles had formed well before
the measurement location (the fine particles are able to escape the
cyclone and are detected in the PM; IC analysis).

The 30% load results in Fig. 10 demonstrate that the K,SO4 nu-
cleation occurs already in the upper section of the furnace due
to lower temperature and longer residence time of the flue gas.
The furnace bottom measurements are in line with this observa-
tion. The size distribution is unimodal with a median diameter of
72 nm (no nucleation mode), and high concentrations of K and SO4
ions are detected in the IC analysis. Overall, the results are line
with the previous findings that the majority of initial fine parti-
cle mass is formed by nucleation/condensation of K,SO4, and KCI
and other compounds condense on these particles [19,24]. Further-
more, it is evident that some KOH and/or K,CO3; has condensed
on the fine particles in all measurement locations, because the K
ion concentrations are higher than expected for pure K,SO4 and
KCL

Mass balance estimations for the main fine particle species are
presented in Fig. 11. In graph a), the measurements at the furnace
exit are compared to the PFR calculation (100% load in Fig. 9). The
KCl and KOH were still vapors prior to sampling, which compli-
cates the mass balance evaluation. Only the vapor mass that nucle-
ates or condenses on the existing fine particles is detected in the
IC analysis as the rest is lost into the probe and cyclone. Therefore
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a) PM,: 100% load (furnace outlet)
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b) PM,;: 30% load (furnace bottom)
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Fig. 11. a) and b) IC analysis results compared to PFR model calculations. Error bars present the lower and upper limit depending on the mixing ratio of the two wood
pellets (see Table 1). c) XRF analysis for BHF ash samples (average and standard deviation of 4 samples). Results compared to elemental analysis of raw fuel. d) K-CI-S mass

balance estimation based on the measurement and modeling results.

two calculation results are shown: 1) the KOH vapor is assumed
to condense on the fine particles in the sampling, and 2) the KOH
vapor is excluded from the fine particle mass (i.e. it is lost in sam-
pling). Assumption 2 is closer to the measurements, and the same
applies to the 30% load case in Fig. 11 b). The real behavior of the
vapor is likely somewhere between the two assumptions. In both
graphs, the KCl vapor is included into PM; due to its low concen-
tration, but the measurements indicate that it is also partially lost
in the sampling. Overall, Fig. 11 a) and b) demonstrate that the
calculation methods are accurate in this work, and are able to pro-
vide detailed estimations for the inorganic species. However, two
major questions remain that cannot be deduced from the available
data. Firstly, the amount of KOH vapor may not be as large as indi-
cated by the PFR calculation, as part of the fuel-K might not have
evaporated from the biomass in the first place (in which case no
KOH had formed). Secondly, the degree of KOH carbonization into
K5COj3 is unclear and needs further research.

In order to have a more complete picture on the mass balances
and behavior of the inorganic species in the heat exchanger region
after the furnace, ash samples from the BHF were analyzed using
XRF. The results are shown in Fig. 11 c¢) and compared to the el-
emental composition of the raw fuel. The results indicate that the
30% load BHF ash has nearly identical composition with original
fuel. This means that the fine particles (rich in K and S) and coarse
fly-ash (rich in Ca and Mg) are not deposited in the heat exchang-
ers, so they arrive to the BHF in unaltered ratio. The 100% load
BHF ash is enriched with K and S but has lower Ca and Mg con-
tent. This indicates that some Ca-rich coarse fly-ash had deposited,
whereas the K,SO4 fine particles had effectively passed the heat
exchangers. The KOH/K,CO5 vapor might play an important role in
this deposition, as it condenses in the heat transfer region at the
100% load and might enhance the deposition of coarse fly-ash par-
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ticles (by forming a sticky layer on the pipes/ash particles [62]).
At 30% load, the KOH had already condensed well before the heat
transfer region, so it passed the heat exchangers without signif-
icant deposition (in the form of fine particles). Therefore, coarse
fly-ash was not deposited either as a sticky condensation layer
was not formed. A significant role of KOH in the heat exchanger
fouling has been discussed also in Refs. [60,61,63], but the differ-
ent deposition behavior between the loads in this work can be af-
fected also by other factors (such as different flow velocities). The
role of KOH/K,COs is identified as an important topic for future
research.

The mass balance results are summarized in Fig. 11 d), which
shows how the fuel bound K, Cl, and S elements evolve towards
the fine particles. The highest uncertainty is related to the potas-
sium division between KOH(g) and coarse fly-ash which was based
on a literature estimation. Overall, the results provide confidence
towards the measurement and modeling techniques adapted in
this work. The CFD and PFR calculations are shown to provide
an accurate estimation of the fine particle concentration, chemical
composition, and formation regions in pulverized fuel combustion.
This kind of fundamental understanding is valuable for solving the
challenges related to inorganic species in thermochemical conver-
sion processes. For example, the modeling can aid to design effi-
cient additive injection systems for the industrial furnaces under
different loads.

4. Conclusions and future work

Understanding the formation of soot and inorganic aerosols
is important for both environmental and technological aspects
of biomass combustion. The scientific fundamentals are relatively
well understood in small scale laboratory environments, but less



N.P. Niemeld, F. Mylldri, N. Kuittinen et al.

studied in the full-scale power plants. In this work, the aerosol
processes were examined in a modern pulverized wood-burning
100 MWy, district heating plant. The wood combustion was found
to be highly efficient under both 30% and 100% operating loads.
Markers for the efficient combustion were the low CO, soot, OC,
and MA concentrations in the flue gas, as well as the low UBC con-
tent in fly-ash.

The flue-gas sampling, dilution, and measurements were per-
formed with the state-of-the-art instrumentation from two loca-
tions inside the furnace. This enabled us to characterize the evolu-
tion of aerosol mass and number concentrations along the furnace.
The water-soluble fine particles (PM;) were shown to mostly con-
sist of inorganic compounds which had nucleated/condensed from
the gas phase. The main aerosol species was potassium sulfate
K;S0y4, but lower concentrations of other sulfates such as Na,SO,,
CaS0O4 (or Ca0), MgS0O4 (or MgO), and alkali chlorides (NaCl, KCI)
were also measured.

The measurements were complemented with CFD simulations
and PFR modeling. Soot formation was coupled to the CFD simula-
tions with a combination of fuel-specific devolatilization parame-
ters, global gas-phase chemistry, and MOM-model for soot subpro-
cesses. The results were in good agreement with the BC measure-
ments for both operating loads. The results implied that high soot
concentrations formed in the fuel rich region inside the flame, but
low concentrations remained at the furnace outlet due to efficient
oxidation (measured BC <0.3 mg/Nm?3). However, the soot model-
ing was based on a global reaction mechanism where the primary
tar decomposed directly into high temperature hydrocarbon inter-
mediates. Detailed PAH chemistry was not simulated, but acety-
lene and benzene were used as the soot precursors. The sticking
efficiencies for nucleation required some adjustment for realistic
results, and further validation in other biomass combustion appli-
cations is needed. The presented soot modeling approach should
therefore be considered as a preliminary step for more detailed
studies.

The PFR model was used for studying the inorganic aerosol
formation inside the furnace. The modeling provided detailed in-
sight on the K-CI-S chemistry and enabled identifying the nu-
cleation/condensation regions of the different species. The results
provided strong evidence that most of the biomass K-CI-S content
evaporates and forms fine particles in the suspension firing con-
ditions. The initial seed particles are formed through homogenous
nucleation of K;SO4 below 1130 K temperatures, and the subse-
quent species condense on their surface. The results implied that
a high concentration of excess KOH remains in the flue gas, but its
behavior could not be completely deduced from the available data.
It may react into K,CO3 or remain in the gas-phase until conden-
sation below 800 K temperatures. Based on the BHF ash analysis,
the KOH/K,CO3 vapor may play a significant role in the heat ex-
changer fouling. As such, the KOH behavior was identified as major
topic for future research.

Overall, the results provided important fundamental under-
standing on how the aerosol concentration, chemical composi-
tion, and size distribution vary inside the pulverized fuel furnaces
under different operating loads. As the PFR calculations are per-
formed with the detailed kinetic mechanism, the calculation meth-
ods should be valid for a variety of different fuels and combustion
conditions. The kinetic mechanism also avoids misleading results
that can be obtained from equilibrium calculations (due to kinetic
limitations). The CFD modeling methods are applicable for other
biomass furnaces and can help in the characterization of combus-
tion performance in terms of gaseous and particulate emissions. In
future work, a similar analysis can be performed for the challeng-
ing low-grade biomass feedstocks such as agricultural and indus-
trial side streams, e.g. for solving the issues related to combustibil-
ity, emissions, and slagging and fouling.
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