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a b s t r a c t 

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 MW th district heating plant. Experimental data was collected 

from two locations inside the furnace (30% and 100% thermal loads), including measurements for fine 

particle (PM 1 ) 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 K 2 SO 4 , and of lesser 

amounts of alkali salts (NaCl, KCl), and Ca and Mg compounds (oxides or sulfates). A large concentration 

of KOH/K 2 CO 3 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/ ) 
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. Introduction 

Biomass and waste are important energy sources, accounting 

or 10% of the world’s final energy consumption [1] . Biomass is 

sed extensively in the heat and power generation, and has an 

mportant role in the climate change mitigation scenarios [2] . 

iomass can replace coal in the existing power plants, and serve 

s a fast-track solution to decrease our fossil fuel dependency [3] . 

ew biomass combusting heat and power plants are being con- 

tructed around the world. In the Nordic countries Finland and 

weden, biomass accounts for approximately 20% of the final en- 

rgy consumption. In both countries, biomass combusting district 

eating plants produce a large share of the total heat supply, and 

ew plants are being built in many regions. In IEA net zero pro- 
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ections, biomass combustion may account for 50% of the global 

istrict heat demand in 2050 [4] . 

Many technological and environmental challenges in biomass 

ombustion are related to the particulate emissions. In incomplete 

ombustion, the hydrocarbons released from biomass devolatiliza- 

ion may form soot particles, which induce a strong radiative cli- 

ate forcing if released to the atmosphere [5] . The light-absorbing 

raction of particles, referred to as soot, Black Carbon (BC) or El- 

mental Carbon (EC) depending on the measurement methodol- 

gy, is estimated to have the second strongest warming impact on 

he climate after carbon dioxide emissions [6] . The formation of 

oot has been extensively studied in laboratory flames with sim- 

le gaseous hydrocarbon fuels [7–9] . The formation occurs through 

ucleation of gaseous hydrocarbon precursors, followed by surface 

rowth and particle coagulation. Oxidation may remove the al- 

eady formed soot if the combustion technology is appropriately 

esigned. These subprocesses are typically included in the mathe- 

atical models of soot formation. The models are applied for ex- 

mple in Computational Fluid Dynamics (CFD) simulations, which 
stitute. This is an open access article under the CC BY license 
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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 (MJ/kg, db) 18.58 19.08 

Ultimate analysis (dry basis) 

C (m-%) 50.1 50.9 

H (m-%) 5.9 6.0 

O (m-%), by diff. 43.7 42.9 

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 
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re used in the research and development of combustion devices, 

uch as the internal combustion engines [ 10 , 11 ]. In biomass com-

ustion, the soot formation is a complicated physicochemical pro- 

ess, because a wide variety of hydrocarbon gasses and tars are 

nvolved. The soot formation strongly depends on the combustion 

onditions and the chemical properties of the biomass [12] . 

In addition to soot, various other aerosol particles are formed 

n combustion, mainly from the inorganic ash elements within the 

iomass. Some aerosols, such as sulfates, have a negative radiative 

limate forcing [5] , and in contrast to soot have a cooling effect on

he climate. Some ash elements induce technological challenges in 

he combustion applications, such as slagging, fouling, and corro- 

ion of the heat transfer surfaces. The main problematic elements 

re potassium (K), sodium (Na) and chlorine (Cl) which can vapor- 

ze from the biomass and form alkali salts in the flue gas [13] . The

alt vapors may directly condense on the cold heat transfer sur- 

aces. Alternatively, they can nucleate into submicron (PM 1 ) par- 

icles which gradually grow larger by condensation and coagula- 

ion, and may deposit on the surfaces through thermophoresis and 

ther mechanisms [14] . The KCl and NaCl salts are especially prob- 

ematic, because they can form sticky and corrosive deposit layers 

hereon the coarse fly-ash particles further adhere. These deposits 

re hard to remove by the soot-blowing machinery. If the fuel con- 

ains enough sulfur, the chlorides may also react into less problem- 

tic alkali sulfates (K 2 SO 4 /Na 2 SO 4 ). As such, sulfur containing ad- 

itives can be used for reducing the alkali chloride related issues 

15] . 

The alkali aerosols are formed through complex physical and 

hemical routes. The ash elements are partially vaporized during 

he biomass devolatilization and char oxidation stages, but may 

lso remain in the coarse fly-ash depending on the biomass prop- 

rties [16–18] . Evaporation of the elements depends on many fac- 

ors, such as the fuel particle size, combustion temperature, heat- 

ng rate, and molar ratio between the different elements (such as 

/Si). The aerosol formation has been extensively studied in small 

cale experiments, and reaction mechanisms have been developed 

o understand the precursor chemistry in the gas-phase [ 19 , 20 ]. In

arge scale biomass combustion, studies have been conducted for 

uidized bed boilers [21–24] and grate furnaces [25–27] , but less 

nformation exists for pulverized fuel (suspension firing) technol- 

gy. 

As described above, understanding the formation of soot and 

norganic aerosols is important in terms of many environmental 

nd technological aspects of biomass combustion. The scientific 

undamentals of these processes are relatively well understood in 

mall-scale laboratory environment, but less studied in the power 

lant scale. In this work, the soot and fine particle formation is 

xamined in a modern pulverized wood-burning 100 MW th dis- 

rict heating plant. The aerosol concentrations and chemical com- 

ositions were measured for two thermal loads (30% and 100%) at 

wo locations inside the furnace. The aerosol was characterized by 

nline measurements for the particle number concentration, parti- 

le number size distribution, and BC concentration. Offline samples 

ere collected using low pressure impactors, from which the ele- 

ental carbon (EC), organic carbon (OC), and water-soluble ions (K, 

l, Na, SO 4 , Ca, Mg) were analyzed. In addition, several modeling 

ools are applied in this work for explaining the experimental find- 

ngs and for gaining more detailed insight on the aerosol formation 

undamentals. A CFD model of the heating plant is used for com- 

ustion simulations, and interactions between the biomass parti- 

les, gas-phase chemistry, and soot formation are studied. The CFD 

odel results are used together with a Plug-Flow Reactor (PFR) 

odel to characterize the chemistry of K-Cl-S species inside the 

urnace. Based on the combination of measurements and model- 

ng, a comprehensive analysis for the in-furnace aerosol phenom- 

na is presented. The introduced modeling tools can be used for 
2 
olving the aerosol-related problems in pulverized biomass com- 

ustion applications. 

. Materials and methods 

Fig. 1 presents an overview of the research conducted in this 

aper. The main goal is to provide fundamental understanding on 

he combustion process in a modern 100 MW th pulverized wood 

eating plant, focusing on the soot and aerosol formation. Experi- 

ental data was collected from the plant under two thermal loads 

100% and 30%) in different measurement locations. The measure- 

ents are complemented with extensive modeling, providing un- 

erstanding on the interactions between the fuel particles, gas- 

hase chemistry, soot formation, and sub-micron (PM 1 ) aerosol 

rocesses. The following subsections provide a detailed description 

f the measurements and modeling included in this work. 

.1. Experimental 

uel properties 

A mixture of two slightly different wood pellets was burned 

n the heating plant during the measurement campaign. The ulti- 

ate and proximate analysis for both fuels is presented in Table 1 . 

he pellets have very similar properties, the most significant dif- 

erences being the higher heating value, and the slightly lower ash 

nd nitrogen content of pellet 2. The trace element concentrations 

re rather similar as well. The most important elements for fine 

article formation (K/Cl/S/Na) exist in similar ratios, the potassium 

ontent being much higher compared to the others. The low chlo- 

ine content in both pellets is favorable, as it decreases the risk for 

hlorine related corrosion in the heat transfer surfaces. The exact 

ombustion ratio of the pellets during the measurement campaign 

s not known, and a 50/50 ratio is used in most calculations of this 

ork. For the relevant results, error limits are presented for differ- 

nt mixing ratios. 

ample collection with high temperature probe and dilution with 

Diluter 

The instruments used in the heating plant measurement cam- 

aign are presented in Fig. 2 . The samples were collected from the 

urnace using a high temperature probe (HT-probe). The HT-probe 

as introduced for the first time in Ref. [28] , where sulfate addi- 

ive 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. 

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. 

Fig. 3. Operation principle of the eDiluter and high temperature probe. Flow direction from right to left. 
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dized bed reactor. Later, the probe has been used for studying the 

article composition in circulating fluidized bed boiler [29] , pulver- 

zed coal-fired boiler [30] , and bubbling fluidized bed boiler [15] . 

ommercial version of the HT-probe (Dekati Ltd.) was used in this 

tudy. Detailed information on the probe can be found from Refs. 

 31 , 32 ]. Briefly, the HT-probe dilutes the aerosol with a permeable

ube diluter located at the tip of the probe (see Fig. 3 ). The dilu-

ion air temperature can be adjusted up to 400 °C and the sample 

ools down in the dilution according to the sample and dilution air 

ow rates and temperatures. The dilution air creates a sheath flow 
3 
round the aerosol sample, preventing vapor and particle losses to 

he walls. Cooling air runs in a mantle enveloping the probe and 

rotects it under the harsh conditions inside the furnace. 

The eDiluter Pro (Dekati Ltd., see details in Refs. [ 33 , 34 ]) is a

wo-stage sheath flow ejector diluter, where the dilution stages are 

 combination of an axial diluter and an ejector diluter (see Fig. 3 ).

n essential feature of the eDiluter Pro is the constant Dilution Ra- 

io (DR) independently of the inlet pressure variations in the sam- 

le flow. This is done by measuring the sample pressure and ac- 

ively controlling the dilution air pressure to compensate the ef- 
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ects of pressure variations. This is due to the fact that the aerosol 

eaches the critical velocity in the eDiluter’s ejector which in turn 

tabilizes the volumetric aerosol sample flow rate, and also enables 

he possibility to compensate the changes in DR by adjusting the 

ilution air pressure. 

The HT-probe and the eDiluter are connected in a way that the 

Diluter’s first axial diluter is replaced by the HT-probe’s perme- 

ble tube diluter, and the sample outflow from the probe is main- 

ained by the ejector of the first dilution stage. The air in the first 

ilution stage was heated to 400 °C. After the HT-probe, a heated 

yclone (400 °C) was used to remove the coarse fly-ash particles 

rom the sample. In this work, the total DR was kept at 225 in

ll measurements. As shown by the measurement setup in Fig. 2 , 

he sample was led to the various aerosol instruments after the 

Diluter-unit. 

nline aerosol instruments and offline analyzation techniques 

Particle number concentration was measured continuously 

y several instruments with different cut-points for the parti- 

le diameter. Airmodus A11 nanoCondensation Nucleus Counter 

nCNC), with the ability to count particles down to 1 nm size, was 

easuring in parallel with an A20 condensation particle counter 

CPC) with a 10 nm cut-point, and an A23 CPC with a 23 nm cut-

oint. Measurement data was logged with a MultiCPC software. In 

ddition, the particle number concentration was measured by a 

SI 3756 CPC with a 2.5nm cut-point. Two bifurcated flow di- 

uters (bridge diluters), combined with a static mixer and a flow 

plitter, were applied before the nCNC and CPCs to lower the par- 

icle concentration to suitable level, and to mix and equally dis- 

ribute the sample. 

Particle number size distributions were measured by an 

lectrical low-pressure impactor ELPI + [35] (Dekati Ltd.). ELPI + 

harges the particles in a corona charger before classifying them 

ased on the aerodynamic diameter in an impactor column. In im- 

actor stages, the particles that cannot follow the flow path are 

mpacted on a substrate (sintered plates) and the electrical current 

arried by the particles is measured and converted into number 

oncentration. 

Black Carbon (BC) was measured by an AE33 dual- 

pot aethalometer [36] (Magee Scientific) equipped with a PM 1 cy- 

lone. In this experiment, the AE33 online compensation parameter 

ould not be used because the filter tape collection location was 

hanged often (about every 20–30 min). The AE33 data was 

orrected offline by calculating new compensation parameters as 

escribed in Appendix A. 

Particle samples for offline analyses were collected by a 

ekati gravimetric impactor (DGI). The DGI consists of five stages 

ith cut-off diameters of > 2.5 μm, 2.5 μm to 1 μm, 1 μm to 

.5 μm, 0.5 μm to 0.2 μm, and < 0.2 μm. The smallest size fraction

as collected on a quartz filter (Whatman QM-A, UK), whereas the 

ther four impactor stages were greased (Apiezon L) polycarbonate 

embranes (Nuclepore, pore size 0.2 μm). The size classified DGI 

amples were analyzed offline with the methods described below. 

he results shown in this article are from the lowest three stages 

f DGI, i.e. corresponding to PM 1 . 

The inorganic ions were analyzed from the DGI samples using 

on chromatography (IC). The ions were extracted by shaking the 

amples with 5 ml of deionized water in a test tube for 15 min.

CS-20 0 0 ion chromatographs (Dionex, US) were used for quanti- 

ying the anions (Cl −, SO 4 
2 −) and cations (Na + , K 

+ , Mg 2 + , Ca 2 + )
n the samples. The IC-20 0 0 systems had AS11/CS12A/AG11/CG12A 

nalytical/guard columns (4 mm), 500 μl loops, AERS/CERS 500 

uppressors, and KOH eluent for anions and MSA eluent for 

ations. For all ions, the uncertainty of the IC analysis was esti- 

ated to be approximately 10–15% when the analyzed concentra- 

ion was > 10 ng/mL, and 15–30% when it was < 10 ng/mL. 
4 
Monosaccharide anhydrides (MAs), levoglucosan, galactosan 

nd mannosan, are water-soluble compounds formed in biomass 

yrolysis. They can be used as a marker of incomplete combus- 

ion of the pyrolysis gasses. The concentration of MAs was anal- 

sed using a high-performance anion-exchange chromatography–

ass spectrometry (HPAEC-MS). The analytical method is similar 

ith the one described in Ref. [37] , except that the used internal 

tandard was methyl- β- d -arabinopyranoside. Shortly, the sugars 

ere extracted from a 1 cm 

2 filter punch using 5.0 mL of deion- 

zed water (with internal standard 100 ng mL −1 ), and the HPAEC- 

S was then utilized for measuring the levoglucosan, mannosan, 

nd galactosan at m/z 161. The HPAEC-MS system had a 2 mm 

arboPac TM PA10 guard and analytical columns (Dionex), potas- 

ium hydroxide (KOH) as an eluent, an EI ionization technique, and 

 MS quadruple mass analyzer. 

Organic Carbon (OC) and Elemental Carbon (EC) samples 

ere collected to the backup filters of the DGI and analyzed us- 

ng a thermal-optical technique based on the evolution of car- 

on species in different tem peratures (Lab OC-EC Aerosol Analyzer, 

odel 5, Sunset Laboratory Inc., US [38] ). The thermal-optical tem- 

erature protocol used in this study was EUSAAR2 [39] . The anal- 

sis consists of three stages: first, the OC is desorbed from the fil- 

er punch (1.5 cm 

2 ) through progressive heating under a pure He 

tream. However, a fraction of OC chars and forms pyrolyzed OC 

uring that stage. In the second stage, the sample is heated under 

 mixture of 90% He–10% O 2 , during which the pyrolyzed OC and 

C are desorbed. After being vaporized, OC, EC and pyrolyzed OC 

re finally converted to CH 4 , which is quantified with a flame ion- 

zation detector. In the third stage, an internal standard (5% CH 4 in 

elium) is injected into the instrument. To correct for the pyrolysis 

ffect, the transmittance of a 658 nm laser beam through the filter 

edia is recorded. The split point, which separates pyrolyzed OC 

rom EC, is determined as a point where the laser signal returns to 

ts initial value. 

Gaseous NO and CO emissions of the heating plant are contin- 

ously measured from the stack by the plant operator. The data 

rom the duration of the measurement campaign was obtained 

rom the plant’s automation system and was time-averaged for ob- 

aining the mean emissions (and standard deviations) for further 

odel comparison. 

Unburned carbon (UBC) and elemental composition of fly- 

sh were analyzed from bag-house filter (BHF) ash samples with 

oss-on-ignition tests and X-ray fluorescence (XRF), respectively. 

he fly-ash samples were collected after each operating load’s test 

ampaign from two different sections of the BHF. A total of four 

amples for each load were analyzed for the UBC and averaged 

or obtaining data on the biomass char burnout efficiency. The XFR 

nalysis (Thermo Scientific TM Niton XL3t GOLDD + ) was conducted 

imilarly for four samples and averaged for obtaining the concen- 

ration of main elements in the fly-ash. The reproducibility of the 

FR device was ensured by conducting double tests for the same 

amples, and the results were generally very consistent. 

.2. Modeling 

FD model of the heating plant 

The heating plant configuration is visualized in Fig. 4 . The com- 

ustion system consists of two 50 MW burners attached on the 

oof of the furnace. A masonry pre-combustion chamber ensures 

fficient ignition for the flame. Swirling air and recirculated flue 

as are fed into the burner through primary and secondary in- 

ets, whereas tertiary nozzles provide additional staging-air. The 

oundary conditions for the simulations, such as the burner mass 

ow rates, were obtained from the plant operator. The total air-fuel 

quivalence ratios were 1 . 3 and 1 . 5 for the 100% and 30% operat-

ng loads, respectively. The equivalence ratios for the burner were 
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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. 
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Table 2 

Submodels for the CFD simulations. 

Feature Submodel 

Turbulence k − ε Realizable, Standard wall-functions 

Turbulence-chemistry 

interaction 

Eddy Dissipation Concept (EDC) 

Reaction mechanism 14 species and 9 global reactions 

Fuel particle trajectories Lagrangian Discrete Phase Model (DPM) 

Fuel particle devolatilization Single First Order Reaction (reactivity 

parameters from Ref. [42] ) 

Fuel particle char oxidation Kinetics and Diffusion Limited 

Radiative heat transfer Discrete Ordinates (DO), WSGGM for gas 

absorption coefficient 

NOx model Thermal (extended Zeldovich), prompt, and 

fuel formation paths 

Soot model Method of Moments (MoM) with HACA 

mechanism 

p

f
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v
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 . 6 (100% load) and 1 . 0 (30% load), and the remaining air was

ed through the tertiary nozzles after the pre-combustion cham- 

er. The complete furnace construction is shown in Fig. 4 , but 

nly half of the domain is included in the simulations by using 

ymmetry boundary condition at the furnace center plane. Multi- 

le meshes with different refinement regions were initially tested, 

nd the shown configuration was found to provide accurate re- 

ults with relatively low total cell count. The burner and flame re- 

ions are meshed with a very fine resolution, and the cell size in- 

reases towards the furnace outlet. As a mesh independence study, 

hree simulations with 1.0, 2.9, and 6.3 million polyhedral cells 

ere tested for the 100 MW simulation. The two finest meshes 

2.9 and 6.3 million cells) provided similar results in terms of 

xial temperature distribution and CO and soot results, and the 

esh with 2.9 million cells was used for the simulations of this 

ork. 

The CFD solution is based on the Favre-Averaged Navier-Stokes 

ethodology, using the Realizable k − ε model with standard wall 

unctions for the turbulence closure. The partial differential equa- 

ions describing the fluid flow and turbulence can be found in Refs. 

 40 , 41 ]. Ansys Fluent R2019 software [41] , which uses the Finite-

olume Method (FVM) for numerical solution, is used through- 

ut this work. The numerical settings include the least-squares cell 

ased method for gradient approximation, the PRESTO!-scheme for 

ressure discretization, and the second order upwind scheme for 

ther variables. The pseudo-transient coupled algorithm is used for 

he iterative solution because of its good convergence stability. The 

mportant submodels are presented in Table 2 . 

Fig. 5 presents an overview of the fuel particle and gas phase 

ubprocesses being modeled in this work. The CFD model setup 

nd the biomass particle submodels include a great number of 

quations and parameters, and only a brief description is given 

ere. A detailed model presentation is given in Ref. [43] , where 

 validation study with 120 kW pilot reactor combustion experi- 

ents is provided. The biomass particle trajectories are calculated 

ith the Lagrangian Discrete Phase Model (DPM). The size dis- 

ribution for particle calculations is determined with an imaging 

oftware that calculates the sphere-equivalent diameters from 2D 
i

5 
article projections. The measured d 50 and d 90 diameters for the 

uel powder are 330 μm and 600 μm, respectively. The particle 

ombustion occurs in three stages: 1) moisture evaporation, 2) de- 

olatilization, and 3) char oxidation. Equations for solving the tra- 

ectories, temperature histories, and mass transfer processes are 

iven in Ref. [41] . 

The moisture evaporation is computed with the convection and 

iffusion-controlled method. The devolatilization is calculated with 

he Single First Order Reaction (SFOR) model, using reactivity pa- 

ameters from high heating rate Drop-Tube Reactor (DTR) exper- 

ments. The parameters were optimized for the wood pellet 1 in 

ef. [42] . The large particles ( d p > 170 μm) have own parameters 

hat account for the lower devolatilization rate imposed by the in- 

ernal heat transfer resistance. Furthermore, the fuel volatile con- 

ent is taken from the DTR experiments (94.2 m-%) as it resem- 

les more of the flame conditions compared to the standard prox- 

mate analysis of Table 1 . The optimized devolatilization parame- 

ers ensure that the volatiles are released at the correct location 

nside the flame, providing accuracy for the ignition, NO x , and soot 

ormation predictions. After devolatilization, the residual char re- 

cts with oxygen and forms CO and CO 2 in a 50/50 ratio. The ox- 

dation rate is computed with the kinetics and diffusion limited 



N.P. Niemelä, F. Mylläri, N. Kuittinen et al. Combustion and Flame 240 (2022) 111960 

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 a β a b # 

C H 1 . 558 O 0 . 714 → 0 . 165 H 2 + 0 . 423 CO + 0 . 105C O 2 + 

0 . 081 H 2 O + 0 . 090C H 4 + 0 . 011 C 2 H 2 + 0 . 095 C 2 H 4 + 

0 . 031 C 2 H 6 + 0 . 002 C 3 H 8 + 0 . 017 C 6 H 6 

5 . 0 0 0e14 0 0 TAR : 1 – (R1) 

H 2 + 0 . 5 O 2 → H 2 O 9.870e08 3.100e07 0 H 2 : 1 . 0 O 2 : 1 . 00 (R2) 

C H 4 + 1 . 5 O 2 → CO + 2 H 2 O 5.012e11 2.000e08 0 C H 4 : 0 . 7 O 2 : 0 . 80 (R3) 

C 2 H 2 + 1 . 5 O 2 → 2 CO + H 2 O 4.390e10 1.256e08 0 C 2 H 2 : 0 . 5 O 2 : 1 . 25 (R4) 

C 2 H 4 + 2 O 2 → 2 CO + 2 H 2 O 1.350e10 1.256e08 0 C 2 H 4 : 0 . 1 O 2 : 1 . 65 (R5) 

C 2 H 6 + 2 . 5 O 2 → 2 CO + 3 H 2 O 7.310e09 1.256e08 0 C 2 H 6 : 0 . 1 O 2 : 1 . 65 (R6) 

C 3 H 8 + 3 . 5 O 2 → 3 CO + 4 H 2 O 5.620e09 1.256e08 0 C 3 H 8 : 0 . 1 O 2 : 1 . 65 (R7) 

C 6 H 6 + 4 . 5 O 2 → 6 CO + 3 H 2 O 1.350e09 1.256e08 0 C 6 H 6 : −0 . 1 O 2 : 1 . 85 (R8) 

CO + 0 . 5 O 2 → C O 2 2.239e12 1.700e08 0 CO : 1 . 0 O 2 : 0 . 25 (R9) 

∗ Arrhenius parameters for k = A T β exp(−E a / R u T ) ; rate exponents a and b; units J, kmol, K, s, m. 
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odel, with the pre-exponential factor, activation energy, and dif- 

usion rate constant set as 0.002 1/s, 70 kJ/mol, and 5e-12 (-), re- 

pectively. The Fluent database values for coal are used because 

o experimental data is available, but the activation energy is low- 

red from 79 to 70 kJ/mol to account for the higher reactivity of 

iomass chars. 

As described in Fig. 5 , the volatiles are released from the fuel as

 primary tar. The tar decomposes rapidly into various hydrocar- 

ons that react further in the flame. The complete gas-phase com- 

ustion mechanism is presented in Table 3 . Reaction R1 describes 

he tar decomposition, which is followed by the global hydrocar- 

on combustion reactions R2-R9 according to the Westbrook and 

ryer kinetics [44] . The turbulence-chemistry interaction is mod- 

led with the Eddy Dissipation Concept (EDC) [45] , which com- 

ines the turbulent mixing rate and chemical kinetics for the mean 

eaction rate calculation in each computational cell. 

oot formation modeling 

Soot formation and growth in biomass pyrolysis, gasification 

nd combustion may occur at least through three mechanism: 

) the CPD (cyclopentadienyl, c-C 5 H 6 ) route related to lignin de- 

omposition, 2) the direct condensation of aromatics in pyroly- 

is products, and 3) through the lighter hydrocarbons that grow 

y the Hydrogen Abstraction C 2 H 2 Addition (HACA) mechanism 

 12 , 46 , 47 ]. Aromatic hydrocarbon ring species are crucial compo- 
6 
ents in all mechanisms, as they form Polycyclic Aromatic Hy- 

rocarbons (PAHs) which are considered the main precursors for 

oot nuclei in high temperatures. The oxygen-rich primary tars re- 

eased at the initial stage of biomass devolatilization (20 0–50 0 °C) 

ecompose into hydrocarbon gasses and secondary/tertiary tar 

pecies at higher temperatures [48] . In fast pyrolysis tests of Ref. 

46] (sawdust and straw), the main tar components and soot pre- 

ursors in temperatures above 900 °C were benzene (C 6 H 6 ) and 

AH molecules such as toluene (C 7 H 8 ), naphthalene (C 10 H 8 ) and 

yrene (C 16 H 10 ). C 6 H 6 accounted for over 50 m-% of the tar species

t 900 °C and over 90 m-% at 1100 °C. The CPD and direct conden-

ation mechanisms had a minor contribution to the soot formation. 

s such, benzene and the lighter PAHs are likely the main soot pre- 

ursors also in high temperature biomass flames (combined with 

ACA growth). 

In this work, a global reaction mechanism is used where the 

rimary tar decomposes directly into the main high temperature 

oot precursors, C 6 H 6 and C 2 H 2 (see R1 in Table 3 ). The stoi-

hiometric coefficients for R1 are determined based on Ref. [49] , 

here Drop-Tube Reactor experiments in various temperature lev- 

ls were used for characterizing the wood devolatilization prod- 

cts. A global pyrolysis reaction was derived for wood decompo- 

ition into tar (C 8 H 10 O 4 ), gasses (H 2 , CO, CO 2 , H 2 O, hydrocarbons

p to C 8 H 10 ), and residual char. A cracking reaction of tar into

ighter hydrocarbon species was also derived. The wood in their 
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ork had a slightly different C/H/O composition and lower volatile 

ontent than the pellets in this work, and some adjustments are 

ade to ensure conservation with the ultimate analysis. This is 

one by distributing the excess volatile carbon content between 

he gasses according to their experimental mass fractions. Finally, 

he H 2 and H 2 O concentrations are altered to balance the hydro- 

en and oxygen conservation. Furthermore, the heavier aromatic 

ompounds (C 7 H 8 and C 8 H 10 ) are lumped into C 6 H 6 for reducing

he number of transport equations in CFD modeling. This approach 

rovides a good starting point for soot formation modeling in pul- 

erized biomass combustion, as a wide selection of hydrocarbons 

an 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- 

ions. Three moments are solved for obtaining the concentration, 

ean diameter, and surface area of the soot particles. The nu- 

leation, surface growth, coagulation, and oxidation are accounted 

y source terms in the transport equations. Nucleation is modeled 

ith the framework introduced in Ref. [50] , where the nucleation 

ate is calculated using the collision frequency from kinetic gas 

heory for PAH molecules, which is scaled down by a sticking effi- 

iency γ . For example, they use a sticking efficiency of γ = 0 . 025

or pyrene molecules (C 16 H 10 ), but report that the efficiency de- 

reases rapidly for smaller molecules. 

Acetylene (C 2 H 2 ) and benzene (C 6 H 6 ) are considered as the 

oot precursors in this work, as they are the important building 

locks of PAH molecules [ 51 , 52 ]. However, the sticking efficiency 

hould be significantly lower than for the large PAHs, because it 

ust account the overall process of PAH formation and the subse- 

uent PAH collisions into soot nuclei. The sticking efficiency is es- 

imated with the fourth-power equation γi = CM 

4 
i 

[50] , where the 

caling parameter C is set to 5e-5, and M i (kg/mol) is the precursor 

olecular weight. Various values for C were tested and this value 

as found to provide reasonable results compared to measure- 

ents from the heating plant. The resulting sticking efficiencies 

 γC 2 H 2 
= 2 . 3 · 10 −12 and γC 6 H 6 

= 1 . 9 · 10 −10 ) seem reasonably low to

escribe the collisional efficiency into larger PAHs and further into 

oot nuclei. 

Soot surface growth is calculated with the HACA mechanism us- 

ng kinetic rates from Ref. [53] . Rate parameters for soot oxidation 

y oxygen (O 2 ) and hydroxyl radicals (OH) are also obtained from 

hat work. The OH radical concentration is calculated with the par- 

ial equilibrium assumption, as OH is not included in the gas-phase 

echanism. Finally, the coagulation of soot particles is included 

n the source terms of the moment transport equations, altering 

he particle number concentration. The coagulation is assumed to 

esult in spherical particles with increased diameter (coalescent 

rowth), and depends on the collision efficiency which is calcu- 

ated differently for the continuum, transition and free molecular 

egimes (see full description in Ref. [41] ). A model for the forma- 

ion of chain-like soot aggregates was also tested, but because of 

he low soot concentrations it did not affect the simulation results. 

O formation modeling 

The NO emissions are modeled with the thermal, prompt, and 

uel formation paths. The thermal NO is calculated with the ex- 

ended Zeldovich mechanism with partial equilibrium assumption 

or O and OH radicals. The prompt NO forms in the fuel rich re-

ion from the hydrocarbon species as described in Ref. [41] . In the 

ombustion conditions of this work, the fuel NO has the greatest 

ontribution 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, 

ost of the fuel-N is released during devolatilization in the form of 

H 3 and HCN, whereas the char-bound nitrogen is released mainly 

s NO [54] . In this work, 90 m-% of the fuel-N content is released
7 
n devolatilization and the rest 10 m-% during char oxidation. A 

igh volatile-N content is assumed because of the small particle 

ize, and high heating rate, temperature, and volatile content of the 

ood pellets (94.2 m-%, db). Based on the trends in Ref. [54] , the

olatile-N is set as 59 m-% of NH 3 , 21 m-% of HCN and 20 m-% of

 2 , whereas the char-N is released as NO (90 m-%) and N 2 (10 m-

). Finally, the released nitrogen species react in the gas phase 

ccording to the HCN/NH 3 /NO reaction mechanism described in 

ef. [41] . The turbulent mean reaction rates are modeled with the 

robability density function utilizing a two-variable beta distribu- 

ion for temperature and O 2 concentration. The global maximum 

ame temperature is used as the upper limit for temperature fluc- 

uations, and the temperature variance is calculated with a trans- 

ort equation. 

lug flow reactor model for fine particle analysis 

Fine particle formation inside the furnace is examined with a 

lug Flow Reactor (PFR) model. PFR model enables the use of com- 

licated kinetic mechanisms that are computationally too heavy to 

e integrated into full scale CFD simulations. The PFR model as- 

umes that the reactants are well mixed in the radial direction 

nd the reactions proceed only in the flow direction. This is a rea- 

onable approximation for the post-flame region where the flue 

asses are already relatively well mixed. The PFR calculations pro- 

ide detailed information on the aerosol precursor chemistry and 

re used for explaining the aerosol measurements in the results 

ection. However, care must be taken in the interpretation of the 

esults, as the real furnace conditions deviate from the ideal PFR 

ssumptions. The modeling is conducted with the Ansys Chemkin 

019 R3 software using the detailed reaction mechanism for K-Cl- 

 chemistry available in Ref. [55] . A simplified description for the 

 2 SO 4 aerosol formation is added to the mechanism from Ref. [20] . 

t describes the homogenous nucleation and heterogenous con- 

ensation with an irreversible first-order reaction, ensuring rapid 

erosol formation at temperature range between 1030 and 1130 K. 

his temperature interval was obtained from calculations based on 

etailed aerosol theory in Ref. [56] , and experimental support has 

een provided in Ref. [19] . In this work, similar irreversible reac- 

ions for KCl and KOH condensation are added to the mechanism. 

he activation energies are adjusted so that rapid condensation oc- 

urs at 800 K for KCl and at 770 K for KOH, which correspond to

 saturation ratio equal to 4 for the estimated flue gas concentra- 

ions. 

The temperature and velocity profiles for the PFR model are 

aken as cross-sectional averages from the CFD simulations in the 

ost-flame region of the furnace. As such, the calculations assume 

hat most of the biomass devolatilization and char oxidation have 

ccurred in the flame and have released the available aerosol pre- 

ursors at the PFR inlet. The precursor inlet concentrations are es- 

imated based on the ultimate analysis and K-Cl-S release factors 

aken from the literature. A 100% release efficiency is assumed for 

he Cl and S based on the high temperature pulverized fuel com- 

ustion tests in Ref. [16] . The release of K is more complicated but 

t has been shown to correlate with the fuel Cl and Si contents 

 16 , 17 ]. A high Cl content enhances the release of K (as KCl) al-

eady in the devolatilization stage [17] . On the contrary, a high Si 

ontent (molar K/Si < 2) bounds the potassium into silicates and 

eeps it retained in the coarse fly-ash [ 16 , 17 ]. The Si content is low

or the pellets of this work (K/Si > 2), and it is assumed that 80%

f the fuel K evaporates to the gas-phase. This estimation is taken 

rom Ref. [18] , where over 70% release efficiencies were measured 

or wood pellets. The released K-Cl-S elements are set as KOH, KCl, 

Cl and SO 2 at the PFR inlet [ 19 , 20 ]. The Cl content is assumed to

e mainly in the form of KCl (80% of Cl), the rest being HCl. The

xcess 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. 
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. Results and discussion 

.1. Formation of soot and other emissions under 30% and 100% loads 

This section evaluates the biomass combustion process and 

missions under the 30% and 100% thermal loads. The CFD simu- 

ation results are compared to the measured plant data, and fea- 

ures related to soot and fine particle formation are discussed. 

ig. 6 compares the flame shape and the water wall heat fluxes 

etween the two loads. The heat flux contours (right) demonstrate 

he general engineering results obtained from the CFD simulations. 

ig. 6 (left) presents an isosurface of 1650 K temperature, which 

s colored by the axial flow velocity. The isosurface represents the 

ame shape inside the furnace, whereas the velocity coloring pro- 

ides information on the gas and particle residence times inside 

he flame. The results show that the flame size is surprisingly sim- 

lar for the two loads, even though the gas velocities and residence 

imes are highly different. 

Fig. 7 presents the CFD simulation results related to gaseous 

missions and soot formation. Both thermal loads share similar 

eatures, such as the more intense combustion at the rear side of 

he furnace, and the low oxygen concentration in the flame core. 

he temperature in the post-flame region is significantly lower for 

he 30% load. This has a large impact on the fine particle forma- 

ion, as will be discussed in the following section. The highest soot 

oncentrations are found in the region where oxygen concentration 

s low, and the hydrocarbon concentrations are high. As Fig. 7 in- 

icates, major concentrations of acetylene (C 2 H 2 ) are found in this 

egion for both loads (same applies to benzene). Despite a signif- 

cant amount of soot is formed in the flame, it is effectively oxi- 

ized after mixing with the tertiary air. As such, the soot concen- 

rations are very low at the post-flame region and furnace outlet. 

The measured and CFD modeled emissions are compared in 

able 4 . The low CO and soot concentrations indicate that the com- 

ustion is efficient under both loads. The measured BC concen- 

rations inside the furnace are below 0.3 mg/m 

3 ( < 0.2 mg/MJ for 

oth loads), which is less than measured for modern pellet stoves 

n residential heating (1 mg/MJ [57] ) and significantly less com- 

ared to residential fire places (10 0–30 0 mg/MJ [57] ). Low soot 

oncentrations are supported by the negligible EC and OC contents 

etected from the filter samples ( < 0.01 mg/m 

3 ). Furthermore, no 

onosaccharide anhydrides (MA) were detected in the measure- 
8 
ents, indicating efficient combustion of the volatile gasses. The 

nburned carbon content in fly-ash (UBC) was also relatively low 

or both loads, which indicates that the biomass char residue burns 

ith high efficiency. The measured UBC values are approximately 

 m-%, which means that the fuel char content has burned with 

ver 99% efficiency. The 5 m-% UBC in fly-ash may at first seem 

ignificant, but due to the very low ash content of the wood pel- 

ets ( < 1 m-%), even a small amount of unburned carbon makes a 

arge contribution to the fly-ash mass. 

The emission levels predicted by the CFD model are in good 

greement with the measurements, although some deviations can 

e noticed. Firstly, the CFD model predicts a larger difference for 

he NO emissions between the two loads. The difference in the 

odeled values is mainly caused by the different char burnout 

ehavior in the simulations. At 30% load, the particle residence 

imes are high, and the char is mostly oxidized in the vicinity of 

he flame. The NO released in the char oxidation is mixed with 

he NH 3 /HCN that are released in devolatilization, and reduction 

f NO towards N 2 occurs. At 100% load, the char oxidation contin- 

es further downstream of the furnace, where volatile NH 3 /HCN 

re no more available and less NO reduction occurs. The effect can 

e seen in the NO concentration fields of Fig. 7 . The NO content 

eaks after the flame and decreases downstream at the 30% load, 

hereas the NO content increases all the way towards furnace out- 

et at the 100% load. 

Compared to the measurements, the CFD model predicts larger 

ifferences for the fly-ash UBC between the two loads. Consider- 

ng the low ash content of the pellets, both the experiments and 

imulations indicate a high char burnout efficiency ( > 99%). How- 

ver, the measurements imply a similar UBC for both loads, so the 

urnout behavior is not completely realistic in the CFD model. The 

urnout is too efficient at 30% load, being the main reason for 

he low UBC and NO predictions. This is a major error source in 

he current CFD model, and the results could be improved by ex- 

erimentally determined char oxidation parameters. In this work, 

he char combustion is not studied in more detail, but the results 

learly imply that realistic burnout behavior is imperative for ac- 

urate UBC and NO predictions. Accurate devolatilization model- 

ng is also important, as the largest particles continue HCN and 

H 3 release in the post-flame region, and the mixing with char- 

O controls the overall NO emissions. In industrial scale furnaces, 

he 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 ) 42.4 ± 5.9 31.2 51.5 ± 20.3 11.6 

NO (mg/m 

3 ) 157.4 ± 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) 5.3 ± 0.7 11.6 4.5 ± 0.8 0.4 

∗ Concentrations for dry flue gas at 1 bar, 288.15 K, and normalized to 6 vol-% O 2 . 
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he NO emissions, as the flame generated NO is minimized by the 

fficient burners and air-staging. In future work, the char oxida- 

ion modeling should be improved especially for the low operating 

oads, where the flue gas temperatures can be relatively low (600–

0 0 0 K). 

The soot concentration in the CFD model is slightly underpre- 

icted for the 100% load and overpredicted for the 30% load. In 

arger perspective, the soot concentrations are extremely low for 

oth loads which is well captured by the presented soot model- 

ng approach. The major assumption in the modeling is the di- 

ect decomposition of primary tar into high temperature hydro- 

arbon intermediates. The temperatures in the flame core can be 

elatively low ( < 10 0 0 K), and it is possible that more complex tar

pecies (heavy PAHs) are present in this region. For more accurate 

uantitative results, it is likely that more detailed reaction mech- 

nism with complex hydrocarbon chemistry is needed. However, 

t is encouraged that this simplified approach is tested in other 

m

9 
iomass combustion applications for further validation. Consider- 

ng the complexity of large-scale combustion furnaces, the pre- 

ented CFD model predicts the overall soot, CO, NO and UBC levels 

emarkably well, although improvement e.g. in the char oxidation 

odeling is needed. 

.2. Fine particle formation 

In this section, the fine particle formation is analyzed with 

 combination of measurements and modeling. The fine particle 

umber concentrations at the furnace bottom, measured by nCNC, 

PCs, and calculated from the ELPI + data, are presented in Fig. 8 .

he nCNC and CPC number concentrations are shown as a func- 

ion of cut-off size, i.e. the bar shows the concentration of particles 

arger than the indicated diameter. In case of ELPI + , the concen- 

ration represents particles between 7 nm and 1 μm. The ELPI + 

easurements 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. 

Fig. 9. Post-flame K-Cl-S chemistry calculated with plug-flow reactor model using temperature and velocity profiles from CFD simulations. Label (c) refers to condensed 

phase. 
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 10 nm, which indicates consistency between the two measure- 

ent techniques. As shown in Fig. 8 , the number concentration 

f particles larger than 1.7 nm is 25-times higher for the 100% 

oad as compared to the 30% load. Furthermore, the concentration 

f smallest particles ( < 10 nm; determined by subtracting N > 10 nm 

rom N > 1.7 nm 

) is extremely high for the 100% load, which indi- 

ates that homogenous nucleation has occurred close to the mea- 

urement location or during the sampling. In comparison, there is 

o indication of nucleation for the 30% load, as the total particle 

umber is an order of magnitude lower and is largely contained in 

he > 10 nm particle diameters (i.e. nucleation has likely occurred 

pstream of the measurement location and the number concentra- 

ion has decreased due to particle coagulation and agglomeration). 

For more detailed understanding of the measurement results, 

ig. 9 presents the PFR model calculations for K-Cl-S chemistry 

nside the furnace. The results indicate that the SO 2 and KOH, 

hat are released from the biomass in the flame, react effec- 

ively into potassium sulfate (K 2 SO 4 ) in the post-flame region. The 

Cl concentration remains nearly constant throughout the furnace 
10 
ength as the high excess of KOH consumes the available SO 2 . 

s the flue gas cools down to around 1100 K, the K 2 SO 4 nucle-

tion/condensation occurs. The KCl, on the other hand, condenses 

t much lower temperatures at around 800 K. It likely condenses 

n the existing K 2 SO 4 particles and does not form new seed par- 

icles through homogenous nucleation [ 19 , 24 ]. The results also im- 

ly that a high amount of KOH remains in the flue gas after the 

ulfation reactions. This KOH likely reacts into K 2 CO 3 , or directly 

ondenses on the existing particles [58–61] . According to equilib- 

ium calculations of Refs. [ 58 , 60 ], K 2 CO 3 formation may occur at

emperatures around 900 K but the kinetics of this reaction may 

e slow. K 2 CO 3 formation is not included in the PFR calculations 

nd KOH is assumed to remain in the flue gas until it condenses at 

70 K (i.e. close to the KCl condensation region). 

Fig. 9 indicates that the aerosol formation occurs at different 

egions inside the furnace depending on the thermal load. At 100% 

oad, the K 2 SO 4 nucleation begins at the bottom region of the fur- 

ace. This leads to a conclusion that the high number concentra- 

ion 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 2 SO 4 and KCl nucleation/condensation regions. 
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 2 SO 4 nucleation. At 30% load, K 2 SO 4 nucleation occurs already in 

he upper section of the furnace, which is in line with Fig. 8 where

o nucleation mode particles were detected at the furnace bottom. 

he condensation of KCl and KOH/K 2 CO 3 occurs at lower tempera- 

ures (below 900 K), which is reached in the heat exchanger region 

fter the furnace outlet at 100% load, and in the furnace bottom 

egion at 30% load. Some unshielded thermocouple measurements 

re shown in Fig. 9 for providing indication on the validity of the 

FR model temperature profiles. 

Experimental support for the PFR analysis is further provided 

n Fig. 10 . It presents the Ion Cromatography (IC) results for the 

wo loads, providing information on the chemical composition of 

he fine particles (PM 1 ). The measurement locations are shown in 

he embedded furnace layout together with the estimated K 2 SO 4 , 

Cl and KOH nucleation/condensation regions (based on the PFR 

odel and CFD temperature field). The content of K + cations and 

O 4 
2- anions is generally high in all collected aerosol samples. This 

mplies that the water-soluble PM 1 largely consists of potassium 

ulfate, as indicated also by the PFR modeling. Moderate amounts 

f Ca 2 + are also found in the samples. Compared to the high fuel 

a content ( Table 1 ), it is evident that most of the calcium remains

n the coarse fly-ash ( > 1 μm), but a minor fraction ends up in the

ne particles. Calcium has been found in the fine particles also in 

irculating fluidized bed combustion of wood [24] . It might play 

n important role in the initial aerosol nuclei formation whereon 

he subsequent vapor species condense. Cl − anions and Mg 2 + /Na + 

ations are measured in lower amounts. The Cl content is likely 

n the form of alkali chlorides (KCl/NaCl), whereas the Ca and Mg 

ikely exist in the form of oxides (CaO [24] and MgO) or sulfates 

CaSO 4 /MgSO 4 ). The BC content is very low in all measurement 

ocations. 

The particle number size distributions from ELPI + are pre- 

ented in Fig. 10 for each load and measurement location. A bi- 

odal size distribution is clearly seen in the 100% load furnace 

ottom graph. The first mode median diameter is 8 nm, which 

s consistent with the high concentration of nucleating particles 

n Fig. 8 . These particles were attributed to the homogenous nu- 

leation of K 2 SO 4 based on the PFR calculations. The homogenous 

ucleation has likely occurred during the sampling process (in the 
11 
robe and cyclone, see Fig. 2 ) because of the extremely high sat- 

ration ratio of �10 0 0 for K 2 SO 4 . The K 2 SO 4 , KCl and KOH were

ll vapors prior to sampling at this location, and the results indi- 

ate that they mostly condensed on the coarse fly-ash particles or 

all surfaces in the probe and cyclone (thus they are not detected 

n the PM 1 IC analysis of DGI samples). The second particle mode 

t 60 nm diameter likely originates from the coagulation and ag- 

lomeration of other measured compounds (Ca, Mg, Na, BC) and 

on-water soluble elements (such as P, Al, Si, Zn). These particles 

ave likely grown also by the K 2 SO 4 /KOH condensation in the sam- 

ling. The furnace outlet measurement (100% load) shows that the 

ize distribution has evolved unimodal (119 nm median diameter) 

nd the mass concentration of K and SO 4 ions has increased by 

 factor of 7. These features are well explained by the estimated 

 2 SO 4 nucleation/condensation region shown in the furnace lay- 

ut, which implies that the fine particles had formed well before 

he measurement location (the fine particles are able to escape the 

yclone and are detected in the PM 1 IC analysis). 

The 30% load results in Fig. 10 demonstrate that the K 2 SO 4 nu- 

leation occurs already in the upper section of the furnace due 

o lower temperature and longer residence time of the flue gas. 

he furnace bottom measurements are in line with this observa- 

ion. The size distribution is unimodal with a median diameter of 

2 nm (no nucleation mode), and high concentrations of K and SO 4 

ons are detected in the IC analysis. Overall, the results are line 

ith the previous findings that the majority of initial fine parti- 

le mass is formed by nucleation/condensation of K 2 SO 4 , and KCl 

nd other compounds condense on these particles [ 19 , 24 ]. Further- 

ore, it is evident that some KOH and/or K 2 CO 3 has condensed 

n the fine particles in all measurement locations, because the K 

on concentrations are higher than expected for pure K 2 SO 4 and 

Cl. 

Mass balance estimations for the main fine particle species are 

resented in Fig. 11 . In graph a), the measurements at the furnace 

xit are compared to the PFR calculation (100% load in Fig. 9 ). The

Cl and KOH were still vapors prior to sampling, which compli- 

ates the mass balance evaluation. Only the vapor mass that nucle- 

tes or condenses on the existing fine particles is detected in the 

C analysis as the rest is lost into the probe and cyclone. Therefore 
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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-Cl-S mass 

balance estimation based on the measurement and modeling results. 
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wo calculation results are shown: 1) the KOH vapor is assumed 

o condense on the fine particles in the sampling, and 2) the KOH 

apor is excluded from the fine particle mass (i.e. it is lost in sam- 

ling). Assumption 2 is closer to the measurements, and the same 

pplies to the 30% load case in Fig. 11 b). The real behavior of the

apor is likely somewhere between the two assumptions. In both 

raphs, the KCl vapor is included into PM 1 due to its low concen- 

ration, but the measurements indicate that it is also partially lost 

n the sampling. Overall, Fig. 11 a) and b) demonstrate that the 

alculation methods are accurate in this work, and are able to pro- 

ide detailed estimations for the inorganic species. However, two 

ajor questions remain that cannot be deduced from the available 

ata. Firstly, the amount of KOH vapor may not be as large as indi-

ated by the PFR calculation, as part of the fuel-K might not have 

vaporated from the biomass in the first place (in which case no 

OH had formed). Secondly, the degree of KOH carbonization into 

 2 CO 3 is unclear and needs further research. 

In order to have a more complete picture on the mass balances 

nd behavior of the inorganic species in the heat exchanger region 

fter the furnace, ash samples from the BHF were analyzed using 

RF. The results are shown in Fig. 11 c) and compared to the el-

mental composition of the raw fuel. The results indicate that the 

0% load BHF ash has nearly identical composition with original 

uel. This means that the fine particles (rich in K and S) and coarse 

y-ash (rich in Ca and Mg) are not deposited in the heat exchang- 

rs, so they arrive to the BHF in unaltered ratio. The 100% load 

HF ash is enriched with K and S but has lower Ca and Mg con-

ent. This indicates that some Ca-rich coarse fly-ash had deposited, 

hereas the K 2 SO 4 fine particles had effectively passed the heat 

xchangers. The KOH/K 2 CO 3 vapor might play an important role in 

his deposition, as it condenses in the heat transfer region at the 

00% load and might enhance the deposition of coarse fly-ash par- 

w

12 
icles (by forming a sticky layer on the pipes/ash particles [62] ). 

t 30% load, the KOH had already condensed well before the heat 

ransfer region, so it passed the heat exchangers without signif- 

cant deposition (in the form of fine particles). Therefore, coarse 

y-ash was not deposited either as a sticky condensation layer 

as not formed. A significant role of KOH in the heat exchanger 

ouling has been discussed also in Refs. [ 60 , 61 , 63 ], but the differ-

nt deposition behavior between the loads in this work can be af- 

ected also by other factors (such as different flow velocities). The 

ole of KOH/K 2 CO 3 is identified as an important topic for future 

esearch. 

The mass balance results are summarized in Fig. 11 d), which 

hows how the fuel bound K, Cl, and S elements evolve towards 

he fine particles. The highest uncertainty is related to the potas- 

ium division between KOH(g) and coarse fly-ash which was based 

n a literature estimation. Overall, the results provide confidence 

owards the measurement and modeling techniques adapted in 

his work. The CFD and PFR calculations are shown to provide 

n accurate estimation of the fine particle concentration, chemical 

omposition, and formation regions in pulverized fuel combustion. 

his kind of fundamental understanding is valuable for solving the 

hallenges related to inorganic species in thermochemical conver- 

ion processes. For example, the modeling can aid to design effi- 

ient additive injection systems for the industrial furnaces under 

ifferent loads. 

. Conclusions and future work 

Understanding the formation of soot and inorganic aerosols 

s important for both environmental and technological aspects 

f biomass combustion. The scientific fundamentals are relatively 

ell understood in small scale laboratory environments, but less 
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tudied in the full-scale power plants. In this work, the aerosol 

rocesses were examined in a modern pulverized wood-burning 

00 MW th district heating plant. The wood combustion was found 

o be highly efficient under both 30% and 100% operating loads. 

arkers for the efficient combustion were the low CO, soot, OC, 

nd MA concentrations in the flue gas, as well as the low UBC con- 

ent in fly-ash. 

The flue-gas sampling, dilution, and measurements were per- 

ormed with the state-of-the-art instrumentation from two loca- 

ions inside the furnace. This enabled us to characterize the evolu- 

ion of aerosol mass and number concentrations along the furnace. 

he water-soluble fine particles (PM 1 ) were shown to mostly con- 

ist of inorganic compounds which had nucleated/condensed from 

he gas phase. The main aerosol species was potassium sulfate 

 2 SO 4 , but lower concentrations of other sulfates such as Na 2 SO 4 ,

aSO 4 (or CaO), MgSO 4 (or MgO), and alkali chlorides (NaCl, KCl) 

ere also measured. 

The measurements were complemented with CFD simulations 

nd PFR modeling. Soot formation was coupled to the CFD simula- 

ions with a combination of fuel-specific devolatilization parame- 

ers, global gas-phase chemistry, and MOM-model for soot subpro- 

esses. The results were in good agreement with the BC measure- 

ents for both operating loads. The results implied that high soot 

oncentrations formed in the fuel rich region inside the flame, but 

ow concentrations remained at the furnace outlet due to efficient 

xidation (measured BC < 0.3 mg/Nm 

3 ). However, the soot model- 

ng was based on a global reaction mechanism where the primary 

ar decomposed directly into high temperature hydrocarbon inter- 

ediates. Detailed PAH chemistry was not simulated, but acety- 

ene and benzene were used as the soot precursors. The sticking 

fficiencies for nucleation required some adjustment for realistic 

esults, and further validation in other biomass combustion appli- 

ations is needed. The presented soot modeling approach should 

herefore be considered as a preliminary step for more detailed 

tudies. 

The PFR model was used for studying the inorganic aerosol 

ormation inside the furnace. The modeling provided detailed in- 

ight on the K-Cl-S chemistry and enabled identifying the nu- 

leation/condensation regions of the different species. The results 

rovided strong evidence that most of the biomass K-Cl-S content 

vaporates and forms fine particles in the suspension firing con- 

itions. The initial seed particles are formed through homogenous 

ucleation of K 2 SO 4 below 1130 K temperatures, and the subse- 

uent species condense on their surface. The results implied that 

 high concentration of excess KOH remains in the flue gas, but its 

ehavior could not be completely deduced from the available data. 

t may react into K 2 CO 3 or remain in the gas-phase until conden- 

ation below 800 K temperatures. Based on the BHF ash analysis, 

he KOH/K 2 CO 3 vapor may play a significant role in the heat ex- 

hanger fouling. As such, the KOH behavior was identified as major 

opic for future research. 

Overall, the results provided important fundamental under- 

tanding on how the aerosol concentration, chemical composi- 

ion, and size distribution vary inside the pulverized fuel furnaces 

nder different operating loads. As the PFR calculations are per- 

ormed with the detailed kinetic mechanism, the calculation meth- 

ds should be valid for a variety of different fuels and combustion 

onditions. The kinetic mechanism also avoids misleading results 

hat can be obtained from equilibrium calculations (due to kinetic 

imitations). The CFD modeling methods are applicable for other 

iomass furnaces and can help in the characterization of combus- 

ion performance in terms of gaseous and particulate emissions. In 

uture work, a similar analysis can be performed for the challeng- 

ng low-grade biomass feedstocks such as agricultural and indus- 

rial side streams, e.g. for solving the issues related to combustibil- 

ty, emissions, and slagging and fouling. 
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