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Abstract: 

By replacing coal with renewable fuels, such as wood, the consumption of coal and the 

amount of  fossil fuel emissions can be reduced. The wood fuels need however 

processing before combustion in pulverized fuel firing boilers. The aim of this work is 

to study the applicability of the DustComb -process as a pretreatment method for wood 

fuels. 

The principle of the DustComb-process is to defibrate the woody feedstock with a 

mechanical defibrator, and the produced fines are dried with a flash dryer integrated 

into the process. The dried fines are either fed into a pulverized fuel burner or stored 

for later use. In this work, the co -firing of biomass in a pulverized coal boiler is 

discussed, and the principles of mechanical defibration and flash drying are explained. 

In the experimental part of this study, the influence of the disc clearance on the 

defibratorôs specific energy consumption is determined. The disc clearance in the 

defibr ation tests are varied between 0.60 and 1.80 mm. Also the effect of the particle 

size on the drying rate is studied. In the calculations part, the costs of producing the 

DustComb-fuel are estimated and their dependence on the market price of electricity, 

the price of heat, and the price of the feedstock are evaluated. The costs are further 

compared with the market prices of coal and wood pellets. 

The experimental results show that the energy consumption of the defibration starts to 

increase rapidly when the disc clearance is narrowed from 1.00 mm. According to the 

test results, the studied particle size changes do not have any remarkable effect on the 

drying rate of the material. A significant observation is that a great amount of the wa-

ter in the wood is evaporated already during the defibration (16ï25% of the initial 

moisture). The calculation results show that the production of the DustComb -fuel is 

economically viable when compared to the price of coal, and especially when com-

pared to the price of wood pellets. The results also show that the costs of the energy 

needed for the DustComb-process are low compared to the price of the raw material. 
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Tiivistelmä: 

Kivihiilen käyttöä ja siitä muodostuvien päästöjen määrää voidaan vähentää 

korvaamalla kivihiili uusiutuvilla polttoaineilla, kuten esimerkiksi puulla. 

Puupolttoaine vaatii kuitenkin esikäsittelyä ennen polttamista pölypolttokattilassa . 

Tämän työn tarkoitu s on tutkia DustComb-prosessin soveltuvuutta puupolttoaineen 

esikäsittelymenetelmänä. 

DustComb-prosessin ideana on kuiduttaa puuperäinen raaka-aine mekaanisella 

kuiduttimella, jonka jälkeen tuotettu aines kuivataan prosessiin integroidulla flash-

kuivaimella. Valmis polttoaine syötetään joko suoraan pölypolttimeen tai varastoidaan 

myöhempää käyttöä varten. Tässä työssä on aiemman kirjallisuuden perusteella 

selostettu biomassan seospoltto hiilipölykattilassa sekä mekaanisen kuidutuksen ja 

flash-kuivauksen perusteet. Työn kokeellisessa osiossa on tutkittu miten kuiduttimen 

teräväli vaikuttaa kuidutuksen ominaisenergiankulutukseen ja miten merkittävästi 

materiaalin partikkelikoko vaikuttaa sen kuivumisnopeuteen. Kuidutuskokeissa 

teräväliä vaihdeltiin 0.60 ja 1.80 mm:n välillä. Lisäksi on laskettu DustComb-

polttoaineen valmistuskustannuksia ja niiden riippuvuutta mm. sähkön 

markkinahinnasta, lämmön hinnasta sekä raaka-aineen hinnasta. Tuloksia on verrattu 

kivihiilen ja puupellettien markkinahintaan . 

Kokeelliset tulokset osoittavat että 1.00 mm terävälin kohdalla energiankulutus alkaa 

nousta selvästi, kun väliä pienennetään. Työssä tutkittujen p artikkelikokojen vaihtelu 

ei tulosten perusteella vaikuta merkittävästi  materiaalin kuivumisnopeuteen. Merki t-

tävä havainto on, että suuri osa puun sisältämästä kosteudesta poistuu jo kuidutuksen 

aikana (16ï25% puun alkukosteudesta). Laskennallisen osion tuloksista selviää että 

DustComb-polttoainetta on mahdollista valmistaa kilpailukykyisillä kustannuks illa 

kivihiilen, sekä erityisesti puupellettien markkinahintaan verrattuna. Lisäksi selviää 

että DustComb-menetelmää varten tarvittavan energian kustannukset ovat pienet siinä 

käytetyn raaka-aineen hintaan verrattuna.  
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Symbols and abbreviations 

 

Symbols 

CCHP-heat [ú/MWh] Price of heat 

Cel [ú/MWh] Market price of electricity 

CFuel [ú/MWh] Price of the fuel 

CFuel, CHP-heat [ú/MWh] Fuel costs for the produced heat in a CHP-plant 

CFuel, comb [ú/MWh] Total fuel costs for the combined production 

CFuel, el [ú/MWh] Fuel costs for the produced electricity 

CFuel, heat [ú/MWh] Fuel costs for the produced heat 

Mdb  Moisture content on dry basis 

Mwb  Moisture content on wet basis 

Pidle [W]  Idling power 

QGHV [MJ/kg] Gross heating value 

QHHV [MJ/kg] Higher heating value 

Qresid [%] Residual energy 

T [°C] Temperature 

XH [%] Concentration of hydrogen 

a  Amount of pulses sent to the defibrator 

lw [MJ/kg] Heat of evaporation 

mdm [kg] Mass of dry matter 

mdry [kg] Dry mass 

mw [kg] Mass of water 

t [s] Duration 

ȹt [s] Time period 

Ŭ  Power to heat ratio 

ɖ  Plant efficiency 

 

 
Abbreviations 

CFB  Circulating fluidized bed 

CHP  Combined heat and power, cogeneration 

EU  European Union 

EU-27  All  27 member states of the European Union in 1.1.2013 

FBD  Fluidized bed dryer 

GHV  Gross heating value 

HHV  Higher heating value 

IEA  International Energy Agency 

IPCC  Intergovernmental Panel on Climate Change 

MC  Moisture content 

Mtoe  Million tonnes of oil equivalent 
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RMP  Refiner mechanical pulp 

SEC  Specific energy consumption 

TFC  Total final consumption 

TPES  Total primary energy supply 

VOC  Volatile organic compound 

d.b  Dry basis 

rpm  Revolutions per minute 

w.b  Wet basis 

 

 

Elements 

Al   Aluminium 

Ca  Calcium 

Cl  Chlorine 

Fe  Iron 

K  Potassium 

Mg  Magnesium 

N  Nitrogen 

Na  Sodium 

S  Sulfur 

Si  Silicon 

 

 

Compounds 

CH4  Methane 

CO  Carbon monoxide 

CO2  Carbon dioxide 

H2  Molecular hydrogen 

H2O  Water 

H2S  Hydrogen sulfide 

KCl  Potassium chloride 

NaCl  Sodium chloride 

NH3  Ammonia 

NOx  Nitrogen oxides 

SOx  Sulfur oxides  
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1 Introduction 

The energy demand is increasing worldwide and the share of fossil fuels in the utilized 

energy sources is dominant. According to the statistics published by the International 

Energy Agency (IEA) [1], 81% of the total primary energy supply in the world in 2010 

originated from fossil sources (including peat). The combustion of fossil fuels releases 

carbon stored in the ground and increases the carbon dioxide (CO2) content in the at-

mosphere. CO2 is estimated as the most important greenhouse gas. Greenhouse gases 

are assumed to have a great influence on the global warming. The Intergovernmental 

Panel on Climate Change (IPCC) has reported that the emissions from continued use of 

fossil fuels will lead to a temperature increase from 1.4°C up to 5.8°C over the period 

from 1990 to 2100. [1] [2] [3] 

Like all fossil fuels, also the coal reserves are limited and the coal price is sensitive to 

fluctuations. Coal is a common fuel in power plants: 40.6% of the electricity in the 

world was generated from coal and peat in 2010. [1] Thus, there is a great potential in 

replacing the coal with renewable and carbon neutral biomass. Wood and coal have sim-

ilar properties, and wood suits well to be combusted together with coal in existing 

plants. If the biofuel can be burned with same equipment as coal, no great investments 

are needed. The capability to burn several different fuels also brings more reliability to 

the economy of the plant. [1] [4] 

When dead biomass decomposes in the nature, harmful emissions, such as methane, are 

released. So, besides the need for reducing the usage of fossil fuels, also significant 

amounts of harmful emissions can be avoided by recovering forest residues. However, 

the technical limitations of using biomass as a fuel are the low heating value and low 

bulk density. These factors have an increasing effect on the transportation needs. Also 

the high moisture content in biomass brings challenges, mainly for the combustion qual-

ity and efficiency. [3] [4] [5] 

Biomass belongs to the renewable energy sources, consisting of all organic material 

originated from plants, such as trees, crops, algae, animal materials and organic waste. 

The main types of biomass can be defined as woody plants (e.g. bark and forest resi-

dues), herbaceous plants/grasses, aquatic plants, and manures. This work will though 

focus on the woody biomass. [2] [3] 

 

Due to varying fuel requirements in different boiler types, grate fired or fluidized bed 

boilers are usually used for firing biomass, while coal is normally burned in pulverized 

fuel boilers. [6] One method to produce a wood fuel, which can be burned in pulverized 

coal boilers, is to defibrate the wood mechanically. The produced fines are dried with an 

integrated flash dryer before combustion. No previous reports are found about this 

method for such purpose. In this work, the integrated defibration and drying will be in-

vestigated, and the method will be called the DustComb-process. 

The aim of this work is to evaluate the feasibility of the DustComb, when it is used to 

produce wood fines suitable for pulverized fuel firing. The experimental part in this 

work consists of two sections: the experimental tests and the calculations. In the first 

section, the specific energy consumptions of the defibration of wood to different fine-

ness are calculated and compared. The operating costs of the DustComb-process are 

evaluated in the second section. The total production costs of the DustComb-fuel are 

calculated and compared with competing fuel prices. Possible carbon dioxide savings 

are also estimated in the second section. 
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The research questions to be answered in this work are:  

Á What is the optimal disc clearance in the defibrator for the DustComb-process? 

Á How much energy is required for the defibration? 

Á How much does different particle size of the fines affect the drying rate? 

Á What are the costs of producing the fuel with the DustComb-method? 

Á How profitable is the DustComb-fuel compared to coal? 

 

Helsingin Energia has examined co-firing of wood pellets with coal. They have decided 

to start using wood pellets as a co-firing fuel in their coal-fired CHP-plants in 2015. A 

pellet share of 5-10% of the total fuel power is planned to be burned. They have esti-

mated a yearly pellet demand of 100 000 tons, which is about one third of the current 

total pellet production in Finland and over half of the current amount of pellets con-

sumed in Finland. [7] 

The annual capacity of wood pellet production in Finland is calculated to be 700 000 

tons. The yearly use of pellets in Finland is however estimated to increase to 850 000 

tons by the year 2020. To meet the future needs, Finland has to either increase the pro-

duction of wood pellets or increase the import of pellets. The limited capacity has a di-

rect effect on the price of pellets. [7] Thus, the DustComb-method might be an alterna-

tive method to produce wood fuel suitable for co-firing in coal power plants. In this 

work, the DustComb-fuel is investigated and compared with wood pellets and coal. 
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2 Biomass as an energy source 

All biomass, including wood and forest residues, are carbon neutral energy sources, 

which means that the same amount carbon is bound to new biomass during growth, as 

released when the biomass is burned. Due to the low sulfur and heavy metal contents in 

wood, it is a less polluting fuel than coal or crude oil. In addition, raw wood is usually 

less expensive than crude oil or natural gas. [2] [5] 

Biomass is produced through photosynthesis by green plants. The energy from sunlight 

is transformed into chemical energy and stored in the plant as carbohydrates. During 

combustion, digestion or decomposition, the chemical bonds between carbon, hydrogen 

and oxygen molecules are broken and the stored energy is released. By pretreatment 

methods, the usability of biomass as a fuel can be increased. Fuels in gaseous, liquid 

and solid form can be produced by processing biomass. [2] [3] [8] This work concen-

trates though only on solid wood fuels. 

In this chapter, the current worldwide use of biomass as a solid fuel is presented and the 

composition of woody biomass is discussed. Some biomass pretreatment methods to 

increase the usability of biomass as a fuel are also presented. 

 

2.1 The use of biomass 

The fossil fuels, such as coal and crude oil, have been the dominant energy sources 

since the industrialization. The usage of these resources has increased with the increas-

ing energy demand. Recently, with growing environmental consciousness, awareness of 

global warming, and awareness of exhausting fossil resources, the significance of re-

newable energy sources has increased. For example, European Union (EU) has set as 

target for year 2020 a renewables share of 20% of total final energy consumption. Dur-

ing the last ten years, the share among all 27 EUôs member states (EU-27) has increased 

from 8% to over 12%, which is presented in Figure 1. [9] 

The proportion of renewables in the primary energy production in EU is 21%, amount-

ing about 162 Mtoe (Figure 2 and Figure 3). The share of biomass and renewable 

wastes covers the majority of the produced primary energy from renewables. The 

amount of energy produced from biomass and renewable wastes in EU has increased to 

almost the double since year 2000, which can be seen in Figure 3. [9] 
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Figure 1. Share of renewable energy in gross final energy consumption, EU-27-countries. [9] 

 

 

 
Figure 2. The fuel sources for primary energy production in the EU-27-countries. [9] 
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Figure 3. The progress of the primary production of renewable energy in EU 27-countries between 

2000 and 2011. [9] 

 

The worldôs total primary energy supply (TPES) and total final consumption (TFC) in 

2010 are presented and compared with the values back in 1973 in Figure 4 and Figure 5, 

respectively. It can be seen that the absolute amount of consumed biofuels and waste 

has increased but their shares in the total final consumption has remained unchanged. 

The section ñOtherò in the figures include geothermal, solar, wind, heat, etc. The rela-

tively low price of fossil fuels, their high energy density, and the easiness to process 

them have been the major reasons for their popularity as fuels in the past century. The 

awareness of the fossil fuelsô polluting nature and the exhaustion of the reserves have 

however affected the willingness in replacing conventional energy sources with renew-

able sources. [8] 

About 25% of the generated energy from biomass in the world is used in industrialized 

countries, where significant investments are made to meet emission standards. The other 

75% is mainly used in developing countries for household heating, but also in biomass-

based industries for process heat production. These plants generally use their own bio-

mass residues as fuel. It is estimated that to stabilize the atmospheric CO2 level, global 

emissions must reduce by 60% from the current level. Approximately 80% of total 

emissions are calculated to originate from burning fossil fuels. Much of the remainder 

20% may be a result of deforestation, mostly in tropical regions. [10] 

 

Biomass energy sources include wood and wood wastes, agricultural crops and their 

waste byproducts, municipal solid waste, animal wastes, waste from food processing, 

and aquatic plants and algae. Wood and wood wastes are the most common biomass 

sources in energy production (64% of total energy produced from biomass in the 

world). Municipal waste stands for 24%, agricultural waste for 5%, and landfill gases 

for 5%. [11] 

Biomass is available in most countries and it can be used as feedstock in the production 

of solid, liquid or gaseous biofuels. As a renewable source it brings a more secure ener-
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gy supply for countries. Biomass has also a large unused energy potential worldwide. 

The estimated annual energy potential and the current utilization of biomass in energy 

production are presented in Table 1. Only 38% of the worldôs available energy potential 

in biomass is utilized, mainly in Asia. For example in Europe it is theoretically possible 

to use four times the current amount of biomass for energy production. Only in Asia the 

energy use of biomass is non-sustainable. There, the yearly usage exceeds the rate of 

new biomass which is formed. [2] [8] [10] 

 

 

 
Figure 4. The worldôs total primary energy supply in 1973 and 2010. [1] 

 

 

 
Figure 5. The worldôs total final energy consumption in 1973 and 2010. [1] 
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Table 1. The usable potential of biomass as energy source and the current use in different parts of 

the world in Mtoe per year. [10] 

 

 

 

2.2 Biomass properties 

Biomass is characterized by its high moisture content, low bulk energy density, hydro-

philic nature, and non-friable character. The high moisture content together with the 

high oxygen content reduces the heating value and energy density of biomass. The fi-

brous structure of wood increases the strength of the material, and thus complicates the 

crushing and size reduction of the particles required prior to combustion. These proper-

ties are discussed further in this chapter. [4] 

 

2.2.1 Composition 

The main components in wood are cellulose, hemicellulose and lignin. Together these 

form a matter called lignocellulose. The proportions of the components in lignocellulose 

vary depending on plant species. Moreover, biomass contains water and small amounts 

of extractives, proteins and inorganic matter. The extractives are organic substances 

with low molecular weight, such as resin, fats, waxes, fatty acids, alcohols and terpenes. 

In trees, the bark contains a higher concentration of extractives than the wood. [3] [8] 

[11] 

On an extractive-free basis, the cellulose content typically ranges from 45% to 50% in 

softwood and 40% to 55% in hardwood. The hemicelluloses comprise 25-35% and    

24-40% of the dry mass in softwoods and hardwoods, respectively, and the lignin      

25-35% in softwoods and 18-25% in hardwoods. The extractives content typically rang-

es from 1% to 5% of the dry wood mass. [6] The proportions of the contents in spruce, 

pine and birch are compared in Table 2. 

 

Biomass potential 

(Mtoe/a)
North Amer. Latin Amer. Asia Africa Europe Middle East Former USSR World

Woody biomass 306 141 184 129 96 10 129 993

Energy crops 98 289 26 332 62 0 86 893

Straw 53 41 236 21 38 5 17 411

Other 19 43 64 29 17 2 7 181

Total potential 475 513 511 511 213 17 239 2 479

Current use 74 62 554 198 48 1 12 949

Use/potential (%) 16 12 108 39 22 7 5 38
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Table 2. Composition of different wood species in weight-% on dry basis. [6] 

 

 

The cellulose and hemicelluloses are constructed from different sugars and they form 

macromolecule chains, i.e. the wood fibers (Figure 6). The lignin consists of aromatic 

polymers and it acts as a filler material which binds the fibers together. Cellulose is the 

main component and structural element in the cell walls of trees and plants. The cellu-

lose is a linear polymer with high molecular weight. Hemicelluloses are less complex 

and easily hydrolysable molecules. They comprise a mixture of various polymerized 

monosaccharides. Lignins are highly branched aromatic polymers in the cell wall. The 

lignin gives the plants much of their strength, rigidity and brown color. The structure of 

lignocellulose in a plantôs cell wall is illustrated in Figure 6. [3] [5] [11] 

 

 
Figure 6. The structure  of lignocellulose in cell walls of plants. [12] 

Component Spruce Pine Birch

Cellulose 43 44 40

Hemicelluloses 27 26 39

Lignin 29 29 21

Extractives 1.8 5.3 3.1

Protein 1.3 1.2 2.5

Inorganic Matter 0.4 0.4 0.3

Wood Species



13 

 

Lignin has higher heating value than cellulose and hemicellulose, mainly due to its low-

er degree of oxidation and higher concentration of carbon and hydrogen. This is why the 

heating value of lignocellulosic materials strongly correlates with the concentration of 

lignin. This can be seen from the values in Table 3, where the relation between lignin 

content and the heating value of different biomaterials are presented. [3] [8] 

 

Table 3. The relation between lignin content and heating value in different biomass fuels. [3] 

 

 

The differences between softwoods and hardwoods are notable. Softwood usually con-

tains much resin with high energy density. Due to the resin and the higher lignin con-

tent, the heating value in softwood is about 5% higher than in hardwood. The overall 

average density of softwood is however lower and the volumetric energy density is thus 

lower in softwoods than in hardwoods. Additionally, softwood has a tendency to burn 

up faster than hardwood. [5] 

Hardwood generally grows faster than softwood but has shorter fibers compared to 

softwood. The longer fibers give the tree more strength. Softwood is thus more suitable 

as raw material in products where material strength is needed, such as paper and card-

board or as building material, while hardwood is more attractive as a fuel. [5] 

 

The composition and properties of same type of biomass can vary considerably depend-

ing on location, season, etc. The average elemental composition and main properties of 

wood and other solid fuels are presented in Table 4. The concentration of oxygen is 

high in biomass, which is the main reason for the lower heating value of wood com-

pared to coal. Other remarkable characteristics of wood are the low ash, nitrogen and 

sulfur contents, and the high volatiles content. These properties have an influence on the 

combustion and they affect the amount and composition of the emissions from combus-

tion. More about the emissions and combustion of wood is discussed in Chapter 3. The 

volatiles contents in wood and coal are compared and discussed more thoroughly in 

Chapter 3.1. 

 

Type of biomass Lignin (%) Higher heating value (MJ/kg)

Corn cob 15.19 17.99

Wheat straw 20.98 18.51

Hardwood 21.89 18.59

Softwood 32.55 19.53

Wood bark 44.13 20.57

Olive cake 55.29 21.57
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Table 4. Average elemental composition and properties of different solid fuels. [3] [11] [13] [14] 

 

 

 

2.2.2 Moisture 

The moisture content (MC) in matter is generally defined either on wet basis (w.b) or 

dry basis (d.b). In the wet basis definition, the mass of water in the material is given as 

percentage of the total wet weight of the material, while the dry basis definition is the 

mass of water related to the mass of dry matter. The formulas for calculating the mois-

ture on wet basis and dry basis are presented in Equations (1) and (2), respectively. In 

this work, the moisture content of wood is generally defined on wet basis. 

 

ὓ     (1) 

 

ὓ  ,   (2) 

 

where Mwb is the moisture content on wet basis, mw is the mass of water, mdm is the 

mass of dry matter, and Mdb is the moisture content on dry basis. 

 

The moisture content in forest residues and by-products of the timber and carpentry 

industry may vary significantly depending on type, location, time of harvest and period 

of storage after harvest. Biomass collected from forests typically has moisture content in 

the range of 30-60% (w.b), usually around 50%. The wide range of moisture content 

causes operational problems, lowers the stability of burning and makes it difficult to 

control the combustion. [15] [16] [17] 

Moist biofuels need higher amounts of excess air when combusted (60% for fuels with 

65% moisture, while less than 20% for almost dry fuels), which decreases the adiabatic 

combustion temperature and efficiency. This can be seen in Table 5, where typical 

combustion values for wood with different moisture contents are presented. High mois-

Unit Coal Peat Wood Wood pellet

Moist ure % (w.b.) 10 50 50 8

Element % (d.b.)

Carbon, C 75.6 52.4 50.3 49.4

Hydrogen, H 4.5 5.4 6.5 6.3

Nit rogen, N 1.2 1.8 0.5 0.3

Oxygen, O 7.2 35.1 41.1 43.4

Sulfur, S 1.3 0.2 0.03 0.03

Ash 10.2 5.2 1.5 0.6

HHV MJ/kg 28.6 21.1 18.1 19.0

GHV MJ/kg 25.2 9.6 8.9 16.9

Densit y kg/bulk-m3 800 340 900 600
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ture content also increases the necessary residence time of the fuel in the combustion 

chamber, which has a negative effect on the combustion quality. When burning moist 

fuels, the specific amount of flue gas, and the content of carbon monoxide (CO) and 

volatile organic compounds (VOC) in the flue gas, are increased. This occurs mainly in 

smaller combustion units. [4] [16] [18] 

 

Table 5. The dependence between the moisture content and the combustion properties of biomass. 

[18] 

 

 

 

The formation of emissions in larger scale combustion units is less sensitive to the 

moisture content in the fuel. Here, to ensure sufficient combustion quality, the moisture 

content in the fuel has to be maximally 60-65% (w.b). Higher moisture content requires 

a support fuel to keep the adiabatic combustion temperature high enough. To ensure 

high gas quality in gasification processes, the moisture content in the biomass should 

not exceed 10 to 15%. [4] [16] [18] 

When dry fuel is used and higher temperatures are reached, the capacity of existing 

boilers is increased. Also, when installing new boilers, the required size is decreased 

and the costs may be reduced if the boiler is designed for dry fuels. In addition to tech-

nological reasons, drying of biomass is important also due to transportation and storage 

reasons. The extra water in moist biomass brings dead weight and thus increases the 

energy needed for transportation. During long-term storage, the high moisture content 

support populations of fungi, which may cause allergic reactions in humans. The mois-

ture also support microbiological processes which degrade the wood-fuel and can cause 

spontaneous ignition in the piles. [18] 

 

The moisture in biomass exists in two forms: as free water and as bound water. The free 

water is located within the pores and on the outer surfaces of the material, while the 

bound water is bonded to the hydroxyl groups in the biomass structure. In wood, such 

hydroxyl groups are found in the major constituents, i.e. in cellulose, hemicellulose and 

Moisture content % 65 50 15

Water amount kg/kg 1.9 1 0.2

Excess air level (anticipated) 1.6 1.4 1.2

Higher calorific value MJ/kg 20.6 20.6 20.6

Lower calorific value MJ/kg 14.4 16.5 18.6

Flue-gas volume (1 bar, 0 °C) m3/kg 10.3 8.8 6.2

Flue-gas loss (sensible heat) MJ/kg 2.1 1.8 1.3

Efficiency based on higher value 0.6 0.71 0.84

Efficiency based on lower value 0.85 0.89 0.93

Adiabatic combustion temperature °C 900 1200 1800
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lignin. Higher specific energy is needed to evaporate the bound water than free water. 

[19] [20] 

The specific heat needed to evaporate water from wet biomass fuel depends on the ini-

tial and final moisture contents, and the temperature of drying. The heat of vaporization 

of free water as a function of temperature can be approximately defined using the fol-

lowing equation: 

 

ὰ ςυπρ ςȢτσ
ϽЈ
ϽὝ ,   (3) 

 

where lw is the heat of evaporation [kJ/kg] and T is the initial temperature [°C]. 

[20] 

 

The minimum heat of vaporization is thus 2 258 kJ/kgH2O at 100°C. However, due to the 

bound water in biomass, the specific heat of vaporization may exceed 2 600 kJ/kgH2O. 

Hence, the moisture in the fuel reduces the residual energy remaining in the fuel after 

the water is evaporated. The residual energy can be calculated using Equation 4, and it 

is presented graphically in Figure 7 as a function of the moisture content. [16] [20] 

 

1 ρππρ  ,   (4) 

 

where Qresid is the residual energy [%], lw is the heat of evaporation [MJ/kg], Mwb is the 

moisture content in the fuel on wet basis, and QHHV is the higher heating value of the 

fuel [MJ/kg]. 

[21] 

 

In most combustion systems, the flame stability becomes poor when the MC exceeds 

50-55% (w.b), and the limit when the flame is no more self-sustaining is reached at the 

level of 70-80% (w.b). As can be seen from Figure 7, the energy needed to vaporize 

water from most biomass species exceeds the heating value when the moisture content 

is over 90%. [21] 
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Figure 7. The residual energy of a fuel as a function of the moisture content. The residual energy is 

calculated with QHHV  = 20 MJ/kg and lw = 2,3 MJ/kg. 

 

 

2.2.3 Storage 

An important part of the supply chain is the storage of the biomass fuel. The way how 

the biomass is stored longer periods has a significant effect on the quality and properties 

of the fuel. As mentioned in the previous chapter, the moisture causes degradation pro-

cesses in the material. Up to 1% of the biomass material is assumed to be lost per month 

due to the degradation during storage. [22] 

The biological activity in the moist biomass during storage can be minimized in several 

ways. Firstly, by storing the fuel in larger pieces, the relative surface area where bio-

chemical reactions occur, is reduced. Secondly, by using fungicides and other chemical 

agents, the biological activity can be prevented. Third method is to dry the biomass be-

fore storage to moisture contents below the level where the microbial activity is high 

(around 20% moisture on wet basis). Finally, the biological activities are slowed down 

if the biomass is cooled during storage. [19] 

Because of the relatively low energy density, storing biomass requires wide spaces. 

Power plants located in populated areas usually have limited room for storage. Together 

with the great need of transportation capacity to the plant, the storage requirements are 

the major obstacles of using biomass as fuel in power plants. [3] [22] 

The storage of the biomass fuel can be carried out on several locations. The storage on 

the field where the biomass is gathered is relatively cheap, but the land may not be 

available for long periods if new cultivation is desired there. In addition, the moisture 

reduction is not possible to be controlled to a required level, which may result in mate-

rial losses and health and safety problems. [3] 
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Another alternative is to store the biomass on intermediate storage locations between 

the fields and the end using facility (power plant). This causes though higher total trans-

portation costs due to the need of transportation twice over ï first between the field and 

the storage facility, and secondly between the storage facility and the power plant. The 

additional transportation and handling costs are estimated at 10-20% when using inter-

mediate storage facilities. [3] 

The storage of the fuel next to the biomass power plant (Figure 8) is beneficial due to 

the excess heat usually available from the plant for the drying of the fuel. The transpor-

tation costs are higher than with on-field storage though, because of the dead weight of 

the higher amount of water in biomass. [3] 

 

 
Figure 8. Porvoon Energia biomass power plant in Tolkkinen, Porvoo. 

 

2.3 Pretreatment methods 

The main drawbacks when using biomass as a fuel are related to the transportation. Be-

cause biomass is widely spread in the nature, the collecting usually requires much work. 

Also the high moisture content and low energy density of the fuel increase the transpor-

tation costs. To ease the handling of biomass and to improve its combustion properties, 

the biomass has to be pretreated. 

The main pretreatment methods prior to combustion are sizing (grinding, chipping, 

chunking, milling, etc.) and drying. To increase the energy density of biomass, pre-

treatment methods such as pelletizing, briquetting and torrefaction are used. During 

collection and handling of trees, soil particles are stuck into the bark. To reduce the ash 

formed from the soil during combustion, the wood need to be washed before processing. 

[19] 
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The pretreatment requirements are defined by the end use of the biomass. If fired to-

gether with pulverized coal, size reduction of wood is necessary to meet similar com-

bustion properties. The particles size has to be decreased to less than 4-5 mm. Due to 

the fibrous nature of wood, the equipment designed for coal milling, such as ball-race 

mills, roller mills and hammer mills, have difficulties to crush untreated wood. In addi-

tion to the sizing requirements, the transportation costs can be decreased if the energy 

density is raised by pretreatment methods. [19] 

 

Wood pellets 

In wood pellets (Figure 9), particles are compressed together into cylindrical shapes 

with the diameter of 6-10 mm and length of 10-30 mm. The pellets have relatively high 

energy density due to their compactness and low moisture content (around 10%, w.b). 

They are friable and thus suitable for combusting in pulverized coal-firing plants. The 

round and smooth shape simplifies the transfer and feeding of the pellets, and due to the 

homogenous shape and properties of the pellet, the fuel suits well for automatic feeding 

systems. [4] [16] [23] 

 

 
Figure 9. Wood pellets. 

 

By-products from the mechanical wood processing industry, mainly sawdust or planer 

shavings, are used as raw materials in wood pellet production. As the demand for pellets 

increases, the supply of dry sawdust becomes insufficient and other raw materials with 

lower value and higher moisture content have to be used. If the particles in the material 

are too large or too moist, the material has to be ground and dried before processing. 

The required particle size is less than 4 mm and moisture content 8-15% (w.b). To re-

move oversized particles, the material is screened. [13] [24] [23] [25] 
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Wood pellets are produced by pressing the shavings or dust through holes of a die by 

rollers. During compression, eventually with assistance of external heat, the wood 

warms up to 160-175°C and the lignin in the wood starts to dissolve. When cooled, the 

lignin hardens and binds the material together, and the pellets become compact and their 

surface smooth. [24] [23] [26] 

 

Torrefied biomass 

By torrefying biomass, more coal-like properties can be reached to the fuel than by 

pelletizing. In torrefaction, the biomass is treated thermo-chemically in absence of oxy-

gen at temperatures between 200 and 300°C for residence times of 30-60 minutes. As a 

result, the water and volatiles are released from the biomass and it becomes friable and 

hydrophobic. [4] [13] 

About 10% of the energy content in the biomass is lost with the released volatiles. The 

volatiles can however be captured and utilized as fuel for the torrefaction. As a result, 

the heating value of the biomass can be increased by 10-22% as the moisture is re-

moved, but the bulk density is decreased and the volumetric energy density remains 

low. The torrefied biomass can though be further pelletized to densify the fuel. [4] [13] 
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3 Combustion of biomass and coal 

To reduce the CO2-emissions from fossil energy sources, the usage of coal as fuel in 

power plants has to be reduced and substituted by renewable sources. One alternative is 

to replace coal with biomass either in new plants designed especially for biomass, or in 

already existing coal-fired plants by co-firing. The term co-firing means burning more 

than one type of fuel simultaneously. [4] 

The similarities between coal and biomass properties allow them to be handled and 

burned with similar techniques. Due to their lower requirements for the fuel, fluidized 

bed boilers are usually more suitable for biomass combustion than for example pulver-

ized fuel fired boilers. Coal is though normally burned in pulverized fuel boilers. The 

investments required to modify existing plants to burn biomass together with coal are in 

general small compared to the investments needed for building new plants for biomass 

alone. In some existing plants it is possible to burn small amounts of biomass together 

with coal even with no modifications at all. [4] [6] [19] 

In this chapter, the properties of wood and coal are compared and discussed together 

with the characteristics of wood combustion. Furthermore, the present methods for co-

firing wood with coal are presented and discussed, and the principles of pulverized fuel 

firing are explained in this chapter. 

 

3.1 Wood and coal comparison 

Coal and wood fuels differ from each other in both chemical and physical properties, 

but the combustion behavior of wood is though generally comparable with the behavior 

of low-rank coals. The differences in the compositions between coals and wood can 

however cause troubles in the boiler systems. In addition to the difficulties with milling 

wood described in the previous chapter, the different composition of the fly ashes ex-

poses the heat exchanger surfaces to increased deposits. [3] [13] 

Coal is a sedimentary organic rock that contains more than 50 % carbonaceous material 

by weight. It is a fossil fuel because it is formed from plant material which grew mil-

lions of years ago, and was buried by sediments when the land subsided. The high pres-

sures and temperatures have processed and altered the plant remains over long periods 

of time. The percentage of carbon has increased over the time, resulting in formation of 

different ranks of coals depending on their age. Older and higher rank coals are the an-

thracite and bituminous coal, while the subbituminous and lignite are classed as lower 

rank coals. Peat is a precursor of coals, as it is significantly younger than lignite. The 

typical properties of different coals and peat are compared in Table 6. [27] 

 

The typical volatiles and fixed carbon (char) contents in wood and coal are presented in 

Table 7. Wood has significantly higher volatile matter content and lower fixed carbon 

content than coal. The ratio between volatile matter and fixed carbon in biomass is typi-

cally over 4, while it is in coal almost always below 1. The combustion characteristics 

are strongly dependent on the volatiles/char-ratio. [28] 

Due to the high volatiles content, the ignition of wood fuels is easier and more homoge-

nous than of coal. Also the combustion of volatiles is faster than of char. Additionally, 

the char from woody biomass is more reactive than the char from coal, and complete 

combustion is thus easier to achieve with wood. However, the significantly higher mois-
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ture content in fresh wood decreases the combustion quality. So without fuel prepara-

tion, the combustion advantages are not reached. [3] [7] [13] [28] 

 

Table 6. The compositions of different the coal grades and peat. [29] 

 

 

 

Table 7. Volatiles and fixed carbon content in wood and coal. [3] [14] [30] 

 

 

The volumetric energy density of fresh wood is low, mainly because of the moisture. 

With pretreatment methods described in Chapter 2.3, the energy density can be in-

creased to the same level as lower ranked coals. The bulk energy densities between coal 

and different pretreated wood products are compared in Table 8. [13] 

Coal has higher heating value mainly due to the lower oxygen content compared to 

wood, but also due to the different chemical structures between coal and wood. The 

amount of energy bound into the carbon-carbon bonds, which are more common in coal, 

is higher than the energy in carbon-hydrogen and carbon-oxygen bonds. The oxygen, 

however, increases further the thermal reactivity of the wood fuel. [4] [28]  

 

The concentrations of sulfur (S) and nitrogen (N) in wood and coal are presented in Ta-

ble 4. It can be seen that the contents of sulfur and nitrogen are substantially lower in 

wood than in coal. Harmful sulfur and nitrogen oxides (SOx & NOx, respectively) 

formed from the fuel are thus reduced when substituting coal with wood. Eventually no 

expensive SOx-reduction techniques are needed when burning woody biomass alone. 

The SOx- and NOx-emissions are the major causes of acid rain. [5] [13] [28] 

Also the ash contents of solid fuels are presented in Table 4. The lower content of inor-

ganic elements in wood results in reduced ash formation when burned. The need of ash 

removal capacity is thus lower for wood. Furthermore, the elemental composition of the 

ash from wood differs from the composition of coal ash. This has an effect on the de-

posit formation in the boiler system. In addition, the possibility of using the ash further 

as construction material is affected by the different composition. More about the ash is 

discussed in the following chapter. [13] 

 

Proximate Analysis                     

(wt.-%, as received) Anthracite

Bituminous 

Coal

Subbituminous 

Coal Lignite Peat

Fixed Carbon 67-84 40-77 33-47 32 13

Volatile Matter 2-11 17-40 30-32 27 35

Moisture 2-5 1-12 14-31 37 50

Ash 10-20 3-12 4-7 4 2

Heating value (MJ/kg) 33 29 20 17 11

Volatile content (wt.-%, d.b) Fixed carbon content (wt.-%, d.b)

Wood 70-82 13-29

Coal 27-34 38-63
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Table 8. The bulk energy densities of coal and different wood products. [13] 

 

 

3.2 Combustion & ash 

Before igniting, the fuel has to be gasified. Heat releases volatiles from the wood during 

gasification, and combustion occurs when these volatiles react with oxygen in air. The 

combustion forms a chain reaction when the formed heat releases new volatiles from the 

fuel. The main combustion reactions are the oxidation of carbon to carbon dioxide, and 

hydrogen to water. [3] [8] 

If left in the nature or in landfills, the decomposing biomass releases harmful com-

pounds to the environment, including methane (CH4), ammonia (NH3), hydrogen sulfide 

(H2S), amides and volatile organic acids. Methane is calculated to be 21 times more 

harmful greenhouse gas than CO2. By recovering and combusting the biomass, the 

emissions of these pollutants are reduced. [3] [19] 

The rate of combustion is affected by the moisture content and particle size. The mois-

ture absorbs great amounts of heat when vaporized and lowers the flame temperature, as 

mentioned earlier in this work. The combustion of smaller particles is faster due to their 

larger specific surfaces where reactions take place. Biomass combustion is discovered to 

occur in two main steps at different temperature levels. At the first step, the light organ-

ic volatiles are released and burned, largely by pyrolysis of hemicellulose and cellulose, 

but also partly of lignin. The second step is characterized mainly by char oxidation. 

Coal combustion is though characterized by only one step, but it is however clearly 

wider than the steps in biomass combustion. [13] [28]  

As the concentrations of elements in biomass vary greatly, also the elemental content in 

the ash and the amount of ash vary widely between different species and growth media. 

The average shares of ash in common solid fuels are presented in Table 9. The lower 

ash content reduces the capacity needed to remove ash when burning biomass, but the 

different elements especially in the fly ash, can cause more problems in the boiler. 

The major constituents in the ash from coal and peat are silicon (Si), aluminium (Al) 

and iron (Fe), while the biomass ash mainly consists of alkali- and earth alkaline metals, 

Fuel Energy density, MWh/bulk-m 3

Coal 5.5-6.0

Wood pellets 2.5-3.0

Wood chips 0.72-0.78

Chipped forest residues 0.8-0.85

Sawdust 0.5-0.6

Bark chippings (pine) 0.45-0.5

Bark chippings (spruce) 0.55-0.65

Bark chippings (birch) 1.1-1.3

Cutter shav ings 0.4-0.5

Straw chaff 0.25-0.35

Torrefied biomass 1.28

Torrefied pellets 3.9-5.14
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such as calcium (Ca), magnesium (Mg) and potassium (K). The concentration of sodi-

um (Na) in biomass is generally low, unless the wood logs are stored in salt water. 

Wood bark can be rich in Si, if much sand and soil particles are stuck in the bark during 

the logging and handling process. [5] [6] [31] 

Coal ash can also contain great amounts of Ca, but it originates generally from the add-

ing of limestone into the furnace to control sulfur emissions. Also the trace and heavy 

metal concentration (such as mercury and lead) in biomass is minimal compared to the 

concentration in coal. The amount of toxic emissions in the flue gas from biomass is 

thus lower and the need of flue gas cleaning is reduced. [5] [6] [31] 

 

Table 9. Average ash contents in different fuels. [3] [11] [13] [14] 

 

 

The alkaline metals in the biomass are generally part of organic molecules or dissolved 

as ions in the cell fluid. These metals are thus more easily released in the flue gas during 

combustion than the metals in coal and peat, where they are in a more stable form. The 

alkaline metals in the flue gas are usually responsible for fouling of heat transfer surfac-

es. [3] [4] [13] [31] 

The ash melting behavior and the deposit formation in the boiler depend on the ele-

mental composition of the ash. The alkaline metals form compounds with low melting 

points (below 700°C) in the boiler. When these compounds collect on surfaces in the 

boiler, they form a sticky layer which enhances the ash deposition and fouling. Because 

biomass fuels contain in general higher amounts of alkaline metals compared to coal, 

the fouling and corrosion problems are more significant when burning biomass. The 

deposits formed from biomass combustion are harder to handle, because they form a 

tougher, smoother and less porous layer on surfaces. Additional cleaning techniques 

may thus be required when burning biomass instead of coal. [3] [4] [13] [19] 

The chlorine (Cl), which is a constituent in all biomass, forms compounds with alkali 

metals such as potassium chloride and sodium chloride (KCl and NaCl, respectively). 

These alkali chlorides are the major corroding elements in the flue gas. Even a small 

amount of Cl in the fuel can be harmful for the heat transfer surfaces in the boiler sys-

tem. The problems with chlorine are significant when burning wood alone or when the 

proportion of wood in co-firing is high. When the wood is fired together with coal or 

peat, the high amounts of sulfur and aluminium silicates in coal and peat react with and 

bind the harmful alkali- and chlorine compounds, and the problems with the deposits 

and corrosion decrease in significance. Also the SOx- emissions from coal and peat de-

crease when the sulfur remains in the ash. Instead, the slag formed from co-firing is 

more harmful than from coal alone. [3] [4] [13] [19] 

 

Wood (without bark) Wood (with bark) Wheat straw Peat Coal

0.4-0.5 1.7-2.7 4.7-14.2 4.0-7.0 8.5-10.9

Ash content in different fuels (wt.-% on dry basis)
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3.3 Co-firing with coal 

3.3.1 Co-firing techniques 

Three general co-firing techniques are used when burning biomass together with coal. 

The principles of these options are shown in Figure 10. The first option is direct co-

firing, where biomass is mixed with coal and the mixture is burned in the same furnace. 

The second method is called indirect co-firing. It involves gasification of the biomass 

prior to feeding into the same furnace with coal. The third method is parallel co-firing, 

where the biomass and coal are combusted in separate burners and boilers. The steam 

produced in each boiler is linked into same steam network. [3] [4] [13] [19] This work 

will concentrate only on the direct co-firing. 

 

 
Figure 10. Main biomass and coal co-firing technologies; (a) direct co-firing, (b) indirect co -firing, 

and (c) parallel co-firing.  

 

The direct co-firing in pulverized fuel firing boilers is the most common and straight-

forward configuration and can be carried out in three different ways [3] [4] [13] [19]: 

1. The simplest and least expensive way is to mix the biomass with the coal prior 

to the pretreatment equipment. The fuel blend is processed through the same 

coal milling and firing system.  
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2. The second option involves separate pretreatment apparatus for the biofuel. The 

processed biomass is injected into the pulverized coal line before or in the burn-

ers and thus fired with the same burner.  

3. In the third method, the biofuel is, in addition to separate handling and pretreat-

ment, also combusted in separate burners in the same furnace. Significant modi-

fications involving high capital costs are needed to the furnace and combustion 

system in this method. It is though possible to use biomass as a reburn fuel in 

NOx-emission control, if it is injected into the upper parts of the furnace. 

The indirect and parallel co-firing configurations allow higher fuel flexibilities than the 

direct co-firing method. Additionally, the gasification gas in the indirect system can be 

cleaned prior to combustion to increase the combustion quality and to decrease for-

mation of harmful compounds. The parallel firing system is the most expensive alterna-

tive, as it requires a separate boiler system for the biomass. [13] [19] 

 

Several types of boilers are used for biomass combustion, such as grate-fired and fluid-

ized bed boilers. The circulating fluidized bed (CFB) boilers are becoming more popu-

lar due to their lower demand on the fuel quality. CFB-boilers are able to accept higher 

moisture contents and wider variations in the fuel blend. For coal-firing, the combined 

heat and power (CHP) plants in Finland mainly operate with pulverized fuel firing tech-

niques. Only the newest bigger plants are built with CFB-boilers. The principles of 

these combustion techniques are represented in Figure 11. [6] [13] 

 

 
Figure 11. Principal combustion techniques for biomass. [19] 

 

3.3.2 Impacts 

In co-firing with coal, the proportion of biomass in the fuel generally ranges from 1% to 

20% on input energy basis, typically between 5 and 10%. Low proportions are possible 

to be burned without any needs of modifications in the plant. With new pulverized coal 

firing units, where modifications are done to the burners, dryers and mills, it is possible 

to use a fuel blend with a biomass share up to 40%. [4] [21] 
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When co-firing in plants designed for burning coal alone, the proportion of biomass in 

the input fuel is mainly limited by the following factors: Firstly, as mentioned in the 

previous chapter, the high alkali and chlorine contents in biomass increase the formation 

of deposits and risk of corrosion on surfaces in the boiler system. 

Secondly, the different constituents in the ash from biomass and coal change the com-

position and properties of the ash formed during combustion. As a result, the ash quality 

may not meet the requirements set for ash used as construction material, which may 

lead to higher costs of ash disposal. To prevent the undesired changes in the ash compo-

sition, the share of biomass ash in the total ash is generally limited to 10%, and the 

share of biomass in the fuel input is thus limited to 20% (on energy input). [3] [13] 

Thirdly, due to the large amount of evaporating moisture, the quantity of flue gas is sig-

nificantly increased and its temperature is decreased when burning moist biomass. 

Hence, the load and the energy consumption of the flue gas blowers are increased, and 

the optimal plant operation conditions can be affected by the different flue gas values. 

Additionally, the erosion of surfaces increases with increasing flue gas volumes. [6] 

[13] 

 

Different researches have given different results about how coal and biomass affect each 

other during combustion, so no unambiguous conclusions can be drawn about possible 

interactions between the fuels when co-fired, except for the reactions between the dif-

ferent ash components. The use of wood as co-firing fuel in coal-fired boilers has shown 

to cause no decreasing effect on the boiler capacity, and only modest efficiency losses. 

The fly-ash particles formed from biomass in co-combustion are though observed to be 

significantly smaller than those formed in coal combustion, which may result in in-

creased particulate emissions. [6] [19] [28] 

The implementation of biomass as co-firing fuel might involve increased variable costs 

for the plant, mainly due to the increased need of service and maintenance caused by the 

deposit. Although there might be more problems when burning biomass, the substitution 

of coal with renewable fuels is usually reasonable, due to the additional costs and taxes 

set to fossil fuel firing. The additional costs with the biomass use in coal-fired boilers 

are assumed to be in the range of 1-5% of the total operating costs, depending on the 

properties and share of burned biomass. These costs are however generally lower than 

the savings involved in reduced fossil fuel usage and emission costs. [13] 

 

The main advantages of co-firing biomass with coal are the following: 

Á Coal can balance the combustion by reducing effects of biomass quality fluctua-

tions. 

Á If the availability of biomass is insufficient, coal can be used in increased 

amounts to meet the energy demand. 

Á The costs of modifying an existing power plant to be suitable for co-firing are 

lower than the costs of building new systems only for biomass combustion. 

Á By substituting coal with biomass, the amount of CO2-emissions from fossil coal 

and also the amount of SOx- and NOx-emissions are reduced.  

The barriers with adding biomass as a co-firing fuel to a coal power plant include the 

biofuels procurement issues, biofuel quality issues, ash quality issues, limiting maxi-

mum share of biomass in co-firing under given configurations, and the capacity limits 

of the plant logistics. [4] [6] 
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3.4 Pulverized fuel firing 

In pulverized coal power plants the coal is powdered and blown together with the com-

bustion air into the burners in the furnace. The heat released from the combustion va-

porizes water and superheats the formed steam. The steam is led to a turbine, where the 

enthalpy of the steam is converted to kinetic energy as the expanding steam rotates the 

turbine. The turbine rotates a generator which produces electricity. This is illustrated in 

Figure 12. In CHP-plants the remaining heat in the steam after the turbine is recovered 

and used as process heat or for district heating. [13] 

 

 
Figure 12. Layout scheme of a pulverized coal firing plant for electricity production. [32] 

 

Several different combustion technologies are available for biomass combustion, such 

as fixed bed, fluidized bed and pulverized combustion. Pulverized fuel firing is usually 

associated with large scale coal combustion and it is the most common and widely used 

method for burning coal. It is rarely used for combustion of biomass alone, but co-firing 

of pulverized coal and biomass is becoming more common. Fluidized bed combustion is 

generally regarded as the best technology to burn a fuel with low quality, high ash con-

tent and low heating value. Untreated biomass does not normally meet the property re-

quirements for burning in other than fluidized bed boilers. [3] [19] [33] However, in the 

DustComb-system the wood is assumed to be processed enough to meet the require-

ments for pulverized fuel combustion. 

Three basic designs are used for pulverized coal firing. The wall-fired and tangentially 

fired boilers, where the flames are directed horizontally, are the most common types. 

The third type is the arch- or roof-fired boiler, in which the flames are directed down-

wards from the top of the boiler. The furnaces are usually equipped with several com-

bustors to increase the burning efficiency. The construction of a wall-fired burner is 

presented in Figure 13. [33] 



29 

 

 
Figure 13. The construction of a Foster Wheeler wall-fired burner.  [33] 

 

The fuel powder is pneumatically transported with the combustion air from the grinder 

to the burner and into the furnace. To improve the combustion, the fuel and air stream is 

usually preheated to temperatures between 60 and 90°C, depending on the fuel type and 

moisture content. The preheating has to be carefully controlled, because too high tem-

peratures in the fuel/air-stream before the burner increase the risk of autoignition and 

fires in the fuel preparation system. [29] [33] 

The characteristics in pulverized fuel systems are the high peak flame temperature and 

the short residence times of the fuel (only a few seconds). When entering the furnace, 

the coal starts to release volatiles as it heats up. The coal ignites and starts to decompose 

at around 390°C. Due to the small particle sizes and the turbulent fuel and air mixing, 

the combustion is aggressive and the temperature rises rapidly. The flame temperature 

usually peaks around 1 600-1 650°C. [19] [33] 

To increase the combustion quality and to minimize the emissions of harmful com-

pounds, especially NOx-emissions, the firing is usually staged. In stage-firing the com-

bustion air feed is divided into multiple phases, i.e. into primary, secondary and eventu-

ally tertiary air. In swirl-stabilized burners (Figure 14), the primary air carries the fuel to 

the burner, which directs the fuel and air mixture into the furnace from the central parts 

of the burner. The secondary air, and eventually the tertiary air, is fed to the periphery 

of the primary flame. The secondary air swirls around the outside of the flame and 

thereby shapes and stabilizes the activity of the flame. The function of a wall-fired 

swirl-stabilized burner is illustrated in Figure 15. [33] 
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Figure 14. A swirl-stabilized wall-fired burner at Detroit Edison Companyôs Power Plant at Mon-

roe, Michigan. The swirler plates for the secondary air can be seen on the periphery of the burner. 

[33] 

 

 
Figure 15. The operation principle of a wall-fired swirl -stabilized pulverized fuel burner. The fuel 

and the primary air are fed from the middle, while the secondary air is fed to the periphery of the 

flame. The secondary air creates recirculation zones in the center of the flame. [33] 

 

Due to the limited residence time in pulverized fuel firing, the importance of particle 

size and density is significant. Large and dense particles tend to fall out of the flame due 

to the gravitational forces, and collect to the ash hopper as unburned material. Smaller, 

but dense particles may not burn completely due to the insufficient residence time in the 

flame. These particles leave the furnace as unburned fuel with the fly ash. In addition, if 

the particles do not have time to burn completely before leaving the furnace, the risk for 

over-heating and severe slagging and fouling is increased on the heat transfer surfaces 

in the flue gas ducts. [19] [29] 

The particle size requirements for different coal types and biomass in pulverized fuel 

firing are listed in Table 10. For maximum performance efficiency, coal should general-

ly be ground to a size where at least 70% of the particles passes through a 200-mesh 

screen (hole size 74 µm) and less than 1% is remained on a 50-mesh (300 µm) screen. 

[29] [33] 






























































































