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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 howeve
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
defi bratorés specific ener Thy disc cleasancenin tthie
defibration 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 furthe
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 (167 25% 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 cm-

pared to the price of wood pellets. The results also show that the costs of the energ
needed for the DustComb-process are low compared to the price of the raw material.

Keywords: DustComb, biomass, pulverized fuel firing, co-firing, mechanical pulping,
flash drying, wood fuel
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Tiivistelma:

Kivihilen kayttdd ja siitd muodostuvien paastojen maardd voidaan vahentdd
korvaamalla kivihiili  uusiutuvilla polttoaineilla, kuten esimerkiksi puulla.
Puupolttoaine vaatii kuitenkin esikasittelyd ennen polttamista pdlypolttokattilassa .
Taman tyon tarkoitu s on tutkia DustComb-prosessin soveltuvuutta puupolttoaineen
esikasittelymenetelmana.

DustComb-prosessin ideana on kuiduttaa puuperainen raaka-aine mekaanisella
kuiduttimella, jonka jalkeen tuotettu aines kuivataan prosessiin integroidulla flash-
kuivaimella. Valmis polttoaine syodtetdan joko suoraan pélypolttimeen tai varastoidaan
myO6hempaad kayttba varten. Tassd tydssa on aiemman Kkirjallisuuden perusteella
selostettu biomassan seospoltto hiilipdlykattilassa seka mekaanisen kuidutuksen ja
flash-kuivauksen perusteet. Tyon kokeellisessa osiossa on tutkittu miten kuiduttimen
teravali vaikuttaa kuidutuksen ominaisenergiankulutukseen ja miten merkittavasti
materiaalin partikkelikoko vaikuttaa sen kuivumisnopeuteen. Kuidutuskokeissa
teravalia vaihdeltin 0.60 ja 1.80 mm:n valilla. Lisaksi on laskettu DustComb-
polttoaineen  valmistuskustannuksia ja niiden riippuvuutta mm. s&hkon
markkinahinnasta, lammon hinnasta seka raaka-aineen hinnasta. Tuloksia on verrattu
kivihiilen ja puupellettien markkinahintaan

Kokeelliset tulokset osoittavat ettd 1.00 mm terdvalin kohdalla energiankulutus alkaa
nousta selvasti, kun valia pienennetaén. Tydssa tutkittujen p artikkelikokojen vaihtelu
ei tulosten perusteella vaikuta merkittdvasti materiaalin kuivumisnopeuteen. Merki t-
tava havainto on, ettd suuri osa puun sisdltamasta kosteudesta poistuu jo kuidutuksen
aikana (16i 25% puun alkukosteudesta). Laskennallisen osion tuloksista selviaa etta
DustComb-polttoainetta on mahdollista valmistaa kilpailukykyisilla kustannuks illa
kivihiilen, seké erityisesti puupellettien markkinahintaan verrattuna. Liséksi selvidd
ettd DustComb-menetelm&a varten tarvittavan energian kustannukset ovat pienet siiné
kaytetyn raaka-aineen hintaan verrattuna.

Avainsanat: DustComb, biomassa, polypoltto, seospoltto, mekaaninen kuidutus,
flash-kuivaus, puupolttoaine
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1 Il ntroducti on

The energy demand is increasing worldwadel theshare offossil fuels inthe utilized

energy sourcegs dominant According to the statistics plished by the International
Energy AgencyIEA) [1], 81% of the total primary energy supply in the world in 2010
originated from fossibources (including peatlhe combustion ofossil fuelsreleases
carbon stored in the ground amtreases the carbatioxide (CO,) contentin the &-
mosphereCQO; is estimated as the mashportantgreenhouse gasreenhouse gases

are assumed to have a grediuence on the global warming. The Intergovernraént
Panel on Climate Change (IPCC) has reported that the emissions from continued use of
fossil fuelswill lead to a temperature increase from°C4ip to 5.8°Cover the period

from 1990 to 21001] [2] [3]

Like all fossil fuels, alsohte coal reserves are limiteahd the coal price is sensitive to
fluctuations.Coal is a common fuel in power plan#0.6% of the electricity in the
world was generated from coal and pea2®1Q [1] Thus, there is a great potential in
replacing the coal with renewable and carbon neutral biowéssd and coal haverst

ilar properties and wood suits well to be combustamjether with coal in existing
plants If the biofuel can be burned with same equipment as coal, no great investments
are neededThe capability to burseveraldifferent fuels alsobrings more reliability to

the economy of the plart] [4]

When dead biomass decomposes in the nature, harmful emissions, such as methane, are
released. Sobesidesthe need foreducing theusage offossil fuels,also ggnificant

amounts of harmful emissions can be avoided by recovering forest redibwesver,

the technical limitations of using biomass as a fuel are the lovingealueand low

bulk density. These factotsave anincreasingeffect on the transportation needdso

the high moisture content in biomdsings challengesnainly for the ombustion quia

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

Biomass belongs to the renewable energyrses, consisting of all organic material
originated from plantssuch adrees,crops algae, animal materials and organic waste
The main types of biomass can be defined as woody plarggsbark and forest ries
dues) herbaceous plants/grasses, aquatic plants, and manures. This wdHougt
focuson the woody biomas§g2] [3]

Due to varying fuel requirements in different boiler typgste fired or fluidized bed
boilers are usually used for firing biomasghile coalis normallyburnedin pulverized
fuel boilers [6] One method to produ@wood fue| which can be burned in pulverized
coalboilers is to defibrate the woochechanicallyThe produced fines are dried with an
integrated flash dryebefore combustionNo previousreports arefound aboutthis
method for such purposkn this work, the integrated defibration and drying will be i
vestigated, and the methadl be calledthe DustCombprocess.

The aim of this work is tevaluate the feasibility of the DustComb, when it is used to
produce wood finesuitable forpulverizedfuel firing. The experimental part in this
work consists of two sectionthe experimentalests andhe calculations.In the first
section, he specific energy consumptmaf the defibrationof wood todifferentfine-
nessare calculagd and comparedlhe operatingcosts of theDustCombprocessare
evaluated in the second section. Thtal productioncosts of the DustCorntuel are
calculated and compatenith competing fuel priceg?ossible carbon dioxide gi&gs
arealsoestimatedn the second section



Theresearclguestions to bansweredn this workare:

What is the optimadlisc clearancen the defibrator for the DustCorgrocess?
How much energy is required for the defibration?

How muchdoesdifferentparticle sizeof the fines affect the drying rate?
What are the costs of producing the fuel with the DustCorathod?

How profitable is the DustComluel compared to coal?

o I I D I

Helsingin Energia hasxaminedco-firing of wood pellets with coalThey havedecided
to start using wood pellets as afaing fuel in their coalfired CHP-plantsin 2015 A
pellet share of A0% of the total fuel poweris planned to be burned’hey have est
mated a yearly pellet demand of 1@@0 tons, which is about one third of tharrent
total pellet production in Finland and over haffthe current amount of pelletsn-
sumedn Finland.[7]

The annual capacity afood pellet production in Finland is calculated to be D00
tons. The yearly use of pellets in Finland is however estimated to increase @00B50
tons by the year 20200 meet the future needs, Finland has to either increasedhe pr
duction of wood pelletsrancrease the import of pellefShe limited capacity has a-d
rect effect on the price of pelle{§] Thus,the DustComimethodmight bean altera-

tive methodto produce wood fuesuitablefor co-firing in coal power plantsin this
work, theDustCombfuel is investigated and compared with wood pellets and coal



2 Bi omass aesr gayn seonur c e

All biomass including woodand forest residues, aparbon neutral energy sousce
which means that the same amoaatbon isbound tonew biomassluring growth,as
released whethe biomass iburned. Due to the lowufur and heavy metal contents in
wood, it is a less polluting fuel than coal or crude oil. In additiow, waod is usually
less expensive than crude oil or natural §25[5]

Biomass is produced through photosynthesis by green pldrgsenergy from sunlight

is transformed into chemical energy and stored in the plardarbohydrate®uring
combustion, digestionr decomposition, the chemical bonds between carbon, hydrogen
and oxygen molecules are broken and the stored energy is relBgspretreatment
methods, the usability of biomass as a fuel can be increased. Fuels in gaseous, liquid
and solid form can berpduced by processing bioma§2] [3] [8] This work conce-

trates though only on solid wood fuels.

In this chapter, the curremtorldwide use of biomass assalid 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 domireagy esources

since the industrialization. The usagéthese resourcdsas increasedith the increa-

ing energy demandRecently, withgrowing environmental consciusness, awarenegs

global warming and awaraessof exhaustingfossil resourcesthe significance ofre-
newableenergy sourcebas increased~or example, European Union (EU) has set a
targetfor year 2020 aenewableshareof 20% of total final energy consumption. Bu

ing the last ten yearthe shareamorg| | 27 EUOGS mZ/yhhsancreased at e s
from 8% toover 126, which is presented iRigurel. [9]

The proportion of renewables in the primargrgy productiorin EU is 21%, amoun

ing about 162 Mtoe Rigure 2 and Figure 3). The share obiomass 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 200ich can be seen Figure3. [9]
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Figure 2. Thefuel sources forprimary energy production in the EU-27-countries. [9]
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The worl ddés t ot al (TREB)antatal final eonsempgoy(TFE)unp p | vy
2010are presented and compared with the values back inia%igure4 andFigure5,
respectively It can be seen that the absolute amaintonsumediofuds and waste

has increasedub ther share in the total final consumptiohas remained unchanged.

The section fAOthero in the fi geacrfesradd ncl u
tively low price of fossil fuels, their high energy densiiydthe easinesgo process
themhave been the major reasons for their popularity as fuels in the past century. The
awareness of the fossil fuélgolluting nature and thexhaustion of the reserves have
however affected the willingness in replacing conventionatgnsources with reme

able sourceg8]

About 25% of the generated enerfygm 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 processat production. These plants generally use their oan bi
mass residues as fudll.is estimated thab stabilizethe atmospheric C®level, global
emissions must reduce by 60% from the current level. Approximately 80% of total
emissions are calculated doiginate from burnig fossil fuels. Much of the remainder

20% may be a result of deforestation, mostly in tropical reg[@0%.

Biomass energy sources include wood and wood wastes, agricultural crops and their
waste byprodus, 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 stals 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 soutmgnigs a more secure gne
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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 presentedTiablel. Only 38 % of the worl dos
in biomass is utilized, mainly in Asia. For example in Europe it is theoretically possible
to use four times the curreamount of biomass for energy production. Only in Asia the
energy use of biomass is neastainable. There, the yearly usage exceeds the rate of
new biomass which is formef2] [8] [10]

TPES 1973 TPES 2010

Other

Hydro AR '

Nuclear
09 % 6%

6 107 Mtoe

12 717 Mtoe

Figure4. The worl doés t supmylinl9/8and20iO)] ener gy

other TFC 1973 TFC 2010

2% Other
3%

4 672 Mtoe 8 677 Mtoe

Figure5. The worl ddés total final eneifYgy consumption i
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Table 1. The usable potential of biomass as energy source and thaurrent use in different parts of
the world in Mtoe per year. [10]

Biomass potential North Amer. Latin Amer. Asia Africa Europe Middle East Former USSR World

(Mtoe/a)
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 2479
Current use 74 62 554 198 48 1 12 949
Use/potential (%) 16 12 108 39 22 7 5 38

2.2 Biomass properties

Biomass ischaracterized by its high moisture content, low bulk energy densityp-hydr
philic nature, and nofriable characterThe high moisture content together with the
high oxygen content redes the heating value and energy density of biomaks. i-
brousstructue of wood increases the strength of the material, and thus complicates the
crushing and size reduction of the particles required prior to combustion. These prope
ties are discussed furthierthis chapter[4]

2.2.1 Composition

The main components in wood are cddise, hemicellulose and lignilogether these
form a mattercalled lignocelluloseThe proportions of the componeitdignocellulose
vary depending omlant speciesMoreover biomass contains water and small amounts
of extractives, proteingnd inorganic matterThe extractives are organic substances
with low molecular weightsuch as resin, fats, waxes, fatty acids, alcohols and expen
In trees, thebark contains a higher concentratiohextractivesthanthe wood.[3] [8]

[11]

On an extractivdree basis, the cellulose content typically ranges from 45% to 50% in
softwood and 40% to 55% in hardwood. The hemicelluloses comprigs%5and
24-40% of the dry mass in softwoods and hardwoods, respectively, and the lignin
25-35% in softwoods and 125% inhadwoods The extractives content typically ig@n

es from 26 to 5% of the dry woodnass [6] The proportions of theontentsn spruce,
pine and birch are comparedTiable2.
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Table 2. Composition of different wood species weight-% on dry basis. [6]

Wood Species

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 25
Inorganic Matter 0.4 0.4 0.3

The ellulose and hemicellulosere constructedrom different sugars and they form
macromoleculechains i.e. the wood fibergFigure 6). Thelignin consists of aromatic
polymers and it acts as a filler matendhich binds thdibers togetherCellulose is the
main component and structural elemanthe cdl walls of treesand plantsThe celu-
lose is alinear polymer with high molecular weightdiemicellulose areless complex
and easily hydrolysablenolecules. They compris& mixture of various polymerized
monosaccharided.ignins arehighly branched aromatic polymers ineticell wall. The
lignin gives the fants much of their strength, rigidity abdown color.The structure of

l i gnocel |l ul os e isiillastragtedinFigara6.t[3p[5] [1t]Je | | wal |

Bioenergy Crop
: Plant Cells

—Lignin
Hemicellulose
Cellulose

Cellulose
Microfibril

Sugar
Molecules

ucose

Figure 6. The dructure of lignocellulose incell walls of plants. [12]
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Lignin has higher heating value than cellulose and hemicellulose, mainly due t@-its lo
er degree of oxidation and higher concentration of carbon and hydidgsrnis why the
heating value of lignocellukic materials strongly correlates with the concentration of
lignin. This can be seen from the valuesTiable 3, where the relation between lignin
contentard the heating value of different biomaterials are presente{B][3]

Table 3. The relation between lignin content and heating value in different biomass fuelg3]

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

The differences between softwoods and hardwoods are nodfsvood usually co-
tains much resin with high energy densibue to the resin anthe higher lignin co-
tent, the heating value in softwood is about 5% higher than in hardwbedoverall
avergedensity of softwood is howevéywer and the volumetric energy density is thus
lower in softwood than in hardwoodsAdditionally, softwoodhas a tendencio burn

up fastethan hardwood5]

Hardwood generallygrows faster tha softwood but has shorter fibers compared to
softwood.The longer fibers give the tree more stren§bftwood is thus more suitable

as raw material in products where material strength is needed, such as paped-and car
board or as building material, whitmrdwood is more attractive as a fysl.

The composition and properties of same type of biomass carceasyderablydepernl-
ing on location, seasoetc. The averageslemental compositioand main propertiesf
wood and other solid fuelsre presented ifTable 4. The concentration of oxygen is
high in biomasswhich is the main reason fdhe lower heating valuef avood com-
paredto coal Other remarkable characteristiofwood arethe low ash, nitrogen and
sulfur contentsandthe high volatils content Thesepropertieshave an influence otne
combustion and theaffect the amount and composition of #raissions from combs-
tion. More about theemissions andombustion of woods discussed in Chapt8r The
volatiles contents in wood and coal are compared and discussed thoroughlyin
Chapter3.1
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Table 4. Average demental compositionand properties of different solid fuels. [3] [11] [13] [14]

Unit Coal Peat Wood Wood pellet

Moisture % (w.b.) 10 50 50 8
Element % (d.b.)

Carbon, C 75.6 524 50.3 494

Hydrogen, H 4.5 5.4 6.5 6.3

Nitrogen, N 1.2 18 0.5 0.3

Oxygen, O 7.2 351 41.1 43.4

Sulfur, S 1.3 0.2 0.03 0.03

Ash 10.2 5.2 15 0.6
HHV MJ/kg 28.6 211 18.1 19.0
GHV MJ/kg 25.2 9.6 8.9 16.9
Density kg/bulk-m3 800 340 900 600

2.2.2 Moisture

The moisture conter(MC) in matter is generallgefined either on wet basis (w.b) or
dry basis (d.b). In the wet basis definitjione mass of water in the materiglgiven as
percentagef the total wet wight of the material, while théry basisdefinition isthe
mass of weer related to the mass of dry matter. The formulas for calculating th& moi
ture on wet basiand dry basisra presented in duations(1) and (2) respectivelyln
this work, the moisture content of woodgsnerallydefined on wet basis

0 —_ (1)

C:

)

whereM,,, is the moisture content on wet basis,, is themass ofwater mynm, is the
mass of dry matteandM, is the moisture content on dry basis

The moisture content in forest residues anebtmducts of the timber and carpentry
industry may vary significantldepending on type, location, time of harvest and period
of storage after harved®®iomass collected from foredigically has mdasture content in
the range of 3®0% (w.b), usually around 50%The wide range of moisture content
causes operational problems, lowers the stability of burning and makes it difficul
controlthecombustion[15] [16] [17]

Moist biofuels need higher amounts ofcess air when combusted (60% for fuels with
65% moisture, while less thar20% for almosdry fuek), which decreases the adiabatic
combustion temperature arefficiency. This can be seen iiiable 5, where typical
combustion values for woodith different moisture contents are presentdiggh mois-
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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 qualitgn burning moist

fuels, te specific mount d flue gas and the contenvf carbon monoxide (CO) and
volatile organic compounds (VO@) the flue gasare increasedlhis occurganainly in

smaller combustion unit§4] [16] [18]

Table 5. The dependence between the moisture content aritde combustionproperties of biomass

[18]

Moisture content % 65 50 15
Water amount ka/kg 19 1 0.2
Excess air level (anticipated) 1.6 14 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

The formation of emissions in largescale combustion units igss sensitive to the
moisture content in théuel. Here to ensure sufficient combustion qualitiie moisture
contentin the fuelhas tobe maximally60-65% (w.h). Higher moisture content requires

a support fuel to keep the adiabatic combustion temperature high efdaugnsire

high gas quality in gasification processes, the moisture content in the biomass should
not exceed 10 to 15%#] [16] [18]

When dry fuel is used and higher temperas are reached, the capacity existing
boilers is increased. Also, when installing new boiléng, required size is decreased
andthe costs may be reducédhe boiler is designed for dry fuelkr addition to tel-
nological reasons, drying of biomassngpiortant also due to transportation and storage
reasons. The extra water moist biomassrings dead weight and thus increases the
energy needed for transportation. During kegn storage, the high moisture content
support populations of fungi, whiaghay cause allergic reactions in humans. Thegnoi
ture also support microbiological processes which degrade thefweband can cause
spontaneous ignition in the pild43]

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 wobd, s
hydroxyl groups are found in theajor constituents, i.e. in cellulose, hemicellulose and
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lignin. Higher specific energy is needed to evaporate the bound watefr¢leawater
[19] [20]

The spedfic heatneeded to evaporate water from wet biomass fuel depeniie on-
tial and final moisture contegptand the temgrature of drying. Thleat of vaporization
of free wateras a function of temperatuoan beapproximatelydefinedusingthe fd-
lowing equation

a cqump ¢8 eI, (3)

wherel,, is the heat of evaporatiofkJ/kg] and Tis theinitial temperaturg¢°C].
[20]

The minimum heat of vaporization is thus 2 258 kJdfk@t 100°C However, die to the
bound water in biomass, tlspecificheatof vaporization maexceed 2600 kJVkguzo.
Hence, the motsre in the fuel reducethe residual energy remaig in the fuel after
the watelis evaporatedThe residal energy can be calculated usiBguaion 4, and it
is presentedjraphicallyin Figure7 as a function of the moisture contdid6] [20]

1 pT —, (4)

whereQresigis the residual energy [%], is the reat of evaporatiofiM J/kg], My is the
moisture contenin the fuel on wet basigndQuny is the higher heating value of the
fuel [MJ/kg].

[21]

In most combustion systemmthe flame stability becomes poor when the MC exceeds
50-55% (w.b), and the limit when the flame is no more-sa#taining is reached at the

level of 7080% (w.b). As can be seen froRigure 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 energyof a fuel as a fundion of the moisture content. The residual energy is
calculated with Quyy = 20 MJ/kg andl,, = 2,3 MJ/kg.

2.2.3 Storage

An important part of theupply chain is the stageof the biomassuel. The way how

the biomass is stored longer peritds a significant effect on the quglénd properties

of the fuel As mentioned in the previous chapter, the moisture causes degradation pr
ces®s inthe materialUp to 1% of the biorass material is assumed to be lost per month
due to the degradation during stord@e]

The biologicalactivity in the moist biomass during storage can be minimizasg\wveral
ways. Firstly, by storing the fuel in larger piecése relative surface areeherebio-
chemicd reactionsoccur, is reduced. Secondly, by using fungicides and other chemical
agentsthe biological activity can bg@revented. Third method is to dry the riass lb-

fore storage to moisture contents below the level where the microbial activity is high
(around 20% moisture on wet basiB)nally, the bidogical activities are slowed down

if the biomass is cooleduring 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 requiraraents
the major obstacles of using biomass as fuel in power p[8h{22]

The storage of the biomass fuel can be carried osewaral locationsThe storagen

the field where the biomass is gathersdelatively cheap, but the land may not be
available for long periods if new cultivation is desired there. In addition, the moisture
reduction is not posdi to be controlled to a requirdéelvel, which may reslt in mate-

rial losses and health and safety probld3is.
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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 thoghértotd trars-
portation costs due to theawof transportation twice ovérfirst between the field and

the storage facility, and secondly between the storage facility and the power plant. The
additional transportation and handling costs are estimated2@4Qvhen using inte
mediate storage facilitief3]

The storage ofhe fuel next to the biomass power pléiRigure 8) is beneficial due to
the excessieatusually availabldrom the plant for the drying of the fuel. The transpo
tation costs are higher than with-beld storagethough because of the dead weight of
the higher amount afater in biomasg3]

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

2.3 Pretreatment methods

The main drawbacka&hen usingpiomassasa fuel arerelated to the transportatioBe-
causebiomassis widely sprad in thenature, the collectingsuallyrequiresmuch work.

Also the high moistureontent and low energy densif the fuelincrease the transpo
tation costsTo ease the handling of biomass and to improve its combustion properties,
the biomass has to be pretesht

The main pretreatmennethods prior tocombustionare sizing(grinding, chipping,
chunking, milling etc.) and drying.To increase the energy density of biomass; pr
treatment methods such gslletizing, briquetting and torrefaction are us&diring
cdlection and handling of trees, soil particles are stuck into the bark. To reduce the ash
formed from the soil during combustiahe wood need to be washed before processing.
[19]
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The pretreatment requirements are definedheyend use of the biomass. If firemt t
gether with pulverized coasize reduction of wood is nessaryto meet similar cm-
bustion propertiesThe particles size has to be decreased less than 4 mm Due to
the fibrous nature of wood, the equipment desd for coal milling, such dsall-race
mills, roller mills andhammer mills, have difficulties to crush untreated wdodadd-
tion to the sizingequirementsthe transportation costs can be decreased ifrieegg
density is raisetdy pretreatment metials [19]

Wood pellets

In wood pellets Figure 9), particles are compressed together into cylindrical shapes
with the diameter of 40 mm and length of 280 mm. The pellets have relatively high
energy density due to their compactness amd rhoisture content (around 10%, w.b).
They are friable and thus suitable for combusting in pulverizedfeoa plants. The
round and smooth shape simplifies the transfer and feeding of the pekethjeato the
homogenoushape and propertied the pellet, the fuel suits well for automatic feeding
systemsl4] [16] [23]
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Figure 9. Wood pellets.

By-products from the mechanical wood processimtystry, mainly sawdust or planer
shavings, are used esnv 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 hatvée 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 confé®b§w.b). To e-

move oversized particles, the matergascreened13] [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 compressiorgventually with assistance of external heat, the wood
warms up to 16A.75°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 smooth24] [23] [26]

Torrefied biomass

By torrefying biomass, more codike propertiescan be reachetb the fuelthan by
pelletizing.In torrefaction the biomass is treated therrobemically in absence of gx

gen at temperatures between 200 andGd0r residence times of 380 minutesAs a

result, the water and volatiles are released from the biomass and it bédabiesand
hydrophobic[4] [13]

About 10% of the energy contenttime biomass is lost with the released volatil€ke
volatiles can however be captured and utilized as fuel for the torrefaction. As a result,
the heating valuef the biomass can be increaseyl 10-22% as the moisture iser
moved but the bulk densityis decreasedand the volumetric energy density remains
low. The torrefied biomass caimough bdurtherpelletized to densify the fudé] [13]
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3 Combustion saf allmido ma a |

To reduce the C@emissionsfrom fossil energy sources, the usage of coal as fuel in
power plants has to be reduced antstitutedoy renewable sources. One alternative is
to replace coaWwith biomasseither in new plants designed especially for biomass
alreadyexisting coaffired plantsby cofiring. The term cefiring means burning more
than one type of fuel simultaneoud#|

The similaities betweencoal and biomasgropertiesallow themto be handledand
burred with similar techniquesDue to their lower requirements for theel, fluidized

bed boilers are usually more suitable for biomass combustion than for example pulve
ized fuel fired boilers. @al is though normally bued in pulverized fueboilers. The
investments requiretb modify existing plants to burn biomass together with coalrare
generalsmall compared to the investmemnisededor building new plantor biomass
alone In someexising plants it is possible to burn small amounts of biomass together
with coal even with no modificatioret all.[4] [6] [19]

In this chapterthe properties of wood and coal are compared and disctsgeither
with the characteristics of wood combusti¢iurthermore, the present methdds co-
firing wood withcoal are presented and discussat the principles of pulverized fuel
firing areexplainedin 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 woathough generally comparable witte behavior

of low-rank coals.The differences in the compositiobgtween coals and woazhn
however cause troubles in the boiler systems. In addition to the difficulties with milling
wood described in the previous chapter, the different composition dliytlastes ex-
poses the heat elanger surfaces tocreasedleposits[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 plaatemnal which grew nhi

lions of years ago, and was buried by sediments when the land subsided. Thediigh pre
sures and temperatures have processed and altered the plant remains over long periods
of time. The percentage of carbon has increased over theréisudting in formation of
different ranks of coals depending onitheege.Older and igher rank coals are thea

thracite and bituminousoal while the subbituminous and lignite are classed as lower
rank coalsPeat is a precursor of coals, as it is gigantly younger than ligniteThe

typical properties of different coals and peat are compar&dbie6. [27]

The typical volatiles and fixed carbon (char) contents in wood and coal are presented in
Table7. Wood has significantly higher volatile matter content and lowedfoarbon
content than coallhe ratio between volatile ntat andfixed carbon in biomass is tip

cally over 4, while it is in coal almost always below 1. The combustion characteristics
are strongly dependent time volatiles/charatio. [28]

Due to the high volatiles content, the ignition of wood fuels is easier and more é&lomog
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 chardoai and complete
combustion is thus easier to achieve with watolwever, the significantly higher ngi
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ture content in fresh woodecreases theombustion quality. Savithout fuel prepaa-
tion, the combustion advantages are not readi3¢di7] [13] [28]

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

Proximate Analysis Bituminous  Subbituminous

(Wt.-%, as received) Anthracite Coal 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

Table 7. Volatiles and fixed carboncontentin wood andcoal. [3] [14] [30]

Volatile content (wt.-%, d.b) Fixed carbon content (wt.-%, d.b)
Wood 70-82 13-29
Coal 27-34 38-63

The volumetricenergy density of fresh wood is low, mairdgcause othe moisture.
With pretreatment methods described in Chagt&r the energy density can be-i
creased tohe same level dswer rankedcoak. The bulkenergy densities between coal
and different pretreated wood products are comparédbe8. [13]

Coal has higher heating value mairdye to thelower oxygen content compared to
wood, but also due to the different chemical structures betweerardalvood The
amount of energy bound into the carbzarbon bonds, which are more common in coal,
is higher than the energy in carbbypdrogen ad carboroxygen bonds. The oxygen,
however, increases further ttheermal reativity of thewoodfuel. [4] [28]

The concentrations of sulfur (S) and nitrogen (N) in wood and coal are presefited in
ble 4. It can be seen that the contents of sulfur and nitrogen are substantially lower in
wood than in coalHarmful sulfur and nitrogen oxides (S@& NOy, respectiely)
formed from the fuel are thus reduced when substituting coal with wood. Eventually no
expensive SQreduction techniques are needed when burning woody biomass alone.
The SQ- and NQ-emissions are the major causes of acid fainf13] [28]

Also the ash contents of solid fuels are presentd@bie4. The lower content of ine

garic 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 or-the d
post 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 chapt§t3]
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Table 8. The bulk energy densities of coal and different wood product$13]

3

Fuel Energy density, MWh/bulk-m
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) 11-1.3
Cutter shavings 0.4-0.5
Straw chaff 0.25-0.35
Torrefied biomass 1.28
Torrefied pellets 3.9-5.14

3.2 Combustion & ash

Before igniting, the fuel has to be gasified. Heat releases volatiles from the wood during
gasification, and combustion occurs when thesatiles react with oxygen in aif.he
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 damxide,
hydrogen to watef3] [8]

If left in the natureor in landfills the decomposindpiomass releasesarmful com-
poundsto the environmenincludingmethane (Cl), ammonia(NH3), hydrogen sulfide
(H2.S), amides and volatile ganic acids Methane is calculated to be 21 times more
harmful greenhouse gas than £@y recovering and combusting the biomass, the
emissions of these pollutants aeeluced[3] [19]

The rate of combustion is affected by the moisture content and particle size. Bie moi
tureabsorbs great amounts of heat when vaporized and lowers the flame temperature, as
mentioned earlier in this workhe combustion ofrealler particless faster due to their

larger specific surfaes where reactions take plaB&omass combustion is discovered to
occur in two main steps at different temperature levels. At the firstteepght orga-

ic volatiles are released and burned, largely bylggrs ofhemicellulose and cellulose,

but alsopartly of lignin. The second step is characterized mainly by char oxidation.
Coal combustion is though characterized by only one, &tepit is however clearly

wider than the steps in biomass combustjib8] [28]

As the concentrations of elements in biomeay greatly also the elementabntentin

the ashand the amount of astary widely between different species and growth media.

The average shaef ash in common solid fuels are presentedahle 9. The lower

ash content reduces the capacity needed to remove ash when burning biomass, but the
different elementsspecially in the fly ash, can cause more problentise boiler

The major onstituents in the ash from coal and peatsdieon (Si), duminium (Al)
andiron (Fg, while the biomass ash mainly consists of alkatidearth alkaline metals,
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such as calcium (Ca), magnesium (Mg) aotapsium (K).The concentration of sod

um (Na) h 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 proce§s] [6] [31]

Coal ash can also contain great amounts of Ca, but it originates generally frord-the ad
ing of limestone into the furnace to control sulfur emissions. Also the trace and heavy
metal concentratiofsuch as mercury and lead)biomass is minimal compared toet
concentration in coal. The amount of toxic emissions in the flue gas from biomass is
thus lower and theaed of flue gas cleaning is reducgs] [6] [31]

Table 9. Average ash contents in different fueld3] [11] [13] [14]

Ash content in different fuels (wt.-% on dry basis)

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

The alkaline metals in the biomass gemerally part of organic molecules or dissolved
as ions in the cell fluidThese metals are thus more easily released in the flue gas during
combustion than the metals in coal and peat, where they are iresstable form. The
alkaline metals in the flue gas are usually responsible for fouling of heat transfer surfa
es.[3] [4] [13] [31]

The ashmelting behaviorand the deposit formatiom the boilerdependon the et-

mental compositioof the ashThe alkaine metals form compounds witbw melting

points (below 700°C)in the boiler When these compounds collect on surfaces in the
boiler, theyform a sticky layer which enhances the ash deposition and foBleuause
biomass fuels contain in general higher amounts of alkaline metals compared to coal,
the fouling and corrosion problems are more significant when burning bioifiaess.
depodts formed from biomass combustion are harder to handle, because they form a
tougher, smoother and less porous layer on surfaces. Additional cleaning techniques
maythusbe requiredvhen burningiomass instead of co4B] [4] [13] [19]

The chloring(Cl), which is a constituent in all biomas®rms compoundswith alkali
metalssuch as potassium chloride and sodium chlofiieél and NaC] respectively.
These alkali chlorideare the major cording elements in the flue gakven a small
amount ofCl in the fuel can be harmfdibr the heat transfer surfaces in the boiles-sy
tem The problems with chlorine arsignificant when burning wood alone whenthe
propotion of woodin co-firing is high When the wood is fired together with coal or
peat, the high amounts of sulfur and alumim silicates in coal and peat react watid
bind the harmful alkal and chlorine compounds, and the problems with the siiespo
and corrosion decrease in significandéso the SQ@ emissions from coal and pede-
creasewhen the sulfuremains in the ashnstead, the slag formed from-éidng is
more harmful than from coal alori&] [4] [13] [19]



25
3.3 Co-firing with coal

3.3.1 Co-firing techniques

Three general cfiring techniques are used when burning biomass together with coal.
The principles of these optis are shown ifrigure 10. The first option is direct co
firing, where biomass is mixed with coal and the mixture is burned in the same furnace.
The seond method is called indirect €iming. It involves gasification of the biomass
prior to feeding into the same furnace with coal. The third method is parafieincp

where the biomass and coal are combusted in separate burners and Toglesteam
produced in each boiler is linked into same steam neti@rk4] [13] [19] This work

will concentrate only on théirect cofiring.

a
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Figure 10. Main biomass and cal co-firing technologies; (a) drect co-firing, (b) indirect co-firing,
and (c) parallel cofiring.

The direct cefiring in pulverized fuel firing boilers is the most common and stitaigh
forward confguration and can be cagd out in three different way3] [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 fooftred. bifhe
processed biomass is injected into the pulverized coal line before or in the bur
ers and thus fired with the same burner.

3. In the third method, the biofuel is, in addition to separate handling and pretrea
ment, also combusted in separate bugmethe same furnace. Significant mod
fications involving high capital costs are needed toftineace and combustion
systemin this method It is though possible to use biomass as a reburn fuel in
NOx-emission control, if it is injected into the uppertpaf the furnace.

The indirect and parallel efiring configurations allow higher fuel flexibilities than the
direct cofiring method. Additionally, the gasification gas in the indirect system can be
cleaned prior to combustion to increase the combusiiality and to decreaserfo
mation of harmful compounds. The parallel firing system is the most expensivaaltern
tive, as it requires a separate boiler system for the biofi@$$19]

Severaltypes of boilers are used for biomass combustion, such asfigeatend flud-
ized bed boilersThe circulating fluidized bed (CFB) boilers are becoming moreupop
lar due to their lower demand on the fuel qual@¥B-boilers are able taccept higher
moigure contents and wider variations in the fuel bldrat. coalfiring, the combined
heat and powelQHP) plantsin Finlandmainly operate with pulverized fuel firing tec
niques. Only the newest bigger plants are built with Glsdlers. The principles of
these combustion techniques are representedyurell. [6] [13]
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Figure 11. Principal combustion techniques for biomasg19]

3.3.2 Impacts

In cofiring with coal, he proportion of biomass the fuel generally rangésom 1% to

20% on input energy basis, typically betwéeand10%. Low proportions are possible

to be burnedvithout any need 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 blendith abiomassshare p to40% [4] [21]
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When cafiring in plants designed for burning coal alonae proportionof biomass in
the input fuelis mainly imited by the following factorsFirstly, as mentioned in the
previous chaptethe high alkali and chlorine contenh biomass increaskeformation
of deposis and risk of corrosion on surfaces in the boiler system.

Secondly, the differentonstituents irthe ash fronmbiomassand coal changehte can-
position and properties of the ash formed during combustisra resultthe ashguality
may notmeet the requirements set for assed as construction materiahich may
lead to higher costs of aslisposal.To prevent the undesired changesh@ashcomp-
sition, the share of biomasashin the total ashis generally limited to 10%, and the
share of biomass in the fuel input is thus limited t&%Z6n energyinput).[3] [13]

Thirdly, due tothe large amount of evaporating moisture, the quantity of flue gag-is si
nificantly increasedand its temperature is decreasechen burning moist biomass.
Hence, the load anithe energy consumption of the flue gas blosvare ircreased, and
the optimalplant operation conditions can be affectey the different flue gas values
Additionally, the erosion of surfaces increases with increasing flue gas vol{8hes.
[13]

Different researches have given different results about how coal and biomass affect each
other during combustion, so no unambiguoasclusionsan be drawn about possible
interactions between the fuels whenfited, except for the reactions between the d

ferent ash componentBhe use of wood as daing fuel in coalfired boilers has shown

to cause no decreasing effect on the boiler capacity, and only modest efficiency losses.
The fly-ash particles formeffom biomassn co-combustion are though obsed/to be
significantly smallerthan those formed in coal combustiomhich may result inn-
creased particulate emissiofg§] [19] [28]

The implementation of biomass esfiring fuel might involve increased variable costs

for the plantmainly due to the increased need of service and maintecansed by the
deposit Althoughthere might be more problems when burning biomass, the substitution
of coal with renewable fuglis usually reasonable, due to the additional costs and taxes
set to fossil fuel firing. The additional costs with the biomass use inficedlboilers

are assumed to be in the range &% of the total operating costs, depending on the
properties andhare of burned biomass. These costs are however generally lower than
thesavngsinvolved inreducedossil fuel usageand emission costgL3]

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

A Coal canbalance the combustion by reducing effects of biomass quality ductu
tions.

A If the availability of biomass is insufficient, coal can be used in increased
amaunts to meet the energy demand.

A The costs of modifying an existing power plant to be suitable ddiriag are
lower than the costs of building new systems only for biomas$aston.

A By substituting coal with biomass, the amount of,@®issions from fossil coal
andalso the amount of S©andNOy-emissions are reduced.

The barriers with adding bioamss as a cbring fuel to a coal power plant include the
biofuels procurement issues, biofuel quality issues, ash quality issues, limiting max
mum share of biomass in -foing under given configurations, and the capacity limits
of the plant logisticg4] [6]
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3.4 Pulverized fuel firing

In pulverized coal power plants theatis powderedand blown together with the ©o

bustion air into thédurnes inthe furnace. The heat released from the combust@en v
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 electfibityis illustrated in
Figure12 In CHP-plants the remaining heat in the steam after the turbine is recovered
and used as process heat or for district hegtlr/3j.
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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 combustunverizedfuel firing is usually
asso@ted with large scale coal combustiamd it is the most common and widelyed
method for burning coalt is rarely used for combustion of biomass aldné,cofiring

of pulverizedcoal and bimasss becoming more commoRluidized bed combustion is
generally regarded as the best technology to burn a fuel with low qualityasigca-

tent and low heating value. Untreated biomass does not normally meet the preperty r
guirements for burning in other than fluidized bed boil@8E[19] [33] However, in the
DustCombsystem the wood is assumed to be processed enough to meet the- requir
ments for pulverized fuelombustion.

Three basic designs are used for pulverized coal firing. Thefiweall and tangentially
fired boilers, where the flames areadited horizontally, are the most common types.
The third type is the arelor rootfired boiler, in which the flames are directed doew
wards from the top of the boiler. The furnaces are usually equipped with sevaral co
bustors to increase the burning effiecy. The construction of a walfired burner is
presented ifrigure13. [33]
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Figure 13. The construction of a Foster Wheeler walfired burner. [33]

The fuel powder is pneumadlly 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. Thpreheating has to be carefully controlled, because too high te
peratures in the fuel/astream before the burner increase the risk of autoignition and
fires in the fuel preparation systef9] [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 volatitest heatsup. The coal ignitesand stad 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@D0-1 650°C.[19] [33]

To increase the combustion quality and to minimize the emissions of harnmfal co
pounds, especially N@missions, the firing is usually staged. In stigeg the can-
bustion air feed is divided into multiple phases,ing primary, secondary and event

ally tertiary air. In swirdstabilized burnergHigure14), the primary air carries the fuel to

the burner, whichidects 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 shpes and stabilizes the activity of the flame. The function of afiredl
swirl-stabilized burner is illustrated Figure15. [33]
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Figure 14. A swirl-stabilized wallfired burnerat Det r oi t Ed i s Bower BlantrapMon-y 6 s
roe, Michigan. The swirler platesfor the secondary air can be seen on the periphery of the burner.
[33]

Figure 15. The operation principle of a wallfired 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 flanj@3]

Due to the limited residencarte 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 paxtles may not burn completely due to the insufficient residence time in the
flame. These particles leave the furnace as unburned fuel with the fiy astdition, if

the particles do not have time to burn completely before leaving the furnace, the risk fo
overheating and severe slagging and fouling is increased on the heat transfer surfaces
in the flue gas duct$19] [29]

The particle size requirements for different coal types and biomass irripeti/éuel
firing are listed inTable10. For maximum performance efficiency, coal should gdnera
ly be ground to a size where at least 70% of theighestpasses through a 26@esh
screen (hole size 74 ym) and less than 1% is remained oma$0 (300 um) screen
[29] [33]













































































































































