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SUMMARY

This thesis deals with the combustion of wood in pusesl fuel power plants. In this type of boiler,
the slowest step in theood conversion process is char comlaurstivhich is one ofhe factors that
not only determine the degree okflburnout, but also affect thedtt release profile in the boiler

and thereby the overall operation and efficiency of the plant.

Chapter 1 consists of an introductito thermal conversion of biossfuels as well as a description

of a Danish power plant where a measuring cagmpaas carried out as part of this project.

Chapter 2 is a brief literatumeview of different aspects rei@nt to wood combustion, including

wood structure and composition, wood pyrolysispd char propertiend wood char oxidation.

The full scale campaign, which is the subjecCbipter 3, included sampling of wood fuel before
and after milling and sampling @fas and particles at the tgp the combustion chamber. The
collected samples and data are used to obtain an evaluation of the mills in operation at the power
plant, the particle size distribonh of the wood fuel, as well as thbar conversion attained in the

furnace.

In Chapter 4 an experimentalviestigation on the relation betwegyrolysis of wood in boiler-like
conditions and wood char properties is preser@drs from pine and beech wood were produced
by fast pyrolysis in an entrained flow reactor &ydslow pyrolysis in a trmogravimetric analyser.
The influence of pyrolysis temperature, heatiatg and particle size ahar yield and morphology
was investigated. The applied pyrolysis terapare varied in the range 673 — 1673 K for slow
pyrolysis and 1073 - 1573 K for fapyrolysis. The chars were oxidised in a thermogravimetric
analyser and the mass loss data were used tovdleéechar oxidation reactivity. Char yield from
fast pyrolysis (16— 10 K/s) was as low as 1 # % on a dry ash free basivhereas it was about
15-17 % for slow pyrolysis (10 - 20 K/min); chaield decreased as pyrolysis temperature
increased. During fast pyrolysis wood particles unaat melting, yet to different extents for the
two investigated fuels: pine wood produced shaf porous spherical particles, whereas beech
sawdust chars showed a somewhat less drastiegehof morphology witliespect to the parent
fuel. Char produced by low heating rate pyrolysibyfuetained the original fibrous structure of
wood. Fast pyrolysis chars were significantly mowgctize than slow pyrolysis chars (for the same

activation energy, the pre-exponential factor wasto 2 orders of magnitude greater for chars



generated by fast pyrolysis); moreover, char dietiareactivity decreased as pyrolysis temperature
increased. The amount and composition of the ashifig matter of the wootlels is believed to

play an important role in determining thdfeiences in char yidl morphology and reactivity.

The modelling of wood char combustion is théject of Chapter 5. The lowest and the highest
reactivities obtained for the chars produced ie #FR are used in a simple single particle
combustion model in combination with a descdptiof Avedgreveerket's ber. In the model the
char particle is assumed to burn in a gas wiahstant temperature aednstant oxygen fraction.
The particle temperature is on the other hantdrdgned taking reaction heat, convection through
boundary gas layer and radiation into accoungé odel accounts for external diffusion of oxygen
to the particle outer surface, internal diffusionthe pores and heterogeneous chemical reaction
(CO is considered the only product). The modalculates an overall efficiency factor for

combustion, yet assumes that all the reacting casdoonsumed at the outer surface of the char.

The model predicts that at average furnace temperature 100 K the conversion of char
particles with radius 20-350m is very much affected by the readly of the charThe influence of
the particle’s reactivity is lower at higher temgeires: at furnace temperatures of 1500 K and 1700
K the combustion of the char is mainly controllegtransport processes. The effect of the oxygen
concentration in the bulk gasirsvestigated and it i®ound that an increasd oxygen in bulk gas
leads to higher particle temperatures andtshiie controlling step of the combustion towards
diffusion. As far as density is concerned, the moeglilts indicate that theéme of char conversion
increases with increasing density. It is found foatlarger char particles the residence time in the
furnace can be considerably longearthfor the gas (up to 6.4 s for 250n radius particle,
compared with 4.6 s for the gas). According te thodel high reactive chars with radius up to 285
m attain a conversion of atast 99.80% in the furnace when burning in gas at 1200 K and 2%
oxygen; in order to obtain 99.80%onversion for gas tempeuags of 1500 K and 1700 K low
reactive particles should havadiuses no greater than 26t and 300 m and highly reactive
chars no greater than 315 and 335 m, respectively. Finally, the model results are compared to
the full scale data from Avedgreveerket powanplthe model provides a generally good prediction

of the conversion attaindsy wood char in the furnace.



RESUME

Denne afhandling omhandler forbreending af treestévaftveerker. | denne type af kedler er
treekulsforbreending det langsomste trin, hvilleat den bestemmende factor ikke bare for
brandselsomdannelse men ogséa for varmeafgivetsfidepri kedlen. Dette haindflydelse pa den

overordnede drift og effektivitet af anleegget.

Kapitel 1 bestar af en introduktion til termiske omudelse af biobreendsler samt en beskrivelse af et

dansk kraftvaerk, hvor en malekampagne hidfgrt som en del af dette projekt.

Kapitel 2 er en kort litteraturoversigt af forskedligelevante aspekter af traeforbraending, hvilket
inkluderer treestruktur og traseenenseetning, traepyrolyse, samemrskaber og forbreending af koks

fra tree.

Fuldskalakampagnen, som bliver beskrevet i iteéhB, bestod af indsamling af treebreendsel far og
efter maling og indsamling af gas pgrtikler i toppen af breendsghmmeret. De opsamlede praver
og data er blevet brugt til at evaluere mgllerbeuig pa kraftveerket, pikelsstarrelsesfordelingen

af treebreendsel og den opnaededannelse af koks i fyrrummet.

| Kapitel 4 bliver en eksperiemtel undersggelse af sammenhaangellem pyrolyse af tree under
kedellignende betingelser og treekuls egenskhbskrevet. Kul fra gran og bgg blev produceret
ved hurtig pyrolyse i en "entrained flow reactag ved langsom pyrolyse i en termogravimetrisk
analysator. Det blev undersgbtilken indflydelse pyrolysengemperatur, opvarmingshastigheden
og partikel stgrrelsen har pa koks udbyttet og ologien. Pyrolyse temperaturen varierede mellem
673 — 1673 K for langsom pyrolyse og 1073 — 1573 Khimtig pyrolyse. Kokseiblev oxideret i

en termogravimetrisk analysator, og veegttabktv brugt til at bestmme dens oxidations
reaktivitet. Koks udbyttefra hurtig pyrolyse (10— 1¢ K/s) var s lav som 1 — 6 % pa ter askefri
basis, hvorimod det var omkring 15 — 17 % fargsom pyrolyse (10 — 20 K/min); koks udbyttet
faldt nar pyrolysetemperaturen steg. Ved hupigolyse smeltede traepartiklerne, dog i forskellig
grad for de to undersggte breendstese fra gran blev til porgssfeeriske partikleder indikerer
fuldsteendig smeltning, hvorimod koks fra bgg udvistindre drastiske sendringer i morfologien
m.h.t. det oprindelige breendsel. Koks producemd lav opvarmningshastighed bibeholdt den
oprindelige fibrgse traestruktur.oKs fra hurtig pyrolyse var betydelig mere reaktivt end koks fra
langsom pyrolyse (ved samme aktiveringsenergkoks fra hurtig pyrolyse ca 100 gange mere

reaktiv end koks fra pyrolyse i termogravimetrigkalysator); derudovefialdt koks oxidations



reaktiviteten med stigende pyrolyse tengter. Resultaterne dikerer at meengden og
sammensaetningen af de uorganiske stoffer i biatniusr stor indflydelse pa koks udbyttet, samt

dets morfologi og reaktivitet.

Modellering af koks forbreendning bliver behagtdi Kapitel 5. The lwest and the highest
reactivity De hgjeste og lavesterbgnede reaktiviteter fdkoks produceret i BF bliver brugt i en
simpel enkelt partikel forbreendigsmodel i kombination med endbeivelse af Avedgreveerkets
kedel. Modellen antager, at kokstiklen breender i en gas med ktamg temperatur og iltmolbrgk.
Partiklens temperatur beregnes ved at teggktionsvarmen, konvektion gennem gasfilmen og
straling i betragtning. Modellen tagkgjde for ekstern diffusion alt til partiklensydre overflade,
intern diffusion i porerne og heterogen kemrglaktion (CO antages som det eneste produkt).
Modellen beregner en samlet effektivitetsfakfor forbreendning og antager, at den reagerede

carbon bliver forbrugt pa den ydoserflade af kokspartiklen.

Modellen forudsiger at ved en fyrrumstemparapa 1200 K pavirkes omsaetningsgraden af
partikler med radius 20-350n betydeligt af koksreaktivitetemdflydelsen af koksreaktiviteten er
mindre ved hgjere fyrrumstemperaturer Enholdsvis 1500 K og 1700 K hvor forbreendingen
hovedsageligt er kontrolleret af ekstern gasfilmkaintindflydelsen af bulk iltkoncentrationen er
blevet undersggt i interllat 0.1-4.0 vol.%. Stigate iltkoncentration farer til hgjere
partikeltemperaturer og flytter forbreendingen meod stigende grad af gasfilmkontrol. Modellen
viser yderligere at udbraendingstiden stiger meastlg koksdensitet. Opholdstiden for partiklerne
i fyrrummet stiger med stigende partikelstarrgddegrund af den stgrre faldhastighed. Eksempelvis
er opholdstiden for en piécel med radius pa 250m 6.4 s hvorimod gassens opholdstid er 4.6 s.
Ifalge modellen vil koks med hegaktivitet kunne nd udbraendingsgeadtarre end 99.8 % ved en
fyrrumstemperatur pd 1200 K og iltprocent pa 2, safremt deres radius er mindre end. 28&d
fyrrumstemperaturer pa 1500 K og 1700 K skal partikied lav reaktivitet have en radius mindre
end henholdsvis 260m og 300 m mens partikler med hgj reakt®i blot skal veere mindre end
henholdsvis 315 m og 355 m. Modellen er kvatfativt i god overensstemelse med de malte

udbraendingsgrader pa Avedgreveerket.

Vi
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Chapter 1. Introduction

CHAPTER 1
INTRODUCTION

1.1 ENERGY FROM BIOMASS

Biomass includes a wide range of products and byymts from forestry and agriculture as well as
municipal and industrial waste streams. It thusudek trees, arable crops, algae and other plants,
agricultural and forest residuesffluents, sewage sludge, manuirgjustrial by-products and the
organic fraction of municipal soliaste. After a conversion process, biomass can be used as a fuel
to provide heat, electricity or as transport fukdpending on the conversion technology and the type

of primary biomass.

In 2006, about 4% of the EU’s total energy agngption was met from biomass [1]; nowadays
about 1% of the world production of electricity based on biomass fge[2]. Environmental

concerns are leading tmore stringent regulations on eggrmproduction aiming at increasing the
share of renewable sources of energy. Biomadheefore increasingly being used as fuel for

energy production.

A variety of wood species is burned in powearis nowadays, depending on the location of the
plant, the wood-related activities in the arealgpand paper industry, sawmills, etc.) and other
economic reasons; wood from conventional foyestesidues from manufaging of wood based
products such as bark, sawdust and off-dudesn sawmills, demolition wood are some of the
sources of wood fuel. In Denmark, the majoritytiod biomass used for power and heat production
consists mainly of residues from forestry and@dture (wood and straw) [3]. In the last decade,

the consumption of wood for heabpuction has doubled in Denmark [2].

Worldwide, the utilisation of engy crops is also increasing; theme plants that are grown as a
low cost and low maintenance harvest and thatestirer be used to makaofuels or directly
exploited for energy production; willow and poplar akamples of fast growg trees that are used

in short rotation foresy for wood fuel supply.

Apart from being a renewable soarof energy, biomass contribsite® the global reduction of GO
emissions. Combustion of wood ather plants is virtually a C{neutral process, provided that the

combustion is efficient and thatnld is replanted after harvesting. && plants growthey absorb
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the same amount of GQvhich is then released up@ombustion. In fact, some G@ produced
due to transport and handling of thiemass fuels; yet, the overall €@alance is much in favour of
biomass fuels compared to fossil fuels. Morepweually the ash from the combustion of some

types of biomass, like straw ash, can be used asileség, so that soil depletion is not an issue.

The most common ways of bung wood in power plants areaie firing and pulverised wood
combustion. Compared with grate boilers, modautverised fired power plants do obtain a high

electrical efficiency and hawbe capability to make fast changes in load and fuel type.

1.2 PULVERISED FUEL COMBUSTION

Suspension firing of pulverised fuel has been uedalirn coal for decades; environmental concern
and legislation have contributéal the conversion of some dfdse plants to wood combustion and

to the building of new pubkrised wood power plants.

Pulverised fuel firing is a combustion techniquevimich fuel is pulverised liere being igited. In
practice, pulverised wood is trgported to the power plant a®ed pellets, which are then milled
on site. This is an advantage compared witlodvohip fired boilers: th common density of wood
chips is about 250 kgfnwhereas the density of woodllpés is usually about 650 kgfand
thereby the cost of transportati to the power plant is significéy reduced. On the other hand, the
moisture content of wood chips can be as high as @%while the moisture content of pellets is

usually about 6-10%; thus, higher efficiencies barattained in pulvesed fuel fired plants.

In suspension firing wood particles are heated gpttahigh temperatures as they enter the furnace
and thereby pyrolyse and leave éicsoesidue called char. The subseqt oxidation of char is the
slowest step in the conversionwbod and influences the degree of conversion of the fuel as well
as the heat release profile in the boiler, thifiecing the operation and efficiency of the plant.
Nowadays, knowledge of wood chaharacteristics such as mbology and reactivity is still
limited; among other reasons this is due to the waage of wood fuels useahd to the prevalence

of char formation studies that are based on momlder conditions than the ones of a real
pulverised wood furnace. Better knowledge of waobdr reactivity would enable setting up better

tools (models) to predict char coms®n in this type of furnaces.
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Biomass contains mineral matter which is cened to ash during combustion. The ash produced
during straw combustion is often used as fertiliseatvoid soil depletiorAs for plant operation, the
mineral matter of the biomass can be an imporissue. For example, straw gives rise to KCI
containing deposits that hinderdteexchange and at times cagseous corrosion problems. Wood
contains a much lower fraction ash forming matter (<1%, as oppdsto about 7-10% in straw)

and a much lower amount of Cl; wood firedlbos experience fewer corrosion problems.

In the following section, a modern Danish power pianwhich pulverised wood is used as fuel is

described; full scale measurements at this plant warried out as a paot this Ph.D. project.

1.2.1 PLANT DESCRIPTION

The Avedgre Unit 2 power plant is owned by Dongigy A/S; initial proposals for the plant were
made in 1994 and it was commissioned in 2001. dt sghly efficient multi-fuel power plant with
advanced steam data (HP: 305 bar, 582 °C [4}),can be operated in a pure condensing mode (to
maximise power production), in pure back pressnogle (to maximise heat production) and in any
combination in between. The full load capad#yp90 MWe for power (p&r condensing mode) or
560 MJ/s and 510 MWe for heat and moveoperation (pure back pressunode) [5]. The plant is
connected to the Copenhagen adésrict heating system. O#ing in pure condensing mode, a
net electrical efficiency of 49% cdre obtained; in pure back gsure mode using all the thermal

energy in the condensed steam for distrezting, the total effiency is 94 % [5].

The unit consists of three types of combustarstraw fired grate boiler (~100 MJ/s), the main
multi-fuel boiler (~800 MJ/s) and two gas turbi(~2x50 MWe), as illustrated in Figure 1.1.

The main boiler is an ultra supercritical (USGhce through tower boileof the Benson type; a

sketch of this type of blar is given in Figure 1.2.
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Figure 1.1 Schematic view of the Avedgre Unit 2 power plant. The high pressure steam from the main multi-fuel boiler
and straw fired boiler are connected.

o H
| »
O -
+ +
EVH i
| e

Figure 1.2Sketch of a USC Benson type boiler, as the main multi-fuel boiler of Avedgre Unit 2 [4].
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The full thermal capacity of the boiler is 800 MWhe boiler has a total height of 80 m. In the
lower part is the combustion chamber with 16 burners on 4 levels, which are fired tangentially.
Above the furnace chamber there is a screemparator that functions as a radiation shield.
Superheaters and economisers are located dhev&reen. The USC boiler was commissioned in
2001 with oil and natural gas as fuels. In 2002dtvbustion system was upgraded to allow firing

of pulverised wood while keeping the gas andioig capacity unalteredlhe maximum feed rate

for the wood pellets is equivalent to the 70% & thll load of the boiler [6], i.e. 560 MJ/s or 120
tons of wood per hour. The yearly wood constiampis typically abouB00,000 tons. Three out of

the four burner levels, i.e. 12 ooft 16 burners can be used fairfig pulverised wood. Three roller

mills are used to pulverise the wood pelleisch supplying wood to one burner level.

1.3 AIM OF THE PROJECT AND STRUCTURE OF THE THESIS

The work presented in this thesis is part damger project whose aim was to study co-firing of
biomass and natural gas and N€nissions from pulverised bios®firing. Specific goals of this
work were understanding and measuring wood graperties and reactivity in the conditions
typical of a pulverised wood boileEurthermore, this work was intended to develop tools for the
power industry to predict wood dliburnout in pulverised wood beis and optimise the operation

of such power plants.

Chapter 2 is a brief literatumeview of different aspects rei@nt to wood combustion, including
wood structure and composition, wopdrolysis, wood char properties and wood char oxidation.
Chapter 3 describes the full-scale campaign caoigdat the Danish peer plant Avedgrevaerket
where the operation of the wood mills and the resultingd particle size distribution as well as the
CO concentration and char conversafter the combustion chambeere investigated. In Chapter
4 an experimental investigation into the tela between the pyrolysiof wood in boiler-like
conditions and wood char properties is preseniéis work has been published [7]. Chapter 5
includes an introdun to different approaches tongie particle oxidation modelling, the
description of the model usedtims work and the redis obtained. Wood char reactivity from pilot
plant tests is used in combiratiwith boiler conditions in the odel and the predicted char burnout
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is compared to the wood char burnout meaduduring the full-scale campaign. The general

conclusions of the projeare found in Chapter 6.
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CHAPTER 2

WOOD COMBUSTION REVIEW

2.1 INTRODUCTION

This Chapter is a brief literature reviewdfferent aspects relevant to wood combustion.

Section 2.2 gives an overview of wood structune aomposition. In section 2.3 the first step in
wood combustion is addressed, namely woodlggi® The morphology and chemical composition
of the solid residue of pyrolysishar, is the subject of section 2the dependence of these features
on both original wood and pyrolysis conditions arelinetd. The chapter ends with a section 2.5

dedicated to char oxidation.

2.2 WOOD STRUCTURE AND COMPOSITION

It is evident that the charactaisn of the fuel is of major iportance for the correct understanding
and description of the combustion processliddtiion of wood for the production of power is
becoming more extensive, thus requiring aneasing amount of this fuel. A variety of wood
species are burned nowadays iwpo plants, depending on thecdion of the plant, the wood-
related activities in the area (pulp and paper itrgusawmills,...) and other economical reasons. In
Denmark, local production of wood fuel mainly cotsisf pine and spruce, but wood fuel is also
imported from other Countries. Wood from contienal forestry as well as residues from
manufacturing of wood based prodsistuch as bark, sawdust, off-cuts from sawmills are some of

the sources of the wood burned in power plants.

In this section a brief presentation of wood suoetand chemical composition is carried out. Both
structure and chemical composition vary slightijmong the different species of wood, but the

distinction between softwood and hardwood can Iffecgnt for the purposes of the present study.
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2.2.1 WOOD STRUCTURE

Figure 2.1 shows the structureanfree trunk with the major tissuggluding outer and inner bark,

cambium, sapwood and heartwood.

Figure 2.1 Generalised structure of a tree trunk showing orientation of major tissues including outer bark, inner bark,
cambium, sapwood and heartwood [1].

The cambium consists of a thiayer of living cells betweethe sapwood (xylem) and the inner
bark (phloem). The tree grows through the divisiothefcells that takes place at the cambial zone.
More cells are produced towards the xylem onitis&le than to the phloem on the outside; phloem
cells divide less frequently than xylem cells. RIntoconsists of vascular cells which carry sugar
and nutrients throughout the plawts much as about 90% of the cells forming the sapwood are
dead cells [2]. The physiologic@lnction of the sapwoots to transport water and minerals from
the roots to the growing part of the plantidlty dead xylem tissue makes up the heartwood shown

as the inner core in Figure 2.1.

Wood cells are elongated gmape and mostly oriented along thegitudinal direabn of the stem.
These cells not only provide for liquid transpartd nutrients storage but also account for the
mechanical strength of the tree. They mainly consist of cellulose, hemicellulose and lignin;
cellulose makes up a skeleton surrded by other substances functioning as matrix (hemicellulose)
and encrusting (lignin) material. Wood cellse aronnected with each other through openings,

referred to as pits [7].

There exist two sorts of wood, depending on the ajppearof their seeds: if the seeds are covered

with some kind of shell the wood is referred to as hardwa@rdjiospermse.g. birch, beech,

10
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acacia), whereas in softwoodgytnnospermstypical examples are spruce and pine) the seeds are
uncovered. A general knowledge of the differenoesveen softwoods and hardwoods might help

interpret wood and wood char behaviaquthe later stages of the study.

When describing wood structure itaesmmon practice to refer to differecross sectionsf the tree
trunk. The tangential, transversedaradial sections are shown kgure 2.2, together with the
surfaces and tissues described above in connegiib Figure 2.1. In the transverse section wood

rays, which radiate from the centretbé& heartwood, are easily recognisable.

Figure 2.2 Methods of sectioning. Transverse cut, radialangd tangential cut. Xylem and phloem rays can be
recognised [3].

2.2.1.1 SOFTWOOQOD

Softwood is composed of two different cellsadineas (90-95%) and ray lse(5-10%). Tracheas
provide for both mechanical strgth and water transport. Thenggh and width of the tracheas
ranges from 2.5 to 7 mm and 30 to 45 um respectively [7]. Tracheas are normally referred to as

fibres. The typical structure of sefbod is shown in Figure 2.3 and Figure 2.4.

The liquid transport from one tragh to another takes place throulgla bordered pits; their amount
in early wood tracheas is about 200 per trachea, afidbem located in #hradial walls. Latewood
tracheas have only 10 to 50 rather small borderedTiies bordered pits acts as a valve to keep the

water flow under control and to prevent aidazapour bubbles to get into the liquid flow.

Another kind of cells in softwood is the paokhyma cell, accounting for storage of extraneous
material such as starch, oilscafats. These cells are non-fibrouslanuch smaller #m fibres; they

11
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are arranged in radial strandsledlray parenchyma. Some trachbase the same direction of the
parenchyma rays and are referred to as ray tractiegsprovide for transporting water horizontally
and are connected to the tracheas by bordpitsd Both Figure 2.3 and Figure 2.4 show the
presence in softwood of resin canals, whichiatercellular spaces building up a uniform channel
network in the tree. Average diaters of resin canals in pine are 80 um for longitudinal canals and
30 um for radial canals [7].

Figure 2.3Gross structure afoftwood [4].

Figure 2.4 Transverse and longitudinal faces of softwfijd T: tracheas, R: Rays, RC: Resin canals.
Because of the large volume mageby tracheas (fibres) in softwoods, these woods tend to have a

lower density than hardwoods. There are alss®@eal changes in woodstture, since earlywood

12



Chapter 2. Wood Combustion Review

produced early in the season is characterisgdow density and fast growth, and latewood

produced late in the season is charaadrisy slow growth and high density [2].

2.2.1.2 HARDWOOD

Hardwood structure is depicted in Figure 2.5 &ngure 2.6. The most appant difference from
softwood is the presence of large vessels atbeglongitudinal direction. Hardwood is a rapidly
growing wood and vessels provide an effeetionducting system for water. Vessels are non-
fibrous tube-like elements withlarge diameter compared to fibrasd are joinedogether end-to-
end; they appear as pores in the tangenteal/ \(see Figure 2.5). Vessel's length ranges commonly
from 0.18 mm to 1.33 mm [7] while ¢ithickness of their walls was found to range between 5 to 60

um [6] .

In hardwoods, liquid transport in the radialredition is provided by &cheas while rays of
parenchyma cells are present asoftwood. The fibre tracheas dhéck walled with a small lumen,

their length ranging approximdyefrom 0.9 mm to 2.0 mm [7].

Figure 2.5Gross structure of hardwood [4].

13
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Figure 2.6 The three basic planes: transveEE), tangential longitudinal (TLF) and radial longitudinal (RLF) of a
hardwood tree [5].

2.2.2 CHEMICAL COMPOSITION

The main components of wood are cellulosenicelluloses and lignin. These three substances
account for 95% to 98% of the wood. Wood alsmtains other low molecular weight organic
compounds that are referred to as extractivegebeer wood contains a small amount of mineral
matter, known as ash forming matter, which seldgommeeds 1% of the total mass [7]; in fact, the
mineral matter is unevenly distributed among tliéerent tissues, bark being the one with the
highest ash fraction.

As a general rule, hardwoods contain a smalbegtion of lignin than softwoods. Some typical
compositions of wood are presented in

Table 2.1.

Cellulose is the major constituent of the cell whllis a linear polysaccharide composed of 3-D
glucopyranose units connected by: (4) glucosidic bonds. The elementdormula of cellulose is
(CeH100s)n, Where n is the degree of polymerisai usually above 10000 in unaltered wood.
Cellulose molecules are completely linear amave a strong tendency to form intra- and
intermolecular hydrogen bonds. Aggregation of the lirdeains of moleculewithin microfibriles
provides a highly crystalline stcture. As a consequence of itbrous structure and strong
hydrogen bonding, cellulose has a high tensile strength.

Hemicelluloses include all noncellulosic polysacathes and related substances. Like cellulose

most hemicelluloses function as supporting maten the cell walls. Hemicelluloses exhibit a

14
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branched rather than a linear structure and tigeegeof polymerisation usliyranges from 50 to
200.

Lignin, the encrusting substance whibinds the cell together andvgs rigidity to the cell wall

consists of complex three dimeosal polymers of phenylpropane units.

Extractives include aliphatic, @matic and alicyclic compoundéydrocarbons, alcohols, ketones

and various acids, esters, pbéc compounds, resins anchet organic substances.

Table 2.1Chemical composition of some wood species [8].

Species Cellulose Hemicelluloses Lignin Extractives
Softwoods

Scandinavian Spruce 43 27 29 1.8
Scandinavian Pine 44 26 29 5.3
Douglas Fir 39 23 29 5.3

Scots Pine 40 25 28 35
Hardwoods

Scandinavian Birch 40 39 21 3.1

Silver Birch 41 30 22 3.2
American Beech 48 28 22 2.0

Proximate and ultimate analysessome wood fuels are reportedTiable 2.2. The origin of the
wood burned in power plant can be various. Usuadlsk is removed from stem wood (sapwood +
heartwood), so in most cases when the fuel ignedeo as wood it is to be considered stem wood;
on the other hand, since the removal of the bamkoisuniversally appl@ by all suppliers, it is
necessary to take this part oetlree into account. Moreover, as has been said before, one of the
attracting aspects of pulverised wood comlausiis that waste wood from a wide spectrum of
activities (sawmills, pulp and paper industry and obheas be utilised as &l A few examples of

these “non conventional” wooddis are included in Table 2.2.

Some important characteristics wbod as a fuel arise from Ta&bR.2. First of all, the volatile

content of wood is much greater than that of cthed most traditional solid fuel; the importance of

15
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this characteristic will be outied in section 2.3. A second, remarkatiiaracteristiof wood is its

high content of oxygen, which influences thelation of the char morphology and possibly the
fate of the ash forming minerals very much. Asda the ash content is concerned, a typical value
for coal would be 10% on a dry basis [9], wherBaswood this value is much lower, as can be
seen in Table 2.2. Obviously, it is not only thegeatage of ash formingnatter which determines
how and how much the fuel can be troublesomergiation to ash) when used in boilers; the
specific fraction of each metal, its chemical fomistribution in the fuel and transformations and
interactions during combustion asther determining aspects to be considered. Table 2.2 shows that
the content of ash forming matterhggher in the bark than in other parts of the tree; on the other
hand Miller-Hagedormet al. [22] analysed separately sapydoand heartwood from pine and they
found no significant differences in the amount anghgosition of metal salts. Thus when it comes
to mineral content it seems appriape to make a distinction between the metal-richer bark-derived

fuel and the wood originating froany other part of the plant.
Typical ash compositions are shown in Table 2.3.

The inorganic, ash-forming elements absorbed fitoenpore water in the soil can be divided into
macronutrients and micronutrients [2]. Essentiakiaats, which are absorbed in larger amounts,
are potassium, calcium, magnesium, phosphor alptwu Micronutrients are iron, manganese and
chlorine, whereas silicon, aluminium and sodiame not considered to be essential for wood
growth. Potassium, found as Ks highly coupled to the metabokictivity and is characterised by

high mobility. Magnesium and calcium have a moracitral function and their ions form stronger
complexes than those formed by;Kherefore their mobility is lower. Calcium is bound to cell

walls, but can also be accumulated as oxalate [2].

The use of waste wood for heat and poweodpction is certainly téractive, but some
environmental aspects must @ensidered. In Table 2.3 onlgarganic compounds are shown, but
one must remember that waste wood has beemost cases (for examghlwhen fibre board is
considered), treated with organic additives Whtan result in the release of toxic compounds like
furans and dioxins [10]. Moreover, waste woodynsantain metals, some of which are listed in
Table 2.3 (Zn, Cd, Ni,..), that can be releasethéngas phase during combustion and thus possibly

enhance the formation of dioxins and furans [10].
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Table 2.2Proximate and ultimate analysis of some wood fuels (wt % on dry basis).

_ _ Softwood
. _ Pine Pine  Softwood _ Softwood Waste
Birch Spruce Pine logging
root sawdust  sawdust . bark wood”
S = B (e e ‘LU R
[11]
Volatile
90.4 86.7 87.6 89.9 - - - - 80.3
matter
Fixed
9.4 13.2 12.3 10.1 - - - - 16.7
carbon
Ash 0.2 0.1 0.1 <0.1 0.3 0.5 2.7 3.6 3
LHV®
17.77 17.92 17.65 20.47 18.67 19.48 18.81
(MJ/kg)
C 47.1 47.4 46.9 53.6 47.0 51.9 51.6 525 48.5
H 6.2 6.3 6.3 6.5 6.3 6.0 6.0 5.7 6.1
N 0.11 0.07 0.07 0.10 0.0 0.12 0.48 0.40 1.4
S - - - - 0.0155 0.0525 0.0335 0.08
Cl - - - - 0.004 0.035 0.0265 0.07
O 46.6 46.2 46.7 385 46.4 41.8 39.0 39.3 40.91

260% Norway Spruce, 40% Scots Pine

®Bark contained about 20% stem wood

“includes painted wood, fibre board, untreated wood in unknown fractions

4 Lower Heating Value

17



Chapter 2. Wood Combustion Review

Table 2.3Ash composition of wood fuels (wt% ash).

Pine Softwood Softwood Softwood

sawdust  sawdust logging residue bark’ Waste wood[2]

[37] [11] [11] (fresh)[11]
CaO 72 31.55 32.39 40.00 29.79
K,0 9 14.16 11.18 11.01 3.92
MgO 8 5.13 5.46 4.53 5.34
SG; 5
MnO, 4 4.87 5.50 3.30 -
Sio, 2 27.20 29.90 27.75 20.61
Na,O 1.70 2.18 1.58 2.78
Al,O; 4.85 3.05 4.39 3.89
P,Os 5.72 7.81 531 -
Fe0O3 4.81 1.52 212 6.17
TiO, -
Zn0O 1.36
PbG 0.50
CdO 0.19
CuO 0.07

260% Norway Spruce, 40% Scots Pine
®Bark contained about 20% stem wood
“includes painted wood, fibre board, untreated wood in unknown fractions
d
MnO

2.3 WOOD PYROLYSIS

Pyrolysis is the process of devolatilisation acda@id due to heating in an inert atmosphere. Wood
releases volatile matter during tlpsocess. The amount of volatilesleased varies with process

conditions and can be much different from thétite matter amount determined during proximate
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analysis tests [15]; the volatilesnsist of gases and tar. Taithe fraction of hydrocarbons in the

volatiles that appears as adid at 20°C. Pyrolysis alsoelds a solid residue, char.

The vyield of pyrolysis depends strongly on the cbods of the process; ithstage significantly
affects the overall process wbod combustion by determiningeyd and influencing morphology,
composition and properties of the char.

2.3.1 TYPES OF PYROLYSIS

In full-scale plants different ranges of op@a are encountered depméng on the scope of
pyrolysis. In the following pyrolysis will be referred to as slow/intermediate when the heating rate
applied is up to 200-300 °C/s and the final tempeeais 700 °C or lowerast pyrolysis of wood,

used particularly when a high tar yield is desigplies heating rates of some hundreds to several
thousands °C/s. As it enters the furnace of a pulwefisd fired boiler, the solid fuel is exposed to
very high temperature which can be as high as 200@&resulting heating t& of the particles is

thus very high (1b- 10° °Cs') [12]. Table 2.4 summarises the conditions and applications of
different types of pyrolysis.

Table 2.4Different conditions of pyrolysis for different applications.

Type of Pyrolysis Temperature range Heating rate Applications
Conventional 400 — 700 °C [15] 101G °ccst activated carbon, filter carbon
Fast ~500 °C [13] f0- 1G ecs! production of bio-oil
Pulverised Fuel Combustion| upto 1750°C [12] “-40C °Cs! combustion, gasification

As far as research on wood pyrolyssoncerned, many of the studies on this subject are based on
thermogravimetry (TG) and differential scannicjorimetry (DSC). When investigating pyrolysis
kinetics, one wants to work at kinetically conteallconditions; in a TGpgaratus this requirement
can be met by using samples of low mass at relgtives temperatures, in order to avoid mass and
heat transfer limitations. Table 2.5 shows typimaérating temperatures and heating rates for TG
and DSC studies. Data and modeispyrolysis derived from experiental conditions reported in
Table 2.5 apply primarily to sloimtermediate pyrolysis and dhlr relevance to suspension

combustion in full-scale plants is doubtful [14,13]s a matter of factit has been pointed out

19



Chapter 2. Wood Combustion Review

[15,40] that at the much severer conditions (ierature, heating rat@xperienced by pulverised

fuel the pyrolysis process presents majéfiedences from the slow/intermediate type.

Table 2.5Typical TGA and DSC conditions of studiesifal in literature (for wood and biomass).

Final temperature (°C) Heating rate (°C/min) Reference
1100 3-100 [12]
600 — 900 30 - 600 [15]
75— 500 10 [16]
600 40 [17]
480 0.1-60 [18]

A paper by Grgnlet al.[19] highlights that when operatingT&A an increase of the heating rate
causes the scatter among different measurementsotwlen, i.e. the undamty of the results
increases; this result was based on very lowegshf heating rate (5°C/min and 40°C/min) and a
relatively large amount of data (5 different type§ &f apparatus were ustmpyrolyze cellulose in

8 different laboratories) [19]0ne should keep this observationmind when considering TGA
studies where the heating rate was increasednirattempt to operate in combustion relevant
conditions (16— 13°Cs’ in Svensoret al.[14]). Other authors have found evidence of significant
influence of the experimental procedure usedTGA and DSC experiments on the resulting
pyrolysis process [16,17,18]; in the work of Milosavljegtical.[18] different results were obtained
depending on whether the cruciblélwthe sample (cellulose) had did not have a lid (see also
Rathet al[16], who obtained similar results operatiwith beech and spruce wood; these papers
are treated in greater detail in the following pmagh). Thus, it is not ahys straightforward to
compare results from different reselagrs and, above all,ig clear that the exdpolation of data on
pyrolysis to conditions (primarily temperature) atki®an those for which they were obtained has to
be avoided.

Few authors investigated wood pyrolysis widactors that could repduce the conditions of a
pulverised fuel furnace. The reactors used thgse authors are wirmesh reactor [15,40],
electrodynamic TG balance [15], sen heater reactor [20], drop tud€], tubular reactor [40] and
free-fall reactor [21]. Their findings will be prsted in the following paragraphs and sections.
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Changing the conditions of pyrolysis causes majorphological differences in the solid residue
obtained; this issue is addeed in section 2.4. Another majdifference among slow, fast and
pulverised fuel pyrolysis is the yield of chdiable 2.6 shows the char yield obtained by several
authors by pyrolyzing wood (pure cellulose ame instance) at diffené heating rates and
temperatures. Data from each sowheuld be compared independently.

Cellulose [18] and spruce [16] data in Table 26vg that an increase of the residence time of the
released volatiles around ethpyrolyzing wood (obtained by using a lid during TGA runs)
determines a higher char yield. d&éis from Di Blasi and Branc23] show the importance of the
pyrolysis temperature on the char yield (decreas#sincreasing T), while data for birch and white
guebracho [21] demonstrate that higher heatitgsrduring pyrolysis lead to a lower char yield.
Finally, minerals may also affect char yiels illustrated by the results of Nik-Azatr al. [20].
These observations, relating char yield to pyrolgsisditions and wood characteristics, are treated
in the following paragraphs.

Table 2.6Char yields from pyrolysis afiood as reported in literature.

Referencd Solid Temperature (°C) Heating Rate (°C/min) Char yield (wt%)
[18] Cellulose (no lid) NA 1.1 9
[18] Cellulose (with lid) NA 11 19
[16] Spruce (no lid) 500 10 19.5
[16] Spruce (with lid) 500 10 24.3
[23] Beech 300 1000 37
[23] Beech 435 1000 11
[21] Birch 800 High 55
[21] Birch NA Low 15
[21] White quebracho 800 High 8.2
[21] White quebracho NA Low 20
[20] Beech 1000 6x10 10-15
[20] Acid washed beech 1000 6410 6
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2.3.2 CHEMICAL REACTIONS AND PHYSICAL PHENOM ENA DURING PYROLYSIS

The process of pyrolysis at theveee conditions of a pulverisddel boiler is very complex. In
order to understand andténpret the experimental data it may be useful to follow the development
of the process as it occurs in a TGA with relalMow final temperatureand heating rates. Ragh

al. [16] studied the pyrolysis of spruce andeble wood by means of DSC and TG in order to
determine the heat of pyrolysis. The applieshting rate was 10°C/min and the investigated
temperature range was 75 to 500°C. They obselivedccordance with the findings of many
authors, the typical wood weightss behaviour, i.e. two weigltss steps. Figure 2.7 shows a
typical TG curve obtained by Ratt al. [16]. The main weight ks occurred between 200 and
390°C, which is usually referred &s primary pyrolysis. At highdemperatures, 390 to 500°C the
weight loss shows a much lower rate; this “tag”known as secondamyyrolysis. It has been
suggested that this low-rates®is due to reactions of aramsation and dehydgenation of the

primary char [16].
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Figure 2.7 Results from TG pyrolysis experiments of spruce wood. Data fromeRallf16].

The DTG curve shown in Figure 2.8 reveals thatr#ped mass loss (primary pyrolysis) consists of
two peaks: Miller-Hagedoret al.[22] associated the lower temmature (280 to 360°C) and lower
intensity peak (which ggears as a “shoulder” Figure 2.8) to the degratian of hemicellulose and
the peak at higher temperatur€360-400°C) to cellulose pyrolgs (lignin was believed to
decompose throughout the whole range); thisn agreement with Milosavljeviet al[18] who

studied the pyrolysis of celnse and found the weight logsoccur between 380 and 430°C.
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Figure 2.8DTG curve of hornbeam wood, heating rate 10 °C/min. Data from Miiller-Hagetaki22].

At temperatures above 450°C ttae produced can undergo secondagctions as cracking [23].
These reactions lead to the formatof what is referred to as secondary char. In fact, several
authors showed evidence that the volatiles reledsadg pyrolysis further react with char to yield
secondary char and gases; the extent of tsesendary reactions varies significantly with the

conditions of pyrolysis [16-18]. Figure 2.9 summagisiee concept of secongaeactions, primary
and secondary char.

volatiles

secondary reactions

wood ’® . >
\\chy aromatisation

dehydrogenation

Figure 2.9 Secondary reactions during wood pyrolysis.
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Rathet al[16] obtained a higher yield of char when @lysing beech and spruce wood in a crucible
with a lid than in a cruciblevithout lid (24.3 and 19.5 wt% respaly, pyrolysis temperature was
500 °C) [16]. Also, Ratlet al.[16] found that a sample of higherass yielded a higher fraction of
char; similar results were obtained by Stensetng). who studied cellulose pyrolysis [17]. Both the
effects of the presence of a il TG (see also Milosavljeviet al.[18]) and the influence of the
sample mass on the yield of chare interpreted as esult of the above mentioned secondary
reactions [16]; in fact, it appears that an increase of the residence time of the volatiles within
(sample mass) or in the proximity (lid) of thengde leads to higher char yields, i.e. secondary
reactions are enhanced. Thermodynamic investigaf the pyrolysis process by DSC confirms
this consideration. As matter of fact, both Ratét al.[16] and Milosavljevicet al.[18] found that
heat of pyrolysis (of cellulose for Milosavljevat al. and wood for Ratlet al) linearly decreased

with increasing char yield; Figu10 shows some of their results.
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100 +
0

A\‘\‘

_100 T T T T T T T
0.17 0.18 0.19 0.2 0.21 0.22 0.23 0.24 0.25

CharYieldY . =mg,/mq

Heat of pyrolysis (J/g)

Figure 2.10Dependence of the heat of pyrolysisspfuce wood on the yield of char.primary pyrolysisx,
secondary pyrolysis. Data From Rathal[16]

The curves in Figure 2.10 can explain the obselvedr dependence of heatt pyrolysis on char
yield: the primary devolatilisath process is endothermic, while the secondary char-forming
processes are exothermic [16,18] (with referemcEigure 2.10 note that during primary pyrolysis
both devolatilisation and secondary reactiomgun, while during secondary pyrolysis mainly
secondary reactions occur). A higlygeld of char would thus eoespond to a higher exothermicity
(or lower endothermicitydf the global processn the study of Ratlet al.[16] during the runs with
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a lid the char yield was highenéthe primary pyrolysis was almastothermic (primary volatiles
are retained near the solid so teatondary reactions catart at lower temperatures); this confirms
that the resistances to the flowé the volatiles from the particle influence the extent of the

secondary reactions occurring ahds play a role in determining the final yield of char.

Nevertheless, one should also observe that giverurbulent conditionsharacterizing suspension
firing, the existence of did-like” resistance tahe flow of volatiles woud be unexpected in these
boilers; on the other hand, the stfehe wood particles nyastill have a significant influence on the

char yield.

2.3.2.1INFLUENCE OF TEMPERATURE ON CHAR YIELD

Figure 2.11 shows the influence of pyrolysis tempeeabn the final yieldf char. Pyrolysis was
carried out in a screen heater reactor; samplbse@th wood were heatedaatate of approximately
1000 °C% to the final temperature and sehsiently cooledy air convection 00 °C&); holding

time at the final temperature is zero [20].
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Char yield (wt%, dry ash free)
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Figure 2.11Influence of final pyrolysis temperature ohar yield. Beech wood, heating ra8000 °C3. After Nik-
Azar [20].

It clearly appears from Figure 2.xhat the temperature at whigyrolysis is carried out has a
strong influence on the final yeélof char. The peak temperatusnd the holding time are known to

determine to a large extent theslg of char in pyrolysis processeThe final value of about 10%
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yield (on a dry ash free ba) for temperatures above 700 °@iffrFigure 2.11) seems to agree well

with other literature data onpa wood pyrolysis (see Table 2.6).

2.3.2.2INFLUENCE OF HEATING RATE

Biagini et al. [15], Cetinet al. [40] and Di Blasi and Branca3] pointed out that at higher
temperatures and heating rates the above dedcsthges in wood pyrolysis occur simultaneously
and their interactions bring abostbstantial changes to the pess. This has major effects on
pyrolysis yield, as it appears from Tab®6, as well as on char particle morphology and
composition. At high heating rates (up to’ 2as?) Biagini et al. [15] observed swelling of the
particle (they used various kinds of biomasgluding hazelnut shellsnd pine sawdust). They
explain this by arguing that th@multaneous release gblatiles and the melting of solid (which
was also observed during their work [15]) can m#ie particle swell, generating large internal
cavities. Similar results were obtained by Cetiral. [40] (see Figure 2.16 and Figure 2.18 for a
description of the motmwlogical changes observedevertheless Biagirgt al.[15] suggested that
more knowledge of the process iseded to enable prediction of teetent of the volatiles release
and of the swelling on the basis of proximatalgsis or wood species. When it comes to the
influence of the process conditions these phenomena they obsenasia general rule, that the
amount of volatiles released incredswith the applied heating rateghich is in agreement with the

above mentioned inverse relation betwbeating rate and char yield.

2.3.2.3THE ROLE OF MINERAL MATTER IN THE PYROLYSIS OF WOOD

Inorganic salts have a well known major influencealanpyrolysis of wood, especially with respect
to the composition of the products (chear, gases) [22]. Muller-Hagedoet al. [22] suggest that
only water—-washed wood TG analysisould be compared and istigated wherthe kinetics of
pyrolysis is addressed: the queatwould then have tbe answered whetherehisk of depicting a
quite unrealistic scemio of mineral-free wood i be preferred to comapng and reviewing data

from different woods keeping in miride role of their mineral content.

A paper by Nik-Azaret al. [20] highlights the #ects of mineral mattein wood (beech) during
rapid pyrolysis. Beech wood was pyreliswith a heating rate of 1000 °€® a final temperature
of 1000 °C [20]. Prior to pyrolysithe wood was washed with acigisorder to remove the cations

(K*, N&", C&™); in these runs the charefil was lower (6 wt%) than ithose where untreated wood
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was pyrolised (10-15 wt%). Also, the yield of ga$em the pyrolysis of cation-impregnated wood
(58 wt%) was higher compared to the gas dyief acid-washed wood34wt%). These two
observations were ascribed tcetbatalytic effect of the abowmentioned cations [20]. In fact
potassium, sodium and, to a lower extent, calooations are believed tatalyze the cracking of
tar and repolymerisation, thushemcing the extent of secondayrolysis [20]. As a confirmation,
Nik-Azar et al. noticed that the molecular wt of tar (i.e. the degres# polymerisation) decreased

in their experiments as the concentration of¢hBons in the wood increased. It appears evident

that the mineral matter content in wood is a mé&etor to be considered when investigating wood

pyrolysis.

2.3.3 MODELLING WOOD PYROLYSIS

All of the available models of wood pyrolysis makecessary simplificationthe complexity of the
process has prevented an exact model to be edtairhe number of reactions involved in wood
degradation and devolatilisation both in the sa@ml gas phase is veryrde, so that detailed
Kinetics is not available. Besides, heat amaks transport in and around the porous wood particles

are complex and strongly influenced by the operating conditions.

The rate of devolatilisation can be controlledd®composition kinetics, heat transfer (internal and
external) or mass transfer (internal and ext@rialhen considering pulverised fuel boilers, the
dimensions of the wood particles are (probabiyiall enough to allow the assumption of uniform

temperature in the particle; axmt is thus not made for iatparticle heat transfer.

2.3.3.1 SINGLE FIRST ORDER REACTION

One simple way of modelling wood pyrolysiskig means of a single first order reaction of the
remaining volatile. If intra particlenass transfer is neglected alonghwinternal heat transfer then

the devolatilisation rate is unifim throughout the particle and cha expressed as follows:

N oy vy (2.1)
dt

where V* is the initial volatile conteanof the particle (total amoundf volatiles released when
devolatilisation is complete)/ is the cumulative amount of volatiles released up to time kaisd

the rate constant of the Arrhenius type:
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E
k k eRT~ (2.2)
where k is the pre exponential factor, E is the adiora energy, R is the ga®nstant and T is the

absolute temperature.

Assuming that the pyrolysis occurs at a constant temperatuta@nTequation (2.1) would be a

constant and thus integi@n of (2.1) would yield:
V V1 e" (2.3)

Since in practical applicatiorsd in common laboratory experiengsgolysis does not occur at a
constant temperature, a correction must be na@ecount for the time-tgmerature profile of the
particle. Still, the single firsbrder reaction model has major iiations. Since the pre-exponential
factor k and the activation energy E depend on the heaaitegof the particle, the single first order
kinetics is strongly dependent on the conditions for which it has been derived, i.e. it can not be
successfully applied to pyrolysmocesses at conditions other than those for which the parameters
were determined. Stenseng [29] compared rdevesingle-first-order-reaction kinetics for the
pyrolysis of wood from literatureThe data in Figure 2.12 are&kéa from Appendix A in Stenseng

[29] and the original referencesaeported in the legend [24,25,26,27,28].

Figure 2.12 shows that the rangk pyrolysis reactivityfor wood is very wile in the available
literature. For the data shownHhingure 2.12 the activation energy Etbé first order reaction varies
between 68 kJ/mol and 140 kJ/mol,iletthe pre exponential factop kanges from 8.5 -fGs* to
1.0 -18 s*. The wide range of values fos Bnd E may be due not ortly the differences between
various species of wood, but aléand possibly to a larger extgrio the different conditions at
which these parameters were determined. Whetkiag at high heating tas (for example those
applied by Nik-Azaret al.[26]) accurate temperature measureta@an be quite difficult and thus
uncertain; this may result in large uncertaintiegshaf kinetics. Moreover, different kinetics were
obtained for samples of differemass; this warns us that whderiving kinetics data a careful

account for possible heat and maasi$port limitations must be made.
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Figure 2.12Single-first-order-reaction kinetics for pyrolysis of different sorts of wood at different conditions. After
Stenseng [29].

2.3.3.2 DISTRIBUTED ACTIVATION ENERGY

One way to overcome the dependence of the kinetanpeters on the heatingeas the utilisation
of a distributed activation energy model. Thisdal ideally account for the variety of reactions
occurring during wood degradationll(these models were develapéor coal pyrolysis, but they
can be adapted to woqurolysis). The reactionare all given the sampre-exponential factor,
while the activation energy charggas a continuous distribution.ge Gaussian distribution). The

activation energy distribution function f(E) will satisfy the following expression:

a (E)dE 1 (2.4)

0

The expression for the amount of volatileeased up to time t will then become:
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f t Eg ) o
V V. 1 ¢éxp3 k,eRT“« f3E)dE ~3 (2.5) »
0 0 (€ 1 A

The distributed activatio energy model was found by Stense@§][to be the most suitable to
describe wheat straw pyrolysis; in this case drstribution function f(Ewas logarithmic normal

distribution.

2.3.3.3 COMPETING PARALLEL REACTIONS

Another common way to model wood piysis is by means of a set@dmpeting parallel reactions.
Granli and Melaanden [30] developed a model \htiee parallel competitive reactions to account
for primary production of gas, tand char, and a consé¢ime reaction for the secondary cracking of
tar; the predictions of the model agreed well veitiperimental data from the pyrolysis of a cylinder
of Norwegian spruce (diameter 20mm,length 30nmiHgstaoglu and Al-Khalid [31] used in their
model two parallel reactions, offier the production of tar andne for the production of gas and

char; further cracking of the primary tar is@alconsidered, as wels drying of the wood.

2.3.3.4 SUPERPOSITION

Some models consider wood as consisting oBs¢ macro components that act independently
during pyrolysis. Each component follows iswvn kinetic path and the global rate of
devolatilisation is the sum of ¢hindividual rates. The pyrolysisf each component can thus be
modelled by a first order reaction arset of reactions iseries. These modeddten associate each
of the reactions to one of the wood macro comptsg2,32,33] (cellulose, hemicellulose, lignin),
but the use of pseudo components is not mither. These models can be referred to as

superposition models.

It is worth mentioning that no model accounts fag firesence of the mineral matter. Better, it is
evident that the parameters detered for each of the models (if iheed from e.g. TG analysis of
an unaltered wood particle) implicitly account foe timineral content and its effect; this may cause
the risk that a model derivedrfa certain wood does not proveistactory for a wood (or part of
the same plant) with a significant difference amount and/or distrillion and/or chemical

appearance of metals. Some researchers, as Miller-Hagedoml. [22], used washed
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(demineralised) wood when runnitige experiments for the deterration of the kinetic constants
of their models. Thus, the modabtained is not dependent on tiénerals; in this case though, it
seems that the model should include a sort of spAuineral matter- dependent correction factor, if
it is to describe pyrolysis realistically. Since #féect of the mineral mattes very complicated and
not fully understood yet, it appears that the gdfation of model parametefrom unaltered wood
would be preferable, although the above mentidimedations to the rangef application of the

model apply.

2.4 WOOD CHAR: STRUCTURE, PROPERTIES AND THEIR CHANGES
DURING COMBUSTION

Char conversion is the slowest step in pulverisetidambustion [34] and éreactivity of the char
is influenced by its structure as well as it®erical composition. An undgtanding of the char
structure and properties iBus a basic step fanodelling the combustioprocess and predict the

burnout.

Wood char is a highly heterogeneous materialstitscture, chemical composition and properties
depending on the original wood tedal and the conditions of pylysis. As an example of the
heterogeneity of char, Table 2.7 presents samwed char ultimate analyses found in published

literature.

Table 2.7 shows that chars from one wood spe@aasexhibit large variations in composition. The
chemical composition of pine char, for examplesubstantially different for the three studies [35 -
37] considered in Table 2.7: thésrong variability is caused byff#irences in pyrolysis conditions
and, probably to a higher extent, differencesiigin wood composition which in turn depends on
the region where the tree grew, paifrthe tree and type of wood ¢ts, stem, sapwood, heartwood,
bark), possible impurities and contamination (foamaple, wind can carry soil that can get stuck on
the tree). Both pyrolysis and chemical compositioparent fuel have been investigated by several
researchers with respect to clyagld (see previousestion), physical structarand reactivity; the

following paragraphs will presesbme of the results obtained.
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Table 2.7Ultimate analysis (on a dry basis) of some wood char found in literature.

Pyrolysis
. C(%) H(%) N(%) S(%) O(%) Ash(%)

conditions

Pine [35] 873K, 69.7 3.13 0.52 0.05 19.1 9.2
>300 K/s

Beech [36] | 800K, fast 78.0 3.2 0.25 - 15.9 2.8
pyrolysis

Douglas fir 800 K, slow

Pine [36] 800K, slow 753 3.8 0.10 - 19.7 1.2
pyrolysis

Redwood 800 K, slow

6] pyrolysis 78.3 3.4 0.09 - 17.5 0.66

Chestnut [36] | 800K, slow 768 3.1 0.11 - 16.7 3.4
pyrolysis

Pinewood | 900 K, 76 2.4 1.1 . 135 7

sawdust [37] | vortex reactor

2.4.1 CHAR MORPHOLOGY

There is wide agreement in thierature on the conclusion thtte conventional type (see Table
2.4) of pyrolysis does nottal the morphological structure @food [7,39,46]. Even when the
pyrolysis temperature reaches values as highO88°C the structure of thelhar may appear very
similar to that of the originaood, provided the heatinrate is sufficiently low (and, most likely,
the soaking time sufficiently short). Figure 2gt®ws scanning electron microscopy (SEM) images
of wood char obtained by Kumar andia [46] after pyrolysis of a 15 miracacia wood particle at
600°C. In Figure 2.13a some constitutive elemeht&ood structure, nare vessels, fibres and
pits are seen to retatheir original morphology upon pyrolgsand are recognised by Kumar and
Gupta as the origin of the disdomuous pore size disbution of the acacia char (in fact, they don’t
provide a quantitative descriptiaf the pore size distribution). Theell cross-sectional structure of
the wood is easily recognisable fiigure 2.13b. Eucalyptus chars produced at similar conditions
retained the wood structure tioe same extent as acacia chpt6]. When observing Figure 2.13
note that Kumar and Gupta classfigres according to the follomg: micropores (width less than
2um), mesopores (2-50um), macropores (widtbhesxding 50um). This classification differs from
the commonly used IUPAC classification: napore (<2 nm), mesopore (2-50 nm), macropore

(>50 nm) [38]. According to the IUPAC classifiaati, all of the pores considered in Kumar and

32



Chapter 2. Wood Combustion Review

Gupta [46] are macropores. Thignsagreement with the pore sidistribution of a Moraballi wood
char obtained by Wildman and Derbyshire [@#e Figure 2.20 and related comment).

Figure 2.13SEM images of acacia wood char prepae@00°C. Conventional pyrolysis. [46]

Typical techniques used to irstegate and characterise theusture of a char are mercury
porosimetry, optical microscopy @SEM. By means of these lkeuques Wildman and Derbyshire
[39] studied the macroporosity of coal andrdveood (Moraballi) derivé chars and activated
carbons. The precursor (coal or wood) was pyrolsed00 °C and some of the produced chars
were activated by reaction withesim. Chars retained the typicabod structure after pyrolysis,
although severe shrinkage had aced during the thermal treatment;Figure 2.14 (after Wildman

and Derbyshire [39]) the cellular fibus structure is easily recognised.

Figure 2.14SEM image of a Moraballi wood char prepared at 600°C. Conventional pyrolysis. [39]
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Figure 2.15SEM images of acacia wood chaepared at 1050°C [46].

Figure 2.15 reports an image of an acacia ghaduced at 1050°C [46]; the heating rate of the
pyrolysis is not clearly specifieby Kumar and Gupta, but is belieléo be of the order of some
hundreds to several thousands °C/min, which magdisidered as moddéeaheating rate. The
presence of some cracks and voids in the chaiblgiin Figure 2.15, reals that pyrolysis at
moderate heating rates did bring about some clzaimgihe structure [46]. Nevertheless, in Figure

2.15 it is still possible to recogs® the cross sectional cell stture, even though in fragments.

Recently, in an attempt to relate the pysid conditions to cr reactivity Cetinet al. [40]
investigated the structural @ution and morphological changed biomass (pine, eucalyptus,
bagasse) char during pyrolysis. The chars weremged in differenteactors including a wire
mesh reactor, a tubular reactoidaa drop tube reactor. In theogrtube reactor the wood particle
could be heated to 1000°Gtiva heating rate of 1 x 10Cs" [40]. The high heating rate and short
residence times obtained with tmesactor resemble the conditionsarpulverised fuel boiler. Cetin

et al. [40] came to the conclusion that under Hghting rates wood particles do not preserve the
wood cell structure; they showvidence (see Figure 2.16) thiwe particle underwent plastic

deformation as a result of melting [40].

Figure 2.16 reports SEM images after Ceatinal. [40] of pine sawdust chars produced under
different conditions. It is eviderthat high heating rates producgglere changes in the morphology
of the char (Figure 2.16d) whereas the char g#ed at lower heating rate preserved the typical
structure of wood cells (Figure BH). The char prodied at 500 °C5 shows an intermediate
behaviour (Figure 2.16c): the sack of the char appears smodhus indicating the occurrence of

some melting. Similar results were obtainechgseucalyptus wood, although it should be noticed
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that eucalyptus char (hardwood) showed someleisattendency to meltdah pine char (softwood)
[40].

(@) (b)

(c) (d)

Figure 2.16SEM images of pine sawdust: (a) parent material, (b) char generated at 950°C by low heating rdje (20°Cs
(c) 950°C with moderate heating rate (5009C&d) 1000°C at very high heating rate (1 X" [40].

This divergence of the behavior tife eucalyptus from the pinerpeles may be a result of the
higher lignin content of softwoods comparecheodwoods (usually 28-30 % in softwoods and 20-
23% in hardwoods). In fact, when pyrolyzedra lignin has a great tendency to become liquid
during pyrolysis and swells leaving a macroporousstcf41]: the higher lignin content of the pine
wood could thus contribute toehobserved higher tendency to ltnef this wood compared to

eucalyptus wood.

Smoother char particle surfaces in conjunctieith higher pyrolysis temperature were also

observed by Zolin, who studied thgrolysis of wheat straw [51]. SEEimages of the char particles
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obtained by Zolin are shown in Figure 2.17. Theseskwere produced in an entrained flow reactor
at 1200 and 1340 °C. Cast and losamples pictures are shown.eT§imilarity of the morphology
of the char particles ifrigure 2.17 with those of Figure 2.t§ and d) is evidnt. Moreover, the
char produced at 1200 °C appearspteserve to a little exterthe original morphology of the
biomass, whereas the char produaed340 °C is very sitar to the one in Fige 2.16 d). The cast
samples in Figure 2.17 reveal that the straw @aaticles are hollow, with a wall that becomes
thinner as pyrolysis temperaturereases; this confirms that hikeg and subsequent reorganisation

of the structure (including pore struot) has occurred during pyrolysis.

(@) (b)

(c) (d)

Figure 2.17Scanning electron microscop$EM) pictures of wheat straw chareguced in an entrained flow reactor
at two different temperatures. (a) 12008ast sample; (b) 1200°C, loose sample; (c) 1340°C, cast sample and (d)
1340°C, loose sample. After Zolin [51].
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Figure 2.18 shows a pyrolysis sequence for a pin&lgadf the same type as those of Figure 2.16.
It can be seen that the patrticle first swells thempletely melts and evolves into a droplet before
rupturing and loosing its volatile matter [40]. Ceginal.[40] also studied the influence of pyrolysis
pressure on the structure of the resulting chdramcluded that melting has a stronger effect on
char morphology compared to swelliag pyrolysis pressure increases.

Figure 2.18Pyrolysis of pine particles at high heating rates: swelling and transition through liquid phase [40].

The pictures of Figure 2.16 to Figure 2.18 showat thwelling is most likely to happen in wood

particles during pyrolysiat severe conditions.

Some authors, as Davidsson anttd?eson [42] exclude a prioriglpossibility for a wood particle
to swell during pyrolysis. Davidsson and Pettersstdied the shrinkage alubic birch particles
with edge length of 5 mm during mfysis at temperates ranging from 350 to 900 °C; the particles
entered a preheated furnace at the final temperations being subject to relatively high heating
rates [42]. They conclude that a maximum shrggkaf up to 40% in # radial and tangential
directions is obtained at 500-7@Mhd 400 °C respectively; whehe pyrolysis temperature was
further increased the shrinkagetiese directions decreased. Thiesults are shown in Figure 2.19.

Davidsson and Pettersson do not axplthe behaviour of the curves Figure 2.19; in fact, this
tendency could be explained ifree swelling of the particles waallowed to hae occurred at
temperatures higher than those for which mmaxn shrinkage was measured. However, it is
difficult to compare results from the work of ¥ddsson and Pettersson [42] to those of Cetial.
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[40], since Cetiret al. [40] used particles of significantgmaller size (50 to 2000 um compared to
5 mm) and the heating rate attainedhiair work in the drop tube reactor PICs") was far higher
than that of the work of Davédon and Pettersson [42]. Indeed,dize of the particles employed in
the study by Cetiet al.is far closer to that of pulveriseeod than that of the study by Davidsson
and Pettersson; a similar consideration caddyes for the heating rates, those in Cetial. being

of the same order as those opalverised wood boiler. It is thuguite straightfovard to assume
that the results of Cetiet al.[40] represent the phenomena ocimgrin the pulverised wood boiler

better.

Figure 2.19Shrinkage as a function of tempenat for (a) longitudinal, (b) tangential and (c) radial directions, and for
(d) volume. Experimental data obtained by Davidsson and Pettersson (+) and their trend-lines are given. Other symbols
are literature data from references in Davidsaweh Pettersson. After Davidsson and Pettersson [42].

It is worth noting that the appent disagreement of the concluss on the changes in particle
morphology during pyrolysis between Ceginal.[40] and other authors [3%] is due to the range
of pyrolysis conditions invaigated in their workdn fact if one considerw to moderate heating
rates the results of Cetigt al. [40] are a clear confirmation afhat Kumar and Gupta [46] and

Wildman and Derbyshire [39] kia observed. Melting of wood geles during pyrolysis was only
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observed when the heating ratesweell above those of the investgns by Kumar and Gupta [46]
and Wildman and Derbyshire [39]. These hightimgarates happen to ltbose experienced by the
pulverised wood in a suspension firedl&o Therefore the work of Cetigt al.is believed to be the

most relevant to our future investigation.

2.4.2 PORE STRUCTURE AND PGQRE SIZE DISTRIBUTION

As far as pores are concerned, many researcliggee that the pore sizesttibution in chars is
bimodal [39,43,46,47].

For a char derived from Moraballi wood (hamvd) Wildman and Derbysta [39] obtained by
mercury porosimetry the pore distwition reported in Figure 2.20. &Hdistribution in Figure 2.20 is
bimodal and shows that a large fraction of theepmlume of the char was made up by macropores.
The high proportion of macropores was a generalfeatf the wood derivedhars considered in
the work of Wildman and Derbyshire [39]. As theachetained the structirof the original wood,

the origin of the pores was recognisedhia fibres and vessel cells of the wood [39].

Figure 2.20Pore size distribution of a Moraballi wood char [39].

Figure 2.21 shows the pore size distribution ofHavood and of a char from larch wood obtained
by mercury porosimetry by Klosat al.[43]. For larch wood, maxima of the pore size distribution
can be recognised at q@oradii of 10nm, 100nm and 10uM3]. During pyrolysis, which was

carried out by heating 3K/min up a final temperature of 800 °@e mesopores and macropores
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volume increased, as can be inferfiemm Figure 2.21. This resuls in accordance with the above
presented results of Wildman and Derbysh®@][ Unfortunately, Wildman and Derbyshire do not
describe in detail in their paper the chaodarction process that they used, only the final
temperature of 600 °C is reported [39]. This infation may actually be ficient to advise the
reader that the pyrolysis conditions were not reteva pulverised fuel combustion; the same can
be said about the work by Klose and Schinkel [48}hat the applied héag rate of 3 K/min was

very low.

Figure 2.21Measurements of pore size distribution [43].

Although the volume fraction made up by the di#f® sized pores helps characterise the
morphology of the char, a more important roleplayed by the fraction of total surface area

associated with the differentadses of pores. The available aud area for oxidation is indeed a
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most relevant parameter for the determination ofréite of conversion of the char. In this respect,
micropores usually make up the main source ofaserfarea in a char pafécthe accessibility of

this surface is dependent on the structurdefpores (micro, meso and macro) network.

Cetinet al.[40] measured the surface amdachar produced at moderate heating rate (up to 500 °Cs
) by means ofN, and CQ adsorption. Although they providea different description of the
structural changes of wood particdaring pyrolysis at this heatingte, they found that increases in
the heating rate of pyrolysis léd an increase of thigaction of the macroporeis the char [40].
This was considered a result ofelting [40], i.e. the origirof the char pores was no longer
recognised in the fibrous structuof the wood but in the plastiransformation of the particle
subsequent to the appearance of a mgltase (see Figure 2.16c-d and Figure 2.18).

Pastor-Villegaset al. [44] prepared chars by heatingckoose under dynamic and isothermal
conditions between 200 and 1000°GeytHound that the resulting chporosity was influenced by
the shrinkage which accompanied pyrolysis. Thegycluded that the pore opening due to the loss
of volatile matter is somewhatridered by pore narrowing causedtbg structural shrinkage which
becomes more severe as the terafure increases from 400 to 10D0°A systematic study on the
shrinkage of wood particles during pyrolysis veasried out by Byrne andagle [45]. They found
that the shrinkage of wood particle is stronglynfluenced by the hedteatment temperature and
that the actual extent of the shrinkage varieexgected, with the directn considered as a result
of wood anisotropy. Byrne and Nagle [45] pyrolyZ28 cm cubes of tulip poplar, with a nominal
heating rate of 10°C/min; they observed a maxmtangential shrinkage afbout 40% whereas the
radial shrinkage was about 33%. These resultspene quite well with Davidsson and Pettersson
[42] who found a maximum shrinkagé 40% for both tangential and radial direction. However, it
is important to notice that Pastor-Villegetsal. [44] and Byrne and Nagle [45] worked at pyrolysis
conditions which are far from those encountered suspension fired boiler, and the dimensions of
the particles used in their studies (1 to 3.15 mm in Pastor Villegak 2.5 cm in Byrne and
Nagle) were larger than those of a pulverised. flleése aspects have to be carefully borne in mind
when applying the results of these works te thvestigation of pulverised wood combustion.
Pyrolysis temperature and heating rate are pamm& be taken into account when assessing the
influence of pyrolysis conditiongn pore structure developmefimar and Gupt§46] pyrolyzed
acacia and eucalyptus wood at different temperatngehaating rate and then investigated the char
morphology by SEM. Their particles were largith respect to pulverised wood (15 frand the
maximum temperature that they employed was 105R\&Jar as pores are concerned, they found
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that pore size decreased as pyrolysis temperhaatg rate increased. Figure 2.22 (a) and (b)
show SEM images of acacia wood chars preghaat 600 and 1050 °C respectively. An image
analyser measured a decrease of 30% for the@zgitwhen the pyrolysis temperature was increased
from 600 to 1050 °C [46]; the results from ByrmeldNagle [45] would predict a reduction in size
of the pits of 10-15% between these two pyrolysmperature. The mosevere size reduction may

be a consequence of the much higher heatitegapplied by Kunraand Gupta [46].

Figure 2.22SEM images of acacia wood ch@epared by fast pyrolysis @) 600°C and (b) 1050°C [46].

2.4.2.1WOOD MACRO COMPONENTS AND PORE DEVELOPMENT DURING PYROLYSIS

Gergovaet al. [47] investigated a number of activatedrbons from agricultural residues. The
residues were pyrolyzed at final temperaté@, 650 and 700 °C and activated at the same
temperatures by reaction with steam. Thslgowed that the elemental composition and
macromolecular structure and composition of the precursor had a strong influence on, for instance,
the adsorption characteristics of the activatadon. BET surface and pore volume were measured

for the activated carbons as well as forgniln and a cellulose chaproduced from lignin and
cellulose subjected to the same heat treatment as the biomass raw materials. Macropores in lignin
char made up as much as 70% of the pore volumstéed earlier, lignin easily melts and swells
during pyrolysis), while the cellulose chapntained almost equal volumes of micro- and
macropores [47]. As Gergowt al. underline, with respect to mlysis/activaton reactions the
behaviour of cellulose and lignin combined in bass is most probably diffent from that of the

single substances. However, the agriculturaldiesiderived chars seem to develop a greater
fraction of macropores as the lignin content of theplmaterial increase8s an example, almond

shell and grape seeds contairt@and 30% cellulose (weight on a dry basis) and 34% and 49%
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lignin respectively; the macroporosity afmond shell derived char was 0.02%gth while that of
grape seeds was 0.25 Iyn [47]. In a recent study [48] the relative amount of lignin and cellulose
in the parent material has been related to thetirety of the chars with respect to the activation
reaction (reaction of the chaiittv carbon dioxide; both pyrolysis amadtivation werecarried out at
final temperature 850 °C). Char derived from bassiwith a higher contenof lignin (palm shell),

i.e. a less fibrous structure, revealed a lower o&tbe activation reaction than those derived from
material with higher cellulose and holocelluloserdis (coconut shell). Othe other hand, results
from the work of Wan Daud and Wan Ali [48] dot seem to show a strong dependency of pore
distribution on the lignin/cellulosiaction of the parent fuelA paper by Pastor Villegas al.[49]
shows evidence of the influence of wood conmpms on char morphology and properties. In this
work rockrose wood and rockrose wood extractedpetroleum ether exhibited a different
temperature dependence of pore developmeningludevolatilisation. Ingeneral, chars from
extracted rockrose exhibited greater porosigntithars from raw rockrose. All other conditions
being equal, the differences irete properties of the chars wergilatited to the extraction process

(this process is used to extract labdetéch is employed in the perfume industry).

Although some relations beésn wood and char characteristicsehdeen pointed out, there exist
(to my knowledge) no such works on wood charphology dependence on the parent wood as the
one on coal derived char by Bailey al. [50]. This work is a systematic study relating coal
characteristics such as rank and petrographic catigoso the fraction of different types of char
that are obtained upon pyrolysis at different ¢bos. The char morphology system set by Bailey
et al. is based on char physical and optical charastiesi relevant to pulverised coal combustion.
As said, the knowledge of wood athproperties and their dependencies on parent fuel is not
particularly extensive, espettiawhen it comes to char praped under suspension combustion

relevant conditions.

2.4.3 CHAR REACTIVITY

Prior to the discussion on how different paeders (both during pyrpéis and during char
conversion) influence wood char reactivity, somaeegal considerations agiven. Once again, the
illustration of wood char characteiis is based on a comparison with char from coal. Figure 2.23
shows an Arrhenius plot of the oxidation reactivafysome coal chars, straw char and pine char.
The data of Figure 2.23 were found in Zdlii] (coals and straw) and in Jargteal [37] (pine).
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As can be seen in Figure 2.23, the char obtained fioe wood has the highesactivity. It is seen
that biomass chars (straw and wood) exhibit higkactivity to oxygen than coal char. This is a

general observation of very important practical implications.
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Figure 2.23Arrhenius plot (reaction rate versus temperature) of the oxidation reaction of chars. Data for coals and
straw are derived from Zolin [51] (char produced in a TGA, heating rate 45 K/min, peak temperatures: Cerrejon and
lllinois#6 900°C, leached straw 700°C), wherdata for pine char are taken from Jaeisal.[37] ( char produced in a
screen heater reactor, estishheating rate 300 K/s, peak temperature 600°C) .

Understanding char morphology and structure imajor step when modelling char burnout in
combustion processes in that phgsiand chemical properties tife char determine its oxidation
reactivity. However, useful information can be galrby trying to relate chaeactivity directly to
the conditions of pyrolysis. Thebservations that one can malibout char reactivity can be
determining in validating conclusions drawn abtlg actual development of the fuel particle
during pyrolysis.

The conditions of flash pyrolysis are closer ttiose of a suspension burner than those of
conventional pyrolysis, thus resuftom flash pyrolysis studies mighte more applicable to this
investigation than the conclusionsadm for conventional pyrolysis. Janseal. [37] investigated
the effect of flash pyrolysis teperature, heating rate and pysit time on the pine wood char
produced. By means of a so called screen heastator (described in ¢lir paper [37]) and of a
packed bed reactor thesaried the parameters between thege of 500 to 600 °C for the final
pyrolysis temperature, 20 to 100 s for the pyrolysige, while the heating rate was either 1 or 300

Ks' [37]. The heating rate turned out as the patamehich most influencethe char properties;
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due to the narrow range of temperature invastig (500-600 °C) thisbservation should not be
considered as a general stateménfact, the final pyrolysis tengpature is known to have a very

strong influence on char reactivity.

From the burn-off curves of the chars obtained by Jahak [37] (see Figure 2.24) appears that
the char produced at the highéstating rate was highly reacticempared to the one produced at
low heating rate. Nevertheless, the fact thatttee chars (low and highdating rate) were subject
to different soaking times (see caption of Figur242.may play an important role, since it most
likely results in a different thermal deactivaticatio for the two chars (thermal deactivation is
treated in detail in the next pgraph). Thus, the distinct behaviooi the two pair of curves of
Figure 2.24 may not be the sole effect of tleating rate but should rather be considered a
combined effect of heating raa@d holding time (in other words, tefect of the termal history of
the particle on its reactivity).

1 10 100 1000 10000

Time (s)

Figure 2.24Influence of the heating rate on the burn-off curve of a pine char. Combustion at 425°C ip. T3%rO
preparation conditions: pyrolysis temperature, 600°C; holding &t 300K/s, 60s (solid curve); holding time at 1K/s,
375s (dashed curve) [37].

Janseet al. [37] compared the reactivity of the changuced during their worwith literature data
and they found that their char had a significanttyhler reactivity, as can Is®en in Figure 2.25. It
was shown that the higher concatittn of catalytic metals due the lower char yield of flash
pyrolysis could have a signiant influence on this result.
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Figure 2.25Arrhenius plot (reaction rate versus temperature) of the best fit rate equation of the work ef danse
(line 6, pine wood char) and other literature data: 1Qdchy (E. Marginata wood ch§82]; 2, Burggraaf and Prins
(wood char)[83]; 3, Magnateret al. (hardwood char) [84]; 4, Magnatertal. (hardwood char) [85]; 5, Kashiwagi

and Nambu (cellulosic paper) [86]. After Jarsal.[37].

The literature values afhar reactivity that Janst al. considered were all derived for chars that
had been produced at a much lower heating rati@ 20 °C/min compared tt least 300 °C/s in the
work of Janseet al.[37]). It was suggested that the higheatnggy rate could reswin a higher H/C
ratio of the char [37] (the ratid/C is known to influence chaeactivity, see next paragraph). The
higher reactivity of char from flash pyrolysis malgo be related to morphological changes of the
particle; in this viewthe findings of Janset al.[37] could be related tthe results of Kumar and
Gupta [46] and Cetiet al. [40] who observed a rupture of thbaracteristic fibrous cell structure
when pyrolysis of wood was carried out at simhi@ating rates and final temperatures (see Figure
2.15 andFigure 2.16b). In fact, it malye thought that the morpholegi changes uretgone by the
particle at high heating rate resithigher char reactivity. What isedr is that the heating rate is a

major factor to be considered whstudying suspension combustion of wood.

2.4.4 CHANGES OF WOOD CHAR STRUCTURE COMPOSITION AND REACTIVITY
DURING COMBUSTION

The process of char conversion consists of $teps, namely devolasiation and oxidation [36].
The modifications of char from coal dng combustion have been extensively studied
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[51,52,53,54,55,56]. Much less has been done tcstigade these changes for wood-derived chars.
Two papers by Wornadt al.[57,35] address this issue atheir results are reported here.

The chars were produced from pine particlea wrortex reactor at 625°hd their combustion was
carried out in a laminar floweactor at 6 and 12 vol% ,Cand a mean gas temperature of
approximately 1330°C [57]. Nominehar particle size ranged frond to 106pum. Ultimate analysis
of the char is reported in TabP.8. Table 2.9 and Bk 2.10 show the results obtained by Wornat
et al.[57]: the chars were extracted from the reaatadifferent residence times and the conversion

reported in the tables was caldeld by using Si as a tracer [57].

During the earlier stages of char conversion (0-5218%able 2.9) furthevolatiles are released (in
addition to those released during pyrolysis). @@ be seen from Table 2.9, this process is
accompanied by a strong decrease in the oxygen and hydrogen content of the char; on the other
hand, the fraction of nitrogen releastaing this first step is much lower. In fact, the main species
released in this stage, deng from the breakage of theeaker aliphatic bonds are CO, £and
H,0, together with hydrocarbons [57]. The higher mata of nitrogen in the char is attributed to
the presence of this element in heterocyclic strgictures [57] that grire more energy to be
broken than aliphatic bonds. As conversion prosegdsteady decrease of all organic elements
appears, as can be seen in Table 2.9. Desteapid decrease of the oxygen content of the char
during the first stages of conveosi this element stillepresented a fraction aggh as 15-25% of
the organic portion of the char at high conimrs[57]. This observation helps interpret the
behaviour of the inorganic elements @misin the char (Table 2.10). Worredtal. [57] believe that

Na, Ca and K are present in the char ie tiorm of ion-exchanged metals onto oxygen
functionalities. This would subject Nend K to vaporisation. It is seamTable 2.10 that during the
early stage of conversiongdhrelease of these elements is very low. Woetadl. explain this by
suggesting that the temperatures reached by tiielpa during devolatilisation may not have been
high enough for vaporisation to occur. On thther hand, during combustion the particle
temperature is higher and somed®f Na and K is obseed (see Table 2.10); according to Wornat
et al. the full vaporisation of these alkali metals abbk prevented by therfmation of silicates or
aluminosilicates due to the interaction of their oxides with ,S@® Al,O3 [57]. Similar
considerations can be done with respect to alkaarth metals Mg and Ca. They may also exist as
ion-exchanged metals onto oxygen functional gro[f9d and thereforeform silicates; other
processes that are suggesésdexplanation of the high retentiohCa and Mg in the solid char are

sintering and coalescence [57]. Adiyaas burnout proceeded, Worrgttal. [57] found evidence
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of migration of the inorganicto the surface; notably, the sack concentration of Si and Ca
becomes much higher as indicated in Table 2.11.

Table 2.8Ultimate analysis (dry basis) of pine char used in the work of Wetradt[35].

C (%) H (%) N (%) S (%) 0 (%) Ash (%) K (%) Si (%)

Pine char 69.7 3.13 0.52 0.05 19.1 9.2 1.03 1.93

Table 2.90rganic element retention in the piciears (normalised fractions) [57].

Char conversion

Mas$ C H @) N
(% dry ash-free)
0 1 1 1 1 1
52.8 0.472 0.562 0.082 0.157 0.694
73.0° 0.270 0.314 0.054 0.126 0.532
86.4 0.136 0.154 0.020 0.088 0.394
94.6 0.054 0.053 0.010 0.049 0.172

& Normalised char mass on a dry ash-free basis.

® These samples produced at 6% @her samples produced at 12% O

Table 2.10Inorganic element retention in the pine chars (normalised fractions) [57].

Char conversion

Na Mg AR K Ca
(% dry ash-free)
0 1 1 1 1 1
52.8 1 0.980 0.762 0.982 0.997
73.0° 0.455 0.931 0.692 0.887 0.962
86.4 0.449 0.917 0.729 0.599 0.973
94.6 0.313 0.827 0.878 0.468 0.789

aAl values uncertain due to low absolute Al levels.

® These samples produced at 6% @her samples produced at 12% O

48



Chapter 2. Wood Combustion Review

Table 2.110verall elemental surface analysis of pine chars Xpeay counts from each el@nt on the char surface)
[57].

Char
conversion C o/C Mg/C Al/IC Si/lC K/C Ca/C

(% dry ash-free)

0 20384 0.243 0.0212 0.0137 0.256 0.093 0.055
52.8 30513 0.161 0.0473 0.0111 0.445 0.149 0.136
73.00 21994 0.252 0.0727 0.0202 0.750 0.275 0.282
86.4 11641 0.348 0.1045 0.0582 1.468 0.441 0.497
94.6 9271 0.737 0.1290 0.0681 2.847 0.597 0.466

@ These samples produced at 6% @her samples produced at 12% O

SEM analysis of the char at different stagesahbustion reveals that-8ch spherical beads are
formed on the surface of the burning wood char.[BU$0, the data in Table 2.11 show that the
increase of the surface contation of metals was accompanied by an increase of the oxygen
surface concentration; this consideration, as aglhe high stability of some metal oxides as MgO
and CaO, are used by Worredtal. [57] to support the assumptionaththe metals present in the
char are bound to oxygen [57]. Surface enrichmemethl species has recently been confirmed by
the work of Frandseet al. [58]. They pyrolyzed (at low héag rates) and combusted different
fuels (spruce, bark, waste wood, straw) and notedlf@f the chars a surface enrichment of K, Ca,
Mg P and Mn; in the SEM images of Figure 2.26 tbrmation of cotton-lie ash on the surface of
spruce samples can be seen, as well as Caetbic crystals on a bl sample [58]. The
composition of the crystals and the area refetoeid Figure 2.26 werebtained by Frandsest al.
[58].
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C d

Figure 2.26After Frandseret al.[58] : Spruce samples pyrolysed and subsequently combusted in 2.80@°C
(image a), 800°C (image b) and 900°C image c). In image d Ca-rich cubic crystals are shown inside a residual ash
particle from combustion of bark in 21% @ 900. Composition, % (mol/mol), C- and O- free: Sp&@&86 Ca, 21%
Mg, 6% P, Spot 677% Ca, 15% Mg, 4% P, Area34% Ca, 14% Mg, 14% Mn, 7% K, 4% P.

Figure 2.27 summarises the results that Woretatal. [57] obtained by X-Ray diffraction
investigation of the partily converted chars. Part (a) of Figu2e27 refers to pine wood char, part
(b) shows the results for switchgrass. For pine,atitfon patterns of chars at different conversions
are shown, from which some important consitlers arise. Firstly, it seems likely that the hump
centred at 25° in the spectrum of the pine danple represents amorphous material [57]; its
disappearance as conversion insesafrom 0 to 95% would signify loss in amorphous material,
i.e. an ordering (at least to somhegree) of the organortion of the char. Actually, high resolution
transmission electron analysis seems to showsthiaie ordering happens during the first stage of
char conversion [57]. This considtion can be valid in thaduring devolatilisation the char
releases oxygen-rich molecules and this cooddke some order of the amorphous carbon material
attainable. In fact, oxygen is knovm enhance cross linking of carbdhus limiting the attainable

degree of order of (the orgamortion of) the chaf57]. The high oxygenantent of wood (and
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biomass in general) chars seems to be one afhithacteristics that makbe behaviour of wood

char different from thabf low-oxygen coal char.

Figure 2.27X-ray diffraction patterns for biomass chars at various extents of reaction. (a) Pine char, uncombusted and
at conversions of 53%, 73%, 86% and 96% daf. (b) Switchgrass char, uncombusted and at conversions of 76% and 94%
daf [57].

As far as inorganics in the char are conceriégljre 2.27 (a) proves th#te inorganic portion of
the pine char develops a high degrof crystallinity during chaconversion; in fact, the narrow
distinct peaks of the char sample at 95% cosiva are associated with inorganic crystalline

material [57].

Wornat et al. [35] (see Figure 2.28) followed the temakerre history of pine chars during
combustion; the temperatures welerived from optical measuremntsr{two colour pyrometer) and
the particle size was measurbg a coded-aperture device (thischnique gives the particle
dimension along its axis of flow as it passe®ptical window). The expanents of Figure 2.28 are
the same as those of the prrsly consideregaper [57]; T indicates the mean gas temperature in
the laminar flow reactor. It can be seen the padibi@ve different temperatures, i.e. they burn with
different rates (the presence in Figure 2.28 of spanticles at a lower temperature than the average

gas temperaturegis due to radiation losses of the parsde the quartz walls ahe reactor [35]).

A number of different factors caaffect this heterogeneity. For expl®, the part of the wood from
which the char was derived can influence char nggcin more than one way: mineral matter is

not evenly distributed in the trdéthe catalytic activity of some merals like Ca and K is widely
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recognised), variations in the composition of waod are encountered (elzark and heartwood do
not have the same composition in terms of maorponents). Moreover, char particles have very
different shapes and sizes, as seen in Fig@@ igure 2.29 shows thatany of the pine char
particles had a high aspect ratio; this may beddribe reasons why the particle diameter measured
by the coded aperture technique gave the wadge of diameters of Figure 2.28 even though the
original nominal size of the piacles was 75-106 um [35]).

Figure 2.280ptical measurements of temperatures and sizes of single particles of Southern pine char burning in 12
mole% Q in a laminar flow reactor. Initial ptcle size, 75-106 pum. Particle rdsnce times: (a) 72ms, (b) 95ms, and
(c) 117ms. Particle diameters determined by coded aperture technjgieeotes mean gas temperature [35].

Figure 2.29SEM image of pine char particles produ@ec vortex reactor at 625°C [35].
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Considering the sequence of Figure 2.28 one & tbat the range of particle temperatures
becomes narrower at higher residence timeshiigher conversions) and that the mean temperature

(burning rate) decreasas burnout increases.

One of the causes of the deea reactivity of the char iséhrelease of oxygen and hydrogen rich
compounds during the earlyages of conversion. It has alreadlgen said thathe presence of
oxygen in wood chars limits the possibility fahe char to rearrange its organic matrix.
Nevertheless, although to a much lower extent timacoal chars, it & been shown that the
decrease in oxygen concentration and the exposfirthe char to the high temperatures of
combustion bring about some ordering. Whenregaying its carbon matrix, the char loses edge
carbons that are converted to basal planeocarbThe loss of edge carbon resulting from the
ordering of the carbon matrix of tlelar is known to cause a de@ean reactivity in coal chars
[52] and there is no reason to doubt that twsuld have the same effect in wood chars.
Geometrically, edge carbon atoms can reaftiyn bonds with chemisorbed oxygen due to the
availability of unpaired spelectrons. Basal plane carbatoms presumably have thelectrons

forming chemical bonds withdjacent carbon atoms [59].

Another factor that may contribute to the lossezctivity of the char as conversion proceeds is the
evolution of the concentration and of the fooh appearance of metals. The transition of the
inorganic portion of the charnbugh a molten phase (documented by the occurrence of the Si-rich
beads [57]) and the possible incorporation of matakslicates and/or aminosilicates as well as

the partial vaporisation of these metals a#fact significantly their catalytic activity.

The two phenomena mentioned above, i.e. andedf the carbon structure and changes in the
inorganic matter, are accounted & one factor in some char combustion models and referred to as
thermal deactivation. As the name suggests, thixiefthat can be seen asneasure of the degree

of order and the extent of the changes in tifegganics) is strongly dependent on (and increases
with) temperature. A more detailed discussion efitial deactivation is givein paragraph 2.4.4.2.

Along with thermal deactivation, ather factor must be consideradhen describing Figure 2.28,
namely shrinkage of the char particles asdioon is consumed by the reaction with oxygen. For
larger particles at higher temperatures, it is likebt the rate of externahass transfer controls the
burning rate. Smaller and lessacive (deactivated) pécles are more likely to burn under

chemical reaction control. This certainly cobtries to the decrease of the average particle

53



Chapter 2. Wood Combustion Review

temperature observed from Figure 2(a8to Figure 2.28 (c) (this issigetreated in more detail in

section 2.5).

At this point, it seems appropridie underline once mottbat a very limited number of papers deal
with wood char transformations during combaosti therefore the description of the phenomena
reported here would need to be hat investigated for a validation.

2.4.41FRAGMENTATION

The morphology of char particles influences tloenbustion process and so does their size. A good
description of the evolution of ¢hsize distribution and of the stture — shape, porosity - of the
char particles during conversion is of utmost im@oce to predict char burnout. Fragmentation of
char particles is known to happen during pulveriseal combustion [53,56jut its extent does not
seem to be clearly predictable. Mitchell andaAktuk [56] conducted cdrastion experiments in a
laminar flow reactor (1230°C, 12%,0They used synthetic char particles of known porosity (23
and 36%) and controlled pore structure [56]. Tharslwere produced frothe polymerisation of
furfuryl alcohol with p-toluenestdnic acid; porosity ad pore structure wentrolled by addition

of carbon black (micropores are formed arourel d¢arbon black intrusions) and lycopodium plant

spores during polymerisation [56].

Following the evolution of both burnout andzesinumber distribution during conversion (by
extracting chars at different rdsince times), they noted thataaty residence time both the burnout
and the number of small particles in the dmittion were higher for the higher porosity samples
[56]. This seems to suggest that the exteritagimentation (which Mitchell and Akanetuk believe
to be percolative, i.e. forming a set of differsi#ted particles from one gele) increases, for coal
char, with increasing porositpn the other hand Zhamg al. [53], who also investigated synthetic
spherical char (Spherocarb), obhssl only a low degree of fragmition, although the original
particles were highly porous (60-80% [53]). Zhagigal. used a TGA at 500°C and an electro
dynamic balance reactor in their study. Theyeobsd that only those particles whose physical
continuity was broken during oxitlan experienced fragmentatidb3]. Feng and Bhatia [60]
investigated fragmentation of rde microporous coal chars by asering electrical resistivity
during conversion and by direct observation. Thayctuded that when the reaction is controlled by
diffusion of oxygen (as is most likely to be thase for pulverised wood pieles at the high

temperatures of a suspension boiler) perimeter fragm@mia to be expected, i.e. the outer shell of
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the particles fragments (by percite) when the local conversion thfe shell (or the porosity of the
shell) becomes greater than a catigalue (in their study #hcritical porosity wa®.91 - 0.99) [60].

These observations highlight thtte prediction of the effeatf fragmentation on char burnout
would need a good knowledge of the shape of thgnfeats generated. fact, as underlined by
Mitchell and Akanetuk [56], depemd) on the size and shape of the generated fragments the effect
of fragmentation can be twofold, i.e. it camhance or decrease the burnout. For example,
fragmentation may lead to the transition from exaé mass transfer-controlled-combustion (kinetic
regime lll, see section 2.5) to combined dfan and chemical reaction controlled conversion
(regime 1l); depending on the burnitgmperature of the particles, wh is affected by the surface-
to-volume ratio, this change causes either an inerffas instance if all fragments were spherical)

or a decrease of the combustion rate.

As said, the studies of Mitchedind Akanetuk [56] and Zhangt al. [53] were carried out with
synthetic carbon particles; d@be particles contain virtuallno mineral matter [53]. With
consideration to the influence of metals on tixéation reaction and possibly on the structural
changes of the char particle dwgiits conversion one would expeieat the mineral content (and its
physical distribution) of the @od char particles also plays rale in determining particle
fragmentation behaviour. To nkypowledge, no studies on woodnaiustion address this issue.

2.4.4 2THERMAL DEACTIVATION

As for fragmentation, char thermal deactivatioas been primarily studiech relation to coal
combustion. The expression “thermal deactivation’reefe the reduced reactivity of the char as it
is subjected to increasing temperatures bdtiing pyrolysis and oxidation. Two processes
contribute to this effect: thermal annealing andngfes in the inorganic minerals of the char [55].
The relative importance of the étwprocesses depends on the reatof the parent fuel and on
combustion conditions [55]. Thermal annealing is tBsult of a series dfansformations in the
organic matrix of the char thatclude the loss of hydrogen and oxggelimination of edge carbon
sites and defects elimination [51These transformations result the ordering of the organic
portion of the char that we mentioned earlier iis fharagraph. It seems nomteresting to present
some results obtained for coal char, for which more systematic and extensive work has been carried
out. As far as inorganic phasearisformations are concernedgithdescription has also been

reported earlier and their effect on thening rate will be considered here.
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Beeleyet al.[54] pyrolyzed four monomaceral-rich ceah a high temperature wire mesh reactor.
The heat treatment to which the coalsreveubjected was: heating rate of°', maximum
temperature of either 1000 or 1800 °C, holdingetiofi 2s. The samples were then oxidised in a
TGA (thermal path: 40 %Gin up to 400 °C , 15 °C/min to 90G, hold for 2 minutes at 900 °C. 7%

0O,) and the derivative mass loss curves (DTG) werapared. DTG curves obtained for lllinois #6
lithotype chars prepared at 1000 and 1800 °Csamvn in Figure 2.30 [54]. The vitrain char
oxidation reaction peak is shiftéd much higher temperatures by the increase of the heat treatment
temperature. Beelgt al. [54] extracted the mass loss rate eatf the vitrain rich samples at 50%
conversion and found a reduction of the reactida od the order of 30-50 when increasing the
pyrolysis temperature from 1000 to 1800 °C. Thdespite the short treatment time (2s), the

increase of the severity of the heat treatinbeaught about major changes in char reactivity.

The effect of the pyrolysis temperature is less siganit for the fusain chars (see Figure 2.30). This

IS a clear indication that the deactivation tendeoicy char strongly depels on the parent fuel.
Furthermore, by means of high resoluticamsmission electron microscopy Beeét\al. also found

that the deactivation tendency of the chars correlates with the extent of crystalline order developed

during heat treatmemind oxidation [54].

Figure 2.30Derivative thermograph (DTG) profiles for lllinois #thotype chars produced at 1000°C and 1800°C. W
is the normalised sample weighitV/dt is the instantaneous reaction raté) (§4].

Senneceet al. [55] studied the gasification reactivity (with @Oof a bituminous coal that was
subjected to heat treaémts in the range 900 to 1400 °C whitiding times from 1 to 300 min; after
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heat treatment the char was @asi in a thermobalance with G@artial pressure between 0.25 and
1bar [55]. The effect of heat tte@ent temperature on char reactivisyshown in Figure 2.31 [55]
where the gasification reactionteaat 50% conversion is repaiteas a function of treatment
temperature. The effect of thermal deactivatioaviglent in Figure 2.31: theeactivity of the char
prepared at 900°C is about five émas high as the remtly of the char pepared at 1400°C. The
trend of the curve in Figure 2.31 may suggesit tthe deactivation could become severer at
temperatures higher than 14009Cray diffraction analyses showed that in the work of Seneéca
al. [55] the bituminous coal experienced bothaadering of the carbon matr(which increased
with increasing heat temperature and holding }iar& changes in the mineral matter. To account
for both these effects, they proposed to modeldhar as consisting divo types of carbon, the
more reactive type turning intodHess reactive as heat treatmprdceeds [55]. In fact, for some
types of coal Zolin [51] found that increasitite heat treatment temperature the oxidation DTG
curves did show two peaks, ashé char had split into two phas#fdifferent reactivity. He studied
the oxidation reactivity of chars from straw (biomaas)l coals at temperatures in the range 700 to
1400°C in a TGA and, consistently with the othahats, he noted thatehDTG curves shifted to

higher temperatures when the heat treatmest conducted at higher temperatures [51].

Figure 2.31Thermal deactivation: gasification ratg 50% conversion at 900°C argbgp-1bar of a bituminous coal.
Samples heat treated for 30 min [55].
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Another result of the study of Zolifp1] was a new confirmation of the important role played by
catalytic minerals during char oxidation: forach produced in an entrained flow reactor at
temperatures in the range 1200-1400°C thedaiion reactivity (measured by means of a
simultaneous thermal analyser STA) of a chateathed straw was lower than the reactivity of
untreated straw by a factof 30 (the effect ofeaching is extraction of the mineral matter from

straw).

Indeed, the relative importanad thermal annealing and mineral transformations during heat
treatment is not yet known for biomass and imtipalar wood fuel. Still, it is important to
investigate the extent of their combined effebe(imal deactivation) for wood fuels, because this
aspect can be of significant impance to predict chareactivity and burnout in pulverised fuel
furnaces. Wood particles may either experiencgeere heat treatment prior to oxidation (for
example by going through a fuel-rich region in a lowN@rner) [54] or be ignited at a very early
stage in the combustor, as discussed by Zeliral. [87]: in both cases the high temperatures
reached by the particles requirathhe effect of thermal deactii@an be carefully considered when

assuming char reactivity valués burnout calculation.

2.5 CHAR OXIDATION

2.5.1 DEFINITIONS

Coupling transport phenomena actiemical reactions is vital for investigating and modelling the

combustion of char.

The overall reaction ratbetween char and oxygen can centrolled by different phenomena
depending on the conditions at iain oxidation is carried out, chaharacteristics and degree of
conversion. Three different situations may occat ire commonly referred &s regime | (or zone

), regime Il and regime 11l [34, 61].

Figure 2.32 illustrates the relation between burning rate and temperature. In Figure 2.33, the
concentration profile of reactagas (oxygen) across the gas boundaygr and in tk particle is

shown for the three regimes.

Regime [ the overall burning rate is controlled bytbhemical heterogeneous reaction between O
and the carbon on the surface of tharcln this regime neither exteal mass transfer of oxygen to
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Figure 2.32Change in rate of char oxidationtivtemperature; kinetic regimes [59].

Figure 2.330xygen concentration profile in the char partatel its proximity (gas boundary layer); changes with
different oxidation regimes [59].

the char particle nor internal diffusion of, @rough the pores influences the burning rate. The
kinetics of the chemical reaction determines t¢herall rate and the whole internal and external
(very low compared to the internal because ef plorous nature of the char) surface areas of the
particle are exposed to the samenaentration (partial pressure) of;,OCequal to the bulk

concentration. In regime | the effectiveness factawhich can be seen as a measure of how far the
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reactant gas diffuses into the porous particle befeaeting, is 1, i.e. oxygen fully penetrates into

the particle.

Regime II: the overall burning rate montrolled by chemical reactidbetween carbon and oxygen)
as well as by diffusion of reactant Qhrough the pores. The rate of diffusion of t@rough the
pores of the char particle is of the same prae the intrinsic reaction rate, which leads to a
concentration gradient of On the particle. In these conditiotise effectiveness factor decreases,
describing the fact that not all tfe internal surface area of tblear is reacting with oxygen at the

same rate.

Regime 1l the overall burning rate is conlied by the diffusion of reactant;drom the bulk
phase to the external surface o tthar particle. The reactivity tiie char is thus high enough to

consume all the oxygen at the external surfadbeparticle and no internal diffusion occurs.

At the high temperatures of a pulverised fuel & it is most likely thathe char particles burn
under regime Il and Ill, especially at the begimgnof the conversion. As conversion proceeds, both
particle size and particle tem@mture (burning rate) decreaskus, at higher levels of burnout
burning under regime I, i.e. kinetoontrol, can be attained. Impantgparameters in determining in
which regime the combustion of the char procem@schar density and porosity and particle size
[61], together with bulk temperawiand intrinsic reactivity of thehar (which in turn depends on

catalytic impurities and active sites concentration).

2.5.2 REACTION MECHANISM

The kinetics of char oxidation has been studigdnany authors [37,62,63,64,88,89,90]. Hurt and
Calo [91] proposed a reaction mechanism thatamplthe observed trends in experimental data
from many authors, yet being sitapenough to be used in char combustion models. This is a three-
step semi-global mechanism whose simple ratedascribes the major trends in reaction order,
activation energy, and CO/G@atio from 600 to 2000 K. They daé semi-global kinetics as those
comprising more than one explicit reaction stepe steps themselves are not necessarily

elementary. Intrinsic kinetics are definedifasse not influenced by transport processes.

The first step in char oxidation is the addmp of oxygen to the carbon surface; subsequently,
oxygen forms intermediate complexes and, finally, the gaseous products CO aageG@med
and desorb. As discussed before, the carbon atombsonstitute the carbonaceous matrix of the

char do not have the same stability and reactivity; depending on which active sites the oxygen
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attaches to, various complexes can be formedalkathave different stability and reactivity. These
oxide complexes, like all surface species, can nmagwdiffuse and interact with one another; they

can also react with metular gaseous oxygen [90,91].

The three-step model developed by Hurt antb €2l] includes reactio between gaseous oxygen
and surface complex, C(O). This reaction wasven by Hurt and Calo [91] to enable the
description of the high reactiondars in the low temperatureode | regime observed by various
authors: a summary of the global kinetic paramdtarsd in recent literature is given in Table 2.12,
from Hurt and Calo [91].

Table 2.12Global intrinsic kinetic parameters observed in atmospheric char combustion. After Hurt and Calo [91].

Low temperatures High temperatures
(600-800 K) (1200-1700 K)

0 (with some reports

Global reaction order, n 0.6-1.0
of 1st order)

Global activation eneray.2g 105-180 ky/mol 105-180 kJ/mol
95 (many: 130-150 kd/mol)

a) Excluding pure, highly heat treated carbons.

In order to explain the data of Bla 2.12 and the factahat higher temperates, i.e. above 1700 K,
the observed reaction order increases agairl tsince the reaction becomes controlled by

adsorption) [91], Hurt and Calgse the following reactions:

C+0Q, : 2C(0) (R1)
C(O)+Q : CO,+C(0O) (R2)
C(O): CO (R3)

In this model, which does not try to give a detaitiedcription of the elementary processes of char
oxidation, R2 may not only represent the direttraction between gaseous oxygen and a surface
complex, but also the attack of sites adjacentan existing complex resulting in complex
destabilisation and rapid desorption of g@hich makes R2 first order in gaseous.O

The unbalanced stoichiometry of fRB is a consequence of the adwiof not destbing all the
elementary steps involved [91]. Hahd Calo [91] assume that bd®1 and R2 are first order in

free active sites, although, dependwoifgthe elementary steps, theguld be eithefirst or second
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order in free surface sites; they consider #isumption not critical for the purpose of getting a
semi-global kinetics that cdre used in combustion models.

The resulting rate laws and the parameters valsed by Hurt and Calo [9&fe presented in Table
2.13.

Table 2.13Rate lawdor the mechanism proposeg Hurt and Calo [91].

Rate Laws Model Parametres
R1| h=k Py-(1-3 A;=3.3-10 bar', E; = 35 kdJ/mol.
R2| b=k Poy- A, =5.7 - 1¢ bar', E, = 130 kJ/mol
R3| B=ks- A; = 1.0, B =180 kJ/mol

a) is the fraction of sites occupied by complex.

The laws in Table 2.13 can be combined todyteke steady state exprassifor overall gasification

rate and primary CO/CQatio:

kKR kR
. k B, Kk/2

(2.6)

k3

2 o,

CO/CO, (2.7)

The ratio of the produced CO to the produced G@n important parameter to be considered when
predicting the burnout time. Unfomately, the empirical expressis for determining the ratio
CO/CQ give significantly different reults, as can be inferred from Table 2.14 and Figure 2.34. The
parameters in Table 2.14 and the curves in Figusd refer to equation @), which is the usual
way of representing the dap#ence of the ratio CO/Gn the particle temperature (A is a pre-
exponential factor indepéent of temperature):

co AP} exp B8 ' (2.8)
co, = o To 1

The ratio CO/CQ at the surface of a burning char particen differ several orders of magnitude
(see Figure 2.34). According to Zeng and Fu [b] wide gap existing among these values may
partly result from the fact that all these paramsetee in fact averages values of CO and CO
measured in a discrete time interval. Since dkggen concentration at the surface of a patrticle

varies during combustion, changes in the ratio CQ/@ur as well; they suggethat in order to
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Table 2.14Summary of results for the ratio CO/g€@see equation (2.8))

) Temperature A
Ref. | Material System Po, (bar) B (K) n(-)
(K) (bar™)
] Pressurised
[66] | Highly pure carbon 900-1600 0.4-4 600 8000 -0.24
thermobalance
[66] | Natural graphite coalhar  Flow system + POGL 730-1170 0.05-0.25 2500 6240 0
[67] | Spherocarb EDB 670-1670 0.05-1.0 0.02 3000 -0.21
[68] | Vitreous carbon Flow system 770-920 0.25-0.15 2000 -0.18
[69] | Graphon Static system 800-950 0.013-10.26-10° 3200 -0.22
[70] | Coal char Laminar-floweactor 1500-2000 0.06-0.12 4%10 30000 O
[71] | Bass-wood char Flow system 1050-1350 0.21 4.3 3390 0
[72] | Almond shell char Lamindfow reactor 1200 0.06-0.12 4 8020 ©

1.E+02

1.E+01

1.E+00 -

1.E-01 ~

CO/CO2

1.E-02 ~

1.E-03 - //

1E‘04 T T T T
600 800 1000 1200 1400 1600 1800
T(K)

Figure 2.34Comparison of literature data @O/CQ, ratio during combustion of different chars. The curves are
obtained by using data of Table 2.14 in equation 2.8. Point 1, almond shell char [73]; curves: 2, natural graphite coal
char [67]; 3, highly pure carbon [66]; 4, bass-wood char [72]; 5, Spherocarb [68].

have a more precise assessment of the ratilCOQ at the surface o burning particle the
concentrations should be determined instantamgd66]. The difficulty in measuring these gas
concentrations at the surface of a burning partickdso related to the occurrence of homogeneous

gas phase oxidation of CO to €O
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As can be seen, most of the results in Table &fiet to either pure carbon particles or coal chars.
Only very few expressions for the production ratio of CO tg @@m a biomass were found in
literature [71,72].

2.5.3 INTRINSIC REACTIVITY AND ACTIVE SURFACE AREA

The expression “intrinsic reactivity” refers to ttege of reaction based dine internal surface area
of the char particle ithe absence of transport limitationshls already been mentioned that the
internal surface area of tlehar is much greater than its extraurface area, because of its porous
structure. The structure and dimensions of thepdetermine, together with the total porosity, the
Total Surface Area (TSA) of the particle. As tteebon is consumed by the reaction with oxygen,
the pores tend to become larger and, initiallg, TSA increases. At highebnversions, though, the
TSA eventually reaches a maximwalue [34], after which some tiie pores merge so that some
of the area is lost.

Not all of the surface area will reaio the same way with oxygethe reaction will preferentially
occur on active sites such adat#s and edge carbon atoms. A nueaf the concentration of the
active sites on the internal surfacetloé particle is given by thmatio between Actie Surface Area
(ASA) and TSA.

Models of char conversion need to take tlevelopment of the available surface area during
conversion into account. The description of tharges in available surface area will depend on the
assumed pore model; different pormaistures evolve differently durg char conversion and it is the
behaviour of the pores which brings about thanges in available surface area. Table 2.15 shows
how the variation in available gace area is expressed dependinghe choice opore model for
some pore models found in literatuhe Table 2.15, X is the convéng, S(X) the available surface

area at a certain conversion andt# available surface area of threginal char prior to oxidation.

As previously mentioned, some of the metalsspnt in the char catalyze the oxidation reaction.
Changes in appearance, total @amtration and distribution of éhcatalysts during conversion will

obviously affect the intrisic rate of reaction.
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Table 2.15Pore models. After Jans¢ al.[37].

Pore Model Model Equation Parameters
Power-law (grain) S( X) . . _
model [73] ? @ X n: no physical meaning
Pore tree model

S( X) X _— .
74 —— 1 X)[— @ X) @: initial porosity
[74] S, \/ H
Random pore W B,
model [75, 76] () 2.8

2% 1 X)W1 Mn X)

S) Bo: total pore length per unit volume.
B,: total pore surface per unit volume.

Bifurcated pore S( X) 1

— (1 X)11 InA X
model [77] S ( ) In( 1 ) ( ) Qucropore,6 iNitial micropore porosity

1 /r%cropore,o

2.5.4 KINETICS OF THERMAL DEACTIVATION

Char reactivity decreases as the char is stdgeto increasing temperatures; this is known as

thermal deactivation.

One of the available models of thernaactivation is that proposed by Heitt al. [78]. In this
model the sites on the surface of tthar deactivate according to a first order thermal process:

‘ij—':' ANexp( E, /RT) (2.9)

The actual number of sites at a given time is unkn@nd,the deactivation is expressed as the ratio
N/Np of the total number of sitedN) to the number of sites at time zemdg) Aq is the pre-
exponential factor (§, Eq the activation energy for annealing (kJ/m8lthe gas constant afftthe
absolute temperature. The sites are assumelddotivate with a common pre-exponential factor

and a distribution of activation energies:

N/N, fSF(t, E,) dE, (2.10)

65



Chapter 2. Wood Combustion Review

F(Eg) is the frequency functioand in the model of Hurét al. [78] it represents a log-normal

distribution of activation energies.

Zolin et al.[79] applied this model to their data obtaingy oxidation of chain a TGA apparatus.
They modify the model slightly by using=distribution (instead of bbg-normal) for the activation
energies of the annealing reaati@lso, they introduced a lowbound for the actation energy in
order to describe the fact thdé¢activation of the char does noarstuntil a temperature of about
400°C (for coal chars) is reached. This lower limit is expressed by shifting disribution of

activation energies [79]:

D1
f(E,) (Ei( g" ;___exp( (E, G)E (2.11)
where / is a shift parameter indicating the originf(&y). The mean activation energy and variance
are simple functions ofand (Egm=/+. and 4°=. 9. Zolin et al.[79] introduced in their model
a lower limit for char reactivity aoesponding to the reactivity of momercial graphite: indeed, the
active sites of a char are deactivated, not dgstt, and in theory as the char deactivates it

approaches the structunedareactivity of graphite.

The model used by Zoliet al.[79] provided good agreement wigxperimental data for oxidation
of chars from coal and from leached straw. Zeliral. used char produced in a TGA to assess the
values of the parameters in the model; they 8f@mwed that the model with these parameters could
predict with reasonable accuracyetthermal deactivation of chapsoduced in other reactors at

much higher heating rates and temperatures.

This model could be tested for wood char, provitteat the lower limit for th reactivity is not set
(as for coals) equal to the reactivity of graphgiece wood char would not attain such levels of

order (i.e. such low reactivity) even at very high conversion.

Another model that describes thetraanealing was developed by Salatetoal. [80]: this model
takes into account the plendence of thermal deactivation on thegké of the time interval of heat
treatment. The model was applied to the study efréactivity of a bituminousoal char relative to
gasification reaction with carbon diabd [80]. It is assumed thatettreactivity of the char at any
moment during heat treatment dam expressed as a linear comhbimra of the reactiity of the non
deactivated char and the raaity of the completely dedivated char. The parameter which
represents the fraction of a@aled char, assumes the value8 for the fresh char and-=1 for the

totally annealed char:
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R RA ) R/ (2.12)

where R is the gasification reactivityy Bie reactivity of the fresh char and B the reactivity of
the fully annealed char. The model further assumes that Ry At the temperatur@yr the rate at
which changes with time is expressed bg tbllowing nonlinear kinetic equation:

d/ n
a k(THT)(l /) (2'13)

The rate constartfollows an Arrhenius dependency on temperature:

E, 8
k(Tr)  kexp -

(2.14)
RT:© "1

Integrating between time 0O atige time of heat treatmetir andassuming that the reaction occurs

at constant temperature the model givedahewing expression for the deactivation ratio:

1 1 1
:oTTR 1t én 1K Ty > 01 by @ (2.15)
R

2.6 CONCLUSIONS

Wood is a very heterogeneouslfuHardwood and softwood haveffdrent structures and, more
importantly with respect to combustion, differesdmpositions (the higher content of lignin in

softwood will be shown to v an impact on wood char formation in Chapter 4).

The main relevant features of wood as a fuelitsrhigh volatile fractionthe high content of £and

the low amount of ash, which is usually below 1 wt%.

Wood pyrolysis yields a varying amount of cligpending on pyrolysisoaditions and wood type.
Both higher pyrolysis tempature and higher heatingtedead to a lower chateld. Another factor
that influences the pyrolysis process is the amhamd composition of mineral matter in the wood,
which can catalyze tar cracking and repolymerisatiogereby increasing the yield of char. Various

models that describe wood pyysis have been presented.

The morphology of wood char is influenced by glysis conditions as well as parent wood type.
Generally, wood char is considertm retain the struate of the wood fuel; ik is certainly true

when pyrolysis is carried out &w temperatures and heatindes; however, few authors suggest
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that as pyrolysis becomes more severe the steicif the char deviates from the one of wood,
possibly going through plastic defoation during pyrolysis at conditig similar to those found in a
pulverised fuel boiler. More detailed knowledagigout pulverised fuel char morphology may allow

a better understanding and modelling of the pulverised wood combustion process.

As far as char reactivity is conoed, the available data show thadod char is more reactive than
coal char, due to its higher oxygen content anssidy its less orderedrstture. Nevertheless,
there is poor agreement among biomass char reactiaity, the majority of which were assessed

for char produced at much milder conalits than those of pulverised combustion.

A semi-global mechanism for the char oxidation te&acwas presented, as well as various models

describing the evolution of char surface areardudombustion and char thermal deactivation.

The role of oxidation reactivitygas film diffusion and pore difgion during char combustion was
presented; a particle combustion model must tagun thll into account since at different stages one
or more of them can control the particle burning ré& more detailed review of combustion models

is given in Chapter 5.
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CHAPTER 3
FULL SCALE PULVERISED WOOD COMBUSTION

3.1 INTRODUCTION

An extensive measurement campaign was caowgdin cooperation with DONG Energy A/S, at
Avedgreveerket's Boiler Unit AVV2 to investigateod suspension combustion characteristics in a
full size boiler. The boiler is a 800 MWth, ong¢krough suspension fired boiler where oil,
pulverised wood and natural gas afired, with a netelectrical efficiencyof up to 49% [1].
Wood pellets can be pulverised by up to 3 millke maximum feed rate for the wood pellets is
equivalent to 70 % of the full loadf the boiler [2]. A short desiption of the unit is given in
Chapter 1.

Measurements on the following paramsterere performed: emission of NGOG, and CO; deposit
formation and ash composition; influence of wquadlet mills on obtained p#cle size; burnout of

the wood fuel; flame temperatures. Different camtions of fuels werdested under different
operating conditions, as shown in Table 3.1. Dutimg last day of the campaign coal ash was
added to the fuels in order to test its effect on deposit formation and deposits composition (coal ash
can act as absorbent for KClI).

Table 3.1Combinations of fuels during the campaign.

DAY 1 DAY 2 DAY 3 DAY 4 DAY 5
Fuel shares (%] Wood: 51.3 Wood: 49.6 Wood: 51.7 A) A)
thermal basis) | Oil: 48.7 Gas: 50.4 Gas: 48.3 Wood: 46.8 Wood: 49.4
Gas: 53.2 Gas: 50.6
Coal fly ash
B)
Wood: 23.5 B)
Gas: 76.5 Wood: 49.3
Oil: 50.7
Coal fly ash
Boiler load (%) | 89 89 95 A)87 B)86 86

This chapter presents the results of theoav fuel characterisation (composition and size
distribution) as well as particleurnout calculations and CO |d\a combustion chamber outlet. A

comprehensive report on the measuring campaign is found in reference [3].
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3.2 WOOD FUEL CHARACTERISATION

3.2.1 WOOD SAMPLING METHODS

The main boiler of Avedgre Unit AVV2 is a ontigough suspension fired bei (see Chapter 1).
Four rows of corner multi-fuel boers (oil, gas, and wood fuel) deliver the fuel to the furnace
(wood can be fed through the three lowest burnevel$®. Wood arrives at the power plant in the
form of pellets; typical pelletsdlimensions are a diameter dfcaut 8 mm and a length of 25 to 40
mm [4]. The wood pellets are opened by milling befthe fuel is transorted by hot air to the
burners. Samples of wood were hdtawn at two different stages tife process, i.e. before and

after a mill.

Wood pellets are fed to the mills through a fereslilo, a conveyor belt and a hopper. Figure 3.1
shows a sketch of the pellets sampling technique used before the mill; samples were withdrawn as
the pellets left the conveyor belt and félirough the hopper towards the mill. Each sample

consisted of approximately 3 kg of pellets. During the campaign two wood mills were in operation.

Feeder silo

Q;Z?r _

Conveyor belt

To the mill

Figure 3.1Sampling method for wood pellets before the mill.

During the five days of investigation, a total 26 samples were collected (6 samples on each of
Day 1, 4 and 5; 5 samples on Day 2 and 3 samples on Day 3).
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In principle, as explained above, the wood app@apellets before the mill; however, the samples
collected showed a varying and at times majorgares of wood powder alrég at this stage. The
opening of the pellets may be caused by the hangliogess, for example by attrition in the feeder

silos.

For each of the samples before the mill a cpwading sample after the mill was collected. These
samples were taken isokinetically from the pigeough which preheated air transports the
pulverised wood to the burners. Figure 3.2 shtvessampling method for the wood fuel: a probe
was inserted in the pipe through a window in thgepwvall; the probe wasonected at its end to a
pump. Each sampling lasted 3 minutes, and inteampt to get a more representative sample the

probe was held at three different positioosg minute in each position, see Figure 3.2-b).

OOO
o o

Pulverized wood
to burner

suction

sampling points

20 ﬁ

Pulverized wood from mill

a b

Figure 3.2 Sampling method for pulverised wood after the mill (a) and view from below (b).

Ten average samples (one from the samples bafat®ne from the samples after the mill, for each
campaign day) were prepared from the singllmm@as and further analyzed with respect to

composition and particle size distribution. The labg of the samples is described in Table 3.2.
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Table 3.2Labeling of average samples.

DAY 1

DAY 2

DAY 3

DAY 4

DAY 5

Samples
before mill
Samples

Average_1_before

Average 1 _after

Average_2_before

Average 2_after

Average_3_before

Average 3 _after

Average_4 before

Average 4 after

after mill

Average_ 5 before

Average 5 after

3.2.2 WOOD COMPOSITION

Samples Average 1 after to Average 5 after vaaralyzed at Enstedvket's laboratory. The

results of the proximate and ultimate analysis are shown in Table 3.3.

Table 3.3Proximate and ultimate analyses of the wood fuel.

Units Average 1 Aftel Average 2 After Average 3 After Average 4 After  Average 5 pfter
0,
Total water| 0 3 5.6+ 0.2 5.8+ 0.2 5.8+ 0.2 5.8+ 0.2 6.0+ 0.2
received
Ash %, d.b° 09+0.2 06+0.2 06+0.2 12+02 1.0+0.2
volatile g,y p, 83.0+ 1.7 83.3+ 1.7 835+ 1.7 82.8+ 1.7 82.8 + 1|7
matter
Higher MI/K
Heating | J\ 9 20.39 + 0.12 20.45 + 0.12 20.37 + 0.12 20.32 + 0.12 20.33 + (.12
Value o
Effective MI/K
Heating | J+ 9 19.06 + 0.12 19.11 +0.12 19.05 + 0.1p 19.00 + 0.12 18.99 + .12
Value o
c %, d.b. 49.61 + 0.25 50.49 + 1.14 49675+ 0p4  49.11+ 0,01 49.74 0.20
H %, d.b. 6.25 + 0.05 6.32+ 0.21 6.23 + 0.01 6.25 + 0.01 6.33 + 0,07
N %, d.b. 0.093+0.001] 0.082+0.008  0.091+0.002  0.104+0[001 __ 0.101 + p.003
0.00845 + 0.00835 +
0,
s %, d.b. 0.0143+0.0008 o007 0.0011 0.0086 + 0.0001 0.0078 + 0.00§3
00565
cl %, d.b. 0.0043 + 0.000  0.0040 £ 0.0003  0.00405+ 0.0004 " =7~ 0.00575+ 0.000]
Al %, d.b. 0.014 + 0.001| 0.0090 = 0.00p9  0.010 £ 0.001 __ 0.025  0j003 __ 0.020  p.002
Ca %, d.b. 0.14 + 0.01 0.12 + 0.01 0.12 + 0.0 0.18 + 0.p1 0.16 + 4.01
Fe %, d.b. 0.013+0.001] 0.0085+ 0.0009 0.0093 + 0.0009  0.022 + 3.002 __ 0.016 £0.002
K %, d.b. 0.048 + 0.003| 0.043+0.00B  0.044+0.003  0.054+ 0j003 _ 0.049 + §.003
Mg %, d.b. 0.024 +0.001] 0.020 + 0.001L  0.021+0.001  0.035+ 0002  0.030 « P.002
Na %, d.b. 0.0045 « 0.0005 0.0034 + 0.0005 0.0034 + 0.p005 0.0077 = 9.0008 0.0071 4 0.0007
P %, d.b. 0.0058 = 0.0008 0.0052 + 0.0008 0.0052 + 0.p008 0.0066 + (.0008 0.0053 4 0.0008
Si %, d.b. 0.17  0.02 0.11 + 0.01 0.10 = 0.01 0.28 + 0.03 0.20 + 0102
Ti %, d.b. 0'0007?—“0'000: <0.00053 <0.00053 | 0.0018+0.00p4 0.0012 + 0.0004
Zn g‘g/kg’ 14+1 13+1 12+1 14+1 12+1
a) Dry basis
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As can be seen in Table 3.3 the composition efWbod was quite constant during the campaign;
no large variations in composition were found among the different samples. The fuel composition

was used to estimate the degree of burnothi@particles, as wilbe illustrated later.

Table 3.3 shows that the ash content of theviizsd between 0.6 and 1.2%, typical values for wood.
The most abundant ash elements were Ca (028 % on a dry basisgi (0.10 - 0.28 %), K
(0.043 - 0.054 %), and Mg (0.020 - 0.025. The CI content of the @od fuels was relatively low:

if all of it was assumed to h@esent in the asheben the ashes woulaiatain 0.5 to 0.7 wt% CI.
This element is important to be considered waealyzing power plant fuddecause of its corrosive
potential. However, no KCl was found in tleposits collected dung the campaign [1].

3.2.3 PARTICLE SIZE DISTRIBUTION
The patrticle size distribution dfie ten average samplesliable 3.2 was obtained by sieving.

To determine the distribution of the wood parscteat made up the pellets before milling, samples
Average # before were soaked in water. @ying this, the pellets disaggregated into their
constituting wood particles. The particles werenthdried in oven prior to sieving. One may think
that dissolving the pelleisa water could make the wood fibres slwét order to assess the effect of
the handling process, a sample of pulverisece(attill) wood was first sieved, then processed
following the same procedure appligrthe pellets, i.e. dissolved water and dried in oven. The
sample was then re-sieved. The results are showigime 3.3; very little swelling seems to happen
when water is added and its extent does not cawsgnificant shift irthe distribution obtained by
sieving. Moreover, by visual observation it was polgsio exclude that aggregates were formed

during the sieving of the wood.

Figure 3.4 to Figure 3.6 show thesults of the sievingrigure 3.4 shows that the samples before

the mill contained a significant fraction of larggeod particles (size interval 0.7 — 2 mm). Although

this is a general feature, there are differencesngnthe samples; for example, particles of nominal
size between 1 and 2 mm make up about 33 #heoass in sample Average_2_ before and 23.5 %

in samples Average 4 before and Average 5 before. The pellets fed to the mill during days 2 and
3 of the campaign seem to have had a higher fas$on of particles leger than 1 mm (38.5 %
compared to 26.5 - 29 %) and a significantly lowess fraction of parties with nominal size
smaller than 355 pum (16 % vs. 24 — 30 %).
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Figure 3.3 Effect of the handling method for opening the pellets (dissolution in water and subsequent drying in an
oven). Green: untreated sample; red: re-sieved sample after handling.
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Figure 3.4 Particle size distributions of wood pellets before the mill obtained by sieving.
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Figure 3.5 Particle size distributions of pulverised wood after the mill obtained by sieving.

In Figure 3.5 it is seen that some differenceparticle size distribution were also present among
the wood fuel samples (after milling). For instan&eerage 2 _after had a greater amount of larger
particles than the rest of the samples, whighin accordance with the mass distribution of
Average_ 2 before relative to the other pelletapgas (Figure 3.4). Moreover, the fraction of mass
made up by particles with nominal size belé@ micron varied from % (Average_2_after) to

about 19 % (Average_5_after).

The distribution of the wood fuel aftéhe mill was different from thaif the pellets: this is clearly

seen in Figure 3.6, where the cumulative massildigions for the pelletand the wood fuels are
shown. It is important to highlight that the da&dative to the finest fractions are somewhat less
reliable than the rest, due to the fact that dutireghandling of the samplesme of these patrticles

may be lost. In fact, the cumulative mass curves of wood fuel samples (after mill) in Figure 3.6

follow very much the same trend, but with differstdrting points (mass% of particles smaller than

63um).
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Figure 3.6 Cumulative particle size distributions of wood pellet$ore the mill (solid line) and pulverised wood after
the mill (dashed line) obtained by sieving.

From Figure 3.6 it seems that thdlsiin operation at Avedgreveerket have a significant effect on
the wood fuel, reducing the particle size. In paitc, the mill reduced drastically the fraction of
wood particles larger than 1 mm and moderatbdy fraction between 710 micron and 1 mm; the
fraction of particles below 355 mron increased significantly as result of the grinding. The
particles with sieve size larger than 1 mm mad@p 38 % of the mass wiood pellets before the
mill, whereas they represented only 6 — 10 %haf milled wood. Half othe sample mass was
made up of particles with sizes below 600 - 808 before the mill; the same mass fraction

corresponded to particles with sizes eR00-430 um after the mill (see Figure 3.6).

In order to investigate whether these resultsewadfected by the sampling method, a new set of
pulverised wood samples (after mill) were coléel several months after the campaign. The
pulverised wood samples were withdrawn at theeséocation as during the first campaign. Three
sets of samples were collected: each set consisfedrodamples withdrawat four different points

on the cross section of the pj@ss illustrated in Figure 3.7.
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TTo burne r

2m m
. o o o o
From mill v

Figure 3.7 Sampling of pulverised wood at Avedgrevaeket Boiler Unit AVV2, new measurements. Isokinetic sampling
for the same time intervak each of the points A-D.

Figure 3.8 shows the particle sidistribution, obtained by sievingf the first sebf wood samples
(run 1); A - D refer tothe point along the cross section exta the sampling was carried out,

according to Figure 3.7.
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Figure 3.8Representative example of the obtained cumulative mass distribution of pulverised wood samples; A-D refer
to the sampling points in Figure 3.7.

As can be seen in Figure 3.8ethize distribution of pulverisadlood was found teary across the
pipe cross area. Moving from point A to pointdhigher fraction of smaltearticles was found. It

is not surprising that the partislare distributed unevegnbn the cross section of the pipe; the fact
that the sampling window is located just 2 m aftéread of the pipe is expected to be one of the
causes. Not only did the partickgze distribution diffe at points A-D, but also the amount of

collected wood was quite different, as seen ibl@&.4. Data in Table 3.4 was used to calculate a
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total weighted particle distribution curve for eamfhthe three runs. Theskree distributions were

practically identical and Figur8.9 shows a comparisdretween one of them and the previously
obtained results (Figure 3.6).

Table 3.4Wood fuel collected at points A-D dng the three sets of sampling. The sampling time was 3 minutes at
each point for Run 1, and 2 minutes at each point for Run 2 and Run 3.

Point | Run 1 (g/min) Run 2 (g/min) Run 3 (g/min)
A 512 767 451
B 382 339 375
C 227 169 227
D 290 272 264
Total 1411 1546 1317

100.0
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2]

£

q>) 50.0 n //'/

E Wood pellets (before mill)

E

8 250 - — — Pulverized wood (after mill)

- = = = New measurements,
pulverized wood (after mill)
0.0 T T T T
0 500 1000 1500 2000 2500

Sieve Size (micron)

Figure 3.9 Cumulative particle distributions: comparison of the ltesiuthe new sampling sets with the results of the
main experimental campaign (Figure 3.6).

The curves in Figure 3.9 indieathat the particle size diditition of wood fuel during the new
measurements was very similar to the onesvipusly obtained for wood fuel (after mill).
Assuming that the wood pellets used during the mmasurements had a similar distribution to the
ones in Figure 3.4 (before mill), this result seemsotafirm that the effect ahe mills is not only to
open the wood pellets, but they ateduce the wood particles size.
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It is therefore importantot to assume that the size distribotaf the wood fuel corresponds to that
of the wood pellets, when aiming @tscribing wood combustion in thiéant. As discussed in this
thesis, a difference in particle size can affgighificantly the mode oparticle combustion and

thereby the burnout time atige overall plant operation.

3.3 BURNOUT

During the measurement campaign fly ash partiiee withdrawn from the furnace chamber just
below the superheaters, at the top of the cotidushamber, i.e. 25 above the upper row of

wood fuel burners. Gas sampling wasocatarried out at the same position.

3.3.1 FLY ASH PARTICLE SAMPLING

The particles were collésd by a particle sampling system sketd in Figure 3.10 [3]. The system
consists of an approximately @50 mm x 3 mtevacooled probe wittseveral inner tubes for
sampling. Particles were sampled through an J6tufia. The probe was cooled with water heated
to 60°C to avoid any water condensation. A sintenedial filter with pore size of 1 um was housed
in a metal shell, which was directly connectedthe probe and heat¢d a temperature above
100°C. The particle sample was drawn by an ejgatimp. The sampling time was set from 1 to 4
hours. The particle samples were collected dniyn the metal filter. The tube was inspected
several times, and no significant amount of partielggeared to be held in the piping system. At
one occasion a 0.3um metal filter was instaltimvnstream the 1um filter. But nothing was

collected on the 0.3um filteand this filter was not used any further.

Ejector pump

1 m Colly Heated (60 °C)
metal filter cooling water

Pressuri-| Flow
zed air measure- heated to
>100°C Probe from Asnees

ment

Figure 3.10lllustration of the applied particle sampling method [3].
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3.3.2 GAS SAMPLING

The gas sampling system used in the measureneiltgstrated in Figug 3.11 [3]. The system
consisted of a water cooled (60°C) gas sanpotbe with a cooled filter tip, a heated (150°C)
sample line, a coarse filter, a condenser (2-36€yrying, an aerosol filter, a pump, a flow control

and two Fisher-Rosemount MLT4 gaisalyzers based on paramagnetisn),(IR-absorption (CQ

CO, NO) and UV-absorption (S arranged in series. The watmoled gas probe was 2 m long

and was inserted as deep as possible into the boiler chamber; thus, the sampling position was

approximately 1.5 m from the boiler wall.

Cooling water 60°C

] Condenser !
] ?g[(;?gl)fllter M2-5°C M Ellzolsa_rzs_lg_fDll)ter # Heated sample line. 150 °C

] Filter

CHEC gas probe

@ NO (IR) O, (paramag)
- SG, (UV) ——CO, (IR) I
Fisher-Rosemount MLT4 CO (IR)
(intno: 38) Fisher-Rosemount MLT4
(int no: 40)

Purg ﬁ
\j}
D% Calibration gases supplied by AVV:

@ 0, 8,10%
sz C 0,17,0%
@ CO 449ppm
NO 457ppm
SO, only 0-cal, no span

Figure 3.11Sketch of the gas sampling system [3].

3.3.3 CHAR BURNOUT

Table 3.5 shows the applied experimental conditions (fuels, measuré&DOand CO content in
the gas at the sampling point and CO andc@ncentration in the flue gas after the boiler) under
which each ash particle sample was collectedether with the relevant wood fuel composition
data (fixed carbon, volatile matter (VM), asbhntent and elemental carbon). The total organic
carbon (TOC) content of the flash particles is also shown Table 3.5. The column “Fuel
burnout” in Table 3.5 shows the calatdd degree of burnowtith respect to th initial elemental
carbon content of the wood. The degree of burm@s calculated according to the assumption that

all the ash forming matter contained in treginal fuel was present in the fly ash.
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Further assumptions were made floe calculation of the degree dfar burnout (also reported in
Table 3.5), i.e. that the wood particles had finsdergone pyrolysis in a non oxidizing atmosphere
and that after pyrolysis the carboontent of the wood char was efjt@the fuel fixed carbon. Both
of these assumptions are obviously very radicallldstrated by the results @ur work which will

be discussed in Chapter 4, pyradyat severe conditiorsan yield a signifiantly lower amount of
char than suggested by the fixedbzn value. In this regard, tloalculated value for char burnout
probably underestimates the trualue. On the other hand, tlwenditions in the boiler and the

feeding method favour the overlap of the pyrolysis and combustion processes.

According to these assumptions, thermut has been calculated as follows:

FuelBurnod 1 TONC Ash (3.1)
Cua 1 TOC

CharBurnoa 1 — TOC~ Ash (3.2)
FixedC™1 TOC

Considering that the char burnout values ibl&a3.5, for the above mentioned assumptions, are
minimum values for the actual char burnout, we camclude that a verigigh degree of wood fuel
and char burnout was achieved for all the apptiechbinations of fuels and all conditions tested
during the measuring campaign. Thesult is confirmed byhe low level of CO measured at the top

of the combustion chamber.

The burnout of wood particles was not estimated for the last two experiments, since the composition
of coal fly ash used was unknown. In these tweasurements, the verywoTOC content of the
particles suggests that what wampled was probably coal fgsh that had undergone further

oxidation and thus lost neh of its residual carbon.
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Table 3.5Gas temperature and composition at suction point. Burnout calculations from fuel and fly ash composition data.

Date | Samplg Fuel Ash| VM Fixed | Elemental| Tgas at| O, at 0, COat | COat CcoO NO at | TOC Fuel Char
(dry (dry | C(dry| C (weight | suction| suction | after | suction | suction | after | suction| infly | burnout| burnout
basis) | basis) | basis) | fraction) point point | boiler | point point | boiler | point ash (%) (%)
CC) | (vol%) (vol%) | (ppm) | (ppm) (%)
Day 1% \-If-v?)(;d 0.009 | 0.830| 0.16] 0.496 n.a. 3.1(1 3.36 148 255 nja 0.1209 99.751  99.232
1
2 \ivztﬁd 0.009 | 0.830| 0.16] 0.496 n.a. 2.8 2.39 147 g nja 0.p306 99.943 99.824
3 wood 0.006 | 0.833| 0.16] 0.505 958 1.4 1.58 1411 433 12 0.p812 99.895 99.671
Day + gas
2 4 \-Irv%(;i 0.006 | 0.833| 0.16] 0.505 923 3.7 217 13 6 9% 0.0305 99963  99€.883
5 Y%Zi 0.006 | 0.835| 0.159 0.497 947 2.9 2.35 13)8 1y 119 0.0556 99.929 99.778
Dgy 6 Y%Zi 0.006 | 0.835| 0.159 0.497 925 2.9 2.63 13J9 a4 13 0.0244 99.970 9P.906
7 Y%Zi 0.006 | 0.835| 0.159 0.497 933 4.0 3.87 1148 4 93 0.0205 99.975 9p.921
D 8 wood 0.012 | 0.828| 0.16(Q 0.491 918 3.2 3.13 12{8 q g7 0.0176 99.956 9p.866
ay + gas
4 9 ‘f‘é‘;‘; 0.012| 0.828| 0160  0.491 929 2.6 237 118 14 1p5  0.0062 99.985 99.954
wood
10 + coal| 0.010| 0.828| 0.162 0.497 938 3.7 2.53 1216 1D 96 0.0073 - -
flyash
Day
5 woqd
11 :Oc;: * 0.010 | 0.828| 0.162 0.497 955 3.1 2.65 1419 18 140 0.0067 - -
flyash

(*): boiler conditions andhus gas concentrations varied durthg sampling; at the sampling point €ncentration varied between 0.1 and
5.8 %.
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Figure 3.12 shows that it is not possible to estalaishclear correlation between the concentration of
oxygen in the gas and the burnout of the particlesfaAas sample 1 is concerned, from Figure 3.12
and Table 3.5 it is easy to see the exceptidhisfmeasurement; in this case, despite a higbobtent

in the gas, the residual carbon made up 12% of the sampled particles. One may think that co-
combustion of wood and oil may cause this, but ighisot confirmed by the second sample, that was
taken with the same combination of fuels. Oa tther hand, the fact that conditions were changed
during the sampling may partly explain this restiie oxygen concentration was gradually decreased
after the first half of the sampling and adjustecatmuch lower value than before (4.8 to 1%); the
varying conditions have causedsignificant increase €O (from 3 ppm to several hundreds ppm);

this is in accordance with FiguBel3 where it is shown & in connectin with high CO concentrations

the burnout decreased.

100
|
. u
i |
99.95 A
[ ]
99.9 -
< |
5
o
£ 99.85 +
a mwood+gas
8 A wood-+oil
L 99.8 -
99.75 - A
99.7 T T T T T T T
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
OZ %

Figure 3.12Wood burnout as a function of oxygen concentration, sampling below the superheaters, Fgdd: and
gas; x, wood and oil. During the sampling corresponding to the point with burnout 99.75 tloat@nt at the sampling
point varied between 0.1 and 5.8%.
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Figure 3.13Wood burnout as a function of CO gas concentration. Fuelgood and gasx , wood and oil.

3.4 CO AT THE TOP OF THE COMBUSTION CHAMBER

Figure 3.14 shows the relation between CO andddcentration at the tay the combustion chamber.
In general, the production of CO was very low.or@xceptions are experiments 1 and 3 (see also Table
3.5); in both cases, ¢hconcentration of £at the sampling point was below 1.5% (in the case of sample
1, as explained before,,Qoncentration varied widely) and this explains the results. This is in
agreement with an extensive analysis of plantatper data which coveredvehole year of operation

of the plant and showedahCO production increased drastically when excess Qoiler exit was less
than 1.5 % [3].

Figure 3.14 also shows the effectvafrying the over fire air (OFA) o€0 emissions. Over fire air is
used to achieve staged combustion, mainly to reduceeN@ssions; the plant normally operates with
10 % of combustion air introduced as OFA. During tiampaign the effect of varying OFA between O

and 20% of the combustion air wiasestigated: indeed, as seerFigure 3.14, there does not seem to
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be a clear effect on CO production, whereas it wasd that the use of OFA led to a strong reduction
of NOy emission [3].

From Table 3.5 it can be seen that the measureddd@entrations after tHsoiler never exceeded 5
ppm; all in all, the changes d@he combustion conditions did naffect the CO emissions at the
chimney of the plant.
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Figure 3.14CO concentration vs {below the superheaters.no over fire air (OFA);v, 10% OFA; x , 20% OFA.

3.5 CONCLUSION

A measurement campaign was @arout at Avedgreveerket's W2, a 800 MWth, once through

suspension fired boiler where oil, pulhsd wood and natural gas are co-fired.

As far as wood fuel size distribution is concerngidying of the collectedamples showed that the
mills in operation at the plant ground the wood pltido smaller sizes than those of the received

wood pellets. In particular, wood peté contained 27 — 38 wt % of paldis with sieve size larger than
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1 mm, whereas after milling this fraction was redute® — 10 wt %. Half of the sample mass was
made up of particles with sizes below 60BG0 um before the mill; the same mass fraction
corresponded to particles witlzes below 300 - 430 um after milling. @¥e results were confirmed at

a later stage by a second wood sampling campaign.

Different operating conditions and dlucombinations were testetas sampling at the top of the
combustion chamber showed that the CO leved wery low and increased only when the excess
oxygen concentration was as low as 1.5 %. No relation between CO,ammh&ntration was found,
as far as the latter was above 1.5%. The excaggeoxwas varied during tleampaign from about 1.5
to about 4.5% @after the boiler; in all cases the measuggdssion of CO (CO concentration after the

boiler) was extremely low, namely below 5 ppm.

The use of over fire air had no apparent eftecCO production, while it reduced significantly the ,NO

concentration.

Finally, under all of the applied conditions the wooel fivas found to have reached a very high degree

of burnout of at least 99.7%.
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CHAPTER 4
WOOD CHAR FORMATION AND CHARACTERISATION

4.1 INTRODUCTION

In suspension firing wood particles are heated uptéalsigh temperatures as they enter the furnace
and thereby pyrolyse and leave a solid residuectal@r. The subsequent oxidation of the char is
the slowest step in the conversion of wood and tlaisrmines the degree of burnout of the fuel as

well as the heat release profile in the boiler, affecting the operation and efficiency of the plant.

As explained in chapter 2.5.1, the overall reactate between char and oxygen can be controlled
by different phenomena depending on the conditions at which oxidation takes place, char
characteristics and degree of corsien. Three different situations may occur that are commonly
referred to as regime | (or zone 1), regimetid regime Il [1,2]: in regime | the overall burning
rate is controlled by the chemical heterogeneous reaction betweandQhe carbon of the char
particle; in regime Il the rate is determined bg tthhemical reaction as well as by internal diffusion
of Oy in the char pores; finally, in regime Il external diffusion of f@m the bulk phase to the
particle surface controls the burning rate. In sasjon fired boilers it is likely that pulverised
wood particles burn under regime Il and Ill at teginning of the conversion, whereas they may
burn under regime | at higher conversion, whmth the particle size and temperature have
decreased. Therefore, in order to describe the hgiwfi wood char in such qohts it is necessary to
investigate parameters that affect transport phemansuch as char porosity and particle size as

well as char density and the intrinsic reactivity of char [2].

It is well known that both the yield of chand its properties, including size, morphology,
composition and reactivity depend strongly on the gygielconditions at which the char is formed
[2]. The available literature about character@a of wood char produced at suspension boiler

conditions is not extensive, although some recent works address the topic [3-11].

As regards char reactivity, there is a well elshled awareness that chars from wood are more
reactive than chars from coal [7]; this is duesé¢weral reasons, including a less ordered structure of

the char carbon matrix due to the high conterigfgen in biomass chars and the high amount of
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volatiles in wood [2]. The dependence of char prige on pyrolysis conditions together with the
heterogeneity of wood, result in a relatively pagreement among the few published kinetic data
for the oxidation of wood char gened by fast pyrolysis [7,12,13]. Jansial. [7] compared their
combustion kinetics data derived for wood char gateel by fast pyrolysis (up to 300 K/s in their
study) with available slow pyrolysis (1-20 K/mi char reactivities and observed that the high
heating rate char was considerably more reacti@e the other; Guerrero et al. [9] came to similar
conclusions by studying low and high heatinger&ucalyptus char reactivity. The oxidation
kinetics of several wood chars studied by Brancal@indlasi [12] seemed to be more influenced
by a change of pyrolysis conditions (pyrolysisiperature and heating rate) than by the difference
among the wood species. Mermoud et al. [8] noticatl tthe steam gasification reactivity of chars
produced at high heating rates was not much a&fieby changes in pyrolysis soaking time. They
also observed that char reactivity could be corrdlatdter to char ash contehan to char surface

area.

In this chapter an investigation on the relati@tween pyrolysis of wood and wood char properties
is presented: the main focus is on fast pyrolysis whereas slow pyrolysis, which is relatively easier to

study and on which literature is more extensive, serves mainly as a reference case.

4.2 EXPERIMENTAL

4.2.1 FUELS

Two fuels have been used in this study: pyeod (softwood) and beech sawdust (hardwood). The
fuels were sieved and fractions with a nomsiaé of 90-125 um and 250-355 um were used in the
experiments. The proximate analysis of the fuels together with the main ash-forming elements

contents are reported in Table 4.1.

As can be seen in Table 4.1, the main differdmetgveen the compositions of the two fuels is the

ash content, which is higher (0.9 %, dry basis) in beech than in pine (0.5 % dry basis). The ash
composition is also different; beech sawdust contains 50 % more calcium and three times more
potassium than pine does. Both these elemapt&nown for having an influence on char yield and
char properties [8].

94



Chapter 4. Wood Char Formation and Characterisation

Table 4.1Proximate analysis and chiexa composition of the fuels.

Pine Beech sawdust

Proximate analysis

Moisture (wt %, as delivered) 7.1 7.4
Volatiles (wt %, dry basis) 85 84.2
Ash (wt %, d.b.) 0.5 0.9
Fixed C (by difference, wt %, d.b.) 14.5 14.9

Ultimate analysis

C (wt %, d.b.) 49.7 49.5

H (wt %, d.b.) 6.3 6.1

N (wt %, d.b.) 0.1 0.13

Cl (wt %, d.b.) 0.011 <0.0021
S (wt %, d.b.) 0.022 0.011

O (by difference) (wt %, d.b.) 435 43.4
Ca (Wt%, d.b.) 0.125 0.190

K (Wt%, d.b.) 0.033 0.095
Mg (wWt%, d.b.) 0.027 0.029

Si (wt%, d.b.) 0.065 0.063

4.2.2 PYROLYSIS IN ENTRAINED FLOW REACTOR (EFR)

Fast pyrolysis of the fuels was carried outaim entrained flow reactor. The reactor had been
previously used for similar studies on cgalrolysis and combustion [14]. The EFR facility
includes equipment for data acquisition, gas sudphi, particle feeding and gas preheating. The
fuel is fed into the reactor by a water-coolegkdtion probe that passes through the gas preheater.
The fuel and preheated gas are then mixed inapef the reactor. The gas and particles react as
they flow down the central ceramic reactor tubee Téactor has a length of 2 m, an inner diameter
of 8 cm and a maximum fuel feed rate correspontbrg thermal input of about 5 kW (net heating
value). The maximum temperature is about 177B&ticle residence times are in the range 0.05 —
2.0 s with 1.5 — 2.0 s being used in this work. Atahprobe can be inserted in the bottom of the
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reactor, so that the gas and the particles cacobeeyed to a cyclone. A scheme of the setup is

shown in Figure 4.1.

Particle
feeder

Preheated
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heated —, | '
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> cooler v
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Samplin
Drobg,I — » Flue gas Filten vacuu
metal tube I_ cooler pump
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Cycloné P\ nsulated /heated
area (450-550°C)

Figure 4.1 Entrained Flow Reactor BR) setup used for fapyrolysis of wood fuels.

The sieved fuel was fed at a rate of 0.35 kg/théoreactor by a stream d® I/min of nitrogen. The

rest of the inlet gas was pre-heated before emdhe top of the reactor. The total gas flow to the
reactor was 57 NI/min and contained about 2@%gen in nitrogen. It was estimated that the
amount of oxygen introduced in the reactor wouldsb#icient to burn about 30 % of the released
volatiles, assuming that the char yield wouldl®e% on an ash free basis. The average residence
time of the particles in the reactor was 1.5 - Ad the estimated initial heating rate was between 2

x 10" and 4 x 10K/s depending on wood particle size and reactor temperature. A metal sampling
probe through which a suction flow was established was used to extract the exhaust pyrolysis gas
and the pyrolysed particles. Char particles vibemn separated from the gas stream by means of a
cyclone. The sampling probe and the cyclone vkeqa at sufficiently high temperature (723-823

K) to avoid tar condensation on the wallsdatar deposition on char. After going through the
cyclone the gas entered a gas cooler and a nilegalctrtridge that served the purpose of removing
any residual tar and solid particles before thevgas sent to gas analyzers to measure the exit gas
0O,, CO and CQcontent.
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Each pyrolysis test in the EFR was done at 1278 1573 K. For pine, fast pyrolysis experiments
were carried out for two size fractions (90-12% and 250-355 um), whereas only the largest size

fraction (250-355 um) was used for beech sawdust.

4.2.3 PYROLYSIS IN SIMULTANEOUS THERMAL AND GRAVIMETRIC ANALYZER
(STA)

Slow pyrolysis was carried out in a Netzsch SABOC analyzer. Sieved fractions of nominal size
90-125 um and 250-355 um were used for pirod and beech sawdust respectively. Samples of
about 7 to 10 mg were heatednitrogen at 20 K/min to the final pyrolysis temperature and held at
this temperature for 20 min. Pyrolysis temperatuvese varied in the interval 673 - 1673 K. After
20 min at the pyrolysis temperature, the clsamples were cooled to 473 K, held at this

temperature for 40 min, and subsequently oxidised as explained in the next section.

Pine wood of nominal size 90-125 um was alsoofyged in the STA by heating a sample to 1373

K at 10 K/min and holding it at this temperature for 30 min.

Chars produced in both the STA and in the BfRe analyzed by Scanning Electron Microscopy
(SEM) as illustrated later.

4.2.4 CHAR OXIDATION REACTIVITY

The oxidation reactivity of wood chars was dedi®y thermogravimetry. Chars were oxidised in
the STA analyzer in 4% £O— 96% N atmosphere, during non-isothermal runs. Preliminary
oxidation tests were run in order to insure thattransport limitations affected the samples’ mass
loss and thereby the derived oxidation kineticsvds found that by applying a heating rate as low

as 2 K/min to a char sample of about 5 to 7 mg all transport effects were eliminated.

The oxidation kinetics of the chars was derived ftomexperimental mass loss data according to a
volumetric reaction model assuming a single firskeoreaction (SFOR) based on the instantaneous

char weight, as follows:
X=1-m/m (4.1)

Rate =i 1/m dm/dt = 1/(1i X) dX/dt = kg e F¥RT (4.2)
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Where m and gare the dry ash-free mass of the wood eltar certain time t and before oxidation
starts respectively, X is the conversion of the asii-free char and R is the ideal gas constant. To
ease the comparison of different iareactivity, the activation energy,kvas assumed to be
common for all chars and its value was set at 166 kJ/myt €£20,000 K) and the pre-exponential
factor was thus the only parameter to be deriviene use of a common value of activation energy
for the chars was previously proved useful by Zeliral. [14] who studied the reactivity of chars

from different coals and straw.

As shown in Figure 4.2, reasonable agreementgeasrally found between experimental STA data

and curves generated with the derived SFOR kinetic parameters.
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Figure 4.2 Differential thermogravimetric (DTG) curves of oxitan of pine char produced in the EFR reactor at
1273 K in 2.2% @ Continuous line: experimental data; dashed lioeputed data. Oxidation in STA was carried out
at 2 K/min in 4% Q.

4.3 RESULTS

4.3.1 CHAR YIELD

The yield of char from pyrolysis at differenihtperatures was calculated by the ash tracer method
on the basis of STA data; Figure 4.3 shows the resAdtshe pyrolysis temperature increases, char
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yield decreases; in fact, STA chars seem to re@a@ther constant yielof about 15-17% on a dry
ash free basis (daf) above about 1ROt any temperature in the applied interval the char yield
from fast pyrolysis in EFR vwaextremely low, ranging between 1% and 2.6% for pine wood and

between 4.7% and 6.1% daf for beech sawdust.
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Figure 4.3Wood char yield as a function of pyrolysis temperature. Lines correspond to pyrolysis in STA at a
heating rate of 20 K/min, symbols to fast pyrolysis in EFR. Continuous line: pine wood of nominal size 90-125 um;
dashed line: beech sawdust of nominal size 250-355 ppine wood 90-125 pum; +: pine wood 250-355 prbeech
sawdust 250-355 pum.

4.3.2 CHAR MORPHOLOGY

Figure 4.4 shows a SEM picture ohpiwood char pyrolysed at low heating rate (10 K/min) in the
STA at maximum temperature of 1373 K. The p&ticare needle-like, as the original fuel
particles; moreover, the fibrous structure of the wood is unaltered. This observation is in accordance

with previous studies of wood char from STA pyrolysis [15-17].

Chars in Figure 4.5 are produced at a similar sgatpre (1273 K) as those of Figure 4.4 but at a
much higher heating rate in the EFR. These pine char particles have lost any trace of the original
wood structure and must have gone throughgaidi phase; they are spherical, porous, have a
smooth surface and large internal cavities. Probalelyp#rticles melted as they were heated during
fast pyrolysis and the simultaneous release of & lotume of volatiles gave rise to the pores. This

mechanism for biomass char formation during fgsblysis at high temperatures agrees, though to
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different extents, with studies by Cethal.[5], Biagini et al. [6], Biagini et al. [10] and Zolinet
al. [11]. Cetinet al.[5] noticed that char producexd very high heating rate (~16/s) consisted
mainly of macropores. The chars shown in Figureséé&m to be consistent with this observation.
The open particle in Figure 4.5b has large irdkrcavities and pores; the outer surface of the

particles is smooth.

(@) (b)

Figure 4.5SEM picture of pine wood char. Pine particles of nominal size of 90-125 um were pyrolised at 1273 K by
fast pyrolysis in Nin the EFR reactor. (a) A typical spherical charticle with smooth outer surfaces and (b) a broken
particle where the large internal voids and pores can be observed.

Figure 4.6 compares chars obtained from pine wooldb&@ech sawdust of the same size. As can be
seen the appearance of pine char from pastiof nominal size 250-355 um in Figure 4.6 does not
differ from that of char from smaller pine ntiales (90-125 um) of Figure 4.5. Indeed, pine char
morphology was similar for all the applied piysis temperatures (1073, 1273 and 1573 K) and
fuel sizes during fast pyrolysis tests in the ERRnost all the particles had the same spherical
shape. The only noticeable difference between the phar samples was that their particle size
decreased as pyrolysis temperature increasede@sted in Table 4.2. This observation is in
agreement with the fact that at 1573 K the ghald was lower; wood particles released a higher
fraction of volatiles giving therefore rise to smalthar particles. When considering the data in
Table 4.2 it is important to remember that tieported size of the original needle-like wood
particles is in fact the size of the meshes usesieve the fuel, i.e. éhlonger dimension of the
particles was up to several times greater thambsh size. Having that in mind, Table 4.2 shows

that pine particles shrank considerably duringofygis. The very low yield of char from the
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pyrolysis tests is surely the most obvious arehrclexplanation of the observed shrinkage of the
particles.

Char from beech sawdust had a different morphology fithat of pine chags seen in Figure 4.6;

beech particles did not seem to have melted ¢etedg during pyrolysis, although the char particle
surface was smooth, indicating that some plasticity was attained. In some beech char particles
produced at 1273 K the wood structure was stilbgaizable (see the lowest picture in Figure 4.6);

in particular, the channels typical of hardwood were seen.

Parent fuel EFR 1273 K EFR 1573 K

(sieved 250-355 pm)

pine

beech

Figure 4.6 SEM images of the parent fuels used in the erpats and the collected chaAll these chars were
produced by fast pyrolysis in EFR at ihdicated temperature. Both the naturéhaf parent material and the pyrolysis
temperature determine size and morphology of the char patrticles.
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Table 4.2Char particle size of fast pyrolysis chars produced in EFR. The pyrolysis gas was, k6. he
numbers in parenthesis indicate the range in which particle size varied.

Pyrolysis  Fuel particle Char particle size(um)

T (K) size (um)

Pine

1073 90-125 20-50
1273 90-125 30 (15-70)
1273 250-355 70-200
1573 90-125 20 (10-35)
1573 250-355 60-130

Beech sawdust
1273 250-355 Round shape 100-130; needle-like 200

1573 250-355 Round shape 100-130 (more than in beech 1273 K);
needle-like 200

In the studied temperature range, pyrolysis teatpee had a stronger influence on beech char than
on pine char: Figure 4.6 shows that the beedr plarticles produced at 1573 K in the EFR had
undergone a more severe transformation than pawdicles produced at 1273 K. Not only had the
higher temperature beech char a smoother suttbatdarger cavities also appeared which brought
about a more spherical particle shape. In fact, sointiee beech char particles had a more spherical
shape than others and the fraction of theséicpes, as reported in Table 4.2, was higher when
pyrolysis had been carried out at 1573 K. As fapaicle size is concerned, Table 4.2 shows that a
more severe transformation of the beech padienorphology (i.e. smoother and more spherical
char particles) was accompanied by greater shgmké should also be noted that beech char
particles were generally larger in size than prhar particles, this being in agreement with the

observed higher char yield of beech.

4.3.3 CHAR OXIDATION REACTIVITY

Figure 4.7 and Figure 4.8 show the calculated catestants for pine chars and beech chars

respectively.
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Figure 4.7 Oxidation reactivity (pre-exponential factor) of pineachActivation energy was set to 166 kJ/mol. Dashed
line: fresh pine (not pyrolysed) burned in STA; chars produced in STA, pine particles of nominal size 90-125 pum ;
.. chars produced in EFR from pine particles of nominal size 90-125 um; +: chars produced in EFR from pine particles
of nominal size 250-355 pumtchar produced in EFR (at 1073 K) from pine particles of nominal size 90-125 um that
prior to oxidation in STA (2 K/min in 4% §was heated in Nin the STA at 20 K/min up to 1073K and kept at this
temperature for 20 min.
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Figure 4.8 Oxidation reactivity (pre-exponential factor) afdch char. Activation energy was set to 166 kJ/mol.
Dashed line: fresh beech (motrolysed) burned in STAX : chars produced in STAY. chars produced in EFR from
beech particles of nominal size 250-355 pm.
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A general observation, valid for both fuels, is ttladr reactivity decreases as pyrolysis temperature
increases. This well known phenomenon is usuedlijed thermal deactivation [18]. At higher
temperatures the carbon matrix of the char déairaa more ordered structure approaching the

structure of graphite and thereby loses active sites.

For char produced in the STA, there existgyeolysis temperature interval (1173K — 1373K for
pine char, 973-1273 for beech char) where ckactivity does not vary significantly; a similar

behavior was observed for straw char by Zolin [18].

As can be seen in Figure 4.7 and Figure 4.8thallchars produced in the EFR under boiler-like

conditions have higher reactivity than those produced in the STA.

Samples of chars generated in the EFR have hdgecsed to further heat treatment in the STA (20
K/min up to 1073 K, in nitrogen, soaking time 20 mifie char samples were subsequently cooled
down to 473 K and after a holding tira&40 min at this temperature the oxidation test started at the
same conditions as for the samples directly oxidised in the STA, i.e. 2 K/min in 4 % oxygen. The
reactivity of one of these further treated EFR ctammples is shown in Figure 4.7, where it is seen
that even when post-treated in the STA tharchroduced at high heating rates in the EFR
preserved a higher reactivity than the STA char produced at the same pyrolysis temperature.

For pine char the difference in reactivity betweast pyrolysis charral slow pyrolysis char
decreases considerably when the pyrolysis temyrera as high as 1573 K, whereas fast pyrolysis
beech char preserved a very high reactivity inttedl investigated temperature range. It is worth
noticing, for instance, that the estimated prpemential factor for the oxidation of beech char
produced by fast pyrolysis in the EFR at 1573 K (1.12% ain™) is only slightly lower than that

of beech sawdust directly oxidised without prior pyrolysis (1.96% rhin™).

When produced at the same conditions, beech cremeege reactive than pine char; this is evident
for EFR chars, where beech char was 2.5 and 13 tamesactive as pine char when produced at
1273 and 1573 K respectively.

The size of the parent pine particles does not gedmave influenced the char reactivity much; as

seen in Figure 4.7, the two size intervals of pine particles produced chars of similar reactivity.

104



Chapter 4. Wood Char Formation and Characterisation

4.4 DISCUSSION

SEM pictures showed no traces of soot in the sharples included in this study; in fact, soot was
collected on the metal filter, downstream the cycl(ffigure 4.1). Zhang et al. [4] recently showed
that a high amount of soot can toemed during wood pyrolysis. For cypress sawdust pyrolysed at
1273 K they measured a yield of 4.0% char &6 soot respectively; when the pyrolysis
temperature was risen to 1473 K the yield adrcand soot were 2.4% and 14.7% respectively. A
similar behaviour was observed in this studihaugh only qualitatively. No soot was collected on
the metal filter during experiments at 1273 K, tbetith pine and beech; on the other hand, all
experiments at 1573 K led to sdmrmation and soot collection on the filter. The experimental
conditions used in this study (presence of allsfrection of oxygen in pyrolysis gas) may have
hindered the formation of soot in as high quantities as the ones measured by Zhang et al. [4]. The
material collected on the filter was found to havevery low ash content (below 1 %), which
supports the assumption that it was soot. Thus, it S¢lat the experimental system used in this
study (hot cyclone, gas cooleiltdr) provided a good separation of char from the rest of the

pyrolysis products and the char yield results are therefore expected to be accurate.

From Figure 4.3 it is seen that the heating ragedarucial influence on the pyrolysis char yield.
The effect of heating rate on char yield has b&tedied by a number of #nors and our results are

in agreement with their worf6,19]. The char yields of white quebracho and birch wood were
found to decrease from 15 and 20 % respectivelglimwv pyrolysis to 5.5 and 8.2 respectively for
fast pyrolysis in a free-fall reacttwy Zanzi et al. [19]. Similar results were obtained by Biagini et
al. [6] who studied various biomass fuels. A low chi@ld of fast pyrolysisn EFR, which in this
study was 1 to 6 % daf, was therefore expkciEheoretically the presence of oxygen during
pyrolysis in the EFR might have contributedtib@ low char yield by partly oxidizing the chars;
nevertheless the Arontent was estimated to be sufficient to burn at most 30 % of the released

volatiles and is therefore not expected to have initiated char combustion.

We pointed out earlier that pine char morphology mit vary in the applied range of temperature
and particle sizes; it is expected, though, that wihenfuel particle size increases the particles
might not experience such a uniform rapid heatingigh temperature and this could perhaps limit
the extent of melting leaving a char more similathi® original wood particle. Further investigation

would be needed on this topic.
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The fuels’ ash content seems to have an importdaetduring EFR pyrolysis, both with regard to
char yield, char morphology and char reactivity. Jertext. [20] studied wheat straw pyrolysis and
found that water-washed straw had a much lowar gleld (12.3%) than raw straw (22.1%); when
the washed straw was impregnated with KCI, thar gheeld increased to similar levels as the raw
fuel (20.6%). They concluded that the presemmkamount of mineral matter (in their specific 