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ABSTRACT

British Columbia (BC) has become a major producet exporter of wood pellets in the
world. But the low energy density, the low watesisévity, the short shelf life, and the
transportation cost impede the market developmEottefaction, a thermal treatment

without air or oxygen at 200-30C, may provide a solution.

The present study developed the torrefaction kisetif BC softwood residues in a
thermogravimetric analyzer (TGA), studied the dffexf the torrefaction reaction
conditions on the properties of torrefied sawdosa bench-scale fixed bed reactor and a
bench-scale fluidized bed reactor, and identified suitable conditions for making
durable torrefied pellets in a press machine usimgefied samples. The weight loss of
BC softwood residues significantly depended on tbaefaction temperature, the
residence time, the particle size, and the oxygmmcentration in the carrier gas. The
weight loss could be approximately estimated frdra weight loss of the chemical
compositions. A two-component and one-step firsieoreaction kinetic model gave a
good agreement with data over short residence aimiée weight loss range of 0 to 40%

at the temperature of 260-300.

The heating value of torrefied pellets had a closationship with the weight loss,
increasing with increasing the severity of torréfat. The torrefied samples were more
difficult to be compressed into strong pellets unttee same conditions as used for
making the control (regular, untreated, conventippellets. More energy was needed for
compacting torrefied samples into torrefied pellétsreasing the die temperature and
adding moisture into torrefied samples could imertve quality of torrefied pellets. The

moisture content and density of torrefied pelletsravlower than control pellets.



Considering the quality of torrefied pellets, thatimal torrefaction conditions appeared
to correspond to a weight loss of about 30%, wigiahe a 20% increase in pellet heating
value and good hydrophobicity. The suitable decaifon conditions corresponded to a
die temperature of 236C, or over 110°C for torrefied samples conditioned to 10%

moisture content.
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CHAPTER 1 INTRODUCTION

1.1Background

Wood pellets, which are considereaas a transportable renewable energy source
associated with very low greenhouse gas emissiares,made from densified wood
residues. Due to their high volumetric energy dgnsvhich is 4-10 times that of wood
residues, wood pellets are an efficient form ofnfags to store and transport. Also the
good flowability of the pellets makes them easiad aafer to handle and transport than
other forms of biomass. The wood pellet industringd significant momentum during
the last decade in the world due to the effortumapean countries to reduce greenhouse
gas emissions and the rising oil and natural gasegr The future pellets market may
shift to North America. In 2007, over 10 millionnes (Mt) of wood pellets were
produced and consumed with an annual increaseovate40% from 2003 to 2007, and
wood pellets hold an extremely promising futured@et al. 2010]. Typically, the low
heating value (LHV) of as received wood pellet45s6-16.2MJ kg* or 7.8-10.5GJ ni°,
with a bulk density ranging from 500 to 68§ m® and a moisture content of 7-10% by
weight [Bergman 2005]. The diameter of the woodgbas usually 6-12 mm and the
length ranges from 6 to 25 mm [Melin 2006]. Thedarction chain of wood pellets starts
from feedstock collection and ends with the delverf pellets to customers. The
feedstock is generally a by-product from wood-pssagg industries, such as sawdust,
shavings, chips, and even barks. The quality ofdvpellets strongly depends on the
quality of the feedstock. A typical pellet plantindes a several unit operations: drying
for moisture removal, grinding for size reductidensification for pelletization, cooling,
bagging, and storage. The final product is usuatipsported by trucks, railcars, and

ocean vessels for delivery to domestic and inténat customers.



In 2005, a combination of torrefaction and pellatian process (TOP) was proposed by
Energy Research Centre of Netherlands (ECN) [Beng2@®5]. Torrefaction is a thermal
treatment without air or oxygen at 200-300 and low particle heating rates (<50 K
min™) with a long residence time (>1 min). During tdaeion, the biomass can increase
the energy density on the mass basis and imprayehydrophobicity of the biomass
surface. Pelletization, on the other hand, caregse the volumetric energy density, and
reduce dust generation. The bulk densities oktf@d wood pellets range from 750 to
850 kg m®, with a LHV ranging from 20.4 to 22.7 MJ k@nd the energy density from
14.9 to 18.4 GJ m[Bergman 2005]. In comparison with conventionalais, torrefied
pellets can be about 1.4-2.4 times higher in therggndensity, which will lower the
transportation cost significantly for long distaricansportation. Canada holds abundant
forest resources for the production of wood pellgtsecent years, Canada has become a
major producer and exporter of wood pellets, andl jgatentially become the largest
wood pellet production centre in the future duatsoabundant forest resources and its
unique location. Therefore, the torrefaction prgcemy be suitable for Canadian wood

pellets exported to international market.

1.2 Structure, Composition, Properties of Wood

The physical structures, major chemical composstiand chemical structures of wood
are extremely important for studying thermal cheahizehaviours of wood [Orfao 2001].
Wood is composed of microfibrils, bundles of celkg¢ molecules (£ polymers)
surrounded by hemicelluloses (predominanttyp@lymers but including £species). In
between the microfibrils, lignin consisting of plyepropane molecules is deposited.
Extractives are located in the epithelial cellsnighthe resin canals and flow in the resin

canals in the wood.



The cellulose molecules consist of long chains ticgse molecules (normally
8000-10000 glucose molecules), with a general ftanofi (CsH100s), [Sjostrom 1993].
Cotton is almost pure-cellulose. Cellulose is insoluble in water. Thenheelluloses also
consist of glucose molecules and other simple samds (normally up to 200
glucose/saccharide molecules), with a general fanofi (GHsO4)n. Unlike cellulose,
hemicelluloses are soluble in dilute alkali and ssshof branched structures [Salisbury
and Ross 1992]. The most abundant hemicellulogegyan. Lignin is highly branched,
substituted, mononuclear aromatic polymers in ted walls of certain biomass,
especially woody species. Lignin can be brokenrbgtiment with strong sulphuric acid,

in which lignin is insoluble.

Normally, a tree consists of 3-8% bark, 3-8% needleaves), 7-15% branches, and
65-80% trunk [Delta Research Corporation 2006]. \8odds are referred to
gymnosperm trees (evergreens), which account foutaB0% of the timber production
source in the world. Hardwoods are referred tovilbed from angiosperm (deciduous)
trees. Table 1-1 shows the differences of maj@amnabal compositions of softwoods
and hardwoods. It is seen that in general softwdw® a much higher lignin content
than hardwoods. Conifers such as pine, spruceiabhdléng to softwoods. Typically, the
pine consists of 40% cellulose, 28% hemi-cellulp2886 lignin, and 4% extractives, and
the outer bark of pine has more lignin, up to 4&¥e(Table 1-2). A growing tree has
approximately 50% water content with variationsnir@5 to 65% between winter and
summer. Normally, the moisture content of the troflpine ranges from 45% to 60%,
branches 51-56%, and bark 35-65% (see Table 148. wood extractives have the
highest heating value in the wood, and lignin habdr heating value than cellulose and
hemicelluloses. Typically, the heating value ofldeke is 17-18 GJ/t, hemicelluloses:

16-17 GJ/, lignin: 25-26 GJ/t, extractives: 33@3d/t (see Table 1-4). There is a slight



difference in heating values of different specied different parts of a tree (see Table

1-5).
Table 1-1 Major chemical compositions of dry softwoods ardWwoods
Softwood: Hardwoods
Cellulose 40— 44% 43-47%
Hemicellulose! 25-29% 25-35%
Lignin 25-31% 17-23%
Extractives 1-5% 2-8%

Source: Thomas (1977)

Table 1-2 Chemical compositions of woods (bonerdagerial)

Spedes Cellulose, % | Hemicelluloses, ¥ | Lignin, % |Extractives, %| Ash, %

Pine (70 years ol 40 28 28 4

Trunk 41 27 28 3 1

Bark, inne 36 26 29 5 4

Bark, oute 25 20 48 3 4

Branche 32 32 31 4 1

Needle 29 25 28 13 5
Spruce (110 years o 42 28 27 2

Trunk 43 27 28 1 1

Bark 36 20 36 4 4

Branche 29 30 37 2 2

Needle 28 25 35 7 5
Source: Lehtikangas (1999)

Table 1-3 Average moisture content of trees
Species Trunk Bark Branches

Pine 45 — 60% 35 - 65% 51 - 56%
Spruce 40 — 60% 45 — 65% 42 — 46%

Source: Lehtikangas (1999)

Table 1-4 Heating values of the wood chemical camepts

Chemical Components

Heating ValueMJ kg™

Cellulose 17 -18
Hemicelluloses 16 - 17
Lignin 25-26
Extractives 33-38

Source: Lehtikangas (1999)




Table 1-5 Heating values of different species affdrént parts of a tree

ltems Unit Pine Spruce
Trunk wood with bark MJ kg* 19.3 19.1
Whole tree chips MJ kg* 19.6 19.2
Harvesting residue (excluding needles) | MJ kg* 20.4 19.7

Source: Hakkila (1978)

1.3 Thermal Treatment of Wood

During thermal treatment, the decomposition of wead start at a temperature higher
than 130°C [Chen et al. 2003]. The cellulose, hemicellulofedan, glucuronoxylan,
arabinoxylan, glucomannan, and xyloglucan), anditigoehave differently (see Figure
1-1). Hemicelluloses, the most reactive compouddspmpose at the temperature range
of 225-325 °C, cellulose at 305-375 °C and ligniadyally over the temperature range
of 250-500 °C [Shafizadeh 1985].

2
JJ

<« Milled Bl LN
~__lignin
——

Residual Weight Fraction (%)

50 ~—
o =
Xylan "
o Wood
0 | *"*- |
100 200 300 400 500

Temperature (°C)
Figure 1-1 Thermal decomposition of wood
(Modified from Shafizadeh 1971with permission fré&tsevier)
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All of these decomposition stages can be groupéal fime main reaction regimes at
different temperatures (see Figure 1-2) [Shafizatl#82, Golova 1975, Halpern and
Patal 1969, Koukios 1994]:

Regime A: Conventional drying,

Regime B:Glass transition (also called softening) and imiu®f lignin,

Regime C:Depolymerization followed by condensation of thersened polymers,

Regime D:Devolatilization and carbonization of polymers,

Regime E:Extensive carbonization of all polymers and stites.

Cellulose Hemicelluloses Lignin
300 | E £ _
- E

250 |- D - —
&
gy i a&z
o) o
<, 200 - 4 ;.
2 =
= i i
= w
= 150 | 4 =
5 g
& s
A =

E 100 i

e
i A
50 | A ]
0 B —
Cellulose Hemicelluloses Lignin

Figure 1-2 Main physic-chemical phenomena of theamamponents of wood

(A: Drying, B: Glass Transition/Softening, C: Depwlerization and Recondensation,
D: Limited Devolatilization and Carbonization, Extensive Devolatilization and
Carbonization)

Based on the operation temperature, the thermaintent of wood can be divided into
four processes: conventional drying, heat treatmemtefaction, and pyrolysis. The
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conventional drying process occurs at the tempexdialow 100-130 °C for evaporating
most moisture. Heat treatment of lumber, alsceddibw temperature torrefaction, takes
place in kilns with superheated steam at the teatper range of 185-220 °C for
increasing the durability, mechanical dimensionahb#ity and water repellent
characteristics. Torrefaction, also called milagbysis, is a thermal treatment without
oxygen in the temperature range of 200-300 and usually, the reactions take place at
low particle heating rates (<30min™) with a long residence time, with the final protuc

called torrefied wood [Bergman and Prins 2005].

Pyrolysis is a process without air or oxygen foerthal conversion of wood at
temperatures in the range of 400-8@0 At this temperature range, most of the cellylose
hemicelluloses and part of the lignin will disintage to form smaller and lighter
molecules, which are mostly gases. As these gas#ssome of the vapors condense to
form a liquid, which is called bio-oil (or tar). €hremaining wood residue, mainly from
parts of the lignin, is a solid called charcoaleTgyrolysis product distribution depends
on the heating rate, residence time and maximuwtiosatemperature. If the purpose is
to produce the bio-oil, high heating and heat fiensates at a carefully controlled
temperature range (up to about 650 °C), and a skeoyt residence time (typically less
than one second) are preferred. According to thdysbf Roy et al. (1987), in the fast
pyrolysis process, 25% of the pyrolysis product ttercharcoal, which contains 40% of
the initial energy content, 47% of the mass is eoted into the bio-oil, containing 52%
of the energy content of wood, 11% of the mass ¢go@sses, containing only 4% of the

energy content, and the other 17% of the masstisrsee Figure 1-3).
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Figure 1-3 Typical mass and energy balance of woyodlysis
(Symbols: E=energy, M=mass)

The pyrolysis gases have low CO + ebntent and thus low heating value. Typically,
syn-gas (CO + b content is under 57 mol% (normally, industriahsyas contains more
than 70% of CO and 4} and the heating value is &8 kg* (industrial syn-gas >81J
kg') [Roy 1987] (see Table 1-6). The properties liitsitfinal use. The solid product of
charcoal is used in both industry and househole Mduid product, called bio-oil, is
highly acidic (typically pH <2.5), which requirepexial corrosion resistant materials for
transportation, storage and applications. The skqvablem is that bio-oil has a very
low heating value (typically in the range of 1749 kg%), which is not competitive with
fossil-based energy (conventional oil M8 kg*, coal 29MJ kg'). The third problem is
that the production cost for bio-oil is very higbtudies indicated that the cost of bio-oil
can be up to 308 t* [European Biomass Industry Association 2012], Whgcequivalent
to a crude oil price of 123US barret* (1€=1.30$US, 2011). Today bio-oil is mainly
used for the production of food additives. Tablé &#hows typical pyrolysis charcoal
and bio-oil properties. Slow pyrolysis of biomass the production of solid charcoal or

activated carbon has been successfully used insinds in many countries. For fast



pyrolysis technologies for bio-oil production, ordyfew small-scale bench units and pilot
plants have been built. We believe that the useywblysis to produce bio-oil for

transportation purposes still has a very long veagd to penetrate the current liquid fuels

market.
Table 1-6 Typical pyrolysis gas properties
ltems Number
Gross Heating ValuélJ kg* 6.9
Gas phase composition, mol %
co, 46.58
(6{0) 36.83
CH, 4.32
H, 9.88
C-Cy 1.12
Methanol, ethanol, acetone and acetaldehyde 1.26

Source: Roy (1987)

Table 1-7 Typical pyrolysis charcoal and bio-oibperties

Item Charcoal Bi-Oil
Water Content, %wt <1 4.4
Gross Heating ValueylJ kg* 32 22.5
Elemental Analysis, %wt
C 84.4 55.6
H 3.5 5.8
N 0.2 0.7
S 0.8 0.6
o] 11.1 37.3
Proximate Analysis, %wt
Ash 2.8 0.13
Volatile Matter 18.5
Fixed Carbon 78.7
Specific Surface, BET" ¢* >3

Source: Roy (1987)



1.4 A Review of Mild Pyrolysis Kinetics

Torrefaction is a mild pyrolysis, with the pyrolgdieing widely studied and documented.
Several review papers on the reaction mechanismghankinetic models of pyrolysis
have been published [Rousse 2004; Mohan and Si&€&; Gronli 1996; Blasi 2008;
Turner et al. 2010; van de Stelt et al. 2011; Claed Doshi 2011]n this section, the
mechanism and kinetics model for pyrolysis of woadd its major chemical
compositions at low temperatures of relevance toefaction conditions have been

reviewed.

Cellulose, hemicelluloses, lignin, and extractiaes four major chemical compositions
of wood. Extractives of wood include fats, waxdkamids, proteins, phenolics, simple
sugars, pectins, mucilages, gums, resins, terpentasshes, glycosides, saponins, and
essential oils and vary from species to speciepicajly, the softwood consists of 42%
cellulose, 27% hemicelluloses, 28% lignin, and 3&baetives; and the hardwood is 45%
cellulose, 30% hemicelluloses, 20% lignin, and 5&baetives [Thomas 1977]. Inorganic
matter, also called ash, consists of less than 1%ontent in wood (15% in some

agricultural residues) [Blasi et al. 1999].

Generally, pyrolysis products are categorized thtee groups: permanent gases £CO
CO, CH, and small amounts of-and G hydrocarbons), tars, and chars, or simply into
volatiles (low molecular weight gaseous speciesgddition to all condensable, aqueous
and high molecular weight organic compounds or)targl chars [Prins et al. 2006c].
Literatures generally agreed that the reaction tatpre plays an important role in
pyrolysis at different reaction conditions such diferent experimental devices and
different characteristics of samples, with diffdrggpes of pyrolysis kinetics having been

proposed.
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1.4.1 Cellulose

Cellulose is the most abundant organic substaneeoofl. The cellulose molecules¢(C
polymers) consist of long linear chains of glucaeselecules (normally 8,000-10,000
glucose molecules with a molecular weight range8@®,000-500,000) with a general
formula of (GH100s),, and form intra and intermolecular hydrogen boriistton almost
is purea-cellulose. Wood cellulose is mostly generated ftompulp and paper industry.
With its fibrous structure and strong hydrogen bogd cellulose provides wood’s
strength and is insoluble in most solvents. Ceflalas the most extensively studied
material in the field of biomass pyrolysis. Althdug significant number of papers have
been published, researchers still continue thdortsfto improve the mechanisms and

models of cellulose pyrolysis.

Shafizadeh (1982) proposed that in the range of5¥Z K cellulose decomposition
followed a free radical reaction mechanism. FronB 42 523 K, the cellulose

macromolecules rapidly broke into glucose of a i@ weight of about 200, called the
“reaction intermediate” (“active cellulose”, “anhyatellulose”, or “levoglucosan”),

resulting from the rupture of cellulose moleculathaut the weight loss [Golova 1975].
The weight loss started at 523 K [Gaur and Thon®88]L Between 523 and 573 K, the
weight loss was caused by dehydration reactionbaal scission with the elimination of
H,O, carbonyl and carboxyl group formation reactionh the elimination of CO and

CO,, and limited devolatilization and carbonizatiom tbe production of final tars and
chars [Halpern and Patal 1969]. At temperaturesvab673 K, the extensive
devolatilization involving free radical cleavagetbe glucosidic bond (the formation of
tars and gases) and the extensive carbonizatiaiving the formation of intermediate

carbonium ions (the formation of chars) became damti. The extensive devolatilization
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involves free radical cleavage of the glucosidimaddend-group depolymerization),
leading to the formation of tars and gases. Therexte carbonization involves the
formation of intermediate carbonium ions (ring sms), leading to chars. The maximum

weight loss of cellulose occurs at about 623K.

There are several kinetic models for cellulose |ygis. The simplest model for cellulose

pyrolysis is a one-step model.

CelluloseTf - Volatiles+ Chars

Table 1-8 shows some of the determined one-stsp dirder reaction kinetics model
equations for the pyrolysis of cellulose. The aatimn energy ranged widely from 89 to
260kJ mol* likely due to the differences in heating programgiTGA devices, types of

samples, and even the mathematical procedurettiogfthe TG data.

Table 1-8 One-step model reaction kinetic constemtsellulose pyrolysis
Authors

Operating conditions Reaction rates, $

Tang et al., 1964

TGA, 473-733K, 3 K ntin

k=4.3X10"exp(-242400/RT)

Akita et al., 1967

TGA, 0.23-5 K mih

k=6.6X10"exp(-224000/RT)

Fairbridge et al., 1978

TGA, 7 K min

k=2.4X10"exp(-248000/RT)

Bilbao et al., 1989

TGA, 533-563 K, Isothermal

1841 0"exp(-113000/RT)

Williams et al., 1994

TGA, 473-773 K, 5 K niin

k=3.8X1('exp(-260000/RT)

80 K mih

k=9.6X10"exp(-188000/RT)

Orfao et al., 2001

TGA, 450-700 K, 5 K rifin

k=4.0X10exp(-89000/RT)

Chen and Kuo, 2011b

TGA, 473-573 K Isothermal

k6XB0’exp(-124420/RT)

Parks et al. (1955) suggested that cellulose fiegtolymerized to levoglucosan with a

first order reaction. Then the levoglucosan proededith two reactions: to form chars

with repolymerization and aromatization, and tackro produce tars and gases.
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Cellulose- Levoglucosan - Tars+ Gases

!
Chars

Broido et al. (1965), based on the TG analysis,gsstgd that the pure cellulose
decomposed via two competitive endothermic reagiimcesses. In the range of 493-553
K, an initial endothermic dehydration reaction eflglose produced “anhydrocellulose”
tars and water. Above 553 K, the endothermic depehzation of the

“anhydrocellulose” led to the formation of charslajases.

Cellulose— Anhydrocdulose+H,O - 035Chars+ 065Gases

|

Tars

In order to fit the Broido et al. (1965) data to arperimental curve, Broido and

Weinstein (1971) modified the original Broido mothgl adding one more reaction step.

Cellulose - Precursor -~ Anhydrocdulose+ H,O - Anhydroglucose+ H,O0 - Chars

|

Tars

Bradury et al. (1979) proposed a Broido-Shafizaahellel. An initiation reaction led to
the formation of “activated cellulose”. The “actigd cellulose” then decomposed
following two competitive first order reactions: emproducing volatiles, and the other

yielding chars and gases.

Cellulose - Activated Cellulose— Volatiles

’

Chars+ Gases
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Varhegyi et al. (1994) proposed a modified Broid@mfizadeh model. In this model, the
“activated cellulose” was eliminated, and a frag#ibratio between chars and gases was

introduced.

Cellulosell - v.Chars+ (1-v.)Gases

Tars

1.4.2 Hemicelluloses

The second chemical composition of wood is hemitedles. Hemicelluloses
(predominantly @ polymers but also including ¢Cspecies) are a mixture of various
polymerized monosaccharides such as glucose, mangatactose, xylose, arabinose,
4-O-methyl glucuronic acid and galactuonice acidicees, and consist of glucose
molecules and other simple saccharides (normall@D glucose/saccharide molecules
with the molecular weight up to 32,000) with a gahdormula of (GHgO,)n. Unlike
cellulose, hemicelluloses have branched structinagsvary with wood species. The most
abundant hemicelluloses are xylan. Hemicelluloseseasy to hydrolyse, and soluble in
dilute alkali. Compared to cellulose, few studiesvén been done on hemicelluloses
pyrolysis because of its unstable nature and diffechemical behaviour from species to

species.

Blasi and Lanzetta (1997) proposed a two-step nmesimafor the thermal decomposition
of hemicelluloses. The reactions in the first stgptemperatures below 423 K were
depolymerization, leading to the formation of attand rearranged polysugar structures.
In the range of 423-573 K, the second step reaxtiorcluding the decomposition of
oligosaccharides and monosaccharides, formed c8&sCQ and HO. Light volatiles

such as carbonyl compounds formed from the fragatiemt of the carbon skeleton.
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The simplest kinetic model for hemicelluloses pyst is the one-step model.

HemicellubsesT* — Volatiles+ Chars

As shown in Table 1-9, the activation energy of loetiuloses pyrolysis ranges from 43
to 258kJ mot*. Williams et al. (1993) reported that the increiskeating rate causes the

decrease of the activation energy.

Table 1-9 One-step model reaction kinetic constimteemicellulose pyrolysis

Authors Operating conditions Reaction rates, $
Stamm, 1956 Isothermal glass bulb reactor, 383-493K=1.3X10“exp(-111000/RT)
Ramiah, 1970 Isothermal TGA, 488-523K k=7.8X%%8p(-125000/RT)
Hirata, 1974 TGA, 513-523K, 5 K miin k=1.7X10%exp(-119000/RT)
Min. 1977 Ceramic tube, up to 833K, 30 K min | k=5.2X10%exp(-124000/RT)

Bilbao et al., 1989

TGA, 473-673K, 1.5 K rifin

k=3.5X10'exp(-43000/RT)

20 K min k=7.2X10exp(-72000/RT)
80 K min k=2.7X10Fexp(-86000/RT)
Williams et al.,1993 | TGA, up to 993K, 5 K miin k=6.7X10exp(-258000/RT)
20 K min k=9.6X10exp(-257000/RT)
40 K min k=1.1X10"exp(-194000/RT)
80 K min k=5.8X10"exp(-125000/RT)

More complicated kinetic models have also been gseg in the literature. Chen and
Kuo (2011b) proposed a one-step model withodder reaction for the torrefaction of
hemicelluloses and a one-step model witho®der reation for the torrefaction of xylan.
Several multi-step pyrolysis models for hemiceldgs were proposed in some studies
[Shimiza et al. 1969; Blasi et al., 1997; Koufopsrat al. 1989] based on pyrolysis of
xylan and related compounds. Some authors alscedrthat hemicelluloses pyrolysis

could not be modeled by simple kinetic models [O&aal. 1999].
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HemicellubsedT] - Volatiles [Shimiza et al. 1969]

l

Chars+ Gases
Hemicellubses- Intermedides - Chars [Blasi et al. 1997]

l l

Volatiles Volatiles
Hemicellubses- Intermedide - Volatiles [Koufopanos et al. 1989]
l
Chars+ Gases
1.4.3 Lignin

The third chemical composition of wood is ligninighin is referred to the complex
three-dimensional mononuclear aromatic polymers{oiaaryl, coniferyl, and sinapyl
structures) that consists of an irregular arrayvafiously bounded “hydroxy-" and
“methoxy-" substituted phenyl propane units, hightyanched. The physical and
chemical properties of lignin vary significantlyofn species to species, with lignin
extracted from a same biomass depending on thaatxin or isolation method used.
Lignin is the main binder for the agglomeratiorfibfous cellulosic components with an
amorphous structure and interlinkages and covdiekages between individual units,
causing the non-selective random reactions. Thetsire and chemistry are still unclear.
Lignin generally cannot be broken down into simplenomeric units and is insoluble in
most solvents. The lignocellulosic complex can lbekén by treatment with strong
sulphuric acid to separate the lignin fraction. rEiere, thermal decomposition studies on
lignin extracted from biomass will not necessanilgitch the pyrolysis behaviour of lignin
present in the original biomass. Few studies haenbconducted on pyrolysis of the
extracted lignin and the pseudo-lignin.
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Thermal degradation of lignin occurs over a widage of temperatures, resulting in
30-50% of chars and a significant amount of gasédelow 473 K, lignin pyrolysis
occurs with a small weight loss. In the range 08-5¥3 K, chars and volatiles can be
produced by devolatilization and carbonization. dasive devolatilization and
carbonization of lignin occur at temperatures abbv¥8 K, with the maximum weight
loss at 673 K. Since lignin contains various oxydenctionalities that have different
thermal stability, the scission of the functionatogps takes place at different
temperatures. For instance, products from decortiposif hardwood lignin are different
from softwood lignin, and different reaction mectsamis thus expected. The presence of

cations (N&, NH,", Ca") also has a significant effect on the decompasitesult.

Tang (1967) proposed a simple one-step globalicrantodel for lignin pyrolysis based
on TG results under vacuum conditions at two teaipee stages for lignin isolated from
spruce by sulfuric acid. In this case, activatioergies of 87.&J mol® in the range of
553-617 K and 37.&J mol" in the range of 617-708 K were found. Williamsakt
(1994) reported the activation energy of the psdigion as 124kJ mol* (see Table
1-10).

Table 1-10 One-step model reaction kinetic constéotlignin pyrolysis at low

temperatures
Authors Operating conditions Reaction rates, $
Tang, 1967 TGA, 553-617 K k=5.9XJ&Xxp(-87800/RT)
617-708 K k=3.4XTexp(-37600/RT)
Williams et al., 1994 TGA, 423-773 K, 5K min k=1.5X10"exp(-124000/RT)
Chen and Kuo, 2011a TGA, 473-573 K Isothermal kegpg-37580/RT)
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1.4.4 Wood

Due to the multiple components composition of woitd, associated properties and
transport phenomena, and the existence of a lauggher of complex reactions, it is
difficult to derive a widely acceptable biomassrthal chemical conversion kinetic
model. Another difficulty in kinetic study of wodis in the decoupling of the chemistry
from transport phenomena. Therefore, for simpltfa@a most studies have used the

overall and lumped reaction kinetics.

The simplest kinetic model for wood pyrolysis isree-step model.

Wood[Tf - Volatiles+ Chars

Table 1-11 shows a summary of one-step model madtinetic constants for wood
pyrolysis. The activation energy varies widely fr@&& to 174kJ mol* under different

heating conditions, using different experimentaltides (TGA, tube furnaces, entrained
and fluid bed reactors, screen heaters, and drbpsjuand samples of different
characteristics (size, mass, and wood species), appdying different mathematical

treatment methods for the experimental data.
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Table 1-11 One-step model reaction kinetic constiortwood pyrolysis

Authors Materials n Operating conditions Reaction ates, &
Rogers et al. 1980 | Whatman 0|5 TGA, 473-673 K, IntK, N, k=2.1X10"exp(-153000/RT)
Thurner et al. 1981 | Oak, 65@n 1 |Isotherm tube furnace, 573-673 K k=2.47%Mp(-106500/RT)

Isotherm entrained flow reactor, 6827
Gorton et al. 1984 Hardwood, 300-35® 1 K k=1.483X10exp(-89520/RT)

Ward et al. 1985

Wild cherry

Isotherm tube fumae38-593 K

k=1.19X1fexp(-173700/RT)

Font et al. 1990

Almond shells,300-50@

Pyroprobe 100, 733-878 K

k=1.885X#8p(-108000/RT)

Gronli et al. 1992 Pine 1| TGA423-773 K, k=5.01%6%p(-88000/RT)

Epicea 1 | 5Kmin k=1.58X10exp(-92000/RT)
Avat 1993 Hetre 0.01TG, dynamic, 293-673K, 5 K mih k=7.7X10exp(-111000/RT)
\Wagenaar et al. 1998 Pine, 100-128 TGA drop tube, 553-673 K k=1.4X6xp(-150000/RT)

Reina et al. 1998

Forest waste, <100

Isotherm TGA, 498-598 K

k=7.68XHXp(-124870/RT)

25 mg

973-1173 K

k=6.33X3xp(-91530/RT)

Blasi et al. 2001

Beech, <0n, 9 mg

[ I L

Tube furnace, 573-708 K

(a)k=2.45%Q(-95400/RT)

(b)k=4.4X18exp(-141000/RT)

Shafizadeh and Chin (1977) proposed a one-compdhssg-reaction kinetic model at

fast heating rates or high temperatures for théuéen of each main product fraction.

Table 1-12 shows a summary of kinetic constantshfierone-component model for wood

pyrolysis.

Chars
T ke

WoodO® - Tars

L kg

Gases
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Table 1-12 One-component model reaction kinetistamts for wood pyrolysis

Authors

Materials

n

Operating conditions

Reaction ate, s

Thurner et al. 1981

Oak, 65n

1

Isotherm tube furnace, 573-673 K

«=H.4X1CFexp(-106500/RT)

ki=4.12X10exp(-112700/RT)

ke=1.43X10exp(-88600/RT)

Chan et al. 1985

ke=1.08X1Gexp(-121000/RT)

k.=2X10Pexp(-133000/RT)

ke=5.13X10exp(-92100/RT)

Font et al. 1990

Almond shells,

300-500um, 2 mg

Pyroprobe 100, 733-878 K

ck2.98X1Gexp(-73000/RT)

k.=5.85X10exp(-119000/RT)

ke=1.52X1Gexp(-139000/RT)

\Wagenaar et al. 1993

Pine, 100-126

TGA Drop tube,
553-673 K, 773-873 K

k=3.05X10exp(-125000/RT)

k9.28X18exp(-149000/RT)

ke=1.11X1G'exp(-177000/RT)

Blasi et al. 2001

Beech, <gn, 9 mg

Tube furnace, 573-708 K

ck3.3X1(Fexp(-112000/RT)

k.=1.1X10%xp(-148000/RT)

ke=4.4X10exp(-153000/RT)

Some researchers used multi-step models for wooalysys to predict the reaction rates

and the product yields.

Wood - Reaction Intermedides — Reaction Intermedides — Chars

l l l

Volatiles Volatiles Volatiles

For a three-step model for wood pyrolysis, Branua Blasi (2003), estimated the kinetic
parameters for beech wood for three-step reactaindifferent temperature ranges:

depolymerization (528-593 K), devolatilization (5288 K), and charring (603-708 K).

The dynamic thermogravimetric analysis of wood malke shows over-lapped peaks for
the decomposition of cellulose, hemicellulosesnitig and extractives for weight loss
over a wide temperature range [Gronli et al. 2082practical way for the mathematical

description of the process is the assumption theh @gseudo-component is formed by
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different fractions of wood’s major organic compotgedecomposing in a similar way
within temperature ranges. For each pseudo-compoa@onversion (reacted fractiou)
and a reaction ratepddt, are defined. The overall reaction rates areesr combination

of these patrtial reactions:

aWcaIc M Jo..

=->»c —> 1-1
ot ,Z;‘ ' ot (1-1)
aaj n.
E:kj (l_aj)J (3-2
_E
K =Ae R (1-3)

Roberts (1971) proposed a two-component model foodvpyrolysis, based on the
consideration that the reaction time of hemiceie®in wood pyrolysis was only a few
seconds. Therefore, wood pyrolysis could be modfdedhe pyrolysis of cellulose and

lignin.

Wood.,,.. — Volaties+ Chars

Wood ,,, — Volatiles+ Chars

ignin
The reaction kinetic parameters were estimated bli4qpeak decoupling curve fitting.
Normally, the component contribution of hemicelkds was roughly 20-30% for the
total mass fraction, cellulose: 28-38%, and ligri@:15%. Table 1-13 shows the reported
activation energies of pseudo-hemicelluloses, ps@eatiulose, and pseudo-lignin with

first order reaction by different researchers i literatures.
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Table 1-13 Three pseudo-component model reactiwetiki constants for wood pyrolysis

Authors Materials Operating conditions Reaction raes, &

Williams et al., 1994Cellulose TGA, 473-773K, 5K mih N,  |k=6.31X13%xp(-260000/RT)
Cellulose 80 K miit, N, k=1.587X103%xp(-188000/RT)
Hemicelluloses | 5 K mih k=2.1X1(%exp(-259000/RT)
Hemicelluloses | 80 K mih N, k=1.58X10exp(-125000/RT)
Lignin 5 K mint k=2.51X10exp(-124000/RT)

Orfao et al., 2001 Cellulose TG, dynamic,450-700 K, k=6.6X1Cexp(-89000/RT)
Hemicelluloses | 5K mif N, k=1.1X1Cexp(-198000/RT)
Lignin k=5.3X18%xp(-18100/RT)

Miller et al. (1996) proposed a multi-step and matimponent model for wood

pyrolysis.

Components- Intermedides - Tars

v.Chars+ (1-v_.)Gases

Chen and Kuo (2011b) reported the torrefaction bfemd of cellulose, hemicelluloses,
and lignin. The result showed that the weight loshe blend was very close to the
linear superposition of weight losses of the thodemical compositions torrefied

individually.

1.4.5 Oxygen Effect

Senneca et al. (2002) suggested that the low-textyseroxidation of solid fuel has two

parallel pathways. One is the direct burning of pnee solid fuel and the second is the

oxidation of chars and volatiles produced by pysdy
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Fuel O P1*Ffr' . H,0+CO, +CO
Fuel O P, Volatiles+ Chars

Volatiles+ CharsO #¥¢{ . H,O0+CO, +CO

Senneca et al. (2004) further proposed a powerkiametics model for the oxidative
pyrolysis of solid fuels based on fitting the wdidbss TG curves with the oxygen

concentration of 5-21%:

dx
at = _ko,oz exp-

So, )X"P] (1-4)
RT

where x is the solid conversion (dry basis), t fe treaction time,k,, is the
pre-exponential factor of oxidationE, is the activation energy of oxidation, m is the

reaction order with the partial pressure of oxygens the reaction temperaturéy, is

the partial pressure of oxygen level in the atmesphn is the oxygen effect reaction

order.
Uemura et al. (2011) suggested that the reactioetiks of oil palm empty fruit bunches
(EFB) torrefaction with the oxygen concentration @21% followed two parallel

pathways. One is the hemicelluloses decompositidnciw represents the original

trorrefaction reaction, and the other is the bios@ddation.

— = (- - — | m n
roverall - ( rtorrefaction) + ( roxidation) - ktorrefactionCHC + koxidationCEFBCO2 (1_5)
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where—roveranl IS the reaction rate of EFBiiorrefaction IS the torrefaction reaction rate of
EFB, —Toxidation IS the oxidation reaction rate of EFBgrktaciioniS the torrefaction reaction
rate constant, Jdaiion IS the oxidation reaction rate constanf,c@s the hemicelluloses
concentration in EFB, &g is the EFB concentration,dzis the oxygen concentration, |
is the torrefaction reaction order, m is the reactorder with the partial pressure of

oxygen, and n is the oxygen effect order.

1.4.6 Summary of Kinetics

The simple one-step kinetic model with the firdarreaction can be used to predict the

reaction time and the solid products formation fatdbiomass pyrolysis.

Biomass— Volatiles+ Chars

For the modeling of the biomass pyrolysis at terapees below 573 K (torrefaction

temperatures), Prins et al. (2006b) postulatedth®atveight loss of biomass degradation
was primarily from the decomposition of hemicelkds based on data from willow
(hardwood, deciduous wood), and suggested thaBldm and Lanzetta (1997) model, a
two-step kinetic model with parallel reactions twrh solids and volatiles, was suitable
for biomass torrefaction (mild pyrolysis). They thugr showed that for wood pyrolysis

below 573 K, the reactions were the rate-limitingpsfor particles smaller than 2 mm

where the impact of intraparticle heat and masssteat becomes insignificant.

Biomass— Intermedides - Solids
! !

Volatiles Liighs

At the temperatures above 573 K, the Broido-Shd&hamodel for biomass degradation
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has been widely used [Bradbury et al. 1979], whiololved an initiation reaction of
biomass leading to the formation of “Intermediate’hen the “Intermediates”
decomposed following two competitive first ordeacgons, with one producing volatiles

and the other yielding chars and gases.

Biomass- Intermedides — Volatiles

l

Chars+ Gases

1.5 Wood Torrefaction

In the 1930’s the principles of wood torrefactioere first reported and the technology
was used to produce a gasified fuel [Bioenergy Rd@Ghe 1980’'s, some attempts were
made to use torrefied wood as the reduction agentdtallurgical applications, with a
demonstration plant built, but then dismantledhie early 1990's. In the last decade, the
torrefaction technology has been studied againufigrading wood for different final
uses, such as co-firing in existing coal-fired povwggations [Bergman et al. 2005],
gasification [Prins et al. 2006a; Deng et al. 20G8jh-gas production [Couhert et al.
2009], and barbeque fuel production [Winkler 2011].

Different wood behaves differently during torrefaot due to the different contents of
components. Figure 1-4 shows that the mass lossatf is lower than beech and willow.
One of the reasons is that coniferous wood (laocdjtains slightly more lignin than
deciduous wood (beech and willow) (25-35 %wt verd@®25 %wt), slightly less
cellulose (35-50%wt versus 40-50%wt) and, on aweragmparable amounts of the
hemicelluloses (20-32%wt versus 15-35%wt). For mybased hemicelluloses, more than

half of mass is lost at 26TC (see Figure 1-4b).
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Figure 1-4 Torrefaction decomposition of the maimponents of woods

((a) at 248C and (b) at 26C, heating rate 10 K mih particle size 0.5-2mm)
(Reprinted from Prins et al. 2006b with permission figlsevier)

Many kinds of reactors have been considered forefaction. One typical wood

torrefaction process obtained from a batch fixed toerefaction reactor included several
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stages (see Figure 1-5):

Drying: The sample is heated by the furnace and flowingMogas from room
temperature to 2080C. Free water and physically bound water are rekkasiring this
stage, as well as some light organic compounds é&weaporation.

Low Temperature Reaction: The temperature of samples increases from°206
the target torrefaction temperature. Decompositants at 206C.

Torrefaction: The sample is maintained at the target torrefadtonperature over the
target residence time.

Cooling: Torrefaction stops when the sample is cooled tovw@00°C. The solid

product is further cooled from 20C to the desired final temperature.

350
B M t el ——r——— ¢ 4-q—t — i
100 d ! 1 t .
— ®— Input 'N2 EyEEEpEnSy iy RN
[ — A Sample ;. ]
250 F— m | Fumace ;‘ -\ 1
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£ o 4 \
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S ™ L]
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@ 0
= 100 | /.j Drying and Heating (21-200 C) for 24 min \. x‘ -
Y
0
- j Low temperature reactipn (200-280 C) for 20 min .\. .
50 - A Torrefaction (280°C) fr 42 min .r -
A 0 |
i Cooling (280-200 C) for 4 min
0 L | L | L l L | L
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Time (min)

Figure 1-5 Typical torrefaction cycle
(ts=drying time, t=low temperature reaction time,
t=reaction time at torrfaction temperatureg=cboling time)
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The product distribution strongly depends on theefaction conditions (temperature,
heating rate, and residence time) and the biomagsegies. After torrefaction, biomass
can be classified into three phases (gas, liquid, solid) at the room temperature. The
gas phase includes carbon dioxide and carbon mdeowith small amounts of
hydrogen, methane, benzene and toluene. The Ighade can be divided into reaction
water, organics (sugars, polysugars, acids, alsplfimans, ketones), and lipids (terpenes,
phenols, fatty acids, waxes, tannins). The soliasghconsists of original sugar structures,
modified sugar structures, large newly formed pdyim structures, typical carbon rich

char structures, and the ash fraction.

Prins et al. (2006a) provided an overview of massenergy balances for torrefaction of
dry willow, which includes two experimental rung:areaction temperature of 25CG

for a reaction time of 30 min, and 30@ for 10 min (see Figure 1-6). During

torrefaction, more volatiles are removed at higieenperatures so that the solid product
for the two cases is 87% and 67%, respectively. diergy balance shows that 95% and
79% of the input energy are retained in the sotwbpct, respectively. So, compared to
the original willow, the increases of lower heatwrave (LHV) on the mass basis for the

torrefied willow for the two cases are 10% and 188spectively (see Table 1-14).

28



Table 1-14 Mass and energy balances for torrefactid kg dry willow

ltem Torrefaction (250°C 30 min' Torrefaction (300°C 10 min’
Mass, k¢ LHV, kJ Mass, k¢ LHV, kJ
1 Solid
Torrefied wool 0.85¢ 16883 0.65¢ 14024
Ash 0.01: 0 0.01: 0
Total 0.87:2 16883 0.66¢ 14024
2 Liguid (Condenssle)
Watel 0.057 0 0.06¢ 0
Acetic acic 0.0217 300 0.072 1001
Other organic 0.01¢ 258 0.14: 2280
Total 0.09¢ 558 0.2¢ 3281
3 Gas (Permaner
Carbon dioxid 0.02¢ 0 0.04 0
Carbon monoxid 0.00: 30 0.012 121
Hydroger Trace 1 Trace 1
Methan Negl. 0 Trace 2
Total 0.03: 31 0.05:2 124
Source: Prins et al. (2006a)
Volatiles 0128 kg

‘ 632 k)
Wood | kg ]
Torrefaction reactor
17630 kT i+ 240) 250°C, H0min, || Tomefied Woed 0872 ke

7 g

7085 (2090 1

=

(a) 7 (2440 kD

0.332 kg

Volatiles

Ml

Tomefied Wood 0668 kg

Wood | kg Torrefaction reactor
= " 300°C, 10mi
17630 kJ (£ 240) L 200 € 10min.

_—
&
x 14213 i+ 1607 kI
=
Y] 124 (£400 § kI

Figure 1-6 Overall mass and energy balances foefemtion of dry willow
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Torrefied wood has a brown colour. The propertiesoaefied wood were found to be
between wood and coal. After torrefaction, the LidWwillow increases from 17.6 to
19.4 and 2MJ kg?, respectively, for the two temperatures investidabecause most of

the weight loss is from hemicelluloses, which hédmwaenergy content (see Table 1-15).

Some experimental studies with different targetgeeHaeen conducted on the torrefaction
of wood. The wood species, torrefaction temperatame reaction time were considered
to be the most influential parameters. Table 1-d@rearizes the energy yield and the
high heating value increase of torrefied wood dfiedent species. From Table 1-16, the
energy yield was in the range of 61-98%. The hightimg value increase was in the
range of 1 to 40%. Deep torrefaction can increadgeheating value, but decrease the

energy yield.

Table 1-15 Composition and LHV of willow and toriesf willow

ltems Wood Torrefied Wood
250°C 30 min 300C 10 min
Carbon 47.2% 51.3% 55.8%
Hydrogen 6.1% 5.9% 5.6%
Oxygen 45.1% 40.9% 36.2%
Nitrogen 0.3% 0.4% 0.5%
Ash 1.3% 1.5% 1.9%
LHV, MJ kg™ 17.6 19.4 21.0

Source: Prins et al. (2006c¢)
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Table 1-16 Energy yield and high heating valueaase of torrefied different wood

Author Wood HHV Operating | Weigh loss HHV Energy yield HHV increase
MJ kgt | conditions % MJ kgt % %

Pach et al., 2002 Birch 16.44 26060min 14.50 18.83 97.93 14.54
Felfli et al., 2005 Wood 20.02 220 30min 6.00 20.43 95.91 2.05
briquette 20.02 25C¢ 30min 26.00 21.21 78.39 5.94

20.02 27€C 30min 44.00 22.77 63.70 13.74

20.02 22€8C 60min 10.00 20.99 94.36 4.85

20.02 256C 60min 35.00 22.06 71.63 10.19

20.02 27€C 60min 46.00 22.98 61.99 14.79

Bridgeman et Willow 19.00 230 30min 4.90 20.20 96.05 6.32
al., 2008 19.00 25Q 30min 10.40 20.60 92.29 8.42
19.00 2708C 30min 20.20 21.40 85.39 12.63

19.00 29€C 30min 28.00 21.90 78.84 15.26

Phanphanich Logging 18.79 228C 30min 12.00 19.79 92.68 5.32
and Mani, 2011 residue 18.79 26B0OmiIn 19.00 21.21 91.43 12.88
chip 18.79 27% 30min 30.00 22.03 82.07 17.24
18.79 308C 30min 48.00 26.41 73.09 40.55

Pine 18.46 22% 30min 11.00 19.48 93.92 5.53

18.46 25€C 30min 18.00 20.08 89.20 8.78
18.46 27%C 30min 27.00 21.82 86.29 18.20
18.46 308C 30min 48.00 25.38 71.49 37.49

Wannapeera Leucaena 20.3( ZDBOmMIN 9.00 21.00 94.14 3.45
etal., 2011 20.30 226 30min 13.50 21.20 90.33 4.43
20.30 258C 30min 27.00 21.20 76.24 4.43
20.30 27%C 30min 45.50 22.80 61.21 12.32

It should be mentioned that the volume of torreflwdod decreases only slightly

although the energy density on a mass basis iresesagnificantly after torrefaction. This

means that the volumetric energy density is notrawgd. In addition, after torrefaction,

wood loses its tenacious, water uptake, and bicddgiegradation natures.
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1.6 Wood Densification

Densification can enhance the bulk density of bissnaarticles from the initial 40-20@

m* to the final 600-120&g m* [Holley 1983; Mani et al. 2003; Obernberger & Thek
2004; McMullen et al. 2005; Adapa et al. 2007]. \Walensification is a process applying
a mechanical force to compact wood residues or weastes (sawdust shavings, chips or
slabs) into a uniform size shaped like pelletsgumeites and logs. The target of wood
densification is to increase the volumetric enedgysity, easy storage and handling,
reduce the transportation cost and the moisturéentnWood pellets are usually 6-12
mm in diameter with the length ranging from 6 to @k [Melin 2006]. Typically, the
bulk density of wood pellets is between 500 and K&§0r® with a moisture content of
7-10% by weight [Bergman 2005]. Most wood pellets mowadays used in combustion
for the heating of single-family houses, districealing systems, and electricity
generation. Briquettes are generally disk shapéid a/60-100 mm in diameter and 20-50
mm in length. The bulk density of briquettes ranfesn 320 to 560kg m*, and the
moisture content is 10-12% by weight [Bissen 200%je final use of briquettes is for
both residential and industrial applications. Lggeduced from the same machines as
briquettes are cylindrical in shape with 50-100 rimdiameter and 300-400 mm in
length. The logs are mainly for residential useshsas fireplace and wood stove [Sims et

al. 1988].

Rumpf (1962) first explained the densification meailsms of particles into the briquettes
and pellets: attraction forces between solid pladi interfacial forces and capillary
pressure to move liquid such as water into surfaagéisesion and cohesion forces, solid

bridges, and mechanical interlocking or form-clobedds.

The pellet quality and the pellet density mainlyedine the compaction pressure, the
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preheating temperature, and the pressure holdimg.tLi et al. (2000) and Liu et al.
(2000) reported that the compaction pressure fersthong logs made from sawdust at
room temperature was at least 100 MPa. The tafgdteopreheating temperature is to
reach the glass transition temperature of lignihe Tignin is a natural binder for
densification. The lignin cooled and reformed iswid can give the good shape and
orientation of pellets, briquettes and logs. Notgndhe glass transition temperature of
lignin is 100-14C°C (see Figure 1-2). In the moisture content of 8s1€he temperature
reduces to 60-108C [Kaliyan and Morey 2009]. Therefore, the qualitfypellets can
improve with preheating temperature. The pressotdig time is for the formation of

densification.

Biomass densification has been practiced commérdnalarge-scale pellet plants. In this
section, the technology of wood pellets has begrewed in order to develop the new
method for producing the torrefied pellets. Thehterdogy of wood pellets is available
for large-scale production of wood pellets. Theldgquaf wood pellets strongly depends
on the quality of the feedstock as well as procgssonditions, such as fiber sources,
particle size, particle moisture content, partig@eperature, biomass feed rate, die size
and shape, die speed and temperature, [Bissef].200re specifically:

« Moisture content: Acceptable moisture content of wood residues fokintgawood
pellets is 9-12%wit.

« Particle size: The screens size for biomass grinding to make sstduypically less
than 3.20 mm.

« Chemical composition characteristicsiignin in wood is a natural binder for making
wood pellets. The high lignin contain of wood resd can improve the strength of wood

pellets.
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« Conditioning: Normally, steam is used for preconditioning thedieck. The added
moisture and heat can help the lignin to soften iamgiove the feedstock lubrication,
saving the energy for making pellets and increatheglie life.

e Temperature: The glass transition temperature of chemical comipos of wood
residues is 50 to 13. Normally, the die temperature is controlled @PC. The higher
die temperature can improve the quality of woodetel but will increase the die wear.
The maximum die temperature used in the indust1@°C. If the die temperature is
over 150°C, the die wear will be substantially accelerated.

« Pressure force and force application rateThe high pressure force of the die can
improve the quality of wood pellets, but increake tnergy consumption. To make
strong wood pellets, the pressure is usually o2érMPa.

« Hold time: A long hold time can improve the quality of wood lg&d. In most
experimental conditions, the hold time is aboutifute.

« Die: Normally, the die is shaped as a cylinder of 6.3 mmiameter.

The properties of torrefied wood materials are ificgmtly different with the raw wood
such as the chemical composition and the moistuméeat. There have been only a few
studies reported on this topic, and the operatmgditions for making torrefied wood
pellets still need to be investigated in order gvelop an integrated technology for

making torrefied pellets.

1.7 Commercial Development of Wood Torrefaction

The rapid growth of wood pellet industry in recgetirs has been mainly driven by the
effort to reduce greenhouse gas emissions in Euaopethe rising oil and natural gas
prices. Bergman (2005) developed the TOP proceshéoproduction of torrefied wood

pellets, which have the higher heating value andrdphobic properties compared with
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regular pellets. Although a number of lab and pi#loale torrefaction units have been in
operation, under construction or planning [Boydaket2011; Melin 2011; Kleinschmidt

2011], many technical and business barriers sti#dhto be solved in order to build a
commercial scale plant. In Europe and Canada, soajer joint programs have been
recently initiated to demonstrate the torrefied lgielprocess, targeting the first

commercialization in 2015 and producing 812" torrefied pellets (see Table 1-17).

From Table 1-17, it can be seen that torrefactas tbeen conducted in several types of
reactors such as screw conveyor, rotary drum, ngoved, belt conveyor and torbed, but
few studies have been conducted on densificationbdild a commercial plant for the
production of torrefied pellets, both the torrefastand the densification technologies

need to be considered and demonstrated.
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Table 1-17 Some commercial development torrefagiiofects

Developers Torrefaction Locations Capacity, Starting
reactors t h* operation

Producing or in Commissioning
Topell Energy Torbed Duiven, Netherlands 8 2011
Integro Earth Fuels Turbo Dryer Roxboro, USA 2010
Stramproy Green Belt conveyor Steenwijk, Nethertand 55 2010
4Energy Invest Rotary drum Amel, Belgium 55 2010
Zilkha Biomass Energy| Unknown Crockett, USA 2011
Torrsys Moving bed Vanderhoof, Canada 2012
AtmosClear Rotary drum Latvia 5 2011
Agri-tech Screw conveyor Columbia, USA 2011
Biolake Screw conveyor North-Holland 2011
Torr-Coal Rotary drum Dilsen Stokkem, Belgium 4.5 012
Fox Coal Screw conveyor Winschoten, Netherlands p 2011
BioEnergy Inc Rotary drum O-vik, Sweden 3.0 2011
Thermya Moving bed San Sebastian, Spain 2.5 2011
New Earth Belt conveyor 2 2011
Under Construction or Publically announced
CanBiocoal Micro wave reactor Terrace, Canada 12 1220
Fox Coal Screw conveyor Netherlands 12 2012
Diacarbon Diacarbon 2014
ECN Moving bed Netherlands 2012
WPAC TBA British Columbia, Canada 5 2012
ETPC BioEndev 4.5 2013

Source: Boyd et al. (2011), Melin (2011), Kleinsétinf2011)

1.7.1 TOP Process

Torrefaction can increase the energy density ofdvoo the mass basis, and solve the

problems of the durability and biological degradatiassociated with conventional

pellets. Pelletization, on the other hand, canease the volumetric energy density, and

solve the drawbacks of torrefied biomass, sucthadaw volumetric energy density and

dust formation.

The TOP process was proposed bl E€ee Figure 1-7). During

torrefaction, the biomass is directly heated byréwycled hot gases. The combustion of

36



the liberated torrefaction gases generates thessageheat for torrefaction and drying.
Torrefaction was carried out in a heated screw tgaetor with controlled temperature

and a minimal pressure drop. Currently, the proesader development at ECN.

& Pelletisotion

o Sz Pellets

Steam :
Drylng e tion precondtioning Densiflcation —=] Cacling

Bi ECN Torrefoaction and Felletisation (TOF process)

i

Combustlon

Torrefaction guses

Fluegas

Gos
ecycie
Bionass Size [TOF Peliets

— Drylng = Torrefaction reduston = Densiicotion —=| Cooling

Figure 1-7 Process flowsheet of pelletisation a@iNEombined torrefaction and
pelletisation

The bulk densities of torrefied pellets range fré60 to 850kg ni°, with the dry high
heating value of 20.4-22MJ kg* and the bulk energy density from 14.9 to 184",
Conventional wood pellets have a bulk density @ &2 640kg m* and the bulk energy
density of 7.8-10.55J m® (see Table 1-18). Therefore, torrefied pellets banabout

more higher in energy density than conventiondepsl

Torrefied pellets contain less volatile componergad are hydrophilic and hardly
biologically degradable. Therefore, the durabiigyetter than conventional pellets. This
means that torrefied pellets will have fewer prafde associated with off-gassing,

spontaneous ignition, and dust generation.
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Table 1-18 Properties of wood, torrefied wood, wpetlets and TOP pellets

Properties Unit Wood Torrefied Wood Wood Pellets TOP Pellets
low high Low High

Moisture content Yowt 35% 3% 10% 7% 5% 1%
LHV

as received MJ kg 10.5 19.9 15.6 16.2 19.9 21.6

Dry MJ kg* 17.7 20.4 17.7 17.7 20.4 22.7
Mass density (bulk) | Kgml 550 230 500 650 750 850
Energy density (bulk) | GJ 5.8 4.6 7.8 10.5 14.9 18.4
Pellet strength Good very good
Dust formation moderate High Limited limited
Hygroscopic nature water uptake Hydrophobic | swelling/water uptake | poor swelling/fgfdbic
Biological degradation possible Impossible Possiple impossible
Seasonal influences high Poor High poor
Handling properties normal Normal Good good

Source: Bergman (2005)

ECN provides an overview of the technical perforoeancharacteristics of the

conventional pellet process and its torrefied pellprocess (see Table 1-19). Both

processes were thermally balanced by using nagasafor required heat input for drying.

A major advantage of the torrefied pellets progesa the volumetric production rate of

pellets. The torrefied pellet process producei@ annunt of torrified pellets with 40

MW energy content, compared to the conventionalepiehtion process at 13BIm’

annum' of pellets with 44 MW energy content. This enormeoalume reduction offers a

major advantage for torrified pellets in the logistnd transportation operations.
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Table 1-19 Technical performances of conventioe#iefisation and the TOP processes

ltem Unit Conventional pelletizatioif OP processConventional pelletization TOP process
Feedstock Sawdust Sawdust Green wood chips Green wood
Feedstock capacity kt'a 170 170 170 170
Moisture content wit 57% 57% 57% 57%
LHV feed (ar) MJ kg 6.2 6.2 6.2 6.2
Production capaciy  kt a* 80 56 80 56
Mm?® a* 133 70 133 70
MW fuel 44 40 44 40
Moisture content Yowt 9 3 9 3
LHV product (ar) MJ kg 15.8 20.8 15.8 20.8
Cooling water mt* produc 16.7 16.7
Steam t't product 0.025 0.025
Utility fuel MW 104 3.9 11.3 4.7
Power consumption MW 1.26 0.83 1.84 1.01
Thermal efficiency| LHV(ar) 93.9% 98.5% 92.2% 96.5%
Net efficiency LHV(ar) 88.0% 93.7% 84.0% 90.8%

Source: Bergman (2005)

The economic analysis of the ECN'’s torrefied pghieticess was based on estimations of

the feedstock delivery cost, the production cds, lbgistic cost, and the transportation

cost.

production cost of torrefied pellets from sawdis®Ri2€ GJ' (3.3$ GJ', 1€=1.51%),

compared to 2.6 GJ* (3.9% GJY) for conventional pellets (see Table 1-20).

Table 1-20 Production costs of the conventionatess and the TOP process

The best comparison between both processesthe basis & GJ* and the total

Conventional Conventional
Item Unit Pelletisation TOP process Pelletisation TOP process

Feedstock Sawdust Sawdust Green wood Green wood
Production rate kth 80 56 80 56
Total Capital Investment* M€ 3.9 5.6 5.9 7.4
Total production costs €'t 41 45 54 50

€GJY 2.6 2.2 3.4 2.5
Financing £t 2 4.4 3.2 5.9
Depreciation et 4 8.8 6.5 11.7

Source: Bergman (2005), *: Including working cap@fabout 0.5 to 0.7M€
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The total costs per tonne of product are similarbimth processes, but the total costs on

the basis of€ GJ' in the whole production chain are significantlgde(32%) for the

torrefied pellets, due to the lower production vo&s and higher bulk density. The most

significant savings are found in the ocean transgpion for pellets made in South Africa

and exported

to Europe (see Table 1-21).

Table 1-21 Cost analysis of TOP pellets and conoeal pellets for the sawdust case
(Production in South Africa and Consumption in Marést Europe)

TOP process Conventional process

Production capacity| kt’a 56 80

MW 40 44

Density, kg rt 800 650

€t'product| €4 € t* product €4

South Africa Feedstock gate delivery 1584000( 11 84000(
South Africa Pellet production & product storage 45 2520000 41) 3280000
South Africa Road Transportation to harbor 4.24500( 4.4 35000(
South Africa Storage in harbor 1.5 8190( 1.8 14400(
South Africa Transfer & handling harbor 3.318200( 4 32000(
Sea transportation 281575000 35 2769231
NW Europe Transfer & handling harbor 3.318200( 4 32000(
NW Europe Storage in harbor 1.7 9555( 2.1 16800(
NW Europe Water transportation to end-user 1.69100( 2 16000(
Total costs, €1 104 5812450 104 8351231

£€GY 4.99 6.61

Source: Bergman (2005)

ECN provided the market price of torrefied pelldssed on the differences in net

heating value. The estimated market price of t@depellets is nearly 150t* (226$ t%)

(against conventional pellets 12" (181$ t%)) for the co-firing market and 185t* (279

$ t1) (against conventional pellets 160" (226%$ t1)) for the domestic market (see Table

1-22).
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Table 1-22 Market prices of TOP pellets
(Values are derived from the market prices of catie@al wood pellet)

Co-firing
market Domestic market
Item Unit Conventional PellgtSOP Pellets Conventional Pellets  TOP Pellets
LHV (ar) GJt 16.5 20.4 16.5 20.4
Gate price £t 120 148 150 185
€GH 7.3 7.3 9.1 9.1

Source: Bergman (2005)

1.7.2 Other Under Development Processes

Currently, Torftech Ltd., Alterna Energy Inc., Nearth Renewable Energy Inc., and
Agri-Tech Producers, LLC. also developed theirdtaction technologies and processes.
Some commercial plants are under construction. iMagor difference among their

technologies is in the design of the torrefactieactor.

Torften Ltd. Developed a Torbed torrefaction reagtdamburg 2009]. There are no
moving parts inside the reactor. High temperatuoegss gases pass through the reactor
to torrefy raw materials. The advantages are thathteat and mass transfer are very
efficient, the pressure drop is low, and a widegeaof particle sizes can be used. At the
batch mode, a variety of biomass including woodshigrass, straw, palm oil kernels,
etc., has been tested with the torrefaction temiperaange of 280-320 °C. The LHV of
torrefied pellets (also called TOPELL pellets) rang0-25 GJt A capacity of 60 kt
annum® commercial plant has been under construction iivéy Netherlands. This
reactor behaves between the moving bed reactothenéluidized bed reactor, and has

both advantages.

The Alterna Energy torrefaction unit is a fix bexhctor [Kutney 2008]. Raw materials

are loaded into a box, and the box is then movéal ankiln. The raw materials are
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torrefied in the high temperature kiln. After tdaetion, the box is moved out and
torrefied materials are unloaded. The technologymiature, but the heat transfer
efficiency is low. Based on the low thermal condutt of biomass, the torrefaction

residence time may be hours. The product is alsedchiocarbon.

The rotating drum technology is used for torrefactby NewEarth Renewable Energy
Inc., and the torrefaction technology also is chllECO Pyro-Torrefaction (EPT)
[NewEarth, 2009]. The company claimed that NewEsmPT plant is the world’s first
operating commercial scale torrefacton productemility with more than one thousand
hours of successful operation. The raw material$ laot process gases are in direct

contact during torrefaction to achieve high heat arass transfer efficiency.

Based on the technology originally developed in tNo€arolina State University,

Agri-Tech Producers, LLC developed a ATP torrefattprocess [James, 2009]. A screw
reactor is used as the torrefaction reactor. Tlaetoe is operated with a temperature
range of 300-400 °C. The high temperature processegyindirectly heat the raw

materials.

1.8 Research Objectives

Based on the literature review presented above,care see that torrefaction is a
promising technology to improve the energy densatyd hydrophobicity of the
conventional wood pellets. The main objective af thesis is to study the torrefaction of
BC softwoods in order to develop a torrefaction atehsification process for the

production of high quality torrefied pellets.

The specific research tasks to be conducted inélsisarch program include:
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To investigate the torrefaction of BC softwood®ifGA so as to develop the specific
torrefaction reaction kinetics for BC softwood as function of torrefaction
temperature, residence time, and particle size. 20t mg sawdust samples of various
particle sizes were used for each TGA test. Thepgamveight during torrefaction in
the TGA was continuously monitored. The temperatvas varied from 200 to 300
°C, with the heating rate varied from 1 to 50 K thifthe TGA curves of the weight
loss versus time were used for the determinatiaeadtion kinetics of wood samples.
To optimize the operating conditions such as taw&bn temperature, residence time,
and particle size in a bench-scale fixed bed redsésed on the quality of torrefied
pellets. A bench fluidized bed reactor was alsdt land used to investigate the
performance of the torrefaction process under varaperating conditions.

To identify the suitable conditions for making t&fied pellets, including die
temperature, pressure or compression force, pagize, and the moisture content. The
torrefied sawdust was compressed into pelletssmgle die pelleting unit in order to
identify the optimal torrefaction conditions.

To study the torrefied pellet properties such diepdensity, moisture content, water
uptake rate, and the hardness.

To develop a combined torrefaction and pelletizatirocess. The experimental
torrefaction data were analyzed to obtain the facteon kinetics of BC softwoods,
identify the suitable industrial torrefaction aneingification conditions, and develop a
new torrefied wood pellet manufacturing process.

To evaluate the economics of torrefied wood pelleised on the torrefaction and

densification results.
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1.9 Thesis Outlines

Chapter 2 presents the experimental setup ancathenaterials used in the tests, as well

as the instrument used for sample and product cteization.

TG curves of weight loss for major BC softwood spedpine, fir, spruce, and SPF) and
three major chemical compositions (cellulose, hefhitoses, and lignin) in the TGA
have been investigated. Based on fitting TG curtgsefaction kinetic models have been

developed in Chapter 3.

Chapter 4 presents a study of torrefaction in achestale tubular reactor unit and
densification with a MTI 50K press machine to intlignthe optimal torrefaction and

densification conditions for the production of highality torrefied wood pellets.

Based on TG curves of weight loss, the effect ofigla size on torrefaction kinetics has
been investigated in Chapter 5. Chapter 5 alsaudgs&s the difference in weight loss
results between the TGA and the fixed bed unit #imel particle size effect on

densification in a MTI 50K press machine.

In order to indirect use the flue gases from thenlmostion of torrefaction volatiles,

Chapter 6 examined the effect of oxygen conterthéncarrier gas on the torrefaction in
both the TGA and a fluidized bed reactor unit. Basa the TGA test data, a simple
torrefaction kinetics incorporating the oxygen effeas been developed. A fluidized bed
reactor unit has been used to prepare the torrefetples under oxidative environment
for the production of torrefied wood pellets. At oxygen effect on densification has
been studied by the comparison of wood pellets gyegp from torrefied sawdust at

different oxygen content of carrier gases.

44



Based on the torrefaction and densification respiitthis study, Chapter 7 presents an
economical evaluation of BC torrefied wood pell@iscomparison to regular wood

pellets.

The overall conclusions and recommendations fouréutwork will be presented in

Chapter 8 for guiding other researchers for furtdevelopment of the torrefaction

process.
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CHAPTER 2 EXPERIMENTAL SETUP AND SAMPLES
PREPARATION

2.1 Preparation of Softwood Samples

Six types of BC softwood samples, fir, and SPF vebgus from Fiberco, pine and spruce
woodchips from FPInnovations, pine bark and SPFviega from Wood Pellet
Association of Canada, have been tested in thdys&PF woodchips samples obtained
from the wood industry was a mix of spruce, pind &nwoodchips, with pine as the
major constitute. Woodchips and bark samples weepgred by drying in a THELCO
laboratory PRECISION oven (Thermo Electron Corpgorgt(see Figure 2-1) at 378 K
for 24 hours and crushing in a hammer mill (Gletsriihc., USA; Model: 10HMBL) (see
Figure 2-2) installed with different size screefbe SPF shavings (see Figure 2-3) and
pine samples prepared in a hammer mill installeith Wiree different screen sizes (0.79
mm, 3.18 mm, and 6.35 mm) were used for the stdidgroperature, residence time and
particle size effects. The 0.79 mm screen waslliestin the hammer mill for grinding
spruce, fir, SPF, and pine bark residues for thdysbf different BC softwood species

(see Figure 2-4).

Figure 2-1 Photo of the THELCO laboratory PRECISI®NN
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Figure 2-2 Photo of the hammer mill

Figure 2-3 4.0 mm screen size SPF shavings samples

47



Spruce

Fir Sawdust

SPF Sawdust

Pine bark
Figure 2-4 0.79 mm screen size spruce, fir, SP& pame bark samples

Table 2-1 shows the proximate and ultimate analggeBC softwoods. The volatile

matter, fixed carbon, and ash content were meastnedusing a TG analyzer
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(SHIMADZU TGA-50) (see Figure 2-5). The chemicalngaosition was measured by
FPInnovations using a high-performance liquid chatography. The elemental analysis
was conducted in an EA 1108 elemental analyzer Esgere 2-6) in the Chemistry

Department at the University of British Columbiaofm Table 2-1, the properties of
spruce, pine, fir and SPF patrticles were seen tebgclose, but different from pine bark.
The mean particle size of BC softwood samples wd8 00.23 mm, much less than the

screen opening of the hammer mill.

Table 2-1 Proximate and ultimate analyses of B@smids (oven dry material)

Pine Fir Spruce SPF Pine Bark

Volatile matter, %wt 82.79 82.88 80.49 84.43 75.84
Fixed carbon, %wt 16.81 17.00 19.4p 15.33 21.61
Ash, %wt 0.40 0.12 0.24 0.24 2.55
Chemical composition, %wt

Cellulose 36.74 37.11 42.37 NA 26.17

Hemicelluloses 26.30 24.97 20.02 NA 17.89

Lignin 33.61 35.04 35.08 NA 41.01

Extractives 2.95 2.76 2.43 NA 12.38
Elemental analysis, %wt

C 51.22 50.01 51.24 50.3(0 53.21

H 6.02 6.07 5.95 6.09 5.98

@] 42.64 43.77 42.68 43.48 40.29

N 0.12 0.15 0.12 0.13 0.52

Note: chemical composition of SPF is not measurechbse it depends on different fractions of spruce,
pine and fir.
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Figure 2-6 Photo of the EA 1108 elemetal analyzer

The PRECISION oven was used to evaluate the meistomtent for particle samples. A
25 ml glass cylinder was used to determine the Mgksity. A multipycnometer
(Quantachrome Instruments, USA) (see Figure 2-8) wsad to measure the true density.

The high heating value was measured by a calorm{&r 6100, USA) (see Figure
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2-8). Particle size distributions were determined & Ro-Tap sieve shaker (Tyler
Industrial Products, USA) (see Figure 2-9). For tledermination of the particle size
distribution of samples prepared by the grindetaithesd with 6.35 mm, 4.00 mm and 3.18
mm screens, the following sieves were used: 50714, 18, 25, 35, 45, 60, 80, 100, and
120 mesh (corresponding to 4.00, 2.80, 2.00, 11400, 0.707, 0.500, 0.354, 0.250,
0.177, 0.149, and 0.125 mm). For samples preparekebgrinder installed with the 0.79
mm screen, following sieves were used: 18, 25,4535,60, 80, 100, 120, 170 and 230
mesh (corresponding to 1.00, 0.707, 0.500, 0.3550) 0.177, 0.149, 0.125, 0.088 and
0.063 mm). Sieving time was controlled at 5 mindteseach test. In total, two replicates
were measured for each sample. Figures 2-10 aridshdw the measured particle size
distribution of different BC softwood species wiily9 mm screen size. Figures 2-12 and
2-13 show the measured patrticle size distributm.00 mm screen size SPF shavings
and pine samples prepared from three screen sie8, (3.18 and 6.35 mm). From
Figures 2-10 and 2-11, it is seen that the parside distributions of spruce, pine, fir and
SPF were very close, but different from pine bd#ble 2-2 shows the properties of BC
softwood samples. The true material density of B&woods was around 1400 kgm
The pine bark had a higher high heating value. Ffame 2-2, the Sauter mean particle

sizes (diameters) of spruce, pine, fir and SPHgestwere very close, but different from

pine bark.
Table 2-2 Properties of BC softwood particle sample
0.79mm Screen Siz¢ Pine SPF
Spruce| Pine Fir SPH Bark 3.2mm 6.4mm 4.0mm
Moisture content, %wt 9.54 744  3.19 3.46 7.20 9.339.09 9.94
Bulk density, kg rit 199 225 232 176 310 215 158 156
True density, kg M 1413 | 1412| 1441 143( 138p 1361 1364 1346
High heating value, MJ kg 18.33 | 18.60 18.38 1855 19.52 18.19 1862 1813
Sauter mean particle size (diameter), mim0.21 0.23| 0.20| 0.21 0.0¢ 0.67 0.81 1.10
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Figure 2-7 Photo of the multipycnometer

- S

Figure 2-8 Photo of the calorimeter
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Figure 2-9 Photo of the Ro-Tap sieve shaker

For the particle size effect study in a TGA, pineodchips were crushed in a Model
GP-140 disc style grinder (Modern Process Equipnienit Chicago, IL) (see Figure
2-14) and separated in a Gilson Test-Master siedewjce (Gilson Company Inc., Lewis
Center, Ohio) (see Figure 2-15). Figure 2-16 shdtvesthree prepared pine sawdust
particles of different sizes (<250m, 250-500um, and 500-100@um). Table 2-3 shows

the properties of Fiberco pine particle samples.

Table 2-3 Properties of Fiberco pine particle saspl

Particle size group, pm 0-250 250-500 500-1000
Average particle size, um 125 375 750
Moisture content, %wt 8.33 9.09 6.67
Bulk density, kg rit 158 215 248

True particle density, kg th 1470 1420 1444
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The sawdust sample, obtained from RONA furnitucgestn Vancouver, is a mixture of
spruce and fir, with spruce as the main componEme. sample was separated into six

size fractions, and 250-3%6n is chosen for fluidized bed reactor in this study

35 , ; ; . , . , ' ,

30 —m— Spruce —
—e—DPine
—A—TFir
—v—SPF
—e—Pine bark

25

20

15 4

Mass Fraction (%)

10 4

0.0 0.2 0.4 0.6 0.8 1.0

Particle Size (mm)

Figure 2-10 Differential particle size distributeof different BC softwood samples
prepared using a screen opening of 0.79 mm
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Figure 2-12 Differential particle size distributeof pine samples and SPF shavings
prepared from different screen openings
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Figure 2-14 Photo of the Model GP-140 disc styladgr
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Figure 2-15 Photo of the Gilson Test-Master

Six pure components of biomass in powder form wesed in this study. Two cellulose
samples (fiborous medium and fibrous long) separditech Israel cotton, two xylan
samples separated from birchwood and oat, andigmnlsamples (lignin alkali with a
molecular number of 5000 and a molecular weigh®)00 separated from Norway
spruce, and lignin alkali of low sulfonate conternth a molecular number of 10000 and
a molecular weight of 60000 produced from synthetiganics), were purchased from

Sigma-Aldrich Inc. Table 2-4 shows the propertaésix pure components of biomass.

Table 2-4 Properties of six pure components of laigsn

Cellulose Xylan Lignin
Mediunmr | Long | Birchwocd | Oai Alkial Low sulfonati

Moisture content, %v 4.12 4.27 12.81] 11.3] 9.9C 9.4¢
Ash, %w 0.07 0.01 6.07 12.2¢ | 13.7¢ 13.0¢
High heating value, MJ I'* 17.3¢ 17.0¢ 17.4( 17.32 | 26.2(C 24.3i
Elemental Analysis, %\

C 43.0¢ 42.8: 36.01 31.6¢ | 41.8: 45.2:¢

H 6.32 6.35 5.8( 5.1 4.37 4.6t

(@] 50.5: 50.7i 52.0¢ 50.8¢ | 39.9: 36.91

N 0.07 0.0t 0.0¢ 0.07 0.14 0.1z

57



2.2 ATGA for Torrefaction Kinetics Study and Experimental Design

The TG analyzer (SHIMADZU TGA-50) was used to stuthe weight loss or
torrefaction kinetics. For each TG experiment, m@e of several (5-20) milligrams was
put into a platinum sample cell, which was therated on a sample pan hanging inside a
furnace tube under a nitrogen flow rate of 50 mITR$ min. The instrument
continuously monitored the change of sample weaghtwell as the temperature. The
temperature was ramped from room temperature t@ ¥KOWith the heating rate varied

from 1 to 50 K mirt.

The temperature program for the dynamic experimevds: (1) heating from room
temperature to 383 K at a heating rate of 50 K'n{&) holding at 383 K for 20 min to
have the sample dried, (3) heating from 383 K 83L& at a heating rate of 1 K miro
complete the thermal degradation of the sampletarndean the sample pan. The low
heating rate with small particle size aims to efiate the internal heat and mass transfer

effects.

The temperature program for the isothermal expearimeas: (1) heating from the room
temperature to 383 K at a rate of 50 K mi(2) holding at 383 K for 10 min to have the
sample dried (Note that the dynamic TG results gubtliat the samples were completely
dried in less than 5 min. So the holding time fojimy in the isothermal experiments was
decreased to 10 min.), (3) heating up to the tactedn temperature at a rate of 50 K
min, (4) holding at the torrefaction temperature forhburs, (5) heating up to 1073 K at
a rate of 50 K mitt to complete the thermal degradation of the samapteto clean the
sample pan. Several torrefaction temperatures waresen for the isothermal
experiments. To shorten the heating up time ingbthermal tests, a heating rate of 50 K

mint was selected, which gave rise to less than 5% hwéaps associated with the
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heating period for all tests carried out at 563 K.

Pine particles of 0.23 mm in mean size were useddnT G experiment. The torrefaction
temperature was 553 K, with a residence time ohdrs. The MO, gas mixture flow
rate was 50 ml mih with O, concentrations of 0%, 3%, 6%, 10% and 21% being

selected.

2.3 A Fixed Bed Torrefaction Unit and ExperimentalDesign

A bench-scale fixed bed unit was used for torrédacperformance tests (see Figure
2-16). The unit includes a tubular reactor, antele gas preheater with a temperature
controller and a power supply (booster), an eleally heated furnace, a cooler, a
condensate receiver, and a computer. The reactos B&.0 mm inside diameter and 575
mm in length made from stainless steel. The reastdocated inside an electrically

heated furnace with a reaction zone of 102 mm mygtlke In the unit, the sample was
heated up by both the preheated hot nitrogen flod the electrical furnace. The hot
nitrogen flows into the reactor from top to bottofie temperature of the reactor zone
was controlled by the electric power via a temperatcontroller. The raw sample was
added into the reactor from the top of the reactord the torrefied sample was

discharged from either the bottom or the top of teactor when the reaction was
complete. All condensable gases are collecteccondensate receiver cooled by water,
and non-condensable gases are collected by a gagslisgq bag or discharged to a

ventilation system (see Figure 2-17). In this sfutig unit was loaded with 20-40 gram

samples each time in a batch mode.

59



Figure 2-16 Photo of the fixed bed reactor unit
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Figure 2-17 Schematic of the fixed bed torrefactest unit
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During the torrefaction test, the nitrogen floweratas 0.5 standard cubic feet per minute
(SCFM). After the torrefaction, the flow rate inased to 1.0 SCFM to cool down the
torrefied sample. Four thermocouples are locatetthénunit to monitor the temperature.
Thermocouple CHO is for monitoring the Now temperature. CH1 is for the sample bed
temperature. CH2 is for the gas heater surface deatyre and CH3 is for the furnace
temperature. The temperature programming proceduees. (1) increasing the nitrogen
flow temperature and the furnace temperature to°210vhich takes about 15 min; (2)
setting up the furnace temperature to 5-10 °C alloedarget torrefaction temperature,
with the sample reaching the torrefaction tempeeatwver a few minutes; (3) controlling
the furnace temperature to maintain the sample ¢eatyre at the target torrefaction
temperature for the preset residence time; (4)ingroff the gas heater and furnace
powers to cool the unit by keeping passing the ingohitrogen, until the sample
temperature lowered to below 200 °C; (5) continuimgool the unit for a few hours,

until the sample temperature dropped to room teatpes.

Two sets of tests were conducted. In the firstSBE shavings were torrefied at different
temperatures and different residence times to tigaes the effect of torrefaction
temperature and residence time on the properti¢sriadfied sawdust and pellets. In the
second set of tests, different species of softwafosimilar particle size were torrefied at
the same residence time and torrefaction temperafotlowed by densification, to
examine the performance of different wood specke®. each sample, at least two

replicates were tested for each reaction condition.
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2.4 A Fluidized Bed Unit and Experimental Procedure

The batch fluidized bed reactor is made of stamisteel, 1.5 m tall and 50 mm in
diameter, as shown in Figure 2-18. In the torrédactests, the sample of 250-3pm
was used to minimize the internal heat and massfea In order to operate the fluidized
bed reactor fully fluidized during the hot testhanimum stable operating gas velocity of
0.26, m & corresponding to gas flow rate of 1.83 h, for sawdust load of 10 g was
determined from the cold unit experiments, withadstprovided in an early publication
from our group [Li et al. 2012]. First, with the s@ping flow of nitrogen, the preheater,
the heating tape and the fluidized bed reactor eted up to 650, 450 and 210
respectively, and kept stable. Then the fluidized beactor was further heated up to the
targeted torrefaction temperature slowly and keable for at least 10 min. The raw
sample was added into the reactor from the top@féactor, and the sweeping nitrogen
gas was changed to the desired oxygen contentr Adteefaction over the targeted
residence time, the pre-heater and furnace heater turned off to allow the unit to cool
down, followed by the cut-off of sweeping gas witka sample temperature dropped to
below 200 °C. Finally, after the sample temperatieereased to the room temperature,

the torrefied sample was discharged from the botibthe reactor, completing the test.
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Abbreviations:

Ro: Rotameter

i o T
T:Thermocouple E@ § @ E Hoppex Pressure :5%
' ] i Alarm

TC: Temperature Controller

P: Pressure measurement Vent System

V: On/off Valve

PT: P ressure Tranducer . : ;
PT1 P2

O O

FLUIDIZED BED

Heating Tape Cooling system

Figure 2-18 Schematic of the fluidized bed torrefaction unit

The simulated flue gas was prepared from mixingpgén and oxygen from two separate
cylinders. In this study, the concentration of oaygn the sweeping gas varied from 0 to
6 %, covering the typical range of oxygen conceéimnain combustion flue gases, with

the test with 3% ©as the based case.

2.5 Pelletization and Pellet Characterization

A MTI 50K (Measurement Technology Inc.) press maehtan be operated at various
loading forces monitored by a load cell (see FigzsE9). A cylinder of 6.35 mm inside
diameter and 70 mm in length with a piston 6.30 mmdiameter and 90 mm in length
was installed for making a single pellet. The ogénpiston unit was wrapped by a
heating tape with a thermocouple and a temperatargroller to preheat the inside
cylinder to a certain temperature (also calledtdmaperature) (see Figure 2-20). In this
study, the top hole of the cylinder was filled walpproximately 0.5 gram samples to

make a single pellet of 6.5 mm in diameter and ~I8 m length. The sample was
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pressed by applying a pressure of 125 or 156 MiBahafd for a few minutes for the
pressure controlled manually. Then the machineasainued to press the sample until a
maximum pressure of 156 or 187 MPa was reachedmdalty, for making control
pellets, the die temperature was maintained aPZ@ith 125 MPa pressure over 1

minute holding time.
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Figure 2-20 Photo of the single pellet machine aitieated die unit

Both increasing the die temperature and precomdiitgpothe sample to higher moisture
content have been examined in this study to comspmesefied sawdust into pellets, with
the die temperature ranging from 70 to 280and the different pressure from 125 to 280
MPa. Preconditioning of torrefied sawdust by addiigs, 10 and 15% water and left

24-72 hours before compression was also explored.

The single pellet density was calculated from mesbunass and volume of individual
pellet. Forces and displacement to form pelletseweccorded to calculate the energy
consumption. A Humidity Chamber (ESPEC CORP, LH3;1lapan) at 36C at 90%
relative humidity was used for measuring the moestuptake of torrefied and control
pellets (see Figure 2-21) [Lam 2011]. The Meyedhess (k) is measured to represent
the durability of pellets [Tabil et al. 2002]. Tcemsure kj, the pellet was placed between

65



two anvils under the MTI cross head. The force diasnetrical. The maximum force (F)
to break a pellet was recorded (see Figure 2-22. dquation of | is then obtained as
below:

=

H,, = 7Bh T (2-1)

where D is the probe diameter and h is the indemtatepth.

Figure 2-21 Photo of the Humidity Chamber
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Figure 2-22 Photo of the single pellet machine Mdyadness test
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CHAPTER 3 TORREFACTION KINETICS OF BC
SOFTWOODS FROM A TGA

In this chapter, wood torrefaction kinetics wasestigated in a TGA for major BC

softwood species (pine, fir and spruce), their ome$ (SPF, a mixture of spruce, pine,
and fir), pine bark, and three major chemical congmas (cellulose, hemicelluloses, and
lignin). The major chemical compositions were ugedrder to elucidate the reaction
mechanism at low decomposition temperature. Toibtdrinsic torrefaction reaction

kinetics, particles of less than 1 mm in diameterenselected to eliminate the limitation
of internal heat and mass transfer [Prins et @06B) Maa et al. 1973], with the results
being potentially applied directly to guide the d®pment of torrefaction reactor
systems where fine biomass patrticles are usedpdtiele size effect on torrefaction has
also been investigated in this study to elucidaee effect of internal heat and mass
transfer effects, which will be presented in ChapteFurthermore, the effect of oxygen
content in the carrier gas on torrefaction perforoeaand the quality of torrefied pellets

was studied and presented in Chapter 6.

3.1 Experimental

3.1.1 Samples

Five BC softwoods, pine, fir, and SPF woodchipsrirBiberco, spruce woodchips from
FPInnovations, and pine bark from Wood Pellet Aggamn of Canada, have been tested
in this chapter. Table 2-1 shows the propertieB6f softwoods. From Table 2-1, the
properties of spruce, pine, fir and SPF particlesenseen to be very close, but different

from pine bark. The mean particle size of BC sotid@amples was 0.09 - 0.23 mm,
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much less than the screen opening of the hammér Thié pine bark is very brittle

because of the low cellulose content that provitteswood’s strength, and of the high
ash content, which makes the pine bark sampleg leeushed easier in the hammer mill,
leading to smaller particle size and size distrdoutthan spruce, pine, fir and SPF
samples. Figures 2-10 and 2-11 show the measurditi@asize distribution of BC

softwoods. From Figures 2-10 and 2-11, it is sdwt the particle size distributions of
spruce, pine, fir and SPF are very close, but iiffefrom pine bark. The small particle
size ensures the elimination of inter- and intretiple heat and mass transfer limitations,

so that intrinsic reaction kinetics can be obtained

Six pure components of biomass in powder form w200 um in mean size were used
to minimize the particle size effect. Those samphetude two cellulose samples, two
xylan samples separated from birch wood and oat fB@rmany, and two lignin samples,

with all samples purchased from Sigma-Aldrich Inc.

3.1.2 Equipment and Procedures

The TG analyzer as described in Chapter 3 was insthis Chapter study. Both dynamic
thermal degradation and isothermal degradation Ih@en performed. The temperature
programs of the dynamic experiments were: (1) hgatiom the room temperature to
383 K at a heating rate of 30min?, (2) holding at 383 K for 20 min, (3) heating from
383 K to 1073 K at a heating rate oKImin™.

The temperature programs for the isothermal exmerimmwere: (1) heating from the
room temperature to 383 K at a rate oft6@nin’, (2) holding at 383 K for 10 min, (3)
heating up to the torrefaction temperature at e oit50 K mif', (4) holding at the
torrefaction temperature for 10 hours, (5) heatipgto 1073 K at a rate of 30 min™.
Several torrefaction temperatures were choserh®isbthermal experiments.
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3.2 Experimental TG Curves

Figures from 3-1 to 3-5 show the dynamic TG curee8C pine, fir, spruce, SPF, and
pine bark samples. It is seen that the weight tdgsine, fir, spruce, and SPF started at
around 440 K, but the pine bark was at around 396h¢ weight loss rate in the 473-573
K was steady, and reached a peak at around 598 Kire, fir, spruce and SPF, and
nearly around 589 K for pine bark. The weight logtection point of pine, fir, spruce,
and SPF occurred at almost the same temperatu3ek ,6dnd the Pine bark was around
605 K. Beyond the inflection point, the weight loase decreased. The peak may likely
correspond to the maximum decomposition rate dilosle while the inflection point
indicates the complete decomposition of celluldSken and Kuo 2010, 2011a]. It can
thus be concluded that BC softwoods, including piinespruce, and SPF, had almost the
same dynamic TG weight loss characteristics dubdw similar chemical compositions,
which was different from pine bark. When the diffetial TG curves are compared, the
spruce (Figure 3-3) and pine bark (Figure 3-5) skdferent characteristics in the curve

after the inflection point, while pine, fir and SBRowed a similar trend.
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Figure 3-2 Dynamic TG curves of BC fir
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Figure 3-5 Dynamic TG curves of BC pine bark

Figures 3-6 and 3-7 show the isothermal TG cur¥d&opine, fir, spruce, SPF, and pine

bark at 573 K and 553 K. The TG curves of pine,dpruce, and SPF were very close.
The weight loss rate of pine was slightly fastarttSPF and the SPF rate slightly faster
than fir. As the temperature increased, the TGesnf pine, fir, spruce, and SPF became
closer. At 553 K the pine bark weight loss rate fesser than pine, fir, spruce, and SPF.
At 573 K the pine bark initial weight loss rate wasich faster than pine, fir, spruce, and
SPF. One can thus conclude that in the typicaktaction temperature range, BC pine,
fir, spruce, and SPF performed very similarly oerthal degradation, but different from

pine bark.
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Figures from 3-8 to 3-13 show the dynamic TG cureéghree major components:
cellulose, xylan (hemicelluloses), and lignin egteal from different biomass species.
From Figures 3-8 and 3-9, it can be seen that #ighwloss of celluloses began at 493 K.
Between 493 and 523 K, the weight loss was verylsitiae major weight loss started at
553 K and the maximum weight loss rate occurrembaut 575 K. The decomposition of
long fibrous cellulose delayed slightly comparedhte medium length fibrous cellulose.
Both types of cellulose had an inflection tempamtaf around 592 K. The thermal
decomposition of cellulose ended around 775 K. Wegyht loss rate was almost the
same in the range of 553-592 K. Both the mediumlang fibrous cellulose had almost
the same TG curves. From Figures 3-10 and 3-Idgntbe seen that the weight loss of
xylan began at 420 K with the maximum weight lost® rat 516 K. Both xylan samples
had two inflections. One inflection at the low tesngture range may represent the
decomposition of short chain hemicelluloses, wthike high temperature inflection point
may correspond to the large molecule and hard twormdpose component in the
hemicelluloses sample. The weight loss of xylaneenith the range of 710-768 K. The
result indicates that hemicelluloses were easyehpose thermally with a complex
kinetics. From Figures 3-12 and 3-13, it can bengeat both lignin samples had high
weight loss rates and two inflection points. As th@ecular weight increased, the weight
loss rate decreased, and the thermal decomposaioperature range became wider. The
low molecular weight lignin was separated from spruand two weight loss peaks were
presented above 573 K. The high molecular lignis p@duced from synthetic organics.
Although part of its thermal properties is closetlte natural lignin, the sulfonic acid
sodium salt in the lignin may decompose at highperatures around 950 K (see Figure

3-13) (OECD, 2005).
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Figures from 3-14 to 3-21 show the isothermal T&es of BC softwoods and the major
components in the typical torrefaction temperatarege. From Figures 3-14 to 3-17, it
can be seen that the significant weight loss of#8@woods started from 533 K. From
Figure 3-19, the weight loss of cellulose within34%43 K was very small, with a
significant weight loss starting at 553 K. Figur2@ shows that the weight loss of xylan
was very fast at temperatures higher than 523 guri 3-21, on the other hand, shows
that within the typical torrefaction temperaturenga the weight loss of lignin was
limited. Increasing the reaction temperature alsorehsed the final residual weight

fraction.
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Figure 3-14 Isothermal TG curves of BC pine
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3.3 Relationships between BC Pine and Three Major @nponents

Considering the weight loss of torrefaction wasidgly 20-40% (Bergman 2005), a
~30% weight loss was chosen as the base case fdorcaloslations and analysis in this
study. Figures 3-22 and 3-23 show the isothermaktiGes of BC pine, pine bark, and
corresponding three major components at 553 K &35 At 573K over a reaction time
of 600 s, the weight losses of pine and pine bakevi28% and 33%, respectively. At the
same temperature over the same reaction time, ¢ightMoss of cellulose was 10%, the
Birchwood xylan was 62%, the molecular weight 60d@min was 16%, and the
molecular weight 28000 lignin was 18%, respectiv8ynilar trend was observed at 553
K. Therefore, the most weight loss of wood torrétat was from the decomposition of

hemicelluloses, followed by cellulose and lignin.
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Pine consists of 36.7% cellulose, 26.3% hemicedlesto 33.6% lignin, 3.0% extractives,
and 0.4% ash; pine bark contains 26.2% cellulog€% hemicelluloses, 41.01% lignin,
12.4% extractives, and 2.6% ash (see Table 2-1)elpine and pine bark are assumed to
be made up of cellulose, hemicelluloses and lignimch decompose independently, the
overall weight loss of pine and pine bark can hreged based on the degradation of the

three major chemical compositions when the inteastamong the them are neglected.

Figures 3-24 and 3-25 compares measured pine amal mrk TG curves and the
predictions based on the component contributiorhotetising chemical compositions of
pine and pine bark and the component torrefactiones. It is seen from Figure 3-24 that
at 573 K with the 30% weight loss for pine, theuieed residence time is 761 s based on
TG data. At the same residence time of 761 s, teegw loss predicted from the
summation of the individual weight losses of calké (36.7%), hemicelluloses (26.3%)
and lignin (33.6%) (see Figure 3-24, multipliedtbg weight fraction of each component
(36.74% cellulose, 26.30% hemicelluloses and 33.64Atn, see Table 2-1) is 27%. At
553 K, 32% weight loss of pine was predicted fog dame given residence time to
achieve 30% weight loss based on measured TG dhearelative difference between
predicted and experimental data in general is wiflti%. Therefore, the weight loss for
the torrefaction of BC pine can be approximatelyinested using the component
contribution method based on torrefaction weiglssldata for pure cellulose, xylan, and

lignin samples.

For pine bark samples, the estimated weight 108496 at 573 K and 20% at 553 K at a
corresponding measured weight loss of 30%, givieg to a relative error of more than
25%. This suggests that the pine bark torrefackimetics is more complicated than

wood, and cannot be approximated by the summafidimeaorrefaction kinetics of three
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major organic components. The pine bark has 12%a&xtes and 3% ash whose thermal
properties are quite different. Thus, the thermetainposition behavior of pine bark
cannot be described by the simple summation ofthieemal degradation behavior of

cellulose, hemicelluloses and lignin.

1.0
= 0.9 4
=
k> - 523K Experimental
= = = = — 523K Modeled
E 0.8
-
:? / 30% Weight loss
= 07
= S . o— -
— = 553K Experimental
< -~
= S e
= 064 553K Modeled
= 0
5]
~
573K Experimental
7 \
573K Modeled
04 4T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time (s)
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3.4 A Kinetic Model for BC Softwood Torrefaction over Long Residence

Time

Due to the complex compositions and structures addy and their associated transport
properties, it is difficult to derive a widely agtable thermal chemical conversion
kinetic model for wood, even for compositions of oslp over a wide pyrolysis
temperature range. Another difficulty is the mathéoal method, including
mathematical models and initial conditions, whideoaplay an important role in the
kinetic study. For torrefaction in a narrow anddrtémperature range of 473-573K with
low particle heating rate and long residence timest residual weight fraction loss

curves in Figures from 3-14 to 3-21 seem to follaw exponential decay model, with
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different final residual weight fractions. Theredpa simple one-step kinetic model may

approximately describe the torrefaction of BC sofw.

The overall reaction equations for the one-stetiénmodel with i order torrefaction

reaction can be written as:

da _ n
= z=k(l-a 3-
it d-a) )
k= Aexp(—E) -23
RT
WTGA _Wfinal
qg=— " -
1-W ©

final

If the overall torrefaction reaction is assumedbi first order, the residual weight

fraction (Wrga) can be expressed as:

WTGA = Wf

o (= Woy) xexpE-Aexp )] (3-4)
The final residual weight fraction (M4) can be obtained from the TG data if the
residence time is long enough. At 573 K, 563 K &B8 K over 10 hours, the residual
weight fraction of pine, fir, spruce and SPF maypragimately represent the final
residual weight fraction. But at the low temperayra residence time of a few days may
be required to reach the final residual weighttfoac[Rousset et al. 2006]. Therefore, the
final residual weight fraction may be better obéminby directly fitting the TG
experimental curve with the exponential decay motielthe current study, measured

final residual weight was obtained for those terapges when the final weight already
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leveled off in the measured TG curves. For low terafures, the final residual weight
values were obtained by directly fitting the kimethodel equation to the TG curves. A
comparison between the values obtained from themethods for those runs at high

temperature showed very little difference, confimgithe consistency of the data obtained

from the two different methods. Figure 3-26 shokes tn( ! —-1) of BC softwoods as

final

a function_% for torrefaction. It is evident from Figure 3-27at the final residual weight

fraction had a very strong relationship with therééaction temperature. And the final

residual weight fraction may be correlated to terapee by:

1 1 1
In( “D=aytax-+a,x(2) (3-5)
final T T
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Table 3-1 summarizes one-step model reaction kireginstants and the final residual

weight fraction constants of BC softwoods and cleancompositions. From Table 3-1,

the final residual weight fraction constants fongifir spruce and SPF were very close,

but substantially higher than pine bark. The apmiaaetivation energies of BC softwoods

varied widely from 95 to 13&J mol', with the value for pine bark (6RJ mol')

substantially lower. Reina (1998) reported an agmiaactivation energy of 128) mol*

from the isothermal TG curves of forest waste (€L(f) in the range of 498-598 K.

Akita and Kase (1967)

reported that the

reactione raf the cellulose was

k = 66x10° exp(-224000 RT) s*. Ramiah (1970) reported the reaction rate of

hemicelluloses wask = 7.8x10" exp(-125000 RT s)* from the Isothermal TG curves in

the range 488-523 K. Tang (1967) reported thevaibtin energy of lignin was 8718

mol™* based on TG results under vacuum conditions imethge of 553-617 K.

Table 3-1 Summary of the one-step model reactinatld constants and the final
residual weight fraction constants for BC softwoadsd chemical compositions

torrefaction

Items Kinetic Constants Final Weight Constants
E, kJ mol* In(A), st % a as

Pine 130.69 19.49 0.90| 6.78EB  —3.84Eb
Fir 127.92 18.86 0.90| 6.96EB  —3.94Eb
Spruce 94.92 12.48 0.82| 4.72E8 -2.72Ef
SPF 122.24 17.58 1.05| 7.71EB -4.37Ep
Pine bark 69.41 6.37 0.35| 4.01E3 -2.26Eb
Cellulose 213.54 37.35 2.25| 5.61EB  -3.34Ep
Hemicelluloses 145.50 25.66 0.6p 7.12E2  -4.14E5
Molecular Weight 60000 Lignin 76.05 8.52 -1.10 ¥E88| -2.21E6

The experimental and model fitted curves of BCwofids and chemical compositions

are shown in Figures from 3-27 to 3-34. It can eensthat at both 553 and 573 K the

one-step model fitted well the data of pine, fiprige, SPF, and cellulose. The
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agreement was poor at 533 K. For the pine barkatiieement was generally very poor
for all three tested temperatures. The one-stepeimiod the Birchwood Xylan at the
begin time was not good. For the lignin the modelynbe good for the very long
residence time. The pine bark includes the morgrigso the TG curves mostly like the
lignin curves. Therefore, the one-component modeh redict the reaction time

reasonably well in the long residence time for B@vgoods.
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Figure 3-27 Experimental and one-step model fitwdes of BC pine
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Figure 3-33 Experimental and one-step model fitwdyes of birchwood xylan
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lignin

3.5 A Kinetic Model for BC Softwood Torrefaction ower Short

Residence Time

As shown in Figures from 3-27 to 3-34, the one-stepefaction kinetic model gave a
reasonable fit to the kinetics data over long rerseé times, but a poor agreement with
the measured pyrolysis kinetic data at short reseeime with low weight losses of
relevance to torrefaction. As shown in the TG camveFigures from 3-27 to 3-34, within
the short residence time (<30 min) with less th&#3veight loss, most hemicelluloses
will decompose within the first 30 min. The weidbss rate of lignin, on the other hand,
was faster than the cellulose initially; but theigi® loss of cellulose became faster than
lignin after 30 min or so. To capture the torref@ctbehaviour of BC softwoods, a

two-component torrefaction reaction kinetic modeaswhus proposed and evaluated for
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torrefaction within short residence time of comnmrmterest (i.e. aveight loss lower

than 35% with aesidence time shorter than 1 hour).

Wood O — Volatiles+ Chars

Fast1ReactionJGroup

Wood O™ - Volatiles+ Chars

Mediuni] ReactionJGroup

For two reaction groups, the conversion (reactedtion) o;, a, and the reaction rate,

da,

% and W' are defined. The overall reaction rates are @alicombination of these

ot
partial reactions:

oweae da Jda
=—(C,—2+C,—2 3-6
ot = a at) (3-6)
da, _ _% n
ot =Ae T (1l-a) (3-7)
60!2 - _% n,
r =Ae R (1l-a,) (3-8)

If the two overall reactions are assumed to be @rder reactions, the residual weight

fraction (Wrga) of softwood samples is given by:

_B _BE

W, = (1-C, —C,) +C, xexpAe Rt) +C, xexp-Ae RTt) (3-9)

C,; may be set as the hemicelluloses fractional comteBC softwood, and £represents
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the combined cellulose and lignin fractional comtemth the values for BC softwood

given in Table 2-1. The two-component torrefactimodel reaction constants of BC

softwood samples were estimated by the regresdidimeasothermal TG data at a time

less than 7000 second, with the results shown bieTa-2. E and A were the fast

reaction group reaction kinetic constants, reprisgrihe thermal decomposition of the

hemicelluloses of BC softwoods; Bnd A represented the thermal degradation rate of

cellulose and lignin. From Table 3-2, the rate tants for pine, fir, spruce and SPF

particles were seen to be very close, but diffehemh pine bark.

Table 3-2 Two-com

ponent torrefaction model reactionstants of BC softwoods

ltems Reaction Constants
C. C, E,, kJ mol™ In(A,), s* E,, kJ mol™ In(A,), s*
Pine 0.263| 0.704 115.57 18.56 225.38 38.34
Fir 0.250| 0.722 110.75 17.18 240.94 41.69
Spruce 0.200 0.77% 140.53 24.12 187.27 30.46
Pine bark | 0.179 0.672 65.73 9.58 97.51 11.62

The experimental and model fitted curves of BCwoftds were compared in Figures

from 3-35 to 3-38. It can be seen that in the 533-% range the current two-component

torrefaction model gave a good fit to the isothdri@ experimental data over the short

residence time, except for pine bark.

The thermal properties of pine bark are quite dififeé from pine because of the 12%

extractives and 3% ash contents. Thus, the piretberefaction model with fixed Cand

C, values based on hemicelluloses, cellulose andnligrany not be able to capture its

complicated torrefaction behaviour.
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3.6 An Empirical Kinetics Equation for BC Pine Bark over Short

Residence Time

The thermal properties of pine bark are quite d#fifé than pine because of 12%
extractives and 3% ash content. Thus, the pine tmrkfaction model may be more
complicated than pine, and cannot be describetidydrmal reaction theories. To guide
the design and optimization of torrefaction reagttihe hemi-experimental equation may
be introduced. To fit the isothermal TG experiménita of the pine bark, the residual

weight fraction (Wga) for the two-component model may be given by:

Wiea = U=G, = G,) + G, xexp(kit) + G, xexp(-k,t) (3-10)

G; is the fractional content of the fast reactionugranostly as hemicelluloses,; G the
fractional content of the medium reaction grougealtulose and lignin. Table 3-3 shows
the two-component model reaction kinetic constantsreaction group fraction constants
of pine bark samples, ks the fast reaction group reaction rate which megpyresent the
thermal decomposition of the hemicelluloses contd#npine bark. k represented the
thermal degradation rate of cellulose and lignironk table 3-3, the fast reaction rate
constant (K of pine bark is about 10 times higher than tffer@action (). Decreasing
the temperature decreased both fractions of thetioagroups (@ and G), which

cannot be explained based on the content of helmiosds, cellulose, and lignin.

The experimental and model fitted curves of pinek lvéere compared in Figure 3-39. It
can be seen that in the 533-573 K range the cutnerrtomponent kinetic model gave a
very good fit to the isothermal TG experimentaladaver the short residence time range

of practical interest for pine bark torrefaction.
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Table 3-3 Two-component model reaction rates andmfractions of pine bark

Temperature, K G, G, ky, st k,, st
573 0.303 0.234 5.92E-03 3.40E-04
563 0.283 0.271 5.45E-03 1.77E-04
553 0.251 0.209 5.46E-03 1.94E-04
543 0.232 0.155 5.37E-03 2.11E-04
533 0.192 0.136 4.19E-03 2.37E-04
523 0.143 0.123 5.91E-03 2.95E-04
Lod o 573K Experimental
’ o 553K Experimental
& 533K Experimental
0.9 573K Modeled
- - - - 553K Modeled

Residual Weight Fraction

0.8 -

0.7 -

0.6 -

0.5 H

0.4

533K Modeled

0

1000

T
2000

T T T
3000 4000

Time (s)

5000 6000 7000 8000

Figure 3-39 Experimental and hemi-experimental métled curves of pine bark

Figure 3-40 plots In(;—l) as a function of% (T: reaction temperature) for

T or2

pine bark. The reaction group fractions had a w#myng correlation with the torrefaction

temperature.

From Figure 3-40, the following clatiens betweenln(;
- lor2

and % were obtained by regression:
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3.7 Summary

(3-11)

(3-12)

For the pine sample, the weight loss within thedgioperating range of torrefaction can

be reasonably predicted by the component contabutnethod based on the cellulose,

hemicelluloses, and lignin fractions and their esponding torrefaction kinetics, with

less than 10% errors. However, such a componentilootion method substantially

underestimated the weight loss for the torrefactbrpine bark samples. The simple

one-step kinetic model with the first order reactican predict reasonably well the
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reaction kinetic data obtained over the long rasidetime, and the final wood residual
weight had a very strong relationship with thedéaction temperature. Within the typical
reaction temperature range and relatively shoitieese times of practical torrefaction
reactions, the intrinsic torrefaction of BC softwisocan be well described by a

two-component % order one-step decomposition kinetic model.
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CHAPTER 4 TORREFACTION AND DENSIFICATION OF
BC SOFTWOODS

In this chapter, the bench-scale tubular reactat bas been used for the study of
torrefaction of BC softwood residues. The MTI 50ke$s machine was used to make and
evaluate torrefied pellets from torrefied softwodthe main objective of this study is to
identify optimal torrefaction and densification cltons for the production of high

quality torrefied wood pellets.

4.1 Experimental

4.1.1 Samples

Pine and spruce chips from FPInnovations, fir aR& & mixture of spruce, pine and fir)
chips from Fiberco, pine bark and SPF shavings Wéood Pellet Association of Canada,
have been tested in this study. The propertieB®fsoftwood residues used in this
study are given in Table 4-1. Figure 4-1 showspasicle size distribution of different

samples. From Figure 4-1 (a), it is seen that Hréigle size distributions of spruce, pine,
fir and SPF were very close, but different fromepbark. The true material density of BC

softwoods was around 148§ m°. The pine bark had the high heating value.

Table 4-1 Properties of BC softwood particle sample

0.79mm Screen Size SPF shavings
Spruce | Pine Fir SPF | Pine Bark SPF
Moisture content, %wt 9.54 744 319 3.46 7.20 9.94
Bulk density,kg m?® 199 225 | 232| 176 310 156
True densitykg m® 1413 | 1412| 1441 1430 1380 1346
High heating valueyJ kg* 18.33 | 18.60, 18.38 18.56 19.52 18.13
Particle mean size (Sauter), mm 0.21 0.23| 0.20{ 0.21 0.09 1.10
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(a) Different BC softwood samples prepared usiggrder screen opening of 0.79 mm;

(b) 4.00 mm screen opening SPF shavings.
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4.1.2 Experimental Design

The bench-scale fixed bed unit as described in ©h&was used for torrefaction tests.
Two sets of tests were conducted. In the firstSBE shavings were torrefied at different
temperatures and different residence times to tigais the effect of torrefaction

temperature and residence time on the properti¢sradfied sawdust and pellets. In the
second set of tests, different species of softwafosimilar particle size were torrefied at
the same residence time and torrefaction temperafotlowed by densification, to

examine the performance of different wood speciesm. each sample, at least two

replicates were tested for each reaction condition.

The MTI 50K press machine was used for compregsinrgfied sawdust into pellets. In
this study, the top hole of the cylinder was fillwdh approximately 0.5 gram samples to
make a single pellet of 6.5 mm in diameter and b2 imlength. The sample was pressed
by applying a pressure of 125 or 156 MPa and hgldor a few minutes. Then the
machine was continued to press the sample untdbvamum pressure of 156 or 187 MPa
was reached. Normally, for making control pelléi® die temperature was maintained at

70°C with the 125 MPa compression pressure and 1 mimoiding time.

Both increasing the die temperature and precomdiitgpthe sample to higher moisture
content have been examined in this study to compmesefied sawdust into pellets, with
the die temperature ranging from 70 to 280and the different pressure from 125 to 280
MPa. Preconditioning of torrefied sawdust addefl,@,0 and 15% water and waiting for

24-72 hours before compression was also explored.

The pellet density was obtained from measured raadsvolume of individual pellets.

Energy consumption was calculated from measurece$oand displacement recorded
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during compression. The moisture uptake of peldss measured by placing the pellets
into the humidity chamber set at 3D and 90% relative humidity. The Meyer hardness is

determined by measured diametrical forces to bagadllet, as described in Chapter 3.

4.2 Temperature Gradient in the Tubular Reactor

Woody biomass has a very low thermal conductivityl deat capacity. Since wood
torrefaction is an endothermic reaction, these @nigs may create some temperature

gradients in the torrefaction reactor, which mdgdfthe torrefaction performance.

To estimate the radial temperature gradient in tineular fixed bed reactor, the
torrefaction reaction was assumed to be a simpéestep reaction with zero order and
the reaction volume remains constant. The equati@mergy balance for torrefaction can

then be simplified to:

aT__k
ot

_E
S [li(r a_T)] _H_Akoe RT (4_1)
pC, ror  or C,

sTp

where, T is the temperatur€; t is the time, s; kis the thermal diffusivity of bulk pine

+

sawdust (roughly estimated fronl%—=ki %[Tsotsas and Martin 1987, is the

heat conductivity of pine, 0.108/ m* K™ [Bird 2002]; k,is the heat conductivity of air,

0.025W ni' K* [Bird 2002], ¢ is the void fraction of the packed bed of sawdQst5):;

p,is the density of pine sawdust, 2K m° [Hu et al. 2005]; C,is the heat capacity of

pine, 1640J kg* K™* [Hu et al. 2005]; H ,is the heat of decomposition, 792.155"
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Ing et al. ; IS the pre-exponentla actor.40x S agenaar et al. ;
[Ni . 2006]; k,is th ial factor].40x10°s™ [W . 1994]

Eis the apparent activation energy, 150 kJ hi@agenaar et al. 1994]; R is the gas law
constant, 8.3144 mol* K™,

The above equation was solved numerically by ugiegVIATLAB software with proper
initial and boundary conditions. The initial condit was set as: that the temperature of

sawdust was equal to 473 K at t=0. The boundargitions were set to: that the wall

surface temperature was constant at 573 K %rIdr:O =0 at the centre. The simulated
r

results in Figure 4-2 show that there exists aglaieglial temperature gradient in the unit,
with the temperature difference between the watl #ire center being more than 30 K
after 500 second and remaining unchanged. It miatsn the tubular fixed bed reactor
the temperature gradient can lead to the non-unifmrrefaction conversion of sawdust

along the radial direction.

The vertical temperature gradient was measured avitB-point multi-thermocouple. The
multi-thermocouple with a 48 mm interval was lochie the center of the reactor tube to
monitor the temperature profile (see Figure 4-3igufe 4-4 shows the vertical
temperature profiles in the reactor loaded with-@2 mm diameter glass beads as a
function of time. The furnace temperature was aflii set to 340°C. Figure 4-4 (a)
shows that there exist significant vertical tempaeagradients, with a relatively uniform
temperature zone located in the middle sectionhef reactor. To reduce the vertical
temperature gradients in the reactor, a hofldlv was introduced. Figure 4-4 (b) shows
the vertical temperature gradient profile in thaater with 0.5 SCFM hot Nflow was
reduced. As expected, the introduction of hatfldw reduced the axial temperature
gradient. Although not measured, the hotfldw is also expected to reduce the radial

temperature gradient significantly.
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To achieve uniform torrefaction of biomass samplesth the radial and vertical
temperature gradients should be minimized. In theltar fixed bed unit, a small reactor
diameter should be used. In order to have enougiplsa prepared in each run for
pelletization tests, a 27 mm diameter reactor twhe used in this study with a hot N
purge. From Figure 4-4 (b), the same temperateaetion zone of ~102 mm long
located between point 6 and point 8 was choseheatotrefaction reaction zone, loaded

with sawdust particles.

Four thermocouples (CHO, CH1, CH2, and CH3) werdu®r monitoring the reactor
temperatures (see Figure 2-17). CHO was locatéukigentre of the tube 15 mm from the
top of the reactor for measuring N2 gas temperatil was located in the centre of the
tube 232 mm from the bottom of the reactor for meag the biomass sample temperature.
CH2 was attached onto the centre wall of the gadeheoutside the reactor tube for
monitoring the heater surface temperature. CH3alss located outside the reactor tube
wall at around 340 mm from the bottom of the readtwr measuring the furnace

temperature.

Figure 4-5 shows the reactor temperature variaber time for a typical torrefaction
reactor loaded with pine samples. The pre-heaiing from the room temperature to 200
°C took about 25 minutes. It took about 10 min tdHer raise the temperature from 200
to 250°C, and 20 min to 308C. The sample cooling from the torrefaction tempeato
below 200°C took less than 10 min to stop the torrefactioactien. Figure 4-5 also
shows that at the beginning of torrefaction, tontean the same torrefaction temperature
of the sample, the furnace temperature needs tB0b40 °C higher than the sample
temperature to maintain the target torrefactionperature of sample because of the high
torrefaction reaction rate. At the late stage vettow torrefaction rate, the temperature

difference between the sample and the furnace emssmall.
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4.3 Torrefaction Performance

Table 4-2 shows torrefaction results at temperatofe240, 270, 300 and 34Q with a
residence time of 60 minutes for SPF shavings,guthie tubular fixed bed torrefaction
unit with continuous nitrogen purging. Table 4-2wis torrefaction results of different
BC softwood species, including spruce, fir, pinBFSand pine bark. As the temperature
increased, the weight loss, high heating value, taedcarbon content all increased, but
the bulk density, the retaining energy, and oxygentent decreased. The higher true
material density of torrefied sawdust than the w@rgawdust could be caused by the
shrinkage of particles during torrefaction [Maniagét 2004]. Because of the removal of
water and oxygen-containing volatiles during taaotion, the carbon content of the
torrefied sawdust increased, giving rise to a higHelV of torrefied sawdust. At the

same time, the removal of volatiles decreasednieegy yield.

Table 4-2 Torrefaction results at different tempanes for SPF shavings

Torrefaction Temperature, °C 240 270 300 340
Residence time, min 60 60 60 60
Bulk density, kg ri? 150 133 120 107
True material density, kg th 1365 1355 1447 1447
High heating value, MJ kg 20.89 23.11 25.32 29.49
Weight loss, %wt 13.3 33.8 50.7 60.6
Ash content, %wt 0.19 0.28 0.38 0.44
Energy yield, % 90.89 76.81 62.72 58.33
Elemental Analysis, %wt

C 52.36 58.14 63.51 71.9%
H 6.03 5.68 5.38 4.77
) 41.46 36.02 30.93 23.15
N 0.16 0.17 0.19 0.18

Figure 4-6 plots the HHV against the weight loss &bl torrefied samples, which
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revealed a strong correlation between them. Theehnigeating value increased steadily
with increasing the severity of torrefaction, reagh23 MJ kg at a weight loss of 40%.
For a 30% weight loss by torrefaction, the energiytent increased by about 20%. From
a linear regression between the higher heatingevahd the weight loss at weight losses
less than 40%, the following relationship was aledi (excluding those data for the pine
bark):

HHV. = (1985+ 012) + (934+ 047)xMassLoss MJ kg (R?=0.8862, N=51)

Torrefied@mple
(4-3)
Where 19.85 MJ/kg on the right hand side of thevalejuation most likely corresponds
to the average heating value of the dry raw mdtdf@ a first approximation, the higher
heating value of torrefied biomass particles wittpiveen mass loss could be estimated by

Equation (4-3).
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Figure 4-6 High heating value of BC softwood sampale a function of weight loss
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Table 4-3 Torrefaction results of different BC sadbd sawdust

ltems Spruce Pine Fir SPF Pine bark

Particle mean size, mm 0.21 0.23 0.20 0.21 0.09
Torrefaction temperaturéC 280 280 280 280 280
Residence time, min 52 52 52 52 23
Bulk density, kg ri?

Raw materials 199 225 232 176 310

Dry raw materials 187 191 216 156 247

Torrefied materials 156 175 186 143 229
True material density, kg th

Raw materials 1413 1412 1441 1430 1380

Dry raw materials 1452 1444 1464 1471 1410

Torrefied materials 1513 1528 1586 1600 1719
High heating value, MJ kg

Raw materials 18.33 18.68 18.38 18.56 19.52

Dry raw materials 19.42 20.43 19.49 19.76 21.35

Torrefied materials 21.54 22.11 22.28 22.63 24.61
Weight loss, %wt 24.4 28.5 27.1 31.2 30.3
Energy vyield, % 83.78 77.34 83.31 78.8b 80.39
Elemental Analysis, %wt

C 54.16 55.58 55.55 56.07 59.59

H 5.86 5.85 5.81 5.66 5.54

o] 39.94 38.46 38.51 38.17 34.23

N 0.05 0.12 0.14 0.11 0.65

Figure 4-7 shows the van Krevlen diagram for uné@aand torrefied BC softwood
sawdust, including all tested data for dry raw male and different torrefied materials. It
is seen that both oxygen and hydrogen were remsekedtively during torrefaction, and
they were closely correlated as observed in pymlyBhis could be explained by the
selective removal of OH groups from the easy toodgmwse hemicelluloses during
torrefaction. Similar results were reported by Mael al. (2012) and Phanphanich et al.
(2011). A linear correlation between the H/C andC Qatios for BC softwoods was

obtained by regression:
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H/C = (0.434+ 0.017) + (1565 0.030)xO/C (R?=0.9932, N=21) (4-4)
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Figure 4-7 van Krevlen diagram of untreated ancefed BC softwood sawdust

4.4 Comparison of Fixed Bed Data with TG Kinetic D#a

Same BC softwood samples prepared in the same fmatthe TG tests were torrefied in
the fixed bed reactor. The weight loss results fribie fixed bed reactor are given in
Table 4-4, together with the results from TG telits seen that the weight loss between
TG analyzer and fixed bed tests are generally agitden 90%, except for the spruce
sample which shows 20% lower weight loss from tked bed reactor than from the TG
tests. These encouraging results give us the camf@ in applying those kinetic

equations for the modeling and designing of toatda reactors in the future.
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Table 4-4 Comparison of weight loss results fromar@lyzer and a fixed bed reactor

Spruce Pine Fir Pine bark
Temperature, K 553 553 553 553
Residence time, min 52 52 52 23
Weight loss from fixed bed, %wt 24.4 28.6 27.2 30.3
Weight loss from TGA, %wt 29.2 30.6 28.8 29.7
Weight loss from two-component kinetic model, %qwt 7.2 30.8 28.7 30.0

*. Empirical kinetics equation

4.5 Densification of BC Torrefied Softwood Samples

Table 4-5 summarizes experimental conditions attechgo densify torrefied BC
softwood sawdust into pellets. Torrefied sawdust@as were found to be more difficult
to be compressed into strong pellets under the sameeating conditions as used for
making the control pellets from untreated sawdesgn at a die temperature of 1%D.
The mold temperature had to be increased to over°C7 or the samples had to be

preconditioned to the moisture content up to 10%order to make strong torrefied

pellets.
Table 4-5 Summary of tested densification condgion
Moisture Numbers
Samples Content, % | Die Temperature,°’C | Pressure, MPa | of Pellets

Raw sawdust (0.23 mm ping¢) 7.44 70, 110, 170 31182, 156 >50
Raw sawdust (spruce, ping,

fir, SPF, pine bark) 3.19-9.94 70 125 >100
0.67 mm Torrefied pine 0, 5, 10, 15 70, 90, 100,

sawdust (30T for 15min) (Added) 110,120,130,140,150 156, 187, 218 >50
Torrefied pine sawdust 10 (added 110 156 >200
0.23 mm Torrefied pine

sawdust (at 280°C for 52 170, 200, 230, 260, | 125, 156, 187,

min) <0.5 280 218, 249, 280 >50
Torrefied sawdust (spruce,

pine, fir, SPF, bark) <1 170, 230 156 >100
Torrefied SPF shavings <1 170, 230 156 >2(
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The density of wood pellets, which is the most im@ot indicator of pellet quality,

depends on the fiber source, moisture contentjcparize, compression pressure, die
temperature, die speed, and die configurationsfi2009]. In this chapter, the effect of
the sample moisture content, compression presandedie temperature on pellets quality

have been examined.

Figure 4-8 shows the density of single torefiedlgtelas a function of the moisture
content and the die temperature for the 0.67 mnefied pine sawdust. The torrefaction
condition was at 308C for 15 min. The compression pressure was sE2aMPa with

1 min holding time. From 4-8, it can be seen tlnat highest single pellet density was
obtained at 10% moisture content with a die tentpezaof 100°C, and the density of

torrefied pellets was lower than the control psllet
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Figure 4-8 Single torrefied pellet density as acfion of moisture content and die
temperature
(0.67 mm torrefied pine sawdust at 3@for 15 min)
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Figure 4-9 shows the density of single torrefiedlgbe as a function of compression
pressure and die temperature. The test sample v2&s rm torrefied pine sawdust
without any moisture added. The torrefaction caaditvas at 28GC for 52 min. The
holding time for making pellets was 1 min. As expec the pellet density increased with
increasing the compression pressure and die tetoperand was more sensitive to the
die temperature. At a die temperature of 280or above, the torrefied pellet density
became close to the control pellet density mad&0afC, indicating that a higher
temperature, or pressure, is required to make fiedrgoellets of a density similar to

control pellets.
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Figure 4-9 Density of single pellets as a functibcompression pressure and die
temperature
(0.23 mm torrefied pine sawdust at 280for 52 min)
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Figure 4-10 shows the energy consumption for makingefied pellets as a function of
compression pressure and die temperature. Thedagtle was 0.23 mm torrefied pine
sawdust without any moisture added. The torrefactiondition was at 280C for 52
min, and the holding time for compression was 1.mihe energy consumption of
torrefied pellets is seen to be higher than thdrobpellets. The high die temperature can
decrease the energy consumption, while high comjaregpressure increases the energy
consumption. At the temperature range of 170-23@he energy consumption was not

sensitive to the temperature.
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Figure 4-10 Energy consumption for making pellets dunction of compression
pressure and die temperature
(0.23 mm torrefied pine sawdust 280°C for 52 min)
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From Figures 4-8 to 4-10, it appears that the ogitidensification conditions for making
torrefied pellets is to precondition the samplel@% moisture content and/or use a die

temperature 0£170°C at a higher compression pressure.

Figure 4-11 shows the appearances of control amdfied pellets made from different
BC softwood species, including SPF shavings (aeaamperature of 17€C), spruce,
fir, pine, SPF and pine bark. Tables 4-6 and 4-Gwskhe properties of torrefied and
control pellets made from different softwood regisluThe moisture content of torrefied
pellets was consistently lower than the controlgtgelbecause of the easy removal of
unbonded free water from the torrefied sawdustnduicompression. The density of
torrefied pellets was consistently lower than tleatol pellets when made under the
same operating conditions. Increasing the die teatpes can improve the density of
torrefied pellets significantly. At a die tempenatwf 230°C, the density of torrefied
wood pellets made from the 30% mass loss torrediadust became similar to the
density of control pellets. Increasing the die temapure can improve the density of
torrefied pellets significantly. As the torrefagtideemperature increased, the density of
torrefied pellets decreased. For sawdust torredical temperature over 306G, both the
hardness and the density of torrefied pellets becanmch lower. A large force had to be
applied for making pellets from torrefied SPF regsl prepared at a torrefaction
temperature of 348C. The energy consumption for making pellets afgwdased as the
torrefaction temperature increased. The energywupson for making torrefied pellets
from samples prepared at a torrefaction temperatu880°C was more than 50% higher
than the control pellets. The Meyer hardness oét@d pellets was comparable with the
control pellets, although it was noticed that tbedfied wood pellets were more brittle
than the control pellets. Based on the compredsistis and pellet quality data (excluding
pine bark), it appears to us that the optimal nh@ss for making good torrefied softwood

pellets should be around 30% at a torrefaction txatpre of 270 to 28%C for about 55

121



min.

SPF Shavings

“ . -
Contral 2P, Blemén

e .
Sproce Pine Fir SPF Pine bark
Control Pellets
- " w w=e
Torrefied Pellets

A e ' ' ' . .

s . s - = -

Figure 4-11 Control and torrefied pellets made fidifferent BC softwood species

Table 4-6 Properties of torrefied and control gellmade from BC SPF shavings

SPF Shavings Control| 248 60min | 270C 60min | 300C 60min | 340C 60min
Die Temperature, 170
Moisture content, %wt 7.00 0.42 0.35 0.04 70.1
Pellet density, kg th 1210 1100 1000 910 700
Energy consumption, M3 § 25.57 25.62 28.30 30.83 50.93
Meyer hardness, N nim 6.39 8.88 5.62 4.68 <1
Die Temperature, 230
Pellet density, kg th 1210 1260 1200 1130 810
Energy consumption, M3 § 25.57 34.79 43.29 49.91 55.35
Meyer hardness, N nim 6.39 8.98 8.33 8.85 3.08
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Table 4-7 Properties of torrefied and control gellmade from BC softwood residues

Different Wood Species Spruce Pine Fir SPF Pine blar
Torrefaction TemperaturéC 280 280 280 280 280
Residence time, min 52 52 52 52 23
Control Pellets

Moisture content, %owt 6.24 6.52 461 4.78 47.5
Pellet density, kg th 1170 1210 1140 1150 1290
Energy consumption, M3 1 29.06 27.49 31.41 31.23 18.72
Meyer hardness, N mim 7.38 7.48 3.34 3.95 13.50
Torrefied Pellets
Die Temperature, 170
Moisture content, %owt 0.22 0.46 0.29 0.32 20.8
Pellet density, kg th 1060 1080 1030 1010 980
Energy consumption, M31{ 31.21 30.61 33.27 35.24 28.12
Meyer hardness, N mim 5.53 5.62 5.28 5.20 3.37
Die Temperature, 230
Moisture content, % 0.22 0.56 0.04 0.26 0.00
Pellet density, kg th 1180 1220 1130 1150 1140
Energy consumption, M3 { 30.74 31.56 34.05 35.64 28.26
Meyer hardness, N mim 4.96 5.86 5.47 6.94 5.99

4.5 Moisture Uptake of BC Torrefied Pellets

The hydrophobicity of torrefied wood pellets wasewned by measuring the saturated
water uptake rate in a humidity chamber with 90%tiee humidity air at 36C over 48
hours. Figures from 4-12 to 4-17 plot the measunedsture uptake rate of control and
torrefied pellets made from BC softwood residuéss keen from Figures from 4-12 to
4-17 that it took less than 10 hours for most tegtellets to reach the saturated moisture
content. The saturated moisture content of compedlets was 181% (wt), and the
saturated moisture content of all torrefied pelletss less than 10% (wt), indicating
substantial improvements in the hydrophobicity atéfed wood pellets. The saturated
moisture content of torrefied wood pellets alsosistently decreased with increasing the

degree of torrefaction in Figure 4-12 because efiticreased removal of hydroxyl (-OH)
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groups from the biomass [Phanphanich and Mani 2Bhchuai et al. 2010]. Increasing
the die temperature for pelletization, Figure 10@¥o slightly lowered the saturated

moisture content of torrefied wood pellets.

The moisture uptake kinetics data can be fittethéofollowing formula as recommended

by ASABE Standard S448.1 (2006):

\Y —
M. —

:AA: = exptk, ) B

where M, is the instantaneous moisture uptakejdvthe saturated moisture uptake,is
the initial moisture uptake, kis the adsorption rate constant in thirand t is the

exposure time in min.
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Figure 4-12 Moisture uptake rate of control andefied pellets made from BC 1.10 mm
SPF shavings
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)
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Figure 4-13 Moisture uptake rate of control andefxed pellets made from BC 0.21 mm
spruce particles at 28C for 52 min
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)
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Figure 4-14 Moisture uptake rate of control andefxed pellets made from BC 0.23 mm
pine particles at 28%C for 52 min
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)
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Figure 4-15 Moisture uptake rate of control andefied pellets made from BC 0.20 mm
fir particles at 286C for 52 min
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)
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Figure 4-16 Moisture uptake rate of control andefed pellets made from BC 0.21 mm
SPF particles at 28 for 52 min
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)
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Figure 4-17 Moisture uptake rate of control andefied pellets made from BC 0.09 mm
pine bark particles at 28C for 23 min
(Pellets in a humidity chamber with 90% relativertidity air at 30°C)

Table 4-8 shows the saturated moisture uptaks #Wd the adsorption rate constani)(k
estimated from fitting experimental data for cohtind torrefied pellets made at different
torrefaction temperatures and densified at diffeck@ temperatures. Thesdf torrefied
pellets with ~30% mass loss ranged from 8 to 11%u&b0% lower than the control
pellets (18-20%). The adsorption rate constanbfktorrefied pellets was in the same
order as the control pellets, which may be explhibg the increased specific surface
area of torrefied pellets because of the lowerepelénsity and the creation of new pores
inside the torrefied particles. However, increadimgdie temperature from 170 to 28D
for pelletization significantly reduced the moigtuadsorption rate constant, which may

result from the increased pellet density and thémwadification of surface properties.
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Table 4-8 Saturated moisture uptake and moistuakaepate constant
(Pellets in a humidity chamber with 90% relativertidity air at 30°C over 48 hours)

Weight loss, ¢ | Saturated moistu Adsorptior
uptake, M, % rate constant,k min*
1.10 mm SPF Shavin
Control 0.C 20.3: 0.0152¢
240°C 60 mir 13.2 14.1¢ 0.0091:
270°C 60 mir 33.¢ 9.72 0.0169:
300°C 60 mir 50.7 9.2¢ 0.0218:
340°C 60 mir 60.€ 7.8¢ 0.0393¢
Different Wood Speci¢
0.21 mm Spruc
Control 0.C 1¢.11 0.0067¢
280 °C 52 min Die 17( 24.4 10.2¢ 0.0101!
280 °C 52 min Die 23( 24.4 9.7( 0.0063(
0.23 mm Pin
Control 0.C 18.6¢ 0.0064!
280 °C 52 min Die 17( 28.t 10.7: 0.0081:
280 °C 52 min Die 23( 28.t 9.59 0.0057(
0.20 mm Fi
Control 0.C 18.6¢ 0.0111°
280 °C 52 min Die 17( 27.1 10.6¢ 0.0108:
280 °C 52 min Die 23( 27.1 9.8¢ 0.0065:-
0.21 mm SP
Control 0.C 18.51] 0.0100:
280 °C 52 min Die 17( 31.2 1001 0.0099¢
280 °C 52 min Die 23( 31.2 9.47 0.0058!(
0.09 mm Pine Bal
Control 0.C 18.15 0.0035¢
280 °C 23 min Die 17( 30.: 8.6( 0.0150°
280 °C 23 min Die 23( 30.: 8.4: 0.0108!(

Figure 4-18 shows the relationship between therai@d moisture uptake and the mass
loss, or severity of torrefaction, for torrefiedlpes. It is seen that the saturated moisture
uptake of torrefied wood pellets decreased steadily the increase in the mass loss or
the degree of torrefaction. The decrease in s&uinaoisture uptake appears to be more
significant at the weight loss of 0 to 15%, andystateady afterward. A correlation

between the saturated moisture uptake) @hd the mass loss for control and torrefied

pellets was obtained by regression:
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M, - (963+ 062)
(L864+ 026) — (963 062)

= exp[(-0.0521+ 0.0090 x %oMassLosH

(R°=0.9417, N=35) (4-6)

where the value of 18.64% most likely represengsaberage saturated moisture content
of the raw material, while the value of 9.63% cepends to the average saturated

moisture content of charcoal.
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Figure 4-18 saturated moisture uptake as a fundiaarrefaction weight loss for all

tested samples
(Pellets in a humidity chamber with 90% relativertidity air at 30°C over 48 hours)

Table 4-9 shows the diametric, longitudinal anduwebtric expansions of control and
torrefied pellets made from BC softwood residudsraioisture uptake. It is seen from

Table 4-9 that at the optimal mass loss of aroud%,3the volumetric expansion of
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torrefied wood pellets made at a die temperatur&76°C was around 30%. If the die
temperature increased to 23D, the volumetric expansion of torrefied wood pslieith
the same weight loss would decrease to around O@¥paring pellets made from two
SPF samples of different particle sizes, the volmmesxpansion of torrefied wood
pellets made from small size particles was muchetothan that made from large size
particles. Deep torrefaction is seen to reduce pibkdet expansion, and increased the
quality of torrefied pellets. Increasing the déenperature also can improve the quality

of torrefied pellets.

Table 4-9 Expansion of control and torrefied pslietade from BC softwoods after
moisture uptake

Iltems Lonaitudinal Diametric Volumetric
expansion, % expansion, % expansion, %
1.10 mm SPF Shaving
Control 237 22 401
24C°C 60mir 67 14 11¢
27C°C 60mir 25 7 42
30C°C 60mir 14 9 35
34C°C 60mir 14 5 25
Different Wood Specie
0.21 mm Spruc
Control 114 9 117
28C°C E2min__Die 30 5 34
28C°C 52min__ Die 15 5 19
0.23 mm Pin
Control 112 6 10t
28C°C__52min__Die 26 3 21
28C°C__52min__Die 15 1 11
0.20 mm Fi
Control 88 6 88
28C°C  52min__ Die 26 4 25
28C°C  52min__ Die 27 2 26
0.21 mm SP
Control 93 7 94
28C°C__52min__Die 21 2 20
28C°C__52min__Die 13 2 12
0.09 mm Pine Bal
Control 41 4 41
28C°C  23min__Die 12 2 12
28C°C  23min__Die 12 3 13

Figure 4-19 shows the shape of the pellets befodeadter moisture uptake for control
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pellets and torrefied pellets, both made from SR&visigs. On each picture, the pellet
shown on the left was the one after moisture uptakd the pellet on the right side was
before the moisture uptake test. As shown in Figliif(a), after the moisture uptake,
the control pellet almost disintegrated. After tim@isture uptake, pellets made from
torrefied sawdust prepared at Z4Dfor 60 minutes showed a large expansion (sea€igu
4-19(b)). For those pellets made from torrefied glaswith a weight loss of 33.8% (270
°C, 60 minutes), 50.7% (306C, 60 minutes) and 60.6% (34, 60 minutes),
respectively, there was little change in the pdleipe and the pellets remained in good
conditions after the moisture uptake. Figure 4-B0ws the shape of the pellets before
and after the moisture uptake for control pelletd torrefied pellets made from different
BC softwood species. All torrefied pellets are seeremain in their original shape after
water uptake. Results shown in Figures 4-19 an@ 4e2m that the optimal weight loss

for the production of high quality torrefied pelavas around 30 %.

(a) (b) (©) (d) (e)

Figure 4-19 Shape changes of control and torrgfedits made from SPF shavings
before and after moisture uptake
(a) Control pellets, (b) 13.3% weight loss (Z2@) 60 minutes), (c) 33.8% weight loss
(270°C, 60 minutes), (d) 50.7% weight loss (3@) 60 minutes), (e) 60.6% weight loss
(340°C, 60 minutes)
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Figure 4-20 Shape changes of control and torrgfediéts made from different softwood
species after moisture uptake

4.6 Summary

The mass loss of British Columbia softwood spediging torrefaction mainly depended
on the reaction temperature and the treatment fline.higher heating value of torrefied
softwood had a close correlation with the mass, lasd deep torrefaction increased the

higher heating value of torrefied sawdust.

Torrefied softwood was more difficult to be com@mes into strong pellets using the
same conditions for making the control pellets.créasing the die temperature and
adding moisture into torrefied sawdust can imprthesquality of torrefied pellets. More
energy was needed for compacting torrefied sawistpellets. The moisture content
and density of torrefied pellets was lower than temnpellets. Deep torrefaction

increased the heating value and the hydrophobaoditgrrefied pellets, but decreased the
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energy yield and the hardness of torrefied pell@tsrefied pellets have a similar
moisture adsorption rate as the control pelletsihmir saturated moisture contents are at

least 50% lower than the control pellets at a giverst environment.

Considering the quality of torrefied pellets, th&timal torrefaction conditions appeared
to correspond to a mass loss of around 30%, whasie @ 20% increase in pellet higher
heating value. The suitable densification condgidor torrefied softwood based on the
current study corresponded to a die temperaturd76f to 230°C and lower die

temperatures could be used when the torrefied sstwdas preconditioned to a moisture

content of around 10%.
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CHAPTER 5 PARTICLE SIZE EFFECT  ON
TORREFACTION AND DENSIFICATION

Although the reaction temperature, reaction residetime, and wood species were
considered to be the most influential parameteasgjgbe size is also an important design
parameter for torrefaction and densification. Pratsal. (2006) postulated that for
pyrolysis of wood below 573 K, the reactions wdre tate-limiting step for particles
smaller than 2 mm where the impact of intra-paetickat and mass transfer becomes
insignificant. In this chapter, both a TG and aetixbed reactor were used to study the
particle size effect on torrefaction. A press maehiMTIl 50K, was used to make
torrefied pellets for the evaluation on the quatifythe torrefied pellet based on density,

durability and equilibrium water uptake rate.

5.1 Experimental

5.1.1 Samples

Pine chips from Fiberco and FPInnovations have hesad as the test material in this
study. Figure 5-1 shows the three pine sawdust snppepared from Fiberco pine chips.
Figure 5-2 shows the three samples of pine sawghrsicles made from FPInnovations

pine.
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Figure 5-1 Three pine sawdust samples made froeréolpine chips
(a) <250um, (b) 250-50Qum, (c) 500-100@m

Figure 5-2 Three pine sawdust samples made fromriéRations pine chips
(a) 0.79 mm screen size, (b) 3.18 mm screen siy6,35 mm screen size

The three pine sawdust samples (particle size: @u23 0.67 mm, 0.81 mm) made from
FPInnovations chips were used for the study ofpimticle size effects in the fixed bed
reactor. Three samples made from Fibreco pine cpips the 0.23 mm particle size

sample from FPInnovation wood chips were usedHeritGA study.
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5.1.2 Equipment and Procedures

A bench-scale fixed bed unit as described in Chi&was used for torrefaction tests. For
the fixed bed tests, two operating parameters \wmestigated for each particle sample.
The temperature was chosen to be 523 K and 578dilee residence time was selected
as 15 min and 30 min, which fell into the typicahges of torrefaction conditions of

commercially relevant. For each sample, at least teplicates were tested for each

reaction condition.

Pelletization was carried out in the MTI 50K presachine as described in Chapter 3. In
each test, approximately 0.5 g samples were usedate a single pellet of 6.5 mm in
diameter and ~12 mm in length. A pressure of 156 MBs applied with a few minutes
of holding time. To make control pellets, the dénperature was maintained at 343 K
with the 125 MPa pressure and 1 minute holding tiflee torrefied samples were
preconditioned over 24-72 hours to adjust their stuve content to 10% in order to

compress torrefied sawdust into pellets.

5.2 Torrefaction Performance

Figure 5-3 shows the TG weight loss curves of thpee sawdust samples made from
Fiberco chips at the torrefaction temperatures7@kband 553K. It can be seen that the
particle size affected the weight loss during tiacgon. As the particle size increased,
the weight loss rate decreased. As the temperatareased, the difference in weight loss
for different particle sizes widened, indicatingnaore significant effect at higher

temperatures.

Table 5-1 summarizes the fixed bed reactor tortEflacresults of pine samples with
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different particle sizes, operated at two tempeestiand two residence times. As the
temperature increased, the weight loss, high hgatalue, and the carbon content all
increased, but the bulk density, the retaining gyyeand oxygen content decreased. The
effects of temperature, residence time and woodiepeon torrefaction were already
reported in Peng et al. (2011), so the discussiothé current study only focused on
particle size effect. As can be seen, smaller gdaegtilost their weight faster than larger
particles, and the difference was more significnhigher torrefaction temperatures. At
523 K, the weight loss differences were around A%b73 K, the differences increased
to 7%. This implies that the inter-particle heatlanass transfer could influence the

torrefaction rate of large patrticles.
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Figure 5-3 Weight loss curves of three pine sawdastples made from Fiberco chips in
the TGA
(@) 573K, (b) 553K.
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Table 5-1 Fixed bed torrefaction results of thremsamples of different sizes

Torrefaction Temperature, K 523 523 573 573
Residence time, min 15 30 15 30
0.23 mm size particles
Bulk density, kg m 157 159 137 136
Truedensity, kg it 1419 1421 1397 1393
High heating value, MJ Kg 20.58 20.51 22.06 23.02
Weight loss, %wt 10.03 12.22 35.97 42.86
Weight loss from TGA, %wt 8.46 10.87 31.78 ZD.
Energy vyield, % 92.67 90.08 70.69 65.82
Element Analysis, %wt
C 49.59 50.55 55.03 55.34
H 6.09 6.05 5.74 5.76
o] 44.33 43.33 39.17 38.85
N 0.00 0.08 0.07 0.06
0.67 mm size particles
Bulk density, kg 197 201 174 170
True density, kg i 1431 1421 1526 1516
High heating value, MJ Kg 21.25 21.09 23.27 24.38
Weight loss, %wt 9.60 10.97 33.94 40.45
Energy yield, % 93.89 91.77 75.13 70.96
Element Analysis, %wt
C 51.36 51.53 56.09 58.62
H 6.09 6.06 5.73 5.61
O 42.46 42.31 38.07 35.71
N 0.09 0.10 0.11 0.06
0.81 mm size particles
Bulk density, kg m 165 168 133 135
True density, kg i 1381 1373 1366 1353
High heating value, MJ Ky 20.57 20.35 22.33 22.24
Weight loss, %wt 7.14 9.22 33.00 35.64
Energy yield, % 94.04 90.95 73.65 70.46
Element Analysis, %wt
C 49.51 50.64 55.35 55.19
H 6.19 6.03 5.71 5.75
o] 44.20 43.27 38.95 39.07
N 0.11 0.07 0.00 0.00
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5.3 Modeling of Particle Size Effect

Peng et al. (2012) developed a two-component madtinetic model for torrefaction

within short residence time with the weight losssl¢éhan 40% as below:

Wood O’ — Volatiles+ Chars

FastReactionJGroup

Wood O™ - Volatiles+ Chars

Mediuni] ReactionJGroup

where k and k are the global reaction rates of the fast reagronip and the medium

reaction group, respectively.

The fast reaction group may represent the decormosif hemicelluloses. The medium
reaction group is the decomposition of cellulosd bgnin. If the two overall reactions
are assumed to be first order reactions, the rabideight fraction (Wsa) of wood

samples is given by:

WTGA = (1_ Cl - Cz) + Cl X exp(_k1t) + Cz X exp(_kzt) (5'1)

where G may be set as the hemicelluloses content of @aeepresents the combined

cellulose and lignin contents of pine.

The observed global reaction rates of the fastti@magroup, f(obs), and the medium

reaction group,2fobs), from equation (5-1) are:

r (obg = —C, x k1 X exp(—klt) (5-2)

r,(0bg = -C, xk, xexp(-k,t) (5-3)
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Based on TGA data for biomass particles preparec fFibreco pine chips, using

equations (5-2) and (5-3) with;€0.263 and &=0.704 [Peng et al. 2012], the observed
global reaction rate constants were obtained dnaldted in Table 5-2. As one expected,
the observed global reaction rate constant dealea#@ increasing the mean particle

size.

Table 5-2 Observed global reaction ratesakd k) with different size pine particles

Particle Observed global reion rates
Size, um K, st | Ky, St
573K
125 5.19E-03 1.40E-04
375 3.86E-03 1.20E-04
750 3.43E-03 1.10E-04
553K
125 1.48E-03 4.00E-05
375 1.25E-03 3.00E-05
750 9.70E-04 2.00E-05

5.3.1 Temperature Gradient within the Particles

Wood torrefaction is an endothermic reaction. Tkaths transferred from the hot gas
across the boundary layer to the particle surfaea to the particle inside by thermal
conduction. A temperature gradient will be creadedoss the surface boundary as well
within the particle, which may affect the torrefacatreaction rate. The Biot number and
the Pyrolysis number are first estimated to examitether there is a substantial

temperature gradient within the particles.

The Biot number (Bi) represents the ratio betweka heat convection from the
surrounding fluid to the particle surface and theathconduction within the particle,

which thus determines the relative importance eftirat conduction within the particle
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and the heat convection from fluid to particlesr{Bet al. 2012].

al. _ Particle Outside Convection Heat Transfer Rate

Bi = =
A Particle Inside Conductiviy Heat Transfer Rate

(5-4)

wherea is the convection heat transfer coefficientvihm? K2, Lc is the ratio of the
particle volume to surface arearim A is the thermal conductivity of particles W m*

K1,

If Bi <<0.1, the resistance to conduction withiretiparticle is much less than the
resistance to convection across the fluid boundygr. Hence the temperature within

the particle can be reasonably assumed to be umifor

The convection heat transfer coefficient betweentiggas and fluid in the TGA and the
fixed bed reactor are estimated from the literat8iace the velocity of the nitrogen flow
in the TGA is very low (0.0065 mi*sat 573K), the heat transfer between the partites
the flowing nitrogen in the TGA can be treated e=efconvection. The velocity of
nitrogen flow in the fixed bed reactor is 0.87 that 573K, so the heat transfer between
the particles and the nitrogen in the fixed bed lbartreated as forced convection. The
heat transfer coefficient between particles an@grs the packed bed ranges 3-20 W m

Kt for free convection and 10-100 WK ™ for forced convection [Bird et al. 2002)].
The convection heat transfer coefficient can be astimated by semi-experimental

equations. For small Reynolds numbers (Re), theaxiive heat transfer coefficient can

be estimated by the following Chilton-Colburn facfig) [Bird et al. 2002]:
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jH — (CaG)(Czclu)Z/S — 2.19Re_2/3 (5_5)
PC C

Re= __4G
6(1-¢)Bu

(5-6)
where ¢ is the particle diameter im, Coc is the heat capacity of the nitrogen ga&dn
kg K*, ¢ is the fraction of free space, [ is the viscosftpitrogen gas ifkkg m* s*, G is
the superficial mass flux (uxpc, nitrogen gas velocity im s* x fraction of space x
nitrogen gas density ikg m®), Ac is the heat conductivity of the nitrogen gasvim® K™,

B is the particle-shape factor, 1 for sphericalipkt In the current study the shape factor

equals is 1.

Using equations (5-5) and (5-6) with a pine theromductivityx=0.109W m*K™* [Hu

et al. 2005] and particle size, the convection lieatsfer coefficient has been estimated.
Using equation (5-5) andcEde/6 (d,, particle diameter im), the Bi has been calculated
and shown in Table 5-3. From Table 5-3, the Bsé®en to be much less than 0.1.
Therefore the temperature gradient inside partidesxpected to be very small, and the

particles can be treated as having a uniform teatper in this study.
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Table 5-3 Estimated Biot numbers of different gree particles

Particle u g? pc’ T Cpc® A’ a, W m?K™* | Biot Number
Size, ym még kgm® | kg m's? Jkg*K* | Wm'K? | TGA | Fixedbed | TGA | Fixed bed
573K
125 6.5E-03 0.49 0.60 2.8E-05 1.04 4.3E-0pR 20{00 0.004
375 6.5E-03 0.49 0.60 2.8E-05 1.04 4.3E-0p 9.62 .00®
750 6.5E-03 0.49 0.60 2.8E-05 1.04 4.3E-0p 6.p6 .000
553K
125 6.2E-03 0.49 0.62 2.8E-05 1.04 4.2E-0p 20|32 0.004
375 6.2E-03 0.49 0.62 2.8E-05 1.04 4.2E-0p 9.77 .00®
750 6.2E-03 0.49 0.62 2.8E-05 1.04 4.2E-0p 6.16 .000
573K
230 8.7E-01 0.49 0.60 2.8E-05 1.04 4.3E-0pR 68.14 0.024
670 8.7E-01 0.49 0.60 2.8E-05 1.04 4.3E-0pR 33.41 0.034
810 8.7E-01 0.49 0.60 2.8E-05 1.04 4.3E-0R 29.44 0.036
523K
230 7.9E-01 0.49 0.65 2.7E-05 1.04 4.0E-0R 69.31 0.024
670 7.9E-01 0.49 0.65 2.7E-05 1.04 4.0E-0R 33.98 0.035
810 7.9E-01 0.49 0.65 2.7E-05 1.04 4.0E-0R 29.94 0.037

% from measurement of pine partictee, 1, Goe andic from Perry (1997).

The pyrolysis number () was defined as the ratio of heat convection aatk chemical

reaction rate [Pyle and Zaror 1984].

o _ Particles Outside Convection Heat Transfer Rate
ki pCpLc Particles Inside Reaction Rate

(5-7)

y

wherep is the particle density ikg m®, Cpis the heat capacity of particlesdrkg* K, k;

is the global reaction rate &, i is the i reaction group.

Using the observed global reaction rates in TabRdnd the convection heat transfer
coefficients in Table 5-3, the Pyrolysis number basn estimated and shown in Table

5-4. The Py is generally very larger than 1, which indicatest the external heat transfer
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rate is much faster than the reaction rate indideptrticle. As a result, the external heat

transfer will be able to provide sufficient heakergy to sustain the torrefaction reaction

or, in other words, the endothermic reaction ofdfaction will not cause the patrticle

surface temperature to decrease.

Table 5-4 Estimated Pryolysis number of differané ine particles

Particle Reaction rate o p? Cp? Pyrolysis Number
Size, pm k K, Wm?2K? kg m* Jkgtk? For k; For k,

573K

125 5.19E-03 1.40E-04 20.00 440 1640 256.3] 9503.9

375 3.86E-03 1.20E-04 9.62 440 1640 55.24 1776.8

750 3.43E-03 1.10E-04 6.06 440 1640 19.58 610.55
553K

125 1.48E-03 4.00E-0b 20.32 440 1640 913.51 33299.§

375 1.25E-03 3.00E-05 9.77 440 1640 173.33 7221.8

750 9.70E-04 2.00E-0% 6.16 440 1640 70.35 3412.1

#pand Gfrom Hu et al. (2005) .

Both the Biot number and Pyrolysis number show thattemperature gradient within

the particle is very small during torrefaction azah thus be neglected in modeling the

particle size effect in the current study.

5.3.2 Development of a Hard Core Particle Model

During torrefaction, volatiles (gases and liquiaguwcts) can simply be represented by

one single species [Prins et al 2006c]. For a sisgherical particle with a single gas

species as shown in Figure 5-4, the heat and nedlaade equations can be derived as

[Bird et al. 2002]:

0 10
L (pCeT) == (r
at(p °T) [rzar(

20T
or

)]+ AH [T

Reaction
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92 =D, [ 2 (? )+
r

0 _ 5-9
ot r 2 ar Reaction ( )

where pis the density of biomass kg ni®, t is the time irs, C,is the heat capacity of

biomass inJ kg* K?, T is the temperature i, % is the thermal conductivity of biomass
in W m' K%, AH is the decomposition heat of biomass)imi®, freacionis the real global

reaction rate, r is the radii of spheremnD,, is the diffusivity of volatiles im? s™.

K

Figure 5-4 Shell heat and mass balances on spheo@alinate system

(Temperature inside particlés=T(r,t,R T,,;, and Concentration of volatiles inside

particleSC = C(r L R’Tinitial ))
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From 250 to 300°C, the decomposition of wood is mainly associateith vthe
hemicelluloses across the whole particle, whileréghis little change in lignin and
celluloses. Therefore, little shrinking in the biass particle is expected during
torrefaction, as reported by Bergman and Prins §20Bor biomass torrefaction with a
weight loss of less than 40% in this study, we r@sonably assume that the diameter of
particles does not change (hon-shrinkage corepguhie torrefaction. Also, the previous
analysis showed that there is expected to be nblgligemperature gradient within
particles, so that the particle is treated as lanuniform temperature. By further
assuming that the global reactions are first oréactions, and the reaction is under a
pseudo steady state with little change of vapoasplconcentration inside particles with

time, Equations (5-8) and (5-9) can be reduced to:

,dC

—)]+k,C=0 (5-10)
dr

1d
D [=—(r
m[r2 dr(
where k is the real intrinsic reaction constansih

With the following boundary conditions:

dC

—1 =0 5-11
= (5-11)

Cl._. =Cx (5-12)

C_ ;
== (5-13)
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where® is the Thiele module, defined as:

’ (5-14)

with Dy, as a constant.

Define the effectiveness factoy ) as:

Observed global reaction rate
§= :(obS) _ (5-15)

Reaction Real global reaction rate

If there is no concentration gradient inside theige, the real global reaction rate will

be:

o = gnR3erR -16)

Reaction
The observed global reaction rate (r(obs)) is tieleted to the Thiele module by:

r 1 (5-17)

r(obs = 4zRD_®C
(obg) = 47RD, R(tanrcI) ®

The following relationship can be derived for fimder reaction and spherical particles

[Fogler 2006]:
r(ob 3, 1 1
:Q:_(___) (5-18)
r ® tanhd @

Reaction
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A Weisz-Prater number can be used to estimatentipadt of internal diffusion on the

reaction [Weisz and Prater 1954]:

Observed global reaction rate
Cyp = znxq)zz_r(ObS)deZ = 3(  _
: D, C, tanh®

1)
A diffusion rate

(5-19)

If Cwp is much less than 1, there are no diffusion littatess and no concentration

gradient is expected within the patrticles.

5.3.3 Estimation of Thiele Module and EffectivenesBactor

Theoretically, the Thiele moduled(= R gr ) can be calculated for the given particle

m
diameter, reaction rate constant and the effecliffesivity of gases. In the current study,
k: can be estimated by eliminating internal diffusissing very fine sawdust particles.
For a given patrticle pore size, the diffusivityaflatiles, O, can be first approximated

by the Knudsen diffusion coefficient,Dwhich can be estimated by [Chen 1990]:

D, =9700xax(Ml)°-5, cnf s* (5-20)

T

where a is the pore sizeem T is the temperature in K and;Ns the molecular weight.
For solid wood, the particle pore size ranges f@i0 nm (for microfibril) to 1-5 pm

(for wall cell layers) [Harrington 2002].
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The average molecular weight of the torrefationatitds can be estimated from the
typical volatile composition reported in the litaree, as shown in Table 5-5. The

Knudsen diffusion coefficients at different temparas estimated from Equation (5-20)

are given in Table 5-6.

Table 5-5 Estimated average molecular weight a&faction volatile$

CH;COOH | H,O0 | HCOOH | CH3OH | CO, ol Total M
Molecular Weight 60 18 46 32 44 28
573K 5.00% 13.00% 2.00% 4.00% 4.00% 1.00% 29.00% 33
553K 3.00% 8.00% 1.00% 1.75% 4.20% 0.75% 18.70% 34
523K 1.75% 7.00% 0.25% 0.25% 3.00% 0.25% 12.50% 31
#Vapour composition data from Prins et al. 2006¢
Table 5-6 Estimated Knudsen diffusion coefficidiotsvolatiles in solids wood
Pore size, cm Dy, m?/s
573K 553K 523K
Microfibril
2.00E-07 8.08E-07 7.82E-07 7.97E-07
1.00E-06 4.04E-07 3.91E-07 3.98E-07
Wall cell layer
1.00E-04 4.04E-04 3.91E-04 3.98E-04
5.00E-04 2.02E-03 1.96E-03 1.99E-03

Using the Knudsen diffusion coefficients valuesTable 5-6, the Thiele module can be
estimated by Equation (5-14), and the effectivadiaby Equation (5-18). The results
show an value very close to 1 for all particles testedhis work, which does not agree
with the experimental data as shown in see FigiBeahd Table 5-1 where the observed
reaction rate constants decreased significantlly witreasing the particle size. This may
be related to the uncertainty in the estimatiorthef effective diffusion coefficient, R
Torrefaction volatiles (gases) are generated framodvdecomposition. Once generated,
the volatiles then penetrate through the pores waotme of whom just created from the
cracked solid wood. As well, those newly createtkpdrom decomposed wood change

with time as the reaction proceeds. Typical Wlues of gases through solid ranges

150



from 10°-10** m? s* [Bird et al. 2002], which is much lower than ttstimated Knudsen
diffusion coefficient in Table 5-6. In the follomg section, attempt has been made to
back out I3, values for biomass torrefaction volatiles throdlgl wood based on fitting

the non-shrinkage reaction model to the experinhdi@a data.

Based on equation (5-2) for the fast reactignywe can obtain the following two ratios

for the three different particle sizes (denoted@ and 3):

ra(0b9 _ —Cyxky, xexpkyt) _ ki,
- =22 xexp[-(k,, —k,,)xt 5-21
r,(obg -C xk,xexptk,t) k; PI=(ky, — k) *t] ( )

ra(0bg _ —C, xkxexplkyt) _ ki « L 5 _
(003 Gy xky xexplh) Ky o el (5-22)

where, £1(0bs) i2(obs) and g3(obs) are the reaction rates of the fast reactronmwith
different particle sizes,1kki» and k3 are the apparent reaction rate constants of #te fa

reaction with different particle sizes.

At the start of the reaction, t=0, which correspoial the observed initial reaction rate,

Equations (5-21) and (5-22) become:

rp(0bs _ ki, (5-23)
r,(0bg  ky
rs(oby _ ks (5-24)
r.12(0b9 k12
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Similarly one can obtain following two equations fbe 2 reaction, #:

122(0b9 _ Ky (5-25)
r21(0b$ kZl

r23(0bs) :@ (5_26)
r22 (Obg k22

By assuming that, D,,and C; (Pyrolysis number >>1) are the same for differemtiple

sizes during torrefaction with a low weight lossdacombining equations (5-14), (5-19),
(5-23) and (5-24), one can derive following equadio

( (I)12

12 g
k,,dp,”  “tanhd,, )

(5-27)
klldP12 (7(1)11 -1
tanh®,,
Dy, _dp (5-28)
(I)ll dPl
(I)13
-1
KiyOps® (tanh<I>13 ) (5-29)
k12dP22 (7(1)12 -1)
tanh®,,
Dyy _ deg (5-30)
(I)12 dPl

where,®,; ®;, and®,3 are the Thiele modules of the fast reaction gratp different

particle sizes, andegl do, and @3 are the mean diameter of different particle sizes.
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Using the kinetics rate constants in Table 5-2pWihg equations can be obtained from
Equations (5-27) and (5-28):

(DlZ

-3 -4\2 ( -1
(386x107°) x (375x10™")* _ “tanh®,, (5-31)
(519x107%) x (125x107%)? ( Dy, ~1)
tanh®,,
-4
Dy, _dp, _ 3.75><1o_4 _ (5-32)
o, d, 125x10
Substituting Equation (5-32) to (5-31), we obtain:
669=_2NEP.) (5)33
(2m-
tanh®,,

Solving Equation (5-33) we obtain:
®,, = 091 for dpi=1.25E-4 m
and
®,, =30, =3%x 095= 273 for dp1=3.75E-4 m

®,, =60, = 6x 095= 546 for tp;=7.50E-4 m

Following the same procedure by substituting kowetilata for different particle size
particles in Table 5-3 into Equations (5-29) ané8(), we can obtain series of values for
@13, Do, andd;3. Similar procedures were followed to derive equatifor the medium
reaction group for the calculation df,;, @2, and ®,3. The estimated Thiele module
values are summarized in Table 5-7. It is seenthtei hiele module generally increased

with increasing the patrticle size.
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Table 5-7 Thiele module values obtained from fgtthe non-shrinkage patrticle to the
experimental data and from calculated from Knudsifasion coefficient

@, from data ®, from Knudsen ®, from data ®, from Knudsen
Particle size, um fitting diffusion fitting diffusion

573K

125 0.60 0.014 0.35 0.002
375 1.79 0.042 1.06 0.007
750 3.58 0.085 2.11 0.014
553K

125 0.56 0.008 0.85 0.001
375 1.69 0.023 2.54 0.004
750 3.38 0.046 5.08 0.008

The particle effectiveness factor and Weisz-Pratenber for different size particles were

further calculated based on the Thiele modulesainlel'5-8. As shown in Table 5-8, for

the small size particle (<0.125 mm), effectiventzgdor is close to 1 and Weisz-Prater

number is less than 1, suggesting that the obsegldxhl reaction rate may present the

real reaction rate for the small size particlesirdyrtorrefaction. For medium size

particles (0.375 mm) the internal diffusion careaffthe torrefaction reaction. For large

size particles (0.750 mm), the internal diffusioifl greatly limit the reaction.

Table 5-8 Particle effectiveness factor and Weiste®? number for different size

particles
Particle | Observed global reaction rate,$ | Effectiveness factory Weisz-Prater number, Gyp
Size, pm k ‘ ko For k; | For k, For k; ‘ For k,
573K
125 5.19E-03 1.40E-04 0.98 0.99 0.35 0.12
375 3.86E-03 1.20E-04 0.84 0.93 2.68 1.04
750 3.43E-03 1.10E-04 0.61 0.79 7.76 3.53
553K
125 1.48E-03 4.00E-05 0.98 0.96 0.31 0.68
375 1.25E-03 3.00E-05 0.85 0.73 2.42 4.71
750 9.70E-04 2.00E-05 0.63 0.47 7.16 12.23
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From results in Tables 5-7 and 5-8, the real/istdreaction rate constant;(land the
effective volatiles diffusivity () of pine particles during torrefaction can be Hert
estimated with the results shown in Table 5-9slséen that the JPvalues fitted from
experimental data are orders smaller than the Karudgfusion coefficients Pshown in
Table 5-6, confirming the speculation that the wdifbn of volatiles through the newly
created micropores are the dominating mass trassdprin biomass torrefaction process,
at least at the early stage of torrefaction. Simpamud Liu (1991) reported the diffusivity
of water vapor through wood in the order of 4E-018E-11 i s. In view that water
vapor is one of the major components in the vasatigenerated during torrefaction (see

Table 5-5), [, values from this study seem to be consistent thighiterature data.

Table 5-9 Real reaction rate constan} &ad volatiles effective diffusivity (B of pine

particles
| Real reaction constant (K, s* | Volatiles diffusivity (D), m*s*

Fast Reaction Group (k)

573K 5.41E-03 1.68E-10

553K 1.52E-03 6.73E-11

Medium Reaction Group (ko)

573K 1.43E-04 9.79E-12

553K 4.20E-05 8.63E-13

It has been shown that if the internal diffusiorthe dominant limiting step, the global
reaction rate will be inversely proportional to tparticle size to a power of 1 [Fogler
2006]. For external diffusion controlled proce$® global reaction rate is expected to be
inversely proportional to the particle size to avpo of 2/3. If the global reaction rate is
independent of the particle size, then the proces®ntrolled by the intrinsic reaction
kinetics. Based on the current TGA test data foedldifferent particle sizes, it was found
that the global reaction rate is inversely promordl to the particle size to a power of
0.24. This again can be related to the unique pemeration and enlarging process

associated the torrefaction of biomass.
155



5.3.4 Prediction of Fixed Bed Reactor Data

In this section the kinetic model of the particleeseffect developed from fitting TGA

data of three different sizes, the reaction kirgegquations are in conjunction with the
effective factors for the fixed bed unit. As shoiwnTable 5-1, the 0.23 mm pine particle
sample prepared from the FPInnovation pine chipewested in both the TGA and the
fixed bed reactor. Although the weight loss frora fixed bed unit was very close to that
obtained from the TGA tests, the weight loss frdma tixed bed reactor was generally
found to be consistently higher than the TGA uretduse of a higher purging gas
velocity. To enable us to directly compare the dixeed and the TGA data, we first

introduce a unit scale factor (:

Global reaction rate that would result in the fixed bed unit

M= . . (5-34)
Global reaction rate that would result in the TGA

The average unit scale factor was then calculasatguhe weight loss data of the 0.23
mm size particles from both TGA and fixed reacteeg Table 5-1). The average unit
scale factor is found to be 1.29 (see Table 5-WMjch indicates that the torrefaction
reaction rate is fast in the fixed bed reactor timatme TGA. This can be likely explained
by the improved heat and mass transfer rate infideel bed reactor where there is a
higher nitrogen gas velocity through the packedi@darbed than in the TGA. It should
be noted that the unit scale factor might be dfférfor the fast reaction and the medium

reaction, although the same value of 1.29 was egph the following calculations.
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Table 5-10 Unit scale factors between the fixed feadtor and the TGA

Mass loss, %
Torrefaction Conditions r From Fixed Bed From TGA
573K 15min 1.35 35.97 31.73
573K 30min 1.17 42.86 39.23
523K 15min 1.59 10.03 8.46
523K 30min 1.03 12.22 10.87
Average 1.29

Incorporating the effectiveness factoy)(and the unit scale factod’() into Equation

(5-1), the residual weight fraction of softwood sd@s can be expressed as:

Wiea = 0-C, - C,) +C, xexp(n,I'kt) + C, xexptr,Tk,t) (5-35)

Figure 5-5 shows the experimental fixed bed read&ta and model predictions for the
three size pine sawdust particles. It can be skeanhat both 523 and 573K Equation
(5-35) captured the right trends of both tempegaturd particle size effects and also gave

a reasonably good agreement with the experimeatal d
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Figure 5-5 Experimental fixed bed torrefaction data model predictions for three
different size pine particles at 573K and 523K

5.4 Densification Performance

Figure 5-6 shows the control and torrefied peltetgle from three sizes of torrefied pine
particles preconditioned to 10% moisture conterat die temperature of 373 K. Visually

they appear to be very similar.
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Figure 5-6 Control and torrefied pellets made frdifferent size pine sawdust samples

The measured properties of torrefied and contrtiefgemade from different size pine
sawdust samples are given in Table 5-11. It carsd®n that the moisture content of
pellets generally decreased while the pellet dgnamnd Meyer hardness slightly
decreased with increasing the degree of torrefadt@atment. The energy consumption
for making pellets increased significantly with timerease in the degree of torrefaction
treatment. All these findings are consistent whtbse reported previously in the literature
[Peng et al. 2011; Li et al. 2012]. As the partisiee increased, the moisture content of
the pellets slightly increased while the pellet signremained approximately the same.
The energy consumption for making pellets was alrios same for pellets made from
0.23 mm and 0.67 mm sawdust samples, but was gigteer for 0.81 mm sawdust
sample. On the opposite, the Meyer hardness wassalime same for pellets made from
0.23 mm and 0.67 mm sawdust samples, but was highe¢hat made from 0.81 mm
sawdust sample, indicating a strong correlatiomnvbeh the energy consumption and the
hardness of the pellets. The finding also indicdkes existence of a suitable range of
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particle size for making torrefied pellets witheod high an energy consumption.

Table 5-11 Properties of torrefied and control gtslimade from different size pine

samples
523K 523K 573K 573K
Items Control 15min 30min 15min 30min
0.23mm size particles
Moisture content, %wt 6.52 3.06 4.00 2.94 61.9
Pellet density, kg th 1210 1200 1180 1120 1120
Specific energy, MJ't 27.5 37.9 40.8 51.2 55.9
Meyer hardness, N mm 7.48 4.57 5.13 4.17 5.76
0.67mm size particles
Moisture content, %owt 6.80 3.58 3.56 291 12.7
Pellet density, kg th 1230 1250 1240 1170 1160
Specific energy, MJ't 26.7 35.4 35.3 41.2 42.9
Meyer hardness, N mim 3.44 2.93 2.89 4.04 3.83
0.81mm size particles
Moisture content, %wt 6.81 4.27 4.55 4.56 23.9
Pellet density, kg th 1230 1200 1170 1140 1120
Specific energy, MJ't 28.2 53.0 62.6 75.6 78.1
Meyer hardness, N mm 6.49 5.09 5.80 7.10 6.95

Figure 5-7 shows the moisture uptake rate of corand torrefied pellets made from
different size pine samples as a function of exposme in the humidity chamber. As
can be seen, both the moisture uptake rate andatineated moisture uptake decreased
with increasing the degree of torrefaction. The K7®rrefied sample gave only slightly
lower water uptake rate, while the sample treatedl78 K reduced the saturated water

uptake from ~18% to ~12%, representing a 1/3 reduictio
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Figure 5-7 Moisture uptake rate of control anddbed pellets made from different size

pine samples (a) 0.23 mm, (b) 0.67 mm, (C) 0.81 mm
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Figure 5-8 shows the shapes of torrefied pelletsr ahe moisture uptake for control
pellets and pellets made from three sizes of teugfine particles. After moisture uptake,
the control pellets and the pellets made from @i I torrefied sawdust of 0.67 mm and
0.81 mm broke down, but those made from torrefaedldsist with about 30% weight loss
still remained in shape. The diametric, longitudliswad volumetric expansions of control
and torrefied pellets made from different size mawdust samples after moisture uptake
were also measured for those unbroken pellets aed ¢n Table 5-12. It is observed that
deep torrefaction reduced the pellet expansion,thedjuality of pellets made from the

torrefied small particles seems to be generalliebé¢han that made from large particles.

Particle Size 0.23mm

Particle Size 0.67mm

L L]
ek | Y
i 4 l -:
; o i
. Contral - 15min

Particle Size 0.81mm

Figure 5-8 Shapes of control and torrefied pelesgsle from three sizes of pine particles

after moisture uptake
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Table 5-12 Expansion of control and torrefied gelleade from different size pine
samples after moisture uptake

Longitudinal Diametric Volumetric
expansion, % expansion, % expansion, %
0.23mm size particles
Control 112 6 105
523K 15min 63 8 91
523K 30min 65 8 95
573K 15min 36 6 55
573K 30min 27 6 43
0.67 mm size particles
Control Broken broken broken
523K 15min Broken broken broken
523K 30min Broken broken broken
573K 15min 43 6 48
573K 30min 45 7 49
0.81mm size particles
Control Broken broken broken
523K 15min Broken broken broken
523K 30min Broken broken broken
573K 15min 39 10 68
573K 30min 29 9 54

5.5 Summary

Both the TGA and fixed bed reactor torrefactiort tesults showed that the torrefaction
rate was affected by the particle size, especiathjhigh temperatures. Although the
temperature gradient inside particles of smallemtih mm during torrefaction is very
small, the internal diffusion of generated vapoussde particles imposes an impact on
the global torrefaction reaction rate. The hardecparticle model with a first order
torrefaction reaction could be applied to give asaable prediction of the reaction rate
data, accounting for the particle size effect. Byinj the reaction model to the TGA
weight loss data, the effective diffusivity of tefaction volatiles was extracted, which

was orders of magnitude lower than the Knudsemsidh coefficient estimated based on
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the microfibril pores of the solids wood. Furthemmathe densification tests showed that
the energy consumption for making torrefied pelietseased with increasing the particle
size and the degree of torrefaction, and the quaditrefied pellets (hydrophobicity and

hardness) could be improved with decreasing thecfmsize and increasing the severity

of torrefaction treatment.
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CHAPTER 6 OXYGEN CONCENTRATION EFFECT ON
TORREFACTION AND DENSIFICATION

Wood torrefaction is an endothermic reaction, whigleds energy input to the reactor.
On the other hand, the gas phase (volatiles) oéftaction products contains high energy,
which can be burned to provide needed energy foefaction. Compared to indirect heat
transfer, it will be much more efficient if the cbostion flue gases can be directly
contacted with the sawdust for torrefaction andrdyyA few papers have reported wood
torrefaction in the oxygen-present environment gigiombustion flue gases [Bilbao et al.
1997; Senneca et al. 2002; Senneca et al. 20041 &dlpan"ez et al. 2005; Senneca
2007; Uemura et al. 2011], but no one has stuiliegroperties of torrefied pellets that
made from an oxidative torrefaction condition. listchapter, the oxidative torrefaction
kinetics was first investigated in a TG analyzeGA) using 0.23 mm pine particles at
0%, 3%, 6%, 10%, and 21% flue gas oxygen conceémtiatA fluidized bed reactor with

the 0%, 3%, and 6% oxygen was then used to prothreefied samples, which were

compressed into torrefied pellets using a presshmac The main objective of this

chapter is to identify the oxygen concentratioretfion the torrefaction and densification

of biomass sawdust.

6.1 Experimental

6.1.1 Materials

0.23 mm pine patrticles were prepared using pinpscfiom FPInnovations in a hammer
mill installed with 0.79 mm screen, and were usadlie TGA test. The sawdust sample

(a mixture of spruce and fir with spruce as themm@mponent) from RONA furniture
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store in Vancouver was separated into six sizdifnas, with the 250-35%m particles

being used in the fluidized bed reactor test.

6.1.2 Equipment and Procedures

A sample of several (5-20) milligrams of 0.23 mmé°particles for each TG experiment
was put into a platinum sample cell, which was therated on a sample pan hanging
inside a furnace tube with a mixture (0%, 3%, 6%%land 21% of the oxygen
concentration) of nitrogen and air as the carrygag, at a flow rate of 50 (STP) mift.
The TG test was conducted as following: (1) heatiogh the room temperature to 110
°C at a rate of 5& min*, (2) holding at 116C for 10 min to have the sample dried, (3)
heating up to the torrefaction temperature at a cdt50 K min®, (4) holding at the
torrefaciton temperature for 10 hours for torrefact (5) heating up to 80T at a rate of
50 K min™ to complete the TGA test. Several torrefactiongteratures were chosen for

the isothermal experiments.

The batch fluidized bed reactor as described inp@&na2 was used in this study. The
fluidized bed reactor was heated up to the tae¢faction temperature slowly and kept
stable for at least 10 min. The raw sample was #Hueled into the reactor from the top
feeding port. After torrefaction over the targetexsidence time, the pre-heater and
furnace heater were turned off to allow the unit¢ol down, followed by the cut-off of
sweeping gas when the sample temperature droppledldas 200 °C. Finally, after the
sample temperature decreased to the room temperative torrefied sample was

discharged from the bottom of the reactor.
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6.2 Torrefaction Performance in TGA

Figures from 6-1 to 6-3 show the TG curves of poagticles at different temperatures
and different oxygen levels. It is seen that oxygencentration significantly affects the
weight loss during torrefaction, especially morgn#ficant when the oxygen changes

from zero to 3%.
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Figure 6-1 TG curves of 0.23 mm pine particlesG¥@ at different oxygen levels
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Figure 6-3 TG curves of 0.23 mm pine particlesGi@ at different oxygen levels
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Table 6-1 compares the weight loss for all rung-igure 6-2 at 280 with different
oxygen levels, corresponding to a 30% weight los2640 s in the absence of oxygen in
the flue gas. Table 6-1 shows that the residemse tequired for achieving 30% weight
loss at 3% oxygen was 1690 s, much less than 26dQuired at 0% oxygen. The final
residual weight fraction also decreased slightlyhwihe increase of the oxygen
concentration. This means that the low oxygen cainagon in the flue gas (3 to 6% in
typical combustion flue gases) will accelerate tHegradation of wood during
torrefaction. Therefore, one of the advantageshefuse of combustion flue gases for

direct contact heating for biomass torrefactiothesshortened residence time.

Table 6-1 Residence time for 30% weight loss aedittal residual weight for
torrefaction at 286C with different oxygen levels

O, Concentration
0% 3% 6% 10% 21%
Time for 30% weight loss, s 2640 1690 1540 1260 840
Weight loss for 2644 s, %wt 30.0 38.6 43.2 514 657.
Final residual weight fraction 0.3308 0.3026 0.2897 0.2806 0.2630

6.3 Mechanism of Oxygen Effect on Torrefaction

Based on the TG data shown in Figure 6-2, the réiffees in weight loss between the
runs with oxygen presence and the base case withoX¢gen were calculated and
presented in Figure 6-3 to illustrate the oxygdaatf It is seen that within less than 3000
s (or 50 min), the weight loss caused by the oxygesence increased significantly. This
is likely related to the oxidation of unstable campnt of biomass, in parallel to the
thermal cracking in the absence of oxygen. Beyoerdam time >3000 s, the oxygen
effect appears to be diminishing, likely due to tlepletion of those active and unstable
oxidative components in the biomass (mostly herhitides) owing to thermal cracking
and oxidation. As a result in Figure 6-4, the weighks difference between the cases with

and without oxygen presence decreases. Note thantlll difference in weight loss over
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long residence time can be attributed to the slrigdation reaction of produced chars.
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Figure 6-4 Weight loss difference curves of 0.23 pine particles due to the oxygen
presence at different oxygen levels at 28@uring oxidative torrefaction

Senneca et al. (2002) suggested that the low-teatyyeroxidation of solid fuel consists

of two parallel pathways. One is the thermal craglor torrefaction and the other one is
the oxidation.

Fuel O PY_, Volatiles+ Chars
Fuel O #1¥fT - H,0+CO, +CO

Volatiles+ Chars #1¥I -, H,0+CQ, +CO

Following the above mechanism, Uemura et al. (20d€)eloped a parallel reaction
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kinetics model for the oxidative torrefaction of palm empty fruit bunches (EFB) with
oxygen concentrations of 0-15%. The overall corieerof biomass consists of the
decomposition of hemicelluloses component, whichidisntical to the torrefaction

reaction in the absence of oxygen, and the oxidagaction of the whole biomass.

6.4 Development of a Kinetic Model for Oxygen Effdaon Torrefaction

Peng et al. (2012) developed a two-component aadtinetic model for torrefaction

within short residence time with the weight losssl¢éhan 40% as below:

Wood O — Volatiles+ Chars

Fast1ReactionJGroup

Wood O™ - Volatiles+ Chars

MediuniReaction]Group

where k and k are the global reaction rates of the fast reagionp and the medium

reaction group, respectively.

The fast reaction group may represent the decortigosif hemicelluloses. The medium
reaction group is the decomposition of cellulosd hgnin. If the two overall reactions
are assumed to be first order reactions, the rakideight fraction (Wsa) of wood

samples is given by:

Wiea = @-C, =C,) +C, xexp(kit) + C, xexp(k,t) (6-1)

where G may be set as the fractional hemicelluloses cordgepine, G represents the

combined fractional cellulose and lignin conteritpiae.

171



Senneca et al. (2004) proposed a power law kimetidel for the oxidation of biomass

during oxidative pyrolysis of solid fuels:

dx
— =k, xP" 6-2
m ko, XR, (6-2)

where x is the solid conversion (dry basis), this teaction time k, is the oxidation

reaction rate,R, is the partial pressure of oxygen level in the aphere, n is the

oxygen reaction order.

By dividing the biomass into two reactive compomsefiteng et al., 2012) and assuming
that the oxidative torrefaction consists of twogtiat reactions (Uemura et al., 2010;
Senneca et al., 2004), with one representing tactiein and the other for oxidation, the

following kinetic equations can be derived:

- r.overall = (_rtorrefaction) + (_roxidation) (6-3)
- I’torrefaction = (_rfast group torrefaction) + (_rmediumgroup torrefaction) (6_4)
- rlo><idation = (_rfast group oxidation) + (_rmediumgroup oxidation) (6_5)

_ drfast group torrefaction _ xC (6_6)
r-fast group torrefaction dt - kl fast group
_ drmediumgroup torrefaction __ —k.xC (6'7)
rmediumgroup torrefacton — dt - 2 mediumgroup
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_ d rlfast group oxidation

—_lL ml nl _ _ ml nl _
rfast group oxidation — dt - kOl X Cfast group X CO2 - kOl X Cfast group X yO2 (6 8)
_ drmediumgroupoxidation _ ' Xcmz Xan _ mez % N2 (6 9)
rmediumgroup oxidation — dt - k02 mediumgroup o, k02 mediumgroup y02

where—rqeran IS the overall reaction rate of pin€iorrefaction IS the torrefaction reaction
rate of pine,—roxdaiion IS the oxidation reaction rate of pin€ltast group torrefactioniS the
torrefaction reaction rate of the fast reaction ugO—Imedium group torrefactioniS the
torrefaction reaction rate of the medium reactionuQ, —ftast group oxidationS the oxidation
reaction rate of fast reaction grotmedium group oxidatiohS the oxidation reaction rate of the
medium reaction group, s grouplS the fast reaction group weight fractionseum grouplS

the medium reaction group weight fractionp; yis the oxygen mole fraction, ok

(= k,,C™) is the lumped oxidation reaction rate constanthef fast reaction group ok

(= k,,Cl?) is the lumped oxidation reaction rate constantefmedium reaction group,

m1l and m2 are the oxidation reaction order forfést reaction group and the medium
reaction group, and nl and n2 are the oxygen wmractider for the fast reaction group
and the medium reaction group, respectively. Reast{6-6) and (6-7) are assumed to be

first order reactions, as used in Chapter 3.

If the two oxidation reactions are assumed to kst Grder reactions with respect to the
biomass concentration and the oxygen is in excessuat in the TG test, the residual

weight fraction (Wga) of softwood samples is given by:

Wiga = @- Cl - Cz) + Cl x exp[_(k1 + k01 x ygi)t] + Cz x exp[—(k2 + koz X ygzz)t] (6-10)

By regression of the experimental data in Figuresnf6-1 to 6-3 over the range of
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approximately 0 to 40% weight loss before the fidlection point like in Figure 6-4,

against equation (6-10) using the least squarmditinethod, the reaction rates were

estimated and shown in Table 6-2.

Table 6-2 Reaction rates from fitting Eq.(6-10Figures from 6-1 to 6-3 data

Iltems O, Concentration
% | 3% | 6w | 10% | 21%
Reaction temperature, 3T
Observed torrefaction reaction rafé, s
Ig+k01><yoz”l 2.9E-03| 3.1E-03 3.4E-08 3.8E-03 4.0E{03
k+KozXyor™ 1.1E-04| 1.8E-04 3.6E-04 59E-04 6.3E{04
Oxidation reaction rate’ls
ko1xyos™ 0.0E+00| 2.1E-04 49E-04 9.1E-04 1.1E{03
|©z><yOz"2 0.0E+00| 7.0E-0§ 2.5E-04 4.8E-04 5.2E{04
Reaction temperature, 28D
Observed torrefaction reaction rafé, s
k+Koixyor™ 8.0E-04| 8.6E-04 9.0E-04 9.8E-04 1.7E{03
k+KozXyor ™ 2.3E-05| 1.1E-04 1.3E-04 1.7E-04 2.3E{04
Observed oxidation reaction raté, s
|©1><yOz"l 0.0E+00| 6.0E-0§ 1.0E-04 1.8E-04 9.0E4{04
|©z><yOz"2 0.0E+00| 8.7E-0§ 1.1E-04 1.5E-04 2.1E4{04
Reaction temperature, 2D
Observed torrefaction reaction rafé, s
kt+Koixyor™ 2.7E-04| 3.6E-04 4.6E-04 57E-04 7.0E{04
k+KozXyor™ 7.1E-06| 2.0E-03 3.0E-06 3.0E-05 5.0E{05
Oxidation reaction rate’ls
|©1><yOz"l 0.0E+00| 9.0E-0§ 1.0E-04 1.1E-04 4.3E4{04
|©z><yOz"2 0.0E+00| 1.3E-0§ 2.3E-0b 2.3E-05 4.3E4{05
The reaction rates for the equation 6-10 can biaelef
E
k,=AeFRT (6-11)
E
,=AerRT (6-12)
_Eo1
Kor = A€ 7 (6-13)
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-Eoo
koz = An.e RT (6-14)

where & and A are the torrefaction reaction kinetic constantsheffast reaction group
without oxygen. E and A represent the torrefaction reaction kinetic camistaf the
medium reaction group without oxygenp;Eand Ap; are the oxidation reaction kinetic
constants the fast reaction group2EBnd Ao, represent the kinetic constants of the

medium reaction group.

Equations 6-11 to 6-14 are rearranged to give:

_ _E
In() =In(A) + (-2) (6315
In(k,) = In(A,) + (——=2) )1
RT
IN(Kor X Voo™ :ln(%l>+(—%)+(n1)xln(yoz) (6-17)
E

I(koz X Yo ) =IN(Aoz) + (=22 +(n2) XIn(yo,) (6-18)
The values of E E;, A;, and A were estimated by linear regression of experinieata
constant data presented in Table 6-2 against @msa@-15 and 6-16. The values @fiE
Eo2 Ao1, Aoy, NI, and n2 were estimated by linear regressidriata in Table 6-2 using
equations 6-17 and 6-18. The obtained reactiontikim®nstants of the two-component

torrefaction and oxidation model are summarizetiable 6-3.

From Table 6-2, at 288 with 3% carrier gas oxygen, the oxidation reactiate of the
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fast reaction group and the medium reaction gro@sews.0E-5s* and 8.7E-5s,
respectively. Compared with the torrefaction ratefast reaction group ¢k value of
8.0E-4s™ at 280°C, the oxidation rate of fast reaction group wasmslower than the
torrefaction rate of fast reaction group. But tixédation rate of medium reaction group
was much higher than the torrefactation rate of immredreaction group @<2.3E-5s%).
Table 6-2 also shows that the observed torrefacaction rate of fast reaction group
(ki+ko1xCo2™) at the low oxygen concentration (from 0% to 6%ains almost the same.
Since the fast reaction group mainly representshiétmicelluloses while the medium
reaction group mainly represents the cellulose lagrdn of pine, these results suggest
that the presence of oxygen during oxidative taectbdn substantially increased the
conversion of cellulose and the lignin, but not femtuloses. However, the higher
reaction order of the fast reaction group on oxy(el) indicates that the oxidation of

hemicelluloses is more sensitive the oxygen comagan (see Table 6-3).

Table 6-3 Two-component torrefaction and oxidatiwodel reaction constants
ltems Unit Amount
Fast reaction grot
Torrefaction kinetic constar

E, kJ mo™ 145.¢

In(A,) st 24.7]
Oxidation kinetic constan

= kJ mo™ 86.6-

In(Ao) st 13.11

nl 1.C

Medium reaction grot
Torrefaction kinetic constar

E, kJ mo™ 168.¢

In(A,) st 26.17
Oxidation kinetic constar

Eos kJ mo™ 153.

In(Aoy) st 25.8¢

n2 0.6¢

The experimental and fitted curves of 0.23 mm B@epamples with different oxygen
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concentrations at different temperatures were coatpa Figures 6-5, 6, and 7. It can be
seen that the current two-component torrefactiah @ndation model gave a good fit to
the isothermal TG experimental data over the stesitience time range at a weight loss

of 0-40%, typical for torrefaction operation.
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Figure 6-5 Comparison of experimental and fitted du®ves for 0.23 mm pine particle

sample at 306C.
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Figure 6-6 Comparison of experimental and fitted du®ves for 0.23 mm pine particle

sample at 286C.
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Figure 6-7 Comparison of experimental and fitted du®ves for 0.23 mm pine particle

sample at 266C
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6.5 Torrefaction in the Fluidized Bed Reactor

Our previous research [Li et al. 2012; Peng er@l2] showed that pellets produced
from the torrefied sawdust with around 30%(wt) virtipss had a higher hardness than
those with less or higher than 30 wt.% weight lo&s.a result, we targeted 30 wt%
weight loss for torrefaction to evaluate the effetbxygen content in the carrier gas on
the qualities of torrefied sawdust and pellets.d8agn the TG test results, it is seen that
the sawdust lost its weight fast in the presencexyfyen in the carrier gas due to the
contribution of gas phase oxygen to the oxidatidn bemass. The torrefaction
temperature and residence time for each run wasteel based on the TG test results.
The specific test conditions and the weight lodses all selected tests are given in

Table 6-4.

Table 6-4 Summary of selected test conditions aedsured weight losses of 250-355
pum particles from fluidized bed tests

# | Torrefaction Temperature, ‘C Residence time, mil 0., % Weight loss, %
1 25(C 42 3 3C
2 27C 25 3 31t
3 27C 24 3 29.¢
4 29C 4 3 3C
5 29C 7 3 36
6 27C 12 6 31
7 27C 30 0 3€

Table 6-5 presents the results from the ultimatelysis of torrefied and untreated
feedstock. When the conventional torrefied bion{aasmple 7) is compared with the dry
raw material, the elemental carbon content of fmdebiomass increased, but hydrogen
and oxygen contents of torrefied biomass decreassditing in decreased H/C and O/C
ratios. This may be due to the release of volatilgs in hydrogen and oxygen, such as

water and carbon dioxide. Lower hydrogen and oxygmrtents of torrefied biomass are
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also associated with reduction in hydroxyl ( OH) s during torrefaction. Similar
observations were also reported by Madic et allZ2@nd Phanphanich et al. (2011).
Similar trends were found for oxidative torrefiedrinass in comparison to the untreated
raw biomass. When the oxidative torrefied biomassnples 1-6) is compared with the
regular torrefied biomass (sample 7), there is M@t difference in their elemental
contents. This may be due to the fact that oxiéatorrefaction is a complex combined
process of devolatilization, carbonization and akioh, in which torrefaction and
oxidation undergo in parallel and do not interaghveach other [Bergman et al. 2005;
Uemura et al. 2011]. At the same weight loss, ticegiase of oxygen concentration in the
carrier gases imposed little effect on the HHV arfreéfied sawdust, consistent with the
results reported by Uemura et al. (2011). In addjtio investigate the effect of oxidative
torrefaction treatment on the component of produtable 6-4 compares the
dichloromethane (DCM) extractives and lignin comteh dry raw material and three
torrefied samples under 0%3% and 6% Q@at the same temperature. It can be found that
torrefaction decreased the extractives, but inecase relative lignin content compared
with untreated biomass. Besides, oxidative tordefiamples had a slightly higher lignin
content than regularly torrefied samples. The DCiitaetable content of biomass is a
measure of substances such as waxes, fats, rgdmosterols and non-volatile
hydrocarbons. It is likely that most of the extraes are removed during the torrefaction
process. The relative increase in the lignin canvgriorrefaction is likely due to thermal
degradation of lignin, which is relatively inactivduring torrefaction compared with
cellulose and hemi-cellulose [Chen et al. 201Mbjjst other studies attribute this trend
to the volatilization of some of the carbohydratactions and the formation of
acid-insoluble degradation products during torredec[Stelte et al. 2011a; Yan et al.
2009]. The significance of both extractives andiligcontents for the pelletization of

sawdust will be discussed in section 6.6.

180



Table 6-5 Chemical composition analysis of toréfad untreated 250-3%6n particles

DCM Lignin
# Torrefaction Conditions N, % C.% H. % 0, % Extractives, % | Content, %
0 Dry raw materie 1.7940.1: 46.52+0.1: 6.22+0.0: 45.48+0.0.
1 25C°C,42min, 3%(; 3¢ Yowt 0.33+0.0: 50.45+0.0 5.26+0.0« 43.9610.0
2 27C°C,25min, 3%¢C,; 31.5 Yowt 0.39+0.0: 51.7540.4! 5.51+0.0: 42.36+0.0 0.06: 53.%
3 27C°C,24min, 3%C,; 29.€ %Wt 0.335+0.1. 51.3240.2: 5.56+(.12 42.80+0.1!
4 29C°C, 4min, 3% (; 3C Yowt 0.37+0.0: 51.59+0.3 5.5+0.0: 42.54+0.3
5 29C°C,7min, 3% G; 3¢ Yowt 0.46+0.0¢ 53.51+0.0 5.41+0.1: 40.63+0.11
6 27C°C,12min, 6% G; 31 Yowt 0.28+0.0: 52.22+0.1. 5.54+0.0: 41.98+0.0! 0.11 47t
7 27C°C,30min 0% C,; 3¢ Y%owt 0.39+0.0: 52.14+0.1. 5.87+0.0: 41.61+0.1. 0.27 42.¢

Measured particle density of raw sawdust and safletdrrefied sawdust samples are

shown in Table 6-6. The torrefied sawdust tendsatee higher particle density than raw

sawdust, which may be due to the shrinkage of glastiduring torrefaction and/or the

reduction in internal particle pores [Mani et ab02]. On the other hand, oxidative

torrefaction in the presence of flue gagi@creased the particle density compared with

torrefied sawdust without the presence of any orygkely due to the oxidation of more

light hydrocarbons in the biomass.

Table 6-6 Particle density HHV and energy yieldsrawrrefaction of raw and torrefied

250-355um particles

# Torrefaction Conditions Particle density, kg m™ HHV, MJ kg™ Energy yield, %
0 | Untreated dry sawdust 144125 18.93

1 | 250C, 42 min, 3% @, 30 %wt 1525+18 20.980.03 77.560.11

2 | 270C, 25 min, 3% @, 31.5 %wt 152133 20.8@0.66 75.262.37

3 | 270C, 24 min, 3% @, 29.8 %wt 152222 21.340.52 79.1%1.96

4 | 290C, 4 min, 3% Q; 30 %wt 154131 21.2%0.11 78.420.41

5 | 290C, 7 min, 3% Q; 36 %wt 156250 21.820.09 73.760.32

6 | 270C, 12 min, 6% @, 31 %wt 163731 21.040.14 76.620.51

7 | 270C, 30 min, 0% @, 36 %wt 1449 21.310.39 72.031.34

The HHV and energy yields over torrefaction of rawd torrefied sawdust are also
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summarized in Table 6-6. As expected, torrefadtereased the sawdust HHV markedly
because of the removal of low carbon content hdfuloses. At the same weight loss,
the increase of oxygen concentration in the cagaeses during torrefaction imposed little
effect on the HHV of torrefied sawdust, consisteith the results reported by Uemura et
al. (2011) who postulated that torrefaction anddaton occurred in parallel during
oxidative torrefaction, with the two reactions materacting with each other. The energy
yields of test runs with 30% weight loss were ia thnge of 75.2-79.2%, for that of 36%
weight loss were in the range of 72.0-73.8%, wibhctear correlation with the level of
O; in the carrier gas. It seems that the amount ggem added to the torrefaction reactor
did not have an obvious effect on the energy yadldorrefied biomass. Therefore, the
energy vyield is essentially determined by the maslsl no matter whether or not,@s
present in the carrier gas. Table 6-5 also shows ttie energy yield decreased with
increasing the severity of torrefaction or the vitpss. Similar observation was also

reported in the study of Bridgeman, et al. (2008) Mani et al. (2011).

6.6 Pelletization and Properties of Torrefied Pelles

There are two energy consumption processes assoaiath pellet making. One is the
compression of sawdust for pelletization, which cacds for the major energy
consumption, and the other is from the extrusiothefpellets out of the die, with a much

less energy being consumed.

The results in Table 6-7 demonstrate that moreggnesas consumed to make pellets
from torrefied sawdust than the raw untreated satvdtithe same die temperature (170
°C) and compression force (4000 N, 125 MPa). Forefmd sawdust prepared at
different carrier gas oxygen contents, the energgsaemption for compression and

extrusion were very similar to those prepared withthe presence of oxygen in the
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carrier gas. This may be due to the lack of watelr law hemicelluloses content in the
torrefied sawdust. Water acts as a plasticizergtowg the softening temperature of the
wood polymers; whilst hemicelluloses bind lignindacellulose fibrils and provide
flexibility in the plant cell wall [Stelte et al.0A1a]. Their degradation embrittles wood,
making it easier to be comminuted into small petidChen et al. 2011b; Stelte et al.
2011a; Yildiz et al. 2006]. As a result, pelletinat parameters such as the friction
coefficient and Poisson ratio are likely to be eiféel, leading to increased energy
consumption [Chen et al. 2011b; Stelte et al. 2D1Basides, extractives have been
shown to play an important role during the denatfan process and are likely to act as
the lubricant to lower the friction between thelgebnd the metal wall [Stelte et al.
2011a; Stelte et al. 2011é&Js the extractives in torrefied sawdust are de@eakigher
energy consumption is expected during densificatidme oxidative torrefaction at,O
less than 6% did not change the properties of fiedresawdust compared to regular
torrefaction in the absence ob,Qeading to similar energy consumption associatgd
pelletization. The energy consumed for compressiogefied sawdust at a die
temperature of 178C, however, is lower than that of the raw untreaaadust at a die
temperature of 76C. This is most likely due to that lignin acts asinding agent,
which softens at elevated temperatures and hedpbitiding process [Kaliyan and Morey

2009], consequently leading to less energy consompt

The Meyer hardness of prepared pellets was obtdnoed the stress-strain curve from
the crushing tests, following the procedures astimead in the literature [Lam et al.
2011; Doyle et al. 1985; Tabil et al. 2002]. Aswhdn Table 6-7, the Meyer Hardness of
torrefied pellets is generally lower than the cohpellets made from raw sawdust under
the same die temperature of 170 and a compression force of 4000 N, which is
consistent with the results reported by Steltd.g11a). This may be due to that during

torrefaction the amount of available hydrogen bogdsites is reduced, so that the
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strength of torrefied pellets is lowered compa@gellets made from untreated sawdust
[Stelte et al. 2011b]. Besides, the moisture cdnténthe torrefied sawdust is lower,
which results in an increase in the glass transitiemperatures of the remaining
hemicelluloses and lignin [Stelte et al. 201Riklte et al. (2011dhus postulated that
torrefaction might reduce the inter-diffusion ofetkvood polymers between adjacent
particles in a pellet and thus the formation ofcstkridges between them. The resulting
pellets are more brittle than pellets made fronraaied sawdust. However, the Meyer
hardness of all torrefied pellets is higher thaa tontrol pellets prepared with a die
temperature of 70 (1.44 N mn¥), which is the temperature commonly used in making
regular untreated wood pellets, confirming thatdfed pellets as strong as regular
pellets can be produced at the expenses of a hidleertemperature and higher
compression energy consumption. Table 6-9 furthews that with the increase of

oxygen content in the carrier gas for torrefactithre Meyer hardness became slightly

lower, which may be due to the oxidative removaligriin, an important binding agent,

from the biomass.

Table 6-7 Energy consumptions associated with ceagon and extrusion of pellets
Meyer hardness Saturated moisture adsorption tdtgethe pellet density before and

after moisture uptake of 250-3%b particles
# Torrefaction Conditions Compression Extrusion Hardness Moisture Pellet density® | Pellet density®
Energy,kJkg® | Energy,kJkg® | ,Nmm? | adsorption, % kg m*® kgm*®
0 | Dry raw material (17@ 17.6¢+2.3¢ 0.195+0.0¢ 5.04+£1.7€ | 13.7&3.5¢ 109&53 57&+48
0 | Dry raw material (7°C) 36.4( 0.12¢ 1.4 20.47 105(C 0.501
1 | 25C°C,42min,3%C; 30%w 26.2¢ 0.49( 2.81+0.64 | 11.(6+1.€3 953+33.4 72577
2 | 27C°C,25min,3%(; 31.5%w | 27.0€+1.0C 0.443+0.03¢ 2.3¢+0.61 | 13.10+2.73 971+16.5 69310
3 | 27CC,24min,3% G; | 25.6&0.74 0.30&0.170 2.1C+0.59 | 13.2€+3.31 99(+10.7 694+29
4 | 29C°C, 4min, 3% (; 30%w 26.5+1.1¢ 0.325+0.07¢ 2.38£0.17 | 14.21+6.66 965+17.2 68C+16
5 | 29C°C,7min, 3% G; 36%w 29.5(x1.9¢ 0.354+0.1€0 2.64+0.5Z | 12.85+5.1¢ 951+47.¢ 651+69
6 | 27C°C,12min, 6% G; 31%w 28.4€+1.2¢ 0.20¢+0.14¢ 2.1C+0.5¢ | 15.65+3.56 958+26.€ 681+30
7 | 27C°C,30min, 0% G; 36%w 27.15+0.13 0.272+0.031 2.97+0.55 | 9.05£1.€6 992+29.¢ 757+3.7
a. The Pellet Density before moisture uptake; ke Phllet Density after moisture uptake.

The hydrophobilicity of prepared pellets was exadinn a humidity chamber. The
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saturated moisture content was obtained after exgdbe pellets to the moist air at 30
°C and 90% relative humidity for 48 hours inside thenidity chamber. As shown in
Table 4, all torrefied pellets have a higher hydhamcity than untreated control pellets,
which may be due to the loss of hydroxyt ( OH) gmufpom biomass during
torrefaction [Phanphanich et al. 2011; Pimchuail e2010]. For control pellets, extrusion
at a die temperature of 170 also improved the hydrophobicity largely likelydagise of
the thermal modification of pellet surface duringher temperature compaction and
extrusion. For those pellets produced from tort&facusing the carrier gas containing
oxygen, their hydrophobicity was reduced. The dgnsi prepared regular and torrefied
pellets before and after water uptake was meadwed multipycnometer, and shown in
Table 6-9. Comparing samples 0 to 7 prepared s1ghidy at the same die temperature
of 170°C, it is seen that before moisture absorption,déesity of torrefied pellets is
about 10% lower than the control pellet made framw sawdust (run 0). This is mainly
due to the formation of more inter-particle gapd @aids by torrefaction, which leads to
a lower pellet density. However, all torrefied biass pellets have a similar density,
insensitive to the oxygen content used in the pegpman of torrefied sawdust. While after
moisture absorption, the pellet density decreassd fibout 1 to 0.7 for torrefied pellets.
But for control pellet, its density decreased franto 0.58 or 0.501 for the condition of
die temperatures of 17@ and 70°C, respectively, indicating that a more significant
expansion in the volume after water uptake thameted pellets. As a result, the
hydrophobilicity of torrefied pellets will have advantage over the control pellet from

the pellet handling logistics point of view.

6.7 Summary

Oxidative torrefaction of sawdust with a carriersgeontaining 3% to 6% Owas

investigated in a TG and a fluidized bed reactdth whe properties of the torrefied
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sawdust and pellets compared with regular torrefastithout any @, as well as the dry

raw material. It is found that the oxidative toaetion kinetics can be well modeled by
two parallel reactions, one for thermal degradateord the other one for biomass
oxidation. The oxidative torrefaction process proatlitorrefied sawdust and pellets of
similar properties as to normally torrefied sawdastl corresponding pellets, especially
on the density, energy consumption for pelletizgtibigher heating value and energy
yield. For moisture adsorption and hardness of tthreefied pellets, the oxidative

torrefaction process showed slightly poor but rgggle performance, which may likely

be related to the structure change caused by tliatmn. Therefore, from the process
integration and cost point of view, it is feasilite use oxygen laden combustion flue

gases as the carrier gas for torrefaction of biemas

Compared to the control pellets, torrefied peltetade at the same die temperature have a
lower density and hardness although more energsegsired to compress torrefied
sawdust into pellets. However, torrefied sawdust ba made into dense and strong
pellets of high hydrophobicity at a higher die tergiure than normally used in the

production of regular control pellets.
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CHAPTER 7 ECONOMICAL EVALUATION  OF
TORREFIED WOOD PELLETS

Torrefaction can increase the energy density ofdvoo the mass basis, and solve the
problems of the durability and biological degradatiassociated with conventional
pellets. Pelletization, on the other hand, canease the volumetric energy density. In
this chapter, the torrefaction and densificatiosules of previous chapters are used to
conduct an economical evaluation of Canadian tiedefvood pellets in comparison to

regular wood pellets.

7.1 Summary of Torrefaction and Densification

Based on this work and previous studies (e.g. Bargrd005), the optimal torrefaction
conditions were found to correspond to a weighs lo$ around 30% at a reactor
temperature from 250 to 35Q, giving a 20% increase of the heating value. ifbeease
of the heating value is proportional to the weidbds of torrefaction. The optimal
densification conditions for making durable toreeffipellets are at a die temperateié0
°C using a higher compression pressure with thefied sawdust preconditioned to 10%

moisture content.

Table 7-1 summarizes the torrefaction and densidicaesults of different BC softwoods
with around 30% weight loss. The torrefied pellensity is slightly lower than the
control pellet density. At a die temperature of 28Qthe torrefied pellet density is close
to the control pellet density and the energy dgnstttorrefied pellets is about 22%
higher than the energy density of control pellet§he results in Table 7-1 are used as the

base case for the economical analysis of torrgfedigts for BC softwoods.
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Table 7-1 Torrefaction and densification result86f softwoods with 30% weight loss

Items BC Softwood Pine Values for case studies
low high bark BC Softwood Pine bark
Control pellets (76C die Temperature)
HHV, MJ kg* 18.13 18.79 19.52 18.55 19.50
Bulk densitykg m?® 665 718 753 700 750
Single pellet densitgg m® 1140 1230 1290 1200 1290
Energy densityzJ m° 12.22 13.48 14.69 12.99 14.63
Moisture content, %(wt) 4.61 7.00 7.54 7.00 07.5
Torrefied pellets (236C die Temperature)
Weight loss, %wt 24.40 35.97 30.30 30.00 30.00
HHV, MJ kg* 21.54 23.27 24.61 22.65 24.50
Energy yield, % 70.69 83.78 80.39 80.12 80.39
Bulk densitykg m® 659 712 665 700 670
Single pellet densitigg m® 1130 1220 1140 1200 1150
Energy densitygJ m® 14.69 15.73 16.37 15.86 16.42
Torrefied/Control 1.22 1.12
Moisture content, %(wt) 0.04 0.56 0.00 0.25 00.5

7.2 Canadian Wood Pellet Sources

In order for an alternative energy source to be petitive in the market, it has to be
abundantly available and affordable with a low prettbn and transportation cost. In
Canada, there are abundant forests and a largesfusmld paper industry, which generate
wood residues. The available Canadian wood padigtces and COemission reduction
potentials are shown in Table 7-2. Bradley (20Gf)orted that the unused available
annual forest biomass in Canada was 16.8 milliorebdry metric tones (BDt) (including
1.9 million BDt of mill residues, 2.1 million BDtfovood bark piles, and 12.8 million
BDt of wood harvest residue), which can be condettel4 Mt wood pellets for at least
10 years. Another source is the MPB infested tre&umar and Sokhansanj (2005)
estimated that there were 200 to 700 million cubeters of MPB infested wood in BC,
which can be used to produce 5-16 Mt wood pelletsaf least 20 years. Adding to the
current production, Canada can provide 20 ~ 30 Madvpellets per year for at least 10

years, which will reduce the G@mission by 20 ~ 70 Mt per year. This supply obdo
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pellets from Canada, if fully utilized, should méle¢ current demand of wood pellets in
the world for a long time. We thus believe that @&nadian wood pellet industry will

have a great potential to grow at a rapid pacdlltanfthe growing gaps between the
world pellet demand and supply, supported by abkilavood residues and MPB-infested

trees.

Table 7-2 Canadian available wood pellet residueisraduced C@emission

Wood Pellets per CO,, reduction
Items Sources per year year, Mt potential, Mt
1 | Mill wood residues 1.9 million BBt 1.6 1.6-3.7
2 | Wood bark piles 2.1 million BBt 1.8 1.7-4.1
3 | Wood harvest residues 12.8 million BDt 10.7 10.4-25.0
4 | MPB infested trees 200-700 millior? fn 5-16 4.9-37.6
5 | Current wood pellet production 15 1.5-3.5
Total 20-30 20-70

Source: a. Bradley (2008), b. Kumar and Sokhan@4a5)

7.3 Production Costs of Canadian Conventional WooBellets

Although there is an abundant supply of raw matefia the production of wood pellets
in Canada, whether the Canadian wood pellets aéimefupenetrate the world market still
largely depends on their costs, including bothghauction and transportation costs. In
this section, the standard cost analysis and eegigeeconomics analysis methods are
followed to estimate the production cost of woodlgte, including the capital cost,
variable cost, fixed cost, depreciation cost artdrreon total capital investment (ROI).
The capital cost of plants normally depends onplhet scale and types of raw materials

to be processed.

In Canada, the capacity of wood pellet plants rarfgem 24,000 to 180,000 t anndm
Table 7-3 shows the capital costs for several woaltet plants of various capacities as
reported in the literature. The results showed thatspecific capital investment for a

189



wood pellet plant of 80,000 t annifnin capacity was around $110 per t anfluand the

specific capital investment for an 180,000 t antiurapacity was about $100 per t/a. The

capital cost for Pacific BioEnergy Corp was low &ese of the use of some used

equipments. On the other hand, the capital codefemium Pellet Ltd. was high because

of the construction of a supply pipeline for rawterals.

Table 7-3 Typical Wood Pellet Plant Capital Cost

ltems Capacity Total Plant Capital Specific Capital Investmen
t annum™ $ $ t*annum
a 3 t/h plant in Canac® 24,000 3,196,00! 133.2
a 10 t/h plant in Canac® 80,00( 9,075,001 113.¢
a 22.5 t/h plant in Cana’ 180,00( 18,149,32 100.¢
Premium Pellet Ltd. in Vanderho® 180,00( 20,000,00 133.:
Pacific BioEnergy Corp. in Prince Geor®| 180,00( 15,000,00 83.8

Source: a. Zakrisson (2002) and exchange rate %€80$; b. Witte (2008); c. Urbanowski (2005); d.

Witte (2008);

Table 7-4 shows costs of the current and futuresfolbbpiomass in Canada. These costs are

the gate cost for Canadian wood pellet plants.dndda, wood pellets are currently only

produced from the mill wood residues. Most barkised for landscaping because of its

high ash content. The harvest residues are stillijhased because of the high collection

and transportation costs. The high cost associwiticthe production of wood chips from

MPB infested trees still limits their direct useths feedstock for pellets, but should be

explored in the future.

Table 7-4 Estimated current and future costs adffbbiomass in Canada $/t

Iltems Current Future
Mill Wood Residues 13 20
Wood Bark Piles 0-2 5
Wood Harvest Residues (50-100 km transport disjance 25-46 20-37
MPB infested Wood Chips 65 65

Source: Peng et al. (2010)
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A production plant can be divided into two typedfaxdilities. The first type includes all
production equipment to convert raw materials imtoducts. The capital costs for those
facilities are normally referred to as the insiddtéry limits (ISBL). The second type of
facilities includes general utilities (such as iostent, utility air and nitrogen, water,
etc.), administrative buildings, steam generatiaailities, cooling systems, electrical
distribution systems, etc. The capital costs fa second type facilities are called the

outside battery limits (OSBL).

The operating cost is represented by the total cast of production which is the
out-of-pocket expense incurred to the owner befooeking capital, capital investment
depreciation, and return on total capital investha®e included. The total cash cost can
be broken down into variable costs and fixed cdstsed costs are business expenses that
are not dependent on the production rate [JakePaiog 2003], while variable costs are
the sum of marginal costs that change with an asger decrease in the production rate
[Garrison et al. 2009]. Normally, fixed costs indéulabors, maintenance, direct overhead
costs of a plant at its full capacity (managemenst)s general plant overhead
(administration, logistics, advertisement cost9,eftsurance, and property tax. Variable
costs include raw materials and utilitiesReturn on total capital investment (ROI) is
defined as the profit of investment in the projeghich is equivalent to the interest of

investment. The cash cost plus ROI gives the fwtaduction cost.

For a wood pellet plant of 80, 000 t annliim capacity, the total plant capital cost is
around $9.08 million, including $5.51 million ISBiost and $ 3.57 million OSBL cost
[Peng et al. 2006]. The detailed wood pellet coits current operations are

summarized in Table 7-5. The following assumptimese used:

» All facilities are constructed in the designatedrye

» The operating time is 8,000 hours per year.
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» 0.23 BDt wood residues (at a price of $ 13 per tane) required as the fuel for the
drying operation for producing one ton pellets [B¥¢Cloy & Associates Inc. 2005].

» \Variable costs: 1.1 BDt wood residues (price i$dt3 per ton) are required as the
feedstock for each tonne of pellets produced. 30 lof electricity (price is at
$40/MWh) is required and an additional cost of $allocated for the consumption of
other utilities such as diesel fuel and lubricaetts for producing one ton pellets. For
the case analyzed, the cost is $33.33 per ton.

« Fixed costs: Fourteen full time workers at a salang benefit of $40,000 yéar
persoft, two foremen at a cost of $45,000 yégrersoff, and one supervisor at
$55,000 yeat are required. Maintenance is 5% of the insideebpttmits capital cost.
Direct overhead is 40% of labor costs. General tpteverhead is 50% of labor and
maintenance costs. Insurance is at 0.5% of totaitptapital cost. Property tax is at
1.0% of total plant capital cost. For this case,fiked cost is $22.83 per ton.

» Total cash cost: The cash cost, which equals foesd plus variable cost, is $56.16 per
ton.

» Depreciation costs of capital investment are noymabnsidered as 10% inside
battery limits cost plus 5% outside battery linitsst. For this case, the cost is $9.11
per ton.

» Cost of production equals the total cash cost geeciation cost. For this case, the
cost is $65.28 per ton.

* ROI: Normally the return on total capital investrmhés 10%. For this case, the cost is
$11.34 per ton.

» Cost of production plus ROI: For this case, the 0$76.62 per ton.
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Table 7-5 Cost break-down for Canadian wood pellets

ltems Units
1 | Plant start-up 1Q 2012
2 | Analysis Date 1Q 2012
3 | Location Prince Georgeg
4 | Feedstock (Moisture content 40%wt) kt annum' 149
4.1 | Raw material (Moisture content 40%wt) kt anffum 123
4.2 | Fuel (Moisture content 40%wt) kt annunmt 26
5 | Production Capacity kt annunt' 80
6 | Capital Cost
6.1 | Inside Battery Limits M$ 5.51
Dryer M$ 3.67
Hammer Mill M$ 0.55
Pellet Machine M$ 0.92
Cooler M$ 0.37
6.2 | Outside Battery Limits M$ 3.56
Storage, Conveyors, Separators M$ 1.33
Peripheral Equipment M$ 0.66
Buildings M$ 1.57
Total Plant Capital M$ 9.07
7 | Production Cost
7.1 | Variable Costs $tt 33.33
Raw Materials $tt 14.30
Utilities $t' 19.03
7.2 | Fixed Costs $t* 22.83
Worker $tt 7.00
Foremen $tt 1.13
Supervisor $t! 0.69
Maintenance $tt 3.44
Direct Overhead $tt 3.66
General Plant Overhead $tt 5.22
Insurance, Property Tax $tt 1.70
Total Cash Cost $tt 56.16
7.3 | Depreciation,10%ISBL+5%0SBL $tt 9.11
Cost of Production $tt 65.28
7.4 | Return on total capital investment (10%) $tt 11.34
Cost of Production + ROI $tt 76.62

Source: capital costs from Zakrisson (2002) atamange rate of 1€=1.5090$%

For plants of different sizes using various typesaw materials in Canada, wood pellets

costs are estimated and summarized in Table 7-€.cohkt of Canadian wood pellet with
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an assumed 10% return on total capital investreerges from $65($3.5 GJ') to $115

t* ($6.2 GJ), depending on the mill wood residues cost andpilet size. Costs for
producing wood pellets using wood bark, wood harvesidues and MPB infested wood
are also estimated with the results shown in T@kde Although the wood bark piles and
wood harvest residues are currently not used inW®Gd pellet plants, the lower cost
bark piles and the abundant harvest residues maysée as the market expands in the
future. When the MPB infested trees are used asnmaterials, the pellet production cost
for a large pellet plant is about $132($7.1$ G3), which is more expensive than pellets

from other wood residues.

Table 7-6 Estimated costs of Canadian wood pell&0% ROI ($ 1) for different

capacities
Raw material costs 24,000 tannurh 80,000 tannumt 180,000 tannurt
CADS$/t CAD$/GJ CADS$/t CAD$/GJ CADS$/t CAD$/GJ
Mill Residues, $ BDt*
13 114.6 6.2 76.6 4.1 64.7 35
20 123.9 6.7 85.9 4.6 74.0 4.0
Bark Piles, $ BDt*
0-2 97.3-100.0 5.0-5.1 59.3-62. 3.0-3.2 47.4-50.1 2.4-2.6
5 104.0 5.3 66.0 3.4 54.1 2.8
Harvest Residues (50-100 km transport
distance), $ BDt
25-46 130.6-158.5 7.0-8.5 92.6-120}5 5.0-6.b 8034 4.4-5.9
20-37 123.9-146.5 6.7-7.9 85.9-108|5 4.6-5.9 74689 4.0-5.2
MPB infested woods, $/BDt
65 132.2 7.1

Since Canadian wood pellets are mainly manufactureke Prince George region, with
majority of pellets exported to Netherlands and &mwe Table 7-7 shows the estimated
transportation cost of wood pellets from Prince i@edo Europe, as reported by Hoque
(2006). For Canadian wood pellets to reach Eurpelgts need to be transported by train
from Prince George to Vancouver port, and thenddad ocean vessels and transported to

Netherlands or Sweden. The total transportatioh @owood pellets from Prince George
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to Netherlands is about $9% ¢$5.1 GJ"), and the total transportation cost of bark psllet
from Prince George to Netherlands is about $8@&#.5 GJ'), which slightly lower than

white pellets because of their higher energy cdnten

Table 7-7 Typical bulk wood pellet delivery costsm Prince George to Europe

Softwood pellets Bark pellets

Items Unit | Netherlands Sweden Netherlands  Sweder
From Prince George to Vancouver Port s 22.9 22.9 21.4 21.4
Transfer, intermediate storage, and loading gt 11.2 11.2 10.4 10.4
From Vancouver Port to import Port by Sea st 48.0 55.4 44.8 51.7
Transfer, handling and transportation to customer$ t* 12.9 12.9 12.1 12.1

Total $tt 95.0 102.5 88.7 95.6

$GJ* 5.1 5.5 4.5 4.9

Source: Hoque (2006) at an exchange rate 1US$=0016b$.

7.4 Production Costs of Canadian Torrefied Wood P#lts

The capital cost of a torrefied wood pellet plaapends on the torrefaction process to be
used. Table 7-8 compares the total capital investroba 180 kt annuth conventional
pellet plant and a 138 kt annimiorrefied pellet plant using three different typefs
torrefaction reactors in Canada, including dryamimer mill, torrefaction reactors, pellet
machine, cooler, storage, conveyors, separatonphaeal equipment, and buildings. It is
assumed that the same dryer, hammer mill will ledus process the same amount of
raw biomass feedstock, with 30% weight loss dutimgefaction, a conventional plant
producing 180 kt pellets per year will be now conajpée to a torrefied pellet plant
producing 138 kt (70% of 180 kt) torrefied pellgisr year. One can also compare the
conventional plant and the torrefied pellet planthe same production capacity where
the grinders and dryers will be larger in the theck pellet plant. The total capital
investment data for a 180 kt anntimonventional pellet plant were obtained from Witte
(2008), and the capital cost for each item wasres#d based on a 80 kt anriimood

pellet plant [Urbanowski 2005] using the B.ower scaling relationship. The capital
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investment costs for three torrefaction reactors188 kt annuni in capacity were

estimated based on a 227 kt anfiurrefied wood plant data [Bergman, Zwart, andl Kie

2005] applying a 0'8 power scaling relationship between the capitalt @l the

capacity (Ulrich 1984). The outside battery limitsst of a 138 kt a annuhtorrefied

pellet plant was obtained based on the data frongrBan Zwart and Kiel (2005) and

Bergman (2005) by applying a &.@ower scaling relationship, and the capital cost f

each other item was estimated based on a 56 ktn@hnarrefied wood pellet plant

[Bergman 2005], again applying the ©.Bower scaling relationship. The results show

that the specific capital investment for buildingparefied pellet plant of 138 kt anniim

capacity in Canada ranges from $156 to $364 pannam' for three different types of

torrefaction reactors.

Table 7-8 Capital investment of a 180 kt anffurnnventional pellet and a 138 kt
annum’ torrefied pellet plant with three different tormefion reactors in Canada

Capital  Investment, M$ Life
180 kt annum 138 kt annumtorrefied pellets in
Conventional pellets Moving Bed| Rotating Drum| &rew Reactor Years

1 In Side Battery Limits 11.02 15.16 23.05 39.25
1.1 | Dryer 7.34 7.34 7.34 7.34 10
1.2 | Hammer Mill 1.10 1.10 1.10 1.10 10
1.3 | Torrefaction Reactors 0.00 4.65 12.54 28.74 10
1.4 | Pellet Machine 1.84 1.52 1.52 1.52 10
1.5 | Cooler 0.74 0.56 0.56 0.56 10
2 Out Side Battery Limits 7.13 6.39 9.11 11.00
2.1 | Storage, Conveyors, Separators 2.67 2.39 341 411 20
2.2 | Peripheral Equipment 1.32 1.19 1.69 2.04 20
2.3 | Buildings 3.14 2.82 4.01 4.85 20

18.15 21.55 32.16 50.25

Specific Investment ($'tannuni) 101 156 233 364

Source: Witte (2008); Bergman (2005); Urbanowski0®); Bergman, Zwart, and Kiel (2005); Conversion:

1€=1.5090%.

It is seen that the moving bed torrefaction prodess the lowest capital investment,
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because of a small reactor volume and its simpkgde Therefore, the moving bed

torrefaction process is selected for the economacellysis of the Canadian torrefied

wood pellet plant. For a torrefied pellet planti&8 kt annunt in capacity using the

moving bed torrefaction process, the total planpiteh cost is around $21.55 M,

including $15.16M inside battery limits cost and36M outside battery limits cost. The

total production cost of Canadian torrefied pellased in this study, including the

variable costs, fixed costs, depreciation, andrédtern on total capital investment, are

estimated based on following assumptions:

All facilities are constructed in the designatedrye

The plant is operated 8,000 hours per year.

The torrefied pellets process was thermally baldrime combusting torrefaction gas
vapours to provide required heat for drying andetaction.

Raw material: For each metric tonne pellet produde43 BDt of wood residues
(40% moisture content) are required as the feelstebich takes into consideration
of 30% torrefaction weight loss and 10% generatessing loss.

Utilities: 100 kWh of electricity is required forgducing one tonne pellets. Electricity
price is at $40/MWh. An additional cost of $6 pentpellets is allocated to the
consumption of other utilities such as the diesel &nd lubricants etc.

Labours: Fourteen full time workers at a salary badefit of $40,000 yedrpersoft,
two foremen at a cost of $45,000 yegersoft and one supervisor at $55,000 ykar
are assumed to be needed to operate a 138 kt dnpiant.

Maintenance: 5% of the inside battery limits cdpitast.

Direct overhead: 45% of labour costs, which areagament costs.

General plant overhead: 50% of labour and mainmamsts, which also include
administration, logistics and advertisement casits,

Insurance and property tax: insurance is 0.5% @i fglant capital cost and property

tax is at 1.0% of total plant capital cost.
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The detailed break-down wood pellet costs are eséichbased on the above assumptions

with the results summarized in Table 7-9.

Table 7-9 Cost break-down of Canadian torrefied dvpellets

ltems Units
1 Analysis Date 1Q2012
2 Location Prince George
3 Feedstock (Moisture content 40%wt) kt annunt 277
4 Production Capacity kt annunt 138
5 Capital Investment
ISBL M$ 15.16
OSBL M$ 6.39
Total Plant Capital M$ 21.55
6 Production Cost
6.1 Variable Costs $tt 28.27
Raw Materials $tt 18.59
Utilities $t! 9.68
6.2 Fixed costs $tt 19.84
Worker $tt 4.06
Forman $tt 0.65
Supervisor $t! 0.40
Maintenance $tt 5.49
Direct Overhead $tt 2.12
General Plant Overhead $t 4.78
Insurance, Property Tax $t 2.34
Total Cash Cost $t? 48.11
6.3 Depreciation, 10%ISBL+5%0SBL $tt 13.30
Cost of Production $tt 61.41
6.4 Return on total capital investment (10%) $t 15.62
Cost of Production + ROI $tt 77.03

Costs for torrefied pellets from a 138 kt anAttorrefied wood pellet plant using mill

wood residues, wood bark piles, wood harvest residand MPB infested wood as the

feedstock are estimated with the results shown abld 7-10. The cost of Canadian

torrefied pellets with a 10% ROI ranges from $77:083.40 GJ) to $87.04 1 ($3.84

GJ%) using mill wood residues, $58.44 ($2.39 GJ) to $65.59 T ($2.68 GJ) using
198



wood bark, $87.047 ($3.84 GJ) to $124.22 t ($5.48 GI) using wood harvest
residues, and $151.39 ($6.68 GJ) using MPB infested trees as the feedstock.

Table 7-10 Total costs of Canadian torrefied woelteps

Feedstock and prce $tt $GJ*
1 Mill Wood Residues, $ BD*
13 77.03 3.40
2C 87.04 3.84
2 | Wood Bark Piles, $ BD™
0-2 58.44-61.3( 2.3¢-2.5(C
5 65.59 2.68
3 Wood Harvest Residues (50-100 km transportation diance), $ BDt*
25-46 94.19-124.22 4.16-5.48
20-37 87.04-111.3¢ 3.84-4.92
4 | MPB infested woods, $ BC*
65 151.39 6.68

Based on the bulk density of control wood pell¢étstefied wood pellets and torrefied

bark pellets, the cost for transporting Canadiarefeed wood pellets from Prince George

to Europe was estimated, with the results showrabie 7-11.

Table 7-11 Torrefied wood pellet transportation detivery costs from Prince George to

Europe
Softwood Pellets Bark Pellets

Items Unit | Netherlands | Sweden Netherlandg Sweden
From Prince George to Vancouver Port %1 22.92 22.92 23.95 23.95
Transfer, intermediate storage, and loading 1s 11.19 11.19 11.69 11.69
From Vancouver Port to import Port by Sea 1$ 47.97 55.43 50.12 57.91
Transfer, handling and transportation to customelrs $ t* 12.92 12.92 13.50 13.50

Total $tt 95.00 102.46 99.25 107.05

$GJ 4.19 4.52 4.05 4.37

Note: Exchange rate 1US$=1.0660%.

Based on a torrefied pellet plant of 138 kt anfiimcapacity with a wood residues price

of $13 per ton (see Table 7-9), a sensitivity asialpf production cost plus ROI (10%) on

the raw material price, the total capital investtreamd the production rate was conducted
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with the results shown in Table 7-12. It can bensthat the production rate and the total
capital investment have the most significant infices on the cost plus ROI, while the raw

material price had a limited impact on the cosspROI.

Table 7-12 Sensitivity analysis of production qoists ROI (10%)

Cost of Production Plus ROI (10%), $ per ton

Base case 77.03
Raw material price increase 30% 82.61
Raw material price increase 50% 86.33
Raw material price increase 100% 95.62
Raw material price decrease 30% 71.45
Raw material price decrease 50% 67.74
Total capital investment increase 30% 88.88
Total capital investment decrease 30% 65.18
Production rate increase 30% 65.78
Production rate decrease 30% 97.93

7.5 Comparisons between Conventional Wood Pelletsné Torrefied

Wood Pellets

Table 7-13 compares the properties and costs ofecional and torrefied wood pellets.
Compared with conventional wood pellets, torrefigdod pellets can enhance almost
22% of the energy density, which can reduce théfoosong distance transportation. For
Canadian torrefied wood pellets, the productiort pes GJ will be 3% lower (for a mill
wood residues price of $13)t the transportation cost from Prince George tthBigands
will be 18 % lower, leading to a total 12% savimgdost. Therefore, torrefied wood
pellets are a better option than conventional wpetlets exported from Canada to

Europe.
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Table 7-13 Comparisons between conventional amdfted wood pellets in Canada

Conventional Torrefied
Items Unit Wood Pellets Wood Pellets
1 | Pellet Properties
1.1 | Bulk Density kg m? 700 700
1.2 | High Heating Value as received MJ kg* 18.55 22.65
1.3 | Energy Density GJm® 12.99 15.86
1.4 | Moisture Content Yowt 7 0.25
2 | Feedstock (moisture content 40%wt) kt annunt 335 277
2.1 | Raw material (moisture content 40%wt) kt annunt 277 277
2.2 | Fuel (moisture content 40%wt) kt annunt 58 0
3 | Capacity kt annunt 180 138
Total Capital Investment M$ 18.1 22.1
Specific Investment $tt 101 175
5 | Total Production Costs
5.1 | Mill Wood Residues, $13 1 $tt 64.72 77.03
$GJ 3.50 3.40
5.2 | MPB infested Trees, $65t $t' 132.22 151.39
$ G 7.10 6.68
6 | Total Transportation Costs to Netherlands $tt 95.00 95.00
$ G 5.10 4.19
7 Total Costs
7.1 | Mill Wood Residues, $13 1 $t' 159.72 172.03
$GJ 8.60 7.59
7.2 | MPB infested Trees, $651 $tt 227.22 246.39
$GJ 12.20 10.87

7.6 Summary

A simplified economical analysis showed that ittsanore to product torrefied pellets in

Canada, but torrefied wood pellets will cost less tiansportation. Therefore the

profitability can be improved for torrefied wood ligés produced in Canada and or

exported to the European market, compared to theectional wood pellets.

201




CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

8.1 Overall Conclusions

Wood pellets as a renewable energy from densifiesdwresidues have very low
greenhouse gas emissions compared to coal andsutles fossil fuels. The wood pellet
market has grown rapidly in Europe since 1990s{ridmrted mainly by the worldwide
rising fossil fuel prices and accompanying highsfbiiel taxes in Europe and incentives
to renewable fuels. Wood pellets hold an extrenpmlymising future, and the future
market may shift to North America. In comparisorthmconventional pellets, torrefied
pellets can be much higher in the energy densitychvwill lower transportation cost
significantly for long distance transportation. Téfere, the torrefaction process may be

suitable for Canadian wood pellets exported tariv@gonal market.

Torrefaction is a thermal treatment without airaxygen in the temperature range of
473-573 K. Based on a review on the pyrolysis kasebf three chemical components
(cellulose, hemicelluloses, and lignin) and woodlaat temperatures of relevance to
torrefaction conditions, a series of TG experimdmse been carried out to study the
intrinsic torrefaction kinetics of major chemicabraponents and BC softwoods. The
weight loss during BC softwood torrefaction wasrfduo be mainly associated with the
decomposition of hemicelluloses, although there walso certain degree of
decomposition of cellulose and lignin. The weighsd of the BC softwoods during
torrefaction could be approximately estimated fritmta chemical composition of wood
species and the weight loss data for torrefactibpuve cellulose, hemicelluloses, and

lignin, respectively. Based on the fitting of th& Tturves of BC softwoods and three
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chemical components, a two-component and one-st&pofder reaction kinetic model
was developed, which gave a good agreement with alar short residence time, and
can be used to guide the design and optimizatidoroéfaction reactors over the weight
loss range of 0 to 40% at the temperature rande38f573 K, which covers the typical

range of industrially relevant operations.

Torrefaction of BC softwoods, including pine firrape SPF (a mixture of spruce, pine
and fir) and pine bark, has been conducted in &lsnale tubular fixed bed unit at the
temperatures of 240-34C. A MTI press machine was used for the densificatests in
order to identify the suitable conditions for makitorrefied pellets. Results showed that
the mass loss of BC softwoods mainly depended erdirefaction temperature and the
residence time. The heating value of torrefiedveodid had a close relationship with the
mass loss, increasing with increasing the severfityorrefaction. Torrefied softwoods
were more difficult to be compressed into strongetiied pellets using the same
conditions as used for making the control (regulatreated, non-torrefied, conventional)
pellets. Increasing the die temperature and addingsture into torrefied particles can
improve the quality of torrefied pellets. The marst content and density of torrefied
pellets were lower than control pellets. More egemas needed for compacting torrefied
softwood particles into torrefied pellets. Deepréfaction increased the heating value
and the hydrophobicity of torrefied pellets, butciased the energy yield and the
hardness of torrefied pellets. Considering the iqualf torrefied pellets, the optimal
torrefaction conditions were found to be around 30f4ss loss, which gave a 20%
increase in pellet heating value. The suitable ifleason conditions for torrefied
softwoods corresponded to a die temperature ofté?80°C, or over 110C for torrefied

softwood patrticles conditioned to 10% moisture eant
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The particle size effect on torrefaction of pinetigées and formation of torrefied pellets
has been studied in both the TGA and the tubukadfbed reactor. The fixed bed reactor
was also used to produce torrefied samples fonglesdie press unit for the densification
test. Both the TGA and fixed bed reactor torrefactiest results showed that the
torrefaction rate was affected by the particle ,siegspecially at high temperatures.
Although the temperature gradient inside partidésmaller than 1 mm is very small
during torrefaction, the internal diffusion of geatd vapours inside particles imposes
an impact on the global torrefaction reaction rdtee hard core particle model with a
first order torrefaction reaction can predict tle@aation data reasonably well, with the
data-fitted effective vapour diffusivity coefficienas the input parameter. The
densification tests showed that more energy wasined) to make pellets from larger
torrefied particles, while the water uptake and Btelgardness tests of pellets revealed

that good quality torrefied pellets could be ob¢girirom fine torrefied sawdust particles.

Oxidative torrefaction of sawdust with a carriersgeontaining 3% to 6% fOwas
investigated in a TG and a fluidized bed reactdth whe properties of the torrefied
sawdust and pellets compared with those prepaosd fegular torrefaction without any
O.. It is found that the oxidative torrefaction kistcan be well modeled by two parallel
reactions, one for thermal degradation and therobtime for biomass oxidation. The
oxidative torrefaction process produced torrefi@aidust and pellets of similar properties
as to normally torrefied sawdust and correspongialiets, especially on the density,
energy consumption for pelletization, higher hegatralue and energy yield. For moisture
adsorption and hardness of the torrefied pelletspkidative torrefaction process showed
slightly poor but negligible performance, which miggely be related to the structural
change caused by the oxidation. Therefore, fronptbeess integration and cost point of
view, it is feasible to use oxygen laden combusfioe gases as the carrier gas for

torrefaction of biomass. Compared to the contrdlepe torrefied pellets made at the
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same die temperature have a lower density and éssdaithough more energy is required
to compress torrefied sawdust into pellets. Howetegrefied sawdust can be made into
dense and strong pellets of high hydrophobicity bigher die temperature than normally

used in the production of regular control pellets.

Compared with conventional wood pellets, torrefigdod pellets can enhance almost
22% of the energy density, which can reduce théfoosong distance transportation. For
Canadian torrefied wood pellets, the productiort pes GJ will be 4% higher (for a mill
wood residues price of $13/t), but the transpatatcost from Prince George to
Netherlands will be 18 % lower, leading to a tdi@% saving in the total cost. Therefore,
torrefied wood pellets are a better option thanveotional wood pellets exported from
Canada to Europe. Torrefied wood pellets can redbeetransportation cost of wood
pellets, especially suitable for pellets produge€anada and exported to Europe with a
long transportation distance. The Canadian tomefiod pellets can improve the
profitability of Canadian wood pellets exportedthe European market, compared to the

conventional wood pellets.

8.2 Recommendations for Future Work

The current study investigated the torrefactiorB@f softwoods in order to develop a
torrefaction and densification process for the patidn of high quality torrefied wood
pellets. Much work still needs to be done in tlipi¢. The following research subjects
are recommended for future works based on thig/stud

« To identify the suitable operating conditions of tiorrefaction of sawdust particles of

wide size distributions in fluidized bed reactors.

* To optimize the conditions for the densificatiorntairefied sawdust to torrefied pellets,

including die temperature, pressure or compredsi@e, particle size, and the moisture
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content in a continuous densification machine.

« To simulate the combined torrefaction and pelléira process by using the
torrefaction kinetics of BC softwoods, reactor dguafations and the suitable
densification conditions.

« To improve the cost analysis using more up-to-dadkies for the capital and

operating cost to the torrefaction process anatist of the raw materials.
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