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SUMMARY

This work addresses an investigation on and comariof the physical and chemical
properties of Spruce wood powder which is mixechvdil and compressed in pellets. This
work was carried out from January 2014 to May 204driations in wood power, moisture
content, particle size or pre-treatment of powdarehbeen investigation for many years. In
recent years however, research has been focusaddiion of different additive such as oil
and lignin. This is because increasing the efficyedirectly translates to saving cost and thus

such studies has been primed as a key area farcbse

Variation in calorific values, strength and comgibsity studies, water activity level were
the primary field of interest, since these resudtsaffected by compacting pressure and
temperature. Studies was also conducted for thie derhsity, ash content, moisture content

and SEM and EDX analysis to identify the physicadl ahemical properties of the product.

Studies indicated that the pellets with highercoihtent had larger calorific values due to the
addition of oil to it. Additional of oil also sigficantly decreased the strength of the pellets,

since additional oil reduced the interfacial foreesl capillary pressure.

The water activity also reduced when oil was adedr compacting pressure was increased

on the spruce power.

The bulk density, ash content and moisture comntined significantly unaffected by the

change of oil concentration.

Optimal pressure and temperature the three pdibetan the region of 150 MPa and 120C,
since any addition of pressure or temperature ngdo changes the physical and chemical
properties significantly. Studies was also donmvestigate the quantity of oil lost during the

mixing and the pelleting process to ensure thattneect level of oil is being investigated.
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INTRODUCTION

1. Spruce Wood

The spruce wood originates from the coniferous gre&n spruce tree which comes from the
Pinaceaedmily and the Picea genus. There are about 35espeatithis genus which is mostly

found in the northern regions in places such a®@aiiand North America [1, 2, 3]. They are
large and fast growing tress that grow on averag80t — 60 meters. These trees when fully
grown also can have an average trunk diameter-of.5 meters [1, 6]. There are made up of
needle like leaves that are attached in a spirainerato the branch to ensure maximum

ecological efficiency from the tree during the winmonths [1, 2, 3]. The xylem or heartwood in

the tree trunk is pale in colour thus the sprucals® commonly referred to as white wood [9,
10].

bit,
5

|\ trade

Vascular
cambium

Secondary phloem 1
Cork cambium ; Bark
CurkJ

Figure 1a (left) and b (right): Cross section &muce trunk and Names of different parts in a &ptunk
www.tradebit.com and www.aginclassroom.org-300

1.1 Type of Spruce

There are over 38 named species of Spruce. Thigarrdi speices are nhamed as the following
[11]:

Rajiv Balakrishna Page 1
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Picea abies, Picea alcoquiana , Picea alpestrisgaPasperata, Picea brachytyla, Picea
breweriana, Picea chihuahuana, Picea crassifateaRengelmannii, Picea farreri, Picea glauca
var. glauca, Picea glauca var. densata, Piceaghaarc albertiana, Picea glauca var. porsildii,
Picea glehnii, Picea jezoensis, Picea koraiensisgaPkoyamae, Picea likiangensis, Picea
mariana, Picea martinezii, Picea maximowiczii, Riomeyeri, Picea morrisonicola, Picea
neoveitchii, Picea obovata, Picea omorika, Picégantalis, Picea pungens, Picea purpurea, Picea
retroflexa, Picea rubens, Picea schrenkiana, Rtelaensis, Picea smithiana, Picea spinulosa,

Picea torano and Picea wilsonii .

However the most commonly known spices of SprudaenScandinavia and Northern Europe is

the Picea abies which is also know Norway Spruce.

1.2 Norway Spruce

The Picea abies (Norway spruce or also commonlyknas European spruce) is a type of
spruce commonly found in Europe. It can grow rapidithe first 25 years of its life to up to 20
meters before slowing down. These type of spediesjread across Europe from Norway all
the across the Siberian desert through the Uralntéons, while also spreading downwards to
the European Alps [1, 2, 3, 11].

Picea abies Karst. . &

Figure 1-2 a (left) and b (right): Norway Spruaeetand European region where Norway Spruce tire@nisnonly found
http://en.wikipedia.or

Rajiv Balakrishna Page 2
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1.3 Uses of Spruce

Spruce wood is commonly also called timber whicimprily is used as a building wood. It is

used for general purpose in the construction ingiusised to making crates and used making
musical instruments. These woods can also be used more specialized purpose such as to
make indoor wall (Spruce has minimal inset and geaesistance and thus cannot be used

outdoor as often).

It is also commonly used to make paper as its dilane long and thus is able to bind together
better, creating a better quality paper. These waado can be easier bleached (Making the
paper whiter) and thus us used in mechanical pglgine to its excessive paleness in the
heartwood.

Spruces’ fresh shoot is a natural source of vitaBiand the essential oils found in its branches
and needles has also been used to brew spruce Theeispruce leaves are also an excellent

source of water during survival situation.

But most importantly Spruce wood is commonly usedake pallets as it can be easily grinded
down to its powder forms or it can be easily fo@sdsawdust by-product in the manufacturing
industry. Due to its abundance and relative easwilr Spruce wood is preferred for making
pellets.

1.4 Physical characteristics

Density (at 12 % moisture content) 441kR)
Total longitudinal shrinkage 0.3%
Total radial shrinkage 3.6 %
Total tangential shrinkage 7.8 %
Equilibrium moisture content

(20° @37 % rel. humidity) 7.0 %
(20° @83 % rel. humidity) 16.4 %

Table 1-4: Table for Physical characteristicsSpruce Wood
http://jp.europeanwood.org/en/living-with-wood/seted-european-wood-species/spruce/

Rajiv Balakrishna
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1.5 Chemical Composition of Wood

Wood is made up of cellulose, hemicelluloses, hgr@nd extractives. These components can
vary in different quantity in different type of spes of wood. This in turn affects the physical

and chemical properties of the wood as the fibeperties are altered if either if this four the
compositions change [58].

Constituent Scots Pine | Spruce Eucalyptus Silver Birch
(Pinus (Picea (Eucalyptus (Betula
S_]’]VGSTI‘I.S) g/az/ca) camaldulensis) | verrucosa)
Cellulose (%) 40 39.5 45.0 41.0
Hemicellulose
-Glucomannan (%) 16.0 17.2 3.1 23
-Glucuronoxylan (%) 8.9 10.4 14.1 275
-Other polysaccharides (%) 3. 3. 2.0 2.6
Lignin (%) 27.7 27.5 313 22.0
Total extractives (%) 3.5 2.1 2.8 3.0

Table 1-5: Table for different composition makeafijpvood
http://www.ipst.gatech.edu

Cellulose is the main compound found in wood cbuting more than 40%-50% of the wood
dry weight. It chemical composition promotes inaad inters molecular bonding between

molcules. It is made up of linear chains of D-glsedinked by 3-1,4-glycosidic bonds which are
mostly found on cell walls [58].

Hemicellulose has a random amorphous structure Viitle strength. Hemicelluloses are
polysaccharides in plant cell walls that have Rlihked backbones with an equatorial
configuration. Hemicelluloses mainly include xylamglucuronoxylan, arabinoxylan,
glucomannan, and xyloglucan [58].

Rajiv Balakrishna Page 4
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While lignin is a complex polymer of aromatic alotdwhich are critical in cell wall in plants.
Lignin is known to be fibrous, tasteless and inbtduin water and alcohoLignins are very
useful and it can be used as an emulsifying, seégueg, binding, or dispersal agent. It also has
a very higher burning efficiency[58]. In fact as$ iglass transition temperature lignin acts as a

very efficient binder as it is able to bind twodils together very efficiently once it cools down.

Rajiv Balakrishna Page 5



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

2.0 Wood Pellets

Pellet fuels are the new age renewable environrhirgadly solution to energy production. It is
currently used in over a million homes across thraeAcas and Europe. It is made up of
renewable compressed biomass mainly wood. Wood fegelletizing comes mainly from
recycled wood waste. These wood pellets are maxbe fihe compacting sawdust or waste from
industrial wood manufacturing [12, 13, 53, 60]. Vldmomass is also derived from coconut and
palm kernel shell, unutilized branches from loggarmgl also tree logging for pellet production.
Pellets manufactured can be used for various fomsti such as to fuel a power plant for
electricity and heat up homes. Stoves, fireplacdets and industrial furnaces can be used to
combust these pellets.

Pellets are produced under high pressure and loistune thus is extremely dense and highly
efficient when it is combusted. Moisture contentl(:%) has to be kept low to ensure that the
pellets are burned efficiently since higher moistwwontent reduces the calorific value
significantly [43, 50, 53, 62]. The highly densedasompact pellets allow better transportation
and better storage of the wood [12, 13, 53, 62].

350 { '.
2 300 - 7 ;
£ 250 | g
¢ i
o -
= 200 1 — :
=] o~
= el —
s P il
e
M
{:. il
O e
N I iy
FES S S
Year
—Urban wood waste —Low-consumption scenario Medium-consumption scenario
—High-consumpticn scenario —Forest product industry

Figure 2-1: Energy Consumption Scenario comparéid eviergy potential of bio mass
*Wood Pellet Handboc
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The increase in price for fossil fuels has promdltedusage and increased the demand for pellets
in the West. In 2010 pellets production accounted4 million tons which was double of what
was produces in 2006 [5, 12, 13, 53, 62]. Figure €hows the increasing trend of energy
consumption in the next 40 years with the foresidpct industry only able to co-support the
world energy consumption only until 2042 if the tigonsumption scenario is taken into
consideration. Pellet production is expected tobtlo@gain in the next five years indicating a
huge potential of research and new discoveriesim field. Sweden itself accounted for 1.9
million tons pellet produced which translate to 91df energy [5, 12, 13, 53, 62, 63].

2.1 Different types of Pallets

Pellets production is not only confined to wood plevs. Non woody biomasses can be also used
for the production of pellets. Distiller's driedagrs can be used as a substitute to lignin to
provide increased durability [62, 63]. Grass aré-husk are also commonly used in fuel-pellets
production. Grass when used as a feedstock is tay@ous since it has s short growing time of
70 days and is easily cultivated. It also has al®@db of the wood powder energy content [62,
63].Rice husk pellets are made similarly from tlyepboducts of rice cultivation and thus more
environmental friendly than the other two pelléffiey produce about 4.2 kcal/kg of energy,
while wood pellets produce about 4.8 kcal/kg ofrgge62, 63]. However rice husk pellets
production is limited to countries which predomitiamise rice has predominant food-crop.

Figure 2-3a: Diagram of Wood Pellets Figure 2-3b: Diagram Spruce Wood Pellets
* http://www.pelletmillequipment.com
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2.1.1 Advantages of Pallets

Wood pellets ensure that the carbon usage nett effeeutral, since we are burning the organic
carbon from the wood which can be replaced wittperananagement of woodlands. This is
however not possible when we burn fossil fuels. Waellets also burn relatively cleaning
releasing lesser environmental unfriendly by pradiwring complete combustion. Combustion
of wood pellets in the power plant also allows astant amount of energy to be produced as the
pellets with has similar energy content is beimgéport via a conveyer belt to be burned. Pellets

are also less expensive than most fossil fuels.

2.1.2 Disadvantages of Pallets

Wood pellets production itself will not be abledostain the world energy and we will need to
supplement it with other sources of renewable gneRyoper management of woodland is
essential for palletisation, if not the environmesiit be badly damaged by greed.

2.1.3 Table of comparisons between different Fuels

Commodity (% Moisture pence/ltr | £/tonne | Net Calorific Value pence/kWh

Content) (Input)

kwhiT | kwhitr [
Electricity via Fossil 12.00
LPG 55 6.6 9.80
Heating Oill 70 10.3 8.00
Heating Oil 60 10.3 6.85
Wood Pellet Bagged 250 4800 6.13
Firewood (30%) 150 3500 5.04
Wood Pellet (10%) 200 4800 4.90

Table 2-1-3: Table of comparisons between diffeFergls [52, 53]

Wood pellets have the lowest input for the amoy@ns (4.90p/kWh) to produce 1 kWh of
energy, while fossil fuel has the highest input tiee amount spend (12.00/kWh) to produce 1
kWh of energy.
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2.2 Pallets Production (Industrial)

Wood powders are passed through hammer mill torensuiformity in the mass. These mass is
then send to a press where it is squeezed throdghchamber with multiple holes and cut off to

their respective sizes [48, 52, 53]. The typicaksof a pellet varies from 6-8 mm in diameter.

The high pressure in the chamber allows the higipé&rature to be transferred rapidly to the
powders. The lignin in the powders thus plastigizbas acting as a natural organic binder that
holds the pellets together as they cool down [2853].

Pellets made in Europe normally conforms to the BIN31 or O-Norm M-7135 standards, with
less that 10% moisture content, uniform high dgn(sia.~ 1 ton/n?), good strength and low ash
content [5, 12, 13, 53, 62, 63]. Wood fibres froiffedent feed stock are well grinded in the
hammer mill and pressed with different pressures thesulting in minimal difference in the
finished pellets [48, 52, 53]. Norway, Sweden, Darkmand Finland are the main production
centres for wood pellets production [5, 12, 13,&3,63]

2.2.1 Energy Consumption by Pellets

Energy used to dry, pelletize and transport wodteipmade from industrial waste wood (pre-
dried) makes up to about 11 % of energy contenhftite pellets [48, 52, 53]. While pellets
made directly from logged wood uses up 26 % of gneontent from the pellets [48, 52, 53].
Transportation of pellets across continents can addther 10-14 % to the total energy
consumption content of the wood pellets [48, 52, 53

2.2.2 Moisture Content in Pellets

Pellets that have high moisture content producese rst@am reducing energy content within it.
Burning wet pellets causes tar build up, environtmilution and increases the risk of fire in
the plant [43, 50, 57]. Therefore it is very imont to dry and season the feedstock well before
it is sent for hammer milling. Wood logged in wintan be dried and seasoned for a year, while
wood logged in the summer has higher moisture cbréged needs to be season for two years

before being milled and eventually burned [43, B0}, While being seasoned the wood should
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be stored in an open, dry and airy location. Igeatbod can be sent to the hammer mill once the

moisture content is below 25% before it is furtheycessed [43, 50, 57].

Hard wood (heavier wood) which is denser will ttnase a higher calorific value than softwood
[12,13,52] . Heavier wood is more difficult to buas opposed to soft wood. Therefore it is
common to burn soft wood with hardwood. Howeves timakes very minimal difference if the

wood is hammer milled and grinded to similar pdetgize [12,13,52].
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3.0 Obijectives for Paper

The present work was focused on finding the physacal chemical characteristics of spruce
wood pellets with added oil content. Three differesmperatures and four different pressures

were used to examine these characteristics.

Different studies have been conducted with vanyliggin content, moisture content, wood
quality, particle size and etc. to investigateinttuence on the physical and chemical properties
of the pellets. However addition of oil has to pblssincrease the strength or the calorific values
has not been readily studied upon. Therefore tipager aims to fulfil and bridge the gap in
knowledge in this specialized area.

These were carried out at the materials laborataig¢he Department of Mathematical Sciences

and Technology at the Norwegian University of L¥eiences, with the following objectives:

o To understand the how the addition of differentrgiig of used vegetable oil influence
the physical and chemical properties of the pellets

o To understand the how varying the compacting pressuluences the physical and
chemical properties of the pellets.

o To understand the how varying the compacting teatpez influences the physical and
chemical properties of the pellets.

o0 To identify the optimum level of compacting pregsand temperature for a given oll
content needed to maximize the physical propestes as the strength and the chemical

properties such as the calorific values.
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4. Literature Review on Earlier Studies

4.1 Heating values of wood pellets from differentmecies[51].

The higher heating values (HHV) for from trees oftbsoftwood and hardwood were measured
in Portugal where 38% of its land is covered bye$br These areas are occupied mainly by
Quercus suber, Pinus pinaster and Eucalyptus glebilihe Pinus pinaster and thseudotsuga
menziesii come Pinaceae family whighsimilar to Picea abies. Portugal is the fiftlydest
producer of pulp and paper in Europe. Therefoha#t huge potential to generate by products for
the production of pellets to be used as energy. HH¥ values are described in the figures
below.

Mean * SD (CV %) of Higher and Low Heating values, moisture content (M) of the samples

Sample Species HHV (kJ/kg) LHV (kJ/kg) M- (%)
P4 Pinus pinaster 20237.89 + 374.12(1.849) 16935.72 + 33546 (1.981) 103
P8 Pseudotsuga menziesii 19660.02 + 32.29 (0.164) 16704.30 +29.46(0.176) 838
P12 Cedrus atiantica 20360.45 + 187.30 (0.920) 15629.71 + 154.00 (0.985) 17.8
P1 Castanes sativa 18754.86 + 218.64 (1.166) 15468.56 + 194.33 (1.256) 11.1
P2 Eucalyptus globulus 17631.66 £ 326.53 (1.852) 14411.54 £+289.03(2.006) 115
P3 Fagus sylvstica 1913247 £231.97 (1.212) 15818.67 +206.36 (1.304) 11.0
P5 Quercus robur 18696.82 £ 47.00 (0.251) 15361.13+4163(0.271) 114
P6 Fraxinus angustifolia 19090.90 + 306.18 (1.604) 16450.82 + 283.92 (1.726) 7.3
P7 Prunus avium 18256.48 + 120.86 (0.662) 15552.33 + 111.18 (0.715) 8.0
P9 Salix babilonica 18279.41 £ 348.08 (1.904) 15372.32 + 316.07 (2.056) 9.2
P10 Populus euro-americans. 18791.20 £248.45 (1.322) 16130.08 £229.78(1.424) 75
P11 Acer pseudoplatanus 18637.91 £ 152.15(0.816) 15615.05 + 137.43 (0.880) 9.7
P13 20314.74 + 378.88 (1.865) 17287.67 +345.38(1.998) 88
P14 19053.87 + 113.65 (0.596) 15691.61 + 100.73 (0.642) 114
P15 20499.80 + 338.74 (1.652) 17170.12+303.73(1.769) 10.3
P16 Bowdichia nitids 20809.47 + 354.05 (1.701) 17907.85+325.83(1.819) 8.0
P17 Hymenaea courbarnil 19296.38 + 187.61 (0.972) 16183.69 + 169.18 (1.045) 9.8

Figure 4-1-1 The Higher and Lower Heating Valueditferent type of trees in Portugal
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Mean, SD in brackets, Tukey-Kramer test of calorific values and moisture contents (Mar) of wood
Species HHV (kJ/kg) LHV (kJ/kg) Mar (%)
Hardwoods (H) 19089.0 a 16030.1 a 96a

(889.9) (919.6) (1.5)
Softwoods (S) 20086.1 a 164232 a 123a
(374.1) (696.9 4.8)
Hardwoods National (HN) 18585.7 a 156756 a 96a
(468.0) (568.8 (1.7)
Softwoods National (SN) 20086.1b 164232 a 123a
(374.1) (696.9 (4.8)
Hardwoods National (HN) 18585.7 a 165756 a 96a
(468.0) (568.8 (1.7
Hardwoods Tropical (HT) 199949b 16848.2b 97a
@73.7) (894.3 (1.3)

a: There are statistically no significant differences. b: There are statistically significant differences

Fig 4-1-2 The average Higher or Lower Heating ValaEHardwoods and Softwoods

The figures above, shows the different calorifituea of wood pellets from different species.
Softwoods had HHV ranging from 19661 to 20361 kJAkhile, hardwoods had HHV ranging
from 17631.66 to 20809.47 kJ/Kkg.

Pinus pinaster and the Pseudotsuga menziesi haHi\a ¢f 20238 kJ/kg and 19660 kJ/kg
respectively

Softwood tress generally has a higher heating vldae hardwoods. However the only statistical
differences were found in the case of the HHV fatibhal wood.
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4.2 Torrefaction Influence on Pelletability and Pdet Quality of Norwegian Forest Residues
[17].

The quality of the pellets for spruce and birch domas measure while the torrefaction
temperature used as a varying input. The wood weerefied both 225 and 275 °C for 30 min
before the higher heating value (HHV), moisture teaty water activity and particle size
distribution was examined. Pellets also was prodwtefour different temperature of 60, 120,
and 180 °C; and at eight different compacting presss 10, 20, 40, 80, 160, 240, and 300 MPa.
Figure 4-2-1 shows these characteristics of thiegsgbroduced.

RS TS22§ TS27S RB TB2S TB27S
rrdaction temperzwe (°C) 22§ 278 p s 13 s
reddence time (min) 30 30 30 % % Ly
moisture content (%) 10030 = 006 798 +£013 §27 =001 974 =011 78 + 010 342001
a, 0595 = 0002 0598 = 0.001 0591 = 0008 070S = 0007 0691 = 0003 0687 = 0008
HHV l.\(j.'(..',,.“"l 1993+ 0282 2027+ QO2ab 219+ 0566¢ 1914 £ 0232 197 £ 037 a 2133+ 071 b¢
WL (%,°) 319 1692 153 %9
EL (%) 154 871 a7l 1597
HHV /HHV, 1 098 091 1 0y 090

“db = dry basis. "Different letters indicate significant differences (p < 0.05) for HHV according to post-hoc Tukey's test.

Fig 4-2-1 Figure for HHVmoisture content and water activity for both rawl &rrefied spruce; and birch

Pure spruce had a moisture content of 10.3%, vaaterity level of 0.695 and a HHV of 19.93
MJ/kg. While the torrefied samples showed an ireeea HHV values and also a decrease in

moisture content.

90 - 1400
s +RS - 180 .
1 1200 - : -
70 | -+ TS275- 180 T a
£ o - TS225- 180 "81000 =" - __' ceeae
E 0 " "7l +RS-120 3 Y
i_ 50 - » " = TS275-120 = aad I - f, e
H 49 1 o - « -+ TS225-120 % 600 r’ -RS - 180 -+ TS225-180
S 30 | ¥ . TS275 - 60 S W ~RS-120 - TS225-120
z ¢ - Q 400 1/ .
2| T o=« RS-60 f'/ Bulk density -= TS275 - 180 -~ TS275 - 120
/ b . . ~RS - 60 . TS225-60
1 £ i . - TS225- 200
101 po =i -~ TS275 - 60
0 Y- - 0
0 100 200 300 0 100 200 300
Compacting pressure, MPa Compacting pressure, MPa

Fig 4-2-2 Strength and Density Graph against Relempacting Pressure

The pure Spruce shows a increase in strength arsitgas the compacting pressure increases.
However the increase tends to even out as theyeegsts higher. The maximum density is also
almost reached after 275 MPa. The initial bulk dtéssfor all the powders are200 kg/ni.
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Figure 4-2-1 shows discharging force used to rentibegellets from the die after production.

P,../length (MPa/mm)

RS
60 °C 0.224 + 0.021
120 °C 0.125 + 0.008
180 °C 0.077 £ 0.004
60 °C 0.516 + 0.036
120 °C 0.174 + 0.007
180 °C 0.187 + 0.037

TS225

0.259 + 0.004
0.118 + 0.011
0.080 + 0.006

0.789 + 0.018
0.261 + 0.007
0.188 + 0.015

TS275 RB

Pellets Produced at 40 MPa

0.591 + 0.016 0.147 + 0.008

0.494 + 0.015 0.090 + 0.005

0.305 + 0.011 0.081 + 0.001
Pellets Produced at 240 MPa

3.039 + 0.141 0314 + 0.012

1.338 + 0.071 0.186 + 0.032

0.713 + 0.017 0.142 + 0.001

TB22S

0.311 + 0.0358
0.225 + 0.014
0.163 + 0.0198

0.648 + 0.034
0.430 + 0.019
0.363 + 0.030

TB275

0.636 + 0.0244
0.613 + 0.0226
0.517 + 0.0215

2.549 + 0.042
2.064 + 0.145
1.633 + 0.126

Fig 4-2-2 Discharging Force for the Pellets

The discharging force used to remove the pure spfoic pellets produced at 40 MPa ranges

from 0.224 to 0.007 depending on the temperatuosveder it is clearly observed that increasing

temperature allows the pellets to be removed e&silm the die. A similar observation is seen

for pellets produced at 240 MPa as the discharfgirgge ranges from 0.516 to 0.187 here.
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4.3 The effects of kraft lignin additives on wooduel pellet quality, energy use and shelf life
[46].

Pellets are an important source for biomass enprgguction as it is used to supplement the
other sources of energy production. 9 TWh of peleEtergy was consumed in Sweden itself in
2011. Therefore research in kraft lignin is an img@ot as it might be able to increase the

efficiency and energy output of pellets being piatl

Kraft lignin was added to the pellets ranging friorto 4% and results indicated that it increase it
mechanical durability and their lengths. Howeves #mergy content of the pellets remained

unchanged due to this addition.

100 i 3 .
i S. l { -
i i - | @
99 - . g --.....g.m.....—--.‘
g L )
> ' i
] . S E
g E !
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3 ¢ : | ¥ |
97 '0.'."-.'.'-'."E""'."-- '.'--".?C".".. .- : - ; - -
' ®  Drykraft lignin
i i B Wet kraft lignin
96 : :
0 1 2 3 4 5

Weight percentage of lignin (%)
Fig 4-3-1 Durability vs wt% of kraft lignin
The dry kraft lignin also exhibited a larger dutdpias opposed wet kraft lignin. Fig 4-3-1

clearly illustrate that when 0% dry kraft ligninused the mechanical durability is 97.2% while

when 4% dry kraft lignin is used the mechanicakhility rises to 99.2%.
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4.4 Fuel pellets from biomass: The importance of # pelletizing pressure and its

dependency on the processing conditions [30].

45
ep dta 90 ~+-Beech
400 + mocel
~=Spruce
%0+ - « Straw
[-%
60
00 % |
T 5
2 "
o 200 + §
& 30
150 ¢
100 }
. ——
50 | o.‘..‘itttillaln.
N 20 60 100 140 180
oo 1 2 3 4 5 6 7 Temperature [*C)
Comoression rato

Fig 4-4-1 a) Compacting Pressure vs Compressioio Raft) and b) Compacting Pressure vs TemperdfRight)

This paper clearly indicates the relationship betwthe compacting pressure and it relationship
to the processing condition used to make the elletwas also identified that an increase in
temperature resulted in lesser compacting presssed to achieve similar compression ratio of
the pellets(Fig 4-4-1 b). The increase in length in the pelito increased the compacting

pressure exponentially and is dependent on the vinmthass species, temperature, moisture
content and particle siZEig 4-4-1 c).

300
bl ~-Beech ~-<0.5mm
-=-Spruce 250
s + Straw — -+-0.5-1mm
i
- & 200
g 120 % ~a-1-2.8mm
g 90 2 150
g g
a 60 a 100
30 50
0 : - 0 »
0 5 10 15 20 25 0,5 1 1.5 2 25 3
Moisture content [% RH] c

Fig 4-4-2 a) Compacting Pressure vs Moisture Cdr{tezft) and b) Compacting Pressure vs CompresRatio as a function of particle size
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Figure 4-4-2 a also shows that the moisture corgatts the compacting pressure of the wood
as an increase in moisture contents correlatesléxi@ease in compacting pressure for the pellets.
While Figure 4-4-2 b indicates that an increasparticle distribution size actually will decrease

the compacting pressure required.

1600 -+-Beech -e-Spruce
1400
5
E
g 1200
2
§ 1000
it
2
g 800
600
50 100 150 200 250 300 400 600
Compaction pressure [MPa]

Fig 4-4-2 Pellet Density vs Compacting Pressure

Figure 4-4-2 show that an increase of compactirggqure is required to compress the wood
fibres to give a higher final density. However thes also a maximum density which the pellets
can attain where there is virtually no more empgce where the pellet can be compressed any

further.
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4.5 Wood Fuel Handbook [53]

Biomass is one of the most important renewablecgof energy due to its high conversion
efficiencies, competiveness and sustainability.nideses can be used from small scale heating
up to heating an industry. There are many physicatid chemical properties with respect to
wood pelleting which will be discussed with detdiédow.

Log woods 15 Beech 445
(33 cm piled) Spruce and fir 304
) Beech 328
it 30 Spruce and fir 223
Conifers’bark 180
Saw dusts 15 160
Shavings 90
Pellets 8 620-650
Bales Miscanthus 140
Hog biomass 15 Miscanthus 110
Grain Triticale 750

* kasetarkad m3

Fig 4-5-1 Figure of moisture and bulk density fdfedent wood

Figure 4-5-1 shows the typical industrial optimizadisture content for a wood pellet of 8% wt

and its bulk density of 650 kgAnThe Spruce wood chip has 30% moisture contentaabulk
density of 223 kg/fh
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Heeho o o 192 03
A Woar PRlesats (18:8-19.8) (02-05)

Typigal .values . 19 03

o e (185-19.2) (02-05)

Typical values 20 4-5

for virgin bark materials (19-21) (2-10)

Typical values

for virgin wood materials 19-20 15-2

Logging residues

Iypic_allvalugcs)d ol

or virgin wood materials

Short?otation coppice (SRC) 18.6-19.2 2

(Willow and Poplar)

Spruce (with bark) 188 0.6 1,426
Beech (with bark) 184 0.5 1,340
Poplar (SRC) 185 18 1,335
Willow (SRC) 184 20 1,283
Bark (coniferous trees) 19.2 38 1,440
Vine wood (chips) 198 34 1,450
Miscanthus 17.6 39 973
Wheat straw 17.2 5.7 998
Triticale (grains) 16.9 21 730
Rape cake 21.2 6.2

Fig 4-5-2 Figure of Net Calorific Value and Ash Gemt in Wood

Figure 4-5-2 shows that typical Lower Calorific Wal or Net Calorific Value (NCV) of
coniferous wood is 19.2 MJ/kg with a ash contengiag from 0.2~0.5% wt. Typically spruce
wood with its bark intact has a NCV of 18.8 MJ/kijhna ash content of 0.6% wit.
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Spruce (with bark) 498 63 432 013 013 0015 0005
Beech (with bark) 479 62 433 022 022 0015 0006
Poplar SRC 475 62 441 042 035 0031 0004
Willow SRC 471 61 442 054 026 0045 0004
Bark (coniferous trees) 514 5.7 38.7 048 024 0.085 0.019
B sl materials 47-54 5670 4044 <0.1-05 P
Coniferous wood ~ 005 003
o, \lr?fg;i‘rl\avlflnggd materials 4852 5965 41-45 <0.1-05 SO.0LH k<008
Deciduous wood 0.05 0.03
e ol materials 51-56 5965 3643 03-12 el el
i \'/cira;i}'\awgéd materials 50-53 5963 40-44 03-08 LLE | e
Logging residues” 008 004
il 4751 5867 4046 0208 L f i
Short rotation coppice” 010 005
Miscanthus 475 62 417 073 070 0150 0220
Wheat straw 456 58 424 048 100 0082 0.190
Triticale (grains) 435 64 464 168 060 0110 0070
Rape cake 515 74 301 497 160 0550 0019
For comparison, fossil fuels

Coal 725 56 110 130 - 0940 <01
Lignite 659 46 230 070 - 039 <0,
Heating oil 8586 11-13 14 - - - -
Natural gas 75 25 - - - - -

" CEN/TS 14961:2005 Solid biofuels - Fuel specifications and classes - Annex C

Fig 4-5-3 Chemical composition of elements in wsadhples

Figure 4-5-3 shows that typically spruce wood withbark intact has an element make up of C
(49.8%), H (6.9%), O (43.2%) while the other eletmaaking up for the remaining percentages.
While heating oil has element make up of C (85-88%{11-13%), O (1-4%).
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15 427 1536 38 203 1054

16 421 15.15 39 2.87 1033
17 4.15 14.94 40 2.81 10.12
18 410 14.73 41 2.76 9.91

19 4.04 14.52 42 2.70 9.71

20 3.98 14.31 43 264 9.50
21 3.92 14.10 44 2.58 9.29
22 3.86 13.89 45 2.52 9.08
23 3.80 13.68 46 247 8.87
24 3.75 1347 47 241 8.66
25 3.69 13.27 48 235 845
26 3.63 13.06 49 2.29 8.24
27 3.57 12.85 50 2.23 8.03
28 3.51 12.64 51 217 7.82
29 345 1243 52 2.12 761

30 340 12.22 53 2.06 740
31 3.34 12.01 54 2.00 719
32 3.28 11.80 55 1.94 6.98
33 3.22 11.59 56 1.88 6.77
34 3.16 1138 57 1.82 6.56
35 3.1 1117 58 1.77 6.35
36 3.05 10.96 59 1.71 6.15
37 2.99 10.75 60 1.65 5.94

Fig 4-5-4 Influence that moisture Content has cgrgystored in the pellets

Figure 4-5-4 shows clearly that the increasing ri@sture content will decrease the energy
content and efficiency of the wood pellets. Therefdt is highly recommended that pellet

moisture content is kept between 8 - 12% wit.
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5.0 Experimental Setup & Procedure

5.1 Introduction

Spruce wood was cut, treated and grinded down lzerd the powder was dried before moisture
of about 11% was added ti it. These spruce fibras then added with waste vegetable oil,
which was obtained from MacDonald’s in Vestby, Adtars, Norway, of 3 varying composition

of 0%, 5% and 10%. The mechanical and physicghgnaees of the powder were measured as

described in the following experimental setup armtedures.

5.2 Experimental Design

Spruce with 11 % moisture content was mixed with and prepared in three different
compositions of 0%, 5% and 10%. It was then conguhut three different temperature of 60 C,
120 C and 180 C; and four different pressures d¥iPa, 150 MPa, 225MPa and 300 MPa.

The moisture content was chosen to be 11 % bedawss the most common moisture content
used in commercial wood pelleting [14, 32, 43, SUhile similarly the temperature and pressure
ranges encompass with the most common pellet ptioducange[14, 32, 43, 50]. Higher
moisture content will leads to a problems in pradgellets on the ring type of die pellet
presses[14, 32, 43, 50].

SO-T Spruce (11 wt % moisture) + 0 wt % Oil

S5-T Spruce (11 wt % moisture) + 5 wt % Oil

S10-T : Spruce (11 wt % moisture) + 10 wt % Oil

*T : Temperature of compacted pellets in degreeiGsl|
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5.3 Preparation of the wood samples

Fiaure £-2: : P 1- 6 — Diosne Mixer Figure 5-3: Spruce Powder, 0% Oil, 11% Moisture

Spruce wood used was taken from stumps in spraes {it is meant to represent similar stumps
from fallen tree during logging) that are foundtie region of As in Akershus in the Southern
Eastern regions of Norway (59.6603° N, 10.7836°aEP5 m in altitude. The barks were
removedto ensure a homogenous composition. The stumps eutrieto smaller pieces with a
thickness ranging from 3-4 mm. These smaller piega® dried for 48 hours at 105 °C before

its mass were measured and noted as the initiad.mas

These wood samples were grinded with a sieve diZe5omm using a, Brabender, Duisburg,
Germany, cutting mill. The grinded wood was theredirfor 24 hours in an oven, Termaks,
Norway, at 105 °C to remove all moisture. It wher re-moisturized using a mixer, Mixer
Granulator P 1 - 6 — Diosna, to 10-12 wt% watere Tixer speed was pre-set to 250 rpm and

the chopper speed was set to 500 rpm.

The moisture content in the fibre were then rechdcky spreading and weighing it on the
surface of a Mettler Moisture Analyser and theneighing the dried fibres once the weigh had

stabilized.
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The moist fibres were now mixed with 5% or 10% wil Gsing the same mixer, Mixer
Granulator P 1 - 6 — Diosna. Similarly the mixeeap was pre-set to 250 rpm and the chopper
speed was set to 500 rpm. Pellets were then prddugiag these fibres. Any unused sample was
vacuumed and kept in a climactic chamber to maintae homogenous moisture content
distribution is not lost (At 20C and 50% Relativarhidity).

5.4 Design Feature for Pellets

Section A-A

Compressing
channel

Figure 5-4: Single Pellet Press Unit (Left), Dragviof Single Press Unit: Top View* (Centre) and 88tiA-A view* (Right)
* Diagram fromMisljenovi¢ et al [11]

The wood pellet production was done using a prerabted die pelleting rig (see Fig. 54k)a
fixture that was as described and used by Misljenovi¢ et al [17]. The setup was made up of a
compressing chamber of diameter 8 mm where the emmgere compressed using a tungsten
carbide compressing rod; and a thermocouple coedect a proportional integral derivative
controlled heater with a power of 450 W which colsgrthe production temperature of the
pellets. The compacting pressures in the chamber eantrolled using a Instron 5800R 100 kN
texture analyser which was connected to the asseriibe detailed design for the working

principle and the pellet production process is dbed in Salas-Bringas et al [20].
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5.5 Production of wood pellets

The Spruce powder sample were added into a cyamldcompressing chamber until all the
powder were inside it. The Spruce power were thempressed at varying tempreature and
pressure. Three tempreature (60C, 120C and 18GCfpan pressure (75 MPa, 150MPa,225MPa
and 300MPa) were used in compressing and produkmgellets. All the Spruce powder were
compressed in the normal direction and 5 pelletsewweoduced under each respective pressure
as the tempreature was heldnstant. The speed of the compression was setmm/3 with a
short retension time of 1s. Through literiture stsdve can show that different pressure can be
used to produce pellets for different wood powd&msruce sawdust pellets can be produced
from pressures starting from 50MPa [20], while ottiéferent wood powder starts from 70MPa
up to 300MPa [20]. These difference can be attedhub the tempreature used, die properties
and; the physical and chemical properties of thedyoowders such as patrticle size distribution,
mositure content and other organice products addeduch as oil [14, 32, 43, 50]. The
compression rod was released once the the reqouiesgure was attained. The compression rod
was then again used to remove the pellets fromchimeaber channel with a releasing force

which is the force required to move the pellet fribra inside of the chamber channel.

Pellets produced using a compression chamber Hassity gradient which is a source of error .
The friction between the wood poweder and the sidése chamber rudeuces in stress from the
top to the bottom [18, 19, 20]. This is therefone tause of the grdiant in density, with the
highest density away from the blank die. The ogdislso will have the highest density away
from the blank die for this same reason, with nafsthe oil pushed and retained towards the
bottom. However since the pellets were producedshast and had a relatively small diameter

around 8mm, the density gradient can be safelyelgénted.

The pellet diameter was determined using the waifetich pellets divided by the volume of the

pellets by measuring the length and the diameteaoh pellets produced.

mass of pellet

Densit Pellets =
ensity of Pellets volume of pellet

Material binded better at higher tempreature sitiee the amorphous thermoplastic material

lignin can act as a binder, when its tempreatureigber than the glass transition temperature
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and lower than its melting point[39]. This explathe higher strenght due to improved particle
bonding.

5.6 Measurement of Pellet Strength and Compressiliy

Figure 5-6: Lloyd LR5K (Left), and Diametral tesisfeed pellets* (Right)
*Diagram from Salas-Bringas et al [11]

The pellet strength and compressibility were experntally conducted by measuring the

maximum peak force during a diametrical compressidre test indicated a plastic and ductile
nature of the wood pellets. The shear strengthupérlength (kNmm-1) was measured as we
divided the maximum yield load with the pellet l&#mgThe speed of the test was pre-set to 1
mm/min and the test ended when the probe reactiedhéh below the diameter of the pellet

(strain ~ 0.23). The analysis of pellet strengtd aompressibility was similar to the procedure
used by by Rhén et al [57].
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5.7 Measurement of Energy Content

Figure 5-7: Parr© Oxygen Bomb Setup (Left) and Dreyof Internal Components of Oxygen Bomb

The heat of combustion is the amount of energyrgmat when the reactants burns completely
with oxygen under standard conditions. Typical tieacinvolves the combustion of organic

products to produce water and carbon dioxide gwbgucts.

The heating value is now the energy of the reaatedrding to the amount of substance used. It
is usually defined in mass or mol. The higher meptialue (HHV) is a measure of the amount of
energy produced when the one unit of reactant®mspetely combusted. The HHV value is

determined when the combustion is complete as atenal are burned and as temperature is

cooled down and stabilized to a constant pre cotidyugemperature.

The higher heating value measurement is done @siraxygen bomb calorimeter. The reactants
in an oxygen explosive-proof container are emeigeaater. The reactants are then ignited and
the change in temperature is measure with a hggmgitive thermometer.

The Parf Oxygen Bomb user manual was used to calculate itfigeh heating value of the

pellets.
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5.8 Measurement of Bulk Density

Fiaure :-8: Bulk Density Measurement Appara

Bulk density (BD) is the measure of wood mass pétrwolume of wood. BD of the wood is the
degree of compaction of the wood since the BD isnipalepended on the empty air spaces,
porosity and minerals compositions. Wood has vargizes (this will be looked at in particle
distribution) while the remaining are made up ohemlly pore space. The pore space can

contain either gas or liquid space.

The spruce power was funnelled into a measure dstiin which it was weighed in using a
weighing machine. The volume in which the fibre ued was also recorded directly reading

off the measuring cylinder. The bulk density waantfiound using the equation below.

mass of birch wood

Dry bulk density =
Ty Dutit density volume of cylinder
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5.9 Measurement of Particle Distribution

Figure 5-9: Malvern Mastersizer 3000
www.malverr.con

The particle size distribution (PSD) of a powdetfirtes the relative quantity typically in mass or
volume of particles sizes present in the powdee Malvern Mastersizer 3000 laser diffraction
particle size analyser was used to analyse oultsedthese values are expressed typically in
percentages [64]. PSD is also known as grain sgtgluition. The PSD can be very important in
analysing and understanding the physical and ct&nl@racteristic of the powder. It can also
affect the reactivity of solids which participate & chemical reaction. PSD is normally done
through sieving of powder by its size.

The Malvern Mastersizer 3000 user manual was useddasure the particle distribution. The
powders were drained in a sieved container betfgarated the fibres into its respective diameter
for examination. It then uses a laser diffractiomteasure the size of particles. The intensity of
light is scattered as a laser beam passes thrbegsptuce fibres. These data is then computed in
the computer to calculate the size of the partiokesed on the scattering pattern.
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5.10 Measurement of Moisture Content

Figure 5-10: Mettler Moisture Analyser

The moisture content of wood can rise up to 10%-Ey#&n when left untouched or undisturbed
since the absorption of moisture from air humidiself occurs rapidly. The hygroscopitity of

the wood also changes if it is stored, transpodedburned in unfavourable conditions. The
calorific or heating value of the wood is reduceck do presence of moisture thus making it an

adulterant when sold wrongly to consumers.

Moisture content is experimentally determined byirty and measuring a weighted sample of
the powdered wood in a Mettler Moisture AnalyselneTmoisture content percentage is then
expressed against its initial wet weight.

Dry Sample Weight

Moist Content (%) = x 100
oisture Content (%) Wet Sample Weight
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5.11 Measurement of Ash Content

Figure 5-11: Nabertherm Oven

Ash normally constitutes mainly of inorganic madésisuch as silica and magnesium oxides
after combustion [56]. These materials are prefem the original wood compound or come

from containments during processing. Ash conteatsvary from 0.5% to 5 % depending on the
wood and process used [56]. The bark of the woadthe@earth sand included during processing
can also affect the ash content quantity. Goodityuabod can have ash content of about 3%

while fine wood can have a higher ash content vii6g

Ash is experimentally determined by combusting &gtwed sample in air with thus burning all

the organic combustible material away.

Measurements for ash content were conducted faligwhe EN 14775 Standard Method
instruction manual.
Incombustible Sample Weight

%) =
Ash Content (%) Total Sample Weight x 100
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5.12 Field Emission Scanning Electron Microscope EESEM)

Figure 5-12: FE SEM/ FEI Quanta 200F EnvironmeS8&M with EDAX

The field-emission scanning electron microscopefgndispersive X-ray spectroscopy (FE
SEM/EDAX) modelled FEI Quanta 200F EnvironmentalMsith EDAX Microanalysis was
used to examine the morphology of the fibres anihtestigate the percentage of element that
were present in the Spruce fibres (See Figure 5718 FEI Quanta 200F user manual was used
for the FE SEM/EDAX Analysis.
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RESULTS AND DISCUSSION

6.0 Experimental Data — SEM/ FE SEM Images

The SEM images from FE-SEM (FEI Quanta 200F); efghinded spruce power with different
oil concentration are shown in the Figures belohe Wood fibres were placed on a carbon film
and Low Vacuum and High Voltage electron beam ¢d\V2@as used for this investigation. The
FEI Quanta 200F user manual was used for the FE ®EMysis. The measured average

diameter and diameter range is only with respetiteéaecorded images.

6.1 SO Powder

Det HV Mag Pressure WD 300.0pm
SSD 20.0 kV 200x 40.0 Pa 11.1 mm

Figure 6-1 a (left) and b (right): SEM images ofsfwders

Det HV MagPressure WD 1.0mm
SSD 20.0 kV 50x 40.0 Pa 11.2 mm

Figure 6-1 a and b shows the Spruce wood whichgniaded into fibre powders and stabilize at
110°C before being examined. The SO fibres had an geelaameter of about 57 um while its
diameter ranged from 1 um to 120 um. The fibrefasarwas generally rough through most of
the fibres.
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6.2 S5 Powder

Det HV M
20.0 kV

Det HV Mag Pressure WD 300.0pm
SSD 20.0 kV 200x 40.0 Pa 11.0 mm

Figure 6-2 a (left) and b (right): SEM images of Bédwders

Figure 6-2 a and b shows the Spruce wood whichgrnaded into fibre powders mixed with 5%
oil and then stabilize at 1€ before being examined. The S5 fibres had an geat@mmeter of
about 47 um while its diameter ranged from 0.5 prAG um. The fibres surface was generally

rough through most of the fibres.
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6.3 S10 Powder

11.2 mn SSD Pa 11.2 mn

Figure 6-3 a (left) and b (right): SEM images oDSlowders

Figure 6-3 a and b shows the Spruce wood whichgrniaded into fibre powders mixed with
10% oil and then stabilize at 110 before being examined. The S10 fibres had arageer
diameter of about 51 pum while its diameter rangechf1.5 um to 90 um. The fibres surface was

generally rough through most of the fibres.
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7.0 Experimental Data — EDX Analysis

The energy-dispersive X-ray spectroscopy (FE SENKEMDodelled FEI Quanta 200F was used
to investigate the element composition that wees@nt in the fibres. The FEI Quanta 200F user
manual was used for the EDX Analysis. The measeal@aent composition is only with respect
to different points in the recorded images.

7.1 EDX of the SO Powders

Element Weight % Atomic %

Carbon 80.48 84.61

Oxygen 19.52 15.39

Total 100

CK
OK
080 160 240 320 400 480 560 640 720 keV
CPS:1088  DT%6 |Lsec:i237 [Cnts:1187 keV:0.260 FS:4292 | FT=54  DDisk: 13MB Time:9.6min | I I

Figure 7-1: EDX imaging for BO Powder

Figure 7-1 shows that at the medium and biggeri®@d have a more absolute quantity of
Carbon and Oxygen in them. It has C:O ratio of B3elspectively.
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7.2 EDX on the S5 and S10 Powders

Element Weight % Atomic %
Carbon 83.20 86.85
Oxygen 16.80 1345
CK Total 100
OK
070 140 210 280 350 420 490 560 630 700 keV
[cPs:591 DT%6 |Lsec:365 [Cnts:1064 |keV:0.260 FS:1925 | FT=54  Disk: 13MB Time:9.6min | [ [

Figure 7-2: EDX imaging for B5 and B10 Powders

Figure 7-2 shows that at the medium and bigger Bbffbres have a more absolute quantity of
Carbon and Oxygen in them. It has C:O ratio of 8#dspectively. Its carbon content is higher

than that in the SO powder.
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7.3 EDX on SO (Small Fibres)

Element Weight % Atomic %
Carbon 82.52 86.44
Oxygen 17.23 13.53

CK Gold 0.12 0.0077
Lead 0.08 0.0049
Calcium 0.05 0.0156
Total 100

070 140 210 280 350 420 490 560 630 7.00 keV
icPs:784 DT%6 lLsec270 [Cnts:657 kev:0.260 FS:1121 | FT=5.4  Disk: 13MB Time:9.6min | [ [

Figure 7-3: EDX imaging for BO Powders (Small Fire

Figure 7-3 shows that the small SO fibres havexedqguantity of Carbon, Oxygen, Gold, Lead
and Calcium in them. Only Carbon and Oxygen isigh lguantity while the other elements are

in very minimal in quantity as seen in the Tabléwmn Figure.
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7.4 EDX on S10 (Small Fibres)

Element Weight % Atomic %
Carbon 82.80 86.62
Oxygen 16.96 13.31

CK Aluminium 0.12 0.0557
Strontium 0.08 0.0115
Lead 0.04 0.0026
Total 100

QL ax PbM
070 140 210 280 350 420 490 560 630 7.00 keV
[CPS:1177  DT%:7 |Lsec:428 [Cnts:2374 keV:0.260 [FS:4053 | FT=54  DDisk: 13MB Time:9.6min | [ [

Figure 7-4: EDX imaging for BO Powders (Small Fire

Figure 7-4 shows that the small SO fibres havexaedquantity of Carbon, Oxygen, Aluminium,
Strontium and Lead in them. Only Carbon and Oxygein high quantity while the other

elements are in very minimal in quantity. Its carloontent is higher than that in the SO powder.
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8.0 Pellet Strength and Compressibility

Strength vs Density
45
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y = 7E-19x56:3641 50
35 R?2=0,983
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£
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& 15
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R?=0,9727
5
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Density, kg/m3

Figure 8-1: Strength vs Density Curve

Figure 8-1 above shows the graph for strength vsitdewhich was conducted for the SO, S5
and S10 pellets at 60C, 120C and 180C and 75 M#®aMPa, 225 MPa and 300 MPa (diameter
~ 8 mm, mass 0,7~0,8g and length 12~14 mm).

There is a increasing trend of an increase in gtrewhen the density increase. This is expected
as an increase in density would indicate a morepaamstructure which stronger bonding and
forces acting on them. Addition of oil also shoWws tlecrease in strength due to the reduction of
possible hydrogen bonding sites and the interfdorales and capillary pressure. The reasoning
for this expected result is discussed below iniBe@&.7 and 9.8.
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9.0 Pellet Strength and Compressibility

Pellet Strength and Compressibility for the thre® S5 and S10 pellets; was done using
diametrical compressiomhe speed of the strength test was pre-set to Immimm#ith the test

ending when the probe is 2.2 mm below the pellet.

9.1 SO at 60C, 120C and 180C

Strength vs Compacting Pressure
45

40

35

w
o

== S50 - 60C

/-//
~
e

SO - 120C

15 # =fll=S0 - 180C
i /

0 T T T 1
0 75 150 225 300
Compacting Pressure, MPa

Strength, N/mm

Figure 9-1a: Graph of Strength vs Pressure fort$0@&, 120C and 180C.

The figure 9-1a above shows the graph for stretggh conducted for the SO pellets at 60C,
120C and 180C (diameter8 mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the SO pellets increased as thgaotmg pressure of the pellets increased.
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Density vs Compacting Pressure
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Figure 9-1b: Graph of Compressibility vs PressoreS0 at 60C, 120C and 180C.

The figure 9-1b above shows the compressibilityplgrafor the SO pellets at 60C, 120C and
180C (diameter 8 mm, mass: 0,7~0,8g and length 12~14 mm).

The density of the SO pellets increased as the aotimg pressure of the pellets increased.

The maximum attainable density of all the SO pelebuld plateau at the same maximum

compressibility if extrapolated to a higher press{iRossibly at 1000 MPa).

SO pellets produced after 150 MPa exhibited onlgimal differences in the change in density

for the any extra pressure exerted.
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9.2 S0 at 75 MPa, 150 MPa, 225 MPa and 300 MPa

Strength vs Temperature
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Figure 9-2a: Graph of Strength vs Temperature foat5 MPa, 150
MPa, 225 MPa and 300 MPa.

The figure 8-2a above shows the graph for streteghconducted, for the SO pellets at 75 MPa,
150 MPa, 225 MPa and 300 MPa (diamet&mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the SO pellets increased as th@aotimg temperature of the pellets increased.

Rajiv Balakrishna Page 44



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

Density vs Temperature
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Figure 9-2b: Graph of Compressibility vs Temperatior SO at 75 MPa,
150 MPa, 225 MPa and 300 MPa.

The density of the SO pellets increased as the aotimg temperature of the pellets increased.

The maximum attainable density of all the SO pellebuld plateau at the same maximum
compressibility if extrapolated to a higher tempera (Possibly at 500C).

SO0 pellets produced after 120C exhibited only maliaifferences in the change in density for
the any extra temperature exerted. In fact the $80-MPa, SO — 225 MPa and SO — 300 MPa
has almost reached maximum compressibility aft&CL5

SO pellets produced after 150C exhibited only malitifferences in the change in density for

the any extra temperature exerted.
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9.3 S5 at 60C, 120C and 180C

Strength vs Compacting Pressure
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Figure 9-3a: Graph of Strength vs Pressure fort$8@, 120C and 180C

The figure 9-3a above shows the graph for stretegh conducted, for the S5 pellets at 60C,
120C and 180C (diameter8 mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the S5 pellets increased as thepaotimg pressure of the pellets increased.

There is a discrepancy in strength for the S5 —@& 300 MPa where is strength drops below
the strength of the S5 — 120 C at 300 MPa at 180C.
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Density vs Compacting Pressure
1400
1200 p=—=== e — = ===
e m— e p——-————
1000 ‘e - - * -
" S
£
B 800 7 ,’
Z 7 = o= 55-60C
£ 600 77 S5 - 120C
=] V7 — &= S5-180C
400 3
V4
200 2
OT T T T 1
0 75 150 225 300
Compacting Pressure, MPa

Figure 9-3b: Graph of Compressibility vs PressoreS5 at 60C, 120C and 180C

The figure 8-3b above shows the compressibilityphgraor the S5 pellets at 60C, 120C and
180C (diameter 8 mm, mass: 0,7~0,8g and length 12~14 mm).

The density of the S5 pellets increased as the aotimg pressure of the pellets increased.

The maximum attainable density of all the S5 pelebuld plateau at the same maximum

compressibility if extrapolated to a higher press{iRossibly at 1000 MPa).

S5 pellets produced after 150 MPa exhibited onlgimal differences in the change in density
for the any extra pressure exerted. The S5 — 18081 180 has already reached its maximum

compressibility.
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9.4 S5 at 75 MPa, 150 MPa, 225 MPa and 300 MPa

Strength vs Temperature
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Figure 9-4a: Graph of Strength vs Temperature 5ats5 MPa, 150
MPa, 225 MPa and 300 MPa.

The figure 9-4a above shows the graph for streteghconducted, for the S5 pellets at 75 MPa,
150 MPa, 225 MPa and 300 MPa (diamet&mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the S5 pellets increased as thepaotimg temperature of the pellets increased.

There is a discrepancy in strength for the S5 - @@ at 180C where is strength drops below
the strength of the S5 — 225 MPa at 180C.

Rajiv Balakrishna Page 48



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

Density vs Temperature
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Figure 9-4a: Graph of Compressibility vs Tempemafor S5 at 75 MPa,
150 MPa, 225 MPa and 300 MPa.

The figure 9-4b above shows the compressibilityplgrdorthe S5 pellets at 75 MPa, 150 MPa,
225 MPa and 300 MPa (diameteB mm, mass: 0,7~0,8g and length 12~14 mm).

The density of the S5 pellets increased as the aotimg temperature of the pellets increased.

The maximum attainable density of all the S5 pelebuld plateau at the same maximum

compressibility if extrapolated to a higher tempera (Possibly at 500C).

S5 pellets produced after 120C exhibited only malitifferences in the change in density for
the any extra temperature exerted. In fact the $50-MPa, S5 — 225 MPa and S5 — 300 MPa

has almost reached maximum compressibility aft&CL5

S5 pellets produced after 150C exhibited only malitifferences in the change in density for

the any extra temperature exerted.
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9.5 S10 at 60C, 120C and 180C

Strength vs Compacting Pressure
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Figure 9-5a: Graph of Strength vs Pressure for&8B0C, 120C and 180C

The figure 9-5a above shows the graph for streteghconducted, for the S10 pellets at 60C,
120C and 180C (diameter8 mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the S10 pellets increased as thgacting pressure of the pellets increased.
There is a discrepancy in strength for the S100-Q &t 300 MPa where is strength drops below
the strength of the S10 — 120 C at 300 MPa at 180C.
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Density vs Compacting Pressure
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Figure 9-5b: Graph of Compressibility vs Pressoresf10 at 60C, 120C and 180C.

The figure 9-5b above shows the compressibilityplrdorthe S10 pellets at 60C, 120C and
180C (diameter 8 mm, mass: 0,7~0,8g and length 12~14 mm).

The density of the S10 pellets increased as thgaotimg pressure of the pellets increased.

The maximum attainable density of all the S10 pellwould plateau at the same maximum
compressibility if extrapolated to a higher press{iRossibly at 1000 MPa).

S10 pellets produced after 150 MPa exhibited onlyimmal differences in the change in density
for the any extra pressure exerted. The S5 — 18081 180 has already reached its maximum

compressibility.
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9.6 S10 at 75 MPa, 150 MPa, 225 MPa and 300 MPa

Strength vs Temperature
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Figure 9-6a: Graph of Strength vs Temperature 1@ & 75 MPa, 150
MPa, 225 MPa and 300 MPa.

The figure 9-6a above shows the graph for stretegthconducted, for the S10 pellets at 75 MPa,
150 MPa, 225 MPa and 300 MPa (diamet&mm, mass: 0,7~0,8g and length 12~14 mm).

The strength of the S10 pellets increased as timpacting temperature of the pellets increased.
There is a discrepancy in strength for the S106-NPa at 180C where is strength drops below
the strength of the S10 — 225 MPa and S10 — 225 a1R&80C.

In fact the S10 — 150 MPa has the highest streingte temperatures of 120C and above.
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Density vs Temperature
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Figure 9-6b: Graph of Compressibility vs Temperatior S10 at 75 MPa,
150 MPa, 225 MPa and 300 MPa.

The figure 9-6b above shows the compressibilityhQrdor the S10 pellets at 75 MPa, 150 MPa,
225 MPa and 300 MPa (diameteB mm, mass: 0,7~0,8g and length 12~14 mm).

The density of the S10 pellets increased as thepaotimg temperature of the pellets increased.

The maximum attainable density of all the S10 pellwould plateau at the same maximum

compressibility if extrapolated to a higher tempera (Possibly at 500C).

S10 pellets produced after 120C exhibited only malidifferences in the change in density for
the any extra temperature exerted. In fact the $50-MPa, S5 — 225 MPa and S5 — 300 MPa

has almost reached maximum compressibility aft&CL5

S10 pellets produced after 150C exhibited only malidifferences in the change in density for

the any extra temperature exerted.
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9.7 Discussion of SO vs S5 vs S10 (Strength)

Strength vs Compacting Pressure
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Figure 9-7a: Graph of Strength vs Pressure foiS50S10 at 60C, 120C and 180C.
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Figure 9-7b: Graph of Strength vs Temperature @rS%, S10 at 75 MPa, 150 MPa, 225 MPa and 300 MPa.
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The figure 9-7a above shows the graph for stretegthconducted, for the SO, S5, S10 pellets at
60C, 120C and 180C (diameteB mm, mass 0,7~0,8g and length 12~14 mm).

The figure 9-6a above shows the graph for stretegthconducted, for the SO, S5, S10 pellets at
75 MPa, 150 MPa, 225 MPa and 300 MPa (dianret8rmm, mass 0,7~0,8g and length
12~14 mm).

Figure 9-7a shows an increasing trend for streagtthe compacting pressure increases for the
pellets manufactured at similar oil concentratiom \iarying temperature. The strength increases
from SO-60C> S0-120C>S0-180C.

The result is explained as the lignin in the woadvers shows plasticization effect at higher
temperatures [16]. The lignin is activated at terapee more than 60C, causing the wood fibre
to form solid bridges. Heating also results plasteformation of the fibres as compacting
pressure is exerted on it, thus increasing particlgact as the distance between the particles is
decreased. This increases the number of intermlaleatiraction sites allowing the pellets to be
strongly binded to one another [20, 21,23]. Théepeforms better mechanical interlocking after
it cools down due to some plastic recovery. Thestpeation effect is better at higher

temperatures thus accounting to greater strendtlghér temperatures [16, 20,23].

The increase in strength when compacting presswgrease is explained the powders are better
compacted, the fibres distance is reduced andthaumtermolecular forces within the fibres are
better held together to form a stronger and tighterd which require a higher strength to break.
The intermolecular forces include valance attraxtjohydrogen bonding and van der Waals
forces (VDW). VDW forces are assumed to be the meffective type of attraction in this case
[20,23].

Mechanical interlocking between the fibres also camse an increase in strength when the fibres
are pressed against one another. Elastic recosemisd reduced after compression due to this

type of mechanical interlocking [21,23].

Similar strength increases pattern is also obseime85-60C> S5-120C>S5-180C, or for S10-
60C— S10-120C>S10-180C with similar explanation.
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Figure 9-7a also shows an increasing trend fongtheas the compacting pressure increases for
the pellets manufactured at similar temperature dauying oil concentration. The strength
increases from S0-66€S5-60C—S10-60C.

The addition of oil affects the interfacial forcasd capillary pressure at the fibres. There are
three states that represent this densificationga®icThe first state, called the pendular stai, is
state where the fibres acquire surface tensioncapdlary suction when the oil fills up the
spaces previously occupied by the air. The sectatd,scalled an intermediate state, is a state
where the quantity of the oil affects the agglortieraof particles. If too much oil is present at
this state it will adversely affect the agglomeyatof particles since it liquids are incompressible
while too little oil will not allow this state toufly develop. The third state, called the capillary
state, is a state where the interfacial attradbieveen the fibres and the oil is dominant [16,23].
The oil content that is in: B10 > B5 > B0. Sinceisiincompressible and its content is higher in
B10 and B5 than in BO, the affected agglomeratibrparticles from the intermediate state,
outweigh the increase of attractive forces by timalk addition of oil. The agglomeration is
affected since the oil prevents hydrogen bondirdydipole bonding to be formed between fibres
[23, 24, 25. 26]. This leads to the drop in stterigr the pellets with a larger quantity of oll
content in them. Therefore the strength of thegteils: SO > S5 > S10.

The addition of oil may be also another sourcetlfier reduced strength because oil has a lower
viscosity and this allows the fibres to easier gfighey are connect through mechanical

interlocking and not chemical bonding [23, 26].

Similar strength increases pattern is also obsefoe&0-120C>S5-120C—S10-120C, or for
S0-180C~S5-180C—S10-180C with similar explanation.
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There are also some irregularities that can betifteth from the graph. One such irregularity is
the drop in strength for the S5 — 180 from 225 M@800 MPa (Figure 9-3a). This can be
accounted due to the loss of oil in the pellets ukigher pressure as discussed in Section 8 of
this report. It can be observed that from FigughQhat maximum density for the S5 — 180 has
been attained between 150 and 225 MPa. Therefgreeamaining oil will be forced out of the
S5 — 180 pellets due to the increase in the conmgagressure. This oil however cannot be
recovered during the recovery period when the catipg pressure is released since it has
already left the pellet. Therefore there is legsgrquantity of oil in the S5 — 180 pellets at 300
MPa than the S5 — 180 pellets at 225 MPa. Thusntieemolecular forces acting on the S5 —
180, 300 MPa pellets is lesser than that whiclcim@ on the S5 — 180, 225 MPa pellets, since
removing oil will reduce the interfacial forces awdpillary pressure[16, 23]. The drop in
strength for the S10 — 180 from 225 MPa to 300 fgure 9-5a) can be explained similarly.

While another interesting irregularities lies witie drop in strength for the S10 — 300 MPa as
opposed to the S10 — 150 MPa or S10 — 225 MPargieatures of 120C and above (Figure 9-
6a). Similarly this can be accounted through thdeakage as the pellets are being compressed
with compacting pressure in the pellets as desdriieove. This has led to a reduction in
strength because of the reduction of the interfdoraes and capillary pressure [16, 23]. The S5
— 300 MPa possibly has lesser oil content than S1160 MPa or S10 — 225 MPa, thus
accounting to the lesser intermolecular bondingvbeh the molecules [16, 20, 21]. In fact the
S10 — 150 MPa has the highest strength in the teatyes of 120C and above. It probably
indicates that after oil leakage the net oil tisaleft behind in the S10 — 150 MPa at 120C is the

maximum saturation of oil in this range.
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9.8 Discussion of SO vs S5 vs S10 (Compressibility)
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Figure 9-8a: Graph of Compressibility vs PressoresD, S5, S10 at 60C, 120C and 180C.
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Figure 9-8b: Graph of Compressibility vs Temperatior SO, S5, S10 at 75 MPa, 150 MPa, 225 MPa aadvdPa.
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The figure 9-8a above shows the compressibilityplyréor the density studies, for the SO, S5,
S10 pellets at 60C, 120C and 180C (diamet& mm, mass: 0,7~0,8g and length 12~14

mm).

The figure 9-8b above shows the compressibilityplgréor the density studies, for the SO, S5,
S10 pellets at 75 MPa, 150 MPa, 225 MPa and 300 (didemeter= 8 mm, mass 0,7~0,8g and
length~ 12~14 mm).

Figure 9-7a shows an increasing trend for denstjha compacting pressure increases for the
pellets manufactured at similar oil concentratiom Varying temperature. The strength increases
from S0-60C> S0-120C>S0-180C.

When the compacting pressure increases, the povagerbetter compacted and the fibres are
closer to one another and this would result inn@ngase in intermolecular attraction between the
fibres [20, 21, 23].

While pellets compressed at 60C are the least aessjinie, while pellets compressed at the
higher temperatures are the most compressible wictcounted through the plasticization
effect of lignin [16, 23].

In fact the SO — 120 and SO — 180 has already eglantaximum compressibility, since the oil
has occupied all the spaces in between the fibnekthere is negligible space left to be
compressed. The SO — 60 is still has lower dersgtyause its lignin has not been properly
plasticized since the temperature is lower thangthss transition temperature and therefore the
solid bridges between the fibres have not beenddrfh6, 20, 21]. The fibres at this temperature

are not properly binded to one another accountinghfe reduced density in the pellets.

The fibres that were plasticized at the higher gues (eg. 150 MPa, 225MPa and 300 MPa) will
exhibit a plastic recovery, which thus will not dge the density [20, 21].

There is also stronger binding due to plasticizadfect at higher temperatures when solid
bridges between the fibres are formed, strongerimblecular forces and mechanical locking,

when the wood particle bind closer to one anothér 20, 21].
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Similar density increases pattern is also obsefoe8&5-60C~ S5-120C>S5-180C, or for S10-
60C— S10-120C~>S10-180C with similar explanation.

9.9 Summary of Strength and Density of Pellets Pduced

It can also be concluded that maximum strengthbleen achieved at pressure of 150 MPa and
120 C for the S5 and S10 pellets, since we havepoessed all the oil to the space between the
pores and have conclusively binded almost all ibke$ together. Any increase in pressure or
temperatures does not significantly increase thength. In fact increasing the pressure is

counterproductive as it forces out the oil from pletlets and thus reduces the strength.

While it can also be concluded that the maximum p@ssibility has been achieved for most
pellets at the temperature 150 MPa and 120C. Smueasing the pressure or temperatures
beyond this point does not significantly alter thensity of the pellets. In fact increasing the
pressure is counterproductive as it forces outthigom the pellets and thus reduces the density

of the pellets, which in turn will affect its caloretric values as show in Section 8.
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10.0 Bulk Density

Bulk density test was done simply using a 100 mlinder by weighing and computing the

density of the SO, S5 and S10 powders.

Average Bulk Density (kg/f

Standard Deviation

SO 119.44 1.54
S5 119.35 1.95
S10 122.05 1.81

Table 10-1: Table for BO, B5S and S10 Powder Bulk$iy.

Mass of Poweder

.9
Bulk Denszty,ﬁ

~ Volume Occupied by Powder

The bulk density in the S0, S5 and S10 powdersesfrgm 119~122 kg/findicating the high
porosity and low density existent between the plarti
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11.0 Particle Distribution

Particle distribution test was using a Malvern Mesizer 3000 particle size analyser which
computed the distribution of the particles in tloevder. Particle distribution analysis was done

in 25 cycles and the average if the 25 cycles @mwvshin the particle size distribution curve
below(Figure 11-1).

Particle Size Distribution

Volume Density, %

0 - T
1 10 100 1000 10000
Particle Size (um)

Figure 11-1: Figure of Particle Size Distributiam Powders.

Particle sized 600 ~ 1000 um makes up the majofityhe powder at ca 5-6% volume density,
while there were almost negligible particle sizedser than 10 pm and 5000 pm.
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12.0 Moisture Content

Moisture content analysis was done using a headgghing and evaporating away the moisture
content in existent in the SO powder. The measunémas measured after the weight of the dry

powder stabilized thus indicating maximum removalater.
Average Moisture Content =~ 10.72 %

Moisture content which are12% are extremely efficient when combusted as tasye lesser

water content which reduces the combustion andttireibigher heating value [14, 32, 43].

13.0 Water Activity

Water activity test was done for the SO, S5 and@iliders and pellets by using a hygrometer

and dew-point sensors.

13.1 50
aw Standard Deviation
Powder 0.585 0.0083
S0 - 60 Pellets 0.504 0.0114
S0 - 120 Pellets 0.088 0.0112
SO - 180 Pellets 0.021 0.0270

Table 13-1: Table for Water Activity in BO.

The SO powder has,af 0.585, while the S0-180 has the lowest watéwiag level (ay = 0.02)
and the S0-60 progressively having the highest matévity level (g = 0.51) amongst the
pellets. Water activity that is 0.50 has no microbial proliferation, indicatingtihe pellets will

not have a microbial proliferation [54].
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13.2 S5
ay Standard Deviation
Powder 0.540 0.00656
S5 - 60 Pellets 0.452 0.00574
S5 - 120 Pellets 0.106 0.00265
S5 - 180 Pellets 0.0123 0.00287

Table 13-2: Table for Water Activity in B5.

The S5 powder hasyaf 0.54, while the S5-180 has the lowest wateiviigtievel (a, = 0.01)
and the S5-60 progressively having the highest matévity level (g = 0.45) amongst the
pellets. Water activity that s 0.50 has no microbial proliferation, indicatingthhe pellets will

not have a microbial proliferation [54].

13.3 S10
av Standard Deviation
Powder 0.461 0.01761
S10 - 60 Pellets 0.388 0.00896
S10 - 120 Pellets 0.136 0.00854
S10 - 180 Pellets 0.00375 0.00404

Table 13-3: Table for Water Activity in S10.

The S10 powder hag, @f 0.46, while the S10-180 has the lowest watéviag level (a, = 0.03)
and the S10-60 progressively having the highesemattivity level (@ = 0.39) amongst the
pellets. Water activity that is 0.50 has no microbial proliferation, indicatingtihe pellets will
not have a microbial proliferation [54].

13.4 SO vs S5 vs S10

The powders clearly have the highest water actigitg this can be attributed to the higher
surface area (“attack sites”) present in the powdexpose the moisture to the air. However the

pellets which are made at higher temperature hla@dawest water activity since some of the
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moisture left the pellets during the compressiracpss leading to lesser site where the moisture
can reside. The enhance binding of the lignin aéshices the moisture site microscopically in
the pellets. The presence of oil also reduces #itenactivity as the sites are now occupied with
oil rather than moisture.

14.0 Ash Content

Ash content test was done simply by heating theS5(Gand S10 powders at high temperature
(500 ~ 606C) in a muffle furnace in the presence of oxidizaggnts such as oxygen in the air.

Ash Content Standard Deviation
S0 - 60 Pellets 0.283 0.0193
S0 - 120 Pellets 0.229 0.00963
SO - 180 Pellets 0.0211 0.0231

Table14-1: Table for Ash Content.

Ash Content, % = —0sSof Dry dsh
SILLOMEENE 70 = Mass of Powder Used

Low ash content{0.21) indicates that the powder are mostly madefupwganic compound and
thus making it a very good combustible reactant.[55
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15.0 Releasing Force

The average force needed to release the pelletthierpelleting die after production is called the
releasing force. It is important to investigate teéeasing force because it will give a better

picture of the total energy need to produce a pedileng pellet production.

15.1 Temperature 60C

Discharging Pressure (60C)
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Figure 15-1: Graph for Releasing Force for BO, B8 B10 Pellets at 60C.

Figure 15-1b shows a decreasing trend for the selgdorce from SO to S10.

Rajiv Balakrishna Page 66



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

15.2 Temperature 120C

Discharging Pressure (120C)
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Figure 15-2: Graph for Releasing Force for BO, B8 B10 Pellets at 120C.

Figure 15-2b shows a decreasing trend for the selgdorce from SO to S10.
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15.3 Temperature 180C

Discharging Pressure (180C)
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Figure 15-3: Graph for Releasing Force for BO, B8 B10 Pellets at 180C.

Figure 15-3b shows a decreasing trend for the selgdorce from SO to S10.

Rajiv Balakrishna Page 68



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

16.0 Conclusion

The physical and chemical properties for the S0,a88 S10 pellets were analysed. Three

different temperatures and four different presswee used to examine these characteristics.

The calorific values for the S5 and S10 pelletsentarger than the SO pallets due to the addition
of oil to it. While the strength of the SO palletere the largest followed by the S5 and the S10.
Oil addition reduced the strength of the pallegnsicantly. Optimal pressure and temperature
for any of the three pellets lied in the region1&0 MPa and 120C, since any addition of

pressure or temperatures no longer changes the&cphgad chemical properties significantly.

The water activity result identifies that the ptdlecreated at the highest pressure had
significantly low water activity level while the paer has the highest water activity levels.

Addition of oil also significantly reduced the wagtivity level.

The other values calculated such as the bulk dergrticle distribution, moisture content and

ash content showed generally similar trends fothalthree SO, S5 and S10.
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17.0 Appendix

17.1 Pellet Strength and Compressibility

Pellet Name SO
PrceZ:ﬁ:C(tIl:Pga) Tempreature (C) Strength (N/mm) Ii(te?/?:t?;i
75 60 6.760634675 0.357208033
150 60 12.69023398 2.322714501
225 60 14.46046519 2.048655035
300 60 17.26515859 3.002474215
75 120 14.94276468 2.314278248
150 120 24.49991654 2.974815196
225 120 31.08419299 2.914981873
300 120 32.23987914 1.039480779
75 180 21.41225425 4.017509665
150 180 31.88885493 1.639796942
225 180 35.30838094 0.590091707
300 180 39.11282642 1.678799691

Table 17-1a: Table for SO Pellets Strength

Pellet Name
Compacting Tempreature (C)
Pressure (MPa)

75 60
150 60
225 60
300 60
75 120
150 120
225 120
300 120
75 180
150 180
225 180
300 180

S5

Strength (N/mm) Star.ldai\rd

Deviation
7.317797987 1.001117548
10.05612832 0.823533196
10.78235042 0.158040509

11.8327147 0.71687447

13.6748813 1.012331583
17.41226291 1.364587959
19.54212141 2.137736883
21.4513275 1.155119973
14.60078031 2.035213767
20.39484798 1.273938387
21.29960832 1.485729898
20.98099591 1.208243977

Table 17-1b: Table for S5 Pellets Strength
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Pellet Name S10
Compactin Standard
P 8 Tempreature (C) Strength (N/mm) o
Pressure (MPa) Deviation
75 60 8.469462192 0.989376646
150 60 8.608540768 0.960054697
225 60 8.589184427 0.601296027
300 60 9.600527822 1.954513555
75 120 17.51814964 1.507288683
150 120 20.28966479 1.538374954
225 120 19.20207079 0.52830539
300 120 19.06960488 0.783231861
75 180 17.81139627 1.197920716
150 180 22.3261755 1.919503415
225 180 20.94946414 1.206649434
300 180 17.96121524 8.896334783
Table 17-1c: Table for S10 Pellets Strength
Pellet Name S0
Compacting Tempreature (C) Compressisbility Star_mde-)rd
Pressure (MPa) (kg/m>) Deviation
75 60 974.873909 16.64058244
150 60 1057.065394 11.35091082
225 60 1080.029785 14.78094783
300 60 1094.247853 15.01119604
75 120 1089.035168 10.7193626
150 120 1185.54612 20.82415226
225 120 1225.835003 14.4783415
300 120 1242.500675 4.533669338
75 180 1127.059672 19.94120403
150 180 1214.864625 10.16246938
225 180 1243.934222 8.54473318
300 180 1265.601392 2.125138893
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Pellet Name S5
C ti Compressibilit Standard
ompacting Tempreature (C) P 3 Y ar.1 ?r
Pressure (MPa) (kg/m?>) Deviation
75 60 1014.834679 22.65216983
150 60 1051.898174 15.96582158
225 60 1052.780855 7.087938364
300 60 1071.438938 2.318943792
75 120 1142.060248 5.35591281
150 120 1182.344455 4.243344298
225 120 1189.967105 8.852936904
300 120 1196.45486 4.076062424
75 180 1158.136556 5.921345966
150 180 1201.702793 5.823198989
225 180 1204.541533 9.693776174
300 180 1200.523152 9.631907296
Table 17-1e: Table for S5 Pellets Compressibility
Pellet Name S10
Compacting Compressibility Standard
Tempreature (C) 3 o
Pressure (MPa) (kg/m>) Deviation
75 60 1025.386593 23.41903708
150 60 1038.542987 12.72920138
225 60 1046.217446 10.16305544
300 60 1048.424881 29.46368548
75 120 1170.498511 4,535377327
150 120 1188.885902 13.63607492
225 120 1195.950827 8.243199637
300 120 1190.899553 3.849835867
75 180 1185.82389 22.37160946
150 180 1212.296612 7.480738971
225 180 1212.734553 5.817268956
300 180 1215.500683 7.210164978

Table 17-1f: Table for S10 Pellets Compressibility
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17.2 Enerqgy Content

17.2.1 SO

mass
lenght before
lenght after
lenghtused

t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m

t
Hg

Average Hg
Standard Deviation Hg

0.9122 0.903 0932 ¢g

10.6 10.3 10.4 cm

2.2 2 21cm

8.4 8.3 8.3 cm
time(min]time(s) |tempreature [tempreature |tempreature
0 0 23.378 23.685 23.804
1 60 23.369 23.652 23.798
2 120 23.367 23.648 23.792
3 180 23.363 23.642 23.784
4 240 23.358 23.636 23.778
5 300 23.354 23.632 23.774
545 345 23.825 24.047 24.147
6 360 24.082 24.347 24.479
615 375 24.325 24.555 24.647
630 390 24.469 24.628 24.841
645 405 24.591 24.821 24.976
7 420 24.73 24.935 25.12
730 450 24.853 25.086 25.271
8 480 24.965 25.196 25.393
9 540 25.065 25.319 25.503
10 600 25 25.365 25.554
11 660 25 25.38 25.573
12 720 25.135 25.388 25.582
13 780 25.134 25.387 25.58
14 840 25.13 25.385 25.578
15 900 25.125 25.383 25.572
16 960 25 25.378 25.567
17 1020 25.112 25.373 25.558
18 1080 25.105 25.367 25.55
1.824981597 1.790967047 1.854
4690.321927 4649.653815 4664.248927

4668.075
20.60224

Figure 17-2-1 shows calorimetric value (Higher Heaialue) of,

Higher Heating Value, Hg,(cal/g)

Figure 17-2-1: Figure for SO Pellets Energy Content

: 4668 cal/g andstandard deviation of + 20.6 cal/g.

Higher Heating Value, Hg, (MJ/Kg) : 117.154 MJ/Kgdaa standard deviation of + 0.087

MJ/Kg.
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17.2.2 S5
mass 0.8659 0.6637 0.8969 g
lenght before 10.1 10.2 10.2 cm
lenght after 2 2.3 2.3 cm
lenghtused 8.1 7.9 7.9 cm
time(min]time(s) [tempreature tempreature |tempreature
0 0 19.228 20.965 21.558
1 60 19.232 20.964 21.544
2 120 19.235 20.964 21.535
3 180 19.237| 20.962 21.528]
4 240 19.238| 20.96 21.522
5 300 19.239 20.958 21.518]
545 345 19.652 21.221 21.892
6 360 19.982 21.435 22.188
615 375 20.115 21.582 22.407
630 390 20.302 21.719 22.597
645 405 20.441) 21.826) 22.717|
7 420 20.534 21.877 22.851]
730 450 20.68, 22.03 23.002
8| 480 20.785 22.117 23.103
9 540 20.901 22.213 23.226
10 600 20.96 22.254 23.277
11 660 20.988 22.276 23.296
12 720 21.002 22.285 23.305
13 780 21.009 22.287 23.305
14 840 21.011] 22.286) 23.301]
15 900 21.01 22.284 23.297
16 960 21.009 22.28 23.29
17 1020 21.007 22.278 23.283
18 1080 21.005 22.273
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m
t 1.771904011 1.349180935 1.827567789
Hg 4797.556237 4759.908243 4778.40578
Average Hg 4778.623
Standard Deviation Hg 18.82494

Figure 17-2-2: Figure for B5 Pellets Energy Content

Figure 17-2-2 shows calorimetric value (Higher Heatalue) of,

Higher Heating Value, Hg,(cal/g)

: 4778 cal/lg andstandard deviation of + 18.8 cal/g.
Higher Heating Value, Hg, (MJ/Kg) : 20.00 MJ/Kg amdtandard deviation of £ 0.079 MJ/Kg.
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17.2.3 S10
mass 0.9504 0.8887 0.9395 g
lenght before 10.6 10.7 10.2 cm
lenght after 2.5 1.8 2.1 cm
lenghtused 8.1 8.9 8.1 cm
time(min]time(s) [tempreature tempreature |tempreature
0 0 22.886) 24.034] 25.115
1 60| 22.887| 24.029 25.105
2 120 22.889 24.025 25.099
3 180 22.89 24.023 25.095
4 240 22.887| 24.019 25.085
5 300 22.885 24.015 25.08,
545 345 23.391] 24.422 25.576)
6 360 23.693 24.73 25.833
615 375 23.941 25.025 26.103
630 390 24.132 25.123 26.229
645 405 24.259 25.271 26.414
7 420 24.348| 25.392 26.527
730 450 24.56) 25.553 26.701]
8| 480 24.633 25.655 26.809)
9 540 24.784) 25.77 26.93
10 600 24.842 25.82 26.97
11 660 24.863 25.845 26.993
12 720 24.873 25.85 26.997
13 780 24.875 25.85 26.995
14 840 24.872 25.849 26.99
15 900 24.871) 25.845 26.985
16 960 24.867| 25.84 26.977|
17 1020 24.863 25.835 26.97,
18 1080 24.856
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m
t 2.015249738 1.860185714 1.96060381
Hg 4973.993196 4906.343375 4894.722694
Average Hg 4925.02
Standard Deviation Hg 42.80839

Figure 17-2-3: Figure for B10 Pellets Energy Cohten

Figure 17-2-3 shows calorimetric value (Higher Hegat/alue) of,

Higher Heating Value, Hg,(cal/g)

: 4925 cal/g andstandard deviation of + 42.8 callg.
Higher Heating Value, Hg, (MJ/Kg) : 20.61 MJ/Kg amdtandard deviation of £ 0.18 MJ/Kg.
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17.2.4 S5 Cold Pressed (CP)

mass 0.9482 1.0032 1.013 g
lenght before 10 9.9 10.3 cm
lenght after 3 1.6 3.2 cm
lenghtused 7 8.3 7.1 cm
time(min]time(s) [tempreature [tempreature [tempreature
0 0 20.65 22.108| 23.942
1 60 20.658 22.104 23.939
2 120 20.663 22.1 23.937|
3 180 20.665 22.102 23.934]
4 240 20.669 22.099 23.932
5 300 20.672 22.096) 23.928]
545 345 21.104] 22.423 24.282
6 360 21.399 22.89 24.734)
615 375 21.657 23.095 24.955
630 390 21.804 23.285 25.127|
645 405 21.952 23.469 25.319
7 420 22.103 23.599 25.471
730 450 22.269 23.757| 25.596)
8 480 22.395 23.897| 25.731]
9 540 22.514] 24.025 25.864
10 600 22.576 24.075 25.934
11 660 22.605 24.105 25.959|
12 720 22.62 24.115 25.979
13 780 22.627 24.12 25.986)
14, 840 22.629 24.118| 25.983
15 900 22.629 24.115 25.981]
16 960 22.627 24.11) 25.978]
17 1020 22.626 24.105 25.974
18 1080 22.624 24.101 25.972
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m
t 1.951953716 2.054051685 2.0804
Hg 4830.996627 4802.832653 4820.347483
Average Hg 4818.059
Standard Deviation Hg 14.22078

Figure 17-2-4: Figure for B5 Cold Pressed PelletsrBy Content

Figure 17-2-4 shows calorimetric value (Higher Hegat/alue) of,

Higher Heating Value, Hg,(cal/g) : 4818 cal/g andstandard deviation of + 14.2 cal/g.
Higher Heating Value, Hg, (MJ/Kg) : 20.17 MJ/Kg amdtandard deviation of £ 0.06 MJ/Kg.
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17.2.5 S10 Cold Pressed (CP)

mass 0.6134 0.7804 0.7752 g
lenght before 10.3 10.2 10.1 cm
lenght after 2.2 3.7 2.3 cm
lenghtused 8.1 6.5 7.8 cm
time(min]time(s) |tempreature [tempreature |tempreature
0 0 20.853| 21.845 23.852,
1 60 20.855) 21.84 23.853|
2 120 20.857, 21.837, 23.854]
3 180 20.86 21.836) 23.856)
4 240 20.862, 21.835) 23.857,
5 300 20.864 21.835 23.857,
545 345 21.202, 22.229 24.252,
6 360 21.37 22.525 24.556)
615 375 21.504 22.67 24.691
630 390 21.618 22.845 24.866)
645 405 21.716 22.956) 24.977,
7 420 21.804 22.054] 25.073)
730 450 21.889 23.2 25.221
8 480 21.98 23.278 25.301
830 510 22.038, 23.34 25.36
9 540 22.073 23.382, 25.402,
10 600 22.116 23.426 25.448
11 660 22.139 23.448 25.472,
12 720 22.151 23.46 25.48
13 780 22.158 23.463 25.485
14 840 22.161 23.465 25.487,
15 900 22.162, 23.464] 25.486
16 960 22.162, 23.463 25.485
17 1020 22.163 23.46 25.481
18 1080 22.162, 23.458 25.479
19 1140 22.162, 23.457, 25.478
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m
t 1.292076531 1.644981714 1.642124
Hg 4930.241652 4944.876906 4965.508282
Average Hg 4946.876
Standard Deviation t 17.71807

Figure 17-2-5: Figure for B10 Cold Pressed Pelgtsrgy Content

Figure 17-2-5 shows calorimetric value (Higher Hegat/alue) of,

Higher Heating Value, Hg,(cal/g) : 4986 cal/g andstandard deviation of + 17.71 cal/g.
Higher Heating Value, Hg, (MJ/Kg) : 20.88 MJ/Kg amdtandard deviation of £ 0.074 MJ/Kg.
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17.2.6 S5 150 MPa/ 120C

mass 0.6134 0.7804 0.7752 g
lenght before 10.3 10.2 10.1 cm
lenght after 2.2 3.7 2.3 cm
lenghtused 8.1 6.5 7.8 cm
time(min]time(s) |tempreature [tempreature |tempreature
0 0 20.853| 21.845 23.852,
1 60 20.855) 21.84 23.853|
2 120 20.857, 21.837, 23.854]
3 180 20.86 21.836) 23.856)
4 240 20.862, 21.835) 23.857,
5 300 20.864 21.835 23.857,
545 345 21.202, 22.229 24.252,
6 360 21.37 22.525 24.556)
615 375 21.504 22.67 24.691
630 390 21.618 22.845 24.866)
645 405 21.716 22.956) 24.977,
7 420 21.804 22.054] 25.073)
730 450 21.889 23.2 25.221
8 480 21.98 23.278 25.301
830 510 22.038, 23.34 25.36
9 540 22.073 23.382, 25.402,
10 600 22.116 23.426 25.448
11 660 22.139 23.448 25.472,
12 720 22.151 23.46 25.48
13 780 22.158 23.463 25.485
14 840 22.161 23.465 25.487,
15 900 22.162, 23.464] 25.486
16 960 22.162, 23.463 25.485
17 1020 22.163 23.46 25.481
18 1080 22.162, 23.458 25.479
19 1140 22.162, 23.457, 25.478
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m
t 1.292076531 1.644981714 1.642124
Hg 4930.241652 4944.876906 4965.508282
Average Hg 4946.876
Standard Deviation t 17.71807

Figure 17-2-6: Figure for B5 150 MPa/ 120C Pelletergy Content

Figure 17-2-6ashows calorimetric value (Higher ligpValue) of,

Higher Heating Value, Hg,(cal/g)

MJ/Kg.

: 4769 cal/g amstandard deviation of + 15.48 cal/g.
Higher Heating Value, Hg, (MJ/Kg) : 117.197 MJ/Kgdea standard deviation of £ 0.065
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17.2.7 S10 150 MPa/ 120C

mass
lenght before
lenght after
lenghtused

t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el-e2-e3)/m

t
Hg

Average Hg
Standard Deviation Hg

1.044 0.9562 0.9926 g
10.4 10.4 9.9 cm
3.5 5.9 2.3 cm
6.9 4.5 7.6 cm
time(min]time(s) [tempreature [tempreature [tempreature

0 0 23.547 25.086 26.634

1 60 23.545 25.084 26.629

2 120 23.544 25.076 26.627

3 180 23.543 25.071 26.626

4 240 23.541 25.064 26.624

5 300 23.537 25.057 26.62
545 345 24.046 25.54 27.141]

6 360 24.301 25.822 27.442
615 375 24.595 26.095 27.727
630 390 24.847 26.27 27.906
645 405 24.987 26.433 28.059

7 420 25.139 26.558 28.191
730 450 25.349 26.719 28.342

8| 480 25.46 26.817 28.427|

9 540 25.602 26.93 28.502

10 600 25.649 26.973 28.554
11 660 25.674 26.899 28.586
12 720 25.682 26.991 28.659
13 780 25.683 26.987 28.65
14 840 25.679 26.978 28.643
15 900 25.673 26.97 28.638|
16 960 25.664 26.959 28.631]
17 1020 25.657 26.948 28.624
18 1080 25.648
2.194611111 1.9902104 2.08212352
4935.286558 4890.813106 4922.346251
4916.149
22.87531

Figure 17-2-7: Figure for B10 150 MPa/ 120C PelEtgrgy Content

Figure 17-2-7 shows calorimetric value (Higher Hegat/alue) of,

Higher Heating Value, Hg,(cal/g)

: 4916 cal/g amstandard deviation of + 22.88 cal/g.

Higher Heating Value, Hg, (MJ/Kg) : 20.56 MJ/Kg amdtandard deviation of £ 0.096 MJ/Kg.
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17.2.8 QIl
mass 1.3682 1.02255 g
lenght before 10.6 10.2 cm
lenght after 6 3.4 cm
lenghtused 4.6 6.8 cm
time(min]time(s) |tempreature [tempreature
0 0 23.184 25.031
1 60 23.178 25.017
2 120 23.169 25.003
3 180 23.163 25.001
4 240 23.155 24.977
5 300 23.148 24.966
545 345 23.71 25.772
6 360 23.774 26.305
615 375 24.779 26.791
630 390 25.26 27.186
645 405 25.648 27.56
7 420 26.811 27.87
730 450 27.478 28.256
8 480 27.845 28.453
9 540 28.133 28.664
10 600 28.249 28.741
11 660 28.282 28.773
12 720 28.294 28.774
13 780 28.287 28.767
14 840 28.274 28.755
15 900 28.259 28.737
16 960 28.242 28.721
17 1020 28.221
t=tc-ta-rl(b-a)-r2(c-b)
Hg=(tW-el—-e2-e3)/m
t 5.234315297 3.873411578
Hg 9004.676008 8908.296206
Average Hg 8980.61
Standard Deviation Hg 68.15081

Figure 17-2-8: Figure for Oil Energy Content

Figure 17-2-8 shows calorimetric value (Higher Heatalue) of,

Higher Heating Value, Hg,(cal/g) : 8980.6 cal/g amdtandard deviation of + 68.15 cal/g.
Higher Heating Value, Hg, (MJ/Kg) : 37.60 MJ/Kg amdtandard deviation of £0.285MJ/Kg.

Rajiv Balakrishna Page 85



Effects of Oil Content, Pressure and TemperaturBlysical and Chemical Properties of Spruce Pellets

17.3 Bulk Density

Bulk density test was done simply using a 100 mlinder by weighing and computing the

density of the SO, S5 and S10 powders.

SO
Empty Container Full Container Difference Volume
108.11 117.67 9.56 81
108.11 118.16 10.05 83
108.11 118.6 10.49 88
Average Bulk Density
Standard Deviation
S5
Empty Container Full Container Difference Volume
108.1 117.67 9.57 79
108.1 118.49 10.39 86
108.1 118.99 10.89 92
108.1 118.99 10.89 93
Average Bulk Density
Standard Deviation
S10
Empty Container Full Container Difference Volume
108.1 118.39 10.29 85
108.1 120.02 11.92 99
108.1 119.1 11 90
108.1 118.31 10.21 82

Average Bulk Density
Standard Deviation

Bulk Density

118.0246914
121.0843373
119.2045455

119.4378581
1.543108705

Bulk Density

121.1392405
120.8139535
118.3695652
117.0967742

119.3548834
1.94788132

Bulk Density

121.0588235
120.4040404
122.2222222
124.5121951

122.0493203
1.805886417

Figure 17-3: Figure for BO, B5 and B10 Powder BD#nsity
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17.4 Moisture Content

Moisture Content of Conditioned Sawdust

1 2 3
Mass of Empty Crucible 21.2148 22941 22.6368
Mass of Crucible with Moist Powder 22.5324 24.2048 23.9365
Mass of Crucible with Dry Powder 22.3981 24.0656 23.7941
% of moisture 10.19277 11.0144 10.95637

Average Moisture Content, % 10.72118

Figure 17-4: Figure of Moisture Content in Powders
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17.4 Water Activity

Water activity test was done for the SO, S5 and@iliders and pellets by using a hygrometer

and dew-point sensors.

17.4.1 SO
SO Powder BO- 60
aw Temperature (C) aw Temperature (C)
0.578 20.01 75 0.496 19.07
0.594 20.01 150 0.492 19.08
0.582 20.01 225 0.514 19.05
300 0.513 19.06
Average aw 0.584666667 Average aw 0.50375
Standard Deviation 0.008326664 Standard Deviation 0.011383468
BO- 120 BO- 180
aw Temperature (C) aw Temperature (C)
75 0.079 19.5 75 0.016 19.57
150 0.078 19.38 150 0.004 19.61
225 0.095 19.58 225 0.002 19.53
300 0.1 19.48 300 0.06 19.56
Average aw 0.088 Average aw 0.0205
Standard Deviation 0.011165423 Standard Deviation 0.027049338

Figure 17-4-1: Figure for Water Activity in BO
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174255
S5 Powder B5- 60
aw Temperature (C) aw Temperature (C)
0.534 20.03 75 0.445 19.47
0.539 20.09 150 0.453 19.78
0.547 20.14 225 0.459 19.8
300 0.452 19.98
Average aw 0.54 Average aw 0.45225
Standard Deviation 0.006557439 Standard Deviation 0.005737305
B5-120 B5- 180
aw Temperature (C) aw Temperature (C)
75 0.109 19.66 75 0.016 20.08
150 0.103 19.83 150 0.012 20.18
225 0.106 19.92 225 0.012 20.28
300 0.104 19.99 300 0.009 20.37
Average aw 0.1055 Average aw 0.01225
Standard Deviation 0.002645751 Standard Deviation 0.002872281

Figure 17-4-2: Figure for Water Activity in B5
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17.4.3 S10
S10 Powder B10- 60
aw Temperature (C) aw Temperature (C)
0.445 20.12 75 0.387 20.01
0.48 20.12 150 0.384 20.08
0.459 20.14 225 0.379 20.11
300 0.4 20.13
Average aw 0.461333 Average aw 0.3875
Standard Deviation 0.017616 Standard Deviation 0.008963
B10- 120 B10- 180
aw Temperature (C) aw Temperature (C)
75 0.131 18.1 75 0.035 17.4
150 0.137 18.2 150 0.043 17.56
225 0.129 18.27 225 0.038 17.63
300 0.148 18.36 300 0.034 17.7
Average aw 0.13625 Average aw 0.0375
Standard Deviation = 0.008539 Standard Deviation 0.004041

Figure 17-4-3: Figure for Water Activity in B10
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17.5 Ash Content

Ash content test was done simply by heating theS5(Gand S10 powders at high temperature
(500 ~ 606C) in a muffle furnace in the presence of oxidizaggnts such as oxygen in the air.

SO
1 2 3 4 5
Mass of Empty Crucible 22.5681 23.1582 22.5681  24.884 23.1583
Mass of Crucible with Powder 23.699 24.3769 23.397 25.7332 24.019
Mass of Crucible with Ash 22.571 23.1615 22.5705 24.8866 23.1608
Ash Content, % 0.256433 0.27078 0.28954 0.306171 0.290461
Average Ash Content, % 0.282677
Standard Deviation 0.0193
S5
1 2 3
Mass of Empty Crucible 22.5687 24.8846 22.9095
Mass of Crucible with Powder 23.5219 26.0624 23.9154
Mass of Crucible with Ash 22.5709 24.8874 22.9117
Ash Content, % 0.230802 0.237731 0.21871
Average Ash Content, % 0.229081
Standard Deviation 0.009627
S10
1 2 3
Mass of Empty Crucible 23.1589 22.0301 23.222
Mass of Crucible with Powder 24.3995 23.1686 24.3059
Mass of Crucible with Ash 23.1614 22.0328 23.2241
Ash Content, % 0.201515 0.237154 0.193745
Average Ash Content, % 0.210805
Standard Deviation 0.023148

Figure 17-5: Figure for Ash Content
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17.6 Releasing Force

17.6.1 Temperature 60C

Temperature 60 C

75
150
225
300

75
150
225
300

75
150
225
300

Pressure(MPa) Pellets Name

BO
BO
BO
BO
B5
B5
B5
B5
B10
B10
B10
B10

11.2453328

20.0459532
28.94632627
43.39551617
7.706188316
10.03384467
9.658071305
11.18783513
4.957440118

6.33680533
7.155348615
8.203731454

Discharging Force(N/mm) Standard Deviation

4.124383729
6.756336939
5.472043834
10.52455265
1.243951549
3.238305573
1.155883697
1.761318838
0.463085945
0.571654249
0.619994484
1.498086004

Figure 17-6-1: Figure for Releasing Force for BB,dd B10 Pellets at 60C

17.6.2 Temperature 120C

Temperature 120C

75
150
225
300

75
150
225
300

75
150
225
300

BO
BO
BO
BO
B5
B5
B5
B5
B10
B10
B10
B10

Pressure(MPa) Pellets Name Discharging Force(N/mm) Standard Deviation

10.35649688

16.0872851
11.17219018
11.88141083
5.743644472

7.60793007
8.301378137
8.426106161
4.212026454
4.134369655
5.432005277
6.142707391

1.762309564
5.613174874
1.788846849

0.81868148
1.244180199
1.018409471
1.395122814

0.89274608
0.614854056
1.368717892
0.580032397
0.267652525

Figure 17-6-2: Figure for Releasing Force for BB,dhd B10 Pellets at 120C
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17.6.3 Temperature 180C

Temperature 180 C

75
150
225
300

75
150
225
300

75
150
225
300

BO
BO
BO
BO
B5
B5
B5
B5
B10
B10
B10
B10

10.81758116
11.02610677
15.36433465
14.28114191

4.02906572
5.362902173
5.320708485
5.725668683
3.300454979
4.260463009
4.663994036
5.309276148

Pressure(MPa) Pellets Name Discharging Force(N/mm) Standard Deviation

3.15416639
2.360590716
1.736744512
2.137483039
0.543878669
0.498846314
0.844256751
0.904617376
0.317725415
0.370110897
0.626963164
0.463432514

Figure 17-6-3: Figure for Releasing Force for BB,@hd B10 Pellets at 180C
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