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Abstract

There is a |l ack of knowledge in the whole t
change within the tree or between size classes of tlesample set of 20 loblolly pingS trees
within 4 diameter at breast heigh?BH) size classesyvere sampleat 5 cuts across the trunk
andds ecti ons of t lindswith respedtive heightanddiaraetedmeasurements.
Fuel quality in this study specificallpeasured and compartie proximate analysigyigher
heating valugand the ultnate analysis of loblolly pine crowns and ash content, density, higher
heating value, and ultimate analysis of loblolly pine Hagle stemwood
Ash conten{db.) comparisons and correlations wéoand to progressively increase on
average from the basfthe treg0.36%)to the topof the crown (1.68%)Higher heating value
increased from the lowestemwood section (20.878 MJ/kg) the highest crown section
(21.381MJ/kg)and is significantly larger thaadl of the stemwood disc sectionk.was
discowered thecurrent notion of & h i@egative effect on energy content is not supported with the
finding of minimal increase of authigenicashconter# it changes across t he
in both the crown and the stemwood sectidnslividual regresen results on each tree found a
general increase in asbrrelatedo diameter of the respective crown and stemwood disc
sect ons, not the height. DBH cl ass regression
indicator for predicting ash contemdaHHV.
Ultimateanalysis yielded the chemical composition of the loblolly pine samples. In

crown sectionsDulongcalculations consistently underestimate the HHV of crown samples with



a root mean square error (RMSE) of 2.80 MJ/kg and Boie equatioratssithe crown sample

HHV much better with a RMSE of 1.09 MJ/k@ouble bark thickness in both stemwood and
crown regression analysis was shown to beotiig significant variable to understand thsh

and HHV variabilitywithin individualtrees. Pr opor t i onal sections as
total height and crown length proved to be useful in determining fuel quality chaftyesower

half of reecrownscan be utilized as a bioenergy feedstock if harvestdgdonly authigenic ash
content § low enough (¥%) for the combustion proceskhe residue could be gathered and
processed into chips or pellets to usaigh-valued fuel processes fossil fuel ceacombustion.

The results from this studyg useful for bioenergy fuel quality purposeslaan serve as a

baseline for understanding the fuel quality variability between tree components on a per tree or

DBH class.
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Chapter 1:Introduction

Lignocellulosic biomass is the onligedstock forenewable energy capable of producing
combustible liquid fuelsThe predicted contributions of wood and other biomass energy
allocations ar@xpectedo nearly double by 2020 and gener2de7 billion kwh. As a response
to meet thisncrease in demand for woody biomassort rotation woodgrops (SWRCharenow
purposefully growr(Abt et al., 2014; Hinchee et al., 2009; Mercker, 20@nAd they only require
1-3 yeargo mature However due to harvesting frequency of SRWC, soil nutrients are quickly
depleted from the forest flooThe quality of the feedstock makes it attractive to turn into liquid
fuels or pellet§Nelson et al., 2013)The feedstock qualitior pelletsincludes a low moisture
content (<10% d.b.)low ash percentage0.76 d.b.) and largenet calorificvalue
(betweenl6.5 MJ/kg to 19.0 MJ/k@guropean Pellet Council, 2013They are low economic
value because SWRC do not have a large enough diameter to meet lumber or paisderda
still are required to be chipped or ground into pebetfore combustion

In the United Statesp pr oxi mat el y 30% of isdeftasmegidueineeds |
the fieldafter logging operationdJ.S. Department of Energy, 2011Annually, his adds up to
approximately68 million tons of dry woody biomasssidue(Smith et al., 2009) The residus,
consisting of tree topdimbs, and foliaggpile at the logging landing siteWi t h t he tr eeds
strippedof theircrowns, and the crownsft behind in brush piles at the landing site,
decomposing nutrienerenever redistributed to the forest s@autam et al2012; Giuntoli et
al., 2015)

SWRC can only meet partial pellet and wood fuel demaniheet this demand the

Southeastern United Statdésrvesting pine residues will be essential



Loblolly pine trees dominate over 50% of the Southeastern UBtegds forests,
populating over 30 million acrgSmith, et al 2009)and are vital feedstock for the lumber and
paper mills. Loblolly pine has been deemednadel boenergy candidate; it is available in large
guantities, a harvesting system is well establisheditarash be convertetb high quality liquid
fuels(Abt et al., 2014; U.SDepartment of Energy, 2011)

Trees in general are not uniform in their quadisythey change in heigahd canvary
given a number afrowth, locationgclimate, andnanagement factof®aniels et al., 2002;
Landsberg et al, 2001; Megraw, 1989here isan underlying intrinsic set of properties
regarding s&ngth and durability for usinglblolly pine as lumbeat varying heights in the
stemwoodAntony et al., 2011; &imleck et al., 2005)The measuring techniques used to
determine ifloblolly pines are suitable for use as lumbéghthalso be used to determine its
suitability for usingogging residuesgffectively as fuel

When forests are purposefully grownawly use the trunk of the trees inshort rotation
plantations for bioenergy processes, it contributes to the logging residue p(bluheimee et al.,
2009; Mercker, 2007)Trees selected and harvested based on lumber quality properties leave
behind a potential feedstock floloenergy. However it is not well understood how the fuel
quality properties change throughout the height of loblolly pines, making it difficult to
ecoromically harvest the tree tops. Measuring and understanding the fuel quality properties
within an enire tree allows an increased yield during tree harvestimngh leads to economic
gains in the bioenergy sector of forestry.

This study tesgtdsamples ofdblolly pine trees at different diameters and heights,
between the stemwood and the croemd gathexdfuel quality characteristics density,

moisture contenash percentagand energy contentAfter comparing results between the



classes of trees and sections, we detemnitech ofthe proposed models and logical input

variablesare most useful torpdict fuel characteristics.

1.10Objectives

To achieve these goals, the following objectives were carried out:

1.

Investigate the effect afithin tree variability i.e. across tree heights and diameters,
betweercrownand stemwoo@n fuel quality parametersspecifically proximate
analysisandhigher heating value

Determine the effe@mongindividual treesi.e. across DBH classes and crown
variability, on fuel quality parameters, specifically agintentand higher heating
value

Investigate e effect ofchemical compositionn higher heating value for loblolly

pine crown and stemwood.



Chapter2: Literature Review

2.1 Logging Residue: an untapped resource
Forests are essenttal the United Statesnd provide many resources for civil
development and ecosystems for wildlifehe Sutheastern regioaccouns for 55% of the
forest land in the United States athually produces roughly 64% of thationaltotal wood
harvestSmithet al, 1997) This is due to thebmndance and variety of speciedoth
hardwood and softwoods the Southeastern region of the Unitedé&taWood is a valuable
engineering material because of the variety of species, strength to weight ratio, chemical
composition, workability, and easy access to a renewable reggorest Products Laboratory,
2010) Forests in the Southeastern United States contribute to the lumber and paper mills.
There are two mainategorie®f trees, which dictate thetidess v al ue: har dwood
softwoods. Softwoods are a major feedstock for timber, pulpaper, and bioenergy
production This is due to their fast growing ratggelding 4 dry tons per acre annually
(Mercker, 2007)and irexpensive costs of productitay the norindustrial forest landowners.
Softwood species includbe southern yellow pinespeciesloblolly pine, longleaf pine, slash
pine, shortleaf pine, and other specig&beir needles are often baled and used as an alternative
for mulch in landscaping. Industrialized harvestingaidthernyellow pinessupplies the warld
with 18% of t he wowhichdniakes the UmiteckStateghreo dvwoa tl id@drs | ar
single wood produceA model candidate for bioenergy and timber productiom southern
yellow pineis the loblolly pine specig$-orest Products Laboratory, 2010; Nelson et al., 2013;
U.S. Department of Energy, 2011l) short rotation woody crops, its used as bioenergy
feedst ock but iptlpveod andandavoodferests cao atso tcohtrébute as

feedstocks.



Theloblolly piner esi dueds size iIis too small for
quality, but it can contribute as a feedstock for bioenergy productaantam et al., 2012;
Nelson et al., 2013; 3. Department of Energy, 201Vith the predictecontributions of
wood and other biomass energy allocatiprgectedto nearly double in 202t generate 24.7
billion kwh, harvesting residues will be essential to nieistdemandConti, 2015)
Justification for using the logging residues in heating or other energy production have faced the
following: relatively high costs of production, combusting the residoesibute more to
emissions, i.e., NQand SQ, than natural gas, and the residue is inherently higher in ash content
and contaminated with soil, yielding less energy output. Regulaiimgass emission controls
couldhelp bring these factors dowHowever life cycle analysis shows using natural f&s
heatng is still more harmful than using forest derived fuels in overall GHG emisgi&inatoli
et al., 2015)

The next part of this review will focus on loblolly pireifus taedg its characteristics,

chemial composition, and valued uses.

2.2 Loblolly pine (Pinus taeda

Loblolly pine, one of the Southerring species, is the most abundant tree in the
Southeastern United States, covering 55 million a@esth et. al., 2009)While it is classified
as a softwood, is one of the harder pines in strength testingd is greater in strength than some
hardwoods(Meier, 2016) It is an importanfeedstock in the lumbepulp, and paper industry
Loblolly pine thrives with optimal management and fertilizer applicat{@olberx et al. 1990)
but it also growswell on reclaimednine landand is competitive to naturally grown stands
(Priest et al.2015) Loblolly pine cultivationtakesroughly 1215 years for pulpwood and 230

years for saw timber purposg@sinchee et al., 2009)In addition, loblolly pinecan yield 4



tons/acre/year whegrown in a 20year rotation The complete loblolly pine tree consists of the
root, stump, merchantable stemwood, crown, and unmerdherstam togFigure 22) (Young,
1964) The merchantable st&oodis from the base of the cut to the predetermined length or
minimum top diameter. e unmerchntable topncludes tle upper stemwood and branches.
The whole tree section is also known fas aboveground biomass (AGB). Chemical
compositionand propertiesf the AGB is differenamongits three componentstemwood,

bark, and the crow(Vassilev et al., 2010)

Unmerchantable stem top

Merchantable
stem

Complete tree
Whole tree

Figure 22 The biomass components of loblolly pine tree (redrawn franng, 1964)

Based on species and size for their respective indastrgntloblolly pine forestry
operations harvesttreds.ar ge trees at greater thdon 130

timber, midsizetrees atL0-13in. DBH for chip-and saw (CNS) timbesmaller trees for pulp and



paperwith 6-9 in. DBH, and short rotatiomoody crops (SRWC{1-3 years of age) for bio

energy productiofParajuliet al, 2016) Reports of tree acreage sepathgeforest &ands by

size and specie&orest farms have lead to size separation in labelling for optimal production,
denoting some forests as timber land, pulpwood stwodt rotation woody crogSRWC)(U.S.

of Energy, 2011) All sectors of forestry however, harvest the stemwood of the trees, leaving
behind resides from each respective procésgure2.3). Utilizing certain sections of trees for
valuedadded products is not a new concept in the forest industry. Increasing strength properties
in pulp and paper operations or reducing ash content in+vioeléd tirnaces have propelled the

idea to selectively use parts of trees

Mechanized full

tree harvesting

system with a feller

buncher and

processing at the

landing

Figure 2.3Harvesting system of a full tree to a landing for lumber proces&hogrce:
forestenergy.org)

Sustainability in forestry requires applicable sections of the same tremub#fidrent
industries. For instance, logging waste residues provide little economic gain as a decomposing
fertilizer, but proper harvesting and gathering techniques can use this carbon source as fuel for

energy. Lumber millsequire the stemwood ingrend product budften use the bark as fuel for



heating theprocess or for th&cility. Additionally, the stemwood in the unmerchantable top is
applicable towards pulp and paper production. ldeally, a whole tree harvesting process provides
feedstock fomll three sectors of forestry.

Logging residuesthoughnot commercially viabléor timber or pulpare still counted in
the renewable biomass supfly.S. Department of Energy, 2011Removing logging residues
will increase biomass yield but also removes availabtaentsand solid carbofrom the forest
floor (Hacker, 2004) Ultimately, the concept of using logging residues for energy demands
relies on the timbeand pulp woodarvest(Figures 4a and 4b The shift to focus on new
species o0ERWB has strived taneet this demand which logging residues could Wdith the
additional land use and growing inputse now prominent ise is the extraurposegrown
fored for energyproduction Economics of harvesting logging residues or SRWB will drive this

process to one forest type or anotfdst et al, 2014)

Supply chain

for logging

residue bundles

with chipping

at terminal

METLA

&f

Figure2.4a. Supply tain oflogging residues postarvest to use in combustidiSource:
forestenergy.org)



METLA

Integration of harvesting operations

Figure2.4b. Integrated hamest for logging residues and round woburce: forestenergy.org)

2.3Modeling Wood Quality

Generally, tree and stamgiality falls intofour main categories: merchantable volume
terms of stemwood and batknmerchantable volumdgensity, andnoisture content. Other
aspects of wood quality are specific to the lumber and paper industries such as modulus of

elasticity(MOE), modulus of rupturéMOR), and microfibril angldMFA).

2.3.1 Merchantablestemwoodvolume

In terms of forest and staryield, merchantable volume is hard to measure directly and is
more for aguantity than a quality factor. Quality in lumber wood includes the lack of knots,
bends and spiral grain. Log size, however, is a quality for a particular product. Because larger
trees are more suitable for lumber and paper mills, SRWB stands are used in the bioenergy
sector. For example, 1 ton of wood &RWBsize stems and 1 ton of timb@zestems might
have the same mass but not the same quality of vol@amapling techniquewith DBH

measurements has made this much simptawever, with calibratedllometricmodels In order

to buildthesemodels, field data must be collectethet r e e 6s DBH, along with



measurements afouble barkhickness (DBTyand height{H) is capable of giving the tree

volumeincluding the barKHakkila, 1989) For economic success in utilizing whole trees for

biomass and forest operations, planning and logistics require accurate volumegnzdieteld
measurements, i.e. DB&hd total tree height (TTHare usedn calculatingh e t ot al treeod:
merchantable stem wood volurf@ao & Burkhart, 1980) The merchantable stem is the most

valued product of the loblolly pine tré@cause of its physical qualitiesttwn from timber into

sawnlumber, veneer, or telephone poles. Volume ratio models and form factors are the main

ways foresters and researcher s hagrvedingCaoet a tr ee
al., 1980; Spurr, 1952)

Three commoffiormulasexist to compute the tree volume (table 2.1). The common
practiceisous e Smali andésshormulsacuasiomg w©ihel ogs. H u
formula often achieve laetter computation and are more accurate, especially in southern pines
where the butt log baswells and give aninaccurate measure of uniform diameter throughout
the sectior{Cao & Burkhart, 1980; Spurr, 1952The ability to calculateolumeestimationsn
field and the demand fqrecise forest growth prediction relies on diameter and length
measurements.

Table 2.1 Common Tree Volume computations

Common Tree Volume Computation Equations
. O O
Smalian Fomula w z )
q
Huber Formula o O 2 )
@] 10 O
Newton Formula W z )
@
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The stemwood is the trunk of the traed the most economically valuable section of the
tree Itis divided into the unmerchantable stemwood, and the merchastameoodvhich
vary intop diametesizesdepending on the lumber or pulp mill specificatiofitie stem is
comprised of the pith, the earlywood and latewood annual growth rings, the xylem and phloem,
tracheidsand thannerbark and outer bark. Althoudghe stemwood appears physically
uniform, there are vast differences of intrinsic properties between these s@8tiaien et al.,
2004; McMillin, 1968) Figure 2.m shows the atupt transition from earlywood to latewood.
Earlywood is produced rather quickly during the large photostiotheriods of spring and
summer. Latewood is denser, not as thick, and the cell walls are much $Rwkst Prducts
Laboratory, 2005)Figure 2.5 alsoshows the small holes of tracheids which conduct water and
nutrients to the needles for photosynthesis and respirdtatewoodtracheidgprovide

structural supporand can be twice as long as the earlywoadheids.

Figure 2.5a (left) and b (right): A longitudinal cut of loblolly pine (with vertical axis)
and latitudinal cuthorizontal axispf loblolly pine (Source: www.woodlatabase.com/loblolty
pine/)

Measuring a forest stands height and diamedsistin estimating the amount of wood
available before harvedtleight measurement is a tinsensuming process, requiringfield

calculations, and usually involve some measure of €¢gurr, 1952) DBH measurements,
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however, are relatively simple to measwrsing tree calipers Knowing a few key factors such

as DBH, height, and age cpredict the height of a tree stand and also project annual

incremental height gaifLiu et al., 1995; McElligott & Bragg, 2013)Empirical equations for
estimating tree volume has given risexfarge set of prediction equations specific to particular
species in a certain region. Table 2.2 displays a few of these equations. Because stemwood is
generally considered a mix of a cylinder, neiloid, paraboloid, and cone shape, the equations use
squae diameters and height measurements as the variables, similar to the Smalian, Huber, and
Newton equations (table 2.@§purr, 1952; Weiskittett al, 2011) All of these add up to the
forestds net primary podeledicpredid the outbtbmeaf risingNP P h a
carbon dioxide concentrations and their effect on loblolly p{Basnpsoret al., 1998) Carbon
dioxideand sunlight aréhe limiting reactats for photosynthesis reactiorend with an increse

of CO, in the atmosphere, loblolly pine growing potential will be etiéel(Sampson et al.,

1998)

Table 2.2Tree Volume Estimation Equatio{Spurr, 1952; West, 2009)

Tree VolumeEmpirical Equation Names EstimationEquations
Comprehensive ® O ®0 w0000 Q0 M0
Meyer ® & OO0 GO0W WO
Australian ® ® W ®O0Q0
Combined variable ® O 00
Constant form factor W W0
Logarithmic combined variable T 1T ozaém@O
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In table 2.2a,b, c,d, e,& f are all empirically derivedoefficientsfor different tree
species and forest stand3.is DBH and H is total tree heighn the logarithmic combined
variable modellog is assumed to be lggut natural log (In) has been used as \(&IIW. Smith
& Brand, 1983; Williams & Gregoire, 1993)he use of these equations has brought about site
and specie specific tree volume models, and continuing this over time has developed yield and
growth modelgClutter, 1963; Weiskittel et al., 2011)

A general assumption about the wood in treglsasuniformity existsthroughout the
trunk while the only thing that changes is the decreasing diameteridasever, properties of
trees chage with growing ages arible stemwood itself is full of variability Specific gravity,
MOE, MOR, MFA, are somef the properties which will vary within the trees avah affect the
end product qualityo the lumber and paper mi{[Burdon et al., 2004; Megraw, 1983ith to
bark models describe the radial variation that can explain the differences in prqpemtieds et
al., 2002) For instance e pith is sometime found as inferior for veneer applications, while
latewood (the darker rings) are harder wood. Juvenile wood is usually fast growinghwoed
core emerging the first few years around the pith. Mature wood consists of older rings and closer
latewood rings which provide more stability in the tBardon et al., 2004)The changes of
latewood percentage affect the densitthase heightswhich in turn makes a stronger lumber
board.

Sawdust and barkrecommonly used as fuel for process heat in lumber and paper mills.
However once tte local feedstoclks consumdwi t hi n t he | umber or paper
will need to be sourced from other ar¢abt et al., 2014)Feedstock quality is always an issue

in selecting process operating paramef€eylor et al., 2012)If the lumber and papeguality of
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stemwood drives the lumber mill forward, the bioenergy industry will also need to know the

quality of trees prior to cobustion(Nelson et al., 2013)

2.3.3 Bark

Bark is the outermost part of the stemwood and protects the trees from pests, diseases,
animals, and fire Bark decreases in thickness as the height increases, meaning a proportional
amount of bark is added with each growing season. Bark is mostly lignin and degrades very
d owly f or t h dHakkifael@88)sTrunk diameters demelly measured prior to
debarkingoperationsthereforethe measurement includes the e m vdouble bark
thickness(DBT) at DBH. Due to treebds natural ddhereease I
are taper equations which empirically estimate the bark percentage and diameter inside bark
(DIB) (Miles & Smith, 2009; West, 2009) T hes e t aper equations predi ¢
or board feet before harvesting. Performing these calculations from a random sample in a tree
stand predicts the faset s t a nTthedDEB pyediotidn ¢ also important becausekoprotects
the stemwoodrom soil contaminatiowluring the felling and skiddingrocessand the bark is
removed to use in process heat at wood miithe bark will pick up soil and other caminants
during the harvest process whicdin increase the ash contemhe best use for bark is either
mulch or a feedstock for direct combustions because it offers no advantage in the lumber or
paper industry for the end produetowever, bark used idirect combustion causes ash fouling
resulting in higher costs for maintenance and prolonged downtime; clean pinarehised for

cleaner combustiomasification and pyrolysis processé€sildiz et al., 2015)

2.3.4Unmerchantable Volume and TreeCrown
The unmerchantable volume is any part of the stemwood not used, most typically the

crown. Thecr own begins at the | owest | iv&heli mb and
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crown length and height are used to determine the crown ratio of aAttgpical crown ratio
for loblolly pine isbetweer20to 40%. Foresters userawn growthto indicae factors such as
competition and growth vitalitfHusch,et al.,2002) Branch and foliage weight are used to
measure carbon allocation and explain other existing modelMKESTRO(Baldwin et al.,
1997)

The branchesf loblolly pinesproduce the needlewhich offer more surface area than
leaves for photosynthesig helower halfof the branch is known as compression wood because
it bears the weight of the tréenb; this cantilever reaction produces denser wood compared to
the upper area of the branch. Needles from loblolly pine trees are the photosynthetic factories
for converting sunlight to glucose. Needles collected after falling arefaisetdimpostn
landscapéeddingandaromaticextractives for scents and grances.Harvesting the mwn
serves no economic gain for the lumber and paper mills bechits@ariable qualitypetween
unmerchantable stem, limtand foliage However, there are still threats tme trees crowns
including crown fires and pest&ine beetles have threatened pine species in their crown and
have caused forests ¢tease productivelsegeneratingPageet al, 2015) When this occurs, the
crown slowly begins to remove moisture from the limbs and needles, leaving optimal condition
for forest fires tespread tree top to tree tdpowever quantifying the crown can help determine
its fuel potential as the limbs and needles drop to the forest(lmmtreras et al., 2012; Sackett

& Haase, 1991) Crown residues are a plausible sourceeokwablduel.

2.35 Density & Specific Gravity
One of thecommonqualities used to characterize woodsslensity. Densityof biomass
is an intrinsic propertgnd it is defined as the mass per unit volume of the biorRasrestry,

the termspecific gravity isused instead afensity. Specific gravitgf woodis the density of an

15



object divided by the density of water. the metric system, the density of water is 1g/cm
(62.41b/ff in English),therefore bottspecific gravity and densigre numerically the same
(Megraw, 1985) However, specific gravity is dimensionless and always reported on a dry basis
orwi t h t he sampl e BDansityramd specificgravitycae mtriresio groperties

which are essential to know for processing in wood product applications.

Density is important for all forestry sectors as it correlates with strength in lumber. Most
of the modeling is on lumber strength, i.e. modulus of elasticity (MOE) and modulus of rupture
(MOR). The density ofdblolly pineaffects both MOE and MOR which tend to decrease as
sample height increas@&ntony et al., 2011; Megraw, 1985lFocusing on increasing the
density of wood against its other properties is driven by the wood market in the southern United
StateqNelson et al., 2013)The changing density in tree heighta goodoasis forinvestigating
otherintrinsic treeproperties Similar quality models by tree height woldénefit biomass fuel
industriesbecause it would help the conversion process operatorgesign engineeksiow the
inputs and variation of these properties.

Depending on the bi qdifferens dessitysnbasuyeenents maybes t r u c
used, i.ebasic density, bulk densitynd particle density. Basic densitydalculated athe
material mass divided by the volunttowever, irregularities in shape and void spaces often
found in biomassan make it difficult to measure the volunignless density it designated
otherwise,basi density i s Bnombhpedtsdmadesensbedinb@aasur ed
bulk container,.e. shipping truck the mass of the material divided by the volume of the
container is known as the lkwdensity. Bulk density is the primaparameter fohandling

transportationand storagpurposes where size and weight limits are regulated. The density of
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the solid materiaknown as the particle densiig measured by taking out the void areas by
means of @aspycnometerand tends to produce the most accurate de(fsitsina, 2007)

In loblolly pines, a general trend of densspecific gravitydecreases as height increases
and also tends to increase from the pith to the (i2akiels et al.2002; Megraw, 1985)
However, thisisnotagpr f ect |l y | inear relationship and can
and genetics because of the development of early crown wood while it is a juvenil@dreels
et. al. (2002mapped specific gravity with a logistic model in 3D using two pararagteight
and ring numbemwhichshow the variation from stump to tip and from pith to baBarlywood
specific gravitycan be as low a3.25 and the latewood specific gravity can reach as high as 0.80.
Ring to ring specific gravitincreased from 0.35 to 0.45 (unextracted o.d. wepghgreen
volume) as ring numbers increased in the disc sarApiditionally, the specific gravity of a tree
from stump to tip decreasé®m approximately 0.45 to 0.8bth increasing heightMegraw,
1985)

The specifiagravity of oven dried loblolly pine varies from 0.43 to O(Bntony et al.,
2015; Forest Products Laboratory, 2010; J. @kids, Chojnacky, Heath, & Birdsey, 2003)
However,Cregg et al. (1988pund the late wood percentage and specific gravity of loblolly
pines werdifferent but nosignificantly affected by thinning operation§pecific gravity can
varywi t hin a treebds percent oatreds BBHanddTéidandand e ar
forest sitelatitude(Megraw, 1985)

However, the theorthatgenetically faster growing trees have less specific gravity is
routinely confounded if not taking into account the sampling height or the ring (Metraw,
1985). Daniels et al.(2002)showedthatspecific gravity varies in both the horizontal and

vertical axis of the treeDisc measurements have been used to sample the properties of an entire
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tree by taking disc samples through the stemw@adony et al., 2015)This study investigated
the effects of agdh)BH, and TTH onbothwood and bark specific gravity, green weights, and
moisture content.Because of thexperimental design, sample®retaken from the same height
while accounting fothe TTH and alsaconveredto a relaitve percentage of tree heighbue to
the narrow range of DB$hacross the study and the other largeatamns from location to
location, these predictor variables were not strong enough on their @stnate the observed
variables/Antony et al., 2015)Antony et al.(2010)plotted ecific gravitywith relative height
value on loblolly pines to create a model as forest location ckangefollows the trend of
decreasing specific gravity of the entire disc as the relative height incr&gsssfic gravity
modeling is useful for most applications but proximate analysis and heating value modeling is
still unavailable for prediction ienergy useto know a consistenfuel quality in certain pas of
the tree

Density, especially basic densityg influenced by the moisture content of biomass
because biomass shrinkesd losses mass water is removed from its cell§herefore it is
important to specify the moisture content when reporting biomass with its density or specific

gravity (Miles & Smith, 2009)

2.36 Moisture content
Fuelquality is characterized by determiniag f eedst ockds proxi mate
analysis is performed on all forms of fuels including coal and biof#¢sEM E870,2011)
Proximate analysiprovides the moisturevolatile matter, fixed carbon, and agintents of
biomass Moisture content is the amount of water in the sample either outside or inside the cell
wall. Green samples, freshly cut samplesye approxnately 50% moisture contenMoisture

content is determined by recording an initial mass, drying in an oven or using a halogen lamp,
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and then recording the final weight. Moisture content is reported in either wet basis or dry basis
Dry basis is usemtnormalize and compare datall biomass samples should be prepared
according toASTM, 2011 which specifies how to dry, chip, and preserve samples prior to
analysis.

While harvesting anpiomass sample, the free water in the sardpés,reducing the
overall weight, and then the water inside the cells is transpired, resulting in avodsnoé.
This volume loss is known as shrinkage, specifically from less turbid cells and collapsing
tracheids. In lololly pine, shrinkage isbout4.8% radially, 7.4% tangentially, and 12.3%
volumetrically(Forest Products Laboratory, 201@or this reason, it is necessary to specify the
sampl esd moisture content, massorovenarg.invol ume
addition, hgh moisture content can lower the calorific value of a feedstock, yielding less energy

captured during combustidince, 1979)

2.4Modeling Fuel Quality

Coal, petroleumbiomassand all forms of carbebased energy sources undergo fuel
guality testing. There are many metrics which can define the fuel quality of an energy source;
the two most common are the proximate and ultimate analysis. Proximate analysis consists of
the moistire content, volatile matter, ash content and fixed cabrile it is not a part of the
proximate analysis, calorific content is often also reported. Ultimate analysis reports the percent
of carbon, hydrogen, oxygen, nitrogen, and other trace elemattsas sulfur.Previous studies
have specifically focused on ash and energy comateshtheir interactiontor fuel quality

purposegGautam et al., 2012; Taylor et al., 2012)
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2.4.1Ash content

Ash is the inorganic mass left behind after decomposition or combustion of wood. These
are small tracamounts of elements used for light and dark reactoasy other soil
contaminants picked up during the harvesting procés$ is used in fertilizers, hydroponic
solutions, and composts to return these elements to biota in the growing métieichencal
makeup of ash consists of alkali and alkaline megilasia et al.2007; Pettersen, 1984; Stahl et
al., 2004; Vassilev et al2010) Further analysiin examining the chemical contents are beyond
the scope of this analysis but can be found in the previous referancesiring power plants,
the amount of ash residue can affect turbine efficiencyrammdase requireshaintenance on the
furnace sygm. High ash content in biomass is undesirable because it causes catalyst
deactivation in pyrolysigYildiz et al., 2015) fouling in combustion chambers, and absorbs
process heatGasification and pyrolysis systems have faced issues with high ash content
contaminating the catalystWhen the trees are skidded across the forest floor, the wlapped
in the bark and the stemwood is protecad remains cleamtil debarking operations occur at
the mill.

Ash content is divided into two categoriesthégenic and detrital Authigenic ash
conent are the inorganic compounds taken up by the et transported to the tissuésy
ash which does not present itselfunaly in forest biomass samplissoften picked up due to
soil contamination during mechanical harvastlis known agetrital ash Both ash categories
are derived from the saihatter howeverthe determining factas the manner in which it is
present in the biomasso reduce detrital ash conteatreening applications which sift out dirt
particles trapped in the residumsch as rotaryrammel are applied reduction in autigenic ash

content would requirenixing known quantities of lower ash content feedsig@efe et al.,
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2014) Pradhar(2015)found that grinding wood chips in a hammer mill was as sufficient as a
sieve shaker in reducing ash contéiable 2.3shows the ash percentage of the different
components of loblolly piness reported in literature.

Table 23 Ash content of loblolly pine tree components from literature

Loblolly pine section Ash % (d.b.) Reference
Wood chips 0.61 Cutshall et al., 2011
Pine stem 0.41 McMillin, 1968
Pine chips 5.95 Masia et al., 2007
Foliage 259 Taylor et al, 2012
Limbs 1.38 Taylor et al., 2012
Stemwood without bark 0.40 Taylor et al., 2012
Bark 1.37 Taylor et al., 2012
Stemwood 0.32 Owen et al., 2015
Bark 1.31 Owen et al., 2015
Limbs/Foilage 1.36 Owen et al., 2015
Wholetree 1.8 Acquah et al., 2016
Wood and bark 1.5 Acquah et al., 2016
Residue 1.9 Acquah et al., 2016
Stem wood 0.40 Acquah et al., 2016

For Loblolly pine, a number of studies have shown the diffexeme proximate analysis
values in order toecognize the fundamental variation betweesteésnwood, bark, and the
crown(Owen et al., 2015; Vassilev et al., 2010; Wiedemann et al., 198&)oking at
softwoodlogging residues specifically, larger diameter branches had lower ash content than
small diameter branche3,4% and 6.1%, respectivei@gautam et al., 2012)Thewide range of
variability between the different tree componeatsdl their proximate analysis valuek® e s n 6 t
achieve a standafdel quality prior to harvesting the tre€lean stem woodsh content is much
lower whencompared with coal where ash content is roughly547%6 (d.b.XWiedemann et al.,
1988) Ash fouling and slagging can impede boiler efficiency in combustion conversion process

(Masiaetal.,2007)he | ocation within the treebds sampl e
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DBH and only inOwen et al., 201%asspecificprecautiomary actionusedto ensure no soil
contamination when collecting sampld8ecause ash content is the constituent of proximate
analysis directly having a negative impact on combustion, it eilitectly investigated in this

study.

24.2Heating Value

Energy content is the amount of energy measured from combusting a sample in an
oxygenrich environment.The energy content of biomass typically increase with decreasing ash
content(Owen et al., 2015)Moisture content of a sample can significantly decrease the amount
of energy it yields due to energy required to evaporate the water, and then volatilize the organic
compoundgInce, 1979) When the water is vaporized and then released from the combustion
process as a vapor, the captured enex¢gymmown as the lower heating value (LHV) and is the
amount of heat actually recovered. Higher heating value (HHV) hédweetical yield of heat
energy if the evaporated gasses were condensed and recdBecadise the LHV can change
duetothd eedst ockds moi sture content, HHV is usua
regardless of moisturdn terms of energy yld, HHV and LHV are bothdivided by thesample
mass, i.e. J/kg or BTU/IbCarbon rich sources of fuel such as coal or petroleum offer a large
amount of energy content but increase atmospheridé&®Isand are considered carbon
negative Biofuel feedstoksare considered carbon neutral because the intakienoispheric
CO, during photosynthesis will be released again during combusiitater reduces/oody
bi omassds enéermgyngonpe hil difidddgingbyneandd wei ght |,
transpiration is a methdd reduce the payload of harvesting trucks without incurring drying
costswhich achieve the same energy outpsh and energy content of southern pines were not

affected by transpirational drying methods aftend 8 weekseven when accounting for the
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changes in moisture contgi@utshall et al., 2011)Table 2.4 displays the differences between
loblolly pine sections and their higher heating values.

Table 24 Higher heating value loblolly pine tree components flibenature

Loblolly pine part BTU/o.d. Ib MJ/kg Reference
Wood chips 8230 19.14 Cutshall et al., 2011
Bark 9400 21.86 Ince, 1979
Pine chips 8508 19.79 Masia et al., 2007
Foliage 8195 19.06 Taylor et al., 2012
Limbs 7773 18.08 Taylor et al., 2012
Stem without bark 8111 18.87 Taylor et al., 2012
Bark 8029 18.68 Taylor et &, 2012
Stem 8212 19.10 Owen et al., 2015
Bark 8512 19.80 Owen et al., 2015
Limbs/Foliage 8727 20.30 Owen et al., 2015
Whole tree 8684 20.20 Acquah et al., 2016
Wood and bark 8512 19.80 Acquah et al., 2016
Residue 8856 20.60 Acquah et al., 2016
Stem wood 8770 20.40 Acquah et al., 2016

*|talicized valueswere converted using 0.002326 MJ/kg = 1 Btudlbd are not in original
reference.

The tree components with the most amount of bark and compression wood in the
branches tends to have a higher amount of energy content. This is due to its chemical makeup
which includes more lignin (26.7 MJ/kg) as opposed to simple chains of cellulo3eM1/kg)
(Jenkins et al., 1998Use oftranspirational drying methods of logging residueshsenshown
to reduce the resid@emoisture content withostgnificantlycompromising the calorific value.
Softwoodshaveproved to be superior to hardwoods with lesser amount of asbnt@nd larger
calorific value(Gautam et al., 2012)
The general effect of ash content on HHV is negative as report@aipr et al., 2012)
I n Taylordéds study however, samples pe<§8% essed

Thecorrelations were derived by adding precisely meastredt r i t a | ash content
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authigenic ash contenfhe gradual reduction in HHV was present in samples above 5% ash
content (Figure 4.9). Figure 4.9 shows the negative effectaagbnt has on HHV of clean pine
wood. Significant amounts of ash content will significantly reduce Hi@wen et al., 2015;

Taylor et al., 2012) The reported regression line has a negative slope of 92.479 BTU/Ib (0.215
MJ/kg) per ash content percentagéash contents5%, a cluster of data points shows an

inconclusivetrend between 8009000 BTU/Ih (18.620.9 MJ/Kkg).
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Figure2.6 Energy versus Ash content (reproduced fi{dmaylor et al., 2012)

2.4.3 Ultimate Analysis: CHNOS

Ultimate analysis determines the chemical composition of a fuel or fekdsterms of
percentage ofarbon, hydrogen, nitrogen, analfsir. Coal and biomass are often subjected to
this test to find the ratio of carbon to other combustion elem&nése percentages vary for

different loblolly pine samples depending on thevbating process and the different sections of
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the tree. The ultimate analysis of loblolly pine range has reported a vast range of values due to
variations in harvesting methods)d unspecifiedections taken during sampling.

The elemental analysis ofdmass varies greatly depending on the feedst&ikemical
compositionfrom ultimate analysis and proximate analysfspine bark, chipspruning and
sawdust, recreated frowassilev et al(2010)are shown Tablg.5.

Table 2.50verview of theChemicalComposition of Pine

Pine Proximate Ultimate
Reference
Material Analysis %(d.b.) Analysis % (d.b)

VM FC | Ash | C O H N S Sunt

(Bryers, 1996) Bark 73.7 | 244 | 190 538 399 | 59| 0.3 | 0.07 | 99.97

(Masia et al., 2007) Chips | 72.4 | 21.6 | 6.00 | 52.8| 40.5| 6.1 | 0.5 | 0.09 | 99.99

(Moilanen, 2006) | Sawdust| 83.1 | 16.8 | 0.10 | 51 | 429 | 6 | 0.1 | 0.01 | 100.01

*Summations are not exact due to rounding.

A biomass sample can have an increase in energy content if the sample hasla low
content. Dulong equation and Boie equation is a prediction method to estimate the heating value
of a feedstock if the elemental composition is known.
The equation was originally used in determining the heating value of coal varieties using
the drybasis percentages of carbon (C), hydrogen (H), sulfur (S), and oxygen (O). The results
from ultimate analysis have been used to predc

includinghigher heating value

*

$ O1 1%4N® A RDEw} ¢ E_C CARCHd pTRUO Gjy B pwY

25



*

" T BN O A DRG] 5 EC oD EO6 ppRCYVO pBIRL pB VY

Predictability of biological materials has always presented a challenge given the inherent
genetic, environmental, and processing variability in ufiactured products. Even in loblolly
pines there exists specific gravity and ash variation in stump to tip and bark to pith distribution

(Antony et al., 2015Danielset al, 2002; McMillin, 1968)

2.5 Conclusion

In conclusion, Loblolly pinesRinus taedaare the most abundant and wadapted
woody biomass to meenergy demands. The crown residues could be removed from the field
as a precaution to forefstes and convert to biofuels if the industry knew critical proximate
analysis data. Likewiséhe densityandother charactestics are shown to changs height
changes. Optimizing harvesting processes to utilize the whole tree can allow for hedffer yi
andmore energy efficient forests. gxediction modefor loblolly pinesintrinsic fuel qualities
using field measurements suchBT atDBH and other allometric parametessn demando

predictfuel quality pior to harvesting forest site
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Chapter 3:Materials & Methods

3.1Experimental design

Loblolly pine fuel qualitiesvereestablished by testinggher heating value and ash
content at various heightef loblolly pines.A nested lbck designwvhich controlled for the
diameter at breaseight (OBH) variability while also measurinthe followinguniquephysical
featurescrown length, stemwood diameters, dengitgen massThis type of design is not
uncommon among agricultural and biological experime3asaple size determination was
developed using criteria from aqvious study in a similar area of loblolly pine tre&sa
similar previous study@wen,et. al. 015) used 28oblolly pinetrees with a mean DBH of
154.94 nm (SD 35.82 nm), 6.1 in. (SD 1.41in)Using the data used from Owen, et. al. (2015),
the coefficient of variation (CV) was calculated to 23.Equation 3.1 was usedd calculate the
sampl e size with t h estimatedovtheoarigtionsdar thedpgpdilationGov a s

the loblolly pine trees ia similar forest stan@Eq. 320) (Husch et al., 2002)

z

b

(3.1)

where:
t = t value fom the hypothetical degrees of freedorijn
CV = coefficient of wvariation, 100*a/ O
E% = degree of allowable error
A degree of allowable errdretween 1611% was considered toleralgaren the nature of
variability in tree sizes. Most often, forestargl other biological experimenise an estimatef o

20% error from the mean for sample stadculationgHuschet al, 2002; Whitlock & Schluter,

2009) The windowof erra allowed n to reach a reasonable whole inteGlee. sample size, n,
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was calculated after iterating the approximate t valuesregipectivedegrees of freedom for the

previous n. Thdinal iteration is shown in equation 3.2.

€ ¢ T (3.2

From the results of equation 3.2sa@mple size of 20 tre@gmssufficient for sampling.
The, standard error raygelds diminishing returnas sample size increader a standard normal
di stri but iteefordincrentental dedrdase in standard error would not justify
increasing the sample size above Z0BH classesvere addedo balance the study with 5 trees
for each clas®revious studies of loblolly pine choose analysis with DBH of at leiasthés in

DBH because it is considered the smallest merchantable stemwood size

3.2Sample Collection and Preparation

The samples used in this study were obtained faimolly pinetrees harvested frothe
Mary Olive Thomadract demonstrationforest in AuburnAlabama.The stand i®f mixed age
(38-17 years oldjrom a low intensity loblolly plantation with no fertilizer input¥wenty trees
were preselected and placed into DBH claséddocks of DBH classes were formaidl1.43,
13.97, 1661, and 19.05 cn%1.27 cm(4.5, 5.5, 6.5, & 7.5ncheg (£ 0.5 incheywith 5 trees for
each DBH class These DBH classes are the same as performéiéixo da Silva et al.,1994.
The trees were tagged, labelladdmanuallyfelled with a chain sawEach tree was sampled at
predetermined heights, separatthg crowns into 4 equal lengths (€C#) and the stemwood
into 5 disc samples (BD5) (Figure 3.6)When referring to the individual DBH classes, the
metric (cm) notation will be used, however when DBH and sections are used, the English (in.)

will be used.
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Figure 31. lllustration of loblolly pine sampled sections with respective heig@rtginal picture
obtained frorOD6 Br i en, 2007)

3.2.1 Crown Samples
The process steps for obtaining crown samples and preparing them for fuel quality

assessment are shown in Figure.3I8 total,eightycrown samples wereollected 4 samples
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from each of the 20 treeShe height and crown length were measured to documeatiations

in crown size. The crown of each of the 20 pine tve&® quartered by heighéctions to

generate the Crown 2, 3, and4 groupings whiclaredenoted as GC4 (Figure 3.1) The

quartered crown sections were then chippét abrush chipperrGodel M12R Morbark Bever

brush chipperWinn, Ml) and collected into bage measure weight arfdr transportation

4 Crown Samples

AEach Cut from 20
trees

Ground to 1 mm
AUsing Wiley knife

gl

Laboratory Analysis

ADensity, Moisture,
Ash, VM, FC, HHY,
& CHNOS

Chipped whole
Aln Morbark Chipper

Partioned

representative Samplg

AUsing Sample
divider

Air Dried

AFor 3 weeks under
shelter

Chipped to 1/8th inch
AUsing Hammer mill

Figure 3.2 Flow Chart of Crown Sample Procurement, Collection, and Analysis
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Figure3.3: Top Left Transporting crown samples with care to reduce soil contamination.
Top Right Chipping loblolly pine tree crown8ottom Left Morbark Beever M12 brinschipper
used to reduce crowns to wood chifottom RightCrown samples air drying before further
size reduction and analysis

This study specifically required minimal detrital ash contamination for accurate fuel
guality measurements. The only timgridg the harvesting process when crown samples
contacted the soil was during the initial felling of the tree. Crown samples were lifted and hauled
without dragging to the chipper for quartering and chippiRgotos of tle procesf preparing
the crownsamples for further analysésse shown in Figure 3.3Thecrown chips were weighed
green and misturecontent was determined to establish the total dry weight of each crown
section.The chips were then air dried in an open shelter (Fig@ré88ttom Righ). The particle
size of the samples were reduced before further analjeeseightyair-dried crown samples
were prepared for analysis by grinding through the 1B ({8.125 mm) screen of a hammer mill

(model 10HBLPK, C.S. Bell Co., Tiffin, OH), followed by using a sample divider (model
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PT200, Retsch GmbH, Hann, Germany), and lastly, grinding through the 1.0 mm screen of a
Wiley mill (model 4, Thomas Scientific, Swedeso, N.J.). Allfuel quality metricsneasured
for the crown samples weoenducted on the ground samples that passed through the 1.0 mm

screen of the Wiley mill.

3.2.2 Stemwood Samples

Figure 3.4 shows the stepsed to prepare the stemwood samfesuel quality
assessment-ive disc samplesvere collectedapproximately6 1 7.5 cm(2-3 inche$ thick, and
were takerfrom different heights up the tre®isc 1 (D1) waobtained from thdase of the tree
(0.01t.), andthe second disc (D2) waom thebreast heightl.5 m, 4.5feet from the grounyi
D1 andD2 have the strongest correlation faegicting thewholetree sizgCao et al., 1980)
The remaining three discs samples wartainedat 1/3 (D3), 2/3 (D4), andatthefull height

(D5) of the limbfree stemwood as shown kigure 31.

5 Stemwood Samples Dried

AEach Cut from 20 AFor 100 hours in
trees food dehydrator

Sawn to 1.2 cm (Y2 in.
thick halves

AUsing table saw and
circular saw

Bark Removed
AUsing band saw

Laboratory Analysis Ground to 1 mm

ADensity, Moisture, AUsing Wiley knife
Ash & HHV mill

Figure 3.4 Flow chart otemwood samplprocurementprocessing, andnalysis
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All trees were large enougiuchthat the D3 cut (1/3 of the height from the limb free
stemwood) were beyorid5 m @.5 feej and therefore taller than the breast height maitkis
method of sampling is suggestedMicMillin, (1968 and is similar to the stratified random
sampling inParresol, (1999

Thegreen mass and outstdark diameter (OBD) were measured with a mass scale and
tree calipers immedialy after harvest to establish a green weight. Samples werdribdrat

50°Cin a dehydratofmodel 2 Zone, Excalibur Dehydrators, Sacramento, @4.1®0 hours.

This ensured interior moisture within the disc samples was removed before further processing.

The mass and diameter of the disc samples were meagaiedafter 100 hours of dryind.he
100disc samplesvere prepared for fuel quality analy by cuttingnto equall.27 cm 0.5 inch
widths using a table sa{fdewalt, Flexvolt, Model DCS74&) and the bark was removed by
using a circulating band sai@raftsman, Wood/Metal Band saw, Model 351.224508ge was
accounted for by countingthewrigs on t he disc, where the D1
age. Thel1l.27 cm Q.5 inch) discs were cusymmetrically and onef the halvesvas ground
through1.0 mm screen of a Wiley mill (model 4, Thomas Scientific, Swedesboro, Tha.).
sample drider was notuisedfor obtaining arepresentative samptiie to the small mass size of

the ground disc samples.
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Figure 35 Wood discsstacked byreesamples

3.3 Laboratory Analysis for Fuel Quality

Measurements of thei¢l qualityparameters wereacried out on therown (C1C4) and
stem wood (DAD5) samples fully processéd passimmscreen Several metrics included
moisture content, density, ash percentage, and HHV tests all followed theictrespSTM
International 2011) procedures. These metrics give a detailed description as to how each section
of the tree behaves differently during combustion conversion and help in determining which

sections are most suitable for bioenergy.

3.3.1 Age by Ring Counts

Age was determinebly counting the earlywood rings in the disc samples. Age was not
counted in the crown samples prior to chipping operations. User discretion was employed to
determine false rings which are common in southern pine sgé&teggaw, 1985) A thin

latewood ring abruptly followed by further earlywood in the sample indicates a false ring.
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3.32 Moisture Content
Moisture conten(MC) of the samples was measuxeith moisture analyzgfOHAUS)
that was programmed accordingMethod B ofASTM E1756,(2002) which calculates
moisture based ogquation 33. The initial massig) is approximately 2), which isheated at
105°C until the change in sample mass was less than 0.05% withmufiemterval achieving
the finalmass x). Each sample was tested in a round of triplicates to produce an average for
that sample.The MC convertgthe fuel quality metrics to a dry weight basis, specifically for

specific gravity, heating value, and proximate analyses on a dry(Basiation 3.4)
-TEOCRADDOABRKk&®S —gpnm (33)

-TECQAODOARMS ——@pmnm (3.9

3.3.3 Density and Specific Gravity

The ratio of theovendried masgo the green voluméor each sample was used to
estimate thdasic density (Equation 3.5Basic densitf{” was measured initially on the disc
samples prior to drying and after dryinghe gecific gravity(SG)for the stemwood samples
with no bark was determined using the odey mass divided by the ovetry volume
multiplied by a conversion factor for the density of w8 TM D2395,2016)(Equation 3).
However, due to the inconsistent nature of disc thicknesses, the discs were cut to ast2ndard
cm (0.5 inchj thickness and the bark was remové&ar irregular volumes not easigstimated or
measured, water immersion is usually the best method to determine vdloragoid water
sweeping intothe disc samples amthanging the mass and the volume of the discs due to
swelling,discareawas determined using picture software ImageJ and theguoe found in

lgathinathanest al.,(2010. This method used pixel sizing frontalibrateduniform scale to
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measure the area of the samples. The @reg) multiplied by thel.27 cm 0.5 inch thickness
produced the volumé/f,ay) (Cne).
$AT OEOQUI j6 (3.5
IPAARABBEOE'OU +21 j6 (3.6)
3.3.4 Volatile Matter
Volatile matter for loblolly pine is reported between 782.2% (d.b.) with sample
variations attributed to the differences in the stemwood, bark, and needle comgition
harvesting processg®©wen et al.2015; Vassilev et al., 20LOASTM E872lays out the
procedue to determine volatile matter of a biomass combustible sample using a muffle furnace.
The initial weight of the sample is recorded and placed in a crucible with a lid. The samples are
then placed at 97€ for 7 minutes and are promptly removed to co@ desiccator. Once cool,
the samples are weighed again for their final weight. Volatile matter is determined by weight
difference and the moisture content of the sample is used to convert to dry basis (Eqn 3.7).
Volatile matter is the matter which igeg rapidly and creates the vapors,OCH,, CO,
and other vapors. A large amount of volatile matter is desirable for pyrolysis and gasification

processesVolatile matterconsists of the compountsirned during the combustion process.

61 1 AQCED GRR/EA8 Dp T

3.7

3.35 Ash Content

Ash content of the samples was determined accordiA&TM E1534, 2013 Ash is
determined on a mass reduction basis, ultimately destroying the sample (Equatiéb8ut).
1.0 g ofeachindividual groundsamplesvere measgredinto aceramic crucible.The crucible

was individually weighed before adding sample and after combustion to measure the mass
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difference to the nearest 0.1 mghe following sequence was used to reduce flaming inside the
crucibles: 1) ramp from 2Z at 20C /minute to 108C and hold at 12 mins, 2) ramp to 280at
10°C /minute and hold for 30 minutes, 3) rambihb°Cat 20C/minute and holdor 180

minutes, 4) allow oven to cool down to 205 Each sample was tested in a round of triplicates
to producean average for that sampl®loisture content is accountéal by converting to a dry
basisbecauset can affect theveightreportedat the scale during the initial weighing of the

sample into the crucible

I OKT T ORB Pad8 @p T

(3.8)

3.36 Fixed Carbon

Fixed Carbon is the amount of carbon stored in the biomass burnddisffiot ash but
the combustible residue after the volatile gasses are burnet@iagfvalue is determined by a
mass balance and not actually measured by mass difference. The following equation is used to
determine fixed carbon:

Fixed Carbon (F.C.Y6 = 100%- M.C. (w.b.% - Ash(d.b.)%- V.M.(d.b.)% (3.9)

3.3.7 Higher Heating Value
Higherheating valugHHV) was measured with a bomb calorimeter (model C200, IKA
Works, Inc., Wilmington, N.C.JASTM D5865, 2003) About0.6-0.7 g of sample was
measured and pressed intoapetlete pel | et 6s f i nal mass was Treca
crucible. The bomb was pressurized to approximately 3@206i8 kPapf oxygen. The bomb
calorimeter measured the temperature rise of the water jacket during the biomass combustion and

computes the eneygeleased per mass of sample (MJ/Kgach sample was tested in a round of
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triplicates to produce an average for that sampkcause of the moisture content of the sample,
the bomb calorimeter measures the higher heating value on wet3admnsanj, 2011The
following equation was used to calculate tiigher heating value given the samples moisture

contentas a decimal mass fraction

"0'00gg — —8888 (3.10)

3.38 Ultimate Analysis

Ultimate analysis was conducted on the CHNS Elemental Analyzer. For thisignaly
both the crown and stemwood samples were analygzadCHNS Ultimate analyzer (VarioMicro
Select Elementar, GermanyBoth sample sets weggound to passing through 1mm screen
sieve andubject to 24 hours of drying in an overl@%°C in order to ahieve complete drying.
Each sample wasgsted in duplicates and used the 5mg meihdlde program Oxygen in the
ultimate analysis sample is calculated on a mass difference from the summation of the other
chemical composition percentagéihe softwargprogram and tests are in accordance with
ASTM D5373,(2017) The Dulong and Boie equatigrisquations 3.1and 312 respectively,
were used to determine the effectiveness of ultimate analysis to predict HHY/.OCN and S

are alldecimal percentages by weight as measured.

$01 IWANOARDEDwEs — o@cod pt& VO Ojy o pWY (3.12)
"T BN OARDEDGE; — o @6 ppRpcv0O ppral pB oY (312
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3.39 Statistical Analysis
Statistical AnalysisSoftware(SAS) (SAS Institute, Inc. Cary, NC, USAyas used to
determine statistically significant differences betwdferent grouping categorider each of
the fuel quality metrics. Two sampheist, analysis of variance (ANOVA), Tukey HSD, and
linear regression analysis were conducted with SAS programming. The specific coding
sequence used to conduct the ANOVA analysis is PROC ANOVA. PROED iXas
employed to perform Tukey SD t ests (U=0.05) between group
groupswithin all trees andshestedDBH classegAppendix C) Linear regression coding used the
PROC REG procedure with simple variable selection and stepwise eassebttionCompleted
analysis results and other data trends were graphed and tabulatdtbwitkcel (Mcrosoft

Corp. Redmond, WA, USA).
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Chapter4: Results and Discussion

4.1 Allometric Analysis. Sample Validation

Allometric relationships for forestands are used for predetermining volumes and
densities in the tree prior to tree harvesting. The tree samples in the crown and the trunk were
weighed and measured for their density and their height to diameter relatioGstwgn ratio,
crown section legths, and total crown length in the tree were also measured during harvest. The
crown sampleds mass was determined after chip
to report on dry basis. Crown mass has been estimated prior to harvestinggi®agion
techniquegBaldwinet al.,1997; Liu,et al.,1995) In the stemwod disc samplesph diameter
and the diameter at breast height squared times the tree total hélgha(®two regularly
computed variables for the estimation of volume in loggingt{Blaucieret al, 1981)

The forest from whiclthe samples were procurackeclassified as codominant uneven
agedgrowth stand.Codominant uneven aged foreate not in straight rows and the trees had
varying sunlightand nutrient competition. This yields a wide range of tree sizes as opposed to
regenerated well managed forest stands where the trees grow at similaFigies 4.1 shows
the mean sample height for each section nested within the DBH classegpected the height
of trees increased with increasiB@H classegNorbyet al.,2001;B. W. Smith & Brand, 1983)

All D1 sample heights are at the stemwood base)(whileallD2 s ampl es are at tt
DBH (1.5 m). However, between thE3.97 and 16.51 cm DBH class$ and 7.5n.) cut

heights;theincrease iriree heightvas dueo the increase irhe crown length, not the stemwood

length. This is exemplified in Figure 2, displaying the large range of heights within and among

all classes.The19.05cm (7.5in.) DBH class will possess proportionally more stemwood in the

crown samples. Other differerscbetween sections in the DBH classesld be present due to
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the height with changes between proportions of stemwaao#, and limbgsresultingin changes
in fuel quality.

An initial analysisof variancewas conducted between the DBH blocks and the tree total
height(Table A1, Appendix A) This is shown in Figure Zwith the large variation abtal tree
height TTH) in the 4.5 DBH class and progressively getsntaller with larger DBH classes
and taller average height3he initial analysis tested total tree height, which is entire length of
the tree measured after felling from the base of the cut.1916& cm 7.5in.) DBH class (mean
=18.32 m,60.12 ft., SB30.88 m,2.89ft.) was the largest and significantly different from the
13.97 and 11.43 cn® (5 and 4.5n) DBH class (mean £4.47 mA8.46 ft., SD4.78 m,5.86ft.)
(mean =13.27 mA43.54 ft., SD2.07 m,6.82ft.), respectively. Th&6.51 cm §.5in.)DBH class

shared both Tukey letter designations (a & b).

Total Tree Height (TTH)
25 -
b b a,b a

20 -
E15-
b=
=)
010 -

5 .

O i

11.43 13.97 16.51 19.05
DBH class (cm)

Figure 41 Average Total Tree Height for each DBH class (n=5)

Error bars are standard deviatiokkeans wih different letters are significantly different at

-

U=0.05 significance | evel wusing Tukeyds multi
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A secondary twawvay analysis of variance was conducted to investigate the change in
sample heights by section and any interaction between the DBH classes (Table A.2.1, Appendix
A). The correspading section means with standard deviations by DBH class are in Table A.2.2
(Appendix A). The second analysis showed Hiaheights of the disc sections within the DBH
groupssection (D1D5) was significantly different in height (p<0.0001). The DBHhtavas
also significantly different (p = 0.0109). When the interaction term was added to the ANOVA, it
was observed not be a significant factor in the changes in h€mghtis important for further

analysis in response variables which use height asganatory variable.

20 -

18 - o Crown
<16 - Length
§ 14 -
© 12 - mD4
5
< 10 - mD3
e
ie]

3] mD2
>
(2]
g =Dl
=
11.43 13.97 16.51 19.05
DBH class (cm)

Figure 4.2 Summarization of DBH class averages by stemwood disc sample heights and
crown length (n=5).

To ensure overlapping heights across DBH classes would not confound the analysis, a
grouping variable ID was introduced and is if@H class followed by the section number, e.g.

(4_D4) means DBH class 4.5 and stemwood disc section 4. When grouped by the ID, the results
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showed a linear trend of heights increasing from the smallest DBH classes lowest height
sectionsD1 and D2 were thsame for all DBH classes; with the start of D3, the heights
increased in order of ascending DBH clagsegure 43). The only timehis general
relationship is not followed is in the B#ction wher¢he 4.5 DBH classheight =6.14m(height
=20.13ft.) is 1.69% taller than the 5.5 DBH class ini@#ght = 6.04 nfheight = 19.80 ft.).

Standard errofSE)barsincreased with increasing sample section height.

16
14
12 -+
E ;:
» 10 [
= )
2 '4 % 11.43 DBH
T 8 '1—
< o @ 13.97 DBH
B 6 ;ﬂ— 16.51 DBH
4
’ ﬁ_ # 19.05 DBH
4 P4
<]
5 4
7
<]
O .
Sample Sections

Figure 43 Height trends by DBH class for each section within the DBH class. BEarer
are thesamplestandard error.

The crown and stemwood sections pingsicaly different and were analyzed as separate
sectiondor all experimentsn this analysis. Group comparisons betwaed withinthe crown

and stemwood were made for analyzinglfquality results.
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4.1.1 Crown Section Allometry
Thephysicalmeasurementsf diameters, green masses, lengémsl heightsvere made
prior to the crown sampldseinggathered, chipped, driexhd tested for lab analysi€rown
diameters are an imparit measurement during tree harvest since logging companies strip the
trunk to a10.16-5.08 cm 4 - 2 in.) top diameter.The following analysis was conducted using
the SAS code found in Appendix C and the corresponding ANOVA tables are in Appendix A.
Sample height variance was analyzed usitwoaway ANOVA Tukey HSD test. The
section levels G4, DBH classes, the interaction of the DBH andsiaetions were
investigated. Both terms on their own were significantly different (p<0.0001), however the
interactionof those termg¢DBH*section)were not (p = 0.9941Appendix A, Table A.3.1)
Between the DBH classes, th®.05 cm 7.5in.) diameter clasémean 45.8 m(51.89 ft), SD
=2.37m (7.75 ft)) was significantly larger in crowsectionheights than the others which
decreased with decreasing DBH classes. Between the sections, which were quartered in heights
by crown length (CL), the tallest section (C4), was significdatiyer at1l5.33m (50.45 ft), than
C2 and C1. The section height analysith Tukey letter designations is shown in Tabl.
Due to the natural variability of trees and their growing conditions, this sample set follows the
allometric proportiongMcElligott & Bragg, 2013) Some pine trees can grow to be short and
thicker or tall and slender, however, the trees in this study do not appear as allometric anomalies.

Table 4.1Crown keight means with standard deviation from tway ANOVA.

Section Height (m) Tukey group | DBH (cm) Height (m) Tukey group
C1l 11.42+2.28 c 19.05 15.82+2.37 a
C2 12.74+2.27 b,c 16.51 13.52:2.02 b
C3 14.06+2.34 a,b 13.97 12.65+2.47 b,c
C4 15.38+2.49 a 11.43 11.60+230 c

Tukey comparisons aseparate bgolumns values with the same lettensthin the same
columnare not signi fioO®)Ntly different (U=
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The previous analysis describes how the crowrmigh variable in height, allometrically
followed proportionally correct trendgith respect to the DBH class. Height and diameter
relationships are a key variable in many tree mogheisony et al.,2010; Cao & Pepper, 1986)

Crowndouble fark thickness (DBT$ection diameters weenalyzedusingtwo-way
ANOVA to determinehe differences across the DBH classes and if there were any interactions
from the sections within the DBH clasgégpendix A, Table A.3.2 The Tukey results were
significantly differentfor both DBH and sections groufjs=0.0019), (p<0.0001)respectively,
with an increasing trend in diameter with increasing DBH class and increasing crown section
groups However, when including the interaction term (section*)Brvasfound to benot
significant(p=0.4252). The19.05DBH classis: (a) different than th&1.43DBH class (b)
which is different than the marginal trend described when categorizing strictly by DBH class
The13.97and16.51DBH class possess both Tukey results letters (a &b)ery crown section
group was statistically different from the other three. It should be noted the C4 crown sections
were all measured as @t as the tree ends at the tdpor crown esthates, te DBH
measurement is a variable used to predict the crown mass and relative change in crown growth
(Liu et al, 1995) The crown sectimdiameter cannot be measured directly before harvesting
but once harvesting has occurred, the top diameters would yield the crown residue diameter for
these sections.

Crownmasswas measured for each section from each @ewnmasss a
characterist of vitality for the tree with larger limbs and unmerchantable st&mwn mass
was assessed using a tway ANOVA to compare the DBH class means, the section level
means and assess any interactions of the nested levels within separate DBH classe&. ANOV

Tukey results yield only th&£9.05DBH class (mean=19.915 Ibs., SD=11.27) was significantly
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greater than the means of the other three DBH classes (p<0.0001) (Appendix A, Table A.3.3).
This could be due to the extended crown length seen in Figure £B was the main

contributor to the1t9.06 DBH class TTH when compared to the other DBH classes. Branch
distribution throughout the crown, height of the first live limb, and the total crown length
influenced the mass attained in the section sample. \Wh&v¥ masses were analyzed, C1
sections had a mean mass of 8.141kg945 Ibg, SD =5.126 kg (1.30Ibs.) andwas

significantly greater than Cgections with anean=3.43 kg, (7.56 Ibs.$D=1.80 kg) 8.95)
(p=0.0017). C2 and C3 resulted in both Tukeyugs (a & b). A few outliers of extremely large
and extremely small section masses were the cause for large standard deviagoiwdlowing
crown samples were further than 1SD from the crown mass Mezat2 C3, Tree26 C1,

Tree 23, Cland Tree/_C2 were0.68, 0.59, 1.09, 0.77 kg, (153, 2.4, and1.7 Ibs.

respectively. Thae foursmallest outliereame from the three smallest DBH classes. The largest
DBH class held the largest crown section masses with Tree 3_C1, Tree 8_ClI3 TG2eand

Tree 22_Clwerel18.00, 13.56, 19.95and 18.09 kg39.7, 29.9, 43.9, and 39.9 I|pgespectively

C1 crown sections started at the first live limb and the majority of the weight from this section
was most likely due to the unmerchantable stemwood iortven. The interaction term,
DBH*section, was not significam the mode(p=0.8467).

Thesame tweway ANOVA Tukey test was performed on tree specific crown values:
total crown mass (TCM), crown length (CL), crown ratio (CR), and crown diameter (crown
DBT). Section levels were not a factor in this analysis since all measurements are uniform for all
samples within the same tree crowhmerefore, oly differences in DBH classes were analyzed.
However, all thevariableswvere not significantly different dhe DBH class level except for

TCM.
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Total crown mass is the sum for all the crown section masses from the same tree. The
19.05DBH class (mean 36.13 kg,79.66 Ibs., SD%*2.53 kg,27.62Ibs)) is significantly different
than11.43 DBH class (mean = 13.88, 28.7 Ibs., SD #.04 kg,9.711bs). DBH classed43.97
and 16.5were not significantly different in eithelirection; both classgsssessed both& b
Tukey | etter designations. Comparing the tre
crovn mass ANOVA table, shows continuity across the levels of analysis with the largest crown
sample groups in thE9.05 cm 7.5in.) crown classes (Appendix A, Table A3.4Based on
these results, sample crown mass, total crown mass, and sample senteterdisshow trends
which changes with height sections and will be used as covariates in regression modeling in

following sections.
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4.1.2 Stemwood Disc Allometry

Three other allometric factors were measutieectly for the stemwood discdensity,
age andlouble bark thickness (DBT)lhevalues of these allometric factors for stemwood
generally decreasss stemwood sample height increadégures 46- 4.8 demonstrate this with
the separate DBH class plotSue to the trends observed, ANA and regression analysis were
also conductedsing DBH as a blocking factor and also testing for interaction within the blocks

The smallest top diametéar logging purposes i8 inches, which is smaller than all the
D5 samples used in the study. Daehe different sizing in scales, it is also difficult to
understand how each tree changes in comparison to the other DBH classes, other than the fact
that no tree surpassed stemwood disc cuts highedthaA m 40 ft) in 4.5 and 5.5 DBH
classes.

Figure 44 shows the change in tree diameter due to the tree veitihtespect to DBH
classes To the logging industry, this is important because many wood mill processes can only
work with predetermined top diameteisually 2 or 4 inchesSimilarly toage and density,
diameter also decreased proportionally with height. Each class is classified by DBH which
shows a clear segregation between them. However, all four DBH classes show atlgast on
surpassing 40.16 cm 4 in.) crowndiametemmeasureét the D5 disc.Conventional logging
operations will specify a 2Zch top or a 4 inch top, yielding more crown residues left behind for
the latter diameterD1 measurements are on thayis for all the trees (0.®), and display butt
swell which is comran in pine tree¢Cao et al., 1980;drest Products Laboratory, 2010; West,
2009) The swelling of the tree increases the trunk stability and the DBT to protect the tree from

fire and animals.
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Figure 44 Scatterplot of the disc height and the double bark thickness (DBT) for stem
wood dsc samples separated by DBH classes.

Double bark thickness (DBT) is the averalgmeter of the stemwood discs, measured
with a tree diameter tape measure across the disc with the bark intact. ANOVA Tukey analysis
was conducted to see the changes in RBids discsections, and any interaction between them.
All three terms in the ANOVA model were significant (p<0.0001) (Appendix A, Tabl&A.3.

The ¢ = 0.948 and yields a good relationship to the categories distinction and the DBT. Every
section (D1D5) was significantly different from the otleerand the DBH classesgere also all
significantly different from one anotheBesides height, DBT is theher variable most useful
when propagating tree growth models for crown estimates or yearly prod{I2tinoansoret

al., 2015; Landberget al, 2001)

It is well known that density within the stemwood of loblolly pine decrease with an
increase in heighcquah et al., 2016; Megraw, 1985; Oyedeji, 2019pwever, how this

change occurs ithin a DBH class or compared to other classes has yet to be exarhigace
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4 5(a-d) shows the charmg in densityvith tree heighby separate DBH classe®ensity
generally decreaskn tree heightfrom 0.77 to 042 g/cni. Boththe highest and lowedensity
valueswere in the 4.5 DBH class, and shows the largest variation. Variation between the DBH
classes show the smaller classes consistently have lower densities for each point, especially the
first two samplesD1 and D2at 0 andL.37 m, respedvely. Density decreases in tree height
(Megraw, 1985)and is an important metric in determining the energy deasgyergy volume
of a fuel feedstock.

ANOVA was conducted on the DBH class grougpe sections DD5, and the
interaction of sections nested within DBH classesompare densityTable A.3.6) DBH group
4.5(mean=0.582 g/cm,SD = 0.079)was significantlygreatethan DBH group 6.%fmean=
0.527 g/cm, SD = 0.055),DBH classes 5.5 and 7.5 were in the middle of the two and were not
found significantly different from the othergth a mean = 0.57§/cn® , (SD=0.068 and mean
= 0.572/cn®, (SD = 0.069, respectively Additionally, ANOVA resuls in thesections DiD5
were significantly different and ranging from 0.62@8m? in D1 samples and decreased to 0.495
g/cn® in D5 samplesWith both grouping levels showing differences between the sample
density, the interaction term, section*DBH, wascalested.The interaction term in the model
yielded no significancdp = 0.999, meaning the interaction of disc sections nested within DBH
classes have no effect on the measured density of the disc. The interaction term does not

improve the predicting power and reduceddhginal 5section Tikey groupgo 3.
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Figure 45 (a-d). Densityin stem disc samples at tree height. (Legend numbers are tree
identification numbers)

Figure 46 (a-d) shows the changes imgswith tree height.The forest from which the
samples were procured is a mixagkdcodominant standith the treestavarious stages of
growth and aged.he oldest was in the 5.5 DBH class (Tree 14) at€8s old. The youngest
was 17 years old in the 4.5 DBH class (Tree®)e ages across all DBH classes span between

20 and 30 years old, revealing that both yourger older trees may grow taller instead of
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increasing the trunk diameteAge was considered a factor for carladlocation because of the
time the tree has used to grow.

ANOVA was conducted on the DBH class groups, the stemwood sectiofi35dnd
inter action within the DBH cl| anghe dix ring eoantSlialden s
A.3.7). Rings between the DBH classes weoearid to be not significantly different from one
another. AlIDBH groups, 4.5 7.5, possessed a large variatiomingswith no particular trend
where means werk9.4(SD=7.0) 22.4(SD=6.39) 20.1(SD=6.00) and 23.3SD=6.4)
respectively.However, each section, E15, was different at a-palue<0.05. Tukey results
show thedecline from D1 ring averages at 283(4.8)to D5with a mean ofL3.6 (SD=2.4).
As the ring counts increased from D1 sections to D5 sections, the variation of the sections
decreased with smaller range of rings near the top of the stemBasdd on these resuitsthe
disc samplesor therings and density, thes&o parameters will serve as covariates in the

regression model for stemwoadh and HHV
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Figure 46 (a-d). Age ofstem disc samples tree heights
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4.2 Fuel Quality Analysis

Higher heatingzalues in MJ/kg and ash percentage were conducted in triplicates for all
the samples for continuity and the averages are reported in AppendilieDatio of the crown
length to the total tree height is th@wn ratio. For each disc and crown sample-{Bland C1
C4), the samplebdbs height, diameter, and green
diameter, and logarithmic height were computed. This is a nested design with three levels of
experimental units: DBH classas@), individual tree¢n=20), and individual sampled sections
categorized as either: stemwood samphedQ0) and crown samples=80).

Three grouped comparisons were made: the crown sections compared to the disc
sections, each DBH class compared against each other, andeeaichlividually compared
against the other trees. After reviewing the initial results, the nested comparisons were also
made, allowing the intecategorical means and variations to express the underlying differences
among the disc and crown, DBH classey] separate tree sectiodNOVA tables for the

following four sections are found in Appendix

4.2.1 Stemwood and CrownSample Comparisons

Higher heating valugvlJ/kg) and astcontent (% d.b.)veremeasuredn triplicates for all
the sampleand the averagesd standard deviatiomse reported in Appendi. The first
comparison was between the measured values of ash content and heating value between
stemwood and the crown samplesing a twesample #test( U = 0. .TKeSnpan sh contenbf
crown samplesvas1.17% (SD =0.54%), while and stemwood disc samples had a meesdn
contentof 0.33% (SD#9.07%). The mearHHV for the crownand stemwoodamplesvas

21.234 MJ/kg (SD 9©.346 and the 20.797 MJ/kg (SDG=40]), respectively While the
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populations in both-tests are uneven (80 crown samples compared to 100 stemwood samples),
the results were significantly different for both ash and HHX0(P5). The crown samples
possessed higher energy content even with a higher average ash permnpaged to the
stemwood discsThe measured ash contenaighigenicashand is found within the plant cells,
notdetrital asHfrom soil contamination. The increasauthigeniash content from cleastem
woodsamples to the crown residues is in linenweported literature whereltulose ash content
consists of 0.3%McMillin, 1968; Vassilev et al., 2010)

In 100 ofthe stemwood samples averaging 0.3%, the ash content measured is minimal
and does not present an effectto@ HHV.Only 2 samplesut of the 80 crown sampl@sthis
study reached higher than 3#h contenand both were in the C4 crown sectigvhile
celulose and lignin were not directly measured in the samples, the increase of higher heating
value and ash content can be attributed to tlyetgsroportiorof lignin found incrown samples.
Crown samples possess more lignin than stemwood sa(Bples Jenkins et al., 199&nd are

customarily left behind as logging residue.

4.2.2 Tree s=ction Sample Comparison

The next levebf comparisons was to tie'minewhich sections of the tree were
significantly different from the otherg€Crown sections GC4 and stemwood discs El15 were
evaluated with dukey ANOVA (n=20). Figure Z.and figure 48 graphicallyrepresenthe
resultsfor ash percentage and HHV, respectivélsh contentand HHV means and standard

deviationswith the corresponding Tukey groapeshownin Tables 4.1.
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Table 42 Tree section ash percentage and HHV with Tukey grouping

Tree Sectiorn Ash Percentage Ash Tukey Group HHV (MJ/kg) HHV Tukey Group

D1 0.36£0.10 d 20.878+0.497 b,c,d

D2 0.33£0.07 d 20.757+0.239 cd

D3 0.31+0.06 d 20.669+0.246 d

D4 0.33x0.06 d 20.765+0.299 cd

D5 0.35+0.05 d 20.919+0.582 b,c,d

C1 0.80+0.30 c 21.100+0.469 a,b,c

Cc2 0.93+0.22 ¢ 21.225+0.305 a,b

C3 1.27+0.36 b 21.231+0.309 a,b

C4 1.68+0.67 a 21.381+0.220 a

As previously determined in the tweample {test, the crown samples with the higher ash

content also displagigherHHV. Similar results reappear when comparing the tree sections to

each otheregardless ofhe DBHclasses This range reflects the data range shown in Table 4.1.

Authigenicash content in stemwood biomass is less thaé%0.3a n d

effects on loblolly pine HHV.

doesnodt

carry

Higherheating valuavasfound to have minimal increase between the disc samples

heights The lack ofmarginal trend from DD5 does not follow saiwith other wood

characteristics such asicrofibril angle MFA), (Megraw, 1985)or toughness and bending

stresqOyedeji, 2015)Both studies used 5 similar height locations within the stemwood within

each treeThe changes in ash content or HHV in relative height sections did not follow a trend,

nor was it similato the trend found in relative height sections in the cr@BH classeslid not

significantly affect the ash and HHV valu@gppendix B, Table BL.5 and Table B.1.6)
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4.2.3Individual Tree Regression Analysis

This study was to investigate the changéuel quality throughout the changes witkie
tree The previous analysis partitioned the independent samples into stemwood and crowns,
separated into proportional sections, and blocking factors by DBH. However, this did not
account for the variatiom height among the proportional sample sections and the changes in
heights across DBH blocks for both the stemwood and crown samples. Two analyses were
conducted via regression to observe changes in fuel quality. The first analysis is to assess
variableselection with both the crown and stemwood on a per tree basis, the second to
investigate fuel quality differences by DBH groups with regards to height.

Thestepwise regressidor ash percentage (d.b.) took each the stemwood and crown
s amp | ephysicalveaerbisabl es and used variable selectio
model. The results found a general increase in ash due to diameter of the respective crown and
stemwood disc sections, not the height. Table GAppendix C)displays tlat nearly all the
regression analyses of the individual trees found on\D8iE€ as useful in the model to predict
the entire treeobds fuel guality as while four
significant variable (Tree 11, Tree 18, Tree 25 &ree 27). The addition of height in the
model increased the model 6s power by aconvergi
of 0.89, 0.94, 0.96, and 0.91, respectfully. Not every tree was able to converge on similar
predictor variables but éhdiameter seemed to be the most prominent.

A further analysis of the averages of ash from each section within the DBH class was
regressed and the only significant variable from all four was the diameter (Table C.1.2). The

DBH class regression analysesurned the diameter as the most significant predictor and only
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the 4.5 and 6.5 class included heighandin the

Mallows Cp. Diameter seems to add an increase in the predictability of ash content over height.
HHV was not similar to ash content regression analysis in that not all trees yielded

predictor variables nor were they similar for all trees (Table C.2.1). One tree (Tree 26) was

found to not have any significant predicting variables. However, oncevéreygrouped by

DBH classes for regression, the DBH classes all seleca@teter ashe sane significant

variable.
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4.3 Fuel Quality Analysis: Crown Sections

4.3.1 Crown Proximate Analysis: Ash

The ash content value was calculated based on the mi@ssrtiEfrom combustingn a
dry crucible followingASTM E1534 The average crown ash corttéhb.) for the entire
population of80 crown samples was 1.17% (SD = 0.54). This changes within tf@4GEkctions
as well as th®BH classes.Table 43 and 44 showthe summary statistias ash content (%
d.b.)between DBH classes, and-@14 sections, respectivelyStemwood typically has less ash
content than the limb and bark portion of the tR®portionally C1 would possess more
stemwood therefore yielding a smaller ash cont@ntkey HSD test was conducted to test the
crown section cagories, DBH classes and any interaction between them. The crown sections
were significantly different from one another (p<0.008d3 show an increasing trend with
proportional height. ie DBH classes were also significantly different (p3386), but trere was
not a trend due to the change in DBH clasSéw®re was not a significant effect from the

interaction of DBH*sectiorfTable B.1.1)

Table 43 Crown Ash ContenBummarystatisticsby DBH Classes

Ash content% d.b.)

DBH Class(cm) Mean SD Minimum Maximum N
11.43 1.17 0.39 0.47 1.94 20
13.97 1.19 0.64 0.28 3.09 20
16.51 1.35 0.65 0.59 3.37 20
19.05 0.96 0.37 0.43 1.76 20
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Table 44 Crown Ash ContenBummary statistics bgrown sections

Ash content% d.b.)

Crown Section Mean SD Minimum Maximum N
C1 0.80 0.30 0.28 1.48 20
C2 0.93 0.22 0.65 1.49 20
C3 1.27 0.36 0.81 2.2 20
C4 1.68 0.67 0.77 3.37 20

The ash content in the crowns ranged from @428 3.37% ash content. The lowest

percentage was found in th8.97 cm $.5in) DBH class in section C1 and the largesisfound

in the19.05 cm 7.5in) DBH class in section C4. Thisligely due an increase imbs, foliage,

andbark in the upper part of the crowslative to theamount of clean stemwood found in the

crown.

Inor der

t o

compar e

al

Crown

HSD test was performed and the results are displayed in T&ble 4.

Table 45 Tukey HSD test focrown ash @0 d.b.)

sections

Ash contentby crown sectiong% d.b.)

Crown Sectior(n=20) C1 Cc2 C3 C4
Ash Content 0.8Q 0.9y ¢ 1.27, 1.68,
Ash content DBH classg$6 d.b.)
DBH class (n=20) 11.43 13.97 16.51 19.05
Ash Content 1.17%p 1.19.p 1.35 0.96,

*values with the same lettasgthin the same rovare not significantlyifferent (p>0.05).

wi t hi

The gradual increase of ash content in the crown sections is most likely attributed to the

lessempercentage oflean stemwood present in the croand larger proportion of bark and
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needles DBH classesreproportionaly variablein the crownwhichis why there is minimal
di fference bet ween .Other bronipBysicalméaauseménts weseenott i on s

different at the DBH level such as crown length, crown ratio, and crown diameter.

4.3.2 Crown Proximate Analysis: Volatie Matter

The volatile matter of the crown samples was conducted following ASTM E872 and
measured in triplicates for each sample section. The B&ds$eslid not yield anysignificant
differencedrom the other meansor did the crown sectiorfp=0.06) The interaction between
the two factors was also not significdible B.1.2) Table 4.7 and 4.8 displays the summary
statistics of volatile matter in the crown by DBH class and crown sections, respectively.

Table 46 Crown \olatile MatterSummary statigts byDBH Classes

Volatile Matter (% d.b.)

DBH Class(cm.) Mean SD Minimum Maximum N
11.43 72.31 1.30 69.64 74.19 20
13.97 72.49 1.72 68.76 75.05 20
16.51 71.57 1.43 6829 73.37 20
19.05 72.25 1.69 69.12 7561 20

Table 47 CrownVolatile MatterSummary statistics bgrownsections

Volatile Matter (% d.b.)

Crown Section Mean SD Minimum Maximum N
C1 72.76 160 6964 75.61 20
C2 72.05 1.73 68.29 7431 20
C3 71.47 1.52 68.76 7393 20
C4 72.34 1.16 7042 74.76 20




4.3.3 Crown Proximate Analysis:Fixed Carbon

Fixed carbon was calculated using equatiora3ide mass difference of the moisture
content (w.b.), ash content (d.b.) and volatile matter (dfiYed carbowvariedas DBH classes
increasedyetincreased as the crown secsamcreased.A two-way ANOVA was conducted on
FC (d.b.) tocompare the DBH class, crown sections, and the interaction between the two factors.
The interaction between the two factors did not yield signifibamtever;both of the factors

were significantly differenfrom one anothefTable B.1.3)

Table 48 Crown Fixed CarboSummary statistics bpBH Classes

Fixed Carbon (% d.b.)

DBH Class Mean SD Minimum Maximum N
11.43 16.43 1.11 14.68 18.14 20
13.97 15.79 1.29 13.47 18.53 20
16.51 15.88 1.26 13.98 18.55 20
19.05 15.17 1.385 12.73 17.04 20

The fixed carbon showed a similar increasing trend as ash content did as the crown
sections increased in height. Unlike ash percentage however, the smallest DBH class (11.43 cm)
was the largest with 16.43% comparedh® largest DBH class (19.05 cm) at 15.17%. This is
most likely a trend dethe fact that fixed carbon is based on the mass balance dry basis of the
other three proximate analysis: moisture, volatile matter, and ash. The differencsl iat

1.36% incease.
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Table 49 Crown Fixed CarboSummary statistics b§rownsections

Fixed Carbon (% d.b.)

Crown Section Mean SD Minimum Maximum N
C1 15.19 1.28 12.74 17.71 20
C2 15.53 1.06 12.86 17.36 20
C3 15.99 1.62 12.72 18.55 20
C4 16.57 0.84 15.33 18.14 20
Table 410 Tukey HSD test foCrown section FG% d.b.)
Fixed Carborby Crown section§ d.b.)
Crown Section (n=20) C1 C2 C3 C4
Fixed Carbon 15.19 15.53 15.99 16.57,
Fixed Carbon by DBH Claé% d.b.)
DBH class (n=20) 11.43 13.97 16.51 19.05
Fixed Carbon 16.43, 15.79,p 15.884p 15.1%

*values with the same lettevgthin the same rovare not significantly different (p=0.05).

4.3.4Crown Higher Heating value

A two-way ANOVA was used to assess the crown sections, DBH classes and the

interaction between these termine average HHV was 21.234 MJ/kg (SD=0.344). TablEk 4.

and 412 show the summary statistics for the difference in HHV between DBH classes and

between crown sections @24, respectivelyHowever between the two factors and the

interaction between them did not yield any significant difference. There was a marginal trend of
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to 21.38 MJ/kg.

Table 411 Summary Statistics for the DBH Class HHV.

HHV from the proportional height increase in crown sections which incréamad®1.10 MJ/kg

HigherHeating value MJ/kg

DBH Class Mean Standard Dev Minimum Maximum N
11.43 21.289 0.303 20.885 21.890 20
13.97 21191 0.395 20.573 21.980 20
16.51 21.271 0.328 20.699 22.010 20
19.05 21.153 0.362 20.193 21.783 20

Table 412 Summary Statistics for the Crown section HHV.

HigherHeating valug¢MJ/kg)
. Mean Standard Dev Minimum Maximum N
Crown Section

c1 21.100 0.469 20.193 22.010 20
co 21.225 0.305 20.637 21.712 20
c3 21198 0.309 20.678 21.877 20
ca 21.381 0.220 20.954 21.783 20

The mix oflimbs, foliage, andinmerchantable stem wood in the crown sections gave a
large variation of material toompose the crown sampleBor this reason, the amount of
variation between each crown section might have been too great to notice a significant difference
by DBH class. The largest HHV of 21.788)/kg came from thd.6.51 cm §.5in.) DBH class
and section C4. The smallest HHV came fromi#&®5 cm 7.5in) DBH class and the C1
section(20.985 MJ/kg) Examining Table 41, it is difficult to distinguish a difference between

DBH classes. However, there is a noticeable increase in the mean HHV crown sections. For this
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reason, Tukey HSD test was used to teghakhns of the crown sections grouped by DBH class

against the other means.

Table 4.B Tukey HSD test of crown section HHV (MJ/kQ)

Higher HeatingValue MJ/kg

DBH Class (cm) c1 co c3 ca
11.43 21.150 21.284 21.254 21.468
13.97 21.098 20.984 21.413 21.399
16.51 21.167 21.345 21.268 21.304
19.05 20.985 21.287 20.988 21.352

Due to the relatively large variations between the groups within each DBH class, there

was not aignificant difference detected between crown sectid@ategorizing the crownsy

proportional height sections does not yield the best method to distinguish differences in its

heating value. For Tablel8, Tukey HSD test was performed but no significant difference was

found between or among DBH classes and tree crown secte®%p

4.3.5Crown StepwiseRegression Variable selection

Separatingtherowns a mpl es i nto relative
enough information to show where the ash coreehiow HHV varies throughout the tree. The
variables here weral different within the sections nested within the DBH classes. Moisture

content is used to convert the ash conéeat HHVto dry basis. The SAS method used here is

PROC REG values of alpha were tested at0=05

The ash content regression analgsiews:

I OKT 1 OB1T Oc8twg x ™8 o o Bg,
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where:
SL = section length (jn
SM = sectionmass (kY
DBT = double bark thicknessrf)

Pearsons correlation coefficiertt, achieved 0372and Mal | o8& THis(isp) i s
a mildfit for regression modelsThe section length is the quartered length of the crown section.
The crown mass is the dry mass of the crownos
directly measured prior felling or harvesting of the tree. Howetthe tree is felled, the
sections length and total crown mass can be measured and an estimate of the authigenic ash
content of the crown can be obtained. The double bark thickness is used to find the last term in
the equation, (In(DBT+1). Becausestbrown diameters of ti@4 were at 0 cm, the term
requires the addition of 1 for the natural log transformation. Crown diameters are measured
using the DBT and other studies have used this to estimate annual growth. CeddiB3ize
diameter is what dermines the harvestedund woodengthlimit for most industries.

Volatile matter did not yield a regressiotodelby notselecting any variablegU =
0.01,0.05 or 0.10. There was not a trend in the subsequentway ANOVA comparing
volatile matter.

Fixed carbon did yield a regression model with crown ratio (CR), section mass (SM), and
the term, D*H, the section diameter multiplied by the section height. *NMaasrory 0.48 with a
Mallows Cp of-2.77, whid is not a good resultA general trend of increasing fixed carbon in
the gown sections is from5.1%% to 16.59%. This trend is similar to the trend found in the ash
content parameter. However, both parameters/ shslight increase with increasing crown

sectionsoth in the same directionThe small increase in fixed carbon is only 1.38%.
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Higher heating value regression model yielded volatile matter and the tree height
percentage as significant variablestbenr  t h e Me5chewevenlie ¢ vias calculated
at0.1894a nd Mal | o W&y, both@iwhigh aa irglicators of poor performancén
conjunction with previous ANOVA analysis, the HHV in tree crowns is not significantly
changing between DBElasses and their differences are specific to th€&alassifications

(Appendix B Tables B.1.5 and B.1.6)
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44 Fuel Quality Analysis: StemwoodDiscs

Priorto oven drying, cutting, and lab analysis, the disc samplesmessured in the
field to collectthe physicalproperties.Decreasing diameter in stemwood correlatesito a
increasingrend inmicrofibril angle MFA), modulus of ruptureMlOR), andmodulus of
elasticity MOE) (Megraw, 1985) This analysis will determine if similar results occur with ash

content and HHV.

44.1Stemwood Ash content

The ash analysis was conducted with the 100 stemwood discs, categoriZef) (ol
ash and energy conterfor the entire population the ash content of the disc samples wés 0.33
(SD=0.07). The mean changes for the groups of DBH classes and disc sample sEahtms.
4.14 and 415 shows the difference in the DBH class ateimwood sectioash percentage
means, respectivelyTwo-way ANOVA was used to assess the different categories in the DBH
classes, crown sections and their interaction (Table B.1.2). Only the DBH factor was
significantly different, however, no trend wasticed (p<0.0099). The proportional heights of
the stemwood discs appear to have little effect on the authigentoatgmt;hnowever the larger

DBH class stemwoodiscs hadhe least amount of ash on average.
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Table 414 Ash content summary statics of disc samples between DBH classes.

Ash % (d.b.)

DBH Class Mean SD Minimum Maximum N
11.43 0.363 0.10 0.24 0.72 25
13.97 0.328,p 0.06 0.23 0.46 55
16.51 0.349% 0.04 0.26 0.43 25
19.05 0298, 0.06 0.21 0.38 25

*values with the same lettansthin the same rovare not significantly different (p=0.05).

Table 415 Ash content summary statistics of stemwood disc samples between sections

Ash % (d.b.)
) . Mean SD Minimum Maximum N
Disc Section
D1 0.359 0.10 0.26 0.72 20
D2 0.325 0.07 0.23 0.55 20
D3 0.308 0.06 0.21 0.40 20
D4 0.328 0.06 0.23 0.46 20
D5 0.3%3 0.05 0.27 0.43 20
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4 4.2 StemwoodHigher Heating value

A two-way ANOVA was conducted on the stemwood to assess HHV by DBH blocks,
stemwoodlisc sectiongD1-D5), and the interaction between these terms. However, no
significant difference was found for the DBH block (p=0.2999), sections (p=0.2768), or the
interaction term (p=0.3779)A follow up ANOVA by comparing all sections within the DBH
classes tome another also did not yield a significant difference between any of the gfeaps.
the entire populatigrthe HHV of the disc samples was 20.7983/kg (SD=0.398). Table 4.16
and table 4.17 display the stemwood summary statistics by DBH and stemwboxdsse
respectively.

Table 4.5 Higher heating valusummary statistics of disc samples between DBH classes.

Higher Heating Valu¢MJ/kg)

DBH Class Mean SD Minimum Maximum N
11.43 20.928 0.440 20.554 22.535 25
13.97 20.769 0.274 20.240 21.448 25
16.51 20.736 0571 20.232 23.279 25
19.05 20.757 0.206 20.247 21.190 25

Table 4.7 Higher Heating Valusummary statistics of sit samples between sections.

HigherHeating valug¢MJ/kg)

) Mean SD Minimum Maximum N
Crown Section
D1 20.878 0.497 20.240 22535 20
D2 20.757 0.239 20247 21.190 20
D3 20.669 0.246 20.232 21.089 20
D4 20.765 0.299 20308 21.737 20
D5 20.919 0582 20558 23.379 20
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The heating value changésl not yield a marginal trenfdr DBH classe®r disc sample
sections.Categorizingthe sections by relative height groypsld similar results from previous
analysis onltte crown samplesvhichdoes not yield a significant difference in the stem wood
ash percentage or higher heating value.

Table 418 Tukey HSD test of stem wood disacten HHV (MJ/kg)

HigherHeating valug¢MJ/kg)

DBH Class D1 D2 D3 D4 D5
11.43 21.289 20.903 20.756 20.892 20.800
13.97 20.890 20.740 20.594 20.839 20.781
16.51 20.620 20.656 20.567 20.594 21.246
19.05 20.713 20.729 20.761 20.733 20.851
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45 Ultimate Analysis Results

Ultimate analysis measures the chemical composition of the biomass sample in terms of
percentage of carbon, hydrogen, nitrogen, and sulfur. Oxygen is measured based on percent
difference. For this analysithe top five ash anlHV samples among both the crown and
stemwood samples were analyzech CHNS Ultimate analyze¥arioMicro Select Elementar,

Germany). Duplicates of each sample wested to produce an average.

45.1 RegressionAnalysis: Crown sections
Every crown samle (80 total) underwent CHN@timateanalysis to compare the
difference between and among the DBH class and section faétiwg way ANOVA was used
to determine the differences in nitrogen, carbon, hydrogen, sulfur and oxygemBH classes
did notyield any significant differences in the crowhhe only variablewhich showed a
significant difference in the analysis was nitrogea hydrogenvith respect to the crown
sections (C4C4). Sulfur was minimal due to the small amount of ash cortewever it was
shown toonly occur in the C4 crown section with a mean of 0.018% (n=8Qbfur was
minimal and excluded from this study; carbon, hydrogen, nitrogen, and oxygen were compared.

Table 419 Two-way ANOVA Tukey results from the CHNSO measuremeNisogen

Nitrogen by crown sectio?o d.b.)

Crown Section (n=20) C1 C2 C3 C4

N 0.0% 0.094,c 0.1§, 0.37%

Nitrogenby DBH clasg%d.b.)

DBH class (n=20) 11.43 13.97 16.51 19.05

N 0.1 0.18, 0.19, 0.13

*values with the same lettevgthin the same rovare not significantly different §9.05).
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Stepwise regression conducted on the percent nitrogen yielded the ash content (d.b.) and
the DBT as significant var i a%3=0®sandhasalargeeC(pmo d e |
with 2470, which is unsually large. Both ash and DBT follow similar trends in the crown.
However, itdoes not intuitively follow logic to use either variable in predicting the nitrogen
yield of the crown sampled\Nitrogen in the samples is related to the amai nitrogen
available in the soil for growing purposasd can change with fertilizer input$he amount of
nitrogen available to the 20 trees used here is beyond the scope of this study.

Hydrogen was also significantly different in the crown sestiand not different in the
DBH classes similar to nitrogen. However, there was not a defined trend as with the nitrogen
variability. Table 4.20 displays the tweay ANOVA ( U = 0 tukeysr§sultsvhere the crown
sections were different from another with-#dtue = 0.02 The DBH classes were not
significantly different wish a ®alue = 0.53. Théwo-way ANOVA tables for the CHNOS
analysis are in Appendix B, TableZBl-4, for carlon, nitrogen,hydrogenand oxygen
respectively

Table 4.20 Tweway ANOVA Tukey results from the CHNSO measurements: Hydrogen

Hydrogen by crown sectidf d.b.)

Crown Section (n=20) C1 Cc2 C3 C4

H 6.64 b 6.63p 6.5, 6.7Q

Hydrogen by DBH clas@b d.b.)

DBH class (n=20) 11.43 13.97 16.51 19.05

H 6.64, 6.64, 6.66, 6.59

*values with the same lettevgthin the same rovare not significantly different §9.05).
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Stepwise regression for, &, and Oselected similar variables for the models. Carbon
percentage selected N, O, H, and DBT, while H select€a ,and DBT.C, H, and Omodels
reached an r2 §.99,0.98 and 0.99 respectively. This is a result of the mass difference in the
samples used to find the oxygen percentdgee ultimate analysis results (Appendix F) is
comparable to other woody biomass results aricinva few percentage points of the same pine
wood sawdust used ibdoulmoumine(2014)

Figure 49 showsthe scatterploof the measured HHV of the crown samples based on the
percent carbon and the corresponding value of the Boie and Dulong calculations of an estimated
HHV. Dulongcalculations consistently underestimate the HHV of crown samples widaa
absolute erro(MAE) of 2.66 MJ/kgand a root mean square error (RMSE) of 2.80 MJ/Kigis
is partially due to the high amount of oxygen content in the safipéeBoie equation estimates
the crown sample HHV much better witmean absolute errof 0.82 MJ/kgand a RMSE of
1.09 MJ/kg The Boie equation estimated HHV overestimates 8 samples once the carbon content
surpassed 49.55%. Only tree 13 sec@B8nwas perfectly predicted by the Boie equation at

20.714 MJ/kg.
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Figure 49 Crown sectiorHHV (MJ/Kkg) plotted with carbon percentage

45.2 RegressiorAnalysis Stemwood Discs

A randomly selected set of 30 stemwood discs were used to evaluate the differences of
stemwood compositionThe HHV ofthe stemwood discs were udeddevelop a range of values
to selectthe samplesFigure 4.10 displays the change in HHV based on the measured carbon
content and the estimates obtained by the Dulong and Boie equations.

TheDulong equation anBoie equation for ultimate analysispresent a level of
certainty when pedicting the heating value of a feedstock with a given elemental composition.
Carbon content and tliermation ofcarbon bond& combustiorof the sample result in a larger

heating value Dulong calculations consistently underestimate the HHst@hwmd samples
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