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ABSTRACT

Growing biomass incorporates atmospheric carbon and stores it as biogenic carbon. In a
biorefinery, some portion of ibiogenic carbon is converted into a biofughich theremits
biogenic CQ through the biofuel combustiom the Life Cycle Analysis (LCA) obiofuels, it is
generally assumed that this biogenic @&mission is offset by atmospheric carbon uptake during
biomass growthestablishinghe secalledcarbon neutratly of biogenic carbonWhen the
elapsedime between biomass growth and biofuel combustion is short, this assumption is
defensible. In the case slowergrowingforestryderivedbioenergyfeedstocks, however, this
time window may be significantly longer and the assumption of carbon neuitsalidaler. To
address thcarbon neutrality issue of woodiyomassderived biofuels, this studpvestigated
thecarbon dynamicsf producingbioenergyfrom woody biomass. Specificallgey factors
affecting the net GHG emissions results, such as biomadsspandanalysisframework and
the sequencing of the planting and harvest stepge examined

This studyexaminedwo different types oanalysis frameworksstandlevel and
landscapdevel analysesA standlevel analysis examines the impactsemporal carbon
dynamics of carbon emissions/sequestration over time, which is a critical issue in LCAs of
woody biomass products. The stdrudel analysiss based omnarrowly defined biomass
growthscenario antharvest geographic boundaihespecifc growthscenarianay havehigh
variability, especially with long growth cycleA. landscapdevel analysison the other hands
appropriatdor conducing LCAs of products from managed forest assuming sustainable forestry
management.g., the overattarbon fluxesassociated with forest growth and harvest/mortality
are balancedA landscapédevel analysican representanaged (or private) foredtsat are
intended to provide a constant supply of biontagseir custometsncluding bioenergy plant
operators.

This study included twgeneratypes of forest biomasmanaged softwoodsgpresented
by Douglas fir,loblolly ping and spruce/fir mixtures, and dedicated shotation woody crops
(SRWG), represented bgoplar, willow and eucalyptu3.hesoftwoods were selected to
represent the dominawood species found in the Pacific Northwg@3buglas fi)), the southern
United Stategloblolly pine), and the northeastern®J) (sprucef/fi). The SRWG were sele@dto
represent systems that have been commercially deployed in the Pacific No(popés}, the
southern UB. (eucalyptu¥ and the northeastern.®& (willow).

The sequencing of the planting and harvest, and biogenic carbon releasalsbepsd a
major impact on the carbon accounting. One analysis framework (Cycle 1) starts with 1) the
fiharvesd of standing trees, followed I8) the production and use of the biofuels, and
3) replanting, and recaptucé the released carbon. An alternatiramework (Cycle 2) starts
with 1) the planting of the wood and the capture of atmospheric carbon, followed by 2)
harvesting of the trees, and 3) release of the biogenic carbon in the production and use of the
biofuel. With Cycle 1the carboremissionseleasedrbm biofuel productionand combustion
are allocated before biomass growth and hareest handled accordingly by the €émission
discounting methgdhe slow growth of softwoods (especidlpuglas firand spruce/fir) results
in a large portia of the upfront carbon debt being recovered slowly. With discouriting



carbon uptake during biomass regrowth becomes less signifatié 2 is appropriate for

SRWGs becausehesewill be establishedledicatedlyfor bioenergy or bioproductisroduction

which starts with the silvicultur@ndCycle 1is more appropriate f@oftwoodsbecause it is

more realistic to collect the thinnings and residues when they are readily available for bioenergy
production than to wait for decades to grow auresoftwood stand when the thinnings and
residues could be made available

Using both standand landscapkevel analyseshts work shows that hofuelsderived
from woody biomass with longer growth cycles and slower growth, migsDouglasfir and
spruce/fir have much larger variations in GHG emissions dependirigedandanalysis
frameworkandCO, emissioncyclecompared tdiofuelsderived from woody biomassith
shorter growth cycles and faster growth ratg, SRWGs. For example, the GHG emissions
associated with renewable gasoline from eucalyptus, poplar, and willow rangédto7, 37
to 41, and45to 50g COe/MJ, respectivelydepending otheanalysis cyclesn comparison to
94 gCOze/MJfor petroleum gasoie. On the other hand, the renewable gasoline taiolly
pine,Douglas fir and spruce/fir generate GHG emissions ranging 8o 42, 13 to 67, and-
10 to56 g COe/MJ, respectivelydepending otheanalysis cycles. Thus, much caution is
needed tdhandle the temporal carbon dynamics issue for biofuels from waiodyass with long
growth cycles and slow growth rate



1. INTRODUCTION

This report provids the approach amdeliminaryresults forthe life-cycle analysis
(LCA) of six woody feedstockihat are converted into biofuels. This work was conducted by a
team atArgonne National Laboratory and the Consortium for Research on Renewable Industrial
Materials (CORRIM) in FY2016 and FY2017. Thisreportdocumentt he t eamds appr o0s¢
selectinghetree species and production regions,ahergy flows during théorestgrowth and
harvest cyclesforestry growth modeJsand carbon accounting methods to handle carbon
dynamicsof woody feedstock greth and removal

The material and energy flows, forestry growth models, and carbon accounting methods
are incorporated into the Greenhouse gases, Regulated Emissions and Energy use in
Transportation (GREE®™) modelto produce a cradle to grak€A of biofuels derived from
woody feedstock GREET is a publicly availableCA model developed by Argonne National
Laboratory withsupport from several programstreU.S.Depar t ment of Ener gy o0:
Energy Efficiency and Renewable Energy, includimgBioenergy Technologies Office,
Vehicle Technologies Office, artéliel Cell Technologies Office.

GREET is structured to systematically examinevtieé-to-wheels(WTW) energy use
and emissions associated with a wide range of vehicle technologies anddiesdsirces for
producing alternative fuels. The previous versions of GREET included various woody biomass
feedstocks, such as willow, popland forest residue. This report expands the woody feedstock
module to include four additional woody biomass féecdss (oblolly pine,Douglas fit
sprucef/fir, and eucalyptus) aogdateshedetails fortwo existing woody biomass feedstsck
(i.e., willow and poplar)in addition the reporfprovidestwo appendicegxplairing the woody
feedstockmodule configured IGREET, andadditionalresults from the module.

1.1. MOTIVATION

Growing biomass incorporates atmospheric carbon and stores it as biogenic carbon. In a
biorefinery, some portion of the biogenic carbon is converted into a hidifieel reemitted to
the atmospere during the combustion proce€®nsidering corn ethanol as an example, about
onethird of the carbon in the corn grain that enters the ethanol plant ends up in ethanol, another
third is emitted during fermentation, and the final third ends up iniame&ifeed ceproduct.
When the biofuel is combusted for end use, biogenigi€@mitted. In biofuel LCA, it is
generally assumed that this biogenic &mission is offset by atmospheric carbon uptake during
biomass growth. In other words, it is assumed dombustion of the biofuel is carbaeutral.
When the time elapsed between biomass growth and biofuel combustion is short, this assumption
is defensible. In the case of forestigrived feedstocksyhere the growtiperiodof the woody
biomasanay besignificantly longeythe assumption of carbon neutraigywveak

Several studies have called into question the carbon neutrality offlemstd biofuels
and examined their stalled carbon delfRepo, Tuovinen, and Liski 2015; Repo, Tuomi, and
Liski 2011; Holtsmark 2012; McKechnie et al. 2011; Cherubini et al.. R0dst)of these studies



consider forestnanagement practices, i.e., establishm&iviculture and growth ratesutside
the U.S.For exampleRepoet al. (2015; 2011 }loltsmark (2012)and McKechnie et al. (2011)
focused on wood feedstocks in Finland, Norwaryd Canada, respectively. As shown in these
publications the material and engy flows associated with forestigs well as forest growth
itself vary widely by regionThe presenteportconsides the production of forestrgerived
feedstocks irthe United Statesexamining woody feedstocks producedhiree different regions
as deihed bytheU.S. Forest ServicUSFS)(seeFIGURE 1): theEasternJ.S,, Southernd.S,
andPacific Northwest For each of thessommercially importantorest regionstheforest

growth and harvest cycles, and the associeaeldonand energyldws associated witlhioenergy
production are tracked

The LCA studiesnentioned abovassumed that the woody biomass feedstocks are used
for bio-power(Repo, Tuovinen, and Liski 2015; Repo, Tuomi, and Liski 3@tajhd generation
biofuel production(Holtsmark ®12) or combinedethanol and bigpowerproduction
(McKechnie et al. 2011n all these casethe biogenic carbon is rapidly emitted, while the
carbon is slowly recaptured by the growing biom&seerubini et al. (2011did notcarry outa
formal LCA but develpedamodified global warming potelal (GWP)methodthatcouldbe
used in LCA of woody feedstoskAs showrby McKechnie et al. (2011), the final products
eg., biofuels, biopwer, and bioproduct$iave a significant impaacn the life-cycle results. Té
presenstudycalculates life-cycleenergy consumption and GHG emissions for biofuels
produced from forestierived feedstockeia either atherma or biochemical biomassonversion
processThis studyalsoconsides carbon dynamics in terms of temporal variations in carbon
uptake and emissins.

R10

Alaska
Region R6
. Pacific R1
Northwest Northern Region
Region
R4
RS Intermountain Region R2 R9
Pacifi Rocky Mountain Region Eastern Region
ic
Southwest
Region
R3
Southwestern
Region R8

Southern Region

FIGURE 1 U.S.Forest Service region locabns(USDA 2017)



1.2. FOREST RESOURCES

The United States contains ov&&5 million acres oforest(U.S. Forest Service 2014)
which amounts t84% of the total area of the coun{i@swalt et al. 2017Alaska contains the
largest foresarea at 129 million acres, followed by Texa3alifornia Oregon and Montana at
41, 32,30, and 26 million acres, respectiveRelative tothe area of each statdaine,New
Hampshire and West Virginia have the largest percentage of,fat88€6,83% and 79%,
respectivelywhile North Dakota has the lowesit 2%.About 586 of U.S. forestland
(443million acres over 765 million acrews)privately ownedAgencies including th&JSFS the
National Park Servicehe Bureau of Land Management, and the D&pant of Defensenanage
federallyowned forested landhll 50 states and many aoties and ciesalsoown and manage
forest lands. Approximatelyl million acres 11%) of forest is reserve@swalt et al. 2017)
me ani ng actessefhrmdot prddectio{Smith et al. 2009)These reserved lands
include NationaParks andMlonumentsas well aswilderness areaslost ofthese reserved
foress arelocated in the western part of the country, withskahaving the largest reservesar
at33 million acres, followed byalifornia at 6.3nillion acres(Oswalt et al. 2017)Thestates
with the highest percentage of forest researeslawaii and Wyomingt49% and34%,
respectively

Forests in the United States are separated intodiflieeent management regions, as
shown inFIGURE 1. Within eachregion there areawide variety ofdifferent ecosystesand
tree speciesandthere areeven greater differences between the regidhs total aboveground
mass of treesand predminant species for each regiparepresented iTablel. Thereare
approximately 9 billion tons of abovegroundiomass inJ.S.forests(U.S. Forest Service 2014)
Theaveragebiomass density for the entire countr\dj360 tons/mf. As for individual states,
those on th&VestCoast contain the largest ammiwf aboveground biomassaflQ 2.07,and
1.79billion tons for Oregon, California, and Washington, respectively. On-angerbasis, West
Virginia has the most biomass3#,600 tons/mt andNorth Dakota hathe lowest aR87
tons/mf.

Trees can be classified into two categories, softwoods and hardwoods. Hardwoods are
deciduous, while softwoods retain their leagresedlesyearround.There are significant
chemical and morphological differences between hardwoods and softwoddbese
differences argarticularly important for biochemical conversion processes. Both hardwoods and
softwoods have commercial value, but the overall producsidominated by softwood$Vith
10.3% of the aboveground biomass, $héwood Douglas firis the nost common tree species in
the country(U.S. Forest Service 2017 his species is widespread in iMestand iscommonin
Regions 16, although nore than 60% obDouglas firtrees are found in Region 6. The second
mostdominant species is loblolly pine, which comprises 8.2% of the total aboveground biomass
(U.S. Forest Service 201A)most all of this species (98%s located in Region 8, with the rest
in Region 9. Both of these species are commercial trees used to produce durable wood products
(DWPs), pulp and paper produc@ndprocesenergy. Other species making up a noticeable
amount of the total tree biomasglude hardwoods like maples, white and red oaks, and
hickory. However, this work focuses @hmortrotation woody cropsSRWQ or iidedicated
bioenergy plantatiomgto avoid concerns about using ecologically valuable hardwood forests



TABLE 1 Predominant Tree Speciesnd Aboveground Biomasdor Each Region(U.S. Forest
Service 2014; Oswaltt al. 2017)

Total Aboveground  Biomass

Biomass Density

Region Predominant Tree Species (billion tons) (tons/mf)
1 DouglasFir, Fir, Lodgepole Pine, Engelman Spruce 0.79 3,670
2 Aspen, Cottonwood, Fir, Lodgepole Pine, Engelman Spruc 1.0 2,410
3 Jeffery Pine, Ponderosa Pine 0.59 2,500
4 DouglasFir, Fir, Woodland Softwood 1.2 4,550
5 DouglasFir, Jeffery Pine, Ponderosa Pine, Fir, Oak 21 13,300
6 DouglasFir, Fir, Western Hemlock 3.9 24,000
8 Loblolly Pine, Mixed Hardwoods 9.9 11,900
9 Spruce/Fir, Maple 8.9 13,800
10 Sitka Spruce, Western Hemlock 1.0 1,760

1.3. SCOPE OF THEWORK

This study examines woody biomass feedstdickn managed forestand dedicated
SRWGs. With the exception a$prucef/fir all the forest systemsseseedling with improved
genetic traits, are growwith vegetatiorcontrol and where neededareprovided additional
nutrients. As a resulthe productivityon managed lands is generally higher than in natural
forests(Frederick Jr. et al. 2008; Adams et al. 2008anaged, as opposed to unmanagtahds
respond better to weathslressinsects, and disea@@unningham, Barry, and Walkingstick
2008) They also have shorter rotation leng#nsd can befficiently thinned and harvested in
many different wayg$Andreu, Zobrist, and Hinckley 2008; Cunningham, Barry, and
Walkingstick 2008)Anotha benefit ofmanagedoress is thatthe management regime can be
modified to respond tnewmarket opportunitiesr changing landowner objectivdsor
exampleforestharvestresidues and preommercial thinnings may lmllecied andusedfor
bioenergy poduction if a market existill residuesareaready commonly used forimill
energy applicatios) e.g., dry kilnsor heat and power. Thereirgreasingnterest inusng wood
for pellets that are then used for commercial power productiogsa@tential heatingBark from
the final havest may baised for biopower and heating applicatiofso, lignin isolated during
the pulpandpaper process is a major source of process energy, and greatly enhances yhe energ
efficiency of this industry.

Amongthe nineforest service region$[GURE 1), this study focuses on the three
regions with the largest amount of aboveground biomass: Regions 8, §Eafule61) For each
region, one softwood and o&&RWCspeciegseeTABLE 2) are considered-orthe softwood,
more than half of all of the growing stock removed in Regiam B)13wasloblolly pine (U.S.
Forest Service 2014%imilarly, Douglas firandsprucefir are thedominantsoftwoods for
Regions 6 an@, respectivelyAmong SRWGs, eucalyptus, willowand poplar are considerad
high-potential bioenergy crofdsr Regions 8, 9 and 6, respectivellhese SRWE€have all been
commercially deployed on tens of thousands of acres in their respective regideshibit fast



growthratesand high biomass yiesdn short rotatios. They can also be efficiently harvested as
singlefistem® or with Aiwhole tre@® harvesting methods. These plantations can be established as
seedlings or with coppice method@3REET curently includes data for two of the most studied
SRWC species, willow and popl@Wang et al. 2013)

TABLE 2 Tree Speces for Each Region Examined in This Study

Region Softwood SRWC
8 (Southern) Loblolly Pine Pinus Taeda) Eucalyptus Eucalyptus spp.
9 (Eastern) Spruce/Fir Picea/Abie¥ Willow (Salix alba L)
6 (Pacific Northwest) DouglasFir (Pseudotsugaenzies)i Poplar Populus spp.)

The following questionsareaddressed in this study

1 How canwoody biomass from different regions and species, with different growth
rates and management practjdesused as a feedstoick liquid biofuel?

1 How daesthe energy, material, and carbon intensity of growing and harvesting different
types of woody feedstocks vary by redfon

1 Under what conditions ithe carbon neutrality assumption (that carbon uptake during
biomass growth offsets carbon emissitmosn biofuel combustion) for biofuels produced
from SRWGs and softwoodsalid?

1 How does thdistarting point for the analysis, e.g., planting the trees or harvesting the
trees, impact the carbon cyele

1 How does approaching forestry systems from a dared versus a landscajmyel
influence woody biofuel LCA results?

1 How do different emissiondiscounting approaches influence LCA restdtswoody
biofuels?

To address these questions, this report predestsIA system boundary and key
assumptions ahe selected woodigedstocks in Secti@rl and2. The carbon dynamics
associated witthe timing of planting and harvestiagediscussedn Section0. Sectioré
presents and discusses key LCA results for biofuels produced from woody feedsttmkedfol
by the conclusions in Sectidén



2. LCA SYSTEM BOUNDARY AND KEY PARAMETERS FOR BIOFUELS
PRODUCED FROM WOODY FEEDSTOCKS

2.1. SYSTEM BOUNDARY

The system boundaries for softwood and SRWC systems are presefitét RE 2. For
commercial forest systems based on softwoods, there are tremendous variatiodsdejre
the objectives of the landowner and local market conditions. For example, the presence of a pulp
wood market or wood composite production plant will influence the planting density and
thinning practices. The system boundary used for softwoodiésimork is shown in Figur2A.
It is assumed that the forest experiences at least one thinning event during the growth cycle.
Later, the forest is harvestedpgmduce sawlogs and pulp chips, as well as harvest residues. The
timing of this harvest, and the allocation of the softwood biomass to these different products, are
dependent on the region studied. Sawlogs are sent to the mill, where lumber and pulp/paper
products are produced. Mill residues are also produced at the mill and are sent to the biorefinery,
along with thinnings and harvest residues. Fuel is produced in the biorefinery, which has its own
additional process inputs, e.g., enzymes or hydrogemuapdts, e.g., electrical energy sold
back to the grid. The biofuel is combusted in a vehicle, with the release.db @@
atmosphere. This COs eventually taken up by the regrowth of the biomass. The volume and
allocation of the preommercial thinmgs, harvest residues, and mill residues are further
explained in Section®.1.1, 2.1.2 and2.1.3 respectively.
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FIGURE 2 LCA system houndary diagrams, designated by red dashed ling for A) softwood and
B) SRWC systems. Unit processeare representedby the black boxes and material flowsre
represented in blue.




The SRW(C(Figure 2B)is a purposgrown or dedicated energy crop and thus its only
use is as feedstock for the biorefinery. The SWRC may be replanted or coppiced after a
harvest. The resulting fuel is also combusted, producing @kich is then takenpuduring the
next growth cycle.

Both the softwood and SRWC systemslude any needed fudgrtilizer or chemical
products required for biomass production and biorefinery operati@ elhissions from
nitrogen fertilizer application are also considevedthe default GREET emission rate of
1.525% of the nitrogen in the fertilizer lost agONfrom soil(Wang et al. 2012 Carbon
emissions or sequestration due to biomass decay or soil carbon changes on forsst lands
excluded. Note that several studies suggested increases in soil organiq 8&6ycausedy
SRWC systemg@Pacaldo, Volk, and Briggs 2013; Gregory et al. 2018)

Biomass production was modeled for one rotation for each tree species, and was based on
common forestry practice in that region. Nurserycpcas were excluded from this analysis, as it
has been showthatthey generally have very little impact on LCA ressputo et al. 2014)
To account for the tempalrcarbon dynamics of woody biomass, the carbon content of woody
biomass is critical. For the species whose carbon contents are specified in GREBDIGll.,
pine, poplar, and willow), the GREET default values are used. The carbon contents foeithe oth
feedstocks were found by averaging experimerahles(Energy Bsearch Centre of the
Netherlands 2011)as shown imTABLE 3.

TABLE 3 Carbon Content on anAsh-Free Dry Weight Basisfor Each Species

Loblolly Pine | DouglasFir | SpruceFir | Eucalyptus| Poplar | Willow
Data Source (Dunn et al. (Energy Research Centre of the (Wang et al. 2013
2014) Netherlands 2011) Pacaldo et al. 20)}3
Average Carbon Contentl 5 4o, 51.3% 49.9% 50.6% | 50.1% | 49.1%
Used in This Study

2.1.1. Thinnings

Thinningforests that produdeblolly pine,Douglas fir andsprucéfir is adominant
practice andhas multiple benefitslepending on thmix of desired products. During thinning,
rows of trees in the plantation are harvested. As a result, the remaining trees have less
competition for water and soil resources, and growthamatkelog qualityincreaseThinning can
alsocompensate fahe effects oseedling mortality, damage to young tressd poor tree form.
After thinning both the height and diameter of the remaining trees will incridadmson et al.
2015) The year and frequency of thinning will depend onpiteeluctivity of the site, local
market conditionsand thedesired final product. For southern pines, it is recommended that the
first thinning be done between yearsalfi15 of the growth cycleThe thinning may be delayed
if there is a market for chip-saw logs or pulp wood. A secottdnningmay beperformedf
there is a markdor smalldiameter logs or if the landowner is targeting poles or veneeatgs
the product of the final harve@ndreu, Zobrist, and Hinckley 2008; Cunningham, Barry, and
Walkingstick 2008)rhinningof Douglasfir in the Pacific Northwest is done around year 25



while thinnings forspruce/fir occur at around years 42 (poemmercial thinningsr firelease)
and 57 (commercial thinningdh all casesdiseased trees or trees with poor faram be
selectively removed to maximize the value of the trees available at final harvest

The demand fobioenergyfeedstocks may alter conventional harvesting scenarios and
could alter the fate of wood harvested at different points in the forestry Ayderding to
USDA, the fraction of logging residues to the total harvested forest matesmlseen increasing
in the 19762011 period in various parts of the U.S. As a result, residue volume has the potential
to be a significant resource for wood energy even after leaving a portion of residues for nutrient
cycling and soiprotection, andogging residuesire being increasingly considereg companies
as a possible resource for bioenergy WeDA, 2014). Therefore, logging residuasluding
pre.commercial thinningsould potentially be used ftwioenergy production, given appropriate
bioenergymarket circumstancemdthe proximity of manufacturing operatiandeanwhile, the
residuesmaybe left in theforestto decayand to satisfy objectives related to maintaining site
productivity, minimizing erosion, and preserving ecological values (USIDAG),especially
whenthereis nolocal bioenergy market fathem

2.1.2. Harvest Residues

In addition to precommercial thinning, the forest residues generated at harvest, e.g., the
limbs, tops, and cull tre€ansuitable for the production tfmber orother DWR because of
decay, poor form, limbiness, or spjifsom the finalharvestare also availablasa biofuel
feedstocl{Oak Ride National Laboratory 2011n theU.S, if these residues are to be
converted intduels eligible forrenewable identification number (RN they can only come
from norfederallandand tree plantations cleared/cultivated prior toddaloer2007and @n
only be used to produce a transportation fuel, like ethanalhydrocarboivased biofuelor for
electricity generatioffOak Ridge National Laboratory 2011; Daystar et al. 2013; Thakur, Canter,
and Kumar2014) | f r esi dues aaerei¢herdett in theofdrdsteocdécentpose ar h e y
burned as part of the site preparation work conducted before replanting. The decomposition rate
depends on the litter tyde.g, stumps, roots, branches, needles), precipitation, and temperature
(Zanchi, Pena, and Bird 2012; Haus, Gustavsson, and Sathre2&ddnding on how the
harvest residues are collectédiferent proportions ofhe nutrients thegontainmay also be
removedalthough on a mass basis these effects are §Reglo, Tuovinen, and Liski 2015)
Approximately 5065% of the reislues can be collected from the forektpending on the
equipment use(Daystar et al. 2012)'hey can be collected with a forwarder and can either be
bundled together for transpationto a processing facility as bales, or chipped in the woods and
trucked to the conversion fac¢iti(Thakur, Canter, and Kumar 2014)

Treatment of forest residue from an LCA perspective depends on whether one is
considering residue fropre-commercial thinnings or from wheleee harvesting. In the former
case, the residues aesponsible fothe full energy consumed in felling, skidding, and chipping.
In the second case, the residues could be considered either a forestry wasteoprumduct
product. If logging residues are treated as a waste product, only the energy used to chip the
collected residuewill be attributed to the biofuel feedstoéltternatively,if they aretreated as a
co-product, the energy consumption and environmental burdens can be allocated between the
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primary wood product and residues by mass fraction. An economic allocation approach could
also be takerHowever, in all caseshe actual collection dhe residues hamly a small impact
on the overall LCA burden of the biofuel.

2.1.3. Mill Residues

Sawmills produce a variety of wood products from sawlogs (logs with a large enough
diameter to produce dimension lumber). The main product from thesadadgidimension
lumber, which comes in a variety of sizes and has greater value than chips, particles or flakes.
Four main processes occur at mill3 a series of sawing operations, 2) heat and steam
generation, 3) drying, and 4) plag/finishing(Milota 2004; Milota, West, and Hartley 2004)
The first stepemoves the bark aralits the sawlogs to a desired len@thlota, West, and
Hartley 2004) The logs are then cut into planks and the planks into rough lumber. Other outputs
from this processaninclude pulp chipswhich can haveneaningful economic valyandbark
and sawdustvhich areonly useful for process hedh the secondtep energy is generated in
boilers and used throughout the mill. Wood, diesehatural gas can be used to power these
boilers(Milota 2004) In the case ofvood boilers, bark, sawdt and hog fugla mixture of bark,
sawdust and shavingsjoduced in the sawing proces®usedas fuel The energy balance for a
specific mill is heavily dependent dime efficiency of théoilerandwood-drying operations
Steam generated from the bmiis used to dry the rough lumberthe thirdstep Drying can
take 2 4 days depending on the type of wood, the cresstional dimensionand the type of
dryer. In thefinal step the dry lumber is planed to provide a smooth surface and actinedte
dimensionsand the planar shavingan also beised in the biomass boiler

Wood products from sawmills are most commonly dry dimension lurohgys or
shavingssawdustandbark and hog fuel. Chips can be sent to pulp mills or used for composit
manufacturingand bark can be used for landscagdgota 2004) Mill residues can also be
used for energy generation at a power plargssednto wood pellets for combustion, or used to
producdiquid biofuels

2.2. FOREST BIOMASS PRODUCTION AND DELIVERY TO THE BIOREFINERY

As part of this projecforestry and growth cycles aneodeled with careful attention to
the growth rates relevant to the specific regions and species (S&cfidns modeling yield
information about the mass of wood available at different points in the gymsth cycle. It
informs assumptions about the timing of thinniraggdfinal harvestThe model selected for this
purpose is the Forest Vegetation SinlgFVS), whichwasdeveloped by the USRESDA
2013)and verified by extensive field work. The CGRM team has used the FVS for a variety of
woody tree species and scenarios.

One key output of the FVS model is the increase in stem diaaretdree heightver
time. This can vary widely depending on the site, tree spaaintearly management practices.
The FVS model does ndirectly provide wholetree biomasswhich is of interest here. In this
work, wholetree biomass is estimated with the National Biomass Equdtlenkins et al.
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2003) whichrelate stem biomass to whelee biomass. It should be notiétthe choice of

techniques used to relate stem biomass to wineéebiomass can significantly influence the total

biomass available for bioenergy aggliions. This projectrilson CORRI M6s expert i
converting stem biomass to whdlee biomassCORRIM assisted with the development of the

biomass growth models for sometbé species and regions described iBLE 2. Also,

fertilizer, lubricant and fuel consumption rates wegetained fronfield

trials/measurements/data from CORRIM.

2.2.1. Loblolly Pine (Region 8:Southern Region)

Loblolly pine, which is grown on almost 40 million acres in the southefl was used
to represent theoftwood speciesm Region 8 This speciess modeled witha 31-year rotation
anda thinning at year 15. CORRIM provided the aboveground stock fédolkaly pine
management scenario in mass per area, whiobnverted to carbon per area usaprbon
content 0/50.1%(Dunn et al. 2014 FIGURE 3 providesa schematic of loblolly pinearbon
stocks over a growth cycleNote that FVSnodelsprovide the total carbostockgrown each
year, and this study allocates the carlsbockto each produabn the basis dahe final product
slate. For exampléhe total biomass at final harvest is allocatetlitober, pulp/paper, mill
residues, and harvest residasg5%, 27%, 15%, and 13%, respectivéypnversely100% of
the preecommerciakhinnings in yeaf6 are allocated tthe biofuel application.

The energy consumption for the thinning and harvestirigblolly pine,and theenergy

used to produce tifertilizer and herbicide uskin site preparation and establishmeané
provided in
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TABLE 4. Thetotal biomass removefbr the biorefineryis summarizedn TABLE 5. In the
bioenergy scenari®6.2 and 51.4 dry tons/lod lumber and pulp/papgrespectivelyare also
produced. The thinnings am@rvestesidues are treated as wastksrefore energy and
materials attributed to their productiarebased orattributional allocationThat is, wien
considering the use of fertilizers and pesticides, their Inuisdessigned t®WPsbecause forest
biomass is grown in a specific management style to increase the yields of those pnaducts
thinnings and residueBiesel consumptioduringharvest and collectioof thinnings and
residuess assigned to these bi@iueedstocksandnotto other forestry product#\gain, it is
important to note that the GHG burdens associated with the planting, fertiljzattharvesting
stepsarea very small portion of the overall GHG burdens of the resulting biofuel.
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TABLE 4 Annual Fertilizer, Herbicide and Energy Consumptionfor a 31-Year Loblolly Pine
Rotation

Diesel
Nitrogen* P,Os* K.0* CaCQ* Herbicide* Consumption

Year (kg-N/ha) (kg-P-Os/ha)  (kg-K:O/ha)  (kg-CaCQ/ha) (kg-herb/ha) (mmBTU/ha)

1 23.9

2 132 113 105 2,001

3 83 23 60

16 5.77

31 2.52

* These are allocated to DWPs.

TABLE 5 BiomassRemoval for Biofuel Production Basedon a
31-Year Loblolly Pine Rotation

Biomass Removal Rate

BiomassRemoval Type Year (dry tons/ha)
PreCommercial Thinnings 16 64.2
Forest Residues 31 28.0
Mill Residues 31 28.5
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FIGURE 3 Loblolly pine forestaboveground carbon stockn lumber, pulp/paper,
thinnings, and harvestand mill residues
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2.2.2. DouglasFir (Region 6: Pacific Northwes}

Douglasfir grown in thePacific Northwestregion of theJ.S. (Region 6)s modeled with
a 50year rotationCommercial thinnings antthe resulting forest anaiill residues are removed
at year B, while final harvest andesultingforest andmill residues argeneratedt year ®. The
aboveground biomass for this feedst@g&uppliedoy CORRIMon a mas®f-carbonperarea
basisat five-yearintervalsand wasnterpdated linearlyby Argonneto generateyearlybiomass
stocks The aboveground carbaeitockfor Douglas firis provided inFIGURE 4.

The energyequiredfor the collection of harvest residues is presentéddBLE 6. The
total biomass removefibr the biorefinery is summarized Table 7.Themgority of thebiomass
produced in this foress used to produceWPs(295 dry tons/ha)and this initial scenario
assumeso pulp and paper production. Fertilizer and herbicides are used during stand
establishment, with another fertilizer application aftee precommercial thinning, but their
burden is assigned to tAVPs Mill residues are treated as a waste from the lumber mill and
carry no burden from upstream proceEss

160
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140 Mill Residues

u Lumber
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100

80
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60

40

Aboveground Carbon Stock

20

0

0 10 20 30 40 50 Year

FIGURE 4 Douglasfir forest aboveground carbon stock over thesO-year modeling period

TABLE 6 Annual Energy Consumptionfor a 50-Y ear DouglasFir

Rotation
Diesel and Lubricant* Gasoline
Year (mmBTU/ha) (mmBTU/ha)
25 1.97 0.027
50 1.82 0.025

* Lubricant accounts for 2% of total diesel and lubricant consumption
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TABLE 7 BiomassRemoval byY ear for Biofuel Production
Basedon a 50Y ear DouglasFir Rotation

Biomass Removal Rate

Biomass Removal Type Year (dry tons/ha)
PreCommercial Thinnings 25 16.5
Mill Residues 25 38.1
Harvest Residues 50 15.2
Mill Residues 50 91.7

2.2.3. SprucefFir (Region 9:Eastern)

Spruce/fir is a mixture of softwood species grown inEastern U.Swith a 72-year
rotation This forest is modeledith one precommercialtnd one commercighinning and
harvest residueollectionin years 2, 57, and 2, respectively. Mill residues are availalilem
the commercial thinnings and final harvestach of those years as welhélaboveground
biomass was providday CORRIMon a yearly basis in mass of carbon per area. The
aboveground carbon stock of sprucafiprovided inFigure 5

The energy consumptiaraluesfor thinnings and harvest residues are listedABLE 8.
Themass of biomass removed from the forsghownin TABLE 9. The total mass of biomass
removed for lumber and pulp/paper are 91.3 and 38.1 dry tons/ha, respeCtwiglg to its
much slower growth raténan the other softwoogdthe spruce/fir mixtur@roduces much less
biomass for bioenergy and has a much longer rotébiotine production of commercial sawlogs
For thisregion it is uncommon tareplant seedlings, and thus feotilizer and herbicide are used
duringthegrowth cycle As with other sfiwoods, mill residues are treated as a waste at the
lumber mill and carry no burden from upstream processing.
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FIGURE 5 Sprucef/fir forest aboveground carbon stock

TABLE 8 Annual Energy
Consumptionfor a 72-Y ear
Spruce/Fir Rotation

Year Diesel (mmBtu/ha)
42 0.278
57 0.501
72 0.847

TABLE 9 BiomassRemoval for Biofuel Production Basedon a
71-Y ear Sprucefir Rotation

Biomass Removal Rate

Biomass Removal Type Year (dry tons/ha)
PreCommercial Thinnings 42 3.3
Mill Residues 42 29
Commercial Thinnings 57 6.0
Mill Residues 57 5.7
Harvest Residues 72 10.2
Mill Residues 72 7.7
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2.2.4. Eucalyptus (Region 8:Southern Region)

For thethreefastgrowing SRWG, a linear growth rate between establishment and
harvestis assumedlrhe SRWGs are also assumed to have bestablished and harvested
specificallyfor use in the biorefinery, and thus all establishment and harvesting burdens are
allocated to the biomass. Only aboveground carbon was tracked for this analysis, and the effects
of decay verenot considered in this first analysis.

Eucalyptus, a hardwood specisszommonly used for production of pulp, and is
modeled witha sixyearrotationfor the Soutlern U.S Rather than modelingnnualgrowth, the
final harvestediomasq69 dry tons per has linearly interpolated to a yearly stock valldis
system is modeled with a singdéem harvest and collection scenario, and thus nedlisgs are
replanted after every harvest. With the sirgflem harvest assumptianportion of the biomass
will be left in the field this portion isassumed tbe 3.0dry tons per heor about 5 wt.% of the
biomass Carbonimpactsof the decompositionf theseresiduesarenot considered in this
analysis The harvesis providedon a masgperarea basis, whicis converted to carbon usira
average carbon content of 5&v6% (Energy Research Centre of the Netherlands 20411)
example otheaboveground carbon stock for eucalyptugiven in FIGURE6, showing steady
uptake until harvest. Fertilizers and herbicide are used during the first two j/gaosvth, as
shown in
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TABLE 10, while diesel is uskfor biomass harvesting.
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FIGURE 6 Aboveground carbon stockover a rotation period of eucalyptus in the
Southern U.S.
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TABLE 10 Annual Fertilizer, Herbicide and Energy Consumptionfor a 6-Year Eucalyptus
Rotation.

Nitrogen P.0Os K20 CaCQ Herbicide Diesel
Year (kg-N/ha) (kg-P-Os/ha) (kg-K2O/ha) (kg-CaCQ/ha) (kg-herb/ha) (mmBtu/ha)

1 132 113 105 2,000 21.3 6.1
2 205 23 60
6

2.2.5. Poplar (Region 6: Pacific Northwes}

Poplarfor bioenergyis modeled foithe Pacific Northwest).S. In this work a 2tyear
rotationwas used before replanting. The poplar Wawvested every three yeavdth coppice
regenerationSimilarly to eucalyptusthe harvested biomasslinearly interpolatd with the
annual growthalong with the poplar carbon content of 50.1%, to detergeady uptakgWang
et al. 2013) A schematic of thaboveground carbon stock is providedFriGURE 7. Only 18
dry tons per ha are harvested after the first three years, ihiley tons per ha are removat
every subsequent harvest. At the first harvest, 1.3 dry tons peuheollectedand left to
decompose, whe 3.7 dry tons per ha remaiafter the subsequent harvests. The fuel, lubricants,
herbicides,

30

Aboveground Carbon Stock (ton@zha)

Year

FIGURE 7 Aboveground carbon stock over a 24year poplar rotation in the Pacific
Northwest U.S.
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and ingcticides used for poplar productiareprovided inTABLE 11. For the first three years,
fuel and chemical consumption varmsing to establishment activities. Afténe first harvest
though, the inputs remain relatively constant ehraeyearcycle, until the last yeam which
additional fuel and herbicidereconsumed to remove tisgumpsstools and restore the field for
a new rotation.

TABLE 11 Fuel, Fertilizer, and Chemical Usefor the Production of Poplar

Diesel and Lubricant Herbicides Insecticides

Year(s) (mmBtu/ha) (kg/ha) (kg/ha)

1 5.01* 9.5 0.030
2 0.01" 2.5 0
3 6.41* 1.9 0
4,7,10,13,16,19 0.20" 7.0 0
5,8,11,14,17,20 0.30 35 0
6,9,12,15,18 10.1* 35 0
21 11.8* 16.1 0

*Lubricant accounts for 2% of total diesel and lubricant consumption; lubricant accounts for 100% of total diesel
lubricant consumptiorfjubricant accounts for 0.5% of totdiesel and lubricant consumption; afubricant accounts
for 1% of total diesel and lubricant consumption.

2.2.6. Willow (Region 9: Easterr)

Willow usedasa SRWC can be modeled with24year rotation The first two yearsire
dedicated to site preparatiand the initial growth phasandthe plot can b&arvested every
three years after that. As with the otE&&RWCfeedstocks, only the biomass yield during every
harvesis provided(Wang et al. 2013)The harvest yieldare30.9, 33.3, and 30.3 dry tons per
ha for years 5, 8, and 11, respectively. The remaining harvestshiegasame yieldat 31.2 dry
tons per ha. For every harvest, 1.8 dry tons per ha remadollected. The aboveground carbon
stock, shown iFIGURES8, is calculated witHinear interpolation and the carbon content of
willow at 48.7%. No willow is growrin the first two year®wingto site preparatioand initial
establishmentThe fuel and herbicide consumption for this unit operation, as well as fuel and
nitrogenfertilizerconsumptionn the following years, is provided iRABLE 12. Additional
diesel and lubricardreconsumed with the finaldmvest to eliminate the stools.
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FIGURE 8 Aboveground carbon stock fora 24year willow rotation in the EasternU.S.

TABLE 12 Fuel, Fertilizer, and Chemical Usefor the Production of Willow

Diesel and Lubricant Nitrogen Herbicide
Year (mmBtu/ha) (kg/ha) (kg/ha)

1 4.23*% 5.0
2 7.321 3.7
3 7.81A 112
4 2. 60A
5 58. 2y

6,9,12,15,18,21 6. 71y 112

7,10,13,16,19,22 2. 60A

8,11,14,17,20,23 58. 2y
24 7.32A

*Lubricant accounts for 0.7% of total diesel and lubricant consumptidsricant accounts for 0.3% of total diesel and
lubricant consumptiorfjubricant accounts for 0.2% of total diesel and lubricant consumptiorfjudnitant accounts for

0.1% of tothdiesel and lubricant consumption.

2.2.7. Biomass Transportation to Biorefinery

CORRIM provided information on transportatioheach feedstock to the biorefinery
(TABLE 13). For softwoods, logisticareonly considered for thinnings and harvest residues, as
it is assumed the lumber mill that provided mill residiseso-located with the biorefinery.
Transportabn distances determined by the area required to supply ad@e&onsperday
facility in each specific region. The load capacity and fuel consumatemased on current
logistics in each region. i$ assumed that each feedstaskansported at moisturecontent of

45%.

22































































