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Short rotation woody crops appear to be a promisiptipn of biomass for bioethanol production.
The traditional short rotation periods tucalyptus globulusary between 8 and 12 years, however
intensive forest management practices and gemepicovement have increased the productivity of
plantations and reduced the rotation periods up years. This study aims to assess the potential
environmental impacts associated with Chilean stutationE. globulusplantations for bioenergy
production from a Life Cycle Assessment perspectMeus, for the first time it is presented a
detailed life cycle inventory and environmentalegssnent of a forest system in Latin America.
Forest operations carried out over a lifespan ofyd&@rs, with rotation periods of 4 years, were
divided into four phases: crop establishment, r&tiwg, hauling and logistics infrastructure. The
managed life cycle inventory included forest sié¢adfrom a representative plantation dedicated to
Eucalyptuschips production for energy purposes, and theritorg of the fuels production in Chile
was also determined to fulfil the information regment. The environmental profile was analysed
in terms of several impact categories: climate gkearozone depletion, terrestrial acidification,



freshwater y marine eutrophication, photochemicatlant formation, human toxicity, terrestrial
ecotoxicity, freshwater ecotoxicity, marine ecotityi, water depletion and fossil fuel depletion.

The harvesting phase was the main contributorntmst all the impact categories with contributing
ratios higher than 56%. Within the harvesting phdesilisation and forwarding were the main
processes responsible for derived environmentahatsp The results in terms of climate change and
terrestrial acidification were compared with thasported forEucalyptusbiomass production in
European countries. The comparison was performedidering the same system boundaries and
functional unit. Differences identified were reldt different forest management activities carried
out as well as different biomass yields. The LCédgtremarked those stages where the researchers
need to improve the environmental performance. rfEselts suggested that both fertiliser dosage
and fuel consumption in forest activities shouldoptimised in order to decrease most effectively

the global environmental impacts.

Keywords: Eucalyptus globulus Labill., Life cycle Analysisprest operations inventory, Short
rotation woody crops,.



1 Introduction

The replacement of fossil fuels with wood biomamsdnergy production is an important strategy
that is gaining increasing awareness all over tgdyPalmer et al., 2014). Wood biomass will be
an important source of renewable energy in the ngniiecades (Volk et al., 2004), today is a
commercial reality as solid fuel in the form of vadbohips,or pellets, and particular emphasis has
been paid on the production of energy crops assteeld for the growing energy markets (Mola-
Yudego et al., 2014; Rahman et al., 2014). ShotatRm Woody Crops (SRWCs) are a type of
energy crops based on forest plantations manageer agricultural practices i.e.: high intensive
regimes in comparison with usual forestry practitésller et al., 2003), that are a promising source
of cellulosic biomass for different final uses (Eliree et al., 2009). These systems can contribute to
mitigate the effects of climate change by sequiegte€O; during the biomass growth (Bricefio-
Elizondo et al.,, 2006).. Some woody crops haveatiegantage of growing in lands considered
marginal which increases the production of bionststhe same time that improves the economic
development in rural areas, while not competindnwhie production of food or feed crops (Rahman
et al., 2014). The resulting woody biomass can derlwas solid fuel or, transformed into biofuels
like bioethanol via biochemical platform or on theneration ofsyngasvia pyrolysis (Dias and
Arroja, 2012; Pérez-Cruzado et al., 2011).

In general, SRWCs make use of fast growing treeispehat enable high biomass yields to be
produced in short rotations (IEA, 2009). The crofation periods vary from 3-15 years (Rahman et
al., 2014). Among those species used for SR®Bi@alyptusis of high importance due to, among
others: the large areas planted, accounting for 88%tal forest plantations throughout the world
(Pérez-Cruzado et al., 2011), its high biomasglyaeld its lower water and nutrient requirements in
comparison with other short rotation woody spesigsh as poplar and willow (Catry et al., 2013;
Pérez-Cruzado et al., 2011; Searle and Malins, 2aid the well known silvicultural treatments
(Rubilar et al., 2008). Specificalligucalyptus globulutabill. (Tasmanian blue gum) is one of the
most important hardwood species, having great enanelevance due to its use as raw material in
pulp industries (Calvifio-Cancela and Rubido-Baf# 3. In 2004, there were about 2.5 million
hectares planted worldwide (Catry et al., 2013} sjpecial interest is being paid on the production
of bioethanol fromEucalyptusbiomass with a potential estimation ranging betwda5 L-t and
371 L-t* (Gonzalez et al., 2011).



In Chile, E. globulusis the second most abundant woody harvested spexid represents about
21% of the total planted forest ardaucalyptusprovides the main raw material source for the
Chilean wood chip based industry, accounting foP654f the total wood chip production.
Especially relevant is the Region of Bio Bio witloia than 38% of the total cultivated forests areas
in the country contributing with 57% of the totatimnal wood consumption for industrial uses
BleachedEucalyptusKraft Pulp, paper, sawmilling, boards, wood chgmsl others.. In addition,
90% of the total forest plantations in the regi@vén been established on eroded soils (without

vegetation, sandy soils or depleted soils by fagmiractices) (INFOR, 2011).

The crop rotation periods &. globulusvary from 8 to 12 years (FAO, 2001). However, dgrihe
last decades, research has been focused on iemsanagement practices and genetic
improvement These improvements have increased the productietyween 20% and 50% as well
as reduced the rotations between 2 and 5 yearsil@R al., 2008), providing an enormous
potential as bioenergy crop (Pérez-Cruzado et2@fl1l). At the same time, the sustainability of
SRWCs has been questioned, mainly due to theicteffen soil nutrient levels and water use
(Dimitriou et al., 2009). Since SRWCs are grownemehore intensive management practices than
traditional forestry, they comprise a larger numbmEr operations that may cause several
environmental undesired effects. The combustiorsgioms from fossil fuels (diesel or petrol) from
machinery used in the harvesting and transportasictivities contribute to numerous impact
categories such as climate change, acidificatiah ghotochemical oxidation (Gonzéalez-Garcia et
al., 2009a). Also, nitrogen based emissions (sich\L® or NO;) derived from fertilisers, that
affect impact categories such as climate changeeatrdphication (Gonzalez-Garcia et al., 2013).
To address this issue, Life cycle assessment (L&) been chosen as the tool to assess the
environmental impacts derived from forest actigtand forest products manufacture (Berg, 1997;
Ronning and Brekke, 2014)

Previous studies have addressed the environmamizdcits derived fromEucalyptusbiomass
production in European countries (Dias and Arr@f#2; Gonzéalez-Garcia et al., 2009b). However,
the environmental conditions and locations in wHigtest biomass grow considerably affect tree
growth rates, management systems and the wood-Ipagddcts characteristics (May et al., 2012).
Thus, the forest practices can considerably vaog, anly between countries but also between
regions (Berg and Lindholm, 2005; May et al., 20¥2wever and up to our knowledge, there is
not any study available about the quantificationenfironmental impacts of forest practices in
South American countries, such as Chile, being mapo forest biomass producers.



The purpose of this study is to estimate the pikepnvironmental effects dE. globulusshort
rotation plantations dedicated to energy productioChile, providing a collection of life cycle
inventory data for a representative ChildaucalyptusSRWC system, and using the inventory of
the production of fuels in Chile. The study aimsdentify the most critical environmental issues
(environmental hotspot$, particularly focused on the production of biosar bioethanol

production.

2 Materialsand methods

LCA is a quantitative procedure to evaluate theiremmental burdens associated with a product,
and to identify opportunities to attain environnartdvantages. Thus, this methodology identifies
the consumption of natural resources and the emnisgb environmental compartments associated

with the life cycle of the product under analyssd, 2006a).

2.1 Goal and scope definition

The environmental assessment of a typical forestlymtion scenario oE. globulusbiomass in
Chile has been performed following the ISO 1404é€cdjcations (ISO, 2006) in order to identify
and evaluate its environmental profile.

An intensive management scenario feucalyptuschip production for using in the second

generation bioethanol production has been considerethe assessment, taking into account real
forest management practices currently performethénRegion of Bio Bio, Chile. The assessment
has been carried out from a cradle-to-gate pelisgedte.: from raw materials production up to

having the wood chips at forest gate. The predotmiteanperate in this region is characteristics of a
Mediterranean climate (Diaz et al., 2009) with werage temperature of 17 °C in the summer and 9
°C in the winter, the average rain ranges betw&em& and 250 mm per month in summer and

winter, respectively.

2.2 Functional unit

The functional unit considered was defined as ar@ccmeter of fresh chips, including bark, at
moisture of 60%, ready to be delivered to the iarol producing facility. This functional unit was
selected due to all harvested wood (including badg the potential to be converted to ethanol

(Gominho et al., 2012; Neupane et al., 2011). Aerage bark content of 10% (in volume) has been



considered (INFOR, 1989). The average density densil for theEucalyptuschips is 506 kg-h
(dry basis) (Labbé et al., 2013).

2.3 System boundaries

The forest scenario considers a standard hectarenainerciaEucalyptuscultivated in Chile for a
total lifespan of 12 years under short rotation aggment, with rotation periods of 4 yeafslfle
1). The forest management scenario has been asdessedradle (raw materials production) to

forest gate perspective.

Table1 around here

Thus, the further distribution and final conversioinEucalyptuschips into bioethanol have been
excluded from the assessment. The production oftatagoods such as forest machines (e.qg.
tractors, chainsaws, forwarders, chipper, backhakspreaders) and implements (e.g. front blade
and ripper) has been included within the systemndaties. The production of agrochemicals
(herbicides and fertilisers) amtlicalyptusstems (seedlings), as well as their transportatmpto the
forest gate, has also been included within theegydtoundaries. The proposed production system
of Eucalyptuschips has been divided in four main phasegure 1):

Figure 1 around here

Phase 1 — Crop establishment

This phase consists of site preparation and statableshment. The site preparation is based on
deeply breaking-up compacted soils using a tramionected with a ripper. Next, it is carried out a
weed control to eradicate grass and perennial weet$erbicide (glyphosate) is applied using a
spreader. Stand establishment consists of thrédti@st planting, application of herbicides and
fertilising. The plantation is manually establishetda density of 5,000 stems*hdhe stems are
planted in a double row system with 2 m betweensranwd 1 m between stems. After that, an
herbicide (glyphosate) is applied using a spredgieally, the fertilisation is manually performed
and a ternary fertiliser (16-8-12) is applied.

Phase 2 - Harvesting
The harvesting phase consists of three harveststting cycles. In each cutting cycle, all processe
are repeated every 4 years. First, agrochemicalagplied to remove undesirable vegetation and to

improve the soil nutritional quality. The agrocheais are separately applied at rates of 2 L-ha



(using a spreader) and 100 kg‘hgmanually) for herbicide (glyphosate) and fertlis
(diammonium phosphate) respectively. These dosesaso repeated three times, once per
harvesting eventT@ble 1). After four years, all trees are manually hargdstising chainsaws.
Diameter at breast height (DBH) vary between 5 afccm (Geldres et al., 2004). Finally, the
biomass is extracted from the plantations with mvéoder and chipped on the forest road. The

average biomass vield is around 18 %hat"- yr™.

Phase 3 — Hauling

Activities related to the hauling take place at émel of the last cutting cycle. After all remaining
trees have been harvested for last time, the stargsemoved with a backhoe. First the stumps
collected are left in the forest; afterwards, thevgps are uprooted and chipped and the biomass is

scattered on the soil in order to improve the godlity.

Phase 4 — Logistic infrastructure

This phase includes the activities related withrasfructure maintenance and building. The
necessary forest roads and firebreaks are cardeth ahe first year of the cultivation, whereae th
activities related to the infrastructure maintersan€ roads and firebreaks take place only once,
during the last year, Both road and firebreak bngdand maintenance are performed with backhoe

and tractor, implemented with a front blade.

2.4 Allocation

In this cradle-to-gate analysis, the total biompesduction was considered as a whole. Thus,
allocation has not been required since it has hmmsidered that all biomass is chipped and
delivered to bioethanol facilities. The remainirigrbass generated in the forest site such as leaves,
branches and stumps have not been computed im#tgss as by-products. It has been assumed
that they remain in the plantation contributingingprove the soil quality. That perspective is in
agreement with other forest-related LCA studieg@Band Lindholm, 2005; Dias and Arroja, 2012;
Gonzalez-Garcia et al., 2009b).

2.5 Lifecycleinventory

Because the LCA was done in erddle to gaté perspective, the system of study is considered
from the production oEucalyptusstems. Special attention has been paid to thisegsosince there
is not available information in the literature cemiing activities and procedures irEacalyptus
nursery. Seedling production process includeshallactivities performed at the nursery from the

plantation of the seed until the seedling is retadie sent to the forest plantations. The nursery i



considered to be located at 75 km from the plamatirea. The inventory data for the seedling
production has been directly collected by meansuofeys with workers at the nursefyable 2
details the inventory data related with the proituncof one stem. The seedling production includes
two main stages: sprout production and stems ptmfudBoth stages are carried out in the same
expanded polystyrene based pot using pine barktesrate. The seeds are collected from the forest
and stored in the nursery. However, seeds produbts not been included in this study due to the
lack of available information. The exclusion of degroduction from the system boundaries is in

agreement with other forest-related LCA study rigmbin literature (Gonzalez-Garcia et al., 2014).
Table 2 around here

The seeds are manually planted at a rate of 20fs @ M It is important to remark that all the
activities performed in the nursery are done mdpu8kedling production takes place during a first
stage of 4 weeks, requiring one initial applicatadrfertiliser (urea) and fungicide (4 g?mand 1.5
mg- m? respectively). The irrigation is every 8 hours5(Q: m?). After that, half of the seedlings are
manually selected. Seedling final production stagperformed during 3 months where a ternary
fertiliser is manually applied once a week (1.5 ) mnd insecticide once a month (10 m®m
The irrigation is every 12 hours (0.35 L*n

The estimation of fuel requirements in site prefiana stand establishment, harvesting, hauling and
logistic infrastructure related activities were leoted directly by surveys with forest landowners
and estimated from local trials and experts knogdedPrimary and site-specific inventory
concerning the forest machinery and implements uggerating hours and input rates) are
presented i able 1 and their respective sourcesTiable 3. Nitrogen based emissions to air from
fertilisers have been calculated following the esiaiss factors proposed by Nguyen et al. (2011).
Phosphate emission to water has been calculatemtdiog to the emission factor proposed by
Rossier (1998). Inventory data concerning logistfcastructure related stage (road and firebreak
building and maintenance) has been taken from Riad Arroja (2012) assuming the same
conditions. The inventory data for the fossil fu@isel and petrol) have been estimated according

to the production in Chile (Morales et al., 2015).

Table 3 around here



The summarised inventory data managed for the tfonemagement operations associated with the

production of the functional unit (1%&ucalyptuschips including bark) is shown Fable 4.

Table 4 around here

Following the methodological approach taken in es LCA studies of forest systems, the forest
production system under study has been assumealitodsteady state with respect to both carbon
stock and management operations (Dias et al., 20@y; et al., 2012). It involves that there is no
change in the forest biomass productivity, soilanig matter stocks, availability of nutrients and
water over the steady state. The amount of, Qftake during the biomass growth has been
assumed to be equal to the amount of @kased to the atmosphere due to wood oxidatitimea
end of its life cycle (Dias and Arroja, 2012; GolezdGarcia et al., 2013).

Finally, the environmental assessment has beeredamt using the ReCiPe Midpoint method (H),
version 1.06 for the Life Cycle Impact Assessmé&@lA) (Goedkoop et al., 2009). The midpoint
methodology was used to understand the compleXitimpacts to air, water and soil to the
environment for the scenario Bficalyptuschips production under study. The analysis forftinest
system has been calculated in terms of thirteera@inpategories: climate change (CC), ozone
depletion (OD), terrestrial acidification (TA), Blewater eutrophication (FE), marine eutrophication
(ME), photochemical oxidant formation (POF), humaxicity (HT), terrestrial ecotoxicity (TET),
fresh- water ecotoxicity (FET), marine ecotoxic(tMET), water depletion (WD) and fossil fuel
depletion (FD). The LCA software SimaPro v7.8 (Ba@nsultants, 2014) has been used to construct

the LCA model and undertake the impact assessraémntlations.

3 Results

Results summarized ifable 5 show the potential environmental impacts of thershotation
forest crop for bioenergy system under study armd dbntributions to the global environmental
profile for each phasd-{gure 2) involved in theEucalyptuschips production life cycle. Phase 2,
considering three repeated harvesting cycles, asmhbst responsible stage of the environmental

burdens in all the categories under assessmentatitts ranging from 56% to 99%.

Table 5 around here



Figure 2 around here

Figure 3a displays the distribution of environmental impadtsived from the harvesting phase per
cutting events. Since it was assumed that the yiEEucalyptusbiomass and the processes in the
plantation under assessment are the same for emwlsting event, the distributing ratios are

exactly the same.

Figure 3 around here

Each harvesting cycle is divided infiive processes or activities: application of heidss,
fertilisation, felling, forwarding and chippindrigure 3b details the contribution of each process
involved in each harvesting cycle. The main procesponsible of the highest contributing ratios in
all the impact categories under assessment ididatibn. The contributions range from 35% to
99% depending on the category. The impact categarae affected by fertilisation are TA (92%),
FE (97%), ME (92%), OD (65%), CC (72%), TET (84%ET (53%), MET (57%) and WD (95%)
mostly due to emissions derived from the fertiliggoduction (such as nitrogen). Moreover,
emissions derived from fertiliser application, sashammonia emission into air and phosphate and
nitrate emission into water, present an outstandardribution in terms of TA, ME and CC.

The second key process accordind-tgure 3b is the forwarding activity with contributing ratios
higher than 30% in categories such as OD, HT, REET and FD. It is mainly due to emissions
derived from the machinery production (such as RHdB801 and barium), the production of diesel

requirements and their corresponding tailpipe €eioniss

The chipping process contributes with ratios lottn 10% in all the impact categories evaluated,
except in HT, POF and FD (15%, 21% and 25% resgalg}i The chipping step is a highly energy
intensive process. Thus, the environmental loadsett from this forest process are mainly related
with the emissions derived from the production asd of diesel. HT is mainly caused by water
emissions such as barium and manganese deriveddiesal production. The fossil requirement

also affects to FD. While, the derived tailpipe ssions such as N@ffect POF.

The felling process presents a negligible contidouilower than 1%) to all the environmental
impacts derived from the cutting cycle. This lowntution is mostly related with the low petrol

consumption since this activity is performed usanghainsaw.



Finally, the process related to the applicatiomertbicides presents a negligible contribution in al
the impact categories (lower than 0.1%) being thérenmental loads derived from the herbicide
production itself.

It is important to highlight that the fuel requirents in Phase 2 represent around 57% of the total
fuel consumed for all the forest activities. Thtyvgp activities are the main responsible of these
results: the forwarding and the chipping processiéh ratios of 24% and 32% respectively

regarding the total fuel consumed.

Figure 3c details the relative contributions from each faétwolved in the fertilising process (the
main environmentahotspo}. The fertilising related factors are the ferlisproduction, the
fertiliser distribution up to the forest gate (g case, by lorry) and the emissions (to air antery
derived from its application. The diammonium phagehproduction requires large amounts of
energy and minerals, which considerably affecteiiméronmental profile. However, categories such
as CC, TA and ME are mainly affected by nitrogepQNNH; and NQ") and phosphate emissions
derived from the fertiliser application.

The second most important phase in terms of enwiesmal burdens is Phase 1 (crop
establishment). This stage includes the site patjpar and the stand establishment related
activities. Contributions from this phase add t@3ih OD and, in the remaining categories, the
contributing ratios are lower than 10%idure 2). The following activities have been considered:
ripping, weeding with herbicides (site preparatjopjanting, application of herbicides (stand

establishment) and fertilising. As shown kigure 4a, the ripping process is the main responsible
of environmental loads derived from the crop esthbhent related activities except in terms of
WD, TET, OD and TA. In the remaining categorieg tontributing ratios range from 31% to 72%.

A large machine (a tractor connected with a rippeechanically performs the ripping process.
Thus, the contributions derived from the rippinge associated with the production of the
machinery, the production of diesel requirementswadl as with the corresponding diesel

combustion emissions.

The planting process contributes mainly in OD (80¥&T (49%) and WD (84%). In the remaining
categories, the contributions range from 13% to .2Bigure 4b shows the activities related to the
planting process: the seedling production, thespart of stems from the nursery to the forest site
and the planting in itself. However, this last ityi has not been included in the figure due to its



negligible contribution since it is manually perfurd using shovels. The seedling production is the
main responsible of impacts derived from the plapfirocess in almost all the impact categories
except in the categories of CC, POF, and FD (44P% and 44%, respectively). In the remaining

categories, it contributes with ratios higher ti&%, mainly due to insecticide production, pine

bark production (used as substrate) and emissieriged from agrochemicals application (such as
NO,, N,, NO,, NH3 and phosphate).

The fertilising process is the main contributocategories such as TA (62%) and FE (48%) as well
as this process presents a remarkable contribinidlE and CC (33% and 36% respectively)
(Figure 4a). The fertiliser used in Phase 1 is a ternanilifget (16% N, 8% FOs, 12% KO). In

line with the results reported for Phase 2, theirenmental impacts derived from the fertilising
step are mainly related with its production as wasdl with the NH and phosphate emissions

associated with the application of this agrochemica

The diesel requirements in Phase 1 represent éalpf3the total diesel consumption all over the
life cycle of the forest system under study. Tisisdue to ripping being the unique process with

diesel requirements.

Figure 4 around here

The third phase with an outstanding contributiontite environmental profile derived from
Eucalyptuschips production is Phase 4 (Logistic infrastrugl§igure 2). This phase involved the
building and maintenance of roads and firebreake. Main impact categories affected by this stage
are: HT, POF and FD with contributing ratios ramgiinom 12% to 17%Figure 5 details the

distribution of environmental loads derived fromaBé 4.

According to theFigure 5, the road building process is the main responsilbleontributions
derived from Phase 4 in all categories (28%-61%otdl contributions to all the categories),
followed by road maintenance (~23% in all of themjhile, the activities related to firebreak
building and firebreak maintenance are responsibl! the impacts categories under assessment

for ratios ranging from 10% to 25% and 5% to 238spectively.



Large machines perform all these activities: tnectmnnected to front blades and backhoes. Thus,
contributions to environmental impact categories associated with the production of this
machines and diesel requirements as well as watltahresponding tailpipe emissions.

Moreover, diesel requirements in this phase are 82fte total diesel consumption all over the life

cycle of the forest system under assessment.

Figure5 around here

Phase 3 (related to the hauling) is the stage thiéHowest contributing ratios in the environmental
profile of the forest system under analydtg(re 2). This phase contributes with ratios ranging
from 5% to 8% in categories such as CC, OD, HT, PBET, MET and FD. However, the
contribution to TA, FE and ME was lower than 1%eTdiesel requirements in this phase represent

8% of the total diesel consumption in all the foadivities.

Table 6 displays the contributions from each process weglto the different impact categories
under assessment. Thus, the environmental keyré&afohotspot¥ can easily be identified. The
three fertilising activities and the forwarding pesses (all of them performed in Phase 2) are the
environmentahotspotsin the environmental profile derived from tEeicalyptuschips production

system under a short rotation crop regime.

Table 6 around here

4 Discussion

This study analyses the environmental effects chlsethe production oE. globuluschips, a

potential raw material for energy and bioethanobjpiction.

The fertilising activities followed by the forwardj process were the environmentedtspots
identified in the life cycle oEucalyptusbiomass production. The on-field emissions derifrecth
the fertiliser application as well as the fertitis@production also showed important contributians t
the environmental impact categories evaluateddtitian, the felling process (i.e. harvesting) and
the forwarding process were also identifiedhasspotsin similar studies (Dias and Arroja, 2012;
Gonzalez-Garcia et al., 2009b).



However, the results showed some differences coimggiprevious studies on the environmental
assessment &. globulusbiomass production in Portugal (Dias and Arrojad 2, Dias et al., 2007)
and Spain (Gonzalez-Garcia et al., 2009b). The p&amo scenarios presented several
methodological differences in terms of functionalitu and system boundaries. For instance,
whereas this study presented the environmentaltsespect to a functional unit of one cubic
meter, including bark, of fresh chips, these Euampstudies were presented per cubic meter of
fresh roundwood under bark (i.e.: excluding theklzamtent). With respect to the bark content, our
study considered 10% (by volume) with 60% of mawstiHowever, Gonzalez-Garcia et al. (2009b)

considered a bark content of 16% (by volume) artd #e moisture content.

Similarly, there were differences regarding theays boundaries considered. In this study, all the
forest activities involved from site preparationduipping (also in the forest site) have been taken
into account, including the seedling production,evdas these previous studies excluded the
chipping (which is commonly performed in sawmiled the production of seedlings although

included all forest activities performed in the rgtafrom site preparation to biomass harvest,
considering also the loading of logs into the tsuédr final distribution. Concerning the inclusion

or not within the system boundaries of activitiagolved in the production and maintenance of
roads and firebreaks, there are also disagreeniBmtse activities were included in our study and
also in the Portuguese case studies, but they @aleded in the Spanish case study. Yet again,
this study included the production of forest maehjnwhereas it was excluded from the system

boundaries in the European scenarios.

The environmental profiles could be compared imteof two impact categories (climate change -
CC and acidification - TA) harmonising the samectiomal unit and system boundaries for the
Chilean, Spanish and Portuguese case studies. plesimethod would be to use a common
functional unit based on 1%rundwood under bark and year (fum yr), and excluding in the
system boundaries the chipping process, the sgeglisduction process, the logistic infrastructure
related activities, the machinery production anel libg loading into truckgrigure 6a shows the
fluctuations found on the environmental resultsérms of these impact categories. The results
reflect that the differences in forest managemesitvbeen European and Chilean plantations of
Eucalyptusaffect the type of machinery required (large oabmachines), the fuel consumption,
the agrochemicals requirement and the productofithe plantations. For example, in the Spanish
casestudy, the stand was not managed under a shotiorotagime and a lifespan of 15 years was
assumed. In the Portuguese case study lifespaB8 g€ars were considered with three rotation



intervals of 12 years each. Concerning operationg)e Spanish case study, only ripping and cut-
over clearing processes were performed using taatgplemented with discs and rippers, and in
the Portuguese case studies, more activities wared out: the stump removal, the clearing step,
the ripping, the subsoiling and the fertilisingl Af them required tractors with the corresponding
implements. In Chile, a ripping process followed hmrbicide application was performed before
planting. The ripping was performed with a rippengected to tractor and the herbicide application
with a spreader, with no fertiliser application.tBeen the planting (in all case studies, manual) an
the felling, different processes could be carrietl @hese processes depended on the lifespan, the
soil quality and the rotation cycles. Thus, in tBeanish case only one cleaning, one pesticide
application and two fertilising processes were grened. In the Portuguese case studies up to eight
cleaning and six fertilising processes were corethiel over the lifespan. In our case study, there

was not any cleaning process and up to four farij and weeding activities were performed.

All these differences on the forest activities el on large differences on the fossil fuels

requirements (either petrol or diesél)gur e 6a shows the fuel requirements in MJ.
Figure 6 around here

Concerning the dosage of fertiliser, in the Porasgucase, it was required an application of 0.3
kg-m?ub-yrtof ternary fertiliser, 0.5 kg-fub- yr* of N-based fertiliser and 1.2 kguab-yr*of
superphosphate fertiliser all over the forest systi the Spanish case study, it was applied 2.3
kg-m?ub-yr?of ternary fertiliser. While in our study, the tbfartiliser dosage was slightly lower
than the European cases: 0.2 kg-ub-yr * of ternary fertiliser and 1.5 kg-frub-yr * of
diammonium phosphate fertiliser. These differences the fertiliser doses are related with
differences on the soil quality and the intensifycuoltivation regime (Rubilar et al., 2008). An
optimization in the fertiliser dosage together vitie choose of the best moment of application may
reduce nutrients losses in the soil (Gonzalez-@aetal., 2009b). Thus, the environmental impacts

related to the production and use of fertiliserslddoe reduced.

Finally, remarkable differences also exist conaagrthe biomass yields between countrkggpre

6b) In European conditions, a biomass yield of arolilicht ub-hd-yr* was assumed regardless
the management regime (Portuguese case), where@hilean plantations, an average biomass
yield of up to 16.9 rhub-h&-yr', due to more suitable climatic and soil condititmsddition to
the intensive forest activities performed in theV¥8R regimes compared to the plantations without



rotation cycles, as the intensive agricultural megiin short rotation plantations increases the

biomass production (Gonzalez-Garcia et al., 2012).

5 Conclusions

This is one of the first studies, up to the authknewledge, providing an environmental life cycle
analysis concerning wood biomass for bioenergy getidn in Chile. The results achieved in this
study showed that the harvesting phase is the mesiponsible of environmental impacts with a
remarkable contribution to all the categories. Tedilising and forwarding processes were
identified as the environmenthbtspotsmainly due to the fertilisers and diesel requiretseA
similar performance was found between this studyather LCA studies of eucalypt forest systems
in Europe. These results suggested that bothigertidosage and fuel consumption in forest
activities should be optimised in order to decremssst effectively the global environmental
impacts. The LCA study presented provides a sddisidto build comprehensive environmental
studies for wood products in Chile. The resultorega will be useful in decision making especially
concerning forest industries usifig globulusas raw material, especially those focused to diqui

biofuels production.
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Table 1. Labour sequence considered in the eucalyptus proiguction system under assessment

based on real practices performed in Chile.

Machinery A Implement
. Power :
Time . 41| Fuelconsumption| Input rates
Phaseg (year) Operation vS/Z\:\é)ht Weight h-ha (L- hat-yrY)
k
. Ripping Tractor 205 Ripper | 4250 5 5.4 -
1 Site 9357 ' --
Preparation | Herbicides Spreader -- _ _ 12 y 3.5 L/ha
. application P 4.3 Herbicide®
@ . -- N 5000
(;@ Planting - N - - - - stems
o Herbicides -- 25L/ha
Stand L Spreader -- -- 12 -- o
0 establishmen application 43 H3e2rbk|;|/(:]:1
Fertilising - - = - --8 Ternary
fertiliser ©
Herbicides -- 2 L/ha
application Spreader 4.3 K - 12 B Herbicide®
1 _ 100 kg/ha
Fertilising -- _ -- -- -- - Diammonilém
1% cutting 34 phos_p_)han
cycle Felling Chainsaw 5.6 - - 28 0.8 N
. 125 -
4 Forwarding Forwarder 12000 - - 11.8 145 N
Chipping Chipper (;(;CZ - - 6 19.9
Herbicides -- 2 L/ha
application Spreader 4.3 B B 12 B Herbicide®
5 _ 100 kg/ha
N Fertilising -- B -- -- -- -2 DiammoniLém
% 2" cutting 32 phos_p_)han
£ cycle Felling Chainsaw 56 - - 28 0.8 N
. 125 -
8 Forwarding Forwarder 1200( - - 11.8 145 N
Chipping Chipper ggcz -- -- 6 19.9
Herbicides -- 2 L/ha
application Spreader 43 B B 12 B Herbicide®
9 _ 100 kg/ha
Fertilising - _ - - - o Diammonium
3 cutting 32 phos_r?haté
cycle Felling Chainsaw 56 - - 28 0.8 N
. 125 -
12 Forwarding Forwarder 12000 - - 11.8 145 N
Chipping Chipper gig - - 6 19.9
[90]
(]
4] Stump ; 119 _ _ -
_g 12 removal Backhoeing Backhoe 20000 6.5 151 N




Phase 4

1 Road building | Tractor 55;7 Elr;é]é 930 1.7 15
12 Infrastructure ri(;?r(\jtenance Tractor 929?5?7 Elr;)gé 930 0.6 14
1 establishment;lijri?;:]egak Backhoe 2%)%)?)( _ _ 0.23 15
2 e I e e L

2 Manual activity, no fuels requiremenPsGlyphosate® 16%N, 8% RBOs, 12% KO;

T18%N, 46% ROs




Table 2. Inventory data associated with the seedling pridionof E. globulus (per unit of stem).

Inputs Value Unit
I nputs from Technosphere
Pine bark 2.40 drh
Expanded polystyrene 6.30 ug
Agrochemicals
Urea 0.04 g
Fungicide 15 ug
Ternary fertilisef 0.19 g
Insecticide’ 0.30 mL
Inputs from Environment
Water 1.08 L
Outputs Value Unit
Output to Technosphere
E. globulus stem 1 stems

Qutput to Environment
Emissionsto air

NGO, 1.31 mg

N, 3.91 mg

NO, 0.62 mg

NH; 3.30 mg
Emissions to water

PQ 0.13 mg

2 Thiram fungicide® Phostrogen fertiliser: 12% N, 10%@®, 27% KO; ¢ Cyperkill



Table 3. Summary of data used for the environmental arabyfseucalyptus plantations.

Data required Data source

Machinery type, operation hours, agrochemical rate

Fuel consumption in forest machinery

Agrochemicals supply (distance, transport mode) Field data compiled from forest landowners and

local trials*
Seedling production
Biomass production per ha and year
Fossil fuels production Morales et al. (2015)
Agrochemicals production Ecoinvent database ® @lthet al., 2007)
Machinery production Ecoinvent database ® (NemeaekKagi, 2007)
Pine bark production Gonzélez-Garcia et al. (2014)
Expanded polystyrene Ecoinvent database ® (Hischier, 2007)

Diffuse emissions from agrochemicals application uddmn et al. (2011) and Rossier (1998)

Combustion emissions from forest machinery Ecoihdatabase ® (Nemecek and Kagi, 2007)
Combustion emissions from transport Ecoinvent dsal®(Spielman et al., 2007)
Infrastructure establishment Dias and Arroja (2012)

* Data provided by the Soils, Nutrition and Susgddte Forest Production lab and the Forest BiomaBso&nergy lab, Faculty of Forest
Sciences, Universidad de Concepcion, Chile.



Table 4. Inventory data for the forest management operatémsociated with the productiontf
globulus chips (per functional unit).

Inputs Value Unit
I nputs from Technosphere
E. globulus stems 22 stems
Fossil fuels
Diesel 0.68 kg
Petrol 7.78 g
Lubricants 30 g
Agrochemicals
Herbicide® 87 g
Ternary fertiliseP 0.14 kg
Diammonium phosphate 1.33 kg
Transport
Lorry 3.5t 0.52 tkm
Outputs Value Unit
Output to Technosphere
Wood chips 1 m

Qutput to Environment
Emissionsto air

SO 7.26
NO, 40
Co, 2.38 kg
CO 9.17 g
VOC 5.40 g
N,O 24 g
Pentane 0.24 g
NMVOC 24 mg
CH, 97 mg
Particulates 0.89 g
N> 70 g
NH; 59

Emissions to water
NG;~ 151 kg
PQ - 12 g

a Glyphosate ¢ 16%N, 8% BOs, 12% KO, © 18%N, 46% FOs



Table 5. Impact assessment results associated with the giodwf 1 ni of Eucalyptus chips.

Impact category Unit Total
Climate change (CC) kg G@q 16.3
Ozone depletion (OD) kg CF€eq 7.3-10
Human toxicity (HT) kg 1,4-DB eq 4.6
Photochemical oxidant formation (POF) kg NMVOC 1%
Terrestrial acidification (TA) kg S£eq 0.25
Freshwater eutrophication (FE) kg P eq 3.8.10
Marine eutrophication (ME) kg N eq 0.36
Terrestrial ecotoxicity (TET) kg 1.4-DB eq 1.3310
Freshwater ecotoxicity (FET) kg 1.4-DB eq 7.4210
Marine ecotoxicity (MET) kg 1.4-DB eq 8.4-10
Water depletion (WD) m 0.29

Fossil depletion (FD) kg oil eq 3.6




Table 6. Contributions of forest activities involved ucal yptus chips production to environmental flows.

Operation

CC

OD HT

POF

TA

FE

ME TET FET MET WD

FD

Phase 1

Site preparation

Ripping

Herbiciding

Planting

Stand establishmerjtHerbiciding

Fertilising

Phase 2

1st cutting cycle

Herbiciding

Fertilising

Felling

Forwarding

Chipping

2nd cutting cycle

Herbiciding

Fertilising

Felling

Forwarding

Chipping

3rd cutting cycle

Herbiciding

Fertilising

Felling

Forwarding

Chipping

Phase 3

Stump removal

Backhoeing

Phase 4

Infrastructure
establishment

Road building

Road maintenance

Firebreak building

Firebreak maintenance

[<0,09% [ 1-2,99% ] 3-6,99% [ 7-9,99%

20-29,999

>30%
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FIGURE CAPTIONS
Figure 1. Scheme of the system boundaries considered for the production of eucayptus chips.

Figure 2. Contributions to the environmenta profile per each phase involved in eucalyptus chips
production life cycle.

Figure 3. Distribution of environmental impacts derived from Phase 2 - Harvesting. @) Distribution
per cutting cycles; b) Distribution per processes involved in each cutting cycle; ¢) Distribution per
factorsinvolved in the fertilising process.

Figure 4. Contribution to environmental profile corresponding to the Phase 1- Crop establishment.
a) Contribution from process involved in Phase 1 b) Contribution from planting process.

Figure 5. Contribution to environmental profile from processes involved in Phase 4- Logistic
infrastructure.

Figure 6. a) Fluctuations on environmental impacts in terms of Climate Change (CC) and terrestria
acidification (TA); b) Fluctuations on the biomass yield derived from E. globulus plantations
according to the literature.



Highlights

1. LCA of short rotation E. globulus for bioenergy production was performed

2. Red forest information corresponding to Chilean practices was considered

3. Theforest scenario considers alifespan of 12 years under a short rotation regime
4. The harvesting phase was the main responsible of environmental impacts

5. Fertilising and forwarding processes were identified as the environmenta hotspots



