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Abstract

Woodchip is preferred to all biomass forms becatusieows standardised sizes and offers
additional benefits in terms of load density. Ir@&pe, a large amount of woodchip is produced by
dedicated cultivations: very Short Rotation Copic®RC) and Short Rotation Coppice (SRC).
The chipping operation can be done during the bssnharvest or some months after tree cutting.
This operation can be performed by different maesinlisc chippers, drum chippers, feller-
chippers and grinders.

The goal of this work was to determine the enengyy the C@Qemission of different types
of chippers used in biomass comminution producepdpjar vSRC and SRC. All machines were
tested with two different feedstocks: branchwoodeftops and biomass produced by vSRC) and
whole-trees (biomass produced by SRC).

Fuel consumption ranged between 14.36 and 5h32hd energy consumption varied
from 0.92 to 0.62 MJ MgDM, respectively, for branchwood and whole-trees $esk type. In
addition, an average value of 16.40 kg€®MgDM* in branchwood chipping and an average
value of 10.80 kgC&q MgDM* were obtained in CQassessment.

This experiment indicated that self-propelledefiethippers were significantly more
convenient than “conventional chippers” in biomessiminution produced by dedicated

plantations.

Keywords

Chippers, feller-chippers, grinders, fuel consumptienergy cost, Cemission



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

1. Introduction

Energy produced by renewable sources is considevadld solution for reducing environmental
pollution caused by the use of fossil fuels [118]fact, recently, the European Union has provided
incentives for renewable energy production [3]. Ama@ll renewable energy sources, biomass is
the one that has the greatest possibility for fdgsi substitution [4], especially woodchip [5],
which is preferred over all other biomass formsaose it shows standardised sizes and offers
additional benefits in terms of load density [6].

The chipping operation can be done during the bgsrharvest [7] or some months after
tree cutting [8]. This operation can be performgdvioo different groups of machines: chippers—
machines using sharp tools (knives) to cut or slioed; and grinders—machines using blunt tools
(hammers) to smash or crush wood [9].

In particular, grinders are used when dealing wthtaminated wood, as their blunt tools
are less sensitive to the wearing effect of contamtis [10], but offer a biofuel of low quality ldye
unsuitable for use in some plants [11]. In contrelsippers are exclusively applied to clean wood
and offer a finer and better product [12]. For waodhminution, mobile and stationary chippers are

used, but the former, despite their inferior perfance, are more diffused in forestry yards [13].

In Europe, a large amount of woodchip is producgeddaicated cultivations: Short Rotation
Coppice (SRC). In recent years, the ligno-celld@gecies cultivation has increased because
several farms have inserted SRC in their cultplahs [14]. The main forestry species cultivated in
Europe are poplaPpEpulus spp.) [15], willow &alix spp.) [16], black locusRpbinia pseudoacacia

L.) [17] and eucalyptus=ucalyptus spp.) [18]. Forestry species can be cultivateth wihigh

planting density (5,500—14,000 plantsand harvested every 1 to 4 years (very ShorttRota
Coppice—VSRC) or with a lower planting density (062,000 plants i3 and harvested ranging

from 5 to 7 years (Short Rotation Coppice-SRC) [19]
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Until now many works have focused on various aspettvSRC or SRC: genotype
selection [20], cycle duration [21], biomass praddut[22], planting techniques [23], weed control
and fertiliser effect [24], pesticides applicati@®], irrigation effect [26], etc. Among all SRC
cultural operations, biomass harvesting is consilerucial for a farmer to estimate the economic
sustainability of the crop in advance [27]. In faecently, the biomass harvesting operation has
been studied from different points of view: haruggtechniques [28], economic and energetic
costs [29], and wood chip quality [30]. Since bianaarvesting-especially woodchip production
[29]—requires approximately 25% of the total SR@rgry input [31], it is very important to make
a correct choice of the machine used to reducédotgy consumption.

In recent years, some works have focused on thlei&ion of chipper performance but
unfortunately, all of these have considered ordingle machine or various machines but not under
the same work conditions (these experimentatiomsldfierent in terms of feedstock characteristics,
materials and methods used) [7, 13, 27]. They daive sufficient information to compare the
performance of different types of chipper machingsd in SRC plantations.

In order to overcome this deficiency, a specificdy was performed in which the
performances of different types of machines usaslaad chip production were assessed under the
same working conditions. On this basis, the goahisfwork was to determine the energy and the
CO, emission of different types of chippers, usuabBgd in biomass comminution produced by
poplar vSRC and SRC, in the same area and usirgathe feedstocks. In particular, in this study,
disc and drum chippers, feller-chippers and griadezre tested with two different feedstocks:

branchwood (treetops and biomass produced by vaR&€whole-tree (biomass produced by SRC).

2. Materials
For this study, eight different machines were cho$e particular, three of these were powered by

the tractor’'s PTO, while five by an independentieagAll machines required power between 103
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and 420 kW. In the tests, drum chippers and digzpeins were compared to one grinder and three

feller-chippers (self-propelled) (Table 1).

Table 1 — Technical characteristics of the chippeis grinder tested

Machine Machine Powered Power Chipper Knives Mouth feeding Feeding
(n°) (type) system (kW) (type) (number)  size (mm) system
Power Take
1 Feller-chipper Off 103 disc 3 250 x 600  automatically
Power Take
2 Chipper Off 130 disc 3 700 x 600 with crane
3 Chipper Indep. engine 170 drum 4 650 x 900 with crane
Power Take
4 Feller-chipper Off 190 disc 2 700 x 600  automatically
5 Chipper Indep. engine 200 drum 4 350 x 600 with crane
6 Chipper Indep. engine 310 drum 2 650 x 900 with crane
7 Grinder Indep. engine 320 hammer 38 700 x 1500 with crane
8 Feller-chipper Indep. engine 420 drum 4 300 x 600 automatically

For each machine category an appropriate feegsig® was used; self-propelled chippers
were fed automatically, while “conventional” chippand the grinder were fed by forestry cranes.
All stationary machines, in order to reduce the@fbf the operator’s training and skill level,
already well known in other forestry sectors [32¢re fed using only one forestry crane driven by
the same operator. The crane used in the test a4 BA BONA AS610 fixed to a 4 WD tractor
(Same ANTARES 110).

All machines were tested with only poplar treecsge Populus x euroamericana). Hybrid
poplar is the main species used for the afforestaif north Italian farmland, and it can be
considered representative of all types of wood disetiomass production [20]. Since the
feedstock size can cause an effect on machinerpafae [33], in the trials, two feedstock types
were used: branchwood (seven year-old treetopbinaass produced by a two year-old very
Short Rotation Coppice), and whole tree (matepatsluced by Short Rotation Forestry of seven

year -olds).
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In this work, treetops were also considered bexausome cases, in order to become
positive, the economic balance of SRC, the bagsalgbaéhe trunk, up to 4-6 m, is used to produce
industrial wood (OSB panel, packaging) [34].

Branchwood had an average diameter (measuredtd 40 mm from cutting section) of
between 50 and 120 mm, while the whole tree haaka diameter between 280 and 400 mm.

Due to the limited size of their cutting heads &mthe specific cutting system type, not all chiygpi
machines tested were able to work with the twceddht feedstocks. Feller-chippers 1 and 8
worked on vSRC plantations (branchwood) only, wfeleer-chipper 4 worked only in SRC (whole
tree).

All wood was freshly processed, with a moisturateat of about 55%.

Feedstock was made available in large piles (aqmately 100 m) built at the field edge.

All machines, except feller-chippers, were statbnear the piles and the forestry crane was used
to move the wood into their feeding device. Fetleippers worked directly into the plantation
(vSRC and SRC) because the feed of their cuttiagi$bas carried out automatically during
forward speed. The trials were performed on a pof@&C, where the distance between the rows
was of 3.00 metres and the distance between plag®f 0.50 metres (density of 6,700 plants per
hectare), and a poplar SRC with same distance et rows but with a distance between plants
of 3.00 metres (1,600 plants per hectare).

Each feller-chipper was tested on a rectangukza af 0.25 hectares with sizes of
approximately 105 metres in length and 24 metregidith (8 rows). In particular, the rows showed
a length of 95 metres and a headland of 5 metres.

Chips were blown into three-axle trailers withapacity of 35 m Trailers were towed by

farm tractors, so that the whole operation wasdasgelusively on farming equipment.

3. Methods
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The research was conducted in northwestern Italgr the town of Alessandria, between January
and March 2012.

The sampling unit consisted of a full trailer. Té»perimental design aimed at testing the
effect of machine categories used for woodchip petidn (disc chipper, drum chipper, feller-
chippers, and grinder) on productivity, energystonption and C@emission.

All machines worked with new knives and hammers.

3.1. Productivity

Productivity was estimated through a detailed tmmaion study conducted at the cycle level [35],
where a full trailer load (35 fhwas assumed as a cydBycle times were defined and split into
time elements, following the International UnionKafrest Research Organisations (IUFRO)
classification [36]. Productivity of the chippingeration was expressed in terms of mass (Mg DM
h™) and density (fth™). Furthermore, these parameters were also caéclitat a function of chipper
engine power (Mg DM tand nih™ x kW). Net chipping productivity for each chippeas
determined considering only productive working tifime which the woodchip produced).
Outputs were estimated by measuring the volumenasight of all woodchips produced
during each test. The weight of each trailer waasueed by a certified weighbridge with an
accuracy of 10 kg (Ferrero® FL311). Before deteingrihe trailer weight, the load was leveled
equal to tipper topsides. This operation was necgse obtain density values of biomass.
Moisture content determination was conducted withgravimetric method according to European
Standard CENT/TS 14774 [37], on one sample (1 kg)mailer, collected in sealed bags and

weighed fresh.

3.2. Energy Consumption
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Energy consumption was calculated considering teeergy consumption (fuel and lubricant
consumption) and indirect energy consumption (gnégthe machines manufacturing) [38].
Inputs were transformed into energy unit measutlepting coefficients: machine 92.0 MJkgnd
equipment 69.0 MJ kb[39]. Direct energy input was calculated by muiipg the fuel and
lubricant consumption by the respective energyemtst 37.0 MJ} for fuel [40] and 83.7 MJ kg
for lubricant [39], and then inflating this valug b.2 MJ kg* as additional fossil energy used in
their production, transportation and distributidd ]

In this experimentation, a life of 12,000 hoursl @m annual utilisation of at least 500 hours
were assumed for tractors (with the tractor alsndoased for other operations) and a life of 8000
hours and an average annual utilisation of 350hauas considered for chippers and grinder [29].
Energy spent for maintenance and repair was corslde&5% of the energy needed for machine
manufacturing [42].

Fuel consumption for the whole chipping operatiwsas determined by a “topping-off
system”. With this method, fuel consumption wased®ined by refilling the machine tank after
each trailer (35 M was produced. The tank was refilled using ar2-lilass pipe with 0.02-litre
graduations, corresponding to the accuracy of mieasents [43]. The lubricant consumption was

determined as a function of fuel consumption inemsure of 2% [44].

3.3. Environmental assessment

The environmental impact of the chipping operatiaas performed considering G@mitted by
fuel combustion during the work and €@mitted during machinery production. On the baéis
research published, an amount of 3.76 kg of G€ litre of diesel fuel [45-46] and an averag#?.
kg of CQ, for each kg of lubricant [47] emitted in the atipbere were considered. Moreover, the
environmental impact required for maintenance vedsutated considering an emission factor of

0.159 kg CO2 per MJ of energy content in the mazh|[R29].
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The collected data were processed with MicrosgéieEsoftware and analysed with SPSS
21 (2014) advanced statistics software to detertheestatistical significance of the differences
between the treatments using ANOVA. A statisticaMzapproach considering the machinery’s
nominal power effect on the different parameteiays®ed in this experimentation was not carried
out because the machine characteristics were iithplicserted in the information related to the

unit of nominal power.

4. Reaults

4.1. Productivity

In branchwood chipping, the higher value of prodlist (102.67 nih™* equal to 16.29 Mg DM
was obtained using machine 8, whereas the lowés¢ veas obtained using machine 1 (19.38n
equal to 3.06 Mg DM 1). Net productivity expressed for each nominal powait of the machine
ranged between 30 and 38 kg DNshkW-values always obtained by machines 1 and 8I€T2).
However, in whole tree chipping, the higher valfiehe working rate (112.67 " equal to

18.14 Mg DM H") was obtained using machine 7, whereas the loeleles (34.67 i equal to
6.07 Mg DM h) with machine 4. A higher value of net productméixpressed for each nominal
power unit of the machine was obtained with machiand 6 (60 kg DM hx kW), whereas a
lower value (32 kg DM 1 x kW) with machine 4 (Table 2). The lower valugaibed from
machine 4 is related to its discontinuous work @ueanoeuvres required by its positioning near
the trees.

The productivity obtained in whole tree chippingd®B8 Mg DM K' x kW) was about 30% higher

than that obtained in branchwood comminution (T&)le
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During data interpretation, if the values of maehd are not considered with regard to its
peculiarities, it is possible to assert that prdhity is affected only by feedstock size and ngpt b

different comminution systems, powered systemsfaading systems (Table 2).

Table 2 — Productivity and statistical analysishaf all machines for each feedstock tested

Productivity Specific productivity (*)
Feedstock Machine (m® hh (Mg DM h) (m*h*kw-1) (Mg DM h™* kw-1)
Mean SD Mean SD Mean SD Mean SD

1 19.33 058 3.06 0.09 0.19a 0.005 0.030a 0.0007

2 27.67 153 4.36 0.24 0.21a 0.005 0.034a 0.0008

3 37.67 0.58 5.93 0.09 0.22a 0.003 0.035a 0.0005

Branchwood 5 39.33 1.53 6.88 0.27 0.20a 0.005 0.034a 0.0009
6 70.33 2.08 11.47 0.06 0.23a 0.003 0.037a 0.0002

7 75.00 1.00 10.77 0.21 0.23a 0.002 0.034a 0.0006

8 102.67 4.04 16.29 0.64 0.24a 0.006 0.038a 0.0010

2 43.00 2.00 7.22 0.34 0.33b 0.009 0.056b 0.0015

3 55.33 4.16  9.49 0.71 0.33b 0.024 0.056b 0.0041

Whole-trees 4 34.67 1.53 6.07 0.27 0.18a 0.004 0.032a 0.0006
5 68.00 4.00 11.90 0.70 0.34b 0.012 0.060b 0.0020

6 110.00 4.36 18.48 0.73 0.35b 0.005 0.060b 0.0008

7 112.67 0.58 18.14 0.09 0.35b 0.001 0.057b 0.0001

Notes: (*) Values refer to a nominal power of thaahmine; different letters (a, b,) indicate sigrafit differences
between machines far= 0.05

4.2. Fuel consumption

Fuel consumption ranged between 14.36 and 59.326ta function of the nominal power of
machines and the feedstock type (Table 3). Hourdy §onsumption increased in accordance with

the power engine with a linear trend independemitifhe machine and feedstock types (Fig. 1).
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Figure 1 — Fuel consumption versus nominal macpoveer

Specific fuel analysis showed different values &snation of the parameter considered. Referring
fuel consumption to biomass produced, independehtiyhether the latter is expressed in terms of
weight or volume, higher values (3.90 | MgD\r 0.63 | n?®) were obtained in branchwood
comminution, while lower values were observed iroletree chipping (2.60 | MgDMor 0.44 |

m®). Feller-chippers powered by tractors (machinesd 4) showed higher values (4.67 | MgBDM
or 0.79 | m*) when compared to other machines independentlyeofeedstock considered. That
statistical difference was not found when referting specific fuel consumption to engine nominal
power. In fact, for each feedstock tested, all nraeh showed similar values. In particular, average
values of 113 and 123 g kW*hwere observed in branchwood and whole tree chipperpectively

(Table 3).



1 Table 3 — Fuel consumption during branchwood andlevtree chipping

Fuel measured o .
Specific fuel consumption

Feedstock  Machine TEVV\\;()H () Mg -
Mean SD omt | m? g” kw h*

Branchwood 4 103 1436 061  4.69c 0.74c 116b

2 130 1745 0.54 4.00b 0.63b 112b

3 170 2252 0.89 3.80b 0.60b 110b

5 200 25.68 1.26 3.73b 0.65b 107ab

6 310 43.32 0.84 3.78b 0.62b 116b

7 320 42.86 0.76 3.98b 0.57b 111b

8 420 59,52 0.98 3.65b 0.58b 118b
Whole-trees 130 19.40 114  269a 0.45a 124c

3 170 25.05 0.78 2.64a 0.45a 123c

4 190 28.27 0.86 4.66c 0.82c 124c

5 200 29.62 2.15 2.49a 0.44a 123c

6 310 4550 1.36 2.46a 0.41a 122c

7 320 47.86 0.68 2.64a 0.42a 124c
Notes: (*) Value calculated considering a diesel fiensity of 0.832 g cr different letters (a, b, etc.) indicate
significant
differences between treatments dor 0.05

2
3

4  4.3. Energy evaluation

6 Energy consumption in chipping operations resuhel@pendently of the nominal power engine

7 and in inverse relation to feedstock size commithulte fact, the higher value (0.92 MJ MgDM

8 and the lower value (0.62 MJ MgDNlwere obtained from branchwood and from whole-tree

9 chipping, respectively. The highest values (1.19NMyDM™), also for this parameter, were

10 observed in chippers powered by tractors (Tabléndaddition, this evaluation pointed out that

11 chipping operations required an average energyuropgon of 6.50 MJ for each kW of chipper
12 nominal power independently of machine type, fegdiystem and feedstock size. All machines
13 showed an incidence of direct energy consumptiototah energy consumption between 80 and
14  90%; no statistically significant difference wasselved for different feedstock considered (Table

15 4).
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Table 4 — Energy consumption in chipping operation

Feedstock Machine

Energy consumption

Specific energy consumption

Energy per

Incidence of

Energy per

Direct Indirect Total nominal power direct on total biomass produced
(MJ h-1) (MJ h-1) (MJ h-1) (MJ kW-1) %) (MJ MgDM-1)
1 555.4 137.4 692.8 6.71a 81.0 1.20c
2 674.9 162.2 837.1 6.44a 80.6 0.98b
3 870.9 108.7 979.7 6.13a 88.9 0.88b
Branchwood 5 993.1 251.3 12445 6.21a 79.8 0.96b
6 1675.4 213.9 1889.3 6.11a 88.7 0.91b
7 1657.6 303.0 1960.6 6.13a 84.5 0.87b
8 2301.9 352.9 2654.8 6.32a 86.7 0.90b
2 750.3 162.2 912.5 6.90ab 82.2 0.67a
3 968.8 108.7 1077.5 6.34a 89.0 0.61a
Whole-trees 4 1093.3 251.3 1344.6 7.01ab 81.3 1.18c
5 11455 213.9 1359.4 6.80a 84.3 0.61a
6 1759.7 267.4 2027.0 6.54a 86.8 0.59a
7 1850.9 303.0 2154.0 6.73a 85.9 0.62a

Notes: different letters (a, b, etc.) indicate figant differences between treatmentsdor 0.05

4 4. Environmental assessment

Data processing highlighted an average value @falkgCQeq MgDM™ (2.61 kgCQ m®) in

branchwood chipping and an average value of 10g8I0keq MgDM™ (1.82 kgCQ m™) in whole-

tree chipping. Also, in this evaluation the woestults were obtained by the chippers powered by

the tractor. In fact, independently of feedstocksidered, an amount of approximately 20.30

kgCOeq MgDM™ (3.38 kgCQ m) was obtained by a chipper powered by tractorblera).

No statistical differences were found between meehiequipped with different comminution

system and feeding system used.

Table 5 — CQemission during branchwood and whole-tree chipping
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CGO, eq emission

Feedstock Machine
kgCOeq MgDM*  kgCO, m*®
1 20.45c¢ 3.24c
2 17.38b 2.74b
3 17.26b 2.72b
Branchwood 5 16.31b 2.85b
6 15.48b 2.52b
7 16.78b 2.41b
8 15.18b 2.41b
2 11.53a 1.94a
3 10.73a 1.84a
Whole-trees 4 20.12c 3.52c
5 10.52a 1.84a
6 10.22a 1.72a
7 11.02a 1.77a

Notes: different letters (a, b, etc.) indicate ffigant differences between treatmentsdor 0.05

5. Discussion

During biomass plantation harvesting, independéfdeaxring system types used in chipping
operations (automatically or with forestry crarteg supporting work time and delay (unproductive
time) were low (8% of total working time). This ual is similar to that obtained in other work
performed using traditional chippers [48], but igain lower (four times) in comparison to a self-
propelled forager modified for wood chipping testeda poplar plantation of 270 mm diameter
[49]. This difference could be attributed to thevéw tree sizes and to the optimal conditions (large
square and big head field) in which the machineskagbduring the trials. Overall it is very
important to highlight that working time can alse Imked to the operator’s training and skill level
[50].

Productivity is influenced particularly by the atibn length of the SRC harvested because a
different plantation edge causes a different femydstype (Table 6). It is lower when the wood
assortment processed is characterised by a smal{lsianchwood or vSRC). This effect may be

attributed to low feedstock density and to gredifficulty in its handling. This wood assortment
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type can also cause some problems in feeding opesatvhere the branches can get stuck in the
feeding mouth of chippers. These operative problere also shown in other studies [51-52].

Independent of the type of machine consideretefehipper, chipper or grinder), the
working rate results are similar for all machinaghwsimilar nominal engine power; different values
are obtained only with different feedstock. Thisamfirmed in the database compiled by Spinelli
and Magagnotti [13] and in the study conducted pyndli et al [51]. The minor differences
between the values could be attributed to diffefeatl systems (automatic or with crane) and
operator skill. In addition, no significant differee was found by adopting a different comminution
system (disc, drum, hammer).

In absolute terms, fuel consumption obtained is work was in line with the values
reported by Nati et al. [53] (0.8 to 1.6%)tand by Spinelli et al. [51] (1.7-1.8f for poplar).
Moreover, these results are similar to those asduorea life cycle assessment of fuel wood chip
production from willow [54] and eucalyptus [55] biass plantations.

Furthermore, this study highlights that in biomessiminution, independently of the
machine type used (self-propelled chipper, fell@pper or grinder) and feedstock size
(branchwood or whole-trees), fuel consumptioniigtty related to the engine’s nominal power of
the chipping machine used. A similar trend was &sod by Spinelli and Hartsough [56] during a
survey of chipping operations performed with cori@ral chippers. Since fuel consumption is
proportional to engine load, these results coultift@d to max rotation speed of the engine used to
power the machine [57]. In fact, at high rotatipesd, eventual change of load due to resistance
forces of different feedstock size is better endurg the engine [58]. In addition, when the
chippers are equipped with a no-stress electraawvecd (a device to control the forward speed of
the feeding material in function of engine speedjrder to obtain a high woodchip quality, the
engine works with a constant speed, and for tlasar, with a fairly constant load for all feedstock

size variations as well [51]. Also for this paraerestatistical analysis showed no significant
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difference between machines equipped with diffecemiminution system and feeding system.
Differences were observed only when machines paieyePTO of the tractor were considered.

Referring the energy consumption in biomass camiton to nominal power of machines
used, a similar value was obtained for all machtasted (6.50 MJ for each kW) independently of
machine type, feeding system and feedstock sizeeMer, relating energy consumption to
woodchips produced, the highest mean value (0.9MyDM™) was observed during the
comminution of feedstock of small size (branchwoeuaid the lowest mean value (0.62 MJ MgDM
1) during whole-tree chipping. Also for this paraerethese results can be attributed to the constant
engine load guaranteed by a no-stress device adiffeécent productivity that is obtainable using
different feedstocks. The highest absolute valus8MJ MgDM?*) observed in chipper 4 powered
by PTO of the tractor could be related to a lowerking rate and lower efficiency of the power
transmission system. In fact, when using the PT@®ahydraulic power transmission system, part
of the power provided by the engine is absorbethbycardan shaft used to couple the chippers to
tractors and the pump used to maintain the oileupdessure [59].

In general terms, the energy required by a chgppjreration is very low (0.6-1.2 %) when
compared with the energy value of the woodchip peed (1880 MJ MgDM). These results are
comparable to those found by other researcheigitas plantations [60-61]. In addition, this
study indicates an average incidence of about 85¥eadirect energy (fuel and lubricant
consumption) on total energy required. These resuift similar to those calculated for woodchip
transportation [62] and biomass harvesting [29].

Regarding C@emission during biomass chipping, data procedsigiglights a different value in
function of feedstock size. Higher results wereaot®d in whole-tree comminution (16.40 kg
CO,eq MgDM?) compared to 10.80 kgGegq MgDM™ emitted during branchwood chipping. This
trend can be caused by different chippers’ progiigtiln fact, whole-trees have highlighted higher
wood chip production in the unit time. These valaesin line with those found during a life cycle

assessment of chip production from eucalypt foyassidues [55] and poplar SRC [60,63].
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Also in this case, the chippers powered by adrasttowed the worst results independently of
feedstock physical characteristics (20.30 kg€@PMgDM™). This aspect is very important and it
should not be underestimated because thged@ssion, as well as being detrimental to the
environment, is also harmful for the operators [64]

Finally, the study highlighted that the cuttingeogtion performed in simultaneity with the
chipping operation (feller-chippers) does not cdasibly reduce chipping operation productivity
and does not influence fuel and energy consumplibase results again increase the high
performance of self-propelled feller-chippers timgbrevious tests have shown advantages in
economy [27] and soil compaction [28] when compdoettonventional” machines used in
biomass harvesting and chipping. Nevertheless, maeh(feller-chipper that worked only in SRC—-
plantation with a medium-length rotation) showddwa working rate because its working process
was not continuous due to difficulty in cuttingdsewith large diameters (up to 400 mm). In fact,
under these conditions, manual cutting and hamnvgstn be economically competitive compared

to mechanical systems [65].

6. Conclusions

In conclusion, the data processed showed thatedinpeters analysed in this study (productivity,
energy consumption, and G@mitted) are mainly affected by feedstock size pmdering system
of the machines used. Different comminution syst@irsc, drum, and hammers) and feeding
systems (automatic and with forestry cranes) daigptificantly influence the values.

In addition, the study highlighted a significadivantage in the use of self-propelled feller—
chippers because these machines, although perfptmmoperations simultaneously (cutting trees

and chipping wood) show a similar performance tantentional chippers”.
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Nevertheless, feller-chippers powered by PTO dafttns do not seem to be a good solution
because they have shown the worst results in tefipioductivity, energy consumption, and CO2
emitted.

On the base of the results obtained in this stidgrder to reduce the environmental impact
of the chipping operations, especially GHG emissmanufacturers should focus on machines with

an independent engine, while farmers should plair thops with long harvest cycles (seven years).
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