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a b s t r a c t

Modified foragers represent a cost-effective option for harvesting high-density short-rotation energy
plantations. However, new energy plantations grown in Brazil far exceed the stocking and the stem size
characterizing plantations in the Northern hemisphere, which raises the question about the ability of
modified foragers to perform effectively. A study was conducted on five eucalyptus plantations, located
in different Brazilian States and spanning over a wide range of work conditions in terms of clone, age,
planting density and row system (e.g. single or twin rows). Field stocking varied between 90 and
157 t ha�1, and breast-height diameter between 5 and 8 cm. The tests were conducted with a New
Holland 9060 forager, equipped with a 130 FB energy wood header. This machine was capable of
negotiating all test fields, and reached a productivity on these sites between 39 and 65 t h�1, which was
comparable with the productivity values recorded in Europe and North America. The machine coped well
with the high field stocking and stem size levels encountered in Brazil. Blockages accounted for a very
small proportion of total harvesting time, which was similar to that recorded in studies conducted on
poplar and willow in the Northern hemisphere. Productivity was directly proportional to field stocking
and target chip length. Changing target chip length from 30 to 20 mm resulted in a 20e30% reduction in
productivity. These figures reflect work conditions in uncoppiced first-rotation plantations, and they
should be applied with some caution to following rotations.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Plantation forests are playing an increasingly important role in
industrial wood fibre supply, and may satisfy most of the global
demand in the near future [1]. Modern industrial tree plantations
implement all the latest advances in genetic improvement and
rationalized cropping techniques, which result in very high growth
rates and short rotation lengths [2]. The availability of land and
labour at relatively low cost has resulted in a strong expansion of
industrial plantations in the Southern Hemisphere [3,4].

Plantation forestry is particularly strong in Brazil, where it
covers over 6 million hectares, and yields 184 million m3 of round
wood annually [5]. Favourable soil and climate conditions, together
with the gains from genetic improvement of crops, result in
exceptional growth rates [6]. What is more, the area invested with
uerra), goguri@fca.unesp.br
fast growing plantations in Brazil is expected to grow dramatically
over the next decades [7]. Eucalyptus is the most common genus
used for establishing industrial forest plantations in Brazil, and also
the most successful one. The majority of Brazilian eucalyptus
plantations are characterized by a 3 � 2 m spacing, a rotation age
between 5 and 7 years, and yields in excess of 270 m3 of pulpwood
per hectare [8]. These plantations are geared to support large
modern pulp mills, and are often established in the immediate vi-
cinity of the mills they supply [9].

In recent years, the increasing demand for renewable energy
feedstock has raised interest in growing eucalyptus for biomass fuel
production [10]. The quality requirements of biomass fuel are lower
than for pulpwood, which may permit higher densities and shorter
rotations in order to maximize mass yield [11]. New high-density
plantations are established at a density between 3300 and 14,000
trees ha�1, are managed as short-rotation coppice (SRC) and are cut
every second or third year, yielding up to 100 t ha�1 dry matter, or
1000 GJ ha�1 [12]. Under these conditions, the conventional har-
vesting techniques designed for pulpwood production are not
suitable, because sub-optimal stem size results in low productivity

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:ssguerra@fca.unesp.br
mailto:goguri@fca.unesp.br
mailto:spinelli@ivalsa.cnr.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2016.01.003&domain=pdf
www.sciencedirect.com/science/journal/09619534
http://www.elsevier.com/locate/biombioe
http://dx.doi.org/10.1016/j.biombioe.2016.01.003
http://dx.doi.org/10.1016/j.biombioe.2016.01.003
http://dx.doi.org/10.1016/j.biombioe.2016.01.003


Fig. 1. Detailed view of the New Holland FB130 header.
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and high harvesting cost. Unfortunately, industrial crops are spe-
cifically designed to produce large quantities of low-priced raw
materials, and their success requires that all operations be con-
ducted with the utmost efficiency. For this reason, conventional
single-tree harvesting must be replaced with swathe harvesting, as
already applied in European energy forests [13].

Brazilian energy biomass producers may simply adopt European
harvesting technology, which is generally based on modified for-
agers and benefits from a long evolution [14]. However, Brazilian
eucalyptus plantations offer bigger and harder trees than found in
Europe, which is likely to affect harvester performance. Similar
problems were found when introducing standard Nordic machines
to Southern Europe [15] or to the northeastern USA [16], where
stem size was significantly larger. Most forager-based SRC har-
vesters have maximum stem size and crop density limits, which
change with machine type and design. European manufacturers
have already ventured into developing larger and more powerful
version of their SRC harvesters, in order to cope with the larger
stem size characterizing new plantation models [13]. Nevertheless,
thesemachines are still designed for European poplars andwillows,
which are generally shorter and weaker than Brazilian eucalyptus.
Most forager designs struggle to lay down large trees, which tend to
jam in the space between the cutting device and the feeding
apparatus. In that case, one should favour designs with a wide
infeed opening, unobstructed by flow dividers, slides or rollers.

All these requirements are found in the new SRC harvester
developed by Case New Holland. This machine is quite powerful,
and adopts a streamlined cut-and-feed device resembling the
system already used on sugar cane harvesters. Such machine is
specifically designed for industrial use, which is likely to be espe-
cially intense in Brazil, due to the large-scale industrial character of
Brazilian forest industries. Furthermore, resemblance with con-
ventional sugar cane harvesters represents amarked advantage in a
country with a thriving sugar cane industry, where most local
workshop are already familiar with such technology.

The goal of this study was to determine the performance of this
new forager-based cut-and-chip harvester, deployed for the first
time on Brazilian SRC eucalyptus. In fact, this would be the first
attempt at harvesting Brazilian SRC eucalyptus with a forager-
based harvester, regardless of harvester make and model. In
particular, the authors set out to determine harvesting productivity
and fuel efficiency, and tomodel them as a function of specific work
conditions.

2. Materials and methods

The machine used for the test was the 441 kW New Holland
FR9060 forager model, fitted with the dedicated 130FB header,
which is specifically designed for harvesting large-size SRC. The
header is fitted with a pair of large diameter circular saws placed at
the bottom of the same shafts that carry the vertical crop collectors,
and a horizontal paddle roll (Fig. 1). The saws cut the stems, while
the crop collectors and the paddle roll move them towards the
horizontal infeed rollers, which feed the stems to the chipping unit.
The latter is located inside the forager proper, and consists of the
same drum used for chopping maize, fitted with sixteen knives
divided in two sections. Chips are engaged by the blower, and
discharged through the outlet pipe. Target chip length can be
adjusted to any value between 5 and 30 mm, directly from the
operator's seat. For the purpose of the study, the 20 and 30 mm
lengths were selected because these were considered most suitable
for energy production by the individual field owners. During the
study, the machine was supported by two farm tractors pulling two
trailers each. Individual trailers had a capacity between 8 and
35 m3, depending on availability at the test sites.
The test were conducted on 5 different plantations, chosen to
cover the whole range of variation of Brazilian SRC eucalyptus. The
plantations were established with different hybrid eucalyptus
clones, at densities ranging from 3300 to 14,800 trees ha�1. The
densest plantation (e.g.14,800 trees ha�1) had been established
according to the twin-row system, while all the others had been
planted as single rows. The plantations were spread across three
States, and spanned awide range of climatic conditions, but they all
grew onwell-drained soils in flat land (Table 1). During all tests, the
machine was operated by the same driver, who was well acquain-
ted with the base unit, but had been driving the harvester on the
eucalyptus energy plantations for few weeks before commencing
the test proper.

The research consisted of a set of detailed time-and-motion
studies conducted at the cycle level [17]. The filling of a full
trailer load of chips was assumed as a cycle, which began with the
forward motion of the harvester discharging chips into an empty
trailer, and ended when the chip trailer was full to capacity (Fig. 2).
For each cycle, researchers determined the following parameters:
surface area, biomass output, time input and fuel input.

The surface area covered with each cycle was determined by
multiplying inter-row space by total travel length, the latter
determined through the readings provided by the on-board com-
puter. Resulting figures were double-checked with those obtained
from a Garmin 60 CSX GPS device. Biomass output was estimated
by measuring the volume of all chip trailers produced during each
test, and by taking 20 sample trailers per field to a certified
weighbridge. Bulk density figures obtained from the 20 sample
trailers were applied to the measured volumes of all trailers pro-
duced during the test, in order to obtain fresh load weights. The
moisture content of fresh chips was determined with the gravi-
metric method according to the ASABE S358.2 standard (2010): at
least ten 500-g samples were randomly collected from the trailer
loads, packed into sealed bags and dispatched to the laboratory for
analysis. Once there, samples were placed in a ventilated oven and
dried at the temperature of 103 ± 2 �C for 72 h, before weighing
them again on a precision scale.

Time and fuel inputs were determined through on-board com-
puter readings. The forager was equipped with the new “Intelli-
view” automatic data collection system that stored data about
travel speed (km h�1), fuel use (l h�1), harvest time (h) and harvest
distance (m). Time readings were checked against those provided
by a conventional stopwatch and proved extremely accurate.

Researchers also determined the activity breakdown of total



Table 1
Characteristics of the test sites.

Field A B C D E

Longitude 20�540S 15�460S 21�430S
Latitude 51�520W 42�070W 49�510W
Location Tres Lagoas Taiboeiras Lins
State MS MG SP
Elevation m als 320 750 444
Climate Semi-humid Semi-arid Tropical
Soil type Oxisol-ultisol Quartzous sand Oxisol-ultisol
Texture Sandy loam Loamy sand Loam
Drainage Well drained Very well drained Well drained
Slope % 0e5 0e5 0e5
Annual rainfall mm 1400 855 1300
Mean temperature C� 24 21 22
Surface ha 3.82 9.80 0.74 2.37 1.03
Species EG � EU EG � EU EC � ET EC � ET EC � ET
Clone H1069 I144 I144 C58 C58
Age years 2.8 3.0 3.3 3.2 3.2
Rows single single single single twin
Spacing m 3 � 1 4 � 0.5 3 � 0.5 3 � 0.5 2 � 0,7 � 0,5
Plant density trees ha�1 3333 5000 6666 6666 14,814
Yield fresh t ha�1 90.1 129.8 157.2 141.8 97.1
Yield fresh t ha�1 year�1 32.2 43.3 47.6 44.3 30.3
Yield dry t ha�1 year�1 14.2 19.9 19.7 18.8 13.3
DBH cm 8.1 6.6 7.5 7 5.4
Basal area M2 ha�1 16.7 14.3 24.5 19.6 16.6

Notes: MS ¼ Mato Grosso do Sul, MG ¼ Minas Gerais, SP ¼ Sao Paulo; EG ¼ Eucalyptus grandis, EU ¼ Eucalyptus urophylla; EC ¼ Eucalyptus camaldulensis; ET ¼ Eucalyptus
tereticornis; DBH ¼ Diameter at breast height (1.3 m).

Fig. 2. The New Holland harvester at work in the eucalyptus energy plantations.
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worksite time, on a subsample of 2 ha. Total worksite time was
allocated to the following activities: harvesting, manoeuvre, wait-
ing for containers and other delays. Harvesting and manoeuvre
were considered as productive time, whereas the other activities
fell into the delay category [18].

The dataset was analysed with the Statview advanced statistics
software, in order to check the statistical significance of eventual
trends. Before analysis, the data was tested for normality using
Ryan-Noyer's test. The dataset was then checked for homoscedas-
ticity using Bartlett's test. Normal, homoscedastic data were tested
using the TukeyeKramer test, which is especially suited to handle
unbalanced datasets and is relatively powerful. In contrast, non-
normal and/or heteroscedastic data were handled with non-
parametric and post-hoc tests, robust to violations of statistical
assumptions, although less powerful than the TukeyeKramer's test.
In particular, the KruskaleWallis test was used for checking the
presence of statistically significant differences between groups, and
the Scheffe's post-hoc test for pinning such differences onto specific
groups. Both such tests are suitable for data sets flawed by unequal
numbers of observations, non-normal distribution of data and
heteroscedasticity. Relationships were modelled through multiple
linear regression analysis, after transforming those trends that did
not show a linear behaviour. Target chip length and row system
(single rows or twin rows) were considered as categorical variables
and introduced in the regressions as indicator (dummy) variables.
The effect of target chip length and row system were tested sepa-
rately, because the only twin row field included in the study (field
E) was harvested with the machine set for the 20 mm target chip
length, and no observations were available for twin row harvesting
under the 30 mm target chip length setting. For this reason, the
effect of target chip length was tested after removing all observa-
tions collected in field E from the dataset, while the effect of the
row system was tested after removing all observations obtained
under the 30 mm target chip length setting. This way, one could
work on two homogenous and balanced datasets. Compliance with
the statistical assumptions was checked through the analysis of
residuals. For all tests, the elected significance level was a < 0.05.

Tests were conducted in 2012 and 2013, covering 17.8 ha and
producing 5610 m3 of loose chips, equal to 2170 green tonnes of
chips or 231 trailers (observations). The valid time study sessions
lasted 40.7 h, excluding delay time.

3. Results

There were large variations in field size and stocking, as well as
in the moisture content of harvested trees. Individual field size
ranged from 0.7 to 9.8 ha, with an average of 3.6 ha. Field stocking
varied between 90.1 and 157.2 fresh t ha�1, with an average value of
123.2 fresh t ha�1 (Table 1). Corresponding yields varied between
32.2 and 47.6 fresh t ha�1 year�1, with a mean value of 39.5 fresh t
ha�1 year�1. Moisture content averaged 56.4% but it showed sig-
nificant variations among fields. In particular, it was lowest on field
B compared with all other fields (Table 2). This field had been
established with the same I144 clone used for field C, which pro-
duced significantly wetter wood (i.e 54 vs. 59% moisture content,



Table 2
Main results of the study: field stocking, machine productivity and fuel use.

Field A B C D E Overall Test type

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Sum
Observations n 22 e 100 e 21 e 66 e 22 e e e 231
Surface ha 3.82 e 9.80 e 0.74 e 2.37 e 1.03 e 3.55 3.70 17.77
Output t 344 e 1274 e 116 e 336 e 100 e 434 484 2170
Stocking t ha�1 90.1a 11.5 129.8b 19.4 157.2c 39.1 141.8bc 46.9 97.1a 39.3 123.2 37.9 e Tukey-Kremer
Moisture content % 55.8ab 2.1 54.1b 2.4 58.6cd 2.1 57.6ad 1.9 56.3ac 2.2 56.4 2.6 e Tukey-Kremer
Speed km h�1 1.42ade 0.33 1.26b 0.18 1.12c 0.07 1.35d 0.18 1.49e 0.28 1.31 0.22 e Tukey-Kremer
Productivity t h�1 38.8a 11.3 65.1b 10.7 53.2c 14.4 56.6c 18.1 47.4ac 15.8 57.4 16.3 e Tukey-Kremer
Fuel use l h�1 78.3a 6.5 83.6bc 5.3 86.5b 6.8 80.9ac 8.6 81.0ac 5.9 82.3 6.9 e Scheffe
Fuel use l t�1 2.2a 0.6 1.3b 0.2 1.8ac 0.8 1.6c 0.5 1.9ac 0.7 1.6 0.6 e Scheffe
Target chip length mm 30 30 e 20 e 20 e 20 e e e e

Notes: SD ¼ Standard deviation; n ¼ number of observations (or full trailer loads); t ¼ fresh tonnes; Moisture content ¼ water mass fraction in %; h ¼ productive hour,
harvesting only (no manoeuvres and delays); different superscript letters along the same row indicate a statistically significant difference (a < 0.05) between fields; Test type:
the statistical significance of differences between means was tested with the TukeyeKramer test if the data sets were normal and homoscedastic, or with Scheffe's test if they
were non-normal and/or heteroscedastic.

Table 3
Regression equations to estimate machine productivity and fuel use.

Equation 1 (single-rows only)
Productivity ¼ a þ b * ln FS þ c* FS* Short
R2 (adjusted) ¼ 0.658; n ¼ 209

Coefficient SE T-Value P-Value
a �204.190 13.144 �15.535 <0.0001
b 55.177 2.769 19.925 <0.0001
c �0.080 0.01 �8.223 <0.0001
Equation 2 (20 mm chip length only)
Productivity ¼ a þ b * ln FS þ c * FS* Twin
R2 (adjusted) ¼ 0.710; n ¼ 109

Coefficient SE T-Value P-Value
a �135.861 11.717 �11.595 <0.0001
b 38.986 2.392 16.301 <0.0001
c 0.061 0.022 2.851 0.0052
Equation 3
Fuel use per hour ¼ a þ b * Productivity
R2 (adjusted) ¼ 0.111; n ¼ 227

Coefficient SE T-Value P-Value
a 75.106 1.468 51.171 <0.0001
b 0.134 0.025 5.394 <0.0001
Equation 4
Fuel use per tonne ¼ a þ b * Productivity0.93

R2 (adjusted) ¼ 0.944; n ¼ 231
Coefficient SE T-Value P-Value

a 0.046 0.026 1.783 0.0759
b 60.296 0.969 62.21 <0.0001

Notes: Productivity in t h�1 fresh matter, harvesting only emanoeuvre and delays
are not included; FS ¼ Field stocking in t ha�1; Short ¼ Indicator variable for short
cut length: 0 if cut¼ 30mm, 1 if cut¼ 20mm; SE¼ Standard error of the coefficient;
Twin ¼ Indicator variable for twin rows: 0 if row system ¼ single rows, 1 if row
system ¼ twin rows; Fuel use per hour, in l h�1 of actual harvesting work; Fuel use
per tonne in l t�1 fresh matter.
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respectively). Once moisture content was discounted, the actual
yield in dry matter varied between 13.3 and 19.9 dry t ha�1 year�1,
with a mean value of 17.2 dry t ha�1 year�1.

Machine productivity ranged from 38.8 to 65.1 fresh t h�1, when
related to harvesting time, excluding manoeuvres and
delays (Table 2). However, harvesting time did include occasional
blockage of the header, due to the introduction of excessively large
amounts of cut material, or to the accidental activation of the metal
detector. Fortunately, blockage represented no more than 5% of
harvesting time. Large stems did not seem to cause particular
problem, at least within the limits explored in this study, where
diameter at breast height never exceeded 150 mm.

The stocking and productivity values above represented field
averages. When measured at the single load (observation) level,
both machine productivity and field stocking showed much larger
variations, namely: 16.3 to 99.2 fresh t h�1 for machine produc-
tivity, and 48.3 to 258.1 fresh t ha�1 for field stocking. These two
variables were related: regression analysis showed that machine
productivity was directly proportional to field stocking and target
chip length, as it could be expected (Table 3, Fig. 3). Productivity
was also affected by the row system, and it was higher when har-
vesting twin rows rather than single rows (Table 3, Fig. 4).

Fuel use varied between 78.3 and 86.5 l h�1, when related to
harvesting time, excluding manoeuvres and delays. Peak values
reached 95.8 l h�1. Hourly fuel consumption was weakly but
significantly related to productivity (Fig. 5). However, fuel con-
sumption increments were smaller than productivity increments,
which resulted in an inverse relationship between productivity and
fuel use per unit product. That is shown by the fourth equation
posted on Table 3. Overall, fuel consumption per unit product var-
ied from 1.3 to 2.2 l t�1 fresh mass and was lowest on field B, where
one recorded the highest productivity figures. Target chip length
had no effect on hourly fuel consumption, whereas its effect on fuel
consumption per unit product was mediated by productivity.
Therefore, an additional indicator variable for target chip length
introduced in equation (4) resulted non-significant due to redun-
dancy. In any case, decreasing target chip length from 30 mm to
20 mm resulted in a 22% increase of mean fuel consumption per
product unit.

Actual harvesting accounted for 62% of total worksite time
(Fig. 6). That included the occasional blockage of the header, which
accounted for less than 5% of harvesting time, or less than 3% of
total time. For this reason, blockage was not represented in the
graph. Manoeuvring represented an additional 9% of total worksite
time, which brought utilization to 71%. Waiting for trailers was the
main cause of delays, and accounted for three quarters of total
delay time, or 22% of total worksite time. The remaining delay time
derived from organizational factors, and especially reconnaissance,
instructions and the need to spare native trees occasionally
growing within the plantation. Scheduled machine productivity
was calculated based on total worksite time and ranged from 24 to
40 t fresh chips per scheduled system hour. This figure did not
include end-of-shift maintenance, which occupied about one hour
and was conducted just after operation shut-down.
4. Discussion and conclusions

The high field stocking offers a good witness to the exceptional
performance of Brazilian energy wood plantations. Annual yield is
higher than reported for Europe, and in general for the Northern
Hemisphere, where figures in the 10e12 t dry mass ha�1 year�1 are
most common [13]. Due to the better climate and soil conditions
and to the high quality of the selected plant material, the Brazilian



Fig. 3. Harvesting productivity as a function of field stocking and target chip length.

Fig. 4. Harvesting productivity as a function of field stocking and row system.

Fig. 5. Relationship between hourly fuel use and machine productivity.

Fig. 6. Breakdown of worksite time among different activities.
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fields explored in this study exceeded these figures, and often
produced over 18 t drymass ha�1 year�1. What is more, these yields
represent actual technical harvest, net of harvesting losses. Unfor-
tunately, harvesting losses were not determined in the study, which
represents a limit in the evaluation of the new machine. However,
previous studies conducted with the same machine report
relatively constant losses, which are weakly related to crop condi-
tions [19,20]. These same studies estimate harvesting losses be-
tween 1 and 3 t dry matter ha�1, which should be divided by
rotation age and added to the yield figures calculated here, in order
to estimate actual crop yield. Furthermore, it is worth recalling that
all test fields were first rotation: SRC stands generally offer lower
yields during the first rotation, compared with the second and third
rotations, although not all studies agree about that [20]. Therefore,
the yields recorded in this study may not be representative of
following rotations, which may offer an even richer crop.

Stem diameter was also much larger than the 20e40 mm re-
ported for Europe and the US [13,15,21], partly because of the faster
growth and partly because of all test fields being first rotation,
where growth was channelled into one single stem instead of being
distributed among more sprouts. Apparently, large stem size did
not seem to bother the new machine, and neither did heavy field
stocking. That was one of the main concerns when applying the
new harvester to Brazilian plantations, which far surpassed the
European ones for stem size and field stocking. One of the main
merits of this study is in proving that the new harvester can
negotiate lush Brazilian plantations, despite the unusually high
stocking and stem size.

The graphs in Figs. 3 and 4 show that productivity keeps
increasing with field stocking. Logically, reducing chip length has a
negative effect on machine productivity because that requires
performing more cuts per unit mass, which slows down the flow of
product through the machine. Many studies conducted on con-
ventional wood chippers offer the empirical proof of this mecha-
nism and report machine productivity losses between 15% [22] and
30% [23], which match quite well the 19e30% loss recorded in this
study. That may partly answer the question about the effect of chip
length setting on machine performance, asked by Eisenbies et al.
[24] after they had determined its effect on particle-size distribu-
tion. However, a more reliable answer could be provided after
determining both effects (e.g. particle size distribution and ma-
chine performance) for the same machine and crop, which is not
the case at the moment. Future studies should address this issue
and provide data for both product quality and machine perfor-
mance for different chip length settings, under the same work
conditions.

The general increase of productivity recorded when harvesting
twin rows rather than single rows could be attributed to the smaller
individual tree size, resulting from the distribution of growth po-
tential among a larger number of individuals. Foragers are designed



Table 4
Comparison with other studies of modified foragers used on short-rotation energy plantation.

Species Country Harvester
Header

Harvester
Forager

Power
kW

Stocking
t ha�1

Productivity
t h�1

Utilization
%

Reference

Eucalyptus Brazil NH 130FB NH9060 441 90e157 39e65 71 This study
Poplar & willow Belgium NH 130FB NH9090 565 16 7.4 NA [19]
Poplar & willow Germany NH 130FB NH9050-60 368e435 36e84 32e61 28e68 [31]
Willow USA NH 130FB NH9080 390 43e70 70e77 64 [21]
Poplar Italy Claas HS2 Claas 840-60 254e306 7e72 11e56 79 [15]
Poplar Italy GBE Claas 880-90 340e445 15e117 22e92 79 [15]
Poplar & willow Italy Biopoplar JD 7400 330 51e63 25e61 83 [13]
Poplar & willow Italy HTM 1500 Krone Big X 440 30e98 45e62 90 [13]

Notes: t ¼ fresh tonnes; Utilization ¼ productive work time (e.g. harvest and turn) over total worksite time; NA ¼ Not available.
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to harvest grass rather than trees, and one may expect that they
perform best when dealing with many small stems, instead of few
large ones e all the rest being equal [15].

The fact that all fields were first rotation must be considered
very carefully when evaluating the results of this study. If the
presence of single large stems may strain the harvesting unit, it is
also true that handling multiple stems represents a separate and
additional challenge, and this study did not test the performance of
the new harvester when applied to multi-stem eucalyptus stools.
Previous tests conducted with poplar and willow in the US indicate
that the New Holland harvester can handle quite well both stand
types, but the present study did not test the effect of stand type
(single vs. multi-stem) and therefore it cannot provide conclusive
proof of indifference.

The data obtained from this experiment is corroborated by the
comparison with the results of previous studies (Table 4). These
studies cover poplar or willow, which present substantially lower
field stocking conditions. The high field stocking conditions offered
by Brazilian eucalyptus are approachede but never equallede only
by the best Italian poplar clones. The machine productivity figures
obtained in this study are well within the range spanned by pre-
vious studies, which is very wide and extends between 7 and 90
fresh t h�1. However, central values are between 30 and 60 fresh t
h�1, whichmatch very well the values recorded in this study. In that
regard, one may point out that some of the best performance fig-
ures found in recent bibliography come from commercial opera-
tions, where long-term driver experience likely plays a major role.
In contrast, the driver in this test was well acquainted with the base
machine, but had been driving it on the eucalyptus energy plan-
tations for few weeks before commencing the test proper. There-
fore, one may expect significant productivity improvements as
Brazilian operators gain experience with the new technique, and it
is very likely that the same test repeated after several months of
prolonged use with eucalyptus would produce different and better
results.

The utilization level recorded in this study is in line with one
may expect from this type of operations (Table 4). Slightly higher
utilization levels characterize the Italian studies, which were the
only ones conducted on routine commercial operations. All the
other figures reflect experimental operations that still needed some
fine-tuning at system level. Waiting for trailers is the most
important source of delays in all cases, and the more so in the
experimental set-ups. Therefore, one may expect small increments
in utilization as well, although current figures are quite good
already.

Only another study offers information about the fuel con-
sumption of a modified forager used for harvesting short rotation
coppice [31]. That study deals with the same New Holland
harvester as presented in this study, and reports a fuel consumption
of 3.5 l t�1 dry matter, or 1.6 l fresh t�1, which is much similar to the
figures presented here. Concerning fuel consumption, it is
important to warn readers that the statistical power of equation (4)
(Table 3) might be weakened by some degree of intercorrelation, as
suggested by the unrealistically high R2. However, equation (3) was
retained because it offers a good expression of a logical and strong
relationship, whether it be stochastic or deterministic.

Of course, modified foragers are not the only option. SRC can be
harvested with a large array of different machines, including cut-
and-collect [25] and/or pull-type units [26,27]. However, recent
studies demonstrate that modified foragers represent the most
effective option by far [19,28]. Cut-and-chip technology does have
the limit of producing fresh chips, which have a lower energy
content [29] and are subject to rapid decay [30]. However, these
drawbacks can be mitigated by immediate use after blending with
drier feedstock, while moisture content itself may not be an
obstacle for use in new generation bio-refineries [24].

In general, this study has the merit of demonstrating that state-
of-the-art cut-and-chip technology can be effectively deployed on
Brazilian energy plantations, despite their exceptionally high
stocking and stem size. Modern powerful foragers can effectively
negotiate the conditions offered by first-rotation SRC eucalyptus,
regardless of spacing and row system (e.g. single or twin). Further
studies should be conducted on following rotations, in order to
determine the effect of smaller stem size ande possiblye of higher
field stocking levels.
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