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Abstract

Excavators-based harvesters are self-propelled forestry tractors that normally operate at max-
imum engine speed. This results in maximum hydraulic pump flow regardless of operating
conditions. The objective of this work was to quantitatively investigate the technical perfor-
mance, as well was the economic and environmental outcomes, of excavators-based harvester
as a function of engine speed and hydraulic pump flow. Machine operations were analyzed in
forest stands with an individual average volume of 0.08 or 0.16 m’ tree”". The machine was
operated with engine speeds of 2060, 2000, 1950, or 1900 rpm and hydraulic pump flow rates
0f 300, 295, or 290 L min™". This resulted in 12 different excavator-based harvester configura-
tions. With regards to the technical performance of the machine, a study of times and move-
ments, productivity, hourly fuel consumption, and fuel consumption was performed. Eco-
nomic outcomes were considered in terms of the operational costs, while environmental impact
was determined by carbon dioxide and methane emissions. Optimal excavator-based har-
vester operating conditions with an average volume of 0.08 m’ tree” were determined to be
with an engine speed of 2000 rpm and a hydraulic pump flow rate of 295 L min™". With the
0.16 m’ tree”" volume, the best results were obtained with an engine speed of 2000 rpm and a
hydraulic pump flow of 300 L min™.

Keywords: forest harvest, forest mechanization, fuel demand

1. Introduction

The introduction of the excavator-based harvester
made it possible to remove large areas of trees in a
short period of time, while also improving operation-
al ergonomics and allowing for work to continue 24
hours a day. Such characteristics have made the exca-
vator-based harvester one of the most utilized ma-
chines in the Brazilian forestry sector. It should be
noted that there are excavator-based harvesters and
purpose-built machines. According to Magagnotti et
al. (2017), excavators have a lower investment cost and
higher operational flexibility, however, research is
needed to increase their fuel efficiency.

In recent years, companies have seen an increase in
the costs associated with these machines. With typical

operational costs exceeding US$ 100 per hour, har-
vester use has been linked to an increased cost in wood
(Santos et al. 2017). Behind maintenance and labor, the
cost of fuel has been reported as a primary expense, as
Silva et al. (2014) demonstrated that fuel accounts for
approximately 24% of the total operating cost.

The internal combustion engine of the excavator-
based harvester has also led to environmental con-
cerns. In recent years, machine manufacturers have
had to adhere to increasingly stringent gas emissions
limits. According to Zhang et al. (2016) and Laschi et
al. (2016), harvester operating conditions directly in-
fluence the emission of gases, such as carbon dioxide
and methane. Furthermore, the output levels of those
gases are directly linked to harvester fuel consumption
rates. According to Abbas and Handler (2018), during
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the wood production process, most greenhouse gas
emissions occur during the wood harvesting phase.
This is due to the fossil fuels required to power the
forestry harvesters.

Harvesters are typically operated at maximum
engine speed, thus resulting in maximum hydraulic
pump flow regardless of operating conditions. Silveira
etal. (2013) demonstrated that machine operators tend
to use maximum acceleration and inadequate gearing,
which leads to an increase in fuel consumption.
According to Ramos et al. (2016), engine speed signi-
ficantly influences the daily consumption of sugarcane
harvester fuel. With respect to agricultural tractors,
the lowest fuel consumption is obtained with the en-
gine running at 80% of rated power and rotation
(Janulevicius et al. 2013).

Based on the above, this research aims to evaluate
the technical performance, as well as the economic and
environmental outcomes, of an excavator-based har-
vester as a function of engine speed and hydraulic
pump flow operating in both low- and high-volume
forest conditions.

2. Materials and Methods

2.1 Study Area Characterization

The research with the excavator-based harvester
was carried out in Brazil in the state of Bahia. The re-
gion has an average annual temperature of 24.4 °C and
an average annual rainfall of 1350 mm. The area in
which the experimental plots were allocated had flat
relief, was populated with hybrid clones of Eucalyptus

grandis x Eucalyptus urophylla, and was planted with a
spacing of 4 meters between rows and 2.5 meters be-
tween plants. Data collection started at 6:00 am and
ended at 3:00 pm. All tests were conducted in the ab-
sence of rain. The research was conducted between
February 2018 and January 2019.

2.2 Harvesting System

Experiments were carried out in a cut-to-length
forest harvesting system. The excavator-based har-
vester was responsible for cutting and processing
trees, leaving on the soil surface 6.20 m long logs. The
machine was simultaneously felling four tree lines. For
each treament, data were collected from 14 to 16 ex-
perimental plots.

2.3 Experimental Units

Experiments were performed in forest conditions
with Individual Average Volumes (IAV) of 0.08 and
0.16 m® tree™, and these conditions were considered
low and high, respectively. At each volume, excavator-
based harvester operations were performed at four
engine speeds 2060, 2000, 1950, and 1900 rpm and
three hydraulic pump flows 300, 295, and 290 L min™,
resulting in twelve different operating conditions. For
each treatment, 13 to 16 experimental plots were de-
marcated.

The demarcation of experimental plots was deter-
mined using simple random seeding. Each plot was
rectangular, arranged in four rows of 10 trees each, to-
taling 40 trees per plot. The number of planting failures,
dead trees, broken trees, and forked trees was quanti-
fied, with the latter being counted as a single tree.

Fig. 1 Excavator-based harvester
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2.4 Machine Used

The excavator-based harvester used for the entire
experiment was a combination of the Komatsu PC200F-
8MO hydraulic excavator and the Komatsu 370E har-
vester head (Fig. 1). The PC200F-8MO0 was a crawler
machine, powered by the Komatsu SAA6D107E-1
6-cylinder diesel engine with 110 kW rated power at
2000 rpm. The hydraulic system of the machine was
Hydraumind type. It consisted of two Komatsu brand
HPV95+95 hydraulic pumps, both with variable dis-
placement pistons and a maximum flow for each pump
of 219 liters per minute. Only one operator performed
the processes for the entire experiment.

2.5 Machine Instrumentation

The amount of fuel consumed during the harvest-
er experiment was determined by installing a volu-
metric flowmeter in the fuel supply system of the en-
gine immediately after the primary filter. The
flowmeter used was an Oval®, model LSF41C. A Tech-
Meter LCT model graphic display (indicator) was in-
stalled next to the flowmeter for visual feedback. The
system was pre-programmed to display and record
instantaneous hourly fuel consumption rates and con-
sumption over a given period, reported in liters per
hour. The accuracy of the instrument was within 1%.

2.6 Determination of Individual Tree Volume

The individual tree volume (IAV) was determined
using the diameter and length sensors on the machine
head. Later, the IAV was calculated by a MaxiXplorer
operating system. The length sensor was positioned
on the head feed rollers. The value was measured
based on the circumference and rotation of the rollers.
The diameter sensor was positioned on the delimbing
knives of the head, and the diameter was measured
according to the inclination angle of the knives.

To verify the accuracy of the sensors prior to ex-
periments, the harvester cut and processed fifteen
trees, and the volume of each tree was measured by
the sensors. Subsequently, the diameter and length of
the logs were manually quantified using a tape mea-
surer. The volume of the trees was then calculated ac-
cording to the methodology demonstrated by Husch
et al. (2003). No discrepancy was observed between
the harvester-derived values and the manually-de-
rived values.

2.7 Engine Speed Selection

The engine speed of the excavator-based harvester
was adjusted to the values of 2060, 2000, 1950, or 1900
rpm. The engine speed values were controlled by the

MaxiXplorer Machine Information and Control Sys-
tem. The engine speed was altered by the machine
throttle button, and the values were displayed on a
12-inch monitor inside the cab.

2.8 Hydraulic Pump Flow Selection

Excavator-based harvester operating conditions
utilized hydraulic pump flow rates of 300, 295, or 290
liters per minute, with changes made directly using
the MaxiXplorer Control and Information System,
which were visualized on the excavator monitor. Ini-
tially, the hydraulic pump was manually tuned to de-
liver a flow rate of 300 liters per minute at an engine
speed of 2060 rpm. Later, when necessary, the pump
flow rate was changed only by modulating the ma-
chine binary value. The hydraulic pump flow was
confirmed based on the rotation of the head feed roll-
ers, according to Eq. 1.

_ Dex?2

VB=—— 1
1000 )

Where:

VB hydraulic pump flow, L min™

De volume displaced by roller motor, cm®
Rm  feeder roller speed, rpm.

The rotation of the head rollers was determined
using a Mimipa digital photo tachometer, model
MDT-2244B.

2.9 Technical Parameters

The time-motion study was performed using the
continuous-time method (BARNES 1968). A video sys-
tem consisting of four video cameras, a seven-inch
monitor, and a Mobile Digital Video Recorder (MDVR)
was attached to the excavator. Following operations,
the videos were analyzed, and the time required for
each operation performed by the machine was mea-
sured. The operating cycle of the excavator-based har-
vester was subdivided into three operations: a) dis-
placement and search, b) felling cut, and c) processing.

The displacement and search cycle starts when the
machine finishes processing the tree from the previous
cycle or when the machine begins scrolling inside the
field in search of a tree to be felled. The operation ter-
minates when the head is positioned on the tree. The
felling cut begins when the head is positioned on the
tree, with the top and bottom knives as well as the feed
rollers attached to the tree. The operation ends when
the tree is positioned in a horizontal direction and
translocation begins. Processing comprises of peeling,
delimbing, tracing, and stacking operations. It begins
when the wooden log begins to move down the feed
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rollers in a horizontal direction and ends when the last
log is cut.

A preliminary study was carried out to determine
the minimum number of observations required to pro-
vide a maximum allowable sampling error of 5%, us-
ing Eq. 2 according to the methodology proposed by
Barnes (1968).

2
2 2
N,{z}OxN\/Zx ~(ZX) /N] 2

>X N-1
Where:

N’ number of observations required

N number of observations used in the preliminary
study

X value of each observation.

~

The productivity of the machine was determined
in cubic meters of wood per hour of operation (m*h™).
This metric is provided by the quotient of the volume
of the plot (m’) and the time spent (h) cutting and pro-
cessing the trees within the plot. The volume in the
plots was calculated by multiplying the number of
trees present in the plot and their average individual
volume. For each treament, data were collected from
14 to 16 experimental plots.

Hourly fuel consumption (m® L™) was calculated
by dividing the amount of fuel spent per experimental
plot (L) by the time spent on that experimental plot.
The hourly consumption of the machine was deter-
mined simultaneously with the operating efficiency,
so the same number of plots was used for both param-
eters.

Fuel consumption per cubic meter (L m™) was de-
termined by dividing hourly fuel consumption and
machine productivity.

2.10 Economic Parameters

The production cost, in US$ m~, was determined
by the quotient of operating cost and machine produc-
tivity.

Operating cost was determined by summing fixed
and variable costs. Some variables required for the
calculation were provided by the excavator-based har-
vester manufacturer, and others were obtained
through field evaluations. The hourly fuel consump-
tion was the only altered variable in the twelve treat-
ments studied; all others were kept constant. This
measure was intended to verify the isolated effect of
hourly fuel consumption on operating costs. In order
to provide the costs in terms of the US dollar, an ex-
change rate of 1 US$ =R $ 3.915 was utilized, as quot-
ed on 03/27/2019.

For the fixed costs, the cost of depreciation, interest,
insurance, security, administrative personnel, opera-
tor salary, and maintenance personnel was calculated.
For the variable costs, the cost of fuel, hydraulic oil,
lubricating oil, grease, chain oil, spare parts, and mod-
ule area organization was determined.

2.11 Environmental Parameters

The amount of carbon dioxide equivalent (CO,,,)
and methane (CH,,,) emitted by the harvester during
timber harvesting was determined according to Eq. 3
(Zang et al. 2016).

_ FAXChxPcc

QE P ®)

Where:
QE amount of carbon dioxide and methane emitted,
kgm™
FA emission factor for CO,,, or CH,,, kg 17!
Ch hourly fuel consumption, kg h™)
Pcc fuel calorific value, TJ kg™
P productivity, m*h™
A specific carbon dioxide and methane emission

factor was established as determined by the Intergov-
ernmental Panel on Climate Change (IPCC 2006).

2.12 Data Analysis

The experiment was carried out in a 4x3 factorial
scheme with four engine speeds and three hydraulic
pump flow rates, totaling 12 treatments. Experiments
were carried out in a completely randomized design
(CRD), with 13 to 16 replicates per treatment.

Data regarding the study of times and movements,
operating efficiency, hourly fuel consumption, fuel
consumption per meter cubic, and production cost, as
well as carbon dioxide and methane emissions, were
analyzed within each volume using response surface
methodology (Hair Junior et al. 2009). The models
were selected based on the significance of the regres-
sion coefficients, using the f-test and adopting the 5%
probability level, the coefficient of determination, and
the behavior of the phenomenon under study. All sta-
tistical procedures were performed using the com-
puter program Statistica® 12.

3. Results

3.1 Technical Parameters

The engine speed and hydraulic pump flow had a
significant and quadratic effect on the time of the dis-
placement and search operation in both IAVs surveyed
(Table 1). Despite the influence of independent
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Table 1 Adjusted time-per-cycle equation as a function of engine speed (£S) and hydraulic pump flow (HPF)

IAV, m* tree™ Operation Regression equation R, %
Displacement and search 7.72 + 5.691 10°° *ES? + 2.56 10~ *HPF* —7.986 10°*ES HPF 82
0.08 Felling cut 3.97 + 4.97 10° *ES? + 2,339 107 *HPF* —6.867 107° *ES HPF 69
Processing 21554 -9.05 102 **ES + 1.80 10° **£5*— 7.64 10" **HPF + 1.09 10° **HPF* + 5,857 10°° **£S HPF| 99
Displacement and search 15.9922 —1.058 10°° **£S? —6.84 10° **HPF 82
0.16 Felling cut 8572514107 **ES?—1.483 10°° **HPF 85
Processing 25.72 + 1.4210° *ES* + 6.38 10~ *HPF* — 2.036 10~ *ES HPF 90

Where: * = significant at 5% probability level; ** = significant at 1% probability level; # = coefficient of determination

variables, in the volume of 0.08 m’ tree”!, the operating
time values were similar when the machine was run-
ning at an engine speed above 1950 rpm and hydrau-
lic pump flow was above 295 L min™" (Fig. 2a). At a
volume of 0.16 m’ tree”, the lowest value, 5.35 s cycle™,
was observed when the machine was set to work with
engine speed at 2060 rpm and 300 L min™" hydraulic
pump flow (Fig. 2b). In other combinations, the values
obtained demonstrate negative impacts on the opera-
tion time.

The engine speed and hydraulic pump flow had a
significant and quadratic effect on the time of the fell-
ing cut operation in both volumes surveyed (Table 1).
At the 0.08 m® tree™ volume, it was found that it was
possible to perform the felling operation in almost all

combinations studied, except for the engine speed
of 1900 rpm with a pump flow of 300, 295, and
290 L min™" (Fig. 3a). At the 0.16 m’ tree” volume, the
operating time values are similar at the engine speed
combinations of 2060 rpm with a pump flow rate of
300 or 295 L min™", 2000 rpm with 300 or 295 L min™,
and 1950 rpm with 300 L min™ (Fig. 3b).

Engine speed and pump flow had a significant,
quadratic and negative effect on processing time in
both volumes surveyed (Table 1). In the volume of
0.08 m’ tree”" the shortest time, 10.57 s cycle™, was ob-
served with an engine speed of 2060 rpm and a pump
flow rate of 295 L min™" (Fig. 4a). A similar value,
10.59 s cycle™, was observed in the combinations of a
2060 rpm engine speed with a 295 L min™' pump flow

Fig. 2 Time response surface per cycle of displacement and search operation as a function of engine speed and pump flow; a) individual
average volume of 0.08 m® tree™", b) individual average volume of 0.16 m® tree”’
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b)

Fig. 3 Time response surface per cycle of felling cut operation as a function of engine speed and pump flow; a) individual average volume of

0.08 m* tree”", b) individual average volume of 0.16 m® tree™”

and a 2000 rpm engine speed with pump flow rates of
300, 295, or 290 L min™. In the volume of 0.16 m® tree”
!, the minimum point, 17.57 s cycle™, was obtained at
the engine speed of 2060 rpm with a pump flow rate
of 300 L min™ (Fig. 4b). Similarly, 17.77 and 17.78 s
cycle™ operation durations were observed with an en-
gine speed of 2060 rpm and pump flow rate of 295 L

min™, as well as an engine speed of 2000 rpm with a
pump flow rate of 300 L min™, respectively.

Engine speed and hydraulic pump flow had a sig-
nificant, quadratic and positive influence on machine
productivity in the case with a volume of 0.08 m’ tree”™
(Table 2). At a higher volume, the engine speed showed
a significant and quadratic effect, while the pump flow

b)

Fig. 4 Time response surface per cycle of processing operation as a function of engine speed and pump flow: a) individual average volume

of 0.08 m* tree”", b) individual average volume of 0.16 m* tree™
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Table 2 Adjusted equation of productivity, hourly fuel consumption, and fuel consumption per cubic meter as a function of engine speed (£S)

and hydraulic pump flow (HPF)

JAV, m® tree”’ Parameter Regression equation R, %
Productivity, m* h™ 11.21-1.0410° *£ES? — 453 107" *HPF* + 1.449 107 *ES HPF 82
0.08 Hourly fuel consumption, L h™ —43.5096 + 1.46 1072 **£S + 1.189 107" **HPF 98
Fuel consumption, L m? —3.763 107" + 1.624 10° *ES” + 7.41 10° *HPF* —1.906 10°° *ES HPF 98
Productivity, m* h™' —38.4 + 1.876 107" **HPF + 156 10°° **£S” 89
0.16 Hourly fuel consumption, L h™ —-19.7978 + 5.1 10° **ES + 1.098 107" **HPF 98
Fuel consumption, L m? 1.96—7.86 10° **ES? — 7.49 10°® **HPF 76

Where: * = significant at 5% probability level; ** = significant at 1% probability level; 7 = coefficient of determination

rate had a significant and linear effect (Table 2). Despite
the influence of the independent variables, with lower
individual tree volumes, it is possible to configure the
excavator to perform forest harvesting operations with
an engine speed between 1950 to 2060 rpm and a pump
flow rate between 295 and 300 L min™". Such combina-
tions do not result in a significant decrease in productiv-
ity (Fig. 5a). In higher volume conditions, the produc-
tion values follow with the engine speed-hydralic
pump flow combinations of 2060 or 2000 rpm at
300 L min™" (Fig. 5b).

Engine speed and hydraulic pump flow rate had a
linear, positive, and significant effect on hourly fuel
consumption in all volumes studied (Table 2). Keeping

S\
KSR

e
00,0,0’::‘“

the pump flow rate fixed and decreasing the engine
speed at the studied levels presented a mean reduction
of 0.78 (4.10%) and 0.27 (1.31%) L h™ in hourly con-
sumption for volumes of 0.08 and 0.16 m’ tree™, re-
spectively (Fig. 6). Otherwise, keeping the engine
speed fixed and decreasing the pump flow at the stud-
ied levels demonstrated an average reduction of 0.59
(2.74%) and 0.55 (2.37%) L h™" in hourly fuel consump-
tion in low and high volumes, respectively.

Engine speed and hydraulic pump flow had a
significant quadratic effect on fuel consumption
per meter cubic in all scenarios studied (Table 2).
With an engine speed of 1900 rpm and a hydraulic
pump flow of 290 L min™, the lowest values for fuel

Productivity, m’ i’

Fig. 5 Response surface of productivity as a function of engine speed and hydraulic pump flow: a) individual average volume of 0.08 m® tree ™,

b) individual average volume of 0.16 m® tree”’
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el

Hourly fuel consumption, Lh

Fig. 6 Response surface of hourly fuel consumption as a function of engine speed (£S) and hydraulic pump flow (HPF): a) individual average

consumption, 1.22 L m™, were obtained for the volume
of 0.08 m’ tree™" (Fig. 7a). In the high volume scenario,
the lowest fuel consumption, 0.95 L m~, was achieved
with an engine speed of 2060 rpm and a pump flow
rate of 300 L min™' (Fig. 7b). A similar fuel consump-
tion, 0.97 L m™, was acheived with an engine speed of
2000 rpm and a pump flow rate of 300 L min™".

147
<_ 144
1.41
1.38
1.35
132

2
©

1.26
123
1.20

Fuel consumption, L m

IS8
&5’

volume of 0.08 m® tree™", b) individual average volume of 0.16 m® treg”’

When analyzing fuel consumption per meter
cubic values, it was found that in some circumstanc-
es, the combination with the lowest fuel consump-
tion value does not provide the best hourly produc-
tivity results. In the volume of 0.08 m® tree”, the
combination that provided the lowest value of fuel

consumption had a productivity of 0.45 m’ h™", which

b)

Fuel consumption, Lm”

Fig. 7 Response surface of fuel consumption per meter cubic as a function of engine speed and hydraulic pump flow: a) individual average
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Table 3 Adjusted equation of production cost as a function of engine speed (£S) and hydraulic pump flow (HPF)

IAV, m® tree™ Parameter Regression equation R, %
0.08 Production cost, US$ m™ 5+ 3.754 10 *£S? + 1.657 107 *HPF*—5.0059 107 *£S HPF 48
0.16 Production cost, US$ m™ 102.23 —6.028 107 **£S —2.28 107 *HPF + 7.38 1078 *£S? +1.007 10~ *ES HPF 97

Where: * = significant at 5% probability level; ** = significant at 1% probability level; 7 = coefficient of determination

is less when compared to the productivity acheived
with an engine speed of 2060 rpm and a pump flow
rate of 300 L min™'. However, the configuration of
2000 rpm and 295 L min™" resulted in low fuel
consumption while also maintaining machine pro-
ductivity.

3.2 Economic Parameters

Engine speed and pump flow had a significant
quadratic effect on the production cost with volumes
of 0.08 m’ tree™ (Table 3). In the higher volume sce-
narios, engine speed had a significant and quadratic
effect, while pump flow had a significant linear effect
(Table 3). With an Individual Average Volume of
0.08 m® tree™, the lowest production cost, US$4.90 m™~,
was obtained with an engine speed of 2000 rpm and a
pump flow rate of 300 L min™ (Fig. 8a). The same val-
ue was acheived utilizing a configuration with an en-
gine speed of 1950 rpm and a hydraulic pump flow
rate 295 L min™. With a volume of 0.16 m® tree”, the

Production cost, USS

lowest production cost, US$ 3.20 m™, was obtained
using an engine speed of 2060 rpm and a pump flow
rate of 300 L min™" (Fig. 8b). A similar production cost
of US$ 3.21 m™ was acheived using an engine speed
of 2000 rpm and a pump flow rate of 300 L min™.

3.3 Environmental Parameters

Engine speed and hydraulic pump flow had a
significant quadratic effect on the amount of carbon
dioxide and methane emitted per cubic meter of har-
vested wood in both tree volume conditions (Table 4).
With the volume of 0.08 m3 tree™, the smallest amount
of carbon dioxide emissions of 3.39 kg m™ and meth-
ane emissions of 0.000189 kg m™ was obtained using
an engine speed of 1900 rpm and a pump flow rate of
290 L min™. In the higher tree volume condition,
the smallest amounts of CO,,, and CH,,, released,
2.67 kg m™ and 0.000144 kg m~, respectively, were
obtained with an engine speed of 2000 rpm and a
pump flow rate of 300 L min™".

Fig. 8 Response surface of production cost as a function of engine speed and hydraulic pump flow: a) individual average volume of 0.08 m*

tree”', b) individual average volume of 0.16 m® tree™”
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Table 4 Regression equation of carbon dioxide and methane as a function of engine speed (£S) and hydraulic pump flow (HPF)
JAV, m? tree™ Parameter Regression equation R, %
0.08 Carbon dioxide, kg m™ —1.04 + 457 10° *ES? + 2.09 10" *HPF* - 5.38 10° *ES HPF 98
' Methane, kg m™ —5.8310° + 2.56 107 *£S? + 1.169 10 *HPF —3.012 10°° *ES HPF 98
016 Carbon dioxide, kg m™ 48.22 —4.357 1072 *E£S + 4.54 10°° *£S? — 3.05 107 *HPF* + 8.48 10°° *ES HPF 90
' Methane, kg m™ 2.5610° —2.3 10°*ES + 2.46 107 *ES? — 1.6 107° *HPF? + 4.4 107° *ES HPF 91
Where: * = significant at 5% probability level; ** = significant at 1% probability level; & = coefficient of determination
a) b)
a_ 300

o~
© ©
g &

Carbon dioxide, kg ™
~
3

Fig. 9 Response surface of the amount of carbon dioxide emitted as a function of engine speed and hydraulic pump flow: a) individual aver-
age volume of 0.08 m® tree”", b) individual average volume of 0.16 m® tree™
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Fig. 10 Response surface of the amount of methane emitted as a function of engine speed and hydraulic pump flow: a) individual average
volume of 0.08 m® tree™", b) individual average volume of 0.16 m® tree”!
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4. Discussion

4.1 Technical Parameters

The influence of engine speed and pump flow on
the displacement and search operation time is related
to the high tractive force required to promote machine
speed on the ground surface. This function places the
highest demand of all excavator-based harvester op-
erations on the power output of the machine.

Reducing engine speed below 1950 rpm and pump
flow below 295 L min™' caused a decrease in head saw
speed, and this increased the time for the saw to reach
the standard working speed, 6400 rpm. Such circum-
stances caused an increase in the time of the felling cut
operation, especially at the higher volume condition
because the trees had a larger diameter, and conse-
quently, it demanded a higher saw rotation regime.

The influence of engine speed and pump flow on
the time of the processing operation became more ex-
pressive with the increase of tree volume. This was
due to the greater weight of the wood, which reduced
the log feed speed during processing, mainly at engine
speeds of 1950 and 1900 rpm and pump flow rates of
295 and 290 L min™". It is worth mentioning that bifur-
cated trees with many branches along the stem made
it difficult for the feed rollers to act, which presented
difficulties especially at low engine speeds and pump
flow rates.

The results of the analysis of excavator-based har-
vester productivity demonstrate that, at lower engine
speeds and hydraulic pump flow rates, the machine
does not hold its full power, making base machine
speed, complementary boom, and head movements
all slower. It should be noted that a lower engine speed
provides increased combustion intervals in the engine
cylinder and, consequently, reduces the torque and
rated power of the machine. Reducing the flow rate of
the hydraulic pump reduces the system pressure, and
therefore, it reduces the force and delays the machine
movements that depend on the hydraulic system. For
this reason, the effect of engine speed and hydraulic
pump flow rate was more significant at higher vol-
ume, where the high weight of the logs required more
machine force to perform the search, felling, and pro-
cessing operations. It should be noted that the opera-
tor was accustomed to operating the excavator-based
harvester with an engine speed of 2060 rpm and pump
flow rate of 300 L min". It is likely that the use of oth-
er combinations or operators familiar with other en-
gine and pump settings could provide improvements
in operational performance during the execution of
further research on this topic. The operator reported

that he was psychologically affected by the fact that
engine speed and hydraulic pump flow could be re-
duced.

Santos et al. (2018) evaluated a Volvo brand exca-
vator-based harvester operating at different engine
speeds in a 0.25 m’ tree™ forest stand and concluded
that the engine speed regime does not cause signifi-
cant changes in operational performance. In the re-
search conducted by Ramos et al. (2016), it was found
that the engine speed regime in the range of 1800 to
2100 rpm does not affect the operating performance of
a sugarcane harvester when operating at speeds up to
4 km h™'; however, productivity is significantly influ-
enced at higher speeds. From these results and those
presented herein, it can be shown that under certain
operating conditions, it is unnecessary to operate the
machine at its maximum engine speed and hydraulic
pump flow rate.

The reduction in hourly fuel consumption, as the
engine speed decreased, was due to lower combus-
tion. However, in the larger tree volume scenario, the
decrease was less marked because the excavator-based
harvester operating system increased the amount of
fuel injected by combustion, trying to compensate for
the power loss. With a volume of 0.08 m® tree™, each
combustion required on average an injection of 0.350,
0.346, 0.342, or 0.339 milliliters of combustion diesel at
an engine speed of 2060, 2000, 1950, or 1900 rpm re-
spectively. With a volume of 0.16 m’ tree™, an average
injection of 0.374, 0.380, 0.385, or 0.391 milliliters of
combustion diesel was observed for an engine speed
of 2060, 2000, 1950, or 1900, respectively. These results
demonstrate that inaccurate engine speed adjustments
can lead to increased fuel consumption.

The flow rate of the hydraulic pump influences fuel
consumption because the power demanded from the
engine at higher flow rates is higher than the power
required at low flow rates. The injection pump thus
increases the amount of fuel to be injected into the
engine cylinder to meet the required power demand.

Regarding the engine speed, the machine behavior
for hourly fuel consumption was similar to the results
found by Santos et al. (2018), Ramos et al. (2016), and
Fiorese et al. (2015). Despite the technical differences
between the machines, it is clear that operators work
at maximum engine speeds regardless of operating
conditions and without regard to high hourly fuel con-
sumption. According to Ackerman et al. (2014), har-
vester fuel consumption is directly influenced by op-
erator training level.

Regarding the fuel consumption per meter cubic,
at low tree volumes, the influence of engine speed
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and hydraulic pump flow is more intense on the
hourly fuel consumption when compared to the
hourly productivity. However, because of the way
fuel consumption is calculated, machine productiv-
ity most significantly affects the value of this variable.
For this reason, the combination of engine speed and
hydraulic pump flow rate that has the lowest fuel
consumption value can significantly and negatively
affect the operating performance. Prinz et al. (2018)
studied logging with the Ponsse Beaver, Ponsse Scor-
pionKing, and Ponsse Ergo harvesters, operated in
general, economical, and production mode. The au-
thors observd the lowest values of fuel consumption
when the machine worked in its economical mode,
which presented the lowest engine speed (rpm) of all
machines in the study to be in economical mode.
However, the authors presented relative productiv-
ity, not cubic meters per hour.

4.2 Economic Parameters

With a volume of 0.08 m’ tree”, the lowest produc-
tion cost was obtained at the engine speed of 2000 rpm
and a hydraulic pump flow rate of 300 L min™'. With
this combination, there was a reduction in operating
costs, due to the reduction in hourly fuel consumption,
but there was no significant decrease in operational
outcome. At 2000 rpm and 300 L min™, the fuel cost
represented 17% of operating cost, about 1% less when
compared to the expense of the machine running at an
engine speed of 2060 rpm and a pump flow rate of
300 L min™. In the research conducted by Santos et al.
(2017) and Silva et al. (2014), the cost of fuel repre-
sented 8.90 or 24.41% of the total operating cost, re-
spectively. Despite the differences between these val-
ues, which likely arise due to the technical
characteristics of the machines and their manufactur-
ers, both values are quite significant when transformed
into dollars per hour, which demonstrates the need to
adopt measures aimed at reducing the hourly fuel con-
sumption rates for harvesters. With a volume of
0.16 m’ tree™, the lowest production cost was obtained
at an engine speed of 2060 rpm and a hydraulic pump
flow rate of 300 L min™". This is due to the high operat-
ing efficiency of the machine when compared with its
overall productivity.

It should be noted that, for the lower values of the
independent variables investigated here, the engine of
the machine did not overheat, which can prolong the
life of the engine and consequently reduce long-term
maintenance costs. When the excavator-based har-
vester was operating at the highest engine speeds,
often in the afternoon, it was necessary to stop the ma-
chine and to wash the radiator with a water jet to avoid

overheating. Also, reducing pump flow decreases hy-
draulic system pressure, which in turn results in a re-
duced number of damaged hydraulic hoses.

4.3 Environmental Parameters

Carbon dioxide and methane emissions decreased
with decreasing engine speed and hydraulic pump
flow rate. Similar results were obtained by Prinz et al.
(2018), who established that there was a reduction in
the amount of CO, produced with a decrease in engine
speed. According to Zhang et al. (2016), the factors that
most influence the emission of pollutants during forest
harvesting operations are operating yield and fuel
consumption, the former being a positive factor and
the latter a negative factor.

5. Conclusions

In all two volume conditions surveyed, the engine
speed and hydraulic pump flow significantly influ-
enced the time of displacement and search operations,
felling cut and processing, productivity, hourly fuel
consumption, fuel consumption, production cost, and
the amount of carbon dioxide and methane emissions.

The combination of an engine speed of 2000 rpm
and a hydraulic pump flow rate of 295 L min™ proved
to yield the optimal results from a technical, econom-
ic and environmental perspective with tree volumes
of 0.08 m’ tree™".

To achieve the best results from a technical, eco-
nomic, and environmental standpoint with average
tree volumes of 0.16 m> tree™, the excavator-based har-
vester should be operated at 2000 rpm engine speed
with a hydraulic pump flow rate of 300 L min™.

Overall, it is advisable to operate the excavator-
based harvester, regardless of individual average vol-
ume of trees, at an engine speed of 2000 rpm and a
hydraulic pump flow rate of 300 L min™.
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