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Abstract: In central Italy, there are extensive European black pine (Pinus nigra Arn.) plantations which
range from 30 to 60 years of age and where no thinning operations have been made. The main purpose
of this study was to provide a comparative analysis of two cable yarder technologies (Maxwald,
mobile pulley carriage and Savall, semi-automatic carriage), in terms of fuelwood production and
cost, from the first thinning of a 33 year old plantation in slope areas of these plantations. The results
showed that fuelwood production was cost-effective in both systems (Savall by 15.1 and Maxwald by
14.8 € m~3), although the productivity of the Savall system was higher than the Maxwald system
(6.1 vs. 5.7 m® h™!). The respect amounts of productivity have the potential to increase by 27%
for the Savall yarder and 25% for the Maxwald yarder upon condition that the delay times are
reduced to minimum level by proper training of workers, by a better organization, and planning of
operations. The total effective CO, emission by the Savall yarder was lower than the Maxwald yarder
(1735 vs. 1772 ¢ m~3). A sustainable production of fuelwood that is economically advantageous and
environmentally sound in these plantations can be realized through an appropriate mechanization
level and constant interaction with the silvicultural planning. This must be completed with adequate
and efficient worker training.

Keywords: fuelwood; cable yarder; CO, emission; pine plantations; time study; energy efficiency

1. Introduction

Between the various silvicultural treatments, thinning is one of the most important, generally
consisting of the removal of some trees in order to decrease the competition [1,2] and increase the
tree dimensions. In fire-prone stands, thinning represents a valid system to prevent surface fires from
turning into crown fires [3]. Generally, thinning should be done early to be efficacious [4,5], but early
thinning provides low quantities and often low commercial value timber, making it difficult to generate
revenue [6,7]. This leads to serious problems, especially in coniferous natural or artificial stands,
with real risk of forest degradation and instability [7-9]. Recently, thinning has been reconsidered
in forest management thanks to modern forest mechanization, making this treatment less expensive.
Futhermore, logging residues for energy purposes bring net income gains. High levels of mechanization
require important investments and accurate forest planning [10], so that it is often convenient to carry
out late thinning and final harvesting [6,11]. The Full Tree System (FTS) system results in being even
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more valid to produce structural timber as the chipping operations of residuals can be performed
directly at the landing site. Where the risk of fire is high, branch wood removal is an effective method
of prevention. Forest logging companies need to make high mechanization investments to adopt FTS.
For this reason, FTS is widely used in final cuts. In terms of safety within operational conditions,
setting a proper cut-off threshold to the load mass may not be effective. The correct set up of the skyline
and good maintenance play an important role in safety risk prevention, for example lubrication and
control of corrosion [12].

With slope gradient greater than 30%, usual small-scale technologies offer winches, animal
power, and gravity sliding [13]. In some cases, animals can still be competitive but only in particular
conditions [14] and their use is hardly compatible with the lifestyle of industrialized countries [15].
The winch can produce good results for short distances [16], and gravity sliding requires a high
labor input [17]. Terrestrial extraction systems could be 2-3 times cheaper than aerial systems [18];
nevertheless there might be at least two reasons to promote the cableways systems. Firstly, an additional
timber production area can be made which is associated with inaccessible surfaces to terrestrial
machinery. Secondly, due to the fact of the growing need to safeguard the environment [19,20].
For these reasons, it is important to optimize the efficiency of logging systems and minimize costs.
To support wood and forestry entrepreneurship will be necessary to improve the productivity in the
forestry-wood chain [21].

The most widespread extraction system in central Italy is the Short Wood System (SWS) which
has been used in coppice, high forest conversion harvesting [22] and also in thinning although rarely.
FTS extraction is rarely adopted, but it is rapidly spreading. Tractors equipped by forestry winches or
tractors with forwarding bins and pack mules are used in the SWS. New methodologies for bunching
and extraction can be competitive with traditional methods, but mainly if associated with different work
systems, especially in the FTS. When the slope gradient exceeds 30%, cable yarding could offer much
better solutions. Small cable yarding lines, for small-scale forestry, are now available on the market.
Such yarders have been made only for small trees (or loads), and low costs allow them to be depreciated
in thinning operations and firewood harvesting (small-scale forestry) [13]. To afford the use of a cable
system, the harvesting volume should be more than 46 m> day~! [18]. Forest operations in thinning
treatment can be carried out through various logging systems. In central Italy, the most frequent are
short wood and whole tree systems [23]. In this specific study, the latter was applied, and two different
cable yarder models were tested for extraction operations. After extraction, whole trees were chipped
and the wood chips obtained were for energy production.

In recent decades the wood chips market for energy purposes reached an interesting level of
profit [24]. Moreover, biomass is a substantial source for energy production and one of the most
renewable and sustainable. The recent energy market, the fossil fuel prices, and the lower ecological and
environmental footprint of the biomass in comparison to non-renewable fuels (RED II—EU Renewable
Energy Directive 2018/2001/EU) are the factors that caused an important biomass consumption
increase. [25]. Energy production from woody biomass is a multistage process, where only a careful
phases assessment can lead to a complete sustainability following its three main pillars (economy,
environment, and society). In this regard, one particular and sensitive issue in forest management
is related to assessing the consequences of different forest operations, focusing on the economic,
environmental, and social performance of each alternative before a treatment is eventually carried out.
The different pillars of sustainability can be a valid guide for decision makers in their actions and to
ensure a clear reduction of the impacts related to their decisions [26].

Residual trees/regeneration are less damaged by cable yarders in compression with ground-based
logging systems; however, production costs by cable yarders are higher than ground-based logging
systems. Also, level of soil disturbance following logging/thinning operation by cable yarders are less
than ground-based systems. Soil disturbance can lead to soil erosion, and reduction of site productivity.
However, this study has focused on the aspects most closely linked to the operation performance
and the production management for energy purposes, leaving further surveys on the environmental
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impact for future papers. Due to high costs of cable yarder applying in logging/thinning operation,
comparative analysis, in term of system productivity, are essential in choosing a suitable machine.

Focusing on the first thinning treatment in the slope area for chips fuelwood production, the main
aims of the present study were: (i) to provide a comparative analysis of two cable yarder technologies;
(ii) to determine the influence of a detailed assessment of logging methodologies to improve sustainable
forest operations.

2. Materials and Methods

2.1. Study Area

This study was carried out in Central Italy, in an even-aged reforestation plot of European black
pine (Pinus nigra A.), near the Orvieto municipality, Umbria region, 42°46’51.47"" N, 12°12’45.01” E
(Datum: WGS 84, Coordinate format D.M.S.). The study was carried out in a pine plantation that
was thinned according to systematic and single tree selection cutting methods in 2010, from March to
July. The working site was located within a regional nature park, where reduced impact logging (RIL)
techniques are carefully applied. The climate is Mediterranean, characterized by hot, dry summers,
mild, rainy autumns, and early springs, so this area could be classified as “humid” (on the basis of
De Martonne index of 36). The mean annual precipitation is about 900 mm and the mean annual
temperature is 14.8 °C. The highest monthly daily temperatures are in July or August (31 °C) and the
lowest ones are in January (2 °C). The study area has a surface of about 40 ha, and it is composed of a
33 year old Pinus nigra plantation (Table 1). The planting pattern of European black pine trees was
regular, with 3 X 2.5 square meters. The area is located at 500 m a.s.l., on a slope with an average
gradient of 40-45% and over. The bumpy surface such as outcrops or emerging boulders covers about
20% of the total surface and represents an obstacle for ground-based extraction systems. The soil is
composed of a mix of limestone and marls of Cretaceous-Paleocene-Eocene, and contains numerous
nodules of chert, with an average texture, following the USDA classification, of clay-loam. The main
hardwood species present as natural regeneration or old trees were Turkey oak (Quercus cerris L.),
common maple (Acer campestre L.) and manna-ash (Fraxinus ornus L.).

Table 1. Dendrometric characterization of the stand studied, average results obtained from 16 sampling
plots (average + standard deviation). Different letters indicate significant differences between averages
by t test with p-value < 0.05.

Dendrometric Unit Before After
Characteristic Thinning Thinning
Density trees ha™! 1326 + 48a 472 + 13b
Basal Area m? ha™! 453 +2.6a 16.0 £ 1.5b
DBH cm 20.3 +1.8a 205+ 1.1a
Tree height m 16.2 +1.9a 16.4 +1.1a
Tree volume m?> 0.353 + 0.058a 0.350 + 0.035a
Branch mass % total 18.2 + 2.6a 18.3 + 2.0a
Stand stocking m3 ha™! 468 + 28a 165.2 + 10b
Annual yield m3 ha™! year~! 14.2 -

2.2. Thinning Operations and Machines

Thinning was performed for the first time in the study area and consisted of every ten tree rows
in the systematic felling of one row, and among the nine standing rows a selective thinning was carried
out, with an intensity of 64.4% in number of trees, 64.7% in basal area and 65.3% in stand stocking
(Table 1). It is noteworthy that the heavy selection cut follows the silvicultural policy; in fact, it is
increasingly popular in Italy, and in many other countries, to steer artificial plantations toward natural
prototypes [27]. The area has an uphill landing site, with a single forest road crossing it. The density of
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forest roads and skid trails was 37.4 and 30.2 m ha™!, respectively. The stand presented its original
density, because none treatment has ever been done.

Felling operations were carried out by a chainsaw operator (Husqvarna 346 XP, Table 2) and two
helpers very useful in the stump for cleaning and tree landing. Logging operations were done by
three operators, according to the so-called “full tree system” (FTS). The felled area considered for the
study of these operations was divided according to each yarder line typology, and only one team
worked in the examined site. The working team had a specific training and experience for the working
system applied. Extraction was performed uphill by two mini-yarders with different carriages and a
modified forestry winch. Trees were just extracted out of the stand to the forest road, where they were
chipped (including the main trunk), and the chips loaded on a truck. Mini-yarder system was mainly
composed by one winch, one carriage and two steel wire ropes. The forest mechanic winch, with a
maximum pull of 45 kN, was applied to a farm tractor with engine power of 55 kW. The winch was
equipped with a main drum for the pulling rope containing 250 m of steel rope with a diameter of
9 mm, and with a secondary drum for the mainline rope containing 200 m of steel rope with a diameter
of 14 mm. The two different carriages used were: a semi-automatic carriage with a nominal maximum
payload of 1.5 kN (SAVALL 1500), and a mobile pulley carriage with a nominal maximum payload of
1.0 kN (MAXWALD) (Table 2).

The units were designed for installation in gravity skyline configuration only. The mainline
wire rope was tightened by a hand-hoist between two end-spars (vigorous trees). The pulling rope
connected the winch to the carriage, and it was used to move the carriage back and forth along the
mainline wire rope, and also to skid the felled trees and lift up the loads in the planned loading
points. The skyline was equipped with two mobile line blocks to stop the carriage, respectively
at the loading and unloading points. In particular, in the system with semi-automatic carriage the
line blocks were provided with hydraulic clamps, and the system with mobile pulley carriage was
equipped with mechanic clamps. Main winch controls were mechanic with manual action, consisting
of a clutch and a brake. These two systems represent two different technological devices applicable
to small-scale forestry, while remaining in professional application contexts. Understanding their
operational differences and limits is an excellent aid to technicians and forestry owners, but also
represents the starting point for technological improvements to these machines and equipment.

2.3. Data Collection and Analysis

Pre and post-harvest stand data were obtained through systematic plot sampling. Grid dimension
was 150 m X 150 m, the area of each circular plot was 314 m? (10 m radius), and in total 18 plots
in each sampling were established. Diameter at breast height (dbh) and height of tree species were
measured by caliper and clinometer, respectively, in each plot. The growing stock and average biomass
yield were estimated with a two-way table (dbh and height of tree) developed for P. nigra growing in
Tuscany [28]. The branch mass was obtained sampling 50 trees.

A time-motion study was carried out to evaluate working productivity and to identify those
most likely variables capable of affecting it. Each working cycle was stop watched individually,
separating productive time from delay time [29,30]. Delay factor calculated, represents the quotient
of delay time over net cycle time. Productivity was calculated both on delay-free time and on actual
total time, inclusive of all delays. Inclusion of delays was not capped on the basis of a maximum
event duration. Scheduled Machine Hours (SMH) include all time the machine is scheduled to work,
Productive Machine Hours (PMH) represent the time during which the machine actually performs
work and this exclude time lost to both mechanical and non-mechanical delays.
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Table 2. Models and technical characteristics of the applied machines in the felling and extraction of marked trees from thinning operation.

Machine Chainsaw Tractor Chipper Machine Winch Machine Cable Yarder System
New Holland Pezzolato PTH SAVALL
Model Husqvarna 346 XP TK4.80N 700/660 Model 80 kKN Model SAVALL 1500 MAXWALD
Displacement (ecmd) 50 3400 6500 Winch max pull (kN) 80 Nominal maximum payload (kN) 1.5 1.0
Engine power (kW) 2.7 55 126 Winch pull for cable yarder (kN) 45 Mainline rope diameter of 14 mm (m) 200 200
Mass (kg) 6 3700 8200 Mass (kg) 720 Carriage mass (kg) 80 40

Engine type Gasoline mix Diesel Diesel Pulling rope diameter of 9 mm (m) 250 Mainline rope mass (kg) 250 250
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The felling operation is divided in three phases: “approach to the marked tree” (when the chainsaw
operator moves from the last felled tree to the other to be felled), “preparation of felling site” (when the
team cleans the tree stump before the felling), and “felling” (when the chainsaw operator turns on the
chainsaw and performs the cut and ends with the fall of the tree).

Bunching-extraction distance was determined with a measuring tape. Load volume was calculated
multiplying the number of trees per load for the average tree size. The average tree volume was
obtained sampling 240 trees (15 trees in each thinning row) (Table 3).

Table 3. Dendrometric parameter of the tree harvested, average results obtained from 15 trees
per line. ANOVA analysis applied only on DBH and tree volume (d.f. 15, 224), p > 0.05
(average + standard deviation).

Parameter Unit Value

Tree intensity trees ha™! 854 + 18

DBH cm 209+17

Height m 163 +2.2
Volume m? tree”! 0.355 + 0.058
Fresh mass per tree t tree”! 0.320 + 0.062
Dry mass per tree ttree”! 0.190 + 0.089
Total felled volume m? ha™! 302.8 +24.1
Total felled fresh mass tha™! 2729 +15.2
Total felled dry mass tha™! 162.1 £12.1

The system boundaries for the study area were set to those of the forest operations, i.e., only by
the felling to the chipping site, or by the felling to the chips loading site were taken into consideration.
The Functional Unit (FU) used in the analyses was the dry ton (tq, ). During this study, 16 skylines,
8 for each carriage used, were analyzed (Table 4) and every line was 50 m wide.

Table 4. Technical description (average + standard deviation) of the wood extraction lines in two

logging systems.
Parameter Semi-Automatic Carriage (Savall) Mobile Pulley Carriage (Maxwald)
Line length (m) 165 + 25 160 + 27
Effective operative line length (m) 146 + 16 145 + 11
Line slope (%) 47 + 11 45+ 10
Span for line 2 2

Operational costs were estimated with the Miyata [31] method as described in Spinelli et al. [13].
Different machines have been estimated considering different periods of use. For the skyline with
carriage, winch, and accessories, an annual use of 800 scheduled machine hours (SMH) was estimated
and a depreciation period of 10 years [32]. The farm tractor for the skyline winch was depreciated on
1000 SMH per year, assuming that it could be used in other works besides yarding [11,13]. The chainsaw
for the felling was depreciated on 800 SMH per year and a depreciation period of 2 years [11]. Labor cost
was set to 15 € SMH™! inclusive of indirect salary costs [11,33]. The costs of insurance, repair and
service were obtained by other studies [11,13], while the fuel and lubricant average prices by a market
survey (second semester 2019) conducted upon three company products. The calculated operational
cost, as suggested also in Spinelli et al. [13], increased by 10% to account for overhead costs [34].

As reported in Picchio et al. [2] for the machines and accessories, a complete energy consumption
analysis was assessed, following the Gross Energy Requirements (GER) method. The indirect input
(M] tq.m.) of machines and tools was determined on the basis of the average energetic values (M] kg_l)
of raw materials related to: their quantitative presence (%) estimated and calculated, the total mass of
the machine (kg), the total service life of the machine (h t., '), and the use of the machine during forest



Energies 2020, 13, 5376 7 of 20

operations. The energetic consumption related to human work was assessed following as reported in
Christie et al. [35,36] and in Balimusi et al. [37], by applying a value of 0.030 MJ min~!worker~_.

To complete the energy balance, the energetic value of wood as the energy released during its
combustion was determined as Higher Heating Value (HHV) (CEN/TS 14918) on 20 random samples,
one sample per loading, by means of an adiabatic calorimeter (Parr, model 6200) [38].

To assess pollutant emissions during forest operations, emissions due to fuel were calculated as
the sum of emissions produced during combustion (Efc) and emissions produced during production
process and logistic (Efp). In the Efc assessment were considered the fuel energy content, the specific
engine emission factors, and the thermal efficiency of the fuel combustion process. The results
were obtained using the formula suggested by Klvac et al. [39], with wheeled tractors emission
factors (Table 5), only CO2 emissions were assessed by applying the emission factor adopted by
Athanassiadis [40]. In the Efp assessment were considered the fuel energy content and emission factors
suggested in Klvac et al. [39], only HC emission factor of 0.0862 was adopted from Athanassiadis [40].
Besides the fuel consumption also the lubricant consumption was assessed, considering as proposed by
Athanassiadis [40] and Klvac et al. [39], two main aspects: emissions produced by production processes
(Eop) and by reprocessing of used oils for final combustion (Eor). The lubricants were selected on the
basis of specific oil types and mix. As reported in Picchio et al. [22], the fuel and oil consumptions
were calculated considering engine power, load factor and specific fuel consumption related to the
time of use per output unit.

Table 5. Emission factors of compression-ignition engines (C) and spark—ignition engines (S) in wheeled
tractors as related to engine output power (kg kWh ') [39-41]. Conversion from kWh to MJ: 1 kWh = 3.6 MJ;
PM10—particular matters up to 10 microns and less; VOCs—volatile organic compounds.

1();1;}[1;3?; Wheeled Tractor

C S

CO, 263 263
CcoO 9.84 x 1073 1.90 x 1071
Formaldehyde 3.78 x 1074 341 x 1074
NOy 1.60 x 1072 8.54 x 1073
PM;, 1.70 x 1073 484 %107
SO, 1.14 x 1073 3.04 x 1074
VOCs 2.36 x 1073 7.16 x 1073

Statistical analysis was done using Statistica Statsoft. Kolmogorov-Smirnov test was used in order
to verify data distribution and normality. Dendrometric characteristics of stand studies before and
after thinning were compared by independent samples ¢ test. Differences between plots were checked
with the ANOVA and MANOVA tests, or with its nonparametric equivalent (Kruskal-Wallis) if the
data did not reach the normality. Regression analysis of time study data was used to check a model
capable of predicting productivity as a function of statistically significant independent variables such
as distance and load size. If the data were not normally distributed, a non-parametric Spearman’s rank
coefficient was applied to analyze the correlation between the variables.

3. Results

The data shown in Table 1, referring to a productive stand, harvested for about two thirds of its
total stock (nearly 64% of the basal area). The independent samples f test showed that dendrometric
characteristics (dbh, height, volume, branch mass of residual trees) are uniform before and after thinning
operations. Harvesting did not consider only smaller dominated trees but included many dominant
trees with stability and structure issues (Table 3). For this reason, the post-harvest dendrometric data
returned almost the same average tree size (DBH, height and volume).
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The statistical analysis (ANOVA) of the average working times did not show significant differences
among the 16 yarder lines. By the ANOVA results between DBH (diameter classes in centimeters: 10,
15, 20) of the felled trees, it can be said there are no significant statistical differences in average felling
time. About the analysis of felling phases, “felling” takes about 42% of the total felling operation time.
Globally felling operations have a productive time (PMH) of 159.10 h and delays are 39.86 h (20% of
the scheduled time—SMH), with a Delay Factor (DF) of 25.1%. On the basis of our calculation, felling
productivities (Table 6) resulted 19.78 m3SMH™! and 24.74 m3PMH!.

Table 6. Time and productivity of felling operation (average + standard deviation).

Unit Value
Worker 3
Machinery n° 1
Trees 11,102
Approach to the tree time 0.25 +0.19
Preparation of the felling site time min 0.16 = 0.10
Felling time 0.45 + 0.26
Delays 39.86
PMH hours 159.10
SMH 199.96
Delay Factor % 25.1
m®PMH! 24.74
Productivity with PMH t PMH™! (fresh matter) 22.29
t PMH™! (dry matter) 13.24
m3SMH! 19.78
Productivity with SMH t SMH™! (fresh matter) 17.83
t SMH™!(dry matter) 10.59

Notes: PMH = Productive Machine Hours, excluding delays (net cycle time); SMH = Scheduled Machine Hours,
including delays (total cycle time); DF = Delay Factor, i.e., delay time/net time [42].

Among the yarder lines, the statistical analysis (MANOVA) of the average working time (Table 7)
did not show significant differences in cycle, trees per cycle, bunching and extraction distance. Between
the two yarder lines with different carriage, the statistical analysis (MANOVA) of the average working
time (Table 7) showed significant differences about cycle, average time for unloaded carriage travel
and for choking time. The working time analysis shows a SMH time of 421.10 and 425.60 h for yarder
line with the Savall and the Maxwald carriage respectively. The percentages of logistic and preparation
time, 12.1% for Savall and 11.8% for Maxwald, are similar and considerably smart for simple yarder
lines, as those used. Phase analysis shows that the time necessary for the loaded carriage to travel
takes about 26% for the Savall and 25% for the Maxwald of total operation time. Globally, extraction
operation for the Savall lines have a productive time (PMH) of 328.90 h and delays are 92.10 h (22%
of the scheduled time—SMH), with a Delay Factor (DF) of 28.0% and for the Maxwald lines have a
productive time (PMH) of 338.20 h and delays are 87.40 h (21% of the scheduled time—SMH), with a
Delay Factor (DF) of 25.8%.
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Table 7. Time and productivity of bunching—extraction operation (average + standard deviation) in
two logging systems, and results of MANOVA test.

Unit SAVALL MAXWALD p-Value
Worker 3 3 -
Trees n° 5636 5466 >0.05
Working cycles 3458 3416 <0.05
Time for line of survey and logistic 98.38 + 16.12 98.38 + 16.12 -
Time for line of assembly and disassembly 285.15 +21.28  277.50 + 18.12 -
Time carriage travel unloaded . 0.69 = 0.22 0.75+0.24 <0.05
Choking time min 1.28 +0.48 1.42 +0.34 <0.05
Time carriage travel loaded 1.86 + 0.58 1.84 +0.32 >0.05
Unchoking time 0.99 £ 0.29 1.05+0.17 >0.05
Bunching distance m 9.40 +5.16 10.10 + 3.11 >0.05
Extraction distance 44.42 + 30.01 43.55 +20.15 >0.05
Trees per cycle n° 1.63 + 0.67 1.60 + 0.38 >0.05
Delays 92.10 87.40 -
Productive Machine Hours (PMH) hours 328.90 338.20 -
Scheduled Machine Hours (SMH) 421.10 425.60 -
Delay Factor % 28.0 25.8 -
m3PMH™! 6.08 5.73 -
t PMH™!
Productivity with PMH system (fresh 548 5.16 )
matter)
t PMH™!
(dry 3.25 3.07 -
matter)
m’SMH! 4.75 4.55 -
t SMH™!
Productivity with SMH system (fresh 4.28 410 )
matter)
tSMH™!
(dry 2.54 244 -
matter)

Notes: PMH = Productive Machine Hours, excluding delays (net cycle time); SMH = Scheduled Machine Hours,
including delays (total cycle time); DF = Delay Factor, i.e., delay time/net time [42].

For both skyline systems, the delays were mainly due to errors committed by the chocking
workers, for example through erroneous chocking of chains on the log. The bunching-extraction
productivities, on the basis of collected time data and total worked volume, were 4.75 m*SMH™! and
6.08 m3PMH-1 for the yarder line with the Savall carriage and 4.55 m3SMH™! and 5.73 cubic meter
PMH™! for the yarder line with the Maxwald carriage (Table 7).

The regression analysis (Figure 1) highlighted a good statistical correlation between extraction
time, extracted volume and extraction distance, with R? near to 0.9 for both carriages. In the Maxwald
carriage the correlation was considerably higher than in the Savall carriage (93.4% vs. 85.9%).

Among the 16 yarder lines, the statistical analysis (ANOVA) of the average chipping time does
not show significant differences (Table 8). Globally chipping operation has a productive time (PMH) of
71.85 h and delays consists of 11.17 h (14% of Scheduled time—SMH). Chipping productivity (Table 8)
results, on the basis of our calculation, on 47.48 m®SMH™! and 54.86 m®PMH L.
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Non linear regression: R? ;= 0.859 - F(4,245)=380.26 - p<0.001 Std. Err. 0.619 Non lingar regression: R?.;= 0.934 - F(4,245)=887 61 - p<0.001 - Std. Err. 0.682

Extraction time=2.118 - 4 636'Extracted vol. + 0.023Extraction dist. + 7.010°Extracted vol.2  Extraction time = 1.031+8.249*Extracted vol -0.042*Extraction dist +0,0004*Extraction dist 2

W 14 min
‘ M 12 min
0 [ 10 min
1 El g H
f gy BRI i
’é fo B
g G o RO
i § ¢ %?&?ﬁr&& CRLHAL
6;\; 2

Figure 1. Nonlinear regression analysis for the two yarder lines, referred to the extraction time in

relation to the extracted volume and extraction distance, with Savall carriage on the left and with
Maxwald carriage on the right.

Table 8. Time and productivity of chipping (average + standard deviation).

Unit Value
Worker 1
Machinery n° 1
Trees 11,102
Average chipping time for tree in+SD 0.18 +0.09
Average hydraulic crane time movements for tree = 0.20 +0.11
Delays 11.17
Productive Machine Hours (PMH) hours 71.85
Scheduled Machine Hours (SMH) 83.02
Delay Factor % 15.5
m*PMH™! 54.86
Productivity with PMH system t PMH™! (fresh matter) 49.45
t PMH™! (dry matter) 29.36
m3SMH™! 47.48
Productivity with SMH system t SMH™! (fresh matter) 42.80
t SMH_l(dry matter) 2541

Notes: PMH = Productive Machine Hours, excluding delays (net cycle time); SMH = Scheduled Machine Hours,
including delays (total cycle time); DF = Delay Factor, i.e., delay time/net time [42].

If delay times tend to zero, the total productivity of the yard showed in Figure 2 and referred to
SMH, could potentially increase to a maximum of 27% for the yarder line with Savall carriage, and 25%
for the yarder line with Maxwald carriage.

The hourly machine costs, including fixed cost, variable cost, and labor cost, are shown in Table 9.
The yard costs for each case study operation is presented in Table 10. The financial analysis shows
the machine operating costs per unit time. These were mainly composed by the variable costs for
the chainsaw, tractor and by fixed costs for the skyline (Table 9). As concerns the single operations
(Table 10), extraction represented the most relevant expenditure with about 70 € h~!, while felling
showed the lowest operative costs per hour, with 53.28 € h=!. The hourly cost of each operation was

divided by its corresponding productivity in order to derive unit cost. The total cost is the sum of
the single operation costs. The total yard cost, regarding trees extracted just out of the stand to the
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forest road, was 18.42 + 0.12 € m™. The average selling price of the whole tree extracted just out of the
stand to the forest road, of about 21.00 + 1.20 € m~3, was found on the basis of wood energy market for
contractors with chipper machines and considering the main technological wood chip characteristics
(Table 11).

5.0
m Savall
45
® Maxwald
40
35

Productivity values
N
wv

20 1
1.5
1.0
0.5
0.0
Cubic meter per SMH Fresh ton per SMH Dry ton per SMH
Productivity typology

Figure 2. Average bunching—extraction productivity (bars) and possible increase of performance

(lines) from SMH to PMH.
Table 9. Machine costs (analytical), fixed, variable, and total operating costs (the Italian cost is referred
to in the year 2019).
Description MU Chainsaw Tractor Savall Yarder Line Maxwald Yarder Line Chipper
Investment cost € 1000 42,000 35,000 21,000 58,000
Service life Years 2 10 10 10 10
Annual use H 800 1000 800 800 800
Recovery value € 200 8400 7000 4200 11,600
Interest on capital % 3 3 3 3 3
Fuel consumption 1h! 0.98 2.00 0 0 2.50
Fuel price €1! 2.0 0.8 0 0 0.8
% of
Lubricant cost fuel 20 25 0 0 30
cost
Labor cost €h! 15 15 15 15 15
Crew n° 3 1 2 2 1
Fixed costs
Depreciation € 1 400 3360 2800 1680 4640
year
Interest € 1 24 806 672 403 1114
year
Insurance and tax € 1 40 1344 1120 672 1856
year
Yearly fixed costs € 1 464 5510 4592 2755 7610

Hourly fixed costs €h! 0.58 5.51 5.74 3.44 9.51
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Table 9. Cont.

Description MU Chainsaw Tractor Savall Yarder Line =~ Maxwald Yarder Line  Chipper
Variable costs
Fuel €ht 1.96 1.60 0 0 2.00
Lubricant €h! 0.39 0.40 0 0 0.60
Repair and maintenance € h™! 0.50 3.36 3.50 2.10 5.80
Workers €ht 45.00 15.00 30.00 30.00 15.00
Hourly variable cost €h! 47.85 20.36 33.50 32.10 23.40
Operating cost €h! 48.43 25.87 39.24 35.54 3291
Profit and overhead % 10 10 10 10 10
Profit and overhead €h! 4.84 2.59 3.92 3.55 3.29
Total operating cost €h! 53.28 28.46 43.16 39.10 36.20

Table 10. Operation productivity and costs for single operation and total costs referred to one cubic
meter or to one dry ton of wood from whole tree roadside.

Description MU Felling Extraction Savall Extraction Maxwald Chipping Total Savall Total Maxwald
Real unit cost (SMH) €m 2.69 15.08 14.85 0.76 18.53 18.30
Hypothetical unit cost (PMH) €m3 2.15 11.78 11.79 0.66 14.59 14.60
Real unit cost (SMH) € tam. 5.03 28.20 27.69 142 34.65 34.14
Hypothetical unit cost (PMH) €tgm. 4.02 22.04 22.01 1.23 27.29 27.26

Table 11. Wood chips characterizations from Picchio et al. [43], average values + standard deviation.

Types Code Samples Fiber % Bark % Twigs % Other %
774+7.0 151 +5.1 29+1.0 46+09
Oversize % Acceptable % Fines %
FTS P. nigra 20 05+0.1 91.7 +2.0 78+13
HHV MJ/kgq.m. Ash % m. C Yodat N Yodaf H %qat
204 + 0.6 0.6 +0.2 50.0+£1.2 02+0.1 6.3 +04

The lowest energy efficiency was recorded for the yard extracted by the Maxwald yarder line,
with a total input of 129.5 MJ m~2 (Table 12). In the yard extracted by the Savall yarder, the energy
expenditure reported a total input of 125.8 MJ m™3, just slightly lower than the other yard (-2.9%)
(Table 12). In particular, the difference was in the direct inputs, which was calculated 3.0% higher in
the yard extracted by the Maxwald than in the other one (+3.4 MJ m~3). The input concerning human
activity and indirect inputs resulted similar between the two yards (Table 12 and Figure 3).

Table 12. Total energy inputs and balance in forestry logging yards.

i Energetic . . Human Output/Inputs . .
Description M.U. Output Direct Input  Indirect Input Labor Input Total Inputs Ratio System Efficiency
MJ/m? 12,444 112.77 11.52 1.56 125.84
Savall yard %
WYL Mty 20,400 184.87 18.88 255 20630 989 99.0%
MJ/m? 12,444 116.21 11.63 1.61 129.45
Maxwaldyard —yp, 20,400 190.50 19.07 2.64 21221 961 99.0%

A considerable amount of the energetic input concerned the bunching and extraction activities
(Figure 3). The results reported that 71.1 + 0.4% (90.73 MJ m~3) of the energetic input for both yards
can be associated with the bunching-extraction operation.

The total outputs for both yard typologies were assessed on the basis of felled volume (Table 3)
and HHV of the specific biomass (Table 11). The overall results indicated a ratio of the outputs to the
inputs of 2.9% higher in the yard extracted by Savall yarder (98.9) compared to the other one (96.1)
(Table 12). High values of the percentage energetic efficiency (Energetic efficiency = ((output — input)/
output) x 100)) were calculated in both the two sites (on average, 99% + 0.02) (Table 12).
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M Direct input
M Indirect input T ‘ ‘ ‘ ‘
# Human labor input

gota\
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Figure 3. Energy inputs categories in forestry logging operations, data reported in percentage referred
to the total inputs and detailed data are reported in MJ/m? for every category and showed in the figure.

The lowest pollutant emission values were assessed for the yard extracted by Savall yarder line,
with a total effective CO, emission of 1735 g m™3 (Table 13) and a total of 15.1 kg COgeq. tym. ' (Table 14).
In the yard extracted by the Maxwald yarder line, the pollutant emission values reported a total effective
CO, emission of 1772 g m™® (Table 13) and a total of 15.6 kgCOseq, ta.m ' (Table 14), only slightly
higher than the other yard (+3.3%) (Table 14). These results, globally at yard level, were equally
composed by direct and indirect inputs (Table 14 and Figure 4). Data referred to pollutant emissions
and fuel and lubricant consumptions are showed in Table 13. The emissions due to Efp, Eop, and Eor
were not significant in comparison with those due to Efc, except for HC. The combustion process was
responsible on average for 93.8% of CO2, 99.4% of CO, 36.1% of HC, 97.7% of NOx, and 98.6% of PM10
emissions. A considerable amount of pollutant emission values concerned the chipping activities
(Table 14 and Figure 4). The result showed that the 48.9 + 0.8% (7.5 kgCOxz¢q tim 1, Table 14 and
Figure 4) of the pollutant emission for both yards can be associated with the chipping operations.

Table 13. Total emission in forestry logging yards, shared in fuel and oil origins.

Savall Maxwald
CO, co HC Nox PM;q CO, coO HC Nox PMy
g tam. ! g tdm. !
Efc fuel 30403 613 0.3 63.4 11.5 3106.2 62.7 0.4 65.6 11.6
Efp fuel 198.8 0.3 0.6 14 0.1 201.4 0.4 0.6 1.5 0.2

Total fuel 3239.1 61.6 0.9 64.8 11.6 33076 63.1 0.9 67.1 11.9
Eop lubricant 3294 0.003 0.006 0.039 0.007 3.262 0.003 0.006 0.038 0.007
Eor lubricant 0.763 0.002 0.000 0.004 0.001 0746 0.002 0.000 0.004 0.001

Total lubricant ~ 4.057 0.005 0.007 0.043 0.008 4.008 0.005 0.006 0.042 0.007

Total 32432 616 09 649 116 33116 631 10 672 119
g™ g™
Total 17351 330 05 347 62 17717 338 05 359 64
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Table 14. Total emission in forestry logging yards, for single operation and yard, reported in CO,
equivalent, shared in direct and indirect process.

Fellin Savall— Maxwald—
8 Bunching/Extraction Bunching/Extraction

kgCOZeq. tdm. -1

Chipping Savall Yard Maxwald Yard

Direct inputs 1.0 24 2.6 4.1 7.5 7.7
Indirect inputs 0.3 3.9 4.2 3.4 7.6 7.9
Total 13 6.3 6.8 7.5 15.1 15.6

M Direct inputs

B Indirect inputs

2 e\ing

T T T

0% 20% 40% 60% 80%  100%

Figure 4. Percentage distribution of total emission in forestry logging yards for single operation,
reported in CO; equivalent, shared in direct and indirect process.

4. Discussion

Findings referred to a case study made in a 33 year old black pine stand in central Italy. Even if the
ideal silvicultural model for these stands, we expected two to four thinnings, with a final clear-cutting
and replanting or re-naturalization. Considering the stand evolution and the late thinning, in this case
the forest management goal was to ensure a minimal but substantial, canopy cover associated with
the progressive replacement of pine trees with late successional tree species, typical of more mature
natural evolution stages [23].

Felling productivity was high due to the efficient work planning and the optimal composition
of the working team (one chainsaw and two helpers). The delays (about 20%) were mainly due to
errors, as to the block of the chainsaw guide bar below the marked tree by dense understory plants,
which is very common especially in first thinning. Our results showed higher productivity values
(6.08 m® PMH™! for the yarder line with the Savall carriage and 5.73 m® PMH™! for the yarder line
with the Maxwald carriage) compared with other authors [44-47]. These data could be explained
with the high intensity of the harvesting (854 trees ha™!) in the study area. The felling intensity of the
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forest according to workers’ experience, is the most influencing factor for the productivity of the site
Schweier et al. [23].

Bunching-extraction productivity by cable yarder was comparable with that reported in other
similar studies [13] in particular for the Savall 1500 the same of our study. The average duration of the
cable yarder cycle recorded on similar distances by Spinelli et al. [13] was slightly longer than 5 min,
and very close to the ca. 5.7-5.9 min resulting from our study.

For a very similar cable yarder system, Spinelli et al. [13] reported a net productivity of 2.4 m3
PMH™!, considerably less than the average of this study (5.9 m®> PMH™); such difference could be
explained by considering the harvest density per linear meter, which sensibly varies between the
two studies (near to 0.2 m® m~! in Spinelli et al. [13], and 1.2 m® m~! in this study). This significant
difference between the two studies in terms of harvest density (1 to 6) did not affect proportionally the
productivity (about 1 to 2.5). This can be explained by the significant difference in delay factors found,
Spinelli et al. [13] found a delay factor of 0.1, resulting over 0.2 (0.28 for Savall and 0.26 for Maxwald)
in this study:.

The performance comparison of mini-yarders tested in this study against light tower yarders
reported in the bibliography [48] could be very interesting but may lead to erroneous conclusions.
Mini-yarders could compete with light tower yarders over short extraction distances: when the
distance increases, the heavier load capacity of the light tower yarder allows a better performance [23].
Light tower yarders are generally used for longer yarder lines (over 200 m) than those observed in our
tests, and often beyond the capacity of the mini-yarder.

Mini-yarders tested in this study, have also been compared against a forestry-fitted farm tractor
with winch reported in Picchio et al. [2], with a lower resulting productivity, which can be motivated
by the extreme specialization of tractor winches against the yarder on these kinds of work.

If the comparison is carried out between the yarder and a farm tractor for direct extraction
(skidding), [32,49] the difference in terms of productivity is not consistent. In fact, in some cases the
cable yarder is more productive.

The regression analysis highlighted a good statistical correlation between the bunching-extraction
distance and working time, as reported also by Spinelli et al. [13], while a lower correlation exists
between the volume extracted and the working time. This highlights the need for these systems to
work in proximity to their maximum load capability. The assessed statistical models, based on a
non-linear regression analysis with three variables (Figure 1), showed good prediction capacity for
both cable yarder models (R? of about 0.9).

Chipping productivity was high due to the average three dimensions and the good work
planning. The delays (about 13%) were mainly due to incorrect trees positioning at the cable yarder
unloading site. The productivity showed higher (double) values compared with findings reported by
Schweier et al. [23].

Overall, the two yards show an average productivity that could be considered excellent for a first
thinning, this mainly thanks to the integrated planning of the silvicultural intervention and forestry
operations. However, as shown in Figure 2, further improvements could be obtained. Productivities
could potentially increase 27% and 25% for the Savall and Maxwald carriages, respectively, if the
delay times reduced to minimum level. The delays for machines maintenance and fueling allow the
equipment to work within optimum parameters and, as a result these delays are difficult or impossible
to reduce. Delays included in the non-work time (personal delay, operational delay, and technical
delay) could be reduced focusing on a better operation organization and planning. In conclusion,
a reduction in delay times may be achieved by proper training of workers and by a better organization
and planning of operations.

In Italy for a similar ground slope, distance and silvicultural situation, short wood system was
normally applied, associated with the extraction by animals (mules), resulting in negative factors for
the work conditions and workers’ safety. Wang [14] noted that most of the accidents are caused by
improper operations on steep terrain, where animals are used for logging. Cut to length system (CTL)
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or FTS are often associated with the extraction by tractor with winch, which is a better but limited
technology for similar situations with extraction distances less than 80-90 m [2,7]. FTS or also CTL
systems associated with the extraction by skyline is a good opportunity for an improvement of the
work conditions and workers’ safety, but in this case a proper and accurate training is primary. Indeed,
the main intervention to improve health and safety is represented by workers training as well as lower
pressure of work [50]. An appropriate training course should focus firstly on accident reduction and
then on ergonomics for prevention of chronic illnesses [51].

The findings of this study showed that the most expensive operation is the extraction, representing
for both technologies over 81% of the total logging costs. The possibilities for improvement are not
high. According to data collected, the percentage of 81% can at most drop to 80%. However, the costs
related to cable yarder extraction, when compared with similar extraction yards [13], are in some
cases lower by even half. Results can be attributed only in part to the technologies, and mainly to the
interaction between logging and silvicultural planning.

The felling operation in terms of costs and productivity was very similar to that found in other
comparable studies [23]. The chipping instead showed lower costs than similar yards [23]. The reasons
are related to the possibility to work on little heaps of whole trees and with trees of ideal size for the
machine used.

Our results indicated that use costs can be decreased up to 21.5% by reducing delay times through
training of workers and by a better organization and planning of operations. This could lead to a total
yard cost of about 14 € m~3. Compared to other work methods, if supported by adequate logistics
and density of harvesting biomass, the mini-yarders can be very competitive unless the skyline yard
includes the preparation and implementation costs of the line as well. For a silvicultural treatment,
which is often considered with negative income, and subject to environmental constraints, it could be
considered a good result.

In this kind of harvesting sites, the plots have been selected to use the skyline, and they were not
extracted with tractor and winch if not after the opening of new forest trails (technical and operational
parameters were not allowed in this context, due to several legislative restrictions). As shown also in
another study [13] mini-yarders could represent a good solution to wood extraction on steep terrain,
competitive with animal and winch. However, this is only possible with an adequate work planning
and workers training, as already stated that in small-scale forestry it is often difficult to implement,
even if extremely necessary.

The human energy consumption was estimated on the basis of a human heart-rate response
during field work. The calculated energy expenditure during working ranged from 0.024 to 0.033 M]
min~! per worker. The lower value was for chipping operations and it is significantly lower than what
is reported in other studies [22,35,52], but it is clearly explained by the high mechanization used in this
operation, as found by Picchio et al. [53]. The higher value was for the extraction by the Maxwald
cable yarder, and it is similar to what was reported in other studies [22,35,37,52].

Concerning energy inputs, a comparison was conducted between the results of this study and
those of similar studies, where a high mechanization level was applied, and the values found were four
times higher [52,53]. The comparison conducted between studies where an intermediate mechanization
level was applied [32] showed different results, in this case about eight times higher. That obviously
affects also the energy balance (output/input ratio), which is from 3 to 7 times higher, compared to
high [52,53] and intermediate [32] mechanization levels.

The percentage of energy efficiency (i.e., 100 X (output — input)/output) was high and on average
99% =+ 0.02. This value was near to those reported by Picchio et al. [22] (97%) and slightly higher than
those reported by Baldini et al. [32] (91%).

The comparison with previous studies, regarding GHG (Green House Gases) emissions,
in particular assessed via CO, equivalent, highlighted the efficiency of the cable yarder (in this
study about 9 kg COx¢q. m~3), as it was also demonstrated by previous studies (values ranging from
4 t0 11 kg COgeq, m~3)[23,39,54,55]. The findings of this study are clearly lower than those assessed in
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forest operations carried out with other technologies in thinning treatments, with values ranging from
12 to 33 kg COpeq m ™ [23,56-59].

5. Conclusions

Finally, from the findings, by a comparison between the two scenarios (Maxwald vs. Savall), it is
possible to affirm:

(i) The yard with the Savall cable yarder showed the best performance, even if the differences found
were minimal and almost zero in terms of costs;

(ii) The findings showed how a detailed assessment of logging methodologies allows improving
sustainable forest operations also in first thinning of pine plantations in slope areas,
this independently from the two typologies of the light cable yarder.

All that has been affirmed, even if looking at results from the analyses on a yard in a single forest,
is an exportable case study along with the good number of replicas conducted and the refutation
with similar realities reported in other studies. An adequate choice of the mechanization level and a
constant interaction with the silvicultural planning, together with an adequate worker training allow
sustainably producing chips for fuelwood, also from forest realities not very appreciated by the market.
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