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Due to a continuous abandonment of marginal agricultural land, Mediterranean
pine forests are growing both in biomass stock and area but remain mainly un-
managed. Pinus halepensis is one of the main pioneer species with strong ex-
pansion throughout the Mediterranean basin. In mature forests and pole
stands, selective thinnings aimed to eliminate dominated and dead trees are
necessary to improve the resilience and persistence of these forest ecosys-
tems. Bioenergy market provides an opportunity to mobilise this woody mate-
rial, helping to prevent and reduce wildfires in a context of climate change
and energy transition. Despite the existing expertise on wood harvesting,
there is a lack of practical knowledge about cost-effective methods for bioen-
ergy use of selective thinnings in such forests. The objective of this study was
to compare thinning harvesting methods in representative 63-year-old Pinus
halepensis afforestation in pole stage for bioenergy uses, following the silvi-
cultural treatments defined in the Spanish forest management plan. Time stud-
ies were performed over six representative plots in Navalén (Spain). Treat-
ments included three plots with the traditional stem wood method combined
with the logging of forest residues (integrated system), and three plots with
the whole tree chipping (whole tree system). Time, productivity and fuel con-
sumption were recorded for both systems. A woodchip quality assessment of
each assortment was performed in the laboratory according to European stan-
dards. The results obtained demonstrated that time consumption and produc-
tivity were similar between the integrated harvesting system and the whole
tree system. Regarding the total energy balance, it should be noted that both
systems produce woodchips that contain over ten times more energy than that
required to mobilise and process the obtained biomass. Fuel consumption,
costs and degree of damage were slightly higher in the whole tree system due
to the more intensive forwarding operation. The two assortments of wood-
chips in the integrated system had a higher (chipped log material) and lower
quality (chipped crown material) than whole tree woodchips. In conclusion, in-
tegrated harvesting is a better option to diminish fuel consumption, cost and
environmental impact, and also to obtain better quality woodchips for the pro-
duction of added value biofuels (pellets).

Keywords: Pinus halepensis, Selective Thinnings, Bioenergy Harvesting, Log-
ging Residues, Woodchips, Net Energy Efficiency, Whole-tree Biomass
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Introduction

There has been a substantial expansion
of Aleppo pine (Pinus halepensis Mill.) from
plantations to abandoned agricultural land
and natural sites dominated by shrubland
across the Mediterranean basin, especially
in the western area (Maestre & Cortina
2004). After large public reforestation pro-
grammes conducted in Spain between
1950 and 1970, extensive areas were refor-
ested in the Mediterranean regions with
pine species, mainly with Pinus halepensis,
with the goal of producing quality timber
and restoring semi-arid and even arid de-
forested soils (Maestre & Cortina 2004). Pi-
nus halepensis is well adapted from semi-
arid to sub humid conditions across the
Mediterranean basin (Jaouadi et al. 2019).
Both forest growth and production (Sghai-
er & Ammari 2012) and natural regenera-
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tion (Goubitz et al. 2002) increase with the
potential of the forest site, the bioclimatic
stage, and soil fertility. Pinus halepensis
forests is managed to produce even-aged
stands including selective thinnings (Ven-
netier et al. 2010). Navarro et al. (2010)
showed a positive and significant response
of Pinus halepensis trees in thinned stands
compared to controls treatments, in spite
of periods of low-rainfall and plague stress.
These tree responses along with structural
changes to afforestation affects forest
management in the context of global
change in the Mediterranean region where
increases in temperature and reductions
and irregularity in precipitation are fore-
casted, with the consequent rise in wildfire
risks (Pecchi et al. 2019). Moreover, natural
regeneration in Pinus halepensis stands is
normally achieved by clear-cutting small ar-
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eas in mature stands (Moya et al. 2008) in
periods of 10 to 20 years or even after wild-
fires (Barbati et al. 2010). Lavi et al. (2005)
showed that the natural dispersal of seeds
is weak in Pinus halepensis stands. Conse-
quently, spreading branches bearing cones
from thinning or clearcutting increases the
quantity of seeds dispersed. Furthermore,
tillage associated with high cover density
facilitates the establishment of seeds
(Jaouadi et al. 2019).

Regarding the state of forests in the Me-
diterranean basin, there is a general lack of
forest management of Pinus halepensis
stands, which has been confirmed in recent
studies (PROFORBIOMED 2014, ForBioEn-
ergy 2019, Jaouadi et al. 2019). Currently,
less than 10% of the public forests have an
active management plan in Eastern Spain
(Lerma-Arce 2015). Moreover, the invest-
ment level in private forestry is very low
due to the low economical revenues
achieved by current forest projects. There-
fore, in general, forest stands in large Me-
diterranean regions lack of any silvicultural
treatments (PATFOR 2012). High tree den-
sity, strong declining of the radial tree
growth and continuous accumulation of
dried biomass result in a low value and
quite vulnerable stock with a high risk of
wildfires (PROFORBIOMED 2014).

Nevertheless, rising bioenergy markets in
southern Europe offer an opportunity to
mobilise untapped woody biomass helping
to prevent and reduce wildfires in a con-
text of climate change and energy transi-
tion (Balboa et al. 2003). Woody biomass
for bioenergy is the main source of renew-
able energy in Europe, with a share of al-
most 60%. The heating and cooling sector is
the largest consumer, using about 75% of
all bioenergy (Scarlat et al. 2019). Bioen-
ergy contributes to EU’s energy security, as
more than 95% of the demand is met with
domestically produced biomass (European
Commission 2020). Forestry is the main
source of biomass for energy (logging
residues, wood-processing residues, fuel-
wood, etc.) and wood pellets (mainly for
heating) have become an important en-
ergy carrier (Scarlat et al. 2019). The forest-
based biomass sector is well developed in
central and northern Europe (Proskurina et
al. 2016), featured by local and regional

Tab. 1 - Forest inventory data of the rep-
resentative forest of the 60-years-old
reforestation of Pinus halepensis. (SE):
standard error of the mean.

Parameter Value
Average DBH (cm) + SE 20.05 + 1.86
Basal area (G, m?* ha™) 24.94
Density (trees ha™) 718
Volume (m* ha™) 106.5
Average tree height 14.2 + 0.99
(Ho, m) + SE

Unit volume (m? tree™) 0.14
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supply chains (Acuna et al. 2019), conven-
tional advanced forest operations (Spinelli
et al. 2019) and logistics (Joelsson et al.
2016, Triplat & Krajnc 2020) in forests and
short rotation coppices (Schweier et al.
2015). In contrast, southern Europe faces
important challenges such as economic
and regular restrictions, and a lack of ade-
quate equipment and qualified personal
for harvesting and processing, in both
western (ForBioEnergy 2019) and eastern
Mediterranean countries (Rauch et al.
2015). Most forest development program-
mes in the Mediterranean basin aim at in-
creasing the energy valorisation of residual
forest biomass as a strategy to mobilise
higher value-added wood products, pre-
vent large wildfires and provide local em-
ployment in rural areas (PATFOR 2012).

On the other hand, forest companies sup-
plying roundwood primarily for sawmills
and wood-based panel industries have lim-
ited experience in producing chips for bio-
energy (BEST4VARIOUSE 2012). Little re-
search in biomass harvesting adapted to
Mediterranean pine forest conditions has
been performed and published, which has
translated into a lack of knowledge by for-
est owners and harvesting companies
about real market prices as well as harvest-
ing and logistics costs (Lerma-Arce 2015).
Therefore, there is a need for expanded
knowledge of advanced harvesting tech-
nologies to produce woodchips in these in-
creasingly growing forest areas (PATFOR
2012, PROFORBIOMED 2014, ForBioEnergy
2019).

The general objective of this study was to
compare the integrated woody-biomass
(1S) and whole tree harvesting (WTS) sys-
tems in representative forests of Pinus
halepensis in pole stage for bioenergy uses.
To achieve this, the research had the fol-
lowing specific objectives: (i) to analyse
and compare time, biomass yield and fuel
consumption; (ii) to calculate and compare
productivity of both systems; (iii) to calcu-
late and compare total harvesting costs;
(iv) to assess the quality of the woodchips
produced; and (v) to evaluate the net en-
ergy efficiency of each bioenergy system,
from the forest to the bioenergy plant.

Materials and methods

Selection of representative plots

A representative 63-year-old afforested
stand of Pinus halepensis established with-
out any previous silvicultural treatment
was selected in the forest district Vo74
Navalén, Spain (38° 55’ 10” N, 00° 55’ 29"
W). Six plots of 0.25 ha (50 x 50 m) each
were selected by random sampling from a
homogeneous forest stand of 4 ha. The av-
erage terrain slope was 10%. Descriptive
forest data is shown in Tab. 1.

In order to assure homogeneity among
forest plots, the normality of the distribu-
tion of DBH and volume per tree were
tested and subsequently, the analysis of
variance (ANOVA) was applied.

Harvesting methods

A low selective thinning was carried out
with the same harvesting intensity (35% of
the standing trees) over the six plots. After
testing of the harvesting equipment by lo-
cal forest contractors, the following har-
vesting systems were selected: (a) whole
tree system (WTS), including full-tree chip-
ping; (b) integrated harvesting system (IS)
as traditional stem wood system (by de-
limbing tree stems) combined with the ex-
traction of logging residues (tops and
branches) in separated loads, also includ-
ing separated chipping of stem and resi-
dues.

Each selected system had three test plots
assigned. A single operator performed all
felling operations using a 2.8kW chainsaw
(model MS-261%, Stihl AG & Co., Waiblin-
gen, Germany). Biomass (both stems and
residues separately in the case of IS sys-
tem) was forwarded by a single operator
driving an 88 CV forwarder (model A83°,
Valtra-Hitraf, Pontevedra, Spain); forest
plots were located at a distance of 800 m
from the forest road and with an altitudinal
difference of 40 m between the forest
plots and the loading area. Another opera-
tor comminuted the biomass collected
with a semi-mobile chipper Stark SH-4585°
(385 CV) connected to a truck; the biomass
was separated into three different piles:
woodchips from logs and woodchips from
residues obtained from IS, and woodchips
from whole-trees obtained from WTS (Fig.
1). The chipping process was carried out at
the roadside three weeks later; this allow
air drying the biomass to obtain chips with
a lower moisture content and less fine ma-
terial (especially needles and cones).

Finally, multi-lift trucks were loaded with
the woodchips, which were transported to
a bioenergy plant (40 km away) for final
drying and transformation into thermal en-
ergy.

The same contractor performed the har-
vesting in all the plots (using the same ma-
chinery and operators) to avoid distortions
on the field tests.

Time analysis

The time analysis followed the methodol-
ogy developed by Magagnotti & Spinelli
(2012), corresponding to an observational
study at plot level. The time of the working
components (felling, extraction, chipping)
in each plot was recorded manually with a
stopwatch through a continuous-time mea-
surement (Ambrosio & Tolosana 2007). In
the felling phase, the time for felling, de-
limbing and cross-cutting of the crown was
recorded, together with fuel recharging
and chainsaw sharping time. The extrac-
tion phase was measured at a cycle level by
recording the time consumed by the for-
warder during loading, transport to the
loading area, unloading and unloaded
transport back to the plot. The chipping
phase was measured at continuous time
for each biomass pile. Mechanical, personal
and organizational delay times were count-
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ed and registered. When no delays oc-
curred, 35% of delay time over net time was
assumed for gross calculations of forward-
ing times (Magagnotti & Spinelli 2012).
Only one experimental plot was harvested
at a time to ensure proper monitoring and
recording of the time components. Fur-
thermore, the same operators worked all
plots to avoid variability due to experience
and working conditions.

Analysis of biomass yield and fuel
consumption

The number of felled trees per plot was
counted while biomass volume and weight
at 45% moisture content were estimated
per plot and per hectare by measuring the
height and DBH of each tree and applying
the allometric equations for Pinus halepen-
sis proposed by Montero et al. (2005). Dur-
ing the felling phase, fuel and oil recharges
(number and amount) were recorded. The
forest contractor provided the fuel con-
sumption data for the forwarder and chip-
per.

A t-test (a« = 0.05) was applied to deter-
mine if the means of the two sets of data,
in this case, biomass yield and fuel con-
sumption, from WTS and IS were signifi-
cantly different from each other.

Calculation of productivity

The productivity of each harvesting phase
(felling, forwarding, and chipping; in t h)
was calculated following the methodology
described by Magagnotti & Spinelli (2012)
taking real productive machine hours from
field time records. T-tests (o = 0.05) were
applied to the productivity of each harvest-
ing process to determine whether the
means of the two datasets (WTS and IS)
were statistically significantly different
from each other.

Biomass quality assessment

Woodchip samples of 5 kg each one from
the three different piles were separated
and sent to the biomass laboratory of
AIDIMME (Paterna, Spain). Here, the fol-
lowing equipment was used to analyse
biomass quality: mechanical vibration
equipment (model RO200N®, CISA Sieving
Technologies, Barcelona, Spain); drying
oven (UFE 700°, Memmert Gmbh, Schwab-
ach, Germany); precision balance (ED1245°,
Sartorius AG, Gottingen, Germany); muffle
furnace (AAF1100°, Carbolite Gero Ltd.,
Hope, UK); 1kW particle mill (MF10°®, IKA-
Werke, Staufen, Germany); calorimetric
pump (PARR 1351, Parr Instruments Co.,
Moline, IL, USA).

The methodology proposed by the Euro-
pean standard EN-14961 (2011) was fol-
lowed for the analysis of woodchips qual-
ity. This standard details the procedures
for the characterization of woodchips and
thresholds to classify ranges of values to
differentiate woodchip qualities. According
to the standard, the features analysed
were: classification of the material (de-
scribed in EN-14961 2011 and EN-15149 2011),
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Fig. 1- Wood-
chips from WST
(left), wood-
chips from stem
(middle) and
crown material
(right) from IS.

humidity (EN-14774 2010), ash content (EN-
14775 2010), and calorific value (EN-14918
2011). Three repetitions were made for
each woodchip fraction and test (wood-
chips from stems, from branches and from
whole tree).

Calculation of harvesting costs

Machine rates were calculated based on
conventional costing methods (Arné Sat-
orra & Vilalta Masip 2003) using personnel
and machine costs input from the harvest-
ing company. Tab. 2 shows the machine
and labour cost inputs.

Calculation of the net energy efficiency
of each bioenergy system

The final task of the study was to com-
pare the net energy efficiency of the two
bioenergy systems, including all the activi-
ties in the supply chain, from transport and
logistics operations to the final thermal en-

ergy conversion of the woodchips at the
bioenergy plant. To this purpose, Hohle
(2010) formulas were applied. This method-
ology allowed a quantitative comparison
between the energy input required to carry
out the forest operations and the obtained
energy output through the transformation
of biomass in a thermal combustion plant
of 700 kWh per tonne of woodchips. Nev-
ertheless, the energy consumed through
the life cycle of machines, fossil fuel (ex-
traction and refinery), and human work
were not included in the calculations.

Results and discussion

Homogeneity of forest plots

According to ANOVA results, no signifi-
cant differences were found between DBH
and tree volume distribution among plots
(p-value = 0.23 and p-value = 0.14, respec-
tively) in both treatments.

Tab. 2 - Machine and labour cost inputs for cost calculations. Cost in Euro (€) as on
April 27, 2021 (1 € = 1.21 US). (SMH): scheduled machine hours, inclusive of delays; (*):
incidence of work time over total work site time: the remaining time is represented
by delays. The utilization rates, investment costs, overheads and industrial benefits
were provided by forest operators (Moixent Forestal s.l., 2013).

Costs Unit Chainsaw Forwarder  Chipper Truck
Investment € 490 130000 240000 81000
Service life years 6 10 12 15
Resale € 98 26000 48000 16200
Utilization* SMH year™' 1000 1000 1500 1500
Repairs € 41 5200 8000 1512
Depreciation € year™ 82 10400 16000 4320
Average value of year € year™ 286 83200 152000 50760
investment

Interests % 0 0 0 0
Insurance € year™ 2500 2500 2500 2500
Interest € year™ 14 4160 7600 2538
Fuel € year™ 1250 4431 30210 45315
Lubricants € year™ 375 1329 9063 13595
Labour € SMH™ 20 18 18 18
Crew n 1 1 1 1
Overheads € SMH 2 4 6 5
Total rate € SMH™ 25 53 79 73
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Tab. 3 - Time consumption (min) of harvesting operations per plot and harvesting system. (SD): standard deviation; (CV): coefficient

of variation. (*): assuming 35% of delays.

WTS Is
Step Operation Plot1 Plot2 Plot3 Mean SD CV(%) Plot4 Plot5 Plot6 Mean SD  CV(%)
Felling Felling 133.83 137  85.5 118.78 28.86 24.29 217.8 188  226.16 210.65 20.05 9.52
Fuel and oil recharge 18 20 103 161 512 31.81 3053 23.5 355 29.84 6.03 20.2
Total 151.83 157  95.8 134.88 33.94 25.16 248.33 211.5 261.66 240.5 25.98 10.8
Time per tree 153 1.67 1.45 1.45 027 18.4 212 2.38 3.08 253 0.5 19.6
Forwarding  n° cycles 4 4 4 4 0 0 2 3 3 2.7 0.58 21.38
Distance (m) 800 700 700 733  57.74 7.88 850 750 750 783  57.74  7.37
Loading 213.16 192.63 197.9 201.23 10.66 5.3 105  174.9 188.54 156.15 44.82 28.7
Transp. Loaded 36 33.4 285 32.63 3.81 11.67 20 285 2433 2428 425 17.51
Unloading 33.06 30.06 43.5 3554 7.05 19.85 23 349 38.32 32.07 8.04 25.08
Transp. Unloaded 2777 2732 19 247 494 1999 17  19.5 17.32 17.94 1.36 7.58
Net 309.99 283.41 288.9 294.1 14.03 477 165  257.8 268.51 230.44 56.92 24.7
Gross* 418.49 382.6 390.02 397.04 18.95 4.77 222.75 348.03 362.49 311.09 76.85 24.7
Chipping 205 20,6 19  20.03 0.9 447 213 249 19.5 21.9 275 12.56

Time consumption

Felling

Tab. 3 shows the main results of felling
time and productivity per harvesting sys-
tem. WTS showed a lower average time
consumption than IS (119 vs. 211 min plot”),
since the latter required an extra time for
delimbing and crown cutting. Regarding
fuel and oil recharge, this accounted for
the same percentage (12%) in both systems,
totaling 16.10 and 29.84 min plot* in the
WTS and the IS systems, respectively.

Forwarding

Tab. 3 shows the time consumption per
plot and harvesting system for the for-
warding operation. Total average loading
time was 156 min plot” for IS and 201 min
plot™ for WTS. The number of forwarding
cycles from the stump to the loading area

Tab. 4 - Comparisons of biomass yield
per forest plot and harvesting system.
(SD): standard deviation; (CV): coeffi-
cient of variation.

Biomass yield

System Test plot (green t ha"')

WTS Plot1 24.27
Plot2 24.46

Plot3 22.56

Mean 23.76

sD 1.05

CV(%) 4.40

IS Plot4 29.04
Plot5 23.50

Plot6 27.44

Mean 26.66

SD 2.85

CV(%) 10.69
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was greater for WTS, with an average of 4
cycles plot” vs. 3 cycles plot™ in the case of
IS in which residues and stems were for-
warded separately. The results revealed
that the net payload of the forwarder was
reduced by the bigger volume occupied by
the whole trees. Tolosana et al. (2013) re-
ported similar results with a Timberjack
1410 and a Dingo forwarder, demonstrating
that tree volume is the critical factor when
forwarding whole trees.

The average time of transport loaded was
quite similar, i.e., 33 min for the WTS and
24 min for the IS. This differences could be
explained by a speed reduction of 5.36%,
with 90 m min” in the case of WTS and 85
m min™ in the case of IS, which transported
bigger loads per cycle. Unloading time was
very similar, with an average of 36 min and
32 min for WTS and IS, respectively. Finally,
there was a non-significant difference in
the total time per plot associated with
transport unloaded. Despite the similar
speed, this occurred because WTS required
more transport cycles per plot than the IS
system.

Chipping

Tab. 3 shows the results for chipping op-
erations. On average, the chipping of the
biomass took 20 min for the WTS and 22
min for the two piles obtained with IS sys-
tem.

Biomass yield and fuel consumption

Tab. 4 shows the biomass yield of the two
analysed systems. The average value of
green biomass yield for WTS (23.76 t ha)
was slightly lower than for IS (26.66 t ha”).
The quantity of extracted biomass was not
the same due to slight differences in diam-
eter and height of the felled trees. Never-
theless, the t-test analysis showed no sig-
nificant differences (p-value = 0.21). This
confirmed that the same thinning intensity
was implemented in all forest plots and

harvesting system, allowing an accurate
comparison of the variables analysed in
this study.

Fig. 2 shows the fuel consumption of the
two harvesting systems. On average, fuel
was recharged 8.4 times in IS, with an aver-
age total consumption of 2.12 litres per
plot, and 4.3 times in WTS, with an average
total consumption of 2.7 litres per plot.
Therefore, the average fuel consumption
of the chainsaw operation per tonne in IS
(0.63 I t7) almost duplicated that of WTS
(0.35 1 t), being the difference statistically
significant (p-value = 0.04). This can be ex-
plained by the further processing time in-
volved in IS with delimbing. As for the for-
warder, the obtained fuel consumption of
the two systems (2.59 and 3.65 | t* for IS
and WTS, respectively) was not significant-
ly different (p-value = 0.13). Also, the fuel
consumption of the chipper was similar in
both systems (1.21 |t for IS and 1.12 | t* for
WTS) and no significant differences were
found (p-value = 0.32). As for total fuel con-
sumption, WTS consumed 5.12 | t" in con-
trast to 4.43 | t* of IS. These results con-
firmed that chainsaw fuel consumption is
the factor underlying the significant differ-
ences in fuel consumption between har-
vesting systems.

Productivity

Tab. 5 shows a summary of the productiv-
ities by plot and operation for the two har-
vesting systems under study.

Felling

The average felling productivity of WTS
exceeded that of IS (2.76vs. 1.66 t h7, re-
spectively; t-test p-value = 0.04) as the lat-
ter required additional wood processing
(delimbing) time. Furthermore, the felling
productivity obtained for IS (2.5 m3 h" for a
green density of 0.668 t m3 at 35% moisture
content) was similar to that obtained by
Ambrosio (2005), who reported a felling
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productivity of 2.7 m3 h” for a manual selec-
tive thinning on a similar stand of Pinus
sylvestris in northern Spain. Spinelli et al.
(2014) also found significant differences be-
tween the WT and CTL harvesting systems.

Forwarding

On average of 4 trips and 294 min were
required by the forwarder to move for for-
warding 5.94 tonnes of biomass in WTS,
whereas 2.7 trips and 230 min were re-
quired by the forwarder to move 6.66
tonnes in IS. Therefore, the productivity of
the forwarding operation in IS was 52%
higher than in WTS (1.85 vs. 1.21 t h). Nev-
ertheless, we found no significant differ-
ence between treatments after t-test (p =
0.18). The higher forwarding productivity
of IS was previously highlighted by Heikkild
et al. (2006), who reported a higher pro-
ductivity when forwarding delimbed logs
and stems (10-20% higher) than forwarding
whole trees. This is mainly due to the big-
ger apparent volume occupied by the
branches in whole trees loads compared
with separated loads of logs and logging
residues.

The low productivity rates calculated in
our study differed from those reported by
Tolosana et al. (2013), who obtained 10.2 t
h* for the Timberjack and 3.2 t h" for the
Dingo in IS. In their study, the forwarders
worked systematically extracting logs to
forest tracks and aligning forest residues
from crowns and branches. In our research
the forwarder moved selectively from one
tree to another. A systematic alignment re-
sulted in a substantial increase in the for-
warding productivity of IS. Additionally,
Nurmi & Hillebrand (2007) reported that
forwarder capacity, distance to loading
area, weight and quantity of biomass per
hectare are key factors for the productivity
in the forwarding operation. Based on our
experience, felling and forwarding produc-
tivities increase with larger harvested areas
and higher biomass yields per hectare.

Chipping

Regarding chipping productivity, the for-
est company only provided the total time
spent by the chipping operation in each
system. From this data, the calculated net
productivity was 17.79 t h* for WTS and
16.55 t h* for IS. This is mainly due to the
fact that in the case of IS, the chipper does
not have to move from one pile (wood-
chips from stems) to another (woodchips
from forest residues) during the chipping
operation. Tolosana et al. (2013) obtained a
similar productivity (14 t h") in a chipping
operation on residues of Pinus sylvestris
(branches and tops piled up in the landing
area).

Biomass quality

In our study, biomass quality highly de-
pended on the fraction of the three piles
obtained and analysed after the chipping
operation (Fig. 1). Tab. 6 shows the results
obtained in the laboratory for particle size,
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1,12

fuel consumption (I t2)
w

WTS

M Chainsaw W Forwarder

moisture, ash content and net calorific
value, as well as their assigned quality
classes following standard EN-14961 (2011).

The woodchips obtained from WTS were
rated as EN PLUS B1, while IS supplied two
different qualities: EN PLUS A2 for log chips
(if dried up to 35% moisture content). The
rest of woodchips from logging residues
did not pass the EN quality tests due to the
high content of ashes. These results are in

Fig. 2 - Fuel con-
sumption per
machine and har-
vesting system.

1,21

Chipper

line with those reported by Spinelli et al.
(2014) who indicated that WT harvesting
produces whole-tree chips which contain a
larger proportion of needles and twigs
compared to the chips obtained from CTL
harvesting. Nevertheless, they are suitable
for use in small-scale residential heating
systems.

Regional market prices for the different
woodchip quality assortments determine

Tab. 5 - Comparisons of productivity and costs of the two harvesting systems. (P):
productivity; (Av. P): average productivity; (Hc): hourly cost; (EWT): effective working
time; (Uc): unit cost; (SD): standard deviation; (CV): coefficient of variation; (*): as
result of fixed and variable cost plus industrial profit and overheads (calculated as 6%
and 8% of hourly operating costs, respectively, according to forest operators).

System Operation :lot/ P_, AV'.? Hﬂ . EW_T Uc_1
tats (th") (th" (€h" (ht') (€t
WTS  Felling Plot1 2.4 2.76 25 0.36 9.06
Plot2 2.34
Plot3 3.53
sSD 0.67
CV(%) 24.44
Forwarding Plot1 1.17 1.21 53 0.83 43.73
Plot2 1.29
Plot3 1.17
SD 0.07
CV(%) 5.79 -
Chipping 17.79 17.79 79 0.06 4.44
Transport - 22 22 73 0.05 3.32
Total - - 60.56
IS Felling Plot4 1.75 1.66 25 0.6 14.98
Plot5 1.67
Plot6é 1.57
SD 0.07
CV(%) 5.79
Forwarding Plot4 2.64 1.85 53 0.54 28.87
Plot5 1.37
Plot6é 1.53
SD 0.67
CV(%) 37.47
Chipping 16.55 16.55 79 0.06 4.77
Transport - 22 22 73 0.05 3.33
Total - - - 51.93
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Tab. 6 - Comparisons of biomass quality of woodchips obtained from the two harvest-

ing systems. (0.d.): oven-dried.

Characteristics WTS IS

Origin of chips sample Whole tree Stem Branches
Particle size (mm, EN-15149 2011) P31.5 P31.5 P31.5
Moisture content (% o.d. weight, EN-14774 2010) 41 45.18 38.13
Ash content (% o.d. weight, EN-14775 2010) 2 1.09 3.24
Net calorific value (MJ kg, EN-14918 2011) 17.53 17.59 17.27
Quality (EN-14961 2011) ENPLUS B1 ENPLUS A2

the convenience of one system over the
other. Generally, obtaining two qualities of
woodchips as in IS might result in higher
revenues and this would justify the pro-
cessing (delimbing) of the logs and the
separate piling and chipping performed in
IS.

Costs

Tab. 5 shows the cost summary for the
two harvesting systems. Assuming a trans-
port with a multi-lift truck from the forest
landing area to a bioenergy plant located
40 km away, the unit cost for WTS (60.56 €
t" at 45% biomass moisture content, here-
after: MC) was slightly higher than for IS
(51.93 € t™ at 45% biomass MC). These costs
amounted to 110.10 € t* for the WTS and
94.42 € t* for the IS at 0% of biomass MC.
Using the wood calorific values calculated
for Pinus halepensis, average costs per en-
ergy unit bases were 22.61 and 19.39 €
MWh~ for WTS and IS, respectively.

These results are in line with those re-
ported by ENERSILVA (2007) for several
Mediterranean pine species (41-95 € t* at
26% MC). For the same MC our results were
95 € t" for WTS and 65 € t" for IS. In con-
trast, the cost obtained were clearly higher
than those presented in a previous study
by Friihwald (2007) where the cost of
woodchips from biomass residues were
lower than the costs from whole tree har-
vesting for Picea abies in Scandinavia and
Northern Germany (10 € MWh" and 15 €
MWh-, respectively). The net calorific value
of the biomass from Mediterranean pine-
wood was slightly higher than that of soft-
woods from Central and Northern Europe
(Lerma-Arce et al. 2017). However, selec-
tive thinnings oriented to fire prevention in
stands with low stocking volume and sig-
nificant terrain slopes cannot compete
from a pure economic point of view with
selective thinnings of spruce or Scots pine
forests on flat lands in Central and North-
ern Europe. Thus, both the productivity
and cost of the wood and harvesting sys-
tem are determined by forest stand and
harvesting variables such as tree sizes, har-
vesting intensity, forwarding distance, and
operators qualities (LeDoux & Huyler
2001). Tab. 5 shows that the most expen-
sive operations were forwarding followed
by manual chainsaw felling. The lower pro-
ductivity of the forwarding operation in
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WTS was compensated by the higher
felling productivity. According to Kellogg &
Spong (2004), forwarding was the most
expensive activity in both systems, which
accounted for 72% and 57% of the total
costs in WTS and IS, respectively. These re-
sults are consistent with those presented
by Adebayo et al. (2007) who reported that
54% and 36% of the costs were attributed to
the forwarding operation in WTS and IS, re-
spectively, with the difference that in this
study the felling was mechanized. Differ-
ences in total costs between WTS and IS
keep constant of 20% for both the above
studies (Kellogg & Spong 2004, Adebayo et
al. 2007). It must be considered that with
bigger forwarders these costs could be re-
duced, although potential environmental
impact (damages to soil and remaining
vegetation) might occur. Additional sys-
tematic operations like piling of forest res-
idues and alignment of logs or whole trees
along forest tracks could increase forward-
ing productivities and reduce costs. More-
over, it has to be considered that costs
may vary considerably from company to
company, and experimental trials are nor-
mally more cost-intensive than real work-
ing operations.

Net energy efficiency

We conducted a comparative analysis of
the net energy efficiency along the entire
supply chain, from the forest to the ther-
mal energy conversion of the obtained
woodchips. The analysis included all fossil
fuels consumed by the harvesting, chip-
ping and transport equipment. The input
to output energy rate was 9.3% for the WTS
and 8.3% for the IS. A total of 10.7 and 12.0
of units of equivalent biomass energy were
produced from every unit of energy input
of fossil fuel required to mobilise and trans-
form the biomass for WTS and IS, respec-
tively. These results agree with those re-
ported in the ForBioEnergy (2019) project,
which included several pine studies in
Spain, Italy, Slovenia and Croatia. The
lower value of bioenergy units produced in
WTS was due to the higher energy con-
sumption of the forwarding operation. This
highlights that is critical to optimize such
process to increase the net energy effi-
ciency of the supply chain (Yoshioka 2011).
Results were determined by the size and
capacity of the reference combustion plant

and were in line with Wihersaari (2005)
who obtained 30 to 50 units of bioenergy
produced for every unit of (fossil) energy
consumed from fuel chips from logging
residues at final harvest. In another study,
Valente et al. (2011) reported that WTS can
produce 20 units of bioenergy per fossil
fuel energy unit. The higher values re-
ported by the mentioned studies show a
potential improvement in energy efficiency
that probably could be achieved by includ-
ing larger harvesting areas and optimizing
the logistics operations.

Conclusions

Biomass yield and fuel consumption were
similar between WTS and IS harvesting sys-
tem, while time differences are due to the
higher processing time that IS requires dur-
ing the felling operation, and to the lower
forwarding capacity per cycle in WTS
caused by the higher apparent volume of
whole trees in comparison with the sepa-
rate forwarding of stems and residues in IS.

The felling productivity of WTS was
higher than that of IS. Nevertheless, the
forwarding productivity of WTS was lower
than that of IS. No significant differences
were found for the biomass chipping from
both systems. Both harvesting systems
yielded woodchip of quality complying
with non-industrial EN standards. Total har-
vesting costs were slightly higher in WTS
due to the more intensive forwarding oper-
ations.

Both harvesting systems produce wood-
chips whose energy is tenfold higher than
that required to mobilise and process the
harvested biomass. This implies a high po-
tential for the substitution of non-renew-
able fossil fuels by wood-based biofuels.
Nevertheless, further investigations includ-
ing life-cycle analyses of biofuels is needed
to confirm this issue.

After the evaluation of the productivity,
fuel consumption, and energy efficiency of
WTS and IS, we conclude that IS is the
most productive, economic and environ-
mental effective harvesting system for the
harvesting of pole stage stands of af-
forested Pinus halepensis. Nevertheless,
both systems are highly sensitive to ma-
chine productivity and forest stand vari-
ables.
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