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» The storage time of pulpwood had no significant effect on particle size distribution in any
chip size classes.

*  The study confirms the knowledge that chipping time consumption is inversely proportional
to engine power and grapple load size in feeding.

»  The use of an narrower 80 mm x 80 mm sieve on Scots pine material does not seem to offer
any benefit compared to a 100 mm x 100 mm sieve from the perspective of chip quality.

Abstract

The primary aim of this study was to clarify the chipping productivity and fuel consumption of
tractor-powered and truck-mounted drum chippers when chipping pine pulpwood at a terminal.
The secondary aim was to evaluate the impact of wood storage time on the chemical and physical
technical specifications of wood chips by chipping pulpwood from eight different storage time
groups, using Scots pine (Pinus sylvestris) pulpwood stems logged between 2 and 21 months
previously at the terminal with the above-mentioned chippers. Thirdly, the impact of sieve mesh
size on the particle size distribution of wood chips from different age groups was compared by
using an 80 mm x 80 mm sieve for a tractor-powered chipper and a 100 mm x 100 mm sieve for
a truck-mounted chipper. With both chippers, the chipping productivity grew as a function of
grapple load weight. The average chipping productivity of the tractor-powered chipper unit was
19508 kg (dry mass) per effective hour (Eoh), and for the truck-mounted chipper the average
productivity was 31184 kg Egh~!. The tractor-powered drum chipper’s fuel consumption was 3.1
litres and for the truck-mounted chipper 3.3 litres per chipped 1000 kg (dry mass). The amount
of extractives or volatiles did not demonstrate any statistically significant differences between
storage time groups. The particle size distributions with both chippers were quite uniform, and
the storage time of pulpwood did not have a significant effect on the particle size distribution in
any chip size classes. One reason for this might be that the basic density of chipped wood was
homogenous and there was no statistical difference between different storage times. The use of
new sharp knives is likely to have affected chip quality, as witnessed by the absence of oversized
particles and the moderate presence of fines. The use of narrower 80 mm x 80 mm sieves on
Scots pine material does not seem to offer any benefit compared to 100 mm x 100 mm from the
chip quality point of view.
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1 Introduction

Comminuting is an important element of all forest fuel supply chains, because the size reduction of
wood biomass from its initial form into finer particles improves transport economy and is essential
when feeding modern biomass boilers (Jensen et al. 2004; Hartmann et al. 2006; Strehler 2000;
Lu et al. 2010; Spinelli et al. 2011a; Spinelli et al. 2011b; Roser et al. 2012; Spinelli et al. 2013;
Wolfsmayr and Rauch 2014). Heat and combined heat and power plants (CHP) are the main con-
sumers of forest chips. Other potential consumers are biorefineries and thermal treatment plants.
Wood chips, used as fuel or for industrial purposes, have to meet both chemical and physical
technical specifications (Suadicani and Gamborg 1999; Jensen et al. 2004; Hartmann et al. 2006;
Strehler 2000; Lu et al. 2010; Nati et al. 2010; Spinelli et al. 2011a; Spinelli et al. 2011b; Pari et
al. 2013; Spinelli 2013; Nati et al. 2014; Eliasson et al. 2015). The main quality parameters are
moisture and ash content, particle size distribution and percentage of fine particles (Suadicani and
Gamborg 1999; Jensen et al. 2004; Hartmann et al. 2006; Strehler 2000; Nati et al. 2010; Spinelli
et al. 2011a; Spinelli et al. 2011b; Anerud and Jirjis 2011; Laurila 2013; Eriksson et al. 2014b;
Wolfsmayr and Rauch 2014).

Particle size distribution has an impact on handling and combustion efficiency and emissions
at heating plants (Mattsson 1990; Kristensen and Kofman 2000; Jensen et al. 2004; Paulrud and
Nilsson 2004; Bafver and Renstrom 2013). Particle size also affects the energy requirement of the
hydrothermal pre-treatment needed for the conversion of wood biomass into liquid biofuels (Hos-
seini and Shah 2009) and the yield of bio-oil obtained from pyrolysis (Shen et al. 2009). Particle
size distribution is a function of different variables and is significantly affected by wood material,
moisture content, comminuting method, chipper type, blade wear and screen size (Suadicani and
Gamborg 1999; Spinelli et al. 2005; Nati et al. 2010; Spinelli et al. 2011b). The most homogenous
chips can be produced from stemwood, while much more heterogeneous chips are produced from
logging residues (Suadicani and Gamborg 1999).

Demand for forest fuels is often diachronic, and shortages are usually buffered by means of
stored material (Jirjis 1995; Rauch 2010; Filbakk et al. 2011; Laurila 2013; Rauch 2013; Eriksson
et al. 2014a; Nurmi 2014). After logging, the fuel wood is stored at roadside landings for a longer
or shorter time, usually from 6 months to 24 months (Laurila 2013). The storage of fuel wood may
improve fuel quality by reducing moisture content (Jirjis 1995; Filbakk et al. 2011; Rauch 2013;
Nurmi 2014), but on the other hand, biodegradation leads to loss of dry matter (kg m—) and loss
of energy rich extractives (Suadicani and Gamborg 1999; Jirjis 1995; Rauch 2010; Filbakk et al.
2011; Rauch 2013; Nurmi 2014; Routa et al. 2015a). Together, these factors will determine the
volumetric energy density (Nurmi 2014). From the procurement point of view, an unfortunate dis-
advantage that accompanies storage is tied up in capital (Rauch 2013; Nurmi 2014). Deterioration
of fuel wood also has a negative impact on particle size distribution, thus increasing the incidence
of fines (Pochi et al. 2015).

The comminuting is performed using tractor-powered chippers especially in smaller opera-
tions and heavy truck-mounted chippers or stationary grinders in large-scale operations. Chippers
with sharp tools are exclusively applied to clean wood and offer a more consistent product (Hakkila
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1989; Rinne 2010; Spinelli et al. 2011c; Spinelli et al. 2012; Eriksson et al. 2013). Drum and disk
chippers are the primarily technology used, whereas cone-screw chippers are rarely used (Hakkila
1989; Eriksson et al. 2013; Spinelli et al. 2013; Wolfsmayr and Rauch 2014). The grinders are
more consistent against interruptions caused by impurities. However, grinding consumes more fuel
than chippers. Moreover, grinders offer a rather coarse product that is unsuitable for use in some
smaller plants (Hakkila 1989; Strelher 2000; Rinne 2010; Eriksson et al. 2013). Currently, roadside
chipping is the dominant chipping system in Finland and Sweden as well as in other European
countries (Junginger et al. 2005; Stampfer and Kanzian 2006; Kérhéa 2011; Eriksson et al. 2013;
Holzleitner et al. 2013; Rottensteiner et al. 2013; Routa et al. 2013; Wolfsmayr and Rauch 2014;
Eliasson et al. 2015). Large disc chippers or drum chippers are used on terminals for chipping
large-sized stemwood, while drum chippers dominate the chipping of logging residues and small
trees on landings in Finland (Kéarha 2011).

During the cold season, chipping machinery is in intensive use, while during the summer
months, the problem is a lack of work (Laitila 2012; Routa et al. 2013). The seasonal nature of
fuel chip production lowers the utilisation rate of machinery and gambles on the availability of a
professional workforce (Laitila 2012; Routa et al. 2013). Buffer storing of wood chips is one way
to smooth out seasonal fluctuations, but the advantages gained do not always justify the expense
(Pochi 2015). Wood chips are very vulnerable to microbial degradation during storage, which often
leads to high dry matter losses, a reduction of energy value and a risk of self-ignition, and produced
fungal spores are also a health risk to employees working with wood chips (Jirjis and Theander
1990; Jirjis 1995; Jirjis 2005; Eriksson et al. 2013; Wolfsmayr and Rauch 2014; Pochi et al. 2015;
Routa et al. 2015a). The versatility of base machinery represents another way of achieving year-
round employment and improving the profitability of machine contracting businesses.

Two main chipper set-up categories that operate on landings can be identified: those that
are permanently mounted on truck, and those mounted on a trailer that can be attached to a trac-
tor (Hakkila 1989; Roser et al. 2012; Eriksson et al. 2013; Rottensteiner et al. 2013; Spinelli and
Magagnotti 2013; Spinelli and Magagnotti 2014; Wolfsmayr and Rauch 2014; Eliassson et al. 2015).
Tractor-towed chippers are usually powered by the tractor power take-off (PTO) and it is possible
to utilise the tractor for other purposes while there is no chipping work (Spinelli and Magagnotti
2014; Eliassson et al. 2015). Tractor-powered units are also cheaper to acquire and easier to resell
in sections than truck-mounted chippers (Spinelli and Magagnotti 2014), but tractor-powered units
cannot relocate between worksites as quickly as truck-mounted units, and chipping productivity
is lower (Spinelli and Magagnotti 2013; Spinelli and Magagnotti 2014). The chipper’s engine
power and the grapple load size in feeding are the two most important elements that affect chip-
ping productivity (Spinelli and Hartsough 2001; Van Belle 2006; Spinelli and Magagnotti 2010;
Ghaffariyan et al. 2013) if operational delays are excluded (Spinelli and Visser 2009; Holzleitner
et al. 2013; Spinelli and Magagnotti 2014). Evidently, truck-mounted chippers are most suited
to contractors with large annual chipping volumes and wide procurement areas, whereas tractor-
powered chippers are interesting options for contractors who work locally.

1.1 Aim of the study

There is an important need to identify the areas in which areas technology, equipment and opera-
tional environment should be improved in order to improve the cost and resource efficiency of forest
chip procurement for fuel or industrial purposes. Several important variables must be considered
when evaluating the performance of chipping systems, including their productivity and energy
consumption, the required initial investment, employment effects, wood characteristics and the
quality of final product (Eriksson et al. 2013).
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The primary aim of this study was to clarify the chipping productivity and fuel consumption
of tractor-powered and truck-mounted drum chippers when chipping pine pulpwood at a terminal.
The tractor-powered chippers were represented by a Kesla C 4560 LF (current model code Kesla
C 645 T) and the larger ones by a Kesla C 1060 A. Secondly, the impact of wood storage times on
the chemical and physical technical specifications of wood chips was evaluated by chipping wood
from eight different storage time groups pulpwood stems logged between 2 and 21 months previ-
ously at the terminal with the above-mentioned Kesla chippers. Samples from each storage time
group were collected in order to define the moisture content, basic density, particle size distribu-
tion, amount of acetone extractives and ash content of chipped raw material. Thirdly, the impact
of sieve mesh size on the particle size distribution of wood chips from different age groups was
compared by using an 80 mm x 80 mm sieve for a tractor-powered chipper and a 100 mm x 100
mm sieve for a truck-mounted chipper.

The produced parameters represent valuable information when developing forest chip pro-
curement for biorefineries or making appropriate choices of machinery and equipment. As a result,
investment costs can be optimised, operational costs reduced and quality of raw material improved.

2 Material and methods
2.1 The time study and data analysis of the chipping experiment

The chipping study was carried out from 10 to 11 November 2014 at the Fortum Power Plant
wood terminal in Joensuu, Finland. The chipped pulpwood was from eight different age groups
from stems logged 2 to 21 months previously. The experiment was carried out under natural light
during the daytime (07:30-15:00), the temperature was +4—6 °C, the open asphalted ground was
free of snow and the wood was unfrozen. The chipped material was Scots pine (Pinus sylvestris)
pulpwood from first thinnings and the volume of each of the eight woodpiles was about 50 m?
(solid). The bolt length was 4-5 m in the woodpiles. The minimum top diameter was 6 cm and
the diameters of the butt ends ranged from 15 to 20 cm. The observation unit was a truck con-
tainer with 50 m3 or 43 m3 gross cargo volumes. Each truck container load was measured with a
certified weight scale at the plant, and both filled and empty weights of the load were recorded.
The chipping machinery was positioned parallel to the pile and during chipping; the chips were
blown directly into the truck container (Fig. 1). The random order of chipped pulp wood piles was
according to the storage time: 9, 17, 4, 12, 2, 7, 15 and 21 months. The total amount of chipped
wood was 103317 kg (dry mass).

Fig. 1. Chipping Scots pine pulpwood with Kesla C 1060 A and Kesla C 4560 LF chippers at the asphalted wood ter-
minal in Joensuu. The chipping experiment started with the Kesla C 1060 A chipper.
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Both chippers were operated by skilled contractors with more than six years’ work experi-
ence in wood chipping, and they were experienced with the studied chippers. After filling four
truck containers, the chipper was fitted with a new set of sharp knives. The fuel consumption of
the chipper units were measured at a local fuel station after chipping trials. Chipper units were
parked in exactly the same place at the beginning and end of the shift and the tanks were filled up.
The accuracy of the fuel pump was to 0.1 litres and the fuel consumption was presented per dry
mass (1000 kg) of the produced forest chips.

The Kesla C 4560 LF chipper had six and the Kesla C 1060 A chipper had ten angled blades
that were positioned in a spiral around the drum. A square mesh sieve was placed beneath the drum
to prevent oversized chips from spilling out of the drum casing. The Kesla C 4560 LF chipper was
equipped with an 80 mm x 80 mm sieve and the Kesla C 1060 A chipper with a 100 mm x100 mm
sieve. The width and height of the intake opening was 600 mm x 450 mm for the Kesla C 4560
LF chipper and 1000 mm x 600 mm for the Kesla C 1060 A chipper. The hydraulic infeed systems
were equipped with an automatic feeding control.

The Kesla C 4560 LF drum chipper and the Kesla 600T timber loader for feeding were mounted
on a tandem axle trailer and were powered by a Valtra S280 farm tractor with a rated engine power
of 209 kW (Fig. 1). The chipper was connected to the rear power take-off (PTO) shaft of the tractor,
set to the standard speed of 1000 rpm. The commands for manoeuvring the timber loader and chip-
per were positioned in the cabin of the farm tractor. The Kesla C 1060 A drum chipper was mounted
on a three-axle Volvo FH 750 truck chassis (Fig. 1) and was powered by the truck’s 559 kW engine
by an intermediate transmission. The raw material was fed into the chipper’s feeding table with the
Kesla 1200T timber loader, which had a cabin for the operator during chipping (Fig. 1).

The time study was carried out manually with a Rufco-900 field computer (Nuutinen et al.
2008). The working time was recorded through the application of a continuous timing method
wherein a clock ran continuously and the times for different elements were separated from each
other under distinct numeric codes (e.g. Harstela 1991; Magagnotti et al. 2013). During the experi-
ment, the researcher observed the work performance outside the risk zone so that he did not disturb
the work of the operator. The operation time of the studied chippers was recorded, and the working
time was divided into work elements in order of priority:

Boom out: Boom movement from the chipper to the piled material

Grip: Gripping of material

Boom in: Boom movement from the pile to the feeding table

Feeding: Placing the material into the feed orifice and releasing the grapple load

Adjustment: Possible adjustments of the material on the feeding table

Chipping: Chipping while the timber loader is idle

Moving and preparation: Repositioning the chipper to the next pile and preparing the chipper ready
for chipping work

Delays: Time not related to chipping work, but for which the reason for the interruption was recorded.

The effective hourly productivity (Egh) of the chipping operation are presented per dry mass
(kg) of the forest chips. The data analysis was conducted for direct chipping time only (Egh), in
order to avoid the confounding effect of delay and preparation time, which is typically erratic
(e.g. Spinelli and Visser 2009; Eliasson et al. 2012a; Holzleitner et al. 2013). The studies were
also too short to record representative delay times. The effective working time (Egh) included the
work phases of boom out, grip, boom in, feeding, adjustment and chipping. The number of grap-
ple loads for each full truck container load was counted, in order to calculate the average weight
of the grapple load in feeding.
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Table 1. Statistical characteristics of regression models.

Productivity ~ Dependent variable 12  F-test/F-value N Term Constant/Coefficient t-test
model p Estimate Std. error t-value p

Chipping Pchippingtoso ~ 0.67 12.332 8 Constant —127429.105 45182.677 -2.820 0.030
productivity 0.013 In(x1060) 30132.281 8580.522 3.512 0.013
of the Kesla

C 1060 A

powered by a

Volvo FH 750

Chipping Pchippingdseo ~ 0.62 9.600 8  Constant -438.103 6440.559 -0.068 0.948
productivity 0.021 In(x4560) 4100.515 1323.463 3.098  0.021
of the Kesla

C 4560 LF

powered by a

Valtra S 280

The truck container-wise time-study data and chipped timber amounts were combined as
a data matrix. The chipping productivity of chippers was formulated through the application of
regression analysis, in which the average grapple load in feeding was the independent variable. The
regression analysis was carried out using IBM SPSS Statistics version 20, and the characteristics of
regression models are detailed in Table 1. The chipping productivity was expressed in dry masses
per effective hour (kg Egh™1).

2.2 Sampling and analyses of wood chips

The chip samples were taken directly from the truckloads arriving as part of the normal delivery
process at the wood terminal of the Fortum Power Plant, after unloading chipped wood to the
ground (Uusvaara 1978; Uusvaara and Verkasalo 1987). Samples were taken to define the moisture
content, amount of extractives, amount of volatiles, basic density, particle size distribution, ash
content, and net calorific value of the chipped wood, and samples were analysed in the labora-
tory of the Natural Resources Institute Finland according to the following standards: EN 14780;
EN 14774-1; EN 14774-2; EN 14774-3; SCAN-CM 43:95; EN 15149-1; EN 14775; EN 14918;
SCAN-CM 67:03; SCAN-CM 49:03 and EN 15148.

Five samples were taken from each truckload, and wood samples were stored in plastic bags,
which were carefully closed and marked. Moisture samples were packed in double bags in order to
minimise the risk of bag outbreak or evaporation. The dimensions of the plastic bags were 35 x 35
cm (8 litres in volume), and the raw material, date and time were written on the label. In addition,
plastic bags were wrapped in a plastic sack, and each load was packed in a corrugated paperboard
box of its own. The samples were extracted from six different locations in the pile using a sampling
shovel, so that the results would be representative of the load.

The Kruskal-Wallis test, a non-parametric method, was used with IBM SPSS Statistics
version 20 to determine whether the length of storage or chipper type affects particle size distribu-
tion, the critical level being p<0.05. The Kruskal-Wallis test was also used to determine the effect
of storage time or chipper type on ash content, net calorific value, moisture content, amount of
extractives and amount of volatiles.
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Fig. 2. Chipping productivity of Kesla C 1060 A and Kesla C 4560 LF chippers (kg Eoh™!) according to the weight of
the grapple load (kg).

3 Results
3.1 Chipping productivity and fuel consumption

The average chipping productivity of the Kesla C 4560 LF chipper unit was 19 508 kg (dry mass)
per effective hour (Egh) and standard deviation (SD) was 827 kg Egh~!. The average weight of the
grapple load was 131 kg (SD 20). The average chipping productivity of the Kesla C 1060 A chipper
unit was 31 184 kg Egh~! (SD 5444) and the average weight of the grapple load was 195 kg (SD 29).

With both chippers, productivity grew as a function of grapple load weight (Fig. 2). The
Kesla C 1060 A chipper had a larger feed orifice and a more powerful engine than the Kesla C
4560 LF chipper unit, which enabled bigger grapple loads in feeding and a significantly greater
response (Fig. 2) to chipping productivity (kg Egh!) as a function of grapple load weight (kg).

The chipping productivity of the Kesla C 1060 A and the Kesla C 4560 LF chippers (Fig. 2)
were modelled (Eq. 1 and Eq. 2) from the average weight of grapple load as:

Peipping1060 = —127429.105+30132.2811n x40 ) (1)

where

Pchippingioso = Chipping productivity of the Kesla C 1060 A powered by a Volvo FH 750, expressed in
kg Eoh~! (dry mass)

X 1060 = average weight of the grapple load, kg (dry mass)

r?=0.67

Peippingasso = —438.103+4100.5151In (54 ) 2)

where

Pchippingss60= Chipping productivity of the Kesla C 4560 LF powered by a Valtra S 280, expressed
in kg Eoh™! (dry mass)

X4560 = average weight of the grapple load, kg (dry mass)

r?=0.62
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Fig. 3. Time consumption of work elements per chipped 1000 kg (dry mass) with the Kesla C 1060 A and the Kesla C
4560 LF chippers.

The total chipping time per 1000 kg (dry mass) was 117 seconds for the Kesla C 1060 A
chipper and 185 seconds for the Kesla C 4560 LF chipper (Fig. 3). Chipping while the timber
loader was idle took 41-52% of the effective working time. Loading accounted for 34-35% and
feeding 14-23% of the effective working time (Fig. 3). The Kesla C 1060 A and the Kesla C 4560
LF chippers were not momentarily idle because the timber loader could feed the chippers suffi-
ciently quickly. The large grapple loads and the length of pulpwood reduced the number of cycles
that the timber loader had to carry out. Thus, the loading of pulpwood was not the weak link in the
process and chippers were in operation about 100% of the time. The basic density of pulpwood
(kg m3) had no observed impact on chipping productivity when the basic density of the wood
material was in the range of 358443 kg m~ (Fig. 4). The fuel consumption of the Kesla C 1060
A chipper was 3.3 litres per chipped 1000 kg (dry mass) and for the Kesla C 4560 LF chipper the
fuel consumption was 3.1 litres.
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g ©
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<, 30000 ’ Volvo FH 750
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=
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Fig. 4. Chipping productivity (kg Egh™") of the Kesla C 1060 A and the Kesla C 4560 LF chippers according to basic
density (kg m™3) of chipped wood material.
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Table 2. Moisture content (%), calorific value (MJ kg 1), basic density (kg m3) and ash content (%) of different storage
time groups of pulpwood.

Age of storage, Moisture content, % Calorific value MJ kg™ Basic density kg m™ Ash content, %
months Kesla C 1060  Kesla C KeslaC  Kesla C 4560 Kesla C 1060 Kesla C KeslaC  Kesla C 4560

A 4560 LF 1060 A LF A 4560 LF 1060 A LF
2 55.8 54.4 20.66 20.70 434 443 0.43 0.43
4 47.0 46.8 20.35 20.61 417 416 0.62 0.38
7 41.6 40.9 20.32 20.32 411 406 0.63 0.58
9 45.7 453 20.56 20.54 412 396 0.54 0.42
12 56.0 50.3 20.36 20.54 418 420 0.47 0.35
15 47.2 47.4 20.43 20.29 420 410 0.46 0.41
17 40.7 45.6 20.28 20.32 426 433 0.49 0.47
21 37.0 38.6 20.37 20.42 425 358 0.49 0.39
Average 46.38 46.16 20.42 20.47 420 410 0.52 0.43
Standard devia- 6.82 4.95 0.13 0.15 7.69 25.83 0.08 0.07
tion

3.2 Wood characteristics and particle size distribution

The average moisture content (wet basis) of pulpwood was 46.26% (SD 5.76). The moisture con-
tent of pulpwood varied depending on storage time, and the difference was statistically significant
(p=0.047) (Table 2). Fresh wood (storage time 2 months) was naturally very moist (55.1%), and
wood which had been stored for 21 months was the driest (37.8%). However, one of the woodpiles
had been stored for seven months and the moisture content was 41.25%.

The average net calorific value was 20.44 MJ kg! (SD 0.13), and there was no statistical
difference (p=0.119) between different storage times. The basic density of wood varied between
358-443kgm3 (average 415 kg m—3, SD 19.13), and there was no statistically difference (p=0.146)
between different storage times. The average ash content of the stem wood was 0.47% (SD 0.08).
Storage time had no effect (p=0.540) on the ash content of wood (Table 2).

The average amount of extractives was 5.5% (SD 0.76) of dry mass and the difference was
not statistically significant (p=0.077) between different storage times. The same was true with the
volatiles; on average the amount was 84.12% (SD 0.50) of extractives, and the difference was not
statistically significant (p=0.825).

The chipper type did not affect moisture content, net calorific value, amount of extractives
and amount of volatiles (p>0.05), but the chipper type was statistically significant (p=0.012) in
terms of ash content (Table 3).

The particle size distributions with the Kesla C 1060 A and the Kesla C 4560 LF were quite
uniform, as is presented in Fig. 5. The particle size class was P31 (Alakangas and Impola 2014) in
all cases. The storage time of the pulpwood had no significant effect on particle size distribution
in any chip size classes (Table 4). The effect of the chipper and sieve mesh size was significant
(p=0.007) in size class 31.5-45 mm (Table 5).
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Table 3. Yield of extractives (% of dry mass) and volatiles (% of extractives) of pulpwood in different storage time
groups with the Kesla C 1060 A and the Kesla C 4560 LF chippers.

Extractives Volatiles
Age of storage, months Chipper Lipophilic yield, % Hydrophilic yield, % In total, % %

2 Kesla C 1060 A 5.90 1.14 7.04 84.9
4 4.68 1.24 5.92 83.8
7 3.28 1.27 4.55 84.4
9 4.31 1.26 5.57 83.6
12 4.53 1.10 5.63 83.3
15 3.56 1.06 4.62 84.8
17 4.09 1.36 5.45 83.4
21 3.64 1.27 491 84.1
Average 5.46 84.04

Standard deviation 0.81 0.62

2 Kesla C 4560 LF 5.95 1.13 7.08 83.9
4 4.86 1.09 5.95 84.4
7 4.24 1.08 5.31 83.4
9 4.31 1.22 5.53 84.5
12 4.60 0.97 5.57 84.3
15 3.96 0.92 4.88 84.3
17 3.18 1.32 4.50 84.4
21 4.57 1.00 5.58 84.5
Average 5.55 84.21

Standard deviation 0.77 0.38

Table 4. Effect of storage time on chip size distribution.

Effect of storage time

Fraction, mm df Distribution, percentage, Mean Std. deviation P-value
63-100 7 0.19 0.48 0.56
45-63 7 1.45 1.09 0.35
31.5-45 7 4.98 2.05 0.52
16-31.5 7 61.38 8.60 0.17
16-8.0 7 10.88 5.82 0.19
3.15-8 7 15.54 3.62 0.10
<3.15 7 5.62 1.25 0.42

Table 5. Effect of chipper type and sieve mesh size on
chip size distribution.

Effect of chipper type
Fraction, mm df P-value
63-100 1 0.644
45-63 1 0.752
31.5-45 1 0.007
16-31.5 1 0.115
16-8.0 1 0.115
3.15-8 1 0.115
<3.15 1 0.292

10



Silva Fennica vol. 49 no. 5 article id 1382 - Laitila et al. - Performance of a small and a medium sized. ..

80%
Kesla C 1060 A & Volvo FH 750

70%
¥ 2 months

60%
¥ 4 months

50%
©7 months

40%
¥ 9 months

Frequency

0,
30% B 12months

20% 115 months

10% 17 months

0% 21 months

<3.15 3.15-8 8-16 16-31.5 31,5-45 45-63 63-100

Chip size, mm

80%
Kesla C 4560 LF & Valtra S 280

70%
B 2 months

60%
B 4 months

50%
7 months

40%
¥ 9 months

Frequency

0,
30% ¥ 12months

20% 115 months

10% 17 months

a—— ] 21 months
<3.15 3.15-8 8-16 16-31.5 31,5-45 45-63 63-100

Chip size class, mm

0%

Fig. 5. Chip size distribution for the Kesla C 1060 A chipper (above) and the Kesla C 4560 LF chipper (below) with
different storage times (2—21 months from logging).

4 Discussion

The time study confirms existing knowledge that chipping time consumption is inversely propor-
tional to engine power and grapple load size in feeding (Spinelli and Hartsough 2001; Van Belle
2006; Spinelli and Magagnotti 2010; Ghaffariyan et al. 2013). However, it should be borne in
mind that an upper boundary for dimensions exists that can be handled by a chipper with a given
engine power. As expected, there was a productivity difference as the studied chippers represented
two different size classes for professional chipping on landings. The average chipping time per
1000 kg (dry mass) was 117 seconds for the Kesla C 1060 A chipper and 185 seconds for the
Kesla C 4560 LF chipper. The importance of the raw material itself and its dimensions have been
highlighted in previous studies (e.g. Spinelli and Hartsough 2001; Spinelli and Magagnotti 2010;
Eriksson et al. 2013) and the non-existence of chipper idling time matches the figures reported by
Roser et al. (2012). This is due to the large grapple loads and low number of crane cycles when
chipping pulpwood or stems, compared to the chipping of logging residues or whole trees. In
order to minimise the waiting times of the timber loader, the chipper productivity has to be higher.
Therefore, it is logical that large disc chippers or drum chippers are used at terminals for chipping
large-sized stemwood (Kédrhd 2011). Studies of entire chipping systems are, however, needed to
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understand interactions between their different components and to select the appropriate capacities
or technology for each stage (Spinelli et al. 2012; Eriksson et al. 2013; Krajnc and Dolsak 2014;
Di Fulvio et al. 2015).

The productivity of the Kesla C 4560 LF chipper was somewhat higher than the similarly-
sized Bruks 605 and the Kesla 645 chippers powered by a 157 kW Valtra 213 and a 270 kW John
Deere 8345R farm tractor (Johannesson et al. 2012; Eliasson et al. 2015) in the chipping of partly
delimbed tree sections from mixture forests. The fuel consumption of tractor-powered Kesla
chippers were similar, but 0.6 litres more than the fuel consumption of the Bruks 605 chipper
(Johannesson et al. 2012). According to Spinelli et al. (2011), the drum chippers’ fuel consump-
tion per unit of dry mass seem to be rather constant and in the range of 2.7— 3.6 litres per oven dry
tonne (odt). In Austria a truck- mounted and powered chipper had an average fuel consumption
of 3.2 litres per odt (Holzleitner et al. 2013). The productivity of the Kesla C 1060A chipper was
more within range compared to the similarly-sized Eschlbock Biber 92 drum chipper powered
by a 358 kW Claas Xerion farm tractor (Eliasson et al. 2015) and the truck-mounted Pezzolato
PTH 1200/280 drum chipper powered by a 397 kW MAN TGA 540 truck engine (Eliasson et al.
2014). Equipped with a 100 mm x 100 mm sieve, the Eschlbock Biber 92 chipper produced 30
odt Eoh~! when chipping partly delimbed tree sections from mixed forests (Eliasson et al. 2015).
The chipping productivity of the Pezzolato PTH 1200/280 chipper, equipped with a 170 mm x 60
mm sieve, was 39.3 odt Egh~! when chipping pulpwood.

The chipping productivity and fuel consumption of the Morbark 30 RXL disc chipper (engine
power 932 kW) ranged from 53 to 72 odt Egh! and from 2.3 to 3.6 litres odt™!, when chipping
defective roundwood logs or partly delimbed birch and low-diameter spruce tree sections from
thinnings at a terminal (Eliasson et al. 2012b). At a terminal, the large CBI 6400 drum chipper
(engine power 787 kW) produced chips with 98 odt Egh~! and consumed 1.6 litres of fuel per
odt! when chipping defective roundwood logs (Eliasson and Johannesson 2014). The chipping
productivity and fuel consumption of the Erjo 2300SMA disc chipper (total engine power 692 kW)
ranged from 80 to 95 odt Egh~! and 1.5 — 1.6 litres Eoh~! when chipping defective roundwood logs
at a terminal (Eliasson et al. 2012c¢).

For the chippers, the particle size distribution can be adjusted by altering parameters such
as speed of rotation, feeding rate, knife sharpening and sieve mesh size, with smaller average
particle sizes requiring more time and energy (e.g. Eriksson et al. 2013; Di Fulvio et al. 2015).
The feeding speeds of the Kesla C 4560 LF and the Kesla C 1060A were not measured but the
presumably somewhat higher feeding speed of the Kesla C 4560 LF chipper might explain the
observed statistically significant difference in the particle size class 31.5-45 mm (cf Krajnc and
Dolsak 2013; Krajnc and Dolsak 2014; Eliasson et al. 2015). The Kesla C 4560 LF chipper was
equipped with the narrower 80 mm x 80 mm sieve but the frequency was higher in the particle size
class 31.5-45 mm compared to the Kesla C 1060A equipped with the 100 mm x 100 mm (Fig. 5).

There is inadequate information on the mechanisms of chip formation (e.g. Krajnc and
Dolsak 2013; Krajnc and Dolsak 2014; Civitarese et al. 2015). For drum chippers, sieve mesh size
may determine the mean particle size of the main particle fraction (Kuptz and Hartman 2015).
The use of a sieve between the drum and auger, which extracts the chips from the drum casing,
introduces resistance in the chip extraction and is dependent on the total sieve area, the mesh size
of the sieve and the inflow of chips through the sieve (Eliasson et al. 2015). If the amount of chips
per time unit is large, all chips smaller than the mesh will not be able to leave the drum casing
but will be chipped further (Eliasson et al. 2015). Kuptz and Hartman (2015) found that smaller
sieve meshes strongly reduced particle length. In addition, wood properties have an impact on chip
formation. Nati et al. (2010) stated that the use of small sieve meshes on pine material does not
seem to offer any significant reduction in oversize particles, the presence of which is already very
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limited compared to poplar material. Therefore, large sieve meshes should be used when chipping
pine material (Nati et al. 2010).

The produced amount of chips, productivity and fuel were measured as dry masses to
ensure comparability with other studies. The performed study was a rather short analysis of two
chippers at the terminal and thus it was not possible to achieve representative data on delays,
relocation times, etc., affecting the operational work. Therefore, all reported productivities and
fuel consumptions relate to effective chipping work excluding all by times and delays. Different
operators are known to have a significant effect on overall productivity in forest operations due
to varying motoric skills, work experience and decision-making abilities (e.g. Ovaskainen et al.
2004; Purfurst 2010; Palander et al. 2012). However, the feeding of a chipper with pulpwood is a
simpler operation than felling and processing trees with a harvester, and therefore we can assume
that differences related to to an experienced operator’s skills are lower (Rdser et al. 2012; Nati et
al. 2014). Spinelli and Magagnotti (2010) regarded the operator’s effect on commercial chipping
operations as secondary, and the between-operator’s differences were not significant, resulting in
its exclusion from their models.

The impact of wood storage time on the chemical and physical technical specifications of
wood chips was evaluated by chipping pulpwood from eight different age groups of stems that
were logged between 2 and 21 months previously. It was expected that there would be some dif-
ferences in the moisture content of pulpwood with different storage times. The observed difference
was clear between fresh pulpwood (2 months in storage) and 21 months in storage, but it was
not so clear in other age groups. Effects of weather conditions during storing are very important;
after tree cutting, wood starts to react with the surrounding microclimate (Routa et al. 2015a). In
Nordic conditions, the moisture content of wood drops rapidly in the spring. In late August and
September, evaporation usually decreases and the moisture content of the wood increases, in some
cases even above the “green” moisture after cutting. Maximizing natural drying and minimizing
re-moistening are key elements in the quality assessment of energy wood (Routa et al. 2012). In
Finnish conditions, the moisture content of wood can increase significantly during the winter, and
it is important to cover energy woodpiles if there is a need to store them over the winter (Rdser et
al. 2011; Nurmi 2014; Routa et al. 2015b). It is possible to achieve the same results for moisture
content of energy wood through natural drying after a couple of months’ storage in good conditions
as would be the case after 20 months’ storage (Nurmi and Hillebrand 2007; Laurila and Lauhanen
2010; Kuptz and Hartmann 2015).

The amount of extractives had no statistically significant difference in terms of the differ-
ent storage time groups. However, the total amount was highest with fresh pulpwood. The fresh
pulpwood was logged two months before the study took place, which means that the wood was no
longer so fresh. The amount of volatiles had no statistically significant differences in terms of the
different storage time groups either. There was no discernible trend between storage time groups.
The amount and composition of extractive organic compounds in wood depend on the species of
tree, time of year, tree genetics and age, and they also vary within individual plants (Granstrom
2005).

The chipped pulpwood lots were selected randomly according to their storage time from
normal timber flow, which limits the detailed generalisation of the impacts of storage time on the
chemical and physical technical specifications of wood chips at stand or tree level. In this respect,
it is useful to consider that in large-scale wood biomass procurement at biorefineries, the annual
harvesting volumes are great and material parameters, excluding tree species and timber dimensions,
cannot be influenced or are difficult to affect. Due to the seasonal nature of wood procurement
in Finland, there is also an obvious need to store wood, and only the raw material available can
be used during production which heterogeneousness storage times of raw materials. The reported
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basic densities (kg m~3) of chipped wood material are similar to the softwood raw material used
for chemical pulping in Finnish sulphate pulp mills (Lindblad and Verkasalo 2001).

Chipper type was found to be statistically significant to the levels of ash content; the reason
for this might be the working technique of the Kesla C 4560 LF chipper operator. He constantly
shook the pulpwood grapple load during the boom movement from the pile to the feeding table of
the chipper in order to get rid of contingent impurities such as sand, small stones or mineral soil.
The particle size distributions with the Kesla C 1060 A and the Kesla C 4560 LF were quite uniform,
and the storage time of the pulpwood had no significant effect on particle size distribution in any
chip size classes. One reason might be that the basic density of chipped wood was homogenous
and there was no statistical difference between different storage times. During shearing and the
subsequent journey through the chipper mechanism, chips tend to break and breakage is likely to
be greater with weaker wood (Spinelli and Maganotti 2013). The use of new sharp knives is likely
to affect chip quality, as witnessed by the absence of oversized particles and by the moderate pres-
ence of fines. The use of a narrower 80 mm x 80 mm sieve on Scots pine material does not seem
to offer any benefit compared to a 100 mm x 100 mm sieve in terms of chip quality.
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