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ABSTRACT

Urbanized areas are spaces that provide interesting amounts of wood wastes to address as renewable resources.
Due to limited working space in these areas, small, low-power wood chippers are used. Machines with similar
power but different cutting mechanisms are available on the market. The article presents a study of four machines
with four different cutting mechanisms: disc, drum, two cylinders, and flail. Wooden beams of three wood species
(ash, pine, spruce) with varying hardness according to the Janka classification and ten cross-sectional dimensions
ranging from 10 X 10 mm to 100 x 100 mm, along with a moisture content (MC) of 10 = 2%, were chipped. In
the tested machines, stopping the working mechanism caused slippage of the V-belt transmission, protecting the
machine from the consequences of overload. It was shown that in terms of chipping capabilities, drum, disc,
two cylinders, and flail chippers, respectively, exhibit the highest to lowest capabilities. The range of materials
shredded by the tested machines varies from 80 x 80 mm to 10 X 10 mm depending on the wood type and cut-
ting mechanism. The average energy consumption of the tested machines is 2.07 + 0.73 kWh, and the maximum
value recorded for the drum chipper is 5.21 + 0.2 kWh. Wood species and cross-section are key factors in energy
consumption, while the chipper model has little impact. Considering that the average emissions during the produc-
tion of electricity from fossil fuels are 0.95 kg CO, per 1 kWh, these machines produce from 0.5 kg CO, h™' to
a maximum of 4.49 kg CO, h'' (mean 1.97 kg CO, h™'). Assuming that one tree absorbs from 7 kg CO, per year,
it can be assumed that one tree reduces CO, emissions from 3 hours of machine work over a year. This is a time
significantly shorter than the time required to chip the branches of a single tree subjected to the pruning process.
This allows for maintaining a positive CO, reduction balance.

Keywords: wood chipper, wood shredder, energy consumption, overload of the drive system, cutting wood.

INTRODUCTION sequestration [1-3], air quality improvement [4—
6], temperature regulation [7-9], and overall ur-

Biomass in urbanized areas refers to the organ- ban ecosystem health [10, 11].
ic material, primarily plant-based, raised in parks, Wood material collected from trimming,

gardens, urban forests and green areas both private ~ pruning or felling urban trees and shrubs can be
and public. Plant-based materials include trees,  disposed of or serve, for example, as a source of
shrubs, grasses, and other vegetation. Researchers ~ renewable energy for generating heat, power, bio-
have been studying urban biomass for various rea- fuel [12], or be converted in valuable reinforcing
sons, including its potential contribution to carbon  fillers as biocomposites for injection moulding
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or thermoforming applications [13]. As stated by
the same Authors, in Europe the average quantity
of urban green waste is around 150 kg person’!
year! and the trend is increasing year after year.
This context draws attention on comminuting
machines — woodchippers — that reduce trunks,
branches, twigs in small and more homogenous
pieces — woodchips.

One of the basic characteristics of wood chip-
pers is the power of their own engine or of their
drive unit. Since a higher power corresponds to
a higher productivity, that is a higher amount of
woodchips produced per unit of time, those chip-
per models are employed for industrial applica-
tions. Machines with engines rated at 250-840 kW
are used primarily for the industrial sector [ 14—18],
while models in the range of 63—-230 kW are main-
ly employed for industrial cleaning of green urban
areas: parks, orchards, roadside areas [19-22].
On the other hand, less powerful machines are
deployed in amateur applications: home gardens
[23-25] or areas with difficult access, e.g. orchards
in steep mountain areas [26] (Fig. 2).

Wood chippers used in industrial applications
are fueled by loaders - integral or not [27-29],
which feed the material through channels equipped
with hydraulic “no-stress” systems [30, 31]. This
kind of devises, available routinely on industrial
machines, recognizes potential overloads on the
power capacity and reduces the rotational speed
of the drum or of the disc to let the engine regain
strength. In such a situation, the feeding mecha-
nism either stops supplying wood or reduces the
rotational speed, allowing the chipping of the
wood already in the chamber and relieving the cut-
ting system. In manually-fed low power machines
[32], there is no wood feeding control system [25,
33] nor protections for the comminuting mecha-
nisms in case of overload. The only safeguards
against any potential damage are typically cable-
driven belt transmissions, which can also serve as
overload clutches [34, 35].

Collection of lignocellulosic material in ur-
ban greenery maintenance often occurs in spaces
with a limited maneuverability, therefore calling
for small-size comminuting machines. In the Eu-
ropean Union, spark-ignition internal combustion
engines with a power of up to 17 kW are sub-
ject to special homologation regulations (Regula-
tion 2016/1628/EU) [35, 36]. In literature many
studies have been conducted to assess the impact
caused by the comminuting systems on efficien-
cy, and energy and fuel consumption [23, 36, 37]

402

in the chipping process. However, there is a lack
of studies regarding the ability to perform the cut-
ting process while maintaining the same power
unit parameters and properties cut material. Like-
wise, studies on time losses resulting from the
slowing down of the chipping mechanism are
missing. Research has been mainly focused on
determining the idle time for chippers, resulting
from a downtime in the organization of the opera-
tive yard, which can range from 20% to 70% [25,
38, 39] of the overall working time. The aim of
the article is to determine the suitability of low
power wood chippers (10 kW) to shred wood with
a specified cross-sectional dimension depending
on the cutting mechanism. The presented find-
ings will allow for a better selection of models
according to consumer expectations, potentially
improving satisfaction of users and increasing the
popularity of utilizing wood biomass for house-
hold (Fig. 1). Additionally, the results of energy
consumption for the tested machines are present-
ed depending on the type and cross-sectional area
of the chipped wood. These studies enable the
calculation of the CO, emissions balance gener-
ated by the machines used for green infrastructure
maintenance in urban areas and the capacity of
trees in these areas to absorb CO, emissions. The
reduction of CO, emissions is an important issue
in technical sciences, both in terms of the natural
absorption of emissions by the environment and
the reduction of emissions from machinery used
in the maintenance of green infrastructure.

MATERIALS AND METHODS

Models with a power of 10 kW representa-
tive of the low power chippers group were se-
lected for the study. These machines differed in
the comminuting mechanisms: disc, drum, two
cylinders, flail (Table 1). The engine was a Four-
stroke, OHV (over head valve) Lifan GX390,
single-cylinder, characterized by a maximum
power of 9.56 kW (13 HP) at 3600 rpm, and a
maximum torque of 26.5 Nm at 2500 rpm [40].
The internal combustion engine was connected
to the cutting mechanism through a belt drive.
In case of blocking, this transmission served as
an overload clutch [35] and was implemented by
one or two belts in two sizes, A13 and B17 (Fig.
2). The blockage of the cutting mechanism was
the limit of the machine’s wood chipping capa-
bility. The machines under investigation are not
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L~ Determining the type of wood,
. its properties and cross-section

N

* job satisfaction of operators.

Correct selection:
effective and fast work,

|

Increasing the popularity of processing wood biomass
resources in urban areas for personal use.

* possible damage to the transmission and faster wear,

Incorrect machine selection:
* blocking the cutting mechanism,

+ extension of working time,
* poor user satisfaction.

|

Reducing the popularity of processing woody biomass resources in urban areas

Increased interest in wood biomass collection and processing services
contributing to the increase in air pollution and the costs of operating green
areas due to the additional need to transport machines, operators and chipping

for personal use.

products.

Figure 1. Effects of the correct selection of a chipping machine on the possibility of increased utilization of
wood biomass for personal use

Table 1. Characteristics of wood chipper cutting mechanisms

and 1 counter
blade

Number of knives

Type of cutting Drum Two-cylinders Disc (A) Disc (B) Flail
mechanism

HECHT MOTORS, Remet CNC Remet CNC

Manufacturer s.r.o., Mukarové Technology Sp. Technology Sp. | HECHT MOTORS, s.r.o., Mukafové -
- Tehovci, Czech Z 0.0., Kamien, Z 0.0., Kamien, Tehovci, Czech Republic

Republic Poland Poland
Model HECHT 6642 | ¢ D%%O” RS- RTS-630 HECHT 6421

2 knives per drum 4 knives per disc | 2 knives per

4 knives (2 knives
on one shaft)

20 knives (5 knives

disc and 1 on one shaft)

counter blade

and 1 counter
blade

Average mass
productivity during 1 h of
wood size reduction[23]

0.25 ton/h

0.45 ton/h

0.19 ton/h 0.21 ton/h 0.07 ton/h

equipped with a system that forces the feed of
wood; however, based on the known length of
the processed wooden log and the processing
time, the mean feed rate was determined. Two-
meter wooden beams with cross-sectional dimen-
sions ranging from 10 x10 mm to 100 x 100 mm
(Fig. 3) were comminuted, increasing the cross-
sectional area of the square by 10 mm on each
side. Ten sample per dimensional category were
used and the moisture content (MC) was main-
tained at 10 £ 2%. The material was free from
defects such as decay, knots, or insect damage
and was obtained from three wood species: hard
wood — ash (Fraxinus Tourn. ex L. Sp. Pl. 1057.
1753), medium-soft wood — pine (Pinus L. Sp.
Fri. 1000, 1753-Scots pine), and very soft wood
— spruce (Picea abies (L.) H. Karst Deut. Fl1. 324.
1881), with hardness classified according to the

Janka classification. To measure energy during
shredding, torque 7" and rotational speed n were
measured using a torque sensor and integrated
rotational speed sensor, the characteristics of
the device are presented in Table 2 (Roman Po-
mianowski Electronics Studio, Poznan, Poland).
The measurement system was installed before the
cutting mechanism, as shown in Figure 4. Based
on Equation 1, power P was determined, and
based on Equation 2, energy E was calculated.
The value of average energy consumption while
the machine was chipping wood was taken into
account for analysis.

_T-n (N-m)-rpm_kW]
"~ 9500’ 9550 B (1
E=P-t[kW - h=kWh] )

where: ¢ — time.
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combustion
engine with V-belt
a power of transmission
10 kW
17

e

cutting
mechanism

cylinders

Figure 2. Tested wood chippers characterized by different transmission elements and cutting mechanisms

Table 2. Characteristics of the torque meter with the rotational speed measurement function

Parameter Measurement range Resolution Measurement accuracy
Torque measurement 0-100 Nm 0.001 Nm +05%
Rotation speed measurement 0-5000 rpm 0.001 rpm +1%
V-belt feed channel wood size

transmission 10 x 10 x 2000

serves as an 20 = 20 x 2000

overload . 30 = 30 x 2000

clutch cutting | o @ 40 x40 x 2000

mechanism | ) . 50 x 50 x 2000

\_,\ 60 x 60 x 2000

- 70 x 70 x 2000

: : + 80 %80 %2000

combustion D D 90 x 90 x 2000

engine 100 x 100 x 2000

type of wood
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Figure 3. Diagram of the research process
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Vobelt feed channel
transmission v Z
serves as an
overload measurement: cutting
clutch torque I 1 echanism
\\ rotational speed|
a
combustion
engine

Figure 4. Basic components of a measuring system

RESULTS AND DISCUSSION

Chipping ability

The results of the test show the different suit-
ability of chippers powered by a 10-kW engine
to comminute wood depending on their configu-
ration (Fig. 5). The drum chipper exhibits the
best outcome, by shredding wood in the range
50 x 50 mm (hard wood) and 80 x 80 mm (very
soft wood). The next best result is shown by the
disc model for the categories 30 x 30 mm (hard
wood) and 50 x 50 mm (very soft wood and
medium-soft wood). The two-cylinders model
shows similar values (from 30 x 30 mm to 40
x 40 mm), while the flail woodchipper exhibits
the worst result, facing the category 10 x 10 mm
and 20 x 20 mm. Among other factors, the cut-
ting force significantly depends on the surface
area of the wood to be shredded, meaning that
it increases with the size of the cross-sectional
area of the material [41—43]. By operating with-
in the engine’s power characteristic at maximum
power (3600 rpm), two fundamental factors de-
termine the cutting force: the gear ratio, with

90 x 90
80 x 80
70 x 70
60 x 60
50 x 50
40 x 40
3030
20x20

10x10

cross-section of wooden beams, mm x mm

drum two-cylinders

m very soft wood — spruce

= medium-soft wood — pine

values ranging from 1:3 to 1:5, and the inertial
mass of the working mechanism, which joins to
the cutting force relative to the engine’s driving
power. Analogously to the chipping capacity,
the drum chipper has a cutting mechanism with
the highest momentum of inertia, followed by
the disc chipper, the two cylinders chipper, and
the flail chipper. In industrial machine studies, it
can be observed that drum chippers have higher
chipping efficiency compared to disc chippers,
indicating their ability to cut a larger quantity of
wood in the same amount of time [23, 36, 37].
It is also worth noting that the chipping capac-
ity is influenced by the number and size of V-
belts in the transmission [44], where the contact
area with the pulley affects the ability to transmit
driving force.

During the tests, it was observed that a pro-
longed blocking of the working mechanism with-
out promptly turning off the power unit can lead
to damage to the V-belt, as described by Krawiec
et al. in 2021 [35] (Fig. 6). This can also be a
cause of fire or a source of harmful exhaust emis-
sions [45-47].

According to the information gathered from
users, one of the most crucial aspects in the as-
sessment and selection of chippers is their pro-
ductivity, which is the fulfillment of the ma-
chines’ primary function. Other factors taken into
consideration include noise levels, fuel consump-
tion, the position of the feed channel, the method
of discharging woodchips, the time spent in un-
locking in case of overload, and the storage space
occupied. One of the main factors worrying pro-
fessional users are the size limits of wood to be
chipped and the issue of branches getting stuck in
the feed channel.

disc (A) disc (B) flail

m hard wood - ash

Figure 5. The ability to chop wood with a wood chipper with a power of 10 kW depending
on the type of cutting mechanism
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blocked working mechanism

~ (rotation of the pulley on the engine) ™

Figure 6. The impact of blocking the working mechanism on a V-belt transmission without additional safety
systems (based on Krawiec et al., 2021 [35])

The need to reduce the bulk density of the
greenery maintenance in urbanized areas encour-
ages garden or orchard owners to deploy these
machines, addressing wood residues to a person-
al or industrial use. Most of the 10-kW models
are designed to treat wood with cross-sectional
dimensions of 30 x 30 mm for hard wood species
and 40 x 40 mm for very soft wood and medium
soft wood species. In the case of the flail chip-
pers, these values are lower, but these machines
are equipped with an additional feed channel
connected to a second cutting mechanism (disc
B) for chipping wood with larger cross-sectional

@fﬂficé

dimensions. High power machines often use hy-
draulic wood feed systems, which limit the pos-
sibility of blocks due to overload [26, 27]. Often
safeguards for the working unit is the overload
protection system called “No Stress” (Qingdao
Kainengda Machinery Co., Ltd, Xiaojinjia In-
dustrial Park, Jimo District, Qingdao, Shandong
Province, China), most commonly used in disc
and drum chippers. The application of this sys-
tem in a two-cylindrical wood chipper is point-
less because in such a chipper, there are no sud-
den drops in rotational speed due to overload but
rather dynamic ones. Furthermore, a patented

Ef

Figure 7. Two-cylinders wood chipper with a divided cutting mechanism, characterized by an anti-overload
function, where: 1 — combustion engine, 2 — frame, 3 — rocker arm, 4 — upper cutting cylinder, 5 — lower cutting
cylinder (details in PL241362 or [48])
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solution PL241362 in the Polish Patent Office
is known in the conceptual phase of the project,
concerns a design for a locking-resistant cutting
mechanism (Fig. 7). To overcome possible inter-
ruptions due to the presence of flexible branches
or oversize pieces in the material to be chipped,
a special solution has been realised and patented
by the Polytechnic of Poznan. The idea is con-
tained in a two-cylinders woodchipper, which
cut the wood fibers by rotating in opposite di-
rections. This mechanism transports the mate-
rial outside the comminuting chamber in two
forms: chips (whose strength doesn’t exceed the
maximum moment of the cutting mechanism)
and oversize pieces (whose strength exceeds
the maximum moment of the cutting mecha-
nism). Unchipped wood moves together with
the woodchips to the outer channel, where it can
then undergo to segregation. The two-cylinders
woodchipper relies on a combustion engine with
a pulley drive. The engine is connected to the
comminuting system through a transmission belt
equipped with a double-sided toothed belt and
a mechanical tensioner working with a tension
spring. The upper cutting cylinder is mounted on
arocker fixed along the rotation axle to the chip-
per case through a pin connection. The tension
of the rocker, and consequently of the working
component, is regulated by a tension spring. The
engine, through the belt transmission, drives the
comminuting system consisting of two cylindri-
cal rollers equipped with knives. The synchro-
nization of the cutting cylinders is ensured by
a belt transmission equipped with a tensioning
system, also serving as a counterbalance system
in case of overloading. In such cases, the work-
ing rollers, by increasing the distance between
the rotation axles, push unchipped material to-
wards the outer channel until the cutting moment
regain power and allows the material comminu-
tion. This value is regulated by a compression
spring pressing the upper cutting roller, which is
mounted on a rocker [48].

The biomass resources in urbanized areas,
such as family allotment gardens, where harvest-
ing is challenging due to dense construction, and
centralized on larger areas, allow for considering
the development of infrastructure for biogas ex-
traction [49, 50]. Technologies exist for powering
wood chippers with gas fuels [40, 51-53], based
on technologies from automotive vehicles char-
acterized by the highest fuel dosing control stan-
dards [54-56].

Energy consumption

Power was determined by measuring rotation-
al speed and torque. An example of the torque and
rotational speed measurement characteristics is
presented in Figure 8 for the chipping of a wooden
beam with a cross-section of 10 X 10 mm made of
ash wood. For further analysis, the average values
of torque and rotational speed were adopted. Pow-
er expressed per unit of time exhibits the energy
consumed during the wood chipping process, as
shown in Figure 9. In order to compare the results,
they were described with ellipses indicating the
area of variation of energy demand during the size
reduction of wood beams with different geometric
and species characteristics. The geometric center
of this area is the average energy demand. This
value was taken to compare the energy intensity
of the tested cutting mechanisms and on their ba-
sis the average energy consumption for the tested
group of wood chippers was determined.

As the cross-sectional area of the wood in-
creases, the energy consumption during chipping
also increases, showing a correlation between the
cross-sectional area of the wood and the energy
consumption. The larger the cross-sectional area
of the wood, the higher the energy consumption
is, as confirmed by studies conducted by Ortowski
etal., 2013 and 2017, and Kovac et al., 2011 [41—
43]. The energy required for wood chipping in-
creases with its hardness according to the Janka
classification, a standard method of determining
wood hardness by measuring the force required to
embed a steel ball of a specified size into its sur-
face. The higher the Janka value, the greater the
wood hardness and the more energy is needed for
its chipping. This relationship stems from the fact
that harder wood requires more force for cutting
and chipping. In practice, this means that wood
will require stronger tools or a more intensive
chipping process, resulting in increased energy
consumption. Such relationships are confirmed
by studies utilizing wood chippers [57], milling
machines [58], and chain saws [59].

The drum chipper exhibits the highest energy
consumption, followed by the disc chipper and
the two-cylinder chipper. This is consistent with
the findings of other researchers; similar conclu-
sions were drawn by Manzone in 2015 when com-
paring wood chipper drum and disc mechanisms
[37]. It can be observed that the energy efficiency
of cutting mechanisms strongly depends on their
ability to shred the cross-sectional area. The drum
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Figure 8. Torque and rotational speed when chipping ash wood with a cross section of 10 x 10 mm

chipper has the greatest inertia among the inves-
tigated cutting mechanisms. The energy from the
rotating cutting mechanism (the mass in rotation
is the largest) makes it the least susceptible to
stoppage, translating into the ability to shred the
largest cross-sectional areas of wood. However,
this capability decreases as energy accumulates
in the cutting mechanism, as confirmed by sub-
sequent research on other cutting mechanisms.
Following in terms of energy consumption are
disc chippers, with even lower energy consump-
tion values for two-cylinder mechanisms. In
many studies comparing disc and drum cutting
mechanisms, the machine’s design consistently
allows for the shredding of the supplied material
each time. In such studies, disc chippers typically
exhibit lower energy consumption, likely due to
the lower inertia of the cutting mechanism, re-
quiring less energy for its rotation [36, 60]. The
methodology adopted in this article, where the
cross-sectional area of the wood is known, al-
lowed for the conclusion that the energy con-
sumed by cutting mechanisms is strongly depen-
dent on the ability to shred the cross-section. In
the case of studies conducted under real working
conditions of machines with large feeding chan-
nels and wood hoppers, determining the value of
the cross-sectional area of the cut wood can be
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challenging despite knowing the cross-section
of the supplied wood. This is because the wood
pieces may overlap within the working area of
the machine.

The examined machines with power units of
10 kW are characterized by an average energy
consumption of approximately 2.07 = 0.73 kWh
during wood shredding, with an average cross-
sectional area of shredded wood around 39 x 39
mm. The highest energy consumption value was
demonstrated by the drum chipper during shred-
ding of a cross-sectional area of very soft wood
measuring 80 x 80 mm, at 5.2 + 0.28 kWh. The
average values for the drum chipper were 3.41 +
0.11 kWh, for disc chipper (B) 2.6 = 0.13 kWh,
for disc chipper (A) 1.82 £ 0.1 kWh, and for two-
cylinder chipper 1.05 + 0.12 kWh (Fig. 9). The
registered values are within the ranges of results
obtained by other researchers for machines of
similar power [23]. Di Fulvio in 2015 conducted
research on the influence of the cross-sectional
area of round pine wood ranging from 10 cm? to
85 cm?, with a value of 10 cm? showing a power
of approximately 4 kWh [61], the research pre-
sented in the article was conducted for the disc
chipper (A and B) in the range from 1 cm? to 5
cm?, supplementing the knowledge base and
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Figure 9. The influence of the cross-section, type of wood and cutting mechanism
on the energy consumption of a wood chipper

showing energy consumption in this range rang-
ing from 1 kWh to 4 kWh.

Assuming that wood chippers in urban areas
can be powered by electricity, one can estimate
the emission of CO, into the environment. Mit-
tal et al. in 2014 noted that thermal power plants
exhibit varying efficiency due to differences in
technologies and maintenance standards. Accord-
ing to these estimates, the average CO, emission
per unit of electricity generated ranged from 0.91
to 0.95 kg kWh'! [62]. Adopting the value of 0.95
kg CO,kWh', one can determine the average and
maximum CO, emission values by wood chippers.
These machines produce from 0.5 kg CO, h' to a
maximum of 4.49 kg CO, h' (mean 1.97 kg CO,
h'). CO, emission values for gasoline-powered
chippers are presented in the literature, but their
conversion to kWh is not always straightforward
[37, 63, 64]. A two-cylinder wood chipper with
a spark ignition engine power of 10 kW, during
shredding of wood with a diameter of 100 mm,
was characterized by CO, emissions from exhaust
gases at a level of approximately 2.5 kg CO,
kWh'[24], confirming the accurately estimated
range of CO, emissions. According to Akbari et
al. in 2002, one tree in urban areas absorbs an av-
erage of about 7 kgCO, per year [65]. Assuming
this value for discussion, one tree can offset the

operation of an average 10 kW wood chipper for
approximately 3 hours. It can be assumed that the
process of shredding branches with low-power
wood chippers in urban areas allows for maintain-
ing a negative CO2 balance in the environment.
Researchers focusing on machinery for the
maintenance of green infrastructure are develop-
ing technologies aimed at reducing CO, emissions
through two primary approaches. The first approach
involves designing machines with lower energy re-
quirements, thereby minimizing the overall energy
consumption during operation [66, 67]. The sec-
ond approach focuses on improving the efficiency
of combustion processes in internal combustion
engines, enhancing their performance while simul-
taneously reducing the emissions produced [68].
These efforts are crucial for advancing sustainable
practices in green infrastructure management and
contribute significantly to the broader goal of mini-
mizing the environmental impact of such operations.

The value adopted for the wood feed rate

The tested machines are not equipped with a
wood feeding system that ensures a constant feed
rate. In this group of machines, the wood typi-
cally falls by gravity or is simply “pulled” into
the cutting mechanism. In the case of hard or
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brittle wood, the wood may bounce off the cut-

ting mechanism, but in such cases:

e it falls back by gravity into the cutting mecha-
nism, or

e the operator pushes it towards the cutting
mechanism.

The speed was not monitored or recorded, but
it can be assumed to be fairly consistent. This val-
ue can be calculated based on the chipping time
and the length of the processed log (in the study,
2-meter logs were chipped). The estimated average
wood feed speed results are presented in Figure 10.

Multicriteria analysis of energy consumption
for four chippers processing three wood
species with eight cross-sections

The data considered in this analysis involve
the energy consumption for different chipper
models (Two-cylindrical, Disc A, Disc B, Drum,
Flail) when chipping three wood species (ash,
pine, spruce) with eight different cross-sections
(e.g., 10 x 10, 20 x 20, etc.). Cross-sections are
expressed as, for example, 10 x 10, correspond-
ing to an area in mm? (e.g., 10 x 10 equals 100
mm?). The aim of the analysis is to determine
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which factors influence energy consumption dur-
ing wood processing. The following variables
were analyzed: dependent variable — energy con-
sumption, independent variable — chipper model
(5 levels: Two-cylindrical, Disc A, Disc B, Drum,
Flail), independent variable — wood species (3
levels: ash, pine, spruce), independent variable —
wood cross-section (8 levels: e.g., 10 x 10, 20 x
20, etc.). To analyze the data, we used a multifac-
torial analysis of variance (ANOVA) to examine
the influence of each of the three factors (chip-
per model, wood species, and cross-section) on
energy consumption. ANOVA allows us to deter-
mine whether the differences in these factors have
a statistically significant impact on the dependent
variable. The ANOVA model is shown in Equa-
tion 3.

E=M+G+P+1I 3)

where: £ — energy consumption, M — chip-
per model, G — wood species, P — cross-
section, / — interactions.

From the ANOVA results (Table 3), based
on the p-values, we can determine which factors
significantly affect energy consumption. Accord-
ing to the analysis, the chipper model does not

The type of wood size reduction
means the type of line:
—— Ash
----- Pine
--=-- Spurce
Marker type:
[0 - the center of the ellipse
The type of cutting mechanism
means the color:
B - Drum
M - Two-cylinders
[l - Disc (A)
—Disc (B)
I - Flail

70x70 8080

Cross-section of wood, mmx>mm

Figure 10. The average value corresponding to the wood feed rate
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have a statistically significant impact on energy
consumption (p = 0.35), suggesting that the dif-
ferences between the chippers are energetically
insignificant. Wood species has a statistically sig-
nificant effect on energy consumption (p =0.033).
This means that different wood species (ash, pine,
spruce) have varying effects on energy consump-
tion, which could be related to properties like
hardness, density, and other characteristics of the
wood. Cross-section also significantly affects en-
ergy consumption (p = 0.024). Larger cross-sec-
tions lead to higher energy consumption, which is
logical since a greater amount of material requires
more energy to process. The result of the Shapiro-
Wilk test for normality of energy consumption
distribution: Test statistic: 0.954, p-value: 0.142.
Since the p-value (0.142) is greater than the typi-
cal significance level of 0.05, we have no grounds
to reject the null hypothesis, which assumes that
the distribution of energy consumption data is
normal. This means that the energy consumption
distribution can be considered normal, satisfying
the assumptions for the conducted analysis. Based
on the multicriteria analysis, the following con-
clusions can be drawn. The most important fac-
tors affecting energy consumption are the wood
species and the cross-section. The chipper model
does not significantly impact energy consump-
tion, suggesting that different chippers consume
similar amounts of energy regardless of the other
variables. Energy optimization should focus on
selecting the appropriate wood species and cross-
section to minimize energy consumption.

Mathematical model of energy consumption

The mathematical model that combines the
influence of the chipper model parameters, wood
species, and wood cross-section on energy con-
sumption can be represented by an equation that
takes into account the effect of three independent
variables: the chipper model, wood species, and
cross-sectional area, on the dependent variable,
which is energy consumption (4).

Table 3. ANOVA results

E=f(M,G,P) @)

where: E—energy consumption (kWh), M — chipper
model (category), G — wood species (cate-
gory), P — cross-section of the wood (mm?).

Assuming that multiple linear regression can
be used, the formula for the model (5) may look
as follows.

where: o — constant, f;, Sz, 3 — regression coef-
ficients assigned to the variables of the
chipper model, wood species, and cross-
section, € — model error.

The proposed interpretation suggests that M
(chipper model) is a categorical variable (e.g.,
Two-cylindrical, Disc A, Disc B, Drum, Flail), G
(wood species) is a categorical variable represent-
ing different types of wood (ash, pine, spruce), and
P (cross-section) is the area in mm?, converted
from numerical values such as 10 x 10 mm, 20 x
20 mm, etc. In order to refine this model, the cross-
sectional values can be normalized, and appropriate
numerical values can be assigned to the categorical
variables (chipper model, wood species). Then, a
multiple linear regression can be performed.

The results of the linear regression analysis
show that the coefficient of determination (R?) is
0.636, indicating that the model explains 63.6% of
the variance in energy consumption based on the in-
dependent variables (chipper model, wood species,
cross-sectional area). The p-value for the F-statistic
is 0.0365, meaning that the model is statistically
significant, and thus at least one of the independent
variables significantly affects energy consumption.

The regression coefficients obtained from the
model are as follows: the constant is 4.4019, the
chipper model coefficient is -1.4312 (statistically
insignificant, p = 0.317), the wood species coef-
ficient is -0.6596 (statistically insignificant, p =
0.811), and the cross-sectional area coefficient is
0.0447 (statistically significant, p = 0.015).

These results suggest that the cross-sec-
tional area has the greatest influence on energy

Factor Sum of squares Degrees of freedom F-Value p-Value
Chipper model 69,203.59 4 1.144 0.348
Wood species 110,530.13 2 3.655 0.033
Cross-section 82,049.73 1 5.426 0.024
Residual error 710,738.14 47
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consumption, which corroborates previous find-
ings. In contrast, the chipper model and wood
species did not demonstrate a statistically sig-
nificant impact on energy consumption in this
particular sample. The model highlights that the
cross-sectional area of the wood is the key vari-
able affecting energy consumption.

The proposed values for the coefficients are as
follows: a — constant (intercept), this coefficient
corresponds to the value of energy consumption
when all other variables (chipper model, wood
species, and cross-section) are zero. In our model,
this value is a = 4.4019. B:1 — coefficient for the
variable M (chipper model): This coefficient rep-
resents the effect of the chipper model on energy
consumption. The estimated value is 1 =-1.4312,
suggesting that a change in the chipper model re-
duces energy consumption by 1.4312 kWh com-
pared to the reference value. However, this coeffi-
cient is not statistically significant. . — Coefficient
for the variable G (wood species), this coefficient
accounts for the impact of wood species on energy
consumption. The value is B2 =-0.6596, indicating
that changing the wood species decreases energy
consumption by 0.6596 kWh, although this coeffi-
cient is also not statistically significant. s — coeffi-
cient for the variable P (cross-sectional area), this
coefficient defines the effect of the wood cross-
sectional area on energy consumption. The value
is 5 = 0.0447, meaning that each additional unit
of cross-sectional area (mm?) increases energy
consumption by 0.0447 kWh. This coefficient is
statistically significant. The model error € repre-
sents the difference between the predicted and ac-
tual values of energy consumption. This error can
be estimated at approximately 27%. In the future,
it is necessary to refine the construction character-
istics of the chippers, which will allow for improv-
ing the model’s accuracy.

CONCLUSIONS

Cutting configuration in chippers affects their
ability in comminuting wood, depending on the
size of cross-sectional profile of wood pieces.
Within the group of low power wood chippers (10
kW), drum models have the highest chipping ca-
pacity (from 50 x 50 mm to 80 x 80 mm). A sec-
ond rate is achieved by disc models (from 30 x 30
mm to 50 X 50 mm), followed by the two cylinders
version (from 30 x 30 mm to 40 X 40 mm), and
lastly by the flail mechanism (from 10 x 10 mm
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to 20 x 20 mm) for hard, medium soft, very soft
wood species, according to the Janka classifica-
tion with a moisture content of 10 £+ 2%. The re-
search focused on chipping dry wood, which offers
the greatest resistance to cutting. In case of wood
with higher moisture content, the chipping capac-
ity of the machines increases. Choosing the right
machine is decisive to guarantee users with a safe,
fast, and satisfying work. The results achieved pro-
vides new information on the chipping capabili-
ties of low-power wood chippers and indicated the
potential for encouraging their use in urban areas.
The study focused on basic and popular machines
on the market, without additional systems limiting
the effects of the working mechanism overload.
Additionally, the average energy consumption by
this group of machines was determined to be 2.07
+ 0.73 kWh, which, when powered by electricity,
may contribute to CO, emissions into the environ-
ment if the nearby power plants are fueled by solid
fuels. However, the CO, emissions balance result-
ing from the necessity of shredding tree branches
after maintenance processes is decidedly favorable,
as one low-power chipper (up to 10 kW) during the
wood chipping process contributes to emissions of
1.97 kg CO,h"'. Assuming that one tree absorbs an
average of 7 kg CO, per year, this allows the ma-
chines to operate for 3 hours without adverse envi-
ronmental impact in terms of CO, emissions. The
analysis shows that wood species and cross-section
are key factors in energy consumption, while the
chipper model has little impact, indicating simi-
lar energy use across different chippers. Authors
are aware that validation research of wood chip-
pers into the field, in real conditions, is necessary
to prove the reliability of these machines. Further
research should be conducted in that direction and
towards the development of overload mechanisms
facilitating the unlocking of machines after over-
load, which could facilitate operation. The grow-
ing interest in such machines will evolve in paral-
lel with the increasing awareness of the positive
effects of expanding green infrastructure in urban
areas, especially in cities.
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