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Abstract: Solid biofuels, including wood chips, are still the most important feedstock in the structure
of primary energy production from renewable energy sources. Wood chips are derived mainly from
forests and the wood industry, including sawmills. However, the considerable diversity of chipper
types results in great differences in their final production efficiency. The objective of this study
was to analyze and evaluate the efficiency of three mobile chippers used in wood chip production
by determining their throughput rate, diesel fuel and energy consumption, cost of chipping and
greenhouse gas emission, as well as the quality of the chips. By far shortest time (0.82 min. Mg−1)
of producing 1 Mg of wood chips was found for the Albach 565 kW chipper. Moreover, the mean
time needed for the production of 1 Mg of chips with a chipper of the same make but with a smaller
engine (Albach 515 kW) was 8.8% longer. This time was 284.9% longer than when the Bruks chipper
was used. However, the highest mean effectiveness of diesel fuel use (expressed as the lowest diesel
fuel consumption of 1.41 dm3 Mg−1), the lowest energy consumption (52.02 MJ Mg−1), the lowest
cost of diesel fuel use (2.28 € Mg−1) and the lowest GHG emission (4.27 kg Mg−1 CO2eq) in wood
chip production were determined for the Albach 515 kW chipper. In contrast, the poorest parameters
were determined for the Bruks chipper.

Keywords: Albach chipper; Bruks chipper; wood chips; pinewood chips; chip production costs;
energy consumption; diesel fuel consumption; wood chip quality

1. Introduction

The European Union’s reliance on external fossil fuel suppliers has always been very
high, as the EU imports nearly three-fifths of all the energy it needs. Moreover, none of the
EU countries is self-sufficient in satisfying its energy needs. Poland’s reliance on external
fossil fuel energy source supplies is also increasing rapidly; it had grown to nearly 43% by
2020 [1]. Therefore, independence on external energy feedstock supplied is the fundamental
challenge for the whole EU. Increased use of renewable energy sources (RES) is seen as
one of the solutions promoted in the EU. The mean share of energy from RES in the EU
increased from 16.0% to 21.8% between 2012 and 2021 [2]. Sweden was the leader among
the EU countries, with its index in those years being 49.4% and 62.6%, respectively. The
share of energy from RES in Poland in those years was much lower—10.9% and 15.6%,
respectively. Solid biofuels (including wood chips, briquette and pellets) are the major
energy source in the structure of primary energy production from RES, accounting for 40%
in the EU and as much as 70% in Poland [3]. Solid biomass used for energy generation is
derived mainly from forests, the wood industry and agriculture, including from production
residues from the food industry [4–9] and from established perennial industrial crop (PIC)
plantations [10–15].
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Among the biomass sources mentioned above, forests and the wood processing in-
dustry are the major sources of woody biomass as production residues, e.g., twigs, slabs,
shavings, sawdust, bark, etc. This is one of the consequences of the fact that the sawn
timber production cycle leaves residue at logging sites and after primary processing, and
over 63% of wood residue comes from sawmills [16–18]. Sawmill production residue can
account for approximately 55% of the log charge [19], which obviously depends on the log
diameter, the sawing pattern, workers’ experience, etc. [20]. Sawmill residue can be used
in the production of chipboards, fiberboards, paper pulp, cardboard, boxes, litter for farm
animals or compost [21–23]. Moreover, such residue is used in the power industry [24],
and it accounts for the greatest portion of solid biomass used in combined heat and power
plants and heat-generating plants, mainly as wood chips [7]. Therefore, the demand for
wood chips is increasing steadily [25,26], and they have become the most commonly used
solid biofuel, along with pellets [27]. Chips are produced by chipping slabs and edgings,
which are not large enough for sawn timber [28], but they can also be produced from freshly
felled logs [29] or solid wood [30], which are not suitable for other, more valuable uses.

In order to avoid competition for land between food production and biofuel pro-
duction, support is growing for an increase in the share of non-cultivated materials [31].
Therefore, it is becoming increasingly important to study the issue of wood residues, in-
cluding wood chips. However, wood chips can be produced from sawmill residue with
various stationary chippers powered by electricity or mobile ones powered by liquid fuels,
mainly diesel oil. Such chippers can be driven by a tractor’s power take-off, or they can
have their own engines [32,33]. This latter option—mobile chippers equipped with diesel
engines—ensures the highest flexibility in wood chip production logistics. However, due to
a considerable diversity in engine types, power output and torque, they differ with respect
to the ultimate wood chip production efficiency.

Therefore, detailed research of various types of mobile chippers used in wood chip pro-
duction from sawmill residue aimed at evaluating the process efficiency and the product’s
thermophysical and chemical properties is very important from a scientific and practical
perspective. This will help to focus on the connection between the actions taken in wood
chip production factories and the effects of such actions, which, in turn, will affect the
further efficiency and justifiability of wood chip use as energy feedstock. Detailed data
on the efficiency of wood chip production with various chippers is important, e.g., for
decisions concerning logistics and production methods and for the assessment of costs and
energy input, which would affect further outcomes of renewable energy production.

Therefore, the objective of this study was to analyze and evaluate the operational effi-
ciency of three mobile chippers used in wood chip production by determining: (1) chipper
throughput rate; (2) diesel fuel and energy consumption; (3) chipping cost; (4) greenhouse
gas emission; and (5) the thermophysical properties and elemental composition of the chips
produced.

2. Materials and Methods
2.1. Study Object

Sawmill residue in the form of non-debarked slabs, produced by cutting pinewood
(Pinus sylvestris L.) logs, was the study material. P. sylvestris is a common species, both in
Poland and in Europe and one of the most important from the economic perspective [34–37].
It is widely used in the production of sawn timber, cellulosic pulp, furniture production and
the construction industry, and its production residue is used as solid biofuel in bioenergy
generation [37]. Non-debarked slabs were stored in a sawmill for about two weeks and
subsequently transported to a hardened concrete yard at Quercus sp. z o.o., situated in the
north-east of Poland (GPS 53.6315, 20.7641), where wood chip production was studied [38].
The slabs were stored in the yard in 2–4 m high heaps for approximately three weeks. The
shape and dimensions of the slabs varied, and their length ranged from 3.5 to 4.5 m. The
width ranged from 3 to over 20 cm, and the thickness from 1 to 8 cm (Figure 1).
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Figure 1. The technological process of wood chip production tests.

2.2. Chippers and Chipping Tests

Quercus sp. z o.o. was established in 1992, and it is the leading producer of wood-
derived domestic biomass for energy generation. Owing to their wide experience in the
wood processing industry and state-of-the-art equipment and production technologies
operated by highly trained personnel, the company can offer the highest-quality services
of wood chip production for the power industry, heat generation and distributed power
engineering [38]. Three different mobile chippers powered with diesel fuel were used for
the wood chip production tests (Figure 1). They are owned by the company and used
in everyday practice: (1) A John Deere 1510E log skidder and a Bruks 805.2 STC chipper
(further referred to simply as a Bruks chipper). A John Deere 1510E was fitted out with a
John Deere 6068 PowerTech 6-cylinder diesel engine with a turbocharger and intercooler.
It had a displacement of 6.8 dm3, a maximum power output of 143 kW and a maximum
torque of 800 Nm. The Bruks machine had a Scania DC12 6-cylinder in-line diesel engine.
It had a displacement of 11.7 dm3, a maximum power output of 331 kW and a maximum
torque of 1200 Nm. (2) A self-propelled Albach Diamant 2000 TAD1672VE chipper (further
referred to simply as an Albach 515 kW chipper). This machine was fitted out with a Volvo
PENTA TAD1672VE 6-cylinder diesel engine, with an SCR and AdBlue catalyst and PDE
injection. It had a displacement of 16.1 dm3, a maximum power output of 515 kW and
a maximum torque of 3200 Nm. (3) A self-propelled Albach Diamant 2000 TAD1643VE
chipper (further referred to simply as an Albach 565 kW chipper). This was fitted out with
a Volvo PENTA TAD1643VE 6-cylinder diesel engine, with PDE injection, without exhaust
recirculation or AdBlue. It had a displacement of 16.1 dm3, a maximum power output of
565 kW and a maximum torque of 3260 Nm.
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The tests of slab chipping with each chipper were carried out on 12 July 2022 at
Quercus sp. z o.o. in three replicates. Producing 40 loose cubic meters (LCM) of wood chips
was taken as one replicate. Therefore, the produced chips were put by the machines into a
40 LCM container placed on a concrete base. After the container was filled completely, it
was transported by lorry to the scales to determine the chip weight. All the tested chippers
were operated by one operator, designated by Quercus sp. z o.o. That operator had worked
for several years on each of the machines, which guaranteed the stable and reliable feeding
of the wood to the chippers and performance of the other actions during the chipping
process which, in turn, resulted in the even operation of each machine. This helped to
eliminate the impact of the human factor on chip production efficiency.

All three chippers were properly prepared for operation in accordance with everyday
practice at the company. Before the tests, each machine was refueled so that its fuel tank
was full. In order to determine the maximum throughput rate, only the effective chipping
time for each machine was measured. To this end, the measurement was started at the
beginning of chipping and ended when the container was full, i.e., when 40 LCM of wood
chips had been produced. The chipping duration in each replicate was recorded in minutes
(min) and seconds (s). Subsequently, the machine was refueled, which allowed for the exact
determination of the amount of diesel fuel consumed in each replicate, in liters (dm3), to
the second decimal place. The time between consecutive replicates needed for each chipper
refueling and weighing each container was not taken into account in the analyses [38].

2.3. Chip Characteristics

Following the weighing process, the chips were discharged onto the concrete yard.
Multiple random samples were then collected from various locations within the heap to
evaluate their thermophysical properties and elemental composition. The determination of
chip bulk density (kg LCM−1) aligned with the guidelines outlined in EN ISO 17828:2016.
For moisture content determination, the chips were subjected to drying at 105 ◦C using a
laboratory drier (FD BINDER). After drying, the samples were weighed. The assessment
of moisture content followed the specifications of PN-EN ISO 18134-2 [39]. Subsequently,
the dried samples underwent grinding in an analytical mill (Retsch SM 200) equipped
with a 1 mm sieve. The ELTRA CHS 500 automatic analyzer was utilized to determine the
carbon, hydrogen and sulfur content in compliance with PN-EN ISO 16948:2015-07 [40] and
PN-EN ISO 16994:2016-10 [41]. The nitrogen content was assessed through the Kjeldahl
method using a K-435 mineralizer and a BUCHI B-324 distilling device. Similarly, chlorine
content determination followed the guidelines stated in PN-ISO 587:2000 [42], employing
the Eschka mixture. To determine the ash content at 550 ◦C, as well as the volatile matter
and fixed carbon content at 650 ◦C, the Eltra Tga-Thermostep thermogravimetric oven was
employed, adhering to PN-EN ISO 18122:2016-01 [43] and PN-EN ISO 18123:2016-01 [44].
The higher heating value (HHV) was determined using the dynamic method in an IKA
C2000 calorimeter. The calculation of the lower heating value (LHV) was based on the
HHV, along with the previously determined moisture content and hydrogen content, in
accordance with PN-EN ISO 18125:2017-07 [45]. All laboratory analyses were conducted in
three replicates to ensure accuracy and reliability.

2.4. Chip Production Efficiency Analysis

The measurements performed during the tests provided grounds for calculating the
indices that enable determining the efficiency of wood chip production by the chippers
under examination. These included: production process duration for 1 Mg of chips (min.
Mg−1); chipper throughput rate in time (Mg min.−1); diesel fuel consumption for 1 Mg of
chips (dm3 Mg−1) and for 1 LCM of chips (dm3 LCM−1). Moreover, the mean energy value
of diesel fuel (37 MJ dm−3) was used to calculate the energy value of the fuel consumed
for the production of 1 Mg and 1 LCM wood chips. This was expressed in MJ Mg−1 and
MJ LCM−1, respectively. The heating value of the chips and the energy used for their
chipping were used to determine the percentage share (%) of the energy consumed in the
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diesel fuel to the energy accumulated in the chips. Moreover, the energy ratio for wood
chip production was determined by dividing their LHV (energy output) by the energy
consumed in diesel fuel for their production (energy input).

Subsequently, based on the mean fuel oil price in July 2022 (7.74 PLN dm−3, i.e.,
1.62 € dm−3), the cost of the diesel fuel consumed for the production of 1 Mg and 1 LCM
of chips was calculated. Polish zloty (PLN) were converted to euros (€) according to the aver-
age exchange rate published by the National Bank of Poland in July 2022.
(1.00 € = 4.7737 PLN) and the cost was expressed in € Mg−1 and € LCM−1, respectively.

Subsequently, greenhouse gas (this includes carbon dioxide (CO2), methane (CH4)
and nitrous oxide (N2O)) emission (converted to carbon dioxide equivalent (CO2eq)) from
diesel fuel was calculated and referred to 1 Mg and 1 LCM of chips produced. Since the
aggregated GHG index (CO2eq) from diesel fuel combustion in agricultural machine and
vehicle engines is 82.03147 kg GJ−1 CO2eq [46], its value as referred to 1 dm3 of diesel
fuel was 3.035 kg dm−3 CO2eq. This index and the diesel fuel consumption were used to
calculate the GHG emission expressed in kg Mg−1 CO2eq and kg LCM−1 CO2eq.

2.5. Statistical Analysis

The statistical analyses conducted for evaluating chip quality and chip production
efficiency indices were based on a one-way analysis of variance (ANOVA). The indepen-
dent variable in this analysis was the type of chipper. For each attribute and index under
investigation, the arithmetic means and standard deviations were computed. Tukey’s
honestly significant difference (HSD) test was utilized at a significance level of p < 0.05
to identify homogeneous groups. Additionally, descriptive statistics were obtained for
the entire dataset, including the mean, median, minimum and maximum values, lower
and upper quartiles, standard deviation and coefficient of variation. Furthermore, agglom-
erative hierarchical clustering analysis was performed on the chip production attributes
and indices, as well as the chip types. Prior to analysis, the input data were standardized
column-wise. Ward’s method was employed for data agglomeration, while the Euclidean
distance served as the distance measure. Cluster identification was accomplished using
Sneath’s criterion. Two cut-off lines were applied on the dendrogram: the first at 2/3 Dmax,
and the second at 1/3 Dmax, where Dmax denoted the maximum measure of distance D. All
statistical analyses were performed with STATISTICA 13 (TIBCO Software Inc., Palo Alto,
CA, USA).

3. Results and Discussion
3.1. Wood Chip Quality

Of the analyzed thermophysical properties and elemental composition of the produced
chips, only the ash content varied significantly (p = 0.002) between the chippers used for
cutting the pinewood slabs (Table 1). This comes as no surprise as each of the three chippers
produced chips from the same raw material; therefore, a majority of their properties were
not affected by the chippers. Moreover, chips produced by the Bruks chipper (John Deere
1510E log skidder combined with Bruks 805.2 STC chipper) contained significantly less
ash (0.21% DM) than chips produced by the other two chipper models, Albach 515 kW
and Albach 565 kW (0.29% DM) (Table 2). This stemmed from the differences in chipper
feeding tables. In the Bruks chipper, there was an openwork mechanism in place that
allowed for the separation of a portion of the bark and other mineral components prior
to chipping. As a result of this separation process, the chips produced had a lower ash
content. On the contrary, the feeding tables in the Albach chippers were solid and, in
consequence, the whole raw material was turned into chips. The moisture content of the
chips was approximately 38%, the bulk density approximately 250 kg LCM−1, and the
LHV approximately 10.6 GJ Mg−1. Moreover, the pinewood chips contained high levels
of carbon and low levels of sulfur, nitrogen and chlorine (Table 3). The highest coefficient
of variation (19.44%) was calculated for the content of chlorine (Table 4). This may have
been associated with the changes in the bark and ash content of the chips, as described
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above, as the coefficient of variation for the ash content was also among the higher ones
(16.49%). These coefficients for the nitrogen and sulfur content were nearly 5% and nearly
4% for bulk density and LHV, respectively. In contrast, they were very low (under 1%) for
the other parameters under study.

Table 1. Analysis of variance (F and p values) for the analyzed features.

Feature F p-Value

Bulk density (BD) 2.436 0.168
Moisture content (MC) 0.025 0.976

Ash content (AC) 22.385 0.002 *
Volatile matter (VM) 3.195 0.114

Fixed carbon (FC) 1.946 0.223
Higher heating value (HHV) 0.553 0.602
Lower heating value (LHV) 0.135 0.876

Carbon content (C) 0.191 0.831
Hydrogen content (H) 0.307 0.747

Sulphur content (S) 0.863 0.468
Nitrogen content (N) 0.473 0.645
Chlorine content (Cl) 2.937 0.129

* significant values (p < 0.05).

Table 2. Selected properties of pinewood chips.

Chipper BD
(kg LCM−1) MC (%) FC

(% DM)
VM

(% DM)
AC

(% DM)
HHV

(GJ Mg−1 DM)
LHV

(GJ Mg−1)
LHV

(GJ LCM−1)

Bruks 245.47 ± 9.98 37.92 ± 0.17 19.84 ± 0.14 79.96 ± 0.17 0.21 ± 0.02 b 19.76 ± 0.01 10.60 ± 0.03 2.68 ± 0.16
Albach 515 kW 256.79 ± 6.99 37.95 ± 0.23 20.10 ± 0.17 79.61 ± 0.18 0.29 ± 0.01 a 19.77 ± 0.03 10.59 ± 0.04 2.74 ± 0.06
Albach 565 kW 258.64 ± 6.26 37.93 ± 0.08 19.96 ± 0.18 79.74 ± 0.16 0.29 ± 0.02 a 19.78 ± 0.04 10.61 ± 0.03 2.78 ± 0.04

a,b homogeneous groups for the main source of variation separately for each attribute, no letter denotes an absence
of significance; ±—standard deviation.

Table 3. Elemental composition of pinewood chips.

Chipper C
(% DM)

H
(% DM)

S
(% DM)

N
(% DM)

Cl
(% DM)

Bruks 54.50 ± 0.36 6.20 ± 0.01 0.011 ± 0.000 0.19 ± 0.01 0.016 ± 0.003
Albach 515 kW 54.52 ± 0.23 6.23 ± 0.08 0.011 ± 0.000 0.19 ± 0.01 0.021 ± 0.003
Albach 565 kW 54.62 ± 0.05 6.24 ± 0.07 0.010 ± 0.001 0.20 ± 0.01 0.021 ± 0.004

The mean moisture content of P. sylvestris biomass, as measured in other studies, was
49%, with the moisture content of wood slabs (55%) being higher than that of sawdust
(43%) [47]. Further, the moisture content of sawmill residue, as determined in other
studies [48], was higher than 50% and as much as approximately 60% of the sawdust
from freshly felled pine trees [49]. Sawdust from industrial pinewood processing also
contained high mean moisture content levels (59.4%), and the moisture content of forest
chips produced from small logs and twigs was lower (approximately 52.5%) [50]. A lower
moisture content in chips produced from pinewood slabs in this study (approximately
38%) was a consequence of storing them for several weeks in summer in the sawmill and
in the yard at the firm which produced the chips. Hence, the moisture content of the raw
material (slabs) and, consequently, of the chips produced from it decreased naturally. This
was confirmed in other studies [51], in which the mean moisture content of wood chips
was 38.3% and ranged from 29% to 46% depending on when it was acquired. The moisture
content of biomass has an immediate impact on the LHV. For this reason, the LHV of wood
chips with the mean moisture content mentioned above was 10.46 GJ Mg−1, which was
close to the values determined in the current study. In contrast, the lower LHV levels were
determined for sawdust and wood slabs, mainly due to their higher moisture content [47].
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Table 4. Selected statistical analysis indicators for the parameters of pinewood chips.

Feature Mean Median Minimum
Value

Maximum
Value

Lower
Quartile

Upper
Quartile

Standard
Deviation

Coefficient of
Variation (%)

BD (kg LCM−1) 253.64 253.09 233.95 265.43 250.93 257.72 9.22 3.64
MC (%) 37.93 37.91 37.69 38.13 37.84 38.03 0.15 0.39

FC (% DM) 19.97 19.95 19.71 20.28 19.81 20.06 0.18 0.91
VM (% DM) 79.77 79.78 79.42 80.11 79.66 79.88 0.21 0.26
AC (% DM) 0.26 0.28 0.19 0.31 0.23 0.30 0.04 16.49

HHV (GJ Mg−1 DM) 19.77 19.76 19.73 19.83 19.76 19.78 0.03 0.14
LHV (GJ Mg−1) 10.60 10.62 10.56 10.64 10.58 10.62 0.03 0.30

LHV (GJ LCM−1) 2.73 2.75 2.52 2.85 2.68 2.80 0.10 3.62
N (% DM) 0.19 0.19 0.18 0.20 0.18 0.20 0.01 4.47
C (% DM) 54.55 54.61 54.17 54.88 54.46 54.66 0.22 0.40
H (% DM) 6.22 6.21 6.17 6.32 6.19 6.24 0.06 0.90
S (% DM) 0.011 0.011 0.010 0.011 0.010 0.011 0.001 4.75
Cl (% DM) 0.019 0.018 0.012 0.025 0.018 0.022 0.004 19.44

It is generally accepted that sawmill residue contains lower ash levels than that
originating from forests [52]. This was also confirmed in the current study, in which wood
chips contained very low ash levels (a mean of 0.26% DM). The ash content of wood slabs,
as determined in other studies [47], was higher (0.50% DM) compared with sawdust, which
was caused by the fact that they contained an admixture of bark, which has more minerals
than wood [53]. Further, sawmill pinewood sawdust contained 0.36% DM of ash [54], and
sawdust from forest residues contained 0.50% DM [55]. The elemental composition (C,
H, S, N, Cl) of pinewood chips, as determined in this study (Table 3), was similar to that
reported in the literature [47,56].

3.2. Duration of Work and Throughput Rate of Chippers

The duration of the work of the chippers and their throughput rates varied significantly
(p = 0.000) by their type (Table 5). The Bruks chipper took the (significantly) longest to
produce 1 Mg of wood chips—a mean of 2.32 min. Mg−1 (Table 6). The significantly
shortest time (0.82 min. Mg−1) of producing 1 Mg of wood chips was found for the Albach
565 kW chipper. Moreover, the mean time needed for the production of 1 Mg of chips with a
chipper of the same make but with a smaller engine (Albach 515 kW) was 8.8% longer. This
time was 284.9% longer than when the Bruks chipper was used. Therefore, the throughput
rate of the chipper under study, expressed as the mass of chips produced per minute, was
by far the lowest with the Bruks chipper—0.43 Mg min.−1. The Albach 515 kW and Albach
565 kW chipper throughput rates were 1.14 and 1.23 Mg min.−1, respectively. Therefore, the
Albach chippers’ throughput rates were higher by 264% and 284%, respectively, compared
with the Bruks chipper. The time needed for the production of 1 Mg of chips was the most
highly diversified, which is shown in the coefficient of variation (55.4%) (Table 7). A slightly
lower but still considerable dispersion was demonstrated for the chipper throughput rate
(41.6%). There was a wide span between these two attributes which are important from a
practical point of view. The time needed for the production of 1 Mg of wood chips ranged
from (minimum–maximum) 0.75 to 2.50 min. Mg−1, and the chipper throughput rate from
0.40 to 1.33 Mg min. −1.

Table 5. Analysis of variance (F and p values) for the analyzed features.

Feature F p-Value

Duration of chip production 147.280 0.000 *
Chipper throughput rate 53.681 0.000 *

Consumption, energy value and GHG emission from diesel fuel 94.805 0.000 *
Cost of diesel fuel 94.805 0.000 *

Energy ratio 51.167 0.000 *
Energy consumed for chipping 93.056 0.000 *

* significant values (p < 0.05).
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Table 6. Selected indices for pinewood chip production.

Chipper
Duration of Chip

Production
(min. Mg−1)

Chipper
Throughput Rate

(Mg min−1)

Diesel Fuel
Consumption
(dm3 Mg−1)

Diesel Fuel
Consumption
(dm3 LCM−1)

Diesel Fuel
Energy Value

(MJ Mg−1)

Diesel Fuel
Energy Value
(MJ LCM−1)

Bruks 2.32 ± 0.17 a 0.43 ± 0.03 b 2.37 ± 0.07 a 0.60 ± 0.06 a 87.71 ± 2.74 a 22.24 ± 2.05 a

Albach 515 kW 0.89 ± 0.12 b 1.14 ± 0.17 a 1.41 ± 0.07 b 0.36 ± 0.01 b 52.02 ± 2.76 b 13.42 ± 0.44 b

Albach 565 kW 0.82 ± 0.04 b 1.23 ± 0.06 a 1.60 ± 0.12 b 0.42 ± 0.04 b 59.25 ± 4.32 b 15.53 ± 1.32 b

a,b homogenous groups for the main source of variation separately for each attribute; ±—standard deviation.

Table 7. Selected statistical analysis indicators for chip production indices.

Feature Mean Median Minimum
Value

Maximum
Value

Lower
Quartile

Upper
Quartile

Standard
Deviation

Coefficient of
Variation (%)

Duration of chip
production

(min. Mg−1)
1.34 0.95 0.75 2.50 0.82 2.17 0.74 55.44

Chipper throughput
rate (Mg min.−1) 0.93 1.05 0.40 1.33 0.46 1.22 0.39 41.63

Diesel fuel
consumption
(dm3 Mg−1)

1.79 1.64 1.33 2.45 1.47 2.30 0.45 25.02

Diesel fuel energy
value (MJ Mg−1) 66.33 60.70 49.38 90.47 54.39 84.98 16.59 25.02

GHG emission from
diesel fuel

(kg Mg−1 CO2eq)
5.44 4.98 4.05 7.42 4.46 6.97 1.36 25.02

Cost of diesel fuel
(€ Mg−1) 2.91 2.66 2.16 3.96 2.38 3.72 0.73 25.02

Diesel fuel
consumption
(dm3 LCM−1)

0.46 0.43 0.35 0.66 0.38 0.55 0.11 24.47

Diesel fuel energy
value (MJ LCM−1) 17.06 15.83 13.06 24.29 13.91 20.18 4.18 24.47

GHG emission from
diesel fuel

(kg LCM−1 CO2eq)
1.40 1.30 1.07 1.99 1.14 1.66 0.34 24.47

Cost of diesel fuel
(€ LCM−1) 0.75 0.69 0.57 1.06 0.61 0.88 0.18 24.47

Energy ratio 168.24 174.33 117.38 214.31 125.02 195.18 38.06 22.62
Energy consumed for

chipping (%) 0.63 0.57 0.47 0.85 0.51 0.80 0.16 25.02

The Bruks throughput rate, as determined in a different study, was approximately
0.6 Mg min.−1 [57], and it was higher than in this study. It was demonstrated in Estonia
that the chipper throughput rate, as claimed in catalogues, varied and depended on the
model and the engine power output and ranged from 100 to 300 m3 h−1 for the Doppstadt
DH 608 and Heinola 910ES chippers, respectively [25]. Converting the figures would yield
0.42–1.25 Mg min.−1, which would be very similar to the findings of this study. After
various technical, terrain-related and logistical factors were taken into consideration, these
levels in the cited studies were lower by as much as 50%. This was also confirmed in [32],
where the throughput rate for chippers with the power output of 100–199 kW; 200–299 kW;
300–399 kW and ≥400 kW was 0.17; 0.29; 0.32 and 0.43 Mg DM min.−1, respectively, which
when referred to fresh matter would yield approximately twice higher values: between
0.34 and 0.86 Mg min.−1. The throughput rate, as determined in other studies by the same
authors, in various technological options, with the use of smaller chippers with power
demands of 70 to 139 kW, was much lower and ranged from 0.07 to 0.18 Mg DM min.−1,
which when referred to fresh matter would yield values ranging from 0.14 to 0.36 Mg
min.−1 [33]. A high diversity in chipper throughput rates depending on their model, power
output and the technological and logistic aspects under various geographic conditions
around the world was illustrated and confirmed in the review paper [58].
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3.3. Consumption of Diesel Fuel and Energy for Chip Production

The highest efficiency of diesel fuel consumption (expressed as the lowest diesel fuel
consumption of 1.41 dm3 Mg−1) for chip production was found for the Albach 515 kW
chipper (Table 6). Moreover, this index was 13.9% higher for the chipper of the same
make but with a stronger engine (Albach 565 kW). Further, diesel fuel consumption for the
production of 1 Mg of chips with the Bruks chipper was significantly higher (by as much as
68.6%). Similar relationships between the chippers were demonstrated regarding diesel
fuel consumption for the production of 1 LCM of chips. In this case, Albach 515 kW was
again the most efficient option because the mean diesel fuel consumption was the lowest:
0.36 dm3 LCM−1. The diesel fuel consumption for the production of 1 LCM of chips by the
Albach 565 kW and the Bruks chippers was higher by 15.7 and 65.7%, respectively.

The fuel consumption for chip production with Doppstadt DH 608 and Heinola 910ES
chippers [25] amounted to 0.45 and 0.49 dm3 LCM−1, respectively, i.e., it was 25% and
37% higher compared with the Albach 515 kW in this study. Further, fuel consumption
by Jenz HEM 582 DQ and Jenz HEM 561 DQ chippers was even higher in the cited study,
amounting to 0.62 and 0.69 dm3 LCM−1, respectively, i.e., it was higher by 3% and 15%
compared with the least effective Bruks chipper in this study. The diesel fuel consumption,
as determined in other studies, amounted to approximately 0.5 dm3 LCM−1, regardless
of the chipper type, which was similar to the average consumption determined in the
current study [59]. However, it is clear that the chipper throughput rate and diesel fuel
consumption during the chipping process depend on the power output and the technical
condition of the chipper, the type of raw material, etc., which is why the fuel consumption
ranged from 0.17 to 0.76 dm3 LCM−1 [32]. Moreover, the mean levels of this index in the
cited studies ranged from 0.42 through 0.50 to 0.59 dm3 LCM−1 for 200–399 kW, ≥400 kW
and 100–199 kW chippers, respectively. The throughput rate, as determined in other studies
by the same authors examining chip production in various technological options, with the
use of smaller chippers with power demands ranging from 70 to 139 kW, consumed from
0.30 to 0.64 dm3 LCM−1 [33].

Since energy consumption for chip production was a direct consequence of the amount
of diesel fuel consumed, the relationships in this regard were similar to those for the
fuel, but the figures were different. Therefore, the lowest mean energy consumption
for chip production (52.02 MJ Mg−1) was determined for the Albach 515 kW chipper
(Table 6). Moreover, this index was higher (59.25 MJ Mg−1) for the chipper of the same
make but with a stronger engine (Albach 565 kW). Further, energy consumption by the
Bruks chipper for the production of 1 Mg of chips was significantly higher (87.71 MJ Mg−1).
Similar relationships between the chippers were demonstrated with respect to the energy
consumption for the production of 1 LCM of chips. In this case, Albach 515 kW was again
the most efficient option because the mean energy consumption was the lowest: 13.42 MJ
LCM−1. The energy consumption for the production of 1 LCM of chips with the Albach
565 kW and the Bruks chippers was 15.53 and 22.24 MJ LCM−1, respectively. The energy
consumption for chip production, as determined in a different study [25], ranged from 16.65
to 25.53 MJ LCM−1 for a Doppstadt DH 608 and Jenz HEM 561 DQ chipper, respectively,
i.e., it was higher than that determined in this study.

The average variation in the diesel fuel and energy consumption was determined as
approximately 25% (Table 7). The mean diesel fuel consumption amounted to 1.79 dm3

Mg−1, and it lay within a range between (minimum–maximum) 1.33 and 2.45 dm3 Mg−1,
and the energy value of the diesel fuel ranged from 49.38 to 90.47 MJ Mg−1.

3.4. Cost, GHG Emission and Efficiency of Chip Production

The lowest cost of diesel fuel (2.28 € Mg−1) used for chip production was found for
the Albach 515 kW chipper (Table 8). However, such cost incurred for the production of
1 Mg of chips with a chipper of the same make but with a stronger engine (Albach 565 kW)
was 13.9% higher and amounted to 2.60 € Mg−1. The cost of fuel consumption by the
Bruks chipper was 68.6% higher, and it was 3.84 € Mg−1. Similar relationships between the
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chippers were demonstrated for the diesel fuel costs incurred for the production of 1 LCM
of chips, and this parameter lay within the range from 0.59 to 0.97 € LCM−1, for the Albach
515 kW and the Bruks chipper, respectively. The cost of diesel fuel used for chip production,
as determined in a different study [25], ranged from 0.38 to 0.63 € LCM−1 for a Doppstadt
DH 608 and Jenz HEM 582 DQ chipper, respectively, i.e., it was lower than that determined
in the current study. However, this was a consequence of a lower price for the diesel fuel,
which was approximately 1.22 € dm−3, whereas it was 1.62 € dm−3 in the current study.

Table 8. Selected indices for pinewood chip production.

Chipper Cost of Diesel Fuel
(€ Mg−1)

Cost of Diesel Fuel
(€ LCM−1)

GHG Emission
from Diesel Fuel
(kg Mg−1 CO2eq)

GHG Emission
from Diesel Fuel

(kg LCM−1 CO2eq)
Energy Ratio Energy Consumed

for Chipping (%)

Bruks 3.84 ± 0.12 a 0.97 ± 0.09 a 7.19 ± 0.22 a 1.82 ± 0.17 a 120.96 ± 3.84 b 0.83 ± 0.03 a

Albach 515 kW 2.28 ± 0.12 b 0.59 ± 0.02 b 4.27 ± 0.23 b 1.10 ± 0.04 b 204.05 ± 11.03 a 0.49 ± 0.03 b

Albach 565 kW 2.60 ± 0.19 b 0.68 ± 0.06 b 4.86 ± 0.35 b 1.27 ± 0.11 b 179.73 ± 13.59 a 0.56 ± 0.04 b

a,b homogenous groups for the main source of variation separately for each attribute, no letter denotes an absence
of significance; ±—standard deviation.

The lowest mean GHG emission from diesel fuel combustion (4.27 kg Mg−1 CO2eq) for
the production of 1 Mg of chips was determined for the Albach 515 kW chipper (Table 8).
Moreover, the GHG emission from the chipper with a stronger engine (Albach 565 kW)
during the production process of 1 Mg of chips was 4.86 kg Mg−1 CO2eq. The GHG emission
from the Bruks chipper was even higher: 7.19 kg Mg−1 CO2eq. Similar relationships
between the chippers were demonstrated regarding the GHG emission associated with the
production of 1 LCM of chips, and this parameter lay within the range from 1.10 to 1.82 kg
LCM−1 CO2eq for the Albach 515 kW and the Bruks chipper, respectively. The mean GHG
emission from diesel fuel combustion for chip production, as determined in a different
study [25], was 1.80 kg LCM−1 CO2eq. Depending on the chipper type, this parameter
would range from 1.37 to 2.09 kg LCM−1 CO2eq, for a Doppstadt DH 608 and Jenz HEM
561 DQ chipper, respectively, i.e., it was higher than that determined in the current study. It
was also shown in other studies that the GHG emission from diesel fuel combustion would
range from 1.27 to 1.79 kg LCM−1 CO2eq [32] and from 0.91 to 1.94 kg LCM−1 CO2eq [33].

The LHV of the chips and the energy contained in the diesel fuel consumed for
their production indicated that the lowest ratio of the energy consumed to the energy
accumulated in the chips (0.49%) was achieved for the Albach 515 kW chipper (Table 8).
This index was equal to 0.56% and 0.83% for the Albach 565 kW and the Bruks chippers,
respectively. The energy ratio for wood chip production was also the best (204) for the
Albach 515 kW chipper. The Albach 565 kW chipper was also in the same homogeneous
group “a”, but the energy ratio for it was nearly 180. In contrast, the energy ratio for chip
production with the Bruks chipper was significantly lower (121), homogeneous group “b”.
The mean energy consumed for chip production in other studies never exceeded 1% of
the energy accumulated in a ton of dry matter [32]. Therefore, this result was higher than
that determined in the current study. However, the value referred to moist rather than
dry chips.

The variation of costs, GHG emission and efficiency for chip production was low
(<25%) (Table 7). The results (minimum–maximum) lay within considerable ranges. The
ranges for the costs, GHG emission and energy ratio were the following: 2.16–3.96 € Mg−1,
4.05–7.42 kg Mg−1 CO2eq and 117.4–214.3, respectively.

The cluster analysis based on all the 13 parameters determined for the chips (ther-
mophysical properties and elemental composition) and 12 indices associated with their
production resulted in two clusters into which all the 25 attributes fell, both at the cut-off of
1/3 Dmax and 2/3 Dmax (Figure 2a). One cluster included mainly the qualitative parameters
of the chips, and the other those related to their production efficiency. Further, two clusters
were isolated at the cut-off of 2/3 Dmax for the chippers under study (Figure 2b). Two
chippers—Albach 515 kW and Albach 565 kW—made up one cluster, whereas Bruks was
in another, independent cluster. However, not only was Bruks in a separate cluster at the
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cut-off of 1/3 Dmax, but Albach 515 kW and Albach 565 kW also made up independent
clusters. Therefore, the analysis shows that it can be concluded at a higher level of gener-
ality that both Albach chippers have similar characteristics and throughput rates in chip
production, and they made up one cluster. A more in-depth analysis revealed differences
between them, due to which the Albach chippers were in two independent clusters.
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This study has shown that the Albach chippers generally had better chip production
effectiveness indices than the Bruks chipper. Further, chips produced by the Bruks chipper
contained significantly less ash than chips produced by the two Albach models, which
was caused by the differences in their feeding tables. Moreover, Albach chippers are
machines of high chipping throughput, adapted to work mainly on hardened ground.
However, biomass for Albach chippers must be gathered earlier in stacks with the use
of other machines. Moreover, the purchase cost of chippers of this type is quite high—
approximately € 950,000. On the other hand, Bruks can work under hard terrain conditions,
including in logging areas, i.e., biomass does not have to be gathered in stacks beforehand.
The purchase cost for this unit is lower (€ 840,000). Therefore, in practical terms, the
choice of a chipper type will depend on the terrain, logistical and operational conditions,
as well as on the throughput, energy-related, economic and environmental factors. In
consequence, it can be accepted that each of the analyzed chippers has its advantages and
disadvantages, whereas the choice of a specific solution will depend on many practical
factors. Nevertheless, the knowledge of specific chip production indices presented in this
study can be of significant cognitive and utilitarian importance.

4. Conclusions

This study dealt with how the use of various chipper types for wood chip production
from sawmill residues may impact the process outcome. This is very important from
both scientific and practical perspectives as it will have an effect on further effectiveness
and justifiability of wood chips used for bioenergy generation. The tests and analyses
conducted for this study showed that the duration, throughput rate and efficiency of wood
chip production were significantly varied by the chipper type. The chip production process
was by far the shortest with the Albach 565 kW chipper. The poorest results in this regard
were achieved with the Bruks chipper. The analysis of all the parameters showed that of
all the new generation chippers examined in this study, Albach 515 kW proved to be the
most efficient, as its engine used diesel fuel in the most productive manner, generating
the lowest energy input, the lowest chipping costs and the lowest GHG emission. On the
contrary, the lowest throughput rate, efficiency of diesel fuel use and GHG emission were
achieved with the Bruks chipper. The throughput rate and efficiency characteristics for
wood chip production with various chippers are important factors affecting the decisions
made by chip production companies. Moreover, chips produced by the Bruks chipper
contained significantly less ash than chips produced by the two Albach models, which was
caused by the differences in their feeding tables. The authors realize that many factors
comprising the total costs, emission and energy intensity of chip production must be taken
into consideration to fully explain the variation of the indices under analysis. However,
this study dealt only with the subject matter presented in the manuscript. This research
should be continued to gather full information in this regard, including its utilization in
energy generation.
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pine (Pinus sylvestris L.) wood and bark affected with environmental pollution. Wood Res. 2017, 62, 353–364.
54. Carrillo-Parra, A.; Contreras-Trejo, J.C.; Pompa-García, M.; Pulgarín-Gámiz, M.Á.; Rutiaga-Quiñones, J.G.; Pámanes-Carrasco, G.;

Ngangyo-Heya, M. Agro-Pellets from Oil Palm Residues/Pine Sawdust Mixtures: Relationships of Their Physical, Mechanical
and Energetic Properties, with the Raw Material Chemical Structure. Appl. Sci. 2020, 10, 6383. [CrossRef]

55. Cordero, T.; Marquez, F.; Rodriguez-Mirasol, J.; Rodriguez, J.J. Predicting heating values of lignocellulosic and carbonaceous
materials from proximate analysis. Fuel 2001, 80, 1567–1571. [CrossRef]
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