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In the coming decades, wood waste management for biofuel production is regarded as a promising renewable energy source and a key factor in reducing carbon dioxide emissions. Mechanical grinding is seen as one of the main
techniques in wood waste pre-treatment operations that increases the value of feedstock used for fuel. The application potential of the ground product highly depends on the energy efficiency of the process.This work aimed to
establish a consistent pattern for estimating the energy consumption required for grinding spruce and pine barking
waste depending on the degree to which materials are ground and their relative moisture content. The energy consumption parameters at grinding were analyzed employing three grinding energy models of Rittinger, Kripichev-Kik,
and Bond. The results of estimation showed that specific energy consumption is associated with relative moisture
content and the grinding degree by nonlinear dependence according to the Kripichev-Kik grinding model for spruce
and pine bark. It has been established that the specific energy consumptionat grinding spruce and pine barking waste
at the optimum humidity of 25% and 27%, respectively, is proportional to the natural logarithm of the grinding degree. It was concluded that the wood waste grinding by 5–15 times requires higher energy consumption at optimum
moisture content, which is 5–10% and 7–14% of the heating value for spruce and pine, respectively. The knowledge
acquired through this research will contribute to developing possible approaches for wood waste recycling in a more
energy-efficient way.
Key words: model of grinding, specific energy consumption, wood grinding, wood waste recycling
INTRODUCTION
The technological cycle of wood production assumes
a large amount of wood residues during main production (sawdust, cuttings, bark, limbs, etc.). The volume of
wastes by logging and woodworking is much more than
50% of the total volume of harvested or processed wood
[1]. By wood harvesting, main production wastes include
the tops of trees, brushwood, branch wood, butts, and
debris. In Russian woodworking companies, most logging waste is used for strengthening skidding trails or
building haul-roads [2]. In sawmills, most of the waste
constitutes cuttings, slabs, wood strips, and bark. The
largest amount of bark is generated in woodworking
shops for pulp and paper mills during bulk mechanical
barking performed in barking drums [3]. Generally, wood
residues in the main woodworking plants are used as
fuel for boiler plants or processed to produce fuel briquettes and pellets [4,5].
As the world's energy strategy is currently focused on
expanding renewable energy sources like biofuels, the
study and development of technologies for efficient wood
*kunickayaolga44@rambler.ru

processing is a highly relevant and promising area [6,7].
The energy potential from the waste wood industry is
known to comprise about 32% of the total resources
[8]. When estimating the value and potential supply of
biomass resources in the 27 EU countries, the recycling of forest residues was found to have a significant
effect on in creasing the total volume of bioresources,
although the costs for recycling remain quite high [9].
However, by setting particular limits for forest logging
and land exploitation, the bioenergy potential of forest
waste is predicted to increase 4–5 times its current level
by 2050 [10-12]. Such conclusions of the oretical analyses demonstrate that forest waste can become a major
source of bioenergy without risk to reduce the sale of
industrial round-wood and wood fuels like fuel briquettes
or pellets. Besides, waste wood is valuable not only for
fuels but also for various chemical agents, materials,
and fertilizers [13]. For example, low-quality wood can
be used for the production of wood-based panels, which
reduces waste management and recycling costs [14].
Regardless of the feedstock type, the grinding of forest
materials is an important aspect of the industrial appli-
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cation [15]. Since wood grinding is one of the most important and the most energy-intensive operations in the
bark waste cycle, the main challenge for increasing the
efficiency of this process is to minimize energy consumption [16,17].
One of the key quality parameters of ground feedstock is
the particle size, refinement of which increases the bulk
density and surface area of particles [18,19]. These parameters are important for the efficient use of raw materials in fuel production, transportation, or chemical treatment [20,21].
However, reducing the size of wood particles is quite
energy-intensive process. The specific energy consumption is usually calculated by measuring the energy consumed over a certain period to grind a certain mass of
material. Net energy input is calculated by deducting the
specific energy consumption at idling from total calculated values [22]. Besides, the amount of energy consumed
can be strongly influenced by such factors as wood type,
its original size, and moisture content. For example,
grinding 1 kg of beech to the size of 0.5 mm requires
3060 kJ of electricity, while that for spruce amounts to
2700 kJ for [23].The value of specific energy consumption depends on the handling method and the parameters of equipment construction. Results of overviewingresearch reported the lowest energy consumption by a
hammer mill for grinding herbaceous materials up to 1-2
mm in size, while knife mills consume 2-3 times more energy under the same grinding conditions. Such variant is
appropriate though at a low moisture content of starting
raw materials (10–15%). For materials with higher moisture content and denser structure, e.g., forest species,
disc mills are applied, which are highly energy-consuming. Also, the sieve size used in milling machines affects
the particle size and, thus, energy consumption [24].
Therefore, modeling the barking waste recycling process
is highly relevant and important for the optimization of its
efficiency and product quality.
Mathematical modeling that adequately describes the
wood waste grinding on modern knife-based equipment
(the most common in practice) is not sufficiently covered
by scientific literature. Single works in this research field
have attempted to establish a relationship between energy consumption and particle size reduction in the form
of a power dependence [25,26]. In powder metallurgy,
rocks classification, and other spheres, different grinding theories [27,28], namely the laws of Rittinger, Kirpichev-Kik, and Bond, are used to study the impact of
different energy-intensive parameters on particle size.
The use of theoretical data for modeling energy consumption in wood waste grinding with the help of dimensional characteristics will be the first step to optimize the
grinding process, which has great potential for industrial
applications.
This work aimed to establish a consistent pattern for estimating the energy consumption required for grinding
spruce and pine barking waste depending on the degree
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to which materials are ground and their relative moisture
content. To achieve this goal, experimental studies were
conducted using a wide range of dependencies.The results of experimental measurements were checked for
compliance of energy consumption values required for
bark grinding with the laws of Rittinger, Kirpichev-Kik,
and Bond. The knowledge acquired through this research will contribute to developing possible approaches
for wood waste recycling in a more energy-efficient way.
MATERIALS AND METHODS
Grinding models
Grinding operation is determined by following mathematical expressions according to Rittinger's theory [29]:
1)
where KR is the proportionality factor, Q is the mass of the
raw material to be ground, and i is the grinding degree:
2)
where dmn is the mean size of material pieces after
grinding and Dmn is the mean size of material pieces
before grinding:
3)

4)
where wj is a percentage of pieces of a certain fraction
(narrow class), dj and Dj are a mean size of pieces of a
certain fraction (narrow class), and j is a serial number.
The mathematical expression of the Kirpichev-Kik’s law
may be as follows [30]:
5)
where KK is a proportionality factor.
Mean sizes in this case are calculated using formulas:
6)

7)
The calculation of the grinding operation according to
Bond’s theory can be expressed as [29]:
8)
where KB is a proportionality factor.
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Mean sizes in this case are calculated using formulas:

9)

10)

Rittinger’s law assumes the application of not only the
obvious indicator like the degree of grinding but also
the initial size of material pieces. Therefore, the starting
size of the ground bark samples should be considered
when conducting experiments. By Bond’s law, the size
of the ground product plays a significant role along with
the starting particle size of the material. A larger particle
size range for the ground bark will be thus applied during
the experiment. Functions (1), (5), and (8), i.e., grinding
laws, allowed considering the plan for the second-order
experiment as the most relevant, which should be taken into account when developing the program of experimental research.
Thus, experimental measurements and applicability estimation of a certain theoretical model enable establishing
a pattern for energy consumption evaluation, which is required for bark waste grinding in relation to the grinding
degree i and wet based moisture W.
Materials and preparation for the experiments
The main manageable factors and their varying ranges
are shown in Table 1. Experiments were performed with
wood waste after barking operations on two types of
wood, namely spruce and pine.

of a certain moisture group, the preliminary separation
was carried out at ALGM-3 equipment with a sieve set
of different diameters. The waste was selected in such
a way that the mean particle size of the pieces before
grinding D amounted to 70, 50, and 30 mm.
Thus, 9 groups of experimental material were obtained
to enable testing with factors and ranges of their variation corresponding to Table 1.
Grinding experimental methods
Afterward, samples weights of 10 kg were selected specifically for the experiment. The weight of experimental
samples was controlled on the commercial scales. Selected samples were ground separately in the experimental facility of industrial shredder Erdwich M600/1-400
presented in Fig. 1 with the description of technical data
in Table 2.
Table 2: Description of technical data for the Erdwich
M600/1-400 shredder
Number of shafts, pcs

1

Amount of stator knives, pcs

2

Amount of rotor knives, pcs

17

Diameter of the knives, mm

220

Width of the knife, mm

25

Configuration of the knives

3-double hook
with overlapping

Diameter of shafts, mm

65

Rotational velocity of the cutting
35
unit, RPM
Diameter of punched sieve, mm 25.30 or 35
Drive power, kW

5.5

Supply voltage, V/Hz

400/50

Table 1: Manageable factors and their varying ranges in
experiments on the energy consumption
for bark waste grinding
Value
Factor

Range

bottom basic top
level level level

W, [%]

10

40

70

30

i

6

10

14

4

The number of observations during experiments varied
between 10 and 30 due to the results of the preliminary
studies and the different amounts of the available experimental material. The first stage in preparing the experimental material was to create the desired relative moisture content of the waste. Three moisture groups were
examined: waste immediately after barking (W ≈ 70%),
air-dried waste (W ≈ 40%), and waste dried in a drying
chamber (W ≈ 10%). Then, for the experimental material
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Figure 1: Industrial shredder Erdwich M600/1-400
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a)

b)

Figure 2: Current sensors of the experimental facility (a) and an example of the time dependency curve
of the power consumed (b)
Table 3: Experimental results on grinding
the spruce barking waste

Methods for measuring and estimating
experimental data
The power consumption data were recorded by the current sensors (Fig. 2). After grinding, the mean particle
size of the handled sample was determined employing
laboratory separator with 3 samples of experimental
material weighing 0.1 kg. For the exact determination of
moisture content, 3 samples weights of ground experimental material were selected as well, and moisture content was then determined by the weighting method.
Operation A performed during material grinding was
calculated from the graphs of current consumption at a
known line voltage (380 V) in MS-Excel 2013 application
(Fig. 2) by the formula:
11)
Integral in expression (11) was calculated automatically
using the trapezium method in MS-Excell 2013. Estimating the specific energy consumption implies calculations
by formula (11) and the sample weights.
The heating value of dry organic matter contained in QDRY
spruce barking waste relative to the energy consumption
for its grinding and considering the moisture content and
grinding degree was estimated by the formula:
12)
where QDB is the heating value for 1 kg of absolutely dry
bark accepted in estimations as equal to 18.75 MJ/kg.
RESULTS
Experimental results on grinding of spruce barking waste
(average values) are presented in Table 3.
Repeatability of the experiments was estimated using
T-statistics, T = 1.1282, which is less than the critical
value F = 1.9391.
Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 18, No. 3, 2020

Nr. Of
Experiment

W,
[%]

i

Q,
[MJ/kg]

1

9.82

13.97

1.868

0.2290 11

2

40.17 13.83

1.013

0.2773 15

3

70.13 13.99

0.909

0.3728 23

4

9.98

10.13

1.659

0.2651 12

5

40.74

9.91

0.895

0.3077 14

6

71.07

9.79

0,833

0.1963 21

7

10.10

5.89

1.135

0.1052 11

8

39.60

6.07

0.768

0.1292 15

9

70.55

5.97

0.700

0.1765 23

S2

n

During processing the experimental data results it has
been established that the mathematical model linking the
relative moisture content W [%] of the barking waste and
the degree of its grinding i with the specific energy consumption of the grinding QGRIN [MJ/kg] can be expressed
by the formula, which repeats the structure of the Kir13)
pichev-Kik’s grinding law:
where a0 and a1 are coefficients, namely a0 = 1.43 MJ/kg
and a1 = -0.33.
The determination coefficient of the mathematical model
(13) amounts to R2 = 0.9696, which allows stating the
satisfactory approximation accuracy.
Estimation indicators required to assess the applicability
of the mathematical model are presented in Table 4.
From Table 4 follows that the model is coincident with the
experimental data. The calculated Fisher criterion value
FCALC = 0.2523 is smaller than the critical F-distribution
value at the significance level of 0.05 FCRIT = 2.5140.

367

Ol'ga Kunickaya, et al. - Reducing energy consumption of barkwood residue grinding on equipment
with knife-based operational units

Table 4: Assessing the applicability of the mathematical
model for spruce barking waste grinding
Indicator

Value

2

0.2288

S

S

S2COIN

0.0577

FCALC

0.2523

FCRIT

2.5140

The dependence of the specific energy consumption of
the spruce waste grinding on the relative moisture content and the grinding degree by formula (13) is shown in
Fig. 3.
Figure 4: The heating value of dry matter contained in
spruce barking waste versus energy consumption at
grinding relative to the moisture content and grinding
degree

Figure 3: Dependence of the specific grinding energy
consumption QGRIN of the spruce bark waste on the relative moisture content W and grinding degree i
Fig. 3 demonstrates that with decreasing moisture content of the bark, the specific energy consumption of the
grinding increases at different grinding degrees. However, the ground material contains not only the organic matter of the bark but water as well. In terms of energy-related properties of the product, the value of the mass of
the ground bark at different moisture content is not the
same. This requires estimating the energy heating value
of the ground bark Qdry. Considering the obtained mathematical model (13) and the formula (12), follows the ratio:
14)
Estimation results are shown in Fig. 4.
The correlation between the heating value of the dry
matter of in the product of bark grinding (energy cost)
and the energy consumed for its obtaining, i.e., for bark
grinding (energy production cost), is nonlinear. At that,
and the dependence has a bending point equal to the
minimum. Considering the coefficient value a1 by the formula (14), the optimal moisture content of spruce barking waste to be ground will be WOPT = 25%.
Thus, at optimum moisture content follows the equation,
which describe the specific energy consumption [MJ/kg]
required for grinding spruce barking waste:
15)
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Calculations show that grinding the spruce barking waste
at optimum moisture content by 5–15 times requires energy comprising 5–10% of the heating value.
Noteworthy is that the proportionality factor in the law
of grinding (13) is functionally related to the ultimate
strength limit of the bark when cutting across the fibers
in the tangential direction. A sufficient description of this
phenomenon is available in the scientific literature. Due
to limited knowledge on the strength properties of wood
bark, further research into the correlation between the
bark grinding process and its strength properties is believed as highly relevant at this stage.
The results of the experiments on grinding the pine barking waste (average values) are presented in Table 5.
Table 5: Results of experiments on grinding pine
barking waste
Nr. Of
W, %
Experiment

i

Q,
MJ/kg

S2

n
9

1

10.12 14.13

2.693

0.3537

2

40.71 14.19

1.441

0.2863 16

3

69.73 14.12

1.244

0.2749 24

4

9.97

9.71

2.348

0.3336 12

5

40.88 10.03

1.277

0.6075 13

6

68.98

9.93

1.128

0.3176 24

7

9.99

6.01

1.617

0.1259

8

39.56

5.95

1.059

0.1142 11

9

68.79

5.91

0.945

0.1396 25

8

As in experiments on spruce waste grinding, the statistical value T = 1.7983 is less than the critical value of
F-distribution (1.9393). Thus, the experiments can be
considered as reproducible.
Similarly to the spruce waste grinding, the mathematical
model linking the relative moisture value W [%] of barkIstrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 18, No. 3, 2020
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ing waste and the degree i, to which the material is to be
ground, with the specific energy consumption of grinding
QGRIN [MJ/kg] is expressed by the formula, which repeats
the structure of the Kirpichev-Kik’s grinding law:
16)
Determination coefficient of the mathematical model (16)
is R2 = 0.9736.
Estimation indicators required to assess the applicability
of the mathematical model are presented in Table 6.
Table 6: Assessing the applicability of
the mathematical model for pine waste grinding
Indicator

Value

2
S

0.2837

COIN

0.1095

FCALC

0.3860

FCRIT

2.5140

S
S

2

Figure 5: Dependence of the specific
energy consumption of pine barking waste grinding on
the relative moisture content and grinding degree

Data in Table 6 allow concluding that the model is coincident with the experimental data. The calculated Fisher
criterion value FCALC = 0.3860 is smaller than the critical F-distribution value at the significance level of 0.05
FCRIT = 2.5140.
The dependence of the specific energy consumption of
the pine waste grinding on the relative moisture content
and grinding degree by the formula (16) is shown in Fig. 5.
Similar to spruce waste grinding, it is required to set the
optimal moisture content of pine waste to be ground.
Considering the value of the coefficient a1 from the formula (16), the minimum ratio (14) and the optimum moisture content of the pine waste to be ground is WOPT= 27%.
At optimum moisture content follows the equation, which
describe the specific energy consumption [MJ/kg] required for grinding pine barking waste:
17)
Thus, grinding the pine barking waste at optimum moisture content by 5–15 times requires energy comprising
7–14% of the heating value.
DISCUSSION
From the above results regarding the applicability of the
grinding energy model by Kirpichev-Kik follows that optimal conditions for minimizing energy consumption by
the relation of the dry matter heating value to the energy
consumed on its grinding are 25% moisture content for
the spruce bark 27% for the pine. Research performed
by Temmerman [31] reported that at grinding beech, oak,
pine, and spruce, the specific energy consumption depends mainly on the moisture content of the material, the
difference in particle size between the feedstock and the
product, and the type of wood. It has been shown that the
change in specific energy consumption in relation to the
particle size is subject to the Rittinger’s grinding laws. The
Istrazivanja i projektovanja za privredu ISSN 1451-4117
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value of the calculated grinding parameter is proportional
to the amount of energy consumed for grinding and the
moisture content of the material. Similar results were obtained when studying the impact of moisture content and
starting particle size on the specific energy consumption
for the grinding of Douglas fir [32]. The paper shows that
the most suitable model for describing the correlation
between specific energy consumption and changes in
particle size changes is Rittinger’s model. The authors
also noted that effective biomass micrometric grinding
with lower energy consumption requires a multistage approach. These results coincide with that presented in this
study and point out their novelty and originality. Besides,
the variability in energy models demonstrates the importance of considering not only the species but also the
type of wood, which differs in composition and physical
properties. Therefore, handling a certain type of wood
residue may involve particular process requirements.
A slightly different approach was applied in the study
by [33]. The comparative analysis for the grinding of
silver-grass, millet, willow, and reed waste showed that
the specific energy consumption increases by almost
2 times with a reduction in particle size during grinding
and an increase in biomass moisture content (15%).
Besides, the authors reported the specific energy consumption of biomass grinding to be directly proportional
to the grinding coefficient. Applying the linear regression
method is quite effective in describing the correlation between the specific energy of grinding and the grinding
factor for different sizes of Douglas fir particles [34]. The
authors of the article also noted that an increase in moisture content from 11 to 17% intensifies the energy consumption for grinding. A study of the impact of sieve size
on energy consumption at grinding poplar wood waste
[35] showed an inverse relationship. Moreover, the use
of a larger sieve size (4 mm) results in a high sugar yield
for hydrolysis, which is an important aspect for handling
this type of raw material. Among the listed examples of
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other methods, noteworthy is the importance of considering not only the type or species of forest feedstock but
also the requirements for industrial application. Acquiring
new knowledge about various factors that affect the energy efficiency of feedstock production contributes significantly to the development of new application areas
and encourages further research on its implementation
in industrial utilization.
CONCLUSIONS
Thus, the obtained results of this study allow drawing the
following conclusions. Evaluation of energy consumption
required for grinding the spruce and pine barking waste
showed that the specific energy consumption correlates
with the relative moisture content and the grinding degree by nonlinear dependence, which repeats the structure of the Kirpichev-Kik’s grinding law in both cases.
Analyzing this dependence, it has been established
that the specific energy consumption at spruce and pine
grinding waste with optimum moisture content is proportional to the natural logarithm of the grinding degree.
Wood waste grinding by 5–15 times at optimum moisture requires energy consumption equal to 5–10% and
7–14% of the heating value for spruce and pine, respectively. Thus, these conclusions allow stating that the optimum conditions for minimizing energy consumption by
the correlation between the heating value of dry matter
to the energy spent on its grinding for spruce bark are
25% moisture content for spruce and 27% for pine. Due
to the limited information on the strength properties of
wood bark, no studies have been performed on the relationship between bark strength and the proportionality
factor in the grinding law, but still are of great interest
and relevance for industrial application. Therefore, more
extensive investigation of the mentioned relationship is
subject to further research.
ACKNOWLEDGMENTS
The work was carried out within the confines of the scientific school “Advances in lumber industry and forestry”.
REFERENCES
1. Gasparyan G., Kunickaya O.G., Grigorev I., Ivanov
V., Burmistrova O., Manukovskii A., Zhuk A., Hertz
E.F., Kremleva L., Mueller O. (2018). Woodworking
facilities: Driving efficiency through Automation applied to major process steps. International Journal of
Engineering and Technology, vol. 7 (4.7), 368-375,
DOI: 10.14419/ijet.v7i4.7.23032
2. Kozlov V.G., Skrypnikov A.V., Sushkov S.I., Kruchinin I.N., Grigorev I.V., Nikiforov A.A., Pilnik Y.N.,
Teppoev A.V., Lavrov M., Timokhova O.M. (2019).
Enhancing quality of road pavements through adhesion improvement. Journal of the Balkan Tribological
Association, vol. 25, no. 3, 678-694.

370

3. Gerasimov Y., Seliverstov A. (2010). Industrial
round-wood losses associated with harvesting systems in Russia. Croatian Journal of Forest Engineering: Journal for Theory and Application of Forestry
Engineering, vol. 31, no. 2, 111-126.
4. Goncharenko L.P., Garnov A.P., Sybachin S.A.,
Khorshikyan S.V. (2018). Innovative Development
on the Basis of Woodworking Enterprises. Advanced Science Letters, vol. 24, no. 7, 5438-5442,
DOI: 10.1166/asl.2018.11752
5. Namsaraev Z.B., Gotovtsev P.M., Komova A.V.,
Vasilov R.G. (2018). Current status and potential of
bioenergy in the Russian Federation. Renewable
and Sustainable Energy Reviews, vol. 81, 625-634,
DOI: 10.1016/j.rser.2017.08.045
6. Bentsen N.S., Felby C. (2012). Biomass for energy in
the European Union-a review of bioenergy resource
assessments. Biotechnology for biofuels, vol. 5, no.
1, 25, DOI: 10.1186/1754-6834-5-25
7. Brackley A.M., Barber V.A., Pinkel, C. (2010). Developing estimates of potential demand for renewable
wood energy products in Alaska. General Technical
Reports PNW-GTR-827. US Department of Agriculture, Forest Service, Pacific Northwest Research
Station, Portland, OR, vol. 31, p. 827.
8. Alakangas E. (2016). Biomass and agricultural residues for energy generation. Oakey J (Ed.), Fuel
Flexible Energy Generation. Woodhead Publishing,
p. 59-96, DOI: 10.1016/B978-1-78242-378-2.00003-1
9. De Wit M., Faaij A. (2010). European biomass resource
potential and costs. Biomass and bioenergy, vol. 34.
no. 2, 188-202, DOI: 10.1016/j.biombioe.2009.07.011
10. Haberl H., Beringer T., Bhattacharya S.C., Erb
K.H., Hoogwijk M. (2010). The global technical
potential of bio-energy in 2050 considering sustainability constraints. Current Opinion in Environmental Sustainability, vol. 2, no. 5-6, 394-403,
DOI: 10.1016/j.cosust.2010.10.007
11. Repo A., Bottcher H., Kindermann G., Liski, J.
(2015). Sustainability of forest bioenergy in Europe:
land-use-related carbon dioxide emissions of forest
harvest residues. Gcb Bioenergy, vol. 7, no. 4, 877887, DOI: 10.1111/gcbb.12179
12. Smeets E.M., Faaij A.P. (2007). Bioenergy potentials
from forestry in 2050. Climatic Change, vol. 81, no.
3-4, 353-390. DOI: 10.1007/s10584-006-9163-x
13. Jakes J.E., Arzola X., Bergman R., Ciesielski P.,
Hunt C.G., Rahbar N., Tshabalala M., Wiedenhoeft,
A.C., Zelinka S.L. (2016). Not just lumber—Using
wood in the sustainable future of materials, chemicals, and fuels. JOM, vol. 68, no. 9, 2395-2404,
DOI: 10.1007/s11837-016-2026-7
14. Laborczy G., Winkler A. (2016). The Hungarian
Wood-Based Panel Industry and its Impact on the
Environment. Acta Silvatica et Lignaria Hungarica,
vol. 12, no. 2, 157-172, DOI: 10.1515/aslh-2016-0014
Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 18, No. 3, 2020

Ol'ga Kunickaya, et al. - Reducing energy consumption of barkwood residue grinding on equipment
with knife-based operational units

15. Dukes C.C., Baker S.A., Greene W.D. (2013). In-wood
grinding and screening of forest residues for biomass
feedstock applications. Biomass and Bioenergy, vol.
54, 18-26, DOI: 10.1016/j.biombioe.2013.02.032
16. Colin, B., Dirion, J. L., Arlabosse, P., & Salvador, S.
(2017). Quantification of the torrefaction effects on the
grindability and the hygroscopicity of wood chips. Fuel,
vol. 197, 232-239, DOI: ff10.1016/j.fuel.2017.02.028ff.
17. Oyedeji, O., & Fasina, O. (2017). Impact of drying-grinding sequence on loblolly pine chips preprocessing effectiveness. Industrial Crops and Products, vol. 96, 8-15, DOI: https://doi.org/10.1016/j.
indcrop.2016.11.028
18. Ghorbani Z., Hemmat A., Masoumi A.A. (2012).
Physical and mechanical properties of alfalfa grind
as affected by particle size and moisture content.
Journal of Agricultural Science and Technology, vol.
14, no. 1, 65-76.
19. Kronbergs A., Kronbergs E., Rozinskis, R. (2012).
Size reduction of common reeds for biofuel production. Engineering for Rural Development, vol. 1, 257261.
20. Khullar E., Dien B.S., Rausch K.D., Tumbleson M.E.,
Singh V. (2013). Effect of particle size on enzymatic
hydrolysis of pretreated Miscanthus. Industrial crops
and products, vol. 44, 11-17, DOI: 10.1016/j.indcrop.2012.10.015
21. Vidal B.C., Dien B.S., Ting K.C., Singh V. (2011).
Influence of feedstock particle size on lignocellulose conversion—a review. Applied biochemistry and biotechnology, vol. 164, no. 8, 1405-1421,
DOI: 10.1007/s12010-011-9221-3
22. Kokko L., Tolvanen H., Hamalainen K., Raiko R.
(2012). Comparing the energy required for fine grinding torrefied and fast heat treated pine. Biomass and
bioenergy, vol. 42, 219-223, DOI: 10.1016/j.biombioe.2012.03.008
23. Repellin V., Govin A., Rolland M., Guyonnet R.
(2010). Energy requirement for fine grinding of torrefied wood. Biomass and Bioenergy, vol. 34, no. 7,
923-930, DOI: 10.1016/j.biombioe.2010.01.039
24. Esteban L.S., Carrasco J.E. (2006). Evaluation of
different strategies for pulverization of forest biomasses. Powder technology, vol. 166, no. 3, 139151, DOI: 10.1016/j.powtec.2006.05.018
25. Mafakheri F., Nasiri F. (2014). Modeling of biomass-to-energy supply chain operations: Applications,
challenges and research directions. Energy policy,
vol. 67, 116-126, DOI: 10.1016/j.enpol.2013.11.071
26. Mani S., Tabil L.G., Sokhansanj S. (2004). Grinding
performance and physical properties of wheat and
barley straws, corn stover and switchgrass. Biomass and bioenergy, vol. 27, no. 4, 339-352, DOI:
10.1016/j.biombioe.2004.03.007

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 18, No. 3, 2020

27. Gent M., Menendez M., Torano J., Torno S. (2012).
A correlation between Vickers Hardness indentation
values and the Bond Work Index for the grinding of
brittle minerals. Powder technology, vol. 224, 217222. DOI: 10.1016/j.powtec.2012.02.056
28. Liu X., Zhang M., Hu N., Yang H., Lu J. (2016). Calculation model of coal comminution energy consumption. Minerals Engineering, vol. 92, 21-27,
DOI: 10.1016/j.mineng.2016.01.008
29. Niedzwiecki L. (2011). Energy requirements for comminution of fibrous materials-qualitative chipping
model. Linnaeus University, School of Engineering.
30. Makarenkov D.A., Nazarov V.I. (2011). Characteristics of mechano-activation in vibratory pulverizers and drum mills in the preparatory and
granulation stages of disperse media. Chemical
and Petroleum Engineering, vol. 47, no. 1-2, 121,
DOI: 10.1007/s10556-011-9435-9
31. Temmerman M., Jensen P.D., Hebert J. (2013). Von
Rittinger theory adapted to wood chip and pellet
milling, in a laboratory scale hammermill. Biomass
and bioenergy, vol. 56, 70-81, DOI: 10.1016/j.biombioe.2013.04.020
32. Jiang J., Wang J., Zhang X., Wolcott M. (2017).
Characterization of micronized wood and energy-size relationship in wood comminution. Fuel Processing Technology, vol. 161, 76-84, DOI: 10.1016/j.
fuproc.2017.03.015
33. Miao Z., Grift T.E., Hansen A.C., Ting K.C. (2011).
Energy requirement for comminution of biomass
in relation to particle physical properties. Industrial crops and products, vol. 33, no. 2, 504-513,
DOI: 10.1016/j.indcrop.2010.12.016
34. Liu Y., Wang J., Wolcott M.P. (2016). Assessing the
specific energy consumption and physical properties
of comminuted Douglas-fir chips for bioconversion.
Industrial Crops and Products, vol. 94, 394-400,
DOI: 10.1016/j.indcrop.2016.08.054
35. Zhang M., Song X., Deines T.W., Pei Z.J., Wang, D.
(2012). Biofuel manufacturing from woody biomass:
effects of sieve size used in biomass size reduction. BioMed Research International, vol. 2, 581039,
DOI: 10.1155/2012/581039

Paper submitted: 01.06.2020.
Paper accepted: 06.07.2020.
This is an open access article distributed under the
CC BY 4.0 terms and conditions.

371

