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Abstract

The exploitation of wood biomass for thermal energy production often represents
an effective complementary source to petroleum, especially where there is the
availability of extended forests. Focusing the attention on household plants, the
wood pellet currently constitutes a widespread biofuel, which however is
characterized by non-negligible production costs. Wood microchips constitute a
recently developed alternative, which compensates its inferior characteristics by
an easier production process. To obtain these biofuels, the particle size reduction
is crucial, because it sensibly influences the power consumption of the drying
processes, as well as the raw material supply strategies. In this context, this paper
presents an innovative grinding technology, which can be exploited to produce
wood particle sizes for both wood pellets and microchips production. In
particular, the prototype of the grinder and the experimental plant are shown,
which have been used for performing preliminary biofuel production tests. The
main design characteristics of the prototype are provided, together with
preliminary experimental results that provides first evidences about the

potentialities of the proposed wood grinding technology.

Keywords: wood pellet; microchips; grinding; wood grinder; biofuel; wood
drying.

1 Introduction

The woody solid biofuels represent a relevant energy source for heating and power



generation. This is especially true for those territories characterized by the presence of
vast wooded areas. Accordingly, Europe acknowledges high consumptions of wood
pellets for thermal energy production in household plants (more than 18 million tonnes
in 2014) [1], which is expected to further increase by 2020 [2]. The wood chips
production follows the same trend of the pellet but the research of new biofuels is still
an on-going activity that can provide hints for new fuel alternatives. For example, an
additional bio-fuel type is currently under investigation, i.e. the “wood microchips”.
Notwithstanding the lower energetic content (which can also be affected by the storage
conditions [3]), this new biofuel is a real alternative to wood pellets, thanks to the
limited moisture content of microchips (between 10% and 15%) and the specific
particle size. Indeed, with minimal modifications to both feeding mechanisms and
combustion controls, microchips can be used to feed conventional pellet stoves and
boilers. Moreover, it can be easily manufactured by small enterprises using locally
available raw materials and with low-investments [1].

The pellet production process starts with a primary grinding (chipping) of wood
biomass to obtain chips having a variable size [4-6], whose moisture content is
drastically reduced to 20% in weight by means of drying ovens. Then, a further grinding
phase is required, to obtain finer particles, whose moisture content is further adjusted to
10-12% in weight. Then, pellets are obtained through a pressing and extrusion process.
Differently, since wood chips with a length between 5 and 10 mm compose wood
microchips, they can be obtained by particular settings of common wood chippers (i.e.
reducing the clearances between chippers’ blades and related discs or drums, and
reducing the feeding speed). However, the standard I1SO 17225-4 prescribes that a mass
unit of high-quality microchips should be composed by a 60% in mass of particles

between 3.15 mm and 16 mm, no particles bigger than 31 mm, while smaller particles



should be reduced under the 1% in mass. Therefore, a sieving process is required to
obtain the desired quality.

It is not in the scope of the paper to discuss about pros and cons of the two
biofuels, while it is worth to highlight the following issues.

Considering wood pellets, the required dewatering processes involve a non-
negligible amount of thermal energy [7], e.g. for belt dryers it has been estimated that
the thermal energy spent for drying wood chips is about the 25% of the whole pellet
production process [8]. Although different types of drying oven can be used [9,10], also
powered with renewable energy [11] or with a part of the wood biomass, this particular
step is critical especially for small production plants [12]. It is acknowledged that the
particle size heavily influences the process time in heating-based dewatering systems
(the higher the particle size, the higher the time required for drying) [13,14]. However,
smaller wood particles could lead to negative effects for certain drying models (e.g. the
deep bed one [15]). Nevertheless, smaller particles also allow to exploit lower drying
temperatures, and particular dryers have been developed accordingly [8], which can
lead to lower the drying energy consumptions. Unfortunately, current mills available for
refining wood chips into sawdust, encounter severe problems when they process wet
biomass (i.e. green wood). One of the most diffused types of refining technology for
woody biomass is that of hammer mill [8,16—-18], which uses a static selective grid to
obtain the desired particle size [19,20]. However, the wet sawdust produces a sort of
extremely viscous pulp that rapidly obstructs the grid openings, leading the mill to jam
[8]. Therefore, it is necessary to reduce the moisture content of wood chips to allow the
use of the hammer mill, thus hindering the exploitation of the potential advantages

coming from drying smaller particles.



Additionally, it has been observed in literature that powerful ultrasonic waves
can further contribute to moisture reduction [21]. Accordingly, some devices can be
found which claim to adopt high-speed mechanical energy for both comminution and
dewatering of particles [22-24]. However, after more than 20 years from the first
patent, this technology still not spread in small-scale pellet plants, as in Italian forestry
sites. One possible reason could be that sizes, dimensions, complexity and design mass
flow rates justify the costs of this system only for production plants characterized by
high productivity (several tonnes per hour).

Concerning microchips production, the setting of wood chippers to obtain the
required particle sizes involves the reduction of the productivity while the percentage of
smaller undesired particles sensibly increases. Moreover, the sieving process introduces
an upper limit to the yield of microchips, i.e. the obtained quantity will be always a
fraction of the total processed wood. A possible alternative is producing coarse wood
chips with a chipper, set at its maximum productivity, and then to refine the produced
chips with a refiner capable to transform almost the total mass of processed wood into
the desired microchips. This would allow a continuous process with maximized output
yield and production rates but it is unclear whether current refiners can produce the
required particle size distribution without increasing the percentages of smaller
particles.

In such a context, the paper presents a new grinding technology capable to
process green wood chips to produce sawdust for pellet production, and microchips. In
light of the state of the art shortly introduced in this section, the main requirements of

the new grinding technology are:

e Throughput compatible with small pellet production plants (up to 1 tonne/h);



e Produce sawdust from wet woodchips to allow the reduction of drying energy
consumptions.

e Produce microchips from wet wood chips, with reduced production of undesired
smaller particles.

e Perform preliminary investigations about the adoption of “high-speed”

mechanical energy to remove part of the moisture content.

Preliminary tests for the production of pellets and microchips have been performed with
a proof of concept prototype [25] of the grinder, installed in an specific experimental

plant.

2 Materials and methods

2.1 Prototyping the grinder

The prototype is a multi-stage rotational and centrifugal grinder, where the raw material
is introduced axially and then propelled across static and rotational cutting stages. The
main parts constituting the prototype are shown in Figure 1, and details about both the

rotor and the stator assemblies are depicted respectively in Figure 2 and Figure 3.
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Figure 1. Main parts of the centrifugal grinder prototype. Lateral section view.
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As shown in Figure 2, a basement constitutes the rotor, which holds a set of
internal propelling blades and two cutting stages. A number of vertical columns
characterize the first stage, where a threading is present on both the inner and the outer
surfaces. This particular profile constitutes the cutting edges for the first comminution
stage. The second stage is constituted by a higher number of columns, where both
cutting and external propelling blades have been secured by means of screws and bolts.
The basement is linked to the transmission shaft by means of two keyways (see Figure

1).
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Fig;lre 2. Rotor assembly (to provide a dimensional reference: the external diameter of the rotating basement is 288
mm).

Each component of the rotor assembly has been designed to reach a maximum
rotational speed of 7500 rpm. In particular, each stage has been designed by considering
the effect of an unbalancing mass of 100 g, acting on the middle point of a single
column. The prototype has been built using a AISI11040 steel (or C40 steel according to
the standard 1SO 683-1). A lid holding two stator stages composes the stator assembly

(see Figure 3). In particular, a ring with two or four teeth constitutes the first stator stage

while a ring with a number of openings constitutes the second stator stage. The cutting [Commentato [f1]: Windows?

profiles of both stages have been obtained through threading.
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Figure 3. Stator assembly (to provide a dimensional reference: the external diameter of the lid is 380 mm).

Once assembled to the casing (see Figure 1), stator and rotor assemblies form a
particular “comminution chamber” (Figure 4), were the conjoint action of centrifugal
forces, airflow and the sequence of rotor and stator stages, allows the comminution of

the wood particles introduced in the chamber as shown in Figure 1.

First stator stage Second rotor stage

Second stator stage

First rotor stage

Figure 4. Internal view of the comminution chamber, where "n" indicates the rotational speed (rounds per minute) of
the rotor assembly.

Indeed, the internal propelling blades (see Figure 2) provide a tangential motion to
wood particles and, consequently, a radial acceleration due to centrifugal forces.
Similarly, also each rotor stage gives additional motion to particles. The radial

acceleration compels particles towards the stator stages, and then, due to the motion of



rotor stages and the thin gap (1 mm) between rotating elements and static elements, the
particles are cut.

The internal propelling blades and the first stator stage perform a first rough cut of the
bigger particles, while the other particles undergo the comminution performed by the
first stator stage and the first rotor stage. Similarly, further comminution of smaller
particles is performed by the first rotor stage and the second stator stage, and then by the
second stator stage and the second rotor stage. Therefore, the external propelling blades
and the airflow (mainly produced by the internal propelling blades) push the resulting
particles toward the outlet opening (see Figure 1). The airflow is fundamental for the
functioning of the system because it supports the passage of wood particles across the
stages of the comminution chamber. However, although the rotating speed of the rotor
assembly is proportional to the airflow rate, the higher the rotating speed, the smaller
the produced wood particles.

Moreover, the airflow interacts with the alternation of static and rotating
elements composing the comminution chamber, producing pressure waves. In other
words, a “sentry-siren effect” is generated, with sound waves in the audible spectrum of
about 100 dB measured at 1 meter of distance. Despite the high sound pressure level
represents a potential limitation of this design, it actually constitutes an intrinsic
functionality of the system, as discussed in the following sections. Both sound pressure
and frequency clearly depend on the rotating velocity of the rotor assembly, because
both opening-closing frequency and airflow rate depend on the rotating speed of this
part. However, as for the experimental plant described in Section 4, it is possible to
build a noise absorbing case around the machine to reduce the sound pressure level

emitted into the environment.



2.2 Testing and optimization of the prototype

2.2.1 The experimental plant

The physical embodiment of the prototype has been mounted on an aluminium frame,
together with a 30 kW AC motor and the related transmission belt (Figure 5). To test
different rotational speeds, the motor is powered by an inverter, capable to set different
current frequencies from 0 to 60 Hz. The number of electrical poles of the motor (two)
and the speed ratio provided by the transmission belt, allow a maximum rotational
speed of 6000 rpm at 50 Hz. With this specific structural embodiment, the maximum
allowable throughput of the grinder is about 700 kg/h (considering moist wood chips

from a mixture of chestnut, acacia and beech).

Prototype

Belt transmission

Aluminum frame

915 mm

Figure 5. Embodiment of the prototype.

In order to identify the best grinder configuration for producing the desired particles, the
prototype was designed by considering the possibility to test different configurations.

Accordingly, two variants of both rotors stages and second stator stage (Figure 2 and



Figure 3) have been designed and manufactured, with different numbers of cutting

blades (see Table 1).

Table 1. Rotor and stator stages variants.

First rotor stage

Second rotor stage

First stator stage

Second stator stage

Number of blades
variantn® 1

6

15

2

13

Number of blades

12

30

26

variant n® 2

To perform comprehensive testing, also an experimental plant has been designed, whose
main elements are depicted in Figure 6. In particular, a hopper with a feeding screw is
used to contain the coarse woodchips and to control the mass flow rate. Then, an
elevator (conveyor belt) brings the raw material to the inlet of the grinder’s
comminution chamber. In the same inlet, an additional tube is connected to provide the
needed airflow (also a silencer is connected to the same tube). An outlet piping allows
the output material to reach the separating cyclone where the airflow is divided from the
obtained particles, which are collected on the ground.

Moreover, as shown in Figure 7, several sensors have been considered for the
experimental plant, to perform a series of measures (mass flow rate, airflow rate, fluid-
dynamic prevalence) and to monitor critical elements (bearing temperature and outlet
airflow temperature). More specifically, to calculate the fraction of the fluid dynamic
power of the total power consumed by the grinder (i.e. to isolate the actual grinding
power), it is necessary to measure both airflow speed and prevalence. To this purpose,
the passage of the air through the input wood chips is avoided by using an airtight lid to
cover to the hopper, and by using an airtight cover for the elevator. In this way, input air
can pass only through the related inlet tube, and a valve is used to regulate the airflow

rate. These measurements are useful for understanding the behaviour of the prototype

Commentato [f2]: Dynamic pressure? O hydraulic
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and testing different configurations between airflow rate, mass flow rate of wood and

rotating speed.

Cyclone
Inlet airflow

piping

Elevator

Output piping

Silencer
Embodiment of the

prototype

Figure 6. Main elements of the experimental plant.

Air tight elevator

Air tight lid

Hopper

S|
.
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Figure 7. Internal view of the soundproof room. Frontal view of the main elements (the cyclone is located out of the
room).

Additionally, a magnetic iron removal system was specifically built to eliminate
possible iron splinters from chippers’ blades and/or nails, bolts etc, which sometimes

fall into the wood chips. More specifically, the system was composed by a series of



sloped surfaces with opposite angles, disposed one upon the other, where high-intensity
magnets were located. Then, wood chips were passed through these surfaces by means

of gravity and vibrations.

2.2.2  Instruments and monitoring system

As introduced in the previous subsection, measurements and monitoring devices were
used to assess the performance of the experimental prototype under different working
conditions and to remotely monitor the correct functioning of the system.

The power consumption was measured by an electrical power analyser (CVM/Mini
[26]). Among the different available data, it allows extracting the actual power
consumption of the grinder in KW. The mean power values can be obtained by
arithmetical average of a predefined number of instantaneous power values (e.g. Six).
The mass flow rate was controlled by regulating the rotational speed of the feeding
screw internal to the hopper. To this purpose, a specific inverter was used to control the
current frequency of the screw’s electrical motor. Preliminary tests were performed to
calibrate the feeding screw and to obtain the correlation between rotational speed and
wood mass flow. Different curves have been obtained for different moisture contents of
the processed wood chips.

To measure the moisture content of the wood chips, a commercial tool has been
used, which allows to rapidly perform the measure with different particle sizes and
wood types [27]. It allows to rapidly extract the percentage of the moisture content “M”,
according to the commercial standards (Equation 1):

_ Pu-Py

M =" 100 (1)

Pu
Where P, is the weight of the wet wood, and P, is the weight of the dry wood.
To characterize the particle size distribution contained in both the raw and the

processed material, a manual sieve has been used, with three different grids. In



particular, the first grid had a square mesh of 10 mm, the second grid a square mesh of 5
mm, and the final grid a square mesh of 2,5 mm. The sieve was capable to process
samples of about one kg. Moreover, a scale with a resolution of 0.0001 kg was used to
assess the weights of samples. In particular, the particle size distribution for each
configuration was assessed (when needed) by sieving three samples of 1kg. Then, the
weight of the material collected in each screen stage was measured and rounded to two
decimal places (in kg).

To perform fluid dynamic measures, a Pitot probe (positioned in the air inlet
tube) has been used, together with an electronic transducer and a multipurpose data
acquisition board (with 0-10 Volts inputs). In particular, to measure the airflow rate
within the inlet tube, specific activities were performed to establish the mean speeds.
More precisely, after positioning the Pitot probe in the centre of the tube, the max speed
can be obtained with Equation 2:

2Ap

Vinax = T 2

where Ap is the pressure difference between the static and the dynamic pressures from
the Pitot probe, and p is the air density. Then, the speed profile under the laminar flow
hypothesis can be obtained [28], and the average speed can be calculated to estimate the
airflow rate.

Thermocouples (K-type) have been used for monitoring bearing temperatures
and to acquire air temperatures. Even in this case, a specific data acquisition board was
adopted. A software tool specifically developed with LabView Signal Express® was
used to control data acquisition.

Since the prototype has been enclosed in a soundproof room, it was necessary to
remotely monitor its working conditions to rapidly and safely intervene when needed.

To this purpose, a video monitoring system has been installed with four cameras, as



shown in Figure 8. More specifically, the monitored elements were the inlet of the
grinder (Figure 8a), the level of the hopper (Figure 8b), the elevator (Figure 8c) and the

output of the cyclone (Figure 8d).

Figure 8. Video monitoring system: grinder inlet (a); hopper level (b); elevator (c), cyclone output (d).

2.2.3 Raw material

For tests related to sawdust production, coarse wood chips (mainly from chestnut, beech
and acacia trees) were processed with the grinder prototype. The moisture content of the
wood chips was about 45% (according to Equation 1), while the particle size
composition was extremely irregular (as shown in Table 2 and Figure 9(a)), with some

pieces larger than 100 mm.

Table 2. Particle size distribution of the raw material used for the sawdust production experiments.

Mean St.
Sample 1 Sample 2 Sample 3 % dev.

Total weight (kg) 1.05 0.99 0.89 - -
Weight (in kg) of particles >10 x 10 0.25 0.28 0.19 24,5%  3,5%
Weight (in kg) of particles >5 x5 0.51 0.46 0.44 482% 1,5%
Weight (in kg) of particles >2,5 x 2,5 0.15 0.16 0.16 16,1% 1,8%
Weight (in kg) of particles < 2,5x2,5 0.14 0.09 0.10 11,2%  2,1%

For tests related to microchips production, the moisture content of the wood chips was
almost the same (about 45%), while the particle size composition was quite different.

The related percentages are shown in Table 3.



Table 3. Particle size distribution of the raw material used for the microchips production experiments.

Mean St.

Sample 1 Sample2 Sample 3 % dev.
Total weight (kg) 1.10 1.05 1.10 - -
Weight (in kg) of particles >10 x 10 0.74 0.65 0.46 57,0% 13,4%
Weight (in kg) of particles >5x 5 0.28 0.30 0.42 30,7% 6,6%
Weight (in kg) of particles >2,5 x 2,5 0.05 0.07 0.13 7,7%  3,7%
Weight (in kg) of particles < 2,5x2,5 0.03 0.03 0.09 4,6%  3,1%
3 Results

Several tests runs have been performed, spanned over different periods according to
specific designs of experiments [29], mainly aimed at identifying both potentialities and
structural issues of earlier prototype versions. More than 5 tonnes of coarse wood chips
have been processed in these tests, and the following subsections show the results

obtained from the experimental campaigns.

3.1 Sawdust for wood pellet production

Few clogging problems were encountered only when testing lower rotational speeds
(under 3000 rpm) and lower airflow rates (closed air valve). In these cases, the
produced sawdust was not capable to reach the cyclone and gradually obstructed the
outlet duct. The consequence was a sudden stop of the grinder, which however did not
cause any mechanical or structural problem.

A specific configuration was identified, which allowed producing the desired
particle size (see Figure 9(b)) from wet chips without functional problems for the
experimental plant. More specifically, a specific structural configuration of the grinder
(from those available in Table 1) combined with a rotational speed of 6500 rpm,

performed the best. Table 2 reports the actual grinder configuration.
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Figure 9. Material transformation: input coarse wood chips (a); sawdust obtained with the prototype (b); pellet
obtained from the produced sawdust (after the drying process).

Table 4. Rotor and stator stages for the preferred “sawdust” configuration of the grinder.

First rotor stage Second rotor stage First stator stage Second stator stage

Number of blades 6 15 2 26

Three mass flow rates were tested: 300 kg/h, 500kg/h and 700 kg/h. Visual evaluations
revealed no evident differences among the particle sizes produced with the different
mass flows. Additional analyses performed by an external laboratory reported that about
the 85% in mass was between 3mm and 500um, and only 4.5% was under the 200 pum.
The same laboratory performed a pellet production test, where a sample of 50 kg of the
produced sawdust was previously dried (to 10% of final moisture content) in a small
rotary oven. The pellet was successfully obtained through a commercial mill, as shown
in Figure 9(c).

Concerning power consumption, the mean power has been extracted from the
specific measurement tool introduced in Subsection 2.2.2, with trials lasting about three
minutes. After a first transitory regime (about 1 minute), power data has been manually
collected (six values) in the remaining time for extracting the mean value. The obtained

results are shown in Figure 10, were also the power consumption for 1 tonne/h has been



estimated (26 kW) through a linear interpolation. However, the current prototype cannot

reach such a mass flow rate.
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Figure 10. Power consumption for producing the sawdust shown in Figure 9Figure-10(b), at 6500 rpm and with different mass
flow rates. Moisture content of the processed wood chips about 45% (Equation 1).

Considering that wood chips were characterized by a moisture content of about 45%
(see Equation 1), the specific power consumption is 47 kWh per tonne of dry wood.
The airflow rate, measured during material processing was about 700 m/h. Only a
minimal reduction of the airflow is observed when the wood chips flow rate increases.
Additionally, the concurrent dehumidification rate of about 5% (according to Equation

1) was observed for rotational speeds higher than 6000 rpm.

3.2 Wood microchips production

The tests performed in this case were sensibly influenced by non-negligible limits of the
specific prototype, which was not originally thought for producing this kind of particles.
To identify the most promising configurations of the prototype, a screening of the tests
was performed to discard unfeasible configurations. Accordingly, it was found that for
microchips production, the maximum rotational speed was 4500 rpm to limit smaller
particles, while the lowest admissible speed was 3500 rpm under which the prototype
rapidly encounter clogging problems. Moreover, it was not possible to use the

separating cyclone, since the reduced airflow was not sufficient to push the bigger



particles along the outlet piping. Therefore, the processed material was projected
directly on the ground, just near to the prototype.
A specific configuration was identified, which allowed producing microchips with

limited production of finer particles (see Table 5).

Table 5. Particle size distribution after the microchips grinding experiment.

Mean St.
Sample 1 Sample 2 Sample 3 % dev.
Total weight (kg) 0.71 0.69 0.73 - -
Weight (in kg) of particles >10 x 10 0.00 0.00 0.00 0,00% 0,00%
Weight (in kg) of particles >5x 5 0,40 0.40 0.45 58,65% 2,72%
Weight (in kg) of particles >2,5 x 2,5 0,25 0.26 0.25 3571% 1,77%
Weight (in kg) of particles < 2,5x2,5 0,06 0.03 0.03 5,64% 2,44%

More specifically, the structural configuration of the grinder was composed by the parts
listed in Table 6, with a rotational speed of 4000 rpm, and a mass flow rate of 400 kg/h.
Differently from the sawdust production, the mass flow rate sensibly influenced the
particle size composition of the microchips.

Errore. L'origine riferimento non é stata trovata.Figure-11 shows the particle

sizes obtained through the sieving of a sample of material before and after being
processed by the grinder prototype (it is worth to notice that the figure is not
representative of the real percentages that actually constitute the sample). Indeed, bigger
particles (>10mm x10mm) were almost absent after grinding with the considered

configuration, and all those shown in Errore. L 'origine riferimento non é stata

trovata.Figure-1t were collected through different samples. The actual percentages of
the particle sizes composing the samples after the grinding are shown in Table 6Fable 5

and Figure 12.

Table 6. Rotor and stator stages for the preferred “microchip” configuration of the grinder.

First rotor stage Second rotor stage First stator stage Second stator stage

Number of blades 6 15 4 13




Before grinding After grinding
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> 5x5

>2.5x2.5

Figure 11. Particle sizes composing the wood chips before and after grinding with the prototype. The samples have
been obtained by selective sieving. Each row represents a specific sieve stage (measures in mm). Note that the
particle shown here are not representative of the actual quantities present in the samples. This is especially valid for
bigger particles after grinding, which were present in a very few quantity.
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Figure 12. Particle size distribution before and after grinding in the “microchips” configuration.

Comparing the data shown in Table 3 with those of Table 5 (see Figure 12), it is
important to observe that the bigger particles (>10 x 10) were almost completely

transformed into particles belonging to the range of the two middle sizes, while the



percentage of the finer particles remains almost unchanged. More precisely, bigger
particles after grinding were very rare, always leading to weights below 0.005 kg and
the production of further smaller particles is negligible.

No dehumidification effects have been observed in this case. Eventually, the
overall energy consumption for this configuration was of about 9 kWh/tonne (i.e. about

16 kWh per tonne of dry wood), with an airflow rate of about 450 m?/h.

4 Discussions
4.1 About the achieved results

4.1.1 Sawdust for pellet production

The performed tests revealed that the prototype, in the specific configuration described
in Subsection 3.1, is capable to produce wood sawdust from wet wood chips, directly
exploitable for the pellet production process. Indeed, a sample of the produced sawdust
has been used to successfully produce pellets.

The grinding energy consumption (47 kWh per tonne of dry wood), if compared
with current hammer mills, is promising. Indeed, Masche et al. [30] recently performed
a test where Pine and Beech chips were grinded by a series of two hammer mills. For
the first hammer mill (screen mesh dimension of 15 mm) they observed a power
consumption between 8.1 and 12.6 kWh per tonne of dry wood. Differently, for the
second mill (screen mesh dimension of 4 mm), the power consumptions reached values
between 43.6 and 49.4 kWh per tonne of dry wood. These data are in line with the study
performed by Esteban et al. [31], where a series of two grinders (a rotary knife mill and
a hammer mill) processing pine chips with a moisture content between 10% and 15%,

led to an overall power consumption between 45 and 53 kWh per tonne of dry wood.



Part of the energy spent by the new proposed system is related to a contextual
dehumidification phenomenon, capable to extract the 5% of the wood’s moisture
content. However, no evident relationships between measured sound pressure levels and

dehumidification performances were observed.

4.1.2  Microchips

The tests performed for the production of microchips allowed to identify a specific
grinder configuration capable to almost completely eliminate particles bigger than 10
mm but avoiding the production of particles smaller than 2,5 mm in length. Although
the considered sieve and the related grids were not exactly compliant with the tests
prescribed by certain quality certifications, the obtained data revealed that the grinder is
capable to produce particle sizes within the required range. It is important to highlight
that the prototype and the experimental plant were not originally thought for the
production of this specific biofuel, and therefore the obtained results are highly
encouraging. Moreover, the very limited power consumption characterizing the
proposed grinder technology allows considering the “chipping + refining” process as a
competitive alternative to the current “chipping + sieving”. However, more tests
focused on the economic feasibility of this alternative should be performed to validate

or reject such a hypothesis.

4.2 Limits of the prototype, the experimental plant and the instruments

Both the prototype and the experimental plant were characterized by non-negligible
limits, which hindered additional and deeper experiments.

First of all, the need for a soundproof isolation, together with the need of
covering the hopper with an airtight lid (see Section 3 for motivations), led to the

impossibility of processing high quantities of wood chips continuously. Indeed, once
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processed the material contained in the hopper, all the plant needed to be stopped to
refill it with new wood chips (about 150 kg). It was sufficient for the tests performed in
this paper, but durability trials were not possible. Consequently, it was not possible to
establish the right material for building the cutting means, the actual maintenance
operations and frequencies required in real operation cases (e.g. re-sharpening of
blades).

Another important limitation of the experimental plant was the absence of
drying systems to measure the actual energy saving derived by drying smaller wood
particle sizes. This lack led to the impossibility of performing the measurements
required for comprehensively validating the advantages provided by the tested grinder
prototype, for both sawdust and microchips production. According to literature, this
kind of experiments are critical, because to obtain reliable data for comparison, it is
important to correctly consider and set up the design parameters of the dryers [32].
Indeed, Fyhr et al. [13] observed that the drying time can be reduced three times by
halving the linear dimensions of the wood particles, but a more recent study executed on
smaller particles, although confirming the dependence between size and drying time
(and then power consumption), shows a reduced impact [33]. It suggests that the actual
advantage from drying smaller particles needs to be investigated in depth.

Concerning microchips production, the limits have been already introduced in
Subsection 3.2, and refer to the limited range of grinder’s configurations actually
available for this specific particle size. Therefore, the preferred configuration identified
in Subsection 3.2, although extremely encouraging, could not be the best one actually
attainable with this technology.

Moreover, the rudimental sieve adopted in this work hinders comprehensive

analysis for particle size distributions. Indeed, no additional mesh size variants are



available, thus avoiding the identification of most representative particle sizes.
Moreover, the sieving device is manually operated, thus leading to non-repeatable
shacking time and movements, which could be a concurrent cause of the non-negligible
standard deviation values observed in Table 2, Table 3 and Table 5.

Finally, it was not possible to comprehensively investigate the dehumidification
phenomenon observed in the production of wood sawdust. In particular, pressure waves
and frequencies were measured only with simple industrial devices capable to deal with
the audible spectrum. Consequently, it was not possible to investigate the possible

effects of ultrasonic waves.

4.3 Hints for future experiments and redesign of the grinder

Each highlighted limitation constitutes a potential hint for future developments, which
however may imply new investments of resources. Indeed, to perform more extended
tests about microchips, both the grinder prototype and the experimental plant should be
modified to allow further configurations. Therefore, one of the next activities is related
to the redesign of the prototype and to the optimization of the experimental plant for
microchips production tests. However, it is also necessary to comprehensively
characterize the grinding technology, by comparing its performances with
acknowledged milling models [34-38]. Nevertheless, the acknowledged theoretical
milling models do not consider the effect of the airflow for both power consumptions
and particle size reduction, while the airflow is a fundamental parameter in the new
proposed grinding technology. A possible hint for future experiments is to extract the
net comminution energy consumption, e.g. eliminating fluid-dynamic consumption
from the total energy measures, and to compare it with milling theories. In addition,
more comprehensive characterizations of the particle size distributions is needed, e.g.

with Rosin-Rammler particle size analysis [38—40].



However, it is acknowledged that hammer mills spend more energy when
processing moist wood chips [8,41]. It is valid also for different grinding/comminution
systems (e.g. wood chippers [42]), but it is not clear whether it fits or not with the new
proposed technology. Moreover, for traditional grinders, the grinding energy
requirements are sensibly influenced by the wood species [43]. Therefore, specific tests
should be performed with the new proposed grinder, to control the effects of the species
of wood, particle size reduction rate and moisture content (e.g. as made in [41] for
hammer mills).

Additionally, it is important to perform accurate evaluations about the actual
advantages derived from drying smaller particles in classic heat-type ovens. It is
preferable to perform tests on real scale ovens to identify both advantages and
criticalities. The acquisition of a real oven only for this experiments falls out of the
available budget limits but the restructuring of the experimental plant to produce higher
quantities of material could make possible to negotiate with owners of existing pellet
production plants to test their production processes fed with the sawdust produced by
the prototype. Similar experiments can be performed to assess the actual benefits
provided by producing microchips with the proposed process and technology.

Concerning the dehumidification observed for the sawdust production, several
activities are still needed to understand the physical phenomena behind the observed
effect. Accordingly, testing campaigns should be performed by focusing on
measurements about both the extracted water and the possible effect of ultrasonic
pressure waves. For the first purpose, measuring the moisture content of the material
before and after grinding is an opportunity, but a continuous measuring system would

be preferable, allowing to perform more extended factorial programs of experiments



with fewer resources. For the second purpose, high-frequency transducers should be
placed within the grinder to verify the actual presence of ultrasonic waves.
Eventually, the new proposed technology could be adapted for other industrial
contexts and needs, where the grinding of wood or other material is needed [44]. For
example, also the production process of Medium Density Fibreboards (MDF) is
characterized by the need of refining and drying wood particles. To this purpose, the
existing prototype can be used to perform preliminary comminution tests for other
products (e.g. corn for the production of flour, vegetables for the production of

infusions, comminution of coffee, etc.).

5 Conclusions

The paper presents a new technology and the related proof of concept prototype for
grinding woody biomass. The outcomes of the tests performed on generic samples of
wood chips (a mixture mainly composed by chestnut, beech and acacia trees),
highlighted the encouraging performance of the new technology for the production
processes of both wood pellet and microchips. More specifically, the new grinding
system is capable to mill green wood having high moisture contents, without
experiencing the problems of the traditional technologies. For the pellet production
process, this characteristic allows to consider alternative drying processes directly
operating on wet sawdust, with potential benefits in terms of drying energy saving.
Moreover, a contextual dehumidification effect of the wood biomass has been also
observed when producing sawdust with the grinder prototype. However, to understand
this phenomenon, further investigations are needed with instruments capable to

measure ultrasonic pressure waves.



For the production of wood microchips, notwithstanding the limitations of the
available prototype and plant, the performed tests demonstrated the capability to
produce the required particles with a limited power consumption.

However, future research should be performed to better investigate the
potentialities of the new technology, as well as its most convenient integration in the
industrial processes and the related benefits. Nevertheless, the performed tests
demonstrated the feasibility of the system, which actually offers new innovation
opportunities for both industry and forestry. Accordingly, the information provided in
this paper, besides introducing the potentialities of this new grinding technology, allows
both researches and practitioners to reproduce the system for further experiments and

investigations.

Acknowledgements

The work described in this paper has been partially supported by "Fondazione Cassa di
Risparmio di Pistoia e Pescia", with the funding programme named "Bando Giovani e
Ricerca 2016". Stern Progetti Srl kindly conceded the permissions to reproduce images

about the physical prototype of the grinder and the experimental plant.

References

[1] R. Spinelli, L. Pari, N. Magagnotti, New biomass products, small-scale plants
and vertical integration as opportunities for rural development, Biomass and
Bioenergy. 115 (2018) 244-252. doi:10.1016/j.biombioe.2018.05.004.

[2] R.Sikkema, M. Steiner, M. Junginger, W. Hiegl, M.T. Hansen, A. Faaij, The
European wood pellet markets: current status and prospects for 2020, Biofuels,
Bioproducts and Biorefining. 6 (2012) 246-256. doi:10.1002/bbb.

[31 R.Pecenka, H. Lenz, C. Idler, Influence of the chip format on the development of
mass loss, moisture content and chemical composition of poplar chips during
storage and drying in open-air piles, Biomass and Bioenergy. 116 (2018) 140
150. doi:10.1016/j.biombioe.2018.06.005.



(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

R. Spinelli, L. Eliasson, N. Magagnotti, Increasing wood fuel processing
efficiency by fine-tuning chipper settings, Fuel Processing Technology. 151
(2016) 126-130. doi:10.1016/j.fuproc.2016.05.026.

R. Spinelli, E. Cavallo, A. Facello, A new comminution device for high-quality
chip production, Fuel Processing Technology. 99 (2012) 69-74.
d0i:10.1016/j.fuproc.2012.01.034.

M. Krajnc, B. Dol, ScienceDirect The influence of drum chipper configuration on
the quality of wood chips, Biomass and Bioenergy. 64 (2014).
doi:10.1016/j.biombioe.2014.03.011.

A. Uasuf, G. Becker, Wood pellets production costs and energy consumption
under different framework conditions in Northeast Argentina, Biomass and
Bioenergy. 35 (2011) 1357-1366. doi:10.1016/j.biombioce.2010.12.029.

I. Obernberger, G. Thek, The Pellet Handbook, Earthscan, London, 2010.

A.S. Mujumdar, ed., Handbook of Industrial Drying, Taylor & Francis Group
LLC, 2006.

S. Stenstrom, Drying of biofuels from the forest—A review, Drying Technology.
35(2017) 1167-1181. doi:10.1080/07373937.2016.1258571.

H. Li, Q. Chen, X. Zhang, K.N. Finney, V.N. Sharifi, J. Swithenbank, Evaluation
of a biomass drying process using waste heat from process industries: A case
study, Applied Thermal Engineering. 35 (2012) 71-80.
d0i:10.1016/j.applthermaleng.2011.10.009.

G. Thek, 1. Obernberger, Wood pellet production costs under Austrian and in
comparison to Swedish framework conditions, Biomass and Bioenergy. 27
(2004) 671-693. doi:10.1016/j.biombioe.2003.07.007.

C. Fyhr, A. Rasmuson, Some aspects of the modelling of wood chips drying in
superheated steam, International Journal of Heat and Mass Transfer. 40 (1997)
2825-2842. doi:10.1016/S0017-9310(96)00340-7.

C. Fyhr, A. Rasmuson, Steam drying of wood chips in pneumatic conveying
dryers, Drying Technology. 15 (1997) 1775-1785.
doi:10.1080/07373939708917326.



[15] J.K. Gigler, W.K.P. Van Loon, M.M. Vissers, G.P.A. Bot, Forced convective
drying of willow chips, Biomass and Bioenergy. 19 (2000) 259-270.
d0i:10.1016/S0961-9534(00)00037-4.

[16] B. Agard, S. Bassetto, Modular design of product families for quality and cost,
International Journal of Production Research. (2012) 37-41.

[17] P. Pradhan, S.M. Mahajani, A. Arora, Production and utilization of fuel pellets
from biomass: A review, Fuel Processing Technology. 181 (2018) 215-232.
doi:10.1016/j.fuproc.2018.09.021.

[18] M. Masche, M. Puig-Arnavat, J. Wadenbéck, S. Clausen, P.A. Jensen, J.
Ahrenfeldt, U.B. Henriksen, Wood pellet milling tests in a suspension-fired
power plant, Fuel Processing Technology. 173 (2018) 89-102.
d0i:10.1016/j.fuproc.2018.01.0009.

[19] M. Gil, I. Arauzo, Hammer mill operating and biomass physical conditions
effects on particle size distribution of solid pulverized biofuels, Fuel Processing
Technology. 127 (2014) 80-87. doi:10.1016/j.fuproc.2014.06.016.

[20] J. Wang, J. Gao, K.L. Brandt, M.P. Wolcott, Energy consumption of two-stage
fine grinding of Douglas-fir wood, Journal of Wood Science. 64 (2018) 338-346.
doi:10.1007/s10086-018-1712-1.

[21] S. De Fuente-blanco, E.R. De Sarabia, Food drying process by power ultrasound,
Ultrasonics. 44 (2006) 523-527. doi:10.1016/j.ultras.2006.05.181.

[22] J. Sand, J.E. Martin, J.J. Clarke-Ames, Device and method for comminution., US
5,839,671, 1998.

[23] J. Sand, J.E. Martin, J.J. Clarke-Ames, Device and method for comminution., US
6,024,307, 2000.

[24] R.L.Hamm, G.L. Hamm, Pulverizer, US 6,039,277, 2000.

[25] D.G. Ullman, The Mechanical Design Process 4th ed., Mc Graw HIII, New York,
USA, 2010.

[26] A. Srl, Asita, (n.d.). https://www.asita.com/ (accessed June 27, 2019).

[27] M. Schaller, Humimeter, (n.d.).

https://www.humimeter.com/it/bioenergia’humimeter-bm1-sostituito/ (accessed



(28]

[29]

[30]

[31]

(32]

(33]

[34]

[35]

(36]

[37]

(38]

[39]

February 18, 2019).

B. Munson, T.H. Okiishi, W.W. Huebsch, A.P. Rothmayer, Fundamentals of
Fluid Mechanics, 7th ed., John Wiley & Sons, Jefferson city, 2013.
doi:10.1201/b15874-3.

D.C. Montgomery, Design and Analysis of Experiments, 8th ed., John Wiley and

sons, Inc, 2012.

M. Masche, M. Puig-Arnavat, P.A. Jensen, J.K. Holm, S. Clausen, J. Ahrenfeldt,
U.B. Henriksen, From wood chips to pellets to milled pellets: The mechanical
processing pathway of Austrian pine and European beech, Powder Technology.
251 (2019) 739-753. doi:10.1016/j.powtec.2019.03.002.

L. Esteban, I. Mediavilla, M. Fernandez, J. Carrasco, Influence of the size
reduction of pine logging residues on the pelletizing process and on the physical
properties of pellets obtained., in: Proceedings of the Second Conference on

Pellets, Jonkoping, Sweden, 2006.

T. Myllymaa, H. Holmberg, P. Ahtila, Techno-economic evaluation of biomass
drying in moving beds: The effect of drying kinetics on drying costs, Drying
Technology. 0 (2018) 1-14. doi:10.1080/07373937.2018.1492615.

O. Kaplan, C. Celik, An experimental research on woodchip drying using a screw
conveyor dryer, Fuel. 215 (2018) 468-473. doi:10.1016/j.fuel.2017.11.098.

V.R. Voller, A note on energy-size reduction relationships in comminution,
Powder Technology. 36 (1983) 281-286. d0i:10.1016/0032-5910(83)85014-1.

R. Charles, Energy-size reduction relationships in comminution, Transactions of
AIME, Mining Engineering. 208 (1957) 80-88.

P.R. Rittinger, Learning Book of Mineral Processing, Technical University of
Berlin, Berlin, 1867.

F.C. Bond, The Third Theory of Comminution, Trans- Actions of the American
Institute of Mining, Metallurgical and Petroleum Engineers. 193 (1952) 484-494.

AJ. Lynch, C.A. Rowland, The History of Grinding, Society for Mining,
Metallurgy, and Exploration, Inc., Littleton, Colorado, 2005. doi:Book Review.

A.P. Vesilind, The rosin-rammler particle size distribution, Resource Recovery



[40]

[41]

[42]

[43]

[44]

and Conservation. 5 (1980) 275-277.

P.C. Kapur, The energy-size reduction relationships in comminution of solids,
Chemical Engineering Science. 26 (1971) 11-16. doi:10.1016/0009-
2509(71)86076-1.

M. Temmerman, P.D. Jensen, J. Hébert, Von Rittinger theory adapted to wood
chip and pellet milling, in a laboratory scale hammermill, Biomass and
Bioenergy. 56 (2013) 70-81. doi:10.1016/j.biombioe.2013.04.020.

P. Bergman, J. Kiel, H. Veringa, Combined torrefaction and pelletisation, the
TOP process, 2005. doi:10.1093/ehr/LI11.CCIX.88.

L.S. Esteban, J.E. Carrasco, Evaluation of different strategies for pulverization of
forest biomasses, Powder Technology. 166 (2006) 139-151.
doi:10.1016/j.powtec.2006.05.018.

L. Fiorineschi, F.S. Frillici, G. Gregori, F. Rotini, Stimulating idea generation for
new product applications, International Journal of Innovation Science. 10 (2018)
454-474. doi:10.1108/1J1S-09-2017-0099.



