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ABSTRACT

The relation between the mechanical properties of input materials and the smoothness of
material flow from a storage bin, cohesion variability of the compressed powder mixtures, and
pelletization process were studied. Three material types were examined: Pyrolysis char from
biomass — spruce wood (Picea abies L.), compost and spruce sawdust. Increased input material
compressibility and cohesion affected the resulting durability and hardness of the pellets.
Additional important material parameters affecting the pelletization process and final pellet
quality include flowability and wall friction angle: Pellet durability and hardness increases with
decreasing flowability (shift to the cohesive materials mode) and wall angle of the incoming
materials. Those parameters are taken into account when designing conveyors. Application of
the Quality by Design (QbD) approach to the prediction of behaviour in the pelletization process
is outlined. The feasibility of inferring acceptable pelletization process behaviour from the
mechanical-physical properties of the input materials is demonstrated.

KEYWORDS: Mechanical properties, flowability, pelletization, Quality by Design (QbD).

INTRODUCTION

The conditions of the pelletization of materials have been investigated by a number of
authors, who largely focussed on the mechanical - physical properties, major components of
the biomass (lignin, cellulose, etc.), and chemical composition of the materials for pelletization.
Although the named properties are important with consideration to the material pelletization
process, these properties can be assessed only from a physical point of view. Therefore, the
mechanical-physical properties were taken into account with respect to the processing of selected
materials (Gil et al. 2014). The present work was aimed at assessing those mechanical-physical
properties of materials (flowability, wall friction, compressibility and cohesion) that play an
important role in the pelletization process. Such mechanical-physical properties of bulk materials
are also important as regards the design of engineering structures coming in contact with such
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materials. It is appropriate to analyse the relation between the engineering structure and the
material from the force action point of view. Due to the forces acting on them and to the existing
boundary conditions of the system, materials alter their behaviour based on their mechanical-
physical properties. When considering pelletization as a process of material transport through a
die, we find that the bulk material's properties have transformed.

Mechanical-physical properties of materials play a key role in the examination of the use of
conveying and processing facilities in the complex logistic process. The pelletization process itself
can be looked upon as a logistic element where the mechanical-physical properties of the output
material are different from those of the input raw material. As a result of the compression change
in the volume of the particles and their morphology, the behaviour of the material along the
transport routes changes substantially (Rudolfsson et al. 2015) and hence, different equipment
must be used at the input and at the output. Arching and blocking can occur when transporting
the material, for example through a conveyor system or during discharging from a silo (Chen et
al. 2012, Chevanan et al. 2009, Mellmann et al. 2014, Miccio et al. 2013, Oldal et al. 2012).
Transport through conveying systems is affected not only by the type and parameters of the
biomass but also by the particle size and moisture content of the material (Gil et al. 2013).

The internal friction angle is one of the primary properties of powders, determining
friction which exists between the particles, and one of the major parameters describing the flow
properties of the material (Zegzulka 2012). For instance, the angle of internal friction will be
reduced appreciably by cutting the biomass into pieces (Ileleji and Zhou 2008).

The wall friction angle is a parameter determining the particle behaviour in contact with
various surfaces (Wu et al. 2011). Hence, this is a parameter that must be taken into account in
the design of silos, hoppers, etc. (Ganesan et al. 2008; Igbal and Fitzpatrick 2006).

The flow properties of biomass particles depend on the biomass type and on the particle
shape and size (Miao et al. 2014). It has been found that herbal biomass particles such as
switchgrass, wheat straw and corn stover, 7 — 15 mm particle size, cannot be transported based
solely on gravity (Chevanan et al. 2009, 2010).

The feasibility of pelleting materials has been studied by many authors. The major parameters
reported to affect the final pellet quality include grain size (Serrano et al. 2011), moisture content
(Li, et al. 2012, Serrano et al. 2011), and the amount of binders in the material (Kaliyan and
Morey 2010, Stelte et al. 2011, Telmo and Lousada 2011). Of major importance are also material
pretreatment procedures (steam pretreatment (Biswas et al. 2011, Lam et al. 2013), Ammonia
Fiber Expansion (AFEX) pretreatment (Hoover et al. 2014)), conditions of the pelletization
process itself (temperature, pressure, material holdup time in the pellet press die) and of the
subsequent pellet cooling procedure (Morey and Vance 2008, Obernberger and Thek 2010).

The present work was aimed at examining the effect of the mechanical properties of the
materials on the quality of the pellets too. Important mechanical properties of pellets determining
their quality include durability, hardness, water resistance and density.

Durability expresses how resistant pellets are to fragmentation during handling,
transportation and storage (Obernberger et al. 2006, Thomas and van der Poel 1996, Vinterbick
2004). The separated pieces (fragment) of the material may block conveyor routes and disturb the
homogeneity of the combustion conditions; also, the dust dispersed in air is harmful (Vinterbick
2004) and may form explosive mixtures (Hedlund et al. 2014, Lehtikangas 2000).

Hardness is the resistance of the individual pellets during handling, transport and storage
(Jiang et al. 2014). It is related to the fragmentation of the pellets (Thomas and van der Poel
1996).

The density of the pelletized material is a measure of densification. Together with durability,
density is a primary pellet quality indicator (Temmerman et al. 2006).
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Wiater resistance is a parameter which is important in the transport and storage of the
pellets. Moisture absorption reduces the calorific value and may induce mouldering and microbial
decomposition resulting in pellet decay (Chico-Santamarta et al. 2011). Increased moisture may
bring about auto-ignition of the stored pellets (Obernberger et al. 2006).

MATERIAL AND METHODS

Materials
Three types of material were used: pyrolysis char from wood biomass, compost with spruce
saw dust, and spruce saw dust alone (Fig. 1-4).

L2=238 um}

2000 pm
—_—

Fig. 3. Crushed compost. Fig. 4. Spruce sawdust.

Pyrolysis char from biomass

Pyrolysis char from wood biomass was prepared in a Pyromaniac pyrolysis unit. Spruce
pellets were pyrolyzed at 550°C for 45 minutes (Frantik et al. 2013). The resulting pyrolysis char
failed to attain the optimum particle composition, the majority of the material disintegrated after
pyrolysis but lumps of the pyrolysis char remained and hindered mixing the pyrolysis char with
the binder. To avoid this, the pyrolysis char was crushed to smaller particles and homogenized.
Pyrolysis char is hydrophobic and contains 2.37 % water. Containing no binder, the pyrolysis char
was pelletized with an addition of 20 % starch. The amount of added starch is not according to
Standard EN 14961-1 (2010). For the pelletization, the mixture had a moisture content of 17 %.

Compost

The compost was obtained from the compost plant in Namest nad Oslavou. The compost
was after fermentation (90 days maturation). The compost was dried from the initial 48.72 %
moisture content to 10 — 15 % and crushed on a Green Energy 9FQ_50 hammer mill. In order to
increase its calorific value, the compost was combined with wood saw dust before pelletization.
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The pelletized mixture had a moisture content of 25 %.

Spruce sawdust
Spruce sawdust was dried to 13 % moisture for pelletization. No binders were added.

Testing the materials' mechanical and flow properties

The materials were tested on a FT4 Powder Rheometer (Freeman Technology) by using
various measuring methods. This rotary rheometer serves to describe the flow properties of
mixtures based on dynamic measurements. The rheometer includes a shear cell for shear force
measurement, a wall friction kit and accessories for measuring the bulk material parameters such
as density, compressibility and permeation.

The rotary rheometer consists of a measuring vessel, blade on a shaft and aeration station
with a control unit. The measuring vessel is made from a precisely bored borosilicate 50 mm glass
tube with flame-polished walls. The blade, 48 mm in diameter, was made of quenched steel. A 1
mm gap was left between the blade edge and the measuring vessel wall.

A shaft with the specifically shaped blade is pushed through the powder bed. The resulting
motion of the blade fixed on the shaft is a specific combination of rotary and axial motion,
resulting in a predefined helical motion which in turn defines the flow rate and flow type. The
motion of the blade induces forces causing powder deformation and flow, which are measured
and used to calculate the energy required to bring the powder in motion (flow energy). The rotary
and axial motions can be combined in various ways giving rise to different modes of action. Two
are shown in (Fig. 5).

Fig. 5: Left: pushing mode, right: Raising mode (Freeman 2007).

The descending, pushing mode shown on the left in (Fig. 5) (in which the blade rotates
counter clockwise through the powder) results in powder compaction and large flow. In the
ascending, raising mode (in which the blade rotates clockwise through the powder) the degree of
compaction is low.

Flowability and wall friction

The rotary shear module for measuring the friction parameters and subsequently the
flowability consists of a vessel containing the powder sample and a shear head inducing both
normal and shear stresses. The shear head blades are pushed into the powder mass and the front
face of the head starts exerting normal stress on the powder bed surface. The shear head is pushed
downwards until an adequate and steady pressure establishes between the head and the powder
bed. Now the shear head starts rotating slowly, thereby exerting shear stress in the bulk mass. In
this manner a shear plane is created immediately below the blade edges. The powder bed resists
the shear head rotation, whereby shear stress increases in the measuring plane until slip takes
place. Now the maximum transferred shear stress is recorded. Flowability is calculated as the ratio
of the main stress under which the powder is consolidated to the powder's shear strength. Powder
flowability was categorized based on the Jenike flow function (Leturia et al. 2014).
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The rotary shear module for the wall friction angle resembles that described above. The
contact plane of the shear head (which is made of stainless steel, although other materials can be
used as well) travels down to the powder sample and its front face starts exerting normal stress
onto the surface and continues to do so until a steady state is attained. Now a shear stress is
induced and is increased until slip.

Compressibility

Compressibility is measured as volume (or density) change in dependence on the normal
load. The data are expressed in terms of percent compressibility for a 15 kPa normal load created
by a module which is a component of the FT4 powder rheometer.

Cobesion

Cohesion was measured through the basic flow energy, which is the energy required to create
a flow profile of the powder conditioned by an identical volume. This is calculated from the work
done by the blade during its motion through the powder bed, consisting in rotation combined
with axial down motion and simultaneous compaction. The values are higher for freely flowing
materials and lower for cohesive materials that are easy to compact.

Pelletization

The materials were pelletized on a KAHL 14 - 175 laboratory pelleting press with a flat die.
One and the same die was used in identical conditions for all the pellets. As a consequence, the
properties of the pellets were not optimal — in fact, different dies are used in practice for different
materials to obtain the best pellets.

Mechanical properties measurements of the pellets
Durability

Durability was determined by alternative procedure according to the following testing
instruction with the Holmen NHP 100 tester. In the test, a 100 g + 0.5 g pellet sample circulates
pneumatically for 60 seconds in a chamber with perforated walls, having the shape of an inversed
pyramid. The pellets tumble, colliding and hitting the chamber walls and themselves, and
powder and broken-off pieces of the pellets emerge ((Kaliyan and Morey 2009). When the test is
over, the sample is sieved on a sieve 3.15 mm mesh. The pellets are weighed and the abrasion in
% is calculated. The alternative mechanical durability expressed in term of the Pellet Durability
Index (PDI) is 100 % - AR (Obernberger and Thek 2010):

AR=""2""4 100 1)
mE
where: 4R - abrasion in weight percent,
mp - mass of pellets before treatment,
m,4 - mass of pellets after treatment in grams.

This procedure is performed in five replicate tests and the mean value, rounded to one
decimal place, is used in the calculation.

Hardness

Hardness of the pellets was expressed in terms of the weight load, in kg, that the pellet
withstands without breaking or crushing. A KAHL ak - 14 tester was used to determine
the hardness. In the test, the pellet is placed between a steady plane and a flat tip which is
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progressively compressed by a spring simulating the weight load. The flat tip is pressed down
until the pellet is broken or crushed. The load is then read on a scale. Ten replicate tests are
performed and the mean value is used to determine the hardness level.

Density

Density of the pelletized material is a measure of densification. A Mettler Toledo JEW-
DNY-43 density tester was used to determine the density of the pellets based on Archimedes'
law, i.e. on the weight difference between the pellets in air and submerged in distilled water with
a small amount of a surfactant. A minimum of 4 pellets are measured in each test. The procedure
was repeated ten times to obtain the mean value.

Water resistance

Water resistance is expressed by the wettability index (WI). The test consists in submerging
the pellet into distilled water for 30 seconds and measuring the difference between the pellet
weights before the test, my, and after the test, m,. The wettability index is the percent weight
increment relative to the initial pellet weight, which is the relative absorbed amount of water
(Lindley and Vossoughi 2008):

Mz = My

wI = x 100 (%) )

The test is repeated ten times and the mean value is used to calculate the wettability index.

Quality by Design (QbD)

Quality by Design (QbD) is methodology that proposes change in the quality management
approach by testing for the approach, quality being directly integrated into the product design
and manufacturing process (Freeman et al. 2015). QbD relies on the ability to describe how the
powder will behave during the process (i.e. pelletization), and makes use of the possibility to
directly measure those mechanical - physical properties that are relevant to the process conditions.
Since powders have been processed by the industries for many years now, an extensive knowledge
base exists as regards the quality of various powders, bulk materials and their mixtures and their
suitability for various industrial processes (Valentine 2013).

RESULTS AND DISCUSSION

Mechanical - physical properties of the materials are listed in Tab. 1. Compressibility and
cohesion were found to increase in order: pyrolysis char < compost < spruce sawdust. The wall
friction angle and flowability which was determined according to Jenike flow function (Leturia
et al. 2014), decreased in that order. The grain size distribution of the materials for pelletization
is given in Tab. 2. The smallest grains contained starch (dgy = 0.650 mm), which was used as a
binder for pelletizing pyrolysis char, of which 90 % of the represention particles is very similar,
i.e. 0.666 mm (see chapter 2.1.1). The impact of the granulometry of input raw pelletized material
has an effect on the resulting mechanical properties of the pellets (Sultan et al. 2010, Kaliyan and
Morey 2009). From a practical point, the use of material with a wider distribution of particulate
size is preferable (satisfied for all samples, see Tab. 2). This ensures the mechanical resistance of
pellets formed by bonds between the particles and filling the space between coarse particles with
fine ones. A larger amount of fine particles, however, may cause cracking due to water absorption
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by a relatively larger specific surface area. It is also preferable for this reason to use, if possible, a
wider distribution of particulate sizes of the input material.

Pellet hardness and durability (Tab. 3) increased in parallel to compressibility and cohesion.
Pyrolysis char pellets containing some amount of starch were more durable than the compost or
spruce sawdust pellets. This was due to the presence of starch which plays the role of a binder
in the pelletization process, thereby enhancing durability of the final pellets. Pelletization of
pyrolysis char from wood biomass alone, without any starch, is very problematic. As found before
(Zajonc 2012), the durability of pellets made from pure pyrolysis char is about 70 %. This is
why durability was related to the increasing compressibility and cohesion tendency. The highest
durability was found for the spruce sawdust pellets, which bears out the favourable effect of the
binders present (i.e. lignin) on the durability of the pellets. The mechanical and flow properties
of the materials are listed in Tab. 2 while the mechanical properties of the pellets are included in
Tab. 3. The results of ultimate and proximate analysis are given in Tab. 4 as auxiliary data. As
mentioned in the introduction, an important parameter for pelletization is also the humidity of
the input material (Obernberger et al. 2006). Biomass with a lower moisture content will comprise
from 5 — 10 % more compact pellets than biomass with 15 % moisture content (Mani et al. 2006).
This prerequisite was met for further work. Calorific values were in a wide range from 6.6 -
29.5 kJ. kgL. The chemical composition (C, H, N, S) of a material generally determines the final
properties of the fuel, for example, the N content is responsible for the formation of NOx, etc. The
data in Tab. 4 are particularly informative. The aim of the paper is mainly to outline the QbD
(Quality by Design) methodology, which would facilitate pelletizing dissimilar materials based on
information about their mechanical - physical properties, as mentioned below.

Tab. 1: Mechanical - physical properties of the raw materials.

Sample Pyrolysis char from biomass Compost Spruce sawdust
Wall friction angle (%) 19.6 £0.2 10.05 £ 0.1 7.8£0.1
Flowability - 10.6 6.7 3.3
Flowability classification Easy-flowing Free-flowing Cohesive
Compressibility factor (%) 9.50 £0.02 10.23 £ 0.04 19.20 +0.07
Cohesion (kPa) 0.74 £0.01 1.4+0.01 1.72 £0.01

Tab. 2: Grain size distribution of the materials before and after crushing for pelletization.

Grain size Pyrolysis char Pyrolysis char after | Starch | Compost | Spruce sawdust
(mm) before crushing (%) crushing (%) (%) (%) (%)
< 0.045 0.135 26.48 9.63 17.91 2.11
0.045-0.063 1.282 4.87 3.21 4.19 1.2
0.063-0.16 5.112 18.41 10.33 15.48 10.15
0.16-0.25 4.371 13.73 15.29 13.03 17.05
0.25-0.5 9.055 20.46 39.7 23.71 39.78
0.5-1.0 7.619 11.93 20.89 17.88 24.79
1.0-1.4 4.364 2.89 0.94 5.32 3.79
1.4-2.0 5.340 1.23 0.01 2.48 1.13
2.0-2.8 6.853 0 0 0 0
2.8-3.15 6.054 0 0 0 0
>3.15 49.816 0 0 0 0
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d 10 0.140 0.011 0.047 0.021 0.135
d 50 2.776 0.160 0.313 0.247 0.356
d 90 -—= 0.666 0.650 0.898 0.801

Tab. 3: Mechanical properties of the pellets.

Sample PDI Hardness WI Density

%) (kg) @) | (gmd)
Pyrolysis char pellets 97.4 39.0 4.2 1.250
Compost with sawdust pellets 96.3 43.6 26.6 1.403
Wood pellets 98.8 57.2 18.8 1.386

Tab. 4: Ultimate and proximate analysis (Laboratory of Geologic Engineering, VSB — TU Ostrava).

Sample Pyrolysis char Starch | Compost | Spruce sawdust
Moisture (%) 2.37 9.69 4.05 7.48
Ash (dry matter) (%) 9.81 0.21 61.24 0.45
Volatile flammables (dry matter) (%) 19.83 98.51 34.61 89.32
Fixed carbon (dry matter) (%) 70.37 1.89 4.15 10.23
Combustion heat (dry matter) (k].kg?) 30.202 15.006 7.378 18.611
Calorific value (dry matter) (kJ.kg) 29.500 12.930 6.662 17.198
Calorific value (wet matter) (k].kg™) 28.740 11.433 2.226 15.739
C (dry matter) (%) 85.970 43.944 17.85 47.67
H (dry matter) (%) 3.409 10.077 3.31 6.86
N (dry matter) (%) 0.165 0.196 1.69 0.13
S (dry matter) (%) <0.01 <001 | <001 <0.01

The QbD methodology, which is fostered mainly in pharmaceutical engineering, was
outlined for a proposal of prediction of the process behaviour (pelletization) of the diverse
materials (Freeman et al. 2015). Pelletization of bulk materials is a widely used process. The
frequent cases during the production of pellets are process problems arising with respect to being
a new alternative material. The common technologists question therefore is: “Will this new
material process well in existing pellet press? or “Why do some batches of material process well
when others are so difficult?*. The below proposed methodology can call attention to problematic
materials or define the problematic process parts. Pellet production consists of several steps from
drying via interim storage of materials to packing pellets. Also pelleting process itself can be
divided into at least four discrete processes:

*  discharge of raw materials from the hopper,

. flow into and through the feed frame,

. die filling and compression,

*  cutting of pellets.

Each of these processes subjects the bulk materials to a specific set of conditions for
example flow rates, stresses, equipment surface properties etc., making different mechanical-
physical properties more significant at different stages. In this paper are highlight the following
as especially substantial. The first properties are dynamic flow properties (including basic
flowability energy) to optimise the flow regime in the feed frame and the efficiency of die filling
or to assess the likehood of attrition, segregation. The second determinations are shear properties
for optimising flow from the feed hopper, where shear properties of powder-wall are important
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(influenced by abrasion, corrosion, moisture) and last but not least are compressibility and
aeration for assessing how easily the powder can transmit air and the impact of compression of
bulk materials. Both last characteristics are important during the filling and compression steps.

Among the basic process problems of pelletization can belong:

. intermittent material flow from the storage container,

¢ variability in the degree of cohesion of the powder mixtures compressed,

. variability of pellet durability and hardness.

If all powder materials are described and their flow properties input to a dedicated database,
a relation between the flowability and the process behaviour may be deduced. This will enable
the extensive know - how which currently exists to be quantified.

The following basic process problems and mechanical-physical properties of raw materials,
which may influenced them, listed in Fig. 6, was defined for the design of the pelletization
methodology. For the purpose of outlining the methodology have been selected these three
different biomass (sawdust, compost and pyrolytic carbon) that exhibited during the pelletization
process running in the same device mentioned process problems (Fig. 6).

Process problem Sawdust Compost | Pyrolysis char
Intermittent flow from the storagebin YES NO NO
Variable cohesion ofthe mixtures NO NO YES
Variable PDI of the pellets NO YES NO

Which mechanical-physicalproperties of tire incoming materialare relevant?

Intermittent flow from the storage bin? ~ Cohesion variability? Pellet PD] variability?
Angles of internal friction and wall Permeability Compressibility and cohesion
friction Aeration ‘Wall friction angle

Particle size distribution and shape Particle size distribution and shape  (Binder content)

Fig. 6: Definition of the pelletization process parameters and the associated physical properties.

Based on the identification of the key variables affecting each specific process problem, bulk
materials can be described in relation to those process problems and rated with respect to them.
A scale from 0 to 10 is used (for simplicity and ease of use in the industry), 0 denoting the most
serious problem in relation to the specific bulk material and 10 denoting no problem of that type
at all.

This means that if the pelletization process has been stopped due to a significant arching of
material in the hopper, this bulk material obtains when evaluating value of 0. On the contrary,
other material, which does not cause problem in the operation obtains when evaluating the value
of the 10. Furthermore, the specific flow properties affecting the occurrence of a given problem
(see Fig. 6) are measured (Valentine 2013). Sawdust was associated with the non - uniform storage
bin discharging problem; pyrolysis coal was associated with the cohesion problem; and compost
was associated with the poorer pellet durability problem. As a result, a set of parameters indicating
potential problems in a particular criterion is obtained. For instance, pellet durability, expressed
alternatively through the pellet durability index (PDI), is markedly affected by compressibility,
cohesion, and wall friction angle in relation to the pelletization process. Based on the relation
between the process behaviour and the mechanical - physical (flow) properties, relative acceptable
process behaviour can be defined for each of the properties. In other words, the measurements
allow us to define a range of mechanical - physical properties within which the bulk material will
behave as desired in the given process environment. This must be performed for each segment of
the process separately.

Now, based on the example from the pelletization process area where we attempted to outline
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the use of the QbD methodology, acceptable behaviour identified from the tests described in
Tabs. 1 - 4 can be defined specifically for pellet durability variability. Compressibility as the first
of the parameters affecting variability of the pellet PDI (Fig. 6) is a measure of how the volume/
density will change in dependence on normal load —15 kPa in this case.

w>
Cohesion [-]

Compressibility factor [-]

spruce sawdust  compost pyrolysis char

spruce sawdust ~ compost pyrolysis char
Bulk materials Bulk materials

p !

@ >

Wall friction [-]
o N & o ®

spruce sawdust compost pyrolysis char

Bulk materials

A-PDI97.5% B-PDI9.0%

Fig. 7: Acceptable process behaviour (region indicated by the red arrow) of the input materials for the
pelletization process.

The figure for compressibility shows that acceptable behaviour occurs in the upper segment
starting from a compressibility factor value of 4.1. Spruce sawdust was assigned the value of 8
indicating a relatively low probability of the pellet durability variability problem.

In other words - because production of spruce sawdust in relation to the mechanical
durability of the pellets was (compared with other materials) almost trouble-free, the mean value
of the measured compressibility factor 19.20 (Tab. 1) is assigned the value 8 ratings. Pyrolysis
char, on the contrary, will require mechanical, physical or chemical treatment to overcome the
limit of acceptable behaviour in all the relevant parameters. (To the average value of the pyrolysis
char low compression factor 9.5 is assigned 3.96). As mentioned above, addition of binders and
moisture is required for the pelletization of pyrolysis char. The values of acceptable process
behavior have been established for two values of alternatively PDI. The first value for PDI is
97.5 % (PDI A) according to the EN 14961-2 (2011) Standard i.e Solid biofuels-fuel specifications
and classes-part 2: Wood pellets for non-industrial use. The second value is 96.0 % (PDI B) for
non-woody pellets according to the EN 14961-6 (2012). The graphs show (Fig. 7) that acceptable
behavior for higher value of PDI (97.5 %) would meet only pellets made from spruce sawdust,
other input materials have to be adjusted.

However, a larger volume of data, allowing us to identify statistical correlations and hence,
make more precise predictions, must be gathered to enable more detailed conclusions following
from the QbD approach to be drawn. Validation of the method, permitting this approach to be
applied in the industry, should follow as the next step in this context.

As mentioned above, this approach may constitute a powerful tool in the product (pellet)
design development stage as well as in the production process (pelletization) stage. Its application
may save appreciable costs that would otherwise be associated with the replacement of unsuitable
production equipment because of poor properties of the product. This method also helps us gain
a deeper insight into the pelletization process and its relations to the material being pelletized.
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CONCLUSIONS

The aim of the presented work was a mechanical — physical characterization of different
raw materials, biomass, which is suitable for pelletization in connection with subsequent process
behaviour and final quality of pellets. On the base of obtained data it was outlined the proposal
the QbD application to pelletization process of biomaterials i.e. the prediction of material process
behaviour on the base of the measured mechanical — physical properties.

Three types of material were investigated: Pyrolysis char, compost, and spruce sawdust.
The parameters that affected the pelletization of the materials the most included the
compression factor and the cohesion parameter: Materials with the highest compression factor
and cohesion provided the hardest and most durable pellets. Durability is appreciably affected
by compressibility, cohesion and wall friction. As a simplifying assumption, granulometry and
particle shape as material parameters were included in the effect of cohesion. The binder and
water contents of the pelletized materials also affected their mechanical properties, particularly
for hydrophilic materials. The optimum binder content cannot be precisely determined,
the proposed methodology can only predict binder adding. This issue will be the subject of
forthcoming studies.

Generally, durability of the pellets increases with decreasing wall friction and flowability and
with increasing cohesion and the compressibility factor. From among the 3 types of material, most
suitable from the flowability aspect was pyrolysis char (an easy - flowing material), followed by
compost, while spruce sawdust exhibited the poorest flowability.

The Quality by Design (QbD) concept, which is mainly applied in other fields of science
and technology, was outlined as a tool showing promise for predicting the process behaviour of
the materials. This approach appears to be a suitable tool to ensure smooth production of quality
pellets from diverse materials, characterized by their basic mechanical - physical properties.
To make it practical, a large volume of data for different materials must be collected to obtain
statistically grounded dependences (correlations) that could be validated and then used by
engineers in practical everyday activities.
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