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Abstract

The aims of the study were (a) the determination of the physicochemical characteristics of properties of pellets made of
shredded residue from hay, wheat straw, and their blend at a ratio of 50:50, and (b) the determination of a mathematical
model of pellet durability, using a response surface method. Tests were conducted according to applicable standards. As a
result of thermal changes during the pressure agglomeration process, the material moisture content of pellets had slightly
decreased versus raw three biomasses by 0.50% w.b. (wet basis) to a final value within the range of 5.56-5.87% w.b. The
pellet properties of the blend were not adequately represented by the arithmetic mean of their components. Pellets made of
hay, straw, and their blend, had DM (DM—dry matter) specific densities of 1034, 974, and 1102 kg m3, respectively. The
densities showed correlation with calorific values (r=0.637), which were in the range of 16.07—17.00 MJ kg~". The pellet
durability coefficient correlated negatively with particle size and biomass moisture content. On the basis of previous con-
clusions, a non-linear mathematical model was formulated to account for the pellet durability coefficient relative to pellet
moisture, and the relation of particle sizes and specific density to pellet bulk density.
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storage and transportation easier, decreases the required stor-
age volume [8], and ultimately reduces storage and trading
costs [9]. Compared to raw materials, formed biomass has a
higher calorific value—as high as 19.5 MJ kg~!—and lower
moisture content. This low moisture content is explained
by the necessity to impose a reduction in its value before or
during pressure agglomeration of raw materials [10].

The efficiency of the pressure agglomeration process also
depends on particle sizes. The smaller the particles are, the
larger the overall contact surface is. Therefore, the bonds
between the particles have higher energy per unit mass,
regardless of the material’s physicochemical properties [11].
The density of the agglomerates is inversely proportional
to particle sizes [12—16]. Mani et al. [1] recommended that
the mixture intended to be used for pellet production should
have small particle sizes that are not bigger than 3.2 mm.
Biomass used by Stelte et al. [17], among which was wheat
straw had a particle size between 1 and 3 mm in diameter
and a moisture content 10% w.b. Recommended particles
size for good pellet quality is usually below 5 mm in diam-
eter [13, 18]. General, a broad variation of particle size is the
best with respect to the pellet quality, but too high amount of
fine particles (smaller than 0.5 mm in diameter) in the raw
material has a negative impact on friction and pellet qual-
ity [13]. The effects of mechanical compression on biomass
particle structures have been reported in previous publica-
tions [1, 3, 6, 12—14], and the general impact of the pelleting
process of a single biomass type on product quality has been
studied [12].

Selection of suitable biomass, its shredding, conditioning,
use of additives, and applying of an appropriate pressure
agglomeration process, allow the achievement of good pel-
lets quality in terms of their mechanical durability, and the
resistance shown by the agglomerate to external loads during
storage and transport [19]. The chain of materials and the
technological links of production and transport influence the
final form of the pellets, which are delivered to the power
or combined heat and power plants. In supply logistics, the
costs per unit mass are very important [20, 21]. However,
it is also necessary to provide a product that is acceptable
not only for use as fuel, but also for the fire risk posed by
the easily breakable, dust-laden pellets. Dust can be depos-
ited on elements of transport conveyor or it can hover in the
air [22]. Both forms of dust, especially dust deposited in a
layer often placed on the covers of warmed bearings, are
hazardous because they may self-ignite at temperature of
220 °C that is much lower than the corresponding tempera-
ture for dust layers originating from coal (300 °C). To make
the pellets less breakable during delivery, they should have
high mechanical durability and resistance to external loads
imposed during compression, bending, and cutting.

For a better understanding of the pelleting process,
compression models have been developed which can help

@ Springer

optimise the pressure needed to obtain a better pellet quality.
Numerous equations that express the relationship between
pressure and time during the compaction of different raw
materials are available in literature [12, 24-26]. Experimen-
tal designs, data analyses using statistical and evolutionary
methods, and further optimisation will offer great advan-
tages, and aid in the determination of the best quality attrib-
utes and better understanding of the complex system [23].

The effects of mechanical compression on biomass par-
ticle structures have been reported in previous publications
[1, 3, 6, 12—-14], and the general impact of the pelleting pro-
cess of a single biomass type on product quality has been
studied [12].

For the production of fuel pellets, residues biomasses
from the forestry and agricultural sectors are used. These
include sawdust, bark, forest residues, cereal residues and
energy grasses [14]. The literatures report the use of several
lignocellulosic biomasses for solid fuel production, such as:
sawdust or residues from different trees [10, 18, 27, 28],
cereal straw or residues (wheat, barley, oat, rice) [29-32],
corn stover [2, 19, 29, 31, 33], biomasses energy plants (wil-
low, miscanthus, Jerusalem artichoke, Spartina pectinata,
big bluestem, switchgrass) [3, 7, 19, 23, 29, 31, 33-35], soy-
bean waste (bark, stalk and defective grains) [18], sugarcane
(bagasse, other residues) [18, 36].

However, few studies have been conducted in order to
compare different types of biomass and their blends for pel-
let production. Biofuel pellets were prepared from biomass
(pine, chestnut and eucalyptus sawdust, cellulose residue,
coffee husks and grape waste) and from blends of biomass
with two coals (bituminous and semi anthracite) [37]. It was
found that the blends of pine sawdust with 10-30% of chest-
nut sawdust were the best for pellets production. Blends of
cellulose residue and coals (<20%) with chestnut and pine
sawdust's did not decrease pellet durability. Monedero et al.
[38] suggested that to improve the quality of poplar pellets
is good to blend the poplar chips with pine sawdust prior to
pelletization. The optimum operational conditions for the
blends were as follows: compression die (press way—the
way between the beginning of the inlet cone and the end
of the straight part of the die hole) of 21 mm and moisture
content at the inlet die around 30% (dry basis) for blends
with poplar content up to 45% and press way of 19 mm and
15% moisture content for poplar with and without additive.
Harun and Afzal [39] blended agricultural (reed canary
grass, timothy hay and switchgrass) and woody biomass
(spruce and pine) and they found that after blending the pel-
let yield stress values converged the closest to that value for
forestry biomass. They concluded that blending low cost and
abundant available agricultural biomass with woody biomass
could not only result in better mechanical properties but
also would help to meet the pellet market demand in future.
They hypothesized that blending agricultural biomass with
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current woody biomass based pellets might give direction in
the development of new feedstock. Similarly, Stasiak et al.
[40] carried out an investigation the blends of pine sawdust
with wheat straw and rapeseed straw in different propor-
tions. They found that the pellet density decreased with an
increased percentage of two straw types in the blends. Pel-
let strength decreased with the addition of ground straw. A
decrease in the heat of combustion with an increase in the
percentage contribution of straw in the blends was observed.
In the experiments carried out by Wang et al. [41] of wheat
straw blended with rice straw it was found that blending
these biomasses can improve the pelletizing properties of
wheat straw. These studies have proven that blending with
forestry biomass materials can achieve lower energy con-
sumption and better pellet quality during the pelletizing
process of crop straw. However, to-this-date, there has been
no explanation for the effects of blending of straw with hay.

In Poland, there is a large biomass potential from agri-
culture, forest, energy plantations, and municipal waste,
which are used to pellets production of 900,000 tons in
2015 year [42]. Iglifiski et al. [43] estimated that Poland
produces approximately 23 million tonnes of biomass waste
per year. The technically recoverable potential of straw
amount 6.7 million tonnes can be increasing to 8.63 million
tonnes by 2020. Hay is added to the straw of inferior qual-
ity and coming from fallow lands, which in Poland is about
400,000 ha. In this context, the study of straw and hay blends
as renewable source with huge potential to pellet production
as solid fuels becomes indispensable.

Therefore, the aim of the study was to evaluate the phys-
icochemical properties of biomass and pellets produced
from hay, straw, and their blend at a ratio of 50:50 (% wet
basis), under large-scale production conditions, as well as
to develop a mathematical model of pellet durability using
the response surface modelling approach. The estimated
model includes previously unknown relations of moisture
content and product of the geometric mean particle size and
the specific and bulk density ratios on pellet’s durability. The
experimental data were processed by variance, correlation
and regression analyses and a regression model was finally
created. It was assumed that from blend of hay and straw at
a mass ratio of 50:50 a synergy effect could be given, due to
pellet durability, not only to the additive effect.

Materials and Methods
Biomass Feedstock
The wheat straw, hay and their blend at a ratio of 50:50 were

used, which were obtained from the private suppliers. Before
pelleting, the raw materials were cut and shredded.

The blend of wheat straw and hay was prepared by
weighed material portions, 100 kg each, and placing them
in two layers, one on the top of the other on a conveyor belt.
The material prepared in this way was transported to the
machine (power 132 kW, rotational speed 1200 rpm, num-
ber of knives 196), where it was initially cut and then it
was transported to the beater mill (power 250 kW, rotational
speed 1488 rpm, number of beaters 160), equipped with a
perforated screen with an opening of 8 mm. The material
samples were taken from the output of the shredder.

The moisture content of the plant material was measured
using the drying-weighting method according to the ASAE
S358.2 standard [44]. The samples of 20 g of each biomass
were weighed on electronic scales (WPS 600/C, Radwag)
with an accuracy of 0.01 g and dried at 103 +2 °C for 24 h.

The shredded materials from hay, straw, and their
blend had moisture contents (according to the ASAE
S358.2 standard) [44] of 5.80+0.53%, 6.33+0.12% and
6.60 +0.20% w.b. (wet basis), respectively. These biomass
samples were transported in the perforated containers to
avoid natural agglomeration of particles.

At these moisture contents, the whole mixture of hay,
straw, and their blend were separated on a LAB-11-200/UP
sieve separator (Eko-Lab, Brzesko, Poland) with vibration
stack according to the ANSI/ASAE S319.4 standard [45].
The set of six sieves from the bottom to the top had opening
screen dimensions of 0.045, 0.056, 0.1, 0.15, 0.212, 0.3,
0.425, 0.6, 0.85, 1.18, 1.6 and 2.36 mm, respectively, and a
pan at the bottom. A single sample of hay, straw, and their
blend used for separation was 50 g for each replication. The
sieving time was 300 s and was measured by a stopwatch.
The particle fractions were weighed (0.01 g resolution) on
WSP 600/C electronic scales (Radwag, Radom, Poland). The
test was carried out in 15 replications for each biomass type.

The geometric mean of particle length (x,), the dimen-
sionless standard deviation (sg) and the characteristic param-
eters of particle size distribution were determined according
to the formulas widely described in previous literature [46].
The cumulative mass rate of hay, straw, and their blend was
approximated by the Rosin—Rammler (RR) model [47].

Pellets Properties

The pellets were made by a private company Lootor Ltd.
located in Storisk, Poland. Pellets made in pelletiser (power
280 kW, horizontal die, output 3.5 t h_l) with nominal die
diameter of 8 mm were produced on the large-scale techno-
logical line under comparable conditions. Aligned machine
working parameters at nominal rotational speed without
overloading allow assuming that the same pressure was
applied to pellets in all cases. Test samples of pellets were
chosen randomly in the same time as samples of shredded
biomass. These biomass samples were transported in the
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tied plastic bags to keep unchanged material moisture con-
tent. In the laboratory, the moisture contents of shredded
biomass and pellet materials were tested according to the
ASAE S358.2 standard [44]. These moisture content values
are discussed in the “Results and Discussion” paragraph.

The relation of pellet density to dry matter of specific
bulk density p;, was calculated on the basis of direct meas-
urements of the heights (at the middle of the sample) and
diameters (at two perpendicular directions) in samples
using an electronic calliper with an accuracy of 0.01 mm.
Each sample was subsequently weighed on an electronic
scales (WPS 600/C, Radwag) with an accuracy of 0.01 g.
To measure pellets density, the frontal surfaces of pellets
were ground by grinding machine, while the perpendicular
surfaces were maintained with respect to the axis of the cyl-
inders. During this operation a pellet was placed on angular
device and the frontal surfaces of pellet were ground by the
grinding wheel.

The bulk density of dry matter p,, of the pellets was
determined from trials by weighing the sample on the elec-
tronic scale using a container that had a volume of 0.002 m*
with an accuracy of 0.01 g.

The gross calorific value Q, of pellet material was deter-

mined using a calorimeter (KL-10, Precyzja-BIT), and the
net calorific value Q,, was then calculated in accordance to
Eq. 1 [8]:
0, = QSIO(])T_OW —E,(W+Hmy ), ()
where Q, is the net calorific value, kJ kg™l Q, is the gross
calorific value of wet biomass, kJ kg™!; E,, is the energy
needed to evaporate water under standard conditions per 1%
of water from wet biomass, kJ kg'l; W is the biomass mois-
ture content, %; H is the hydrogen content in tested sample,
%; My, 0 is the mass of water formed in the combustion pro-
cess per hydrogen unit (8.94 kg kg™' of hydrogen).

The hydrogen content in biomass was determined accord-
ing to the PN-EN 15407:2011 standard [48]. Tests of pel-
lets durability were carried out according to the PN-EN ISO
17831-1:2016-02 standard [49]. The durability coefficient
DU was calculated using the formula (Eq. 2),

DU = 100— )

where m, is the mass (g) of the sample after the test; my; is
the mass (g) of the sample before the test.

Statistical Analysis
The data were analysed with Statistica (Version 13.3).
Hartley’s, Cochran’s, Bartlett’s, and Levene’s tests were

used to test the homogeneity of variances of the physico-
chemical parameter values. Deviation from normality was
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analysed using the Shapiro—Wilk, Kolmogorov—Smirnov,
and Lilliefors tests. These tests were performed to check the
assumptions of the ANOVA test [50].

The correlations between the physicochemical parameters
were calculated using the Pearson correlation test. Statistical
significance was determined for p-values that were equal to
or <0.05.

To develop the model that correlates the durability coeffi-
cient to the particle size of the material, pellet moisture, and
specific and bulk densities, a non-linear regression method
was used.

Results and Discussion
Particle Size Distribution

On the basis of the Kolmogorov—Smirnov (K-S) test,
it might be assumed that the biomass and the physico-
chemical parameters of pellets are normally distributed
because p-values were higher than 0.20 for all distribu-
tions parameters (Table 1). The Lilliefors test, corrected
by the K-S test (p=0.01-0.05), and the Shapiro—Wilk test
(p=0.0011-0.0360), did not yield positive results. On the
basis of the K-S test, it was assumed that the physicochemi-
cal parameter values were normally distributed.

Based on Hartley’s, Cochran’s, Bartlett’s, and Levene’s
tests, pellet parameters displayed variance homogene-
ity, because p-values for these parameters were within the
range from 0.01 to 0.77 (Table 2). P-values for these tests
were lower than 0.01 for milled biomass. However, with
some caution, homogeneity of variance can be assumed
given that the most important pellet parameters meet these
assumptions.

The small values of skewness and kurtosis confirm the
compliance of the investigated parameter distributions with
the normal distribution. Correspondingly, the skewness and
kurtosis parameters were in the ranges of (—1.46, 2.09) and
(—1.27, 2.99), respectively (Table 3).

The particle size density distributions of the hay, straw
and their blend were asymmetrical (Fig. 1) with right-hand
graphic skewness GS; of small values of 0.15-0.36 (Table 4).
Positive values of graphic kurtosis, K,=0.96-1.03 (Table 4),
prove the steepness of the distributions. Similar particle dis-
tribution trends were observed for switchgrass and barley
straw [1], giant miscanthus, Spartina pectinata, Jerusalem
artichoke [23], switchgrass, wheat straw and corn stover [29]
and straw and hay [46].

Since the cutting and milling the biomass were carried
out under the same conditions, with the same settings of the
machine parameters, from the characteristics of the particle
size distribution it can be concluded that the brittle straw was
finer divided than the hay. In the size range up to 0.50 mm,
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T?blf" 1 Yalues O_f norrrllal Biomass Parameter ~Maximum Kolmogorov— Lilliefors p-value Shapiro—Wilk P-value

distribution of milled biomass D-value Smirnov K-S WS-value

and pellet parameters. based on p-value

the Kolmogorov—Smirnov (KS,

D) and the corrected Lilliefors Hay X 0.20 >0.20 <0.15 0.79 0.0027

Eg\']]gl,l{js)ﬁzz)tsand Shapiro-Wilk 5, 0.18 >0.20 <0.20 0.85 0.0190
MC, 0.22 >0.20 <0.10 0.83 0.0089
MC, 0.19 >0.20 <0.15 0.82 0.0071
DU 0.25 >0.20 <0.05 0.86 0.0253
Pip 0.12 >0.20 >0.20 0.95 0.5301
Pop 0.15 >0.20 >0.20 0.87 0.0310
0, 0.19 >0.20 <0.15 0.84 0.0140

Straw X, 0.22 >0.20 <0.10 0.84 0.0111
S, 0.21 >0.20 <0.10 0.80 0.0038
MC, 0.26 >0.20 <0.01 0.85 0.0162
MC, 0.28 <0.20 <0.01 0.76 0.0011
DU 0.19 >0.20 <0.15 0.85 0.0205
Pip 0.16 >0.20 >0.20 0.95 0.4892
Pop 0.23 >0.20 <0.05 0.84 0.0134
o, 0.24 >0.20 <0.05 0.79 0.0027
Blend X, 0.22 >0.20 <0.05 0.88 0.0547

S, 0.25 >0.20 <0.05 0.80 0.0039
MC, 0.19 >0.20 <0.15 0.89 0.0737
MC, 0.18 >0.20 <0.20 0.83 0.0106
DU 0.22 >0.20 <0.10 0.80 0.0043
Pip 0.12 >0.20 >0.20 0.96 0.7277
Pop 0.14 >0.20 >0.20 0.88 0.0507
o, 0.25 >0.20 <0.05 0.87 0.0360

*xg Geometric mean of biomass particle size, S, dimensionless standard deviation, MC,, biomass moisture
content, MC,, pellet moisture content, DU durability coefficient, p;, specific pellet density, p,, bulk density,
Qp calorific value

Table 2 Values of variance

homogeneity analysis based on Parameter Degrees- Hart.ley Cochran Bartlett Xz—value P-value F—value’ for P—value’ for
of-free-  maximum C-value Levene’s Levene’s test

Hartley’s, Cochran’s, Bartlett’s, dom F-value test

and Levene’s tests, for milled

biomass and pellet parameters X 2 116.92 053 4757 <0.0001  6.80 0.0028
S, 2 17.13 0.64 21.28 <0.0001 6.04 0.0049
MC, 2 45.69 0.90 44.48 <0.0001 14.93 <0.0001
MC, 2 3.10 0.52 4.16 0.1252  2.14 0.1297
DU 2 5.32 0.46 9.77 0.0076 3.14 0.0536
Pip 2 5.94 0.52 9.93 0.0070 2.82 0.0708
Pop 2 6.62 0.60 10.69 0.0048 5.00 0.0112
o, 2 1.59 0.40 0.77 0.6791 0.26 0.7693

*x, geometric mean of biomass particle size, s, dimensionless standard deviation, MC, biomass moisture
content, MCP pellet moisture content, DU durability coefficient, p;, specific pellet density, p;, bulk density,
Q, calorific value

the share of fine straw particles was greater than hay, which
is clearly visible in the cumulative graph of the particle size
distribution. Share of fine particles decided of lower geo-
metric mean value of straw particle sizes than for hay, which
were 0.63 mm and 0.65 mm, respectively (Table 3). But a

larger proportion of longer straw than hay particles affected
the increase in dimensionless standard deviations, which
were 2.95 and 2.09, respectively (Table 3). The blend of
hay and straw resulted in a reduction in the proportion of fine
particles and in increase in the share of medium and longer
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Table 3 Mean, minimum, and

) Parameter Biomass Mean Minimum Maximum SD (6\Y% Skewness  Kurtosis

maximum values, standard

deviations (SD), coefficient x* (mm) Hay 0.65°  0.65 0.66 000 040 197 2.99

Zigf;?giﬁ?lffsekrzmness Straw  0.63' 060 0.69 003 440 142 1.63

types of biomasses and pellet Blend 0.69°  0.67 0.74 0.02 3.14 1.18 1.16

distribution parameters S, Hay 2.10° 2.06 2.11 001 0.64 -—1.46 2.78

Straw 2.95° 290 3.11 0.06 191 1.61 2.68

Blend 237° 233 2.44 0.04 1.5 1.34 0.82

MC, (%) Hay 626" 620 6.40 0.07 1.04 1.30 0.98

Straw 5.68" 520 6.59 044 774 1.15 0.21

Blend 6.56°  6.40 6.80 0.13 197 0.80 -0.33

MC, (%) Hay 556 540 6.00 0.15 2.66 1.98 2.20

Straw 556 540 6.01 020 3.68 1.42 0.82

Blend 587"  5.60 6.60 026 445 1.59 2.50

DU (%) Hay 93.15> 9272 93.98 039 042 1.13 0.37

Straw 93.59°  93.18 94.50 039 042 1.28 0.84

Blend 92.68°  92.52 93.04 0.17 0.8 1.37 0.90

pp kg DMm™)  Hay 1034° 955 1100 43 418 —048 - 031

Straw 974* 922 1065 38 3.88 0.83 1.14

Blend 1102 1074 1128 18 161 0.04 -127

Py (kg DM m™)  Hay 478* 476 483 2 0.37 1.97 234

Straw 498> 494 507 3 0.67 1.64 2.19

Blend 514 508 524 5 0.89 0.57 -0.19

0, MI kg™) Hay 16.07*  15.96 16.32 87  0.54 1.73 2.49

Straw 17.00°  16.92 17.25 82 048 2.09 2.39

Blend 16.64° 16.53 16.82 69 041 0.85 2.67

* x, geometric mean of biomass particle size, s, dimensionless standard deviation, MC, biomass moisture
content, MC, pellet moisture content, DU durability coefficient, p;, specific pellet density, p,, bulk density,

0, calorific value

a, b, c—letters next to values represent a significant difference at P <0.05 using Duncan’s test
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Fig.1 Shredded biomass particle size distribution and cumulative
mass frequency with Rosin-Rammler model (solid lines for real val-
ues, discontinuous lines for Rosin—Rammler model)

particles, resulting in an increase in the geometric mean
size of the particles to 0.69 mm, i.e. larger than for straw,
but with less different particle size, as the dimensionless
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standard deviation was 2.37 (Table 3). Parameters of parti-
cle size distribution in relation to the quality of pellets are
described in the further part of the article.

A cumulative mass frequency curves for the RR model
against the measuring points are shown in Fig. 1, and the
characteristic parameters of the particle size distributions
for hay, straw and their blend are presented in Table 4. Size
parameters x; of 0.78, 0.75 and 1.01 mm, respectively, were
greater than the median size x5, of 0.65, 0.56 and 0.80 mm,
respectively. The geometric means of hay, straw and their
blend particles were shifted to the right with an increase in
Xg, resulting in a mix of decreased fines and increased coarse
particles. The RR distribution parameter n (slope), which
for hay, straw and their blend were amounted to 1.96, 1.26
and 1.61, respectively, represents the uniformity of parti-
cles, that has a strong positive correlation (0.993, Table 5)
with effective size x;, (0.25, 0.12 and 0.25 mm, respectively)
and a very strong negative correlation (—0.986) with mass
relative span RS,, (1.45, 2.39 and 1.81, respectively), which
accumulated for 80% particle mass. The mass relative span
was greater than 1.0, which indicates a wide distribution of
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Table 4 Average values of characteristics parameters of hay, straw
and their blends size distribution

Biomass Unit Hay Straw Blend
X, mm 0.65 0.63 0.69
Sg 2.09 2.95 2.37
Xg mm 0.78 0.75 1.01
p-Xz <0.001 <0.001 <0.001
n 1.96 1.26 1.61
p-n <0.001 <0.001 <0.001
R? % 98.12 97.31 96.48
F 3293 2281 1724
p-F <0.001 <0.001 <0.001
Xs mm 0.17 0.07 0.16
X1 mm 0.25 0.12 0.25
X6 mm 0.32 0.19 0.34
X5 mm 0.41 0.28 0.47
X3 mm 0.46 0.33 0.53
Xs0 mm 0.65 0.56 0.80
Xe0 mm 0.75 0.70 0.96
X75 mm 0.92 0.97 1.24
Xg4 mm 1.06 1.22 1.47
Xog mm 1.19 1.46 1.7
Xos mm 1.36 1.80 2.00
I, % 14.29 4.79 941
N, % 65 56 80

S, 56.9 92.0 70.6
RS, 1.45 2.39 1.81
C, 3.00 5.83 3.84
C, 1.13 1.30 1.17
Xem mm 0.68 0.66 0.87
O mm 0.37 0.52 0.56
GS; 0.15 0.36 0.25
K, 0.96 1.03 0.98
STD, 1.63 2.18 1.84
STD, 2.03 2.95 2.35
STD, 1.82 2.53 2.08

Xgs geometric mean of biomass particle size, S dimensionless stand-
ard deviation, x, Rosin—Rammler size parameter, p-x, p-n, and p-F,
p-value for xg, n, and F, respectively, n, Rosin-Rammler distribution
parameter, R2, coefficient of determination, /,, uniformity index (%),
ng, size guide number, S,, size range variation, RS,,, mass relative
span, C,, coefficient of uniformity, dimensionless, C,, coefficient
of gradation, dimensionless, Xgms graphic mean (mm), iy inclusive
graphic standard deviation (mm), GS;, inclusive graphic skewness,
dimensionless, K,, graphic kurtosis, dimensionless, STD,, STD,, and
STD,, distribution geometric standard deviation of the high, low, and
total regions, respectively, and Xgs, Xg0, Xg4» X75: Xe0» X505 X305 X255 X165
X,0- and x5 are corresponding particle lengths at 95, 90, 84, 75, 60,
50, 30, 25, 16, 10, and 5% cumulative undersizes, respectively, these
parameters are approximation of particle size distribution

particles for each biomass type. This agrees with published
trends [29].

The uniformity index value /,=14.29% was the small-
est for hay particle size distribution, followed by blend and
straw with values of 9.41% and 4.79%, respectively. This
parameter is related to the kurtosis and skewness values.
If the particle size distribution is flat (the smallest kurtosis
K, value of 0.96 was for hay) and symmetric (the lowest
coefficient of skewness GS; value of 0.15 was for hay), the
mixture is more homogeneous [46]. Therefore, the addition
of hay to the straw increased the uniformity of the blend
and at the same time longer straw particles can increase the
toughness of pellets for fracture. The effect of heterogeneity
in particle size on the critical value of number of particle
size fractions was investigated by Wiacek and Stasiak [51]
for packings with different ratios between diameters of the
largest and smallest grains. In mixtures with larger particle
size ratios, small particles fit easily within the pores between
large particles, thereby increasing the packing density. Kong
et al. [27] suggested the longer and wider fibres had the
potential as a “solid bridge” to wrap small particles. A mix-
ture of different particle sizes would give optimum pellet
quality, because the mixture of particles will make interpar-
ticle bonding with nearly no inter-particle spaces. For hay
and blend inclusive graphic skewness GS; was of 0.15 and
0.25, respectively and these biomass particle size distribu-
tions were ‘fine skewed’ (+0.1 < GS;<+0.3). For straw the
GS;=0.36, and the particle size distribution was ‘symmetri-
cal’ (+0.3<GS;<+1.0). For all biomass types regarding to
graphic kurtosis K, (0.96-1.03) the distributions could be
termed as a ‘mesokurtic’ distribution (0.90 <K, <1.11) [52],
which is a distribution with the same degree of peakedness
about the mean as that of a normal distribution.

The hay and blend values of uniformity coefficient C,
3.00 and 3.84, which were <4.0, confirmed the uniformity
of these biomass types’ particle sizes. For straw a value of
uniformity coefficient was amounted to 5.83 and indicated
on the diversity of the particle size distribution. The coef-
ficient of gradation C, for particle size distributions, were
amounted to 1.13-1.30 and ranging from 1 to 3 represents
a well-graded all biomass types particle size distributions
[46].

The inclusive graphic standard deviations o;, descrip-
tively classify the particulate biomass based on the Folk
and Ward [53] logarithmic original graphical meas-
ures classification [52]. Based on the determined values
(Table 4), the hay particle size distribution with inclusive
graphic standard deviations of 0.37 was classified as ‘well
sorted’ (0.35< S 0.50 mm) and straw and blend with O
of 0.52 and 0.56, respectively as ‘moderately well sorted’
(0.50<06;,<0.70 mm). These classifications would change
when the same biomass is converted under different pro-
cessing machine settings or working parameters, such as
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Table 5 Matrix of Pearson correlation coefficients for hay, straw and their blends particle size distribution parameters (N =15)

Variable x, S, Xg n X9 X5 1, N, RS, C, C, STD, STD, STD,
X, 1.000

S, —-0.504 1.000

Xg 0.945* —-0.613*  1.000

n 0404 -0977*  0.508 1.000

X1 0491 -0.982* 0.580"  0.993*  1.000

Xs0 0.788* —0.918" 0.865" 0.865* 0.905*  1.000

1, 0396 —-0.965*  0.503 0.997*  0.988*  0.860"  1.000

Ny, 0.788* —0.918" 0.865" 0.865* 0.905* 0.999*° 0.860*  1.000

RS, —-0.523"  0.991* —0.604" —0.986" —0.995" —0.920° —0.978" —0.920" 1.000

C, —0.523"  0.983" —0.586" —0.977* —0.990" —-0.906" —0.965* —0.906" 0.995" 1.000

C, —0.441 0.830° —-0.444 -0.829" -0.853* —0.733* —0.805* —0.733" 0.845* 0.879* 1.000

STD,, —0.547"  0.991* —0.626" —0.982* —0.994" —0.931* —0.974* —0.931* 0.999" 0.994* 0.846" 1.000

STD, —0.473 0.987* —0.554* —0.991* -0.995* —0.892* —0.982* —0.892" 0.996" 0.995* 0.874* 0.994* 1.000

STD, -0.504 0.990* —0.585" —0.989* —0.996* —0.910° —0.980* —0.910* 0.999* 0.996* 0.863* 0.998* 0.999* 1.000

Designations of variables are described in the footnote to Table 1

“Statistical significance at p-value =0.05

clearance or speed and product classification screen open-
ing dimensions [46].

Physicochemical Properties of Pellets

The milled biomass and pellet parameters were statistically
significantly different (at p <0.0001). Based on the Duncan
test, it was found that almost all values created a separate
homogenous group (Table 3).

After pressure agglomeration of the biomass, the average
moisture in the pellets material decreased by 0.50% w.b., and
reached the absolute values for hay, straw, and their blend,
equal to 5.56+0.15, 5.56 +0.20, and 5.87 £0.26% w.b.,
respectively. This may be the result of random sampling
evidenced by the fact that the moisture of pellets made of
hay and straw was higher than single biomass components.
Minor moisture decreases were documented in pellet materi-
als compared to shredded material could be due to the lower
pressures of compaction, as evidenced by the low values of
pellet durability coefficients (92.68-93.59%) (Table 3). In
other studies of the same type of biomass [16], the reduction
of the moisture content in pellet materials was 2.57%, while
the addition of calcium carbonate led to a 6.44% reduction.
Calcium carbonate significantly decreased the moisture of
the material in produced pellets. Differences in the materi-
al’s moisture content, and its susceptibility to changes under
the influence of calcium carbonate, can affect the biomass
agglomeration and consequently, the mechanical durabil-
ity and pellet strength. Comparison of the obtained results
with previously published data showed that yielded milled
biomass and pellets moisture values were approximately two
times lower than values obtained in other laboratory tests

@ Springer

[46]. Mani et al. [1] observed that moisture in the material
during the compaction increases the bonding via van der
Wall’s forces, thereby increasing the contact area of parti-
cles. Compressive force, particle size and moisture content
of 12-15% w.b. significantly affected the pellet density of
barley straw, corn stover and switchgrass. However, differ-
ent particle sizes of wheat straw did not have any significant
difference on pellets density [54]. The low material mois-
ture content (5-10%) resulted in denser, more stable and
durable products compared to those produced from biomass
of higher moisture content (15%). In the laboratory single
pellet press [55] the raw material moisture content was the
dominant factor for pellet density and compression strength.
For reed canary grass, optimal pellet density occurred at
5.2% and 8.5% moisture content for compression pressure of
300 MPa and 400 MPa. For rice straw, the optimal moisture
content range was between 13% and 20% under a forming
temperature of 60 or 80 °C. The optimal particle size was
between 10 and 20 mm, considering the time and energy
required for shredding, although the particle size did not
significantly affect the yield ratio and durability of the rice
straw pellets [30]. Optimum moisture contents for dense bar-
ley straw pellets production were higher and proved to be in
the range of 19-23% [56].

Although the values of the durability coefficients of the
pellets were within a narrow range, they were statistically
significantly different for all biomass types, thereby yield-
ing the highest average value of 93.59% for straw materials,
and the lowest value of 92.68% for blended materials. Tak-
ing into account the standard deviation values for hay and
straw, it can be stated that the statistical significance of the
differences is marginal. Considering the minor difference



Waste and Biomass Valorization (2020) 11:63-75

71

in moisture content for milled biomass, it can be stated
that pellets durability has been logically changed. It can
be assumed that the pellets durability is similar, when the
changes are small. Blending hay and straw has not resulted
in the expected synergy that would lead to the strengthen-
ing of the bonds between the particles of different types of
biomasses. Particle sizes for biomass blends were the largest
(0.69 mm), while the corresponding sizes for hay and straw
were somewhat smaller, 0.65 mm and 0.63 mm, respectively.
Thus, it is confirmed that the proportion of finer particles in
the straw, but with interlaced longer particles (Fig. 1), i.e.
the most diverse distribution of particle dimensions relative
to hay and blend, characterized by a dimensionless standard
deviation (2.95 vs. 2.10 and 2.37, respectively), allowed for
slightly better bonds between particles and production of
pellets with a slightly higher durability (93.59%). According
to Kraszkiewicz et al. [57], the durability of pellets made of
triticale straw, hay, and cereal blends with a moisture con-
tent of 11.5-14.8% w.b., were 96.00%, 97.67%, and 98.33%,
respectively. The durability coefficient of plant biomass pel-
lets was within the range of 86.60-98.50% [60].

The specific and bulk densities of pellets were the high-
est for products manufactured from biomass blends and
attained values of 1102 kg DM m™ and 514 kg DM m™,
respectively. The specific density of pellets made of hay and
straw were 1034 kg DM m~> and 974 kg DM m™, respec-
tively, while the bulk density values were 478 kg DM m~>
and 498 kg DM m~3, respectively. According to the PN-EN
ISO 17225-6:2014-08 standard [58], the bulk density of
non-wooden pellets is required > 600 kg m~>. The Swed-
ish SS 18 71 20 standard [59] requires the bulk density to
be higher than 500 kg m~> (for the “industrial” quality; 3rd
class of pellets). Thus, the bulk density of pellets made of
hay and straw were even lower than those required by the
Swedish standard. Similar pellet bulk density results within
the range of 323-567 kg m~ produced from plant biomass
(wheat straw, rape straw, corn straw, meadow hay, wheat
bran, cereal, and rape waste) were obtained by Niedzi6tka
and Szpryngiel [60].

Based on the durability and density of pellets, the qual-
ity of the products can be assessed reliably. The properties
and parameters of the pelletiser, such as the mechanics of
compacting roll pressure, dimensions of the die, channel
geometry in the die, method of feeding and moisturising the
raw material, before compaction and dosage of the raw mate-
rial to the die were comparable. Additionally, the durability
and density of the pellets depended mainly on the properties
of the processed biomass. The significantly higher particle
sizes of the blend pellets (0.69 mm) compared to those of
hay and straw (0.65 mm and 0.63 mm, respectively), likely
led to the lower durability of the pellets from blend than
from single biomass types. However, it should be empha-
sised that biomass particle sizes were much smaller than

the required size of 3.2 mm [1]. It is generally suggested
that fine particles should not comprise more than 10-20% of
feed as they reduce the quality of pellet and causes friction
on the pellet die [9]. Pellets produced from fine particles
show greater compression and abrasive strength and durabil-
ity [14, 19, 27, 51, 57]. Mani et al. [54] found that particle
size significantly affects the density of pellets made from
barley straw, corn stover, and switchgrass, but not in the
case of wheat straw. Jannasch et al. [34] found that switch-
grass pellet hardness moderately increased with a decrease
in particle screen size from 3.2 to 2.8 mm. Based on the
current research results, it could be stated that increased
milling improves the susceptibility of biomass to the pres-
sure agglomeration process [12], but an increased fine frac-
tion of small particles and dust is an undesirable property
[16]. A combination of fine and medium grind has been
reported to be necessary to pellet qualities as the mixture
will make inter-particle bonding with nearly no inter-particle
spaces. Particles having a long shape were reported to have
advantages as they may stick together strongly through in
interlocking mechanism [1, 13, 17]. The results presented
by Lisowski and Swietochowski [61] on the durability coef-
ficient values have led to the inference that the separation
of large particles from the Miscanthus mixture intended for
pellet production did not cause a statistically significant dif-
ference in the durability of the products.

In conclusion, the quality of the pelletized fuels is con-
firmed by two main factors; density and durability [62].
As mentioned, high bulk density of a pellet implies higher
energy density of the fuels, while mechanical durability rep-
resents the higher resistance of the pellets against a variety
of external loads such as abrasion, shear, bending and impact
forces applied during handling and transportation. Varia-
tions in specific pellet density and bulk density significantly
affect the fuel or feeding quantity and quality during trans-
port and storage or when it is placed on the belt conveyer of
power plants and in the bioreactors for biofuel and bioenergy
production. Therefore, the production of pellets should be
carried out in such conditions to reduce pellet density vari-
ations [5].

Calorific values of pellets made of hay and straw blend
were close to the arithmetic averages of the calorific values
of pellets made of hay or straw alone. The corresponding
calorific values were 16.64 MJ kg~!, 16.07 MJ kg~!, and
17.00 MJ kg™!, respectively. Moreover, Niedzitka and
Szpryngiel [63] reported average calorific values for wheat
and rye straw of 17.05 MJ kg~! and 16.35 MJ kg~!, respec-
tively, and values of 16.1-17.5 MJ kg™! for plant biomass.

On the basis of the Pearson correlation coefficient values
(Table 6), it can be concluded that the calorific value corre-
lates with the pellet bulk density (0.637) but did not achieve
cohesion with the pellet specific density (—0.281), despite
the stated correlation between these densities (0.392).
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Table 6 Correlation matrix

for geometric mean of particle Parameter Biomass x, % ME, ME, by Piv Py %
length x,, dimensionless Biomass 1.000
e dotaton s timss o o
moisture content MCp, Sg 0564  —0.475° 1.000
durability coefficient DU, pellet MC, 0.274 0.681* -0.611° 1.000
specific density p;,, pellet bulk Mc, 0.503 0.438°  0.090 0542  1.000
density pyy, and caloric value @, - 1y, ~0386  —0450°  0.506° —0412* —0.138  1.000
P 0.461 0.705* —-0.540°  0.655*  0.368* —0.674" 1.000
Pop 0.972 0.483* 0350  0.248 0.516* —0.295 0.392* 1.000
0, 0.594 -0.169 0918 —0.423*  0.090 0.343* -0281 0.637*° 1.000

*x, geometric mean of biomass particle size, s, dimensionless standard deviation, MC,, biomass moisture
content, MC, pellet moisture content, DU durability coefficient, p;, specific pellet density, p, bulk density,

QI, calorific value;

“Statistical significance at P-value =0.05

Table7 The values of regression coefficients and  their  statistical  assessments for  the non-linear  function

DU =by+b IMCf, + byx,p/ Pry + D3MC X, pj, [ iy, OF the durability coefficient versus the pellet moisture content MC,, and the ratio of x,p;,/

pbp

Regression coef- Evaluation Error Student’s  test P value Lower confidence inter-  Upper confi-

ficient value val value dence interval
value

b, 70.32 8.08 8.70 <0.0001 54.00 86.64

b, 0.82 0.25 323 0.0024 0.31 1.34

b, 36.37 12.07 3.01 0.0044 12.00 60.73

b - 6.89 2.14 -321 0.0025 —-11.21 —2.56

Specific and bulk densities of pellets were correlated with
the geometric means of the particle lengths (0.705 and
0.483, respectively).

The durability coefficient was negatively correlated with
the geometric means of the particle length (—0.450), and
the milled biomass moisture content (—0.412). The smaller
of the geometric particles size and the lower material mois-
ture were, the higher the durability of the pellets was, but
it should be emphasized that the variation of these param-
eters, especially the moisture, was insignificant. This infer-
ence confirms the previous considerations and literature data
[14, 19,27, 51, 57], but it should be added that the stability
of pellets has a positive effect on the particle size diversity
characterized by dimensionless standard deviations (s,) for
which the correlation coefficient is 0.506.

The results of the statistical analysis and correlation
matrix will determine the approach used for the modelling
of the durability of pellets, DU, versus the pellet moisture
content, MCp, and the relations of xgpjp/pbp (Table 7; Fig. 2).
All regression coefficients were statistically significant.

From the surface plotted in Fig. 2, it can be observed that
pellet durability increases with pellet moisture content MC,),
especially for small values of x,p;/p;,. These relations are
the outcomes of small differences in moisture content since

@ Springer

the moisture of milled biomass was too small to achieve
good particle plasticity under thermal, biomass de-crystalli-
sation. This was a consequence of friction between particles

DU=70.32+0.82MC *+36.37x p_/p -6.80MC x p_/p; R=0.70
p gip bp pgip b

l:l >94.4
l:l <942

<93.7
:I <932
- <92.7

AN

Fig.2 Characteristic of durability coefficient versus pellet moisture
content MC, and the relations of x,p;,/p,
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and the walls of the die chamber, and friction between adja-
cent particles moving under the pressure of the roller on the
material. On the basis of literature it can be stated that pellet
durability can be affected by the feedstock characteristics,
the moisture content, shape and particle size distribution,
biomass true density, pre-processing treatment, and by pel-
leting conditions, including the use of binders, feedstock
mixes, temperatures or compaction pressures [6, 12, 14].
Correspondingly, there is a need for further research to
develop mathematical models based on the physical proper-
ties of the milled plant material, and the working parameters
of the pelletiser.

In the summary of the analysis of research results and
their discussions, it can be concluded that the mechanical
durability of pellets was greater for smaller particle sizes and
lower moisture contents. Under these conditions the specific
pellet density and bulk density were higher, and the calorific
value of the pellet material was greater. The durability of
straw pellets was the largest, which was probably related
to the large variation in particles size. With a significant
proportion of fine particles in the straw, there were quite a
lot of longer particles that favoured longer-lasting inter-par-
ticle combinations. In the durability test, pellets are rubbed
against the inside surfaces of the apparatus and between pel-
lets, but the pellets are also subjected to falls from the inner
diagonal barrier under the influence of gravity. In particular,
the impact of pellets on the steel surface of apparatus may
cause the fracture of pellets. Logical analysis allows to sup-
pose that pellets made of material of smaller particle sizes
can divide on the border between particles, and with larger
particle sizes, the split of pellets can also occur over the
length of particles which strength is most often greater than
the strength of bonds between particles. This assumption
requires to conduct targeted research.

Conclusions

The moisture content of pellets (5.56-5.87% w.b.) was found
to be lower than that of milled biomass (5.68-6.56% w.b.),
which indicates that the thermal process, resulting from fric-
tion, occurred during the pressure agglomeration process.
Pellet properties of the blend were not adequately repre-
sented by the arithmetic means of their constituent compo-
nents. The durability of the pellets made of straw was the
highest at 93.59%, and pellets made from the blend of straw
and hay had the lowest durability value at 92.68%. The dif-
ferences were minor.

The specific and bulk densities of pellets produced from
the blend of hay and straw were the highest, with values
of 1102 kg m™ and 514 kg m~>, respectively. The highest
net calorific value of 17.00 MJ kg™! that was analogous
to gross calorific value, was associated with pellets made

from straw. The calorific value of pellets made from hay
was 16.07 MJ kg~!. This value was close to the value for
pellets that were made from the blend of hay and straw
(16.64 MJ kg™!), and close to the average calorific values
of the two constituent components of straw and hay.

On the basis of the correlation results, the non-linear
mathematical model developed for the durability coef-
ficient for pellets DU versus the pellet moisture content
MC,, and the ratio x,p;,/p,,, indicated the presence of
moisture effects, especially at small values of the ratio

xgpjp/ Pop-
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