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Received in the revised form: manufacturer, wood pellets were made of hard wood shredded to
February 2020 fractions approx. 1 mm thick and up to 3-4 mm long, and of a waste
Accepted: March 2020 source - sawdust. Measurements of the selected properties were
Key words: carried out on pellets with a diameter of 6 and 8 mm. Mechanical
biomass, durability, humidity, crumble rate, ash quantity, calorific value were
pellets, determined, as well as macronutrient and heavy metals content. The

mechanical strength,

o calorific value of pellets, with moisture content from 7.48% to 6.76%
calorific value

and ash content from 0.31% to 0.55%, ranged from 17.71-19.18
MJ kg, which testified to the beneficial energy use of the tested raw
material. Based on the conducted research, it was found that the
mechanical properties of pellets made of both sawdust and hard wood
predispose them for use as boiler fuel. The tested materials met high
quality standards for wood pellets used for non-industrial and industri-
al purposes.

Introduction

The increase in energy consumption is associated with environmental pollution caused
mainly by the burning of fossil fuels for heating and electricity production (Wojcicki,
2011). This forces many countries to produce electricity from renewable energy sources
(RES), which do not affect adversely the environment as much as fossil fuels (Niedzidtka,
2012). The European Union is going further in reducing gas emissions by increasing the
share of RES in energy production. The effect of the European Council's efforts to combat
global warming was to set quantitative targets, commonly known as "3x20", and to adopt
the energy and climate package in December 2008 (Kowalke and Prochownik, 2014). The
package stipulates that during this period the EU should: 1) reduce greenhouse gas emis-
sions by 20% (compared to the 1990 levels), achieve a 20% share of energy from RES in
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the total power consumption in the EU, and to increase energetic efficiency by 20% (Duda
et al., 2009).

For Poland, renewable energy development has become a priority, both in the context of
energy security and EU's environmental requirements. Publishing the energy and climate
package Directive 2009/28/EC of the European Parliament and of the Council of 23 April
2009 on the promotion of the use of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and 2003/30/EC set a new target for the
EEC to reach a 20% share of energy from RES in total energy consumption by 2020. As
part of the adopted document on RES, the European Commission set a goal of a 15% share
of “green” energy (including biofuels) in total energy consumption for Poland by 2020
(MG, 2009). In terms of searching for new solutions employed to obtain energy from RES,
energy use of plant biomass enjoys a constant interest. This leads to a growing demand for
this raw material, and increasing interest in its processing (Kraszkiewicz et al., 2013). The
advantages of using biomass in the energy sector include: general availability of raw mate-
rial, zero CO emissionsy, the lesser degree of unreliability compared to the production of
wind and solar energy, safer transportation compared to oil and gas, the possibility of using
wastelands for energy crop cultivation and the chance to create new jobs in rural areas
(Olkuski and Stala-Szlugaj, 2018)

Purpose of research

The aim of the presented research was to determine and analyze selected quality fea-
tures of 5 types of pellets. Selected mechanical and chemical properties of pellets were
evaluated, taking into account the calorific value of the pellets, their durability and content
of selected chemical elements in view of their practical use as boiler fuel.

Material and research methods

The research material was the following group: pellets (P1) with a diameter of 6 mm,
produced in 70% from coniferous sawdust and in 30% from deciduous sawdust, and pellets
(P2) with a diameter of 8 mm made from 100% hard wood (beech, oak) by the company
"Bioenergy Group”. Pellets (P3) and (P4) with a diameter of 6 mm and 8 mm obtained
from hardwood sawdust (98% beech). The producer of P3 and P4 pellets was the company
"Biomasa" M. Malczynska. Another test material was pellet (P5) with a diameter of 6 mm,
made 100% from coniferous sawdust. Pellets (P5) were purchased in one of the commercial
chains dealing in the distribution of solid fuels.

Methodology of static pellet testing

Strength tests of the pellet samples were carried out on a Zwick/Roell Z010 testing ma-
chine (Fig. 1) in the laboratory of the Department of Food and Agriculture Production En-
gineering of the University of Rzeszow.

For uniaxial compression of individual pellets (a selected pellet with characteristics
typical of the analyzed samples, ranging from 19 to 21 mm), measured were 10 samples in
3 series of 5 analyzed types of pellets. After the measurements were taken, the damaged
samples were weighed and placed in a dryer to determine the water content, separately for
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each pellet. During the measurement, compressive (destructive) force Fmax was applied to
each pellet sample until the material was completely cracked or destroyed, to evaluate its
mechanical strength. Recorded were the destructive force Fmax, maximum deformation until
destruction Lmax. Standard deviation S, and the coefficient of variance V. After each series
of measurements, a printout was made with calculations of the mean values of the maxi-
mum force Fmax, deformation until destruction Lmax, energy W, destructive stress 6 and the
arbitrary elastic modulus E,.
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Figure 1. A schematic diagram of the Zwick/Roell measuring station

head
with a strain
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Methodology of dynamic pellet testing

The pellet mechanical strength test was carried out in the Tumbler 1000 device, accord-
ing to PN-EN ISO 17831-1: 2016-02 (Fig. 2) on the laboratory stand located in the premis-
es of the "Bio Energy Group" in Zotynia.

During the preparations for measuring the mechanical strength of the pellet using the
Tumbler 1000 device (Fig. 2), each type of sample was delivered to the laboratory in bags.
Sampling and preparation of the test samples were carried out according to PN-EN 1SO
18135: 2017-06 and PN-EN ISO 14780: 2017 standards. Ready samples of each type of
raw material were poured into a steel cylinder (Fig. 3).

Durability was measured in 5 types of pellet, in triplicate. The initial value of the mass
of the tested raw material was 500 g. The working time of the Tumbler 1000 device during
a single test was 10 minutes at 500 rpm™ to 0 rpm™L. With time, the value of revolutions was
decreasing. A stainless steel cylinder and a 3.15 mm round sieve were used to properly
conduct the test.

The mechanical strength of the pellets was calculated from the formula:

pu =2 400
w= Me
where:
Du - mechanical strength of the pellets, (%),

Ma - pellet mass before the test, (g),
Me  — pellet mass after the test, (g).
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Figure 2. Tumbler 1000 device in the laboratory of "Bio Energy Group" in Zotynia

Figure 3. A 5 | stainless steel cylinder and a round sieve with 3.15 mm mesh diameter,
400 x 100 mm

Humidity measurement

After conducting the static pellet test (compression), the damaged material was used for
measuring the water content in the raw material. The pellets were weighed with a laborato-
ry scale, and then dried with a drying scale in the laboratory of the University of Rzeszow.
The tests were carried out according to PN-EN SO 18134-1: 2015-11. After drying, the
samples were weighed again.
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Their water content was calculated from the following formula:

w= m M, 100%
m;
where:
m,  —weight of the sample before drying, (g)
m2  —weight of the sample after drying, ()
W —humidity, (%)

Methodology for determining ash content and calorific value

Ash content in the material intended for thermogravimetric tests was determined ac-
cording to PN-EN 1S018122: 2016-01 using the LECO — TGA701 device. The changes in
the mass of the tested sample were determined, which were the result of applying tempera-
tures of 150, 200, 250 and 300°C for 30 minutes. Using a thermogravimetric scale (drying
scale), the change in the mass of the test sample was measured, depending on the tempera-
ture changes. The second part of the material was dried (at 70°C) in a laboratory dryer with
forced air circulation for about 4 hours. After fully drying of the sample, the material was
ground using a ball mill. Part of the thus prepared material was used to make 1 g tablets
used for calorimetric tests. The calorific test was carried out using a LECO AC500 calorim-
eter according to PN-EN ISO 18125: 2017-07.

Chemical composition

The samples were ground and mineralized in a microwave oven in 65% nitric acid using
an Ethos One mineralizer. The mineralization process consisted of 5 stages. In the first
stage, the temperature inside the crucible increased from ambient temperature to 100°C
within 5 minutes. The second stage was to maintain this temperature for another 10
minutes. In the third stage, the temperature was increased to 200°C for 10 minutes, and
maintained for another 10 minutes, which marked the end of the fourth stage. The last stage
was a gradual lowering of the temperature to under 50°C within 30 minutes. After the min-
eralization, the chemical composition of the material was analyzed on a spectrometer iCAP
Dual 6500 by Thermo Scientific (USA). The total content of elements in the samples (the
cation profile) was determined by atomic emission spectrometry With excited atomic

plasma.

Results

The mechanical parameters determine the quality of the pellets, which is very important
in terms of use as fuel for automatic boilers. Appropriate values of mechanical parameters
determine the biomass resistance to disintegration during transport and affect its burning
time.

The paper presents the results of static tests of 5 types of pellets which allow determin-
ing the quality of the tested biomass.
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Table 1.
Mean values of selected mechanical properties of the tested plant biomass samples (pellets)
in the process of their uniaxial compression (in a vertical axis)

Pellet Type of  Fmax Lmax Wdo Breaking Relativede-  Arbitrary  Fmax/ Lmax

diameter  pellet (N) (mm)  Fmax stress formation  elastic mod- (N-mm™)
o (mm) (mJ) 6 € ulus Eu
(MPa) (MPa)
P1  166.98a 1.02a 97.26a 5.9a 0.051a 122.47c 175.4a
+2498 +0.33 +46.54 +0.88 +0.017 +35.60 +50.60
6 P3  395.42b 2.65b 639.3b 14.0b 0.131c 111.38bc 155.2a
+9423  +045 =+£1229 +3.33 +0.022 +38.52 +53.54
P5 153.68a 1.6la 156.6a 5.4a 0.080b 82.27ab 114.5a
+32.95 +0.84 =+£112.9 +1.16 +0.045 +32.42 +44.53
P2  574.42b 0.90a 270.3a 11.4b 0.046a 257.53b  667.32b
8 +56.22 +0.22 +93.58 +1.11 +0.011 +60.85 +158.72
P4  308.04a 2.04b 398.4b 6.12a 0.105c 58.94a 154.44a
+39.60 +0.31 +£74.35 +0.78 +0.014 +11.31 +32.03
Mean X for P1-P5 335.52 157 299.7 8.39 0.08 132.97 284.29
+131.8 +0.76 +175.8 +3.49 +0.036 +74.53 +170.49

* x + Sd, x - mean, sd- standard deviation, and - no significant statistical differences; the pellets were characterized
by varied mechanical strength.

For the analyzed humidity, the mean value of the destructive force Fmax for pellets with
a diameter of 6 mm (P1, P3, P5) was 222.85 N, whereas for pellets with a diameter of 8 mm
(P2 and P4), 448.19 N.

Upon analyzing the values of energy required for pellet destruction (W to Fmax), for pel-
lets with a diameter of 6 mm, the lowest value of energy needed to destroy the sample was
recorded for P1 (97.26 mJ), and the highest for P3 pellets (639.3 mJ). The values of the
analyzed parameter for pellets with a diameter of 8 mm were, respectively, 270.3 mJ for P2
and 398.4 mJ for P4.

Mean values of the destructive stress in the vertical uniaxial compression for pellets
with a diameter of 6 mm was 7.88 MPa, and in pellets with a diameter of 8 mm, 8.91 MPa.
Mean values of the conventional elastic modulus Eu differed significantly, regardless of the
pellet diameter and water content, and ranged from 82.27 MPa for P5 pellet to 257.53 MPa
for P2 pellet.

Wang et al. (1997) reported the value of the elastic modulus of wood pellets produced
with the addition of various types of plasticizers ranging from 160 MPa for pellets without
the addition of plasticizers to 60 MPa for pellets with a 40% share of plasticizers. Accord-
ing to Novakova and Brozek (2008) the obtained values of destructive force measurements
(Fmax/Lmax) of individual types of pellets produced from various combinations of ingredients
such as grass, shells, tree bark, poplar and coal ranged from 440 to 2420 N'mm-.
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Table 2.

Biomass durability results and crumble rate using the Tumbler 1000 device

Name of material Durability((c;:)the pellets Crungg}:;e rate
Pl 97.92 2.08

P2 97.96 204

P3 98.32 1.68

P4 95.74 4.26

P5 98.66 134

The results of the durability tests of individual types of biomass in the form of pellets
are very similar to each other. The highest biomass durability (Table 2) was recorded for P5
pellets, 98.66%, which has the lowest crumble rate, 1.34%. The lowest biomass durability
(Table 2) was recorded for P4 pellets, 95.74%, which has the highest crumble rate, 4.26%.

Results obtained by Miranda et al. (2015) for various pellets demonstrate biomass sta-
bility at 94.4-98.8%, with the crumble rate from 1.2 to 5.6% (water content ranged from 6
to 10%). Rynkiewicz (2013) obtained biomass durability results of 98-99% with a moisture
content of 10% for four types of pellets from deciduous trees.

Table 3.
Mean values of the analyzed parameters of plant biomass in the form of pellets

Calorific value

Pellet name Moisturoe content Ash t{:)ontent of biomass
(%) (%) (MIkg?)
P1 6.85 0.31 19.18
p2 6.76 0.33 18.06
P3 7.28 0.47 17.71
P4 6.80 0.55 18.06
P5 7.48 0.36 18.72

Analysis of the results of the tested biomass (Table 3) shows that all types of pellets
have a high calorific value, with the highest value for P1 pellet, 19.18 MJ-ha?, and the
lowest for P3 pellet, 17.71 MJ-kg. The obtained calorific value is comparable to the re-
sults of Niedziotka and Zuchniarz (2006), who determined the calorific value of biomass
pellets at 17.3 MJ-kg™* with humidity ranging from 3.6 to 12%. The differences result from
the different water content of individual materials and the composition of the pellets.

The percentage of ash content in selected pellets does not exceed 1%. The minimum
value of 0.31% is for P1 pellets, and the maximum value of 0.55%, for P4 pellets.
Niedziotka and Zuchniarz (2006) indicate that biomass combustion results in small amounts
of ash, from 0.5 to 12.5%. If the ash value is higher, this indicates fuel pollution.

The analyzed samples of pellets were characterized by different water content. Meas-
urements of the calorific value carried out during the assessment indicate the lowest water
content in P2 pellet, and the maximum in P5 pellet, 6.76% and 7.48%, respectively.
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Niedzidtka et al. (2008) reported the moisture content for pellets from 5 to 12%, Dreszer et
al. (2003) demonstrated that the moisture content of straw materials between 10 and 20%.

Table 4.
The content7 of selected chemical elements in five types of pellets

Name

of the chemical Pellet P1 Pellet P2 Pellet P3 Pellet P4 Pellet P5
element (mg-kg™) (mg-kg™) (mg-kg™) (mg-kg™) (mg-kg™)
Arsenic 0.00 0.00 0.00 0.00 0.00
Cadmium 0.20 0.075 0.10 0.13 0.20
Copper 0.00 0.00 0.00 0.18 0.00
Nickel 0.00 0.00 0.00 5.38 0.00
Lead 0.00 0.00 0.00 0.53 0.05
Potassium 359.00 723.50 1361.10 1382.80 391.70
Sodium 1.40 15.40 0.70 3.25 4.10
Sulfur 44,10 100.40 175.00 140.17 72.40
Magnesium 174.0 105.70 358.20 445.80 189.10

The obtained results (Table 4) on the content of selected heavy metals in individual
types of biomass are lower than the values given in the literature by Szwalc et al. (2016)
and Poluszynska and Slgzak (2015). There was no arsenic in the analyzed types of pellets,
while cadmium was found in all types of pellets in trace amounts. Of the five types tested,
the highest sulfur content was observed in P3 and P4 pellets, made in 98% of beech wood
sawdust.

Summary and conclusions

The research showed that in terms of their energy use, the selected quality features of
the tested pellets were beneficial and desirable. It should also be noted that the tested mate-
rials met high quality standards for wood pellets used for non-industrial and industrial pur-
poses (PN-EN ISO 17225-2: 2014-07).

The high durability and energy value of the tested pellets puts these raw materials at the
forefront of solid biofuels. This was also confirmed upon comparing the obtained results
with the data presented by other authors. Based on the analysis of the obtained research
results, the following statements and conclusions can be made:

1. The mean calorific value of the five pellets tested was 18.34 MJ-kg™* with a water con-
tent between 6.80% and 7.48%, which in terms of their energy use is beneficial for the
combustion process.

2. The mean values of the destructive force of the analyzed pellets in the uniaxial com-
pression process (in the vertical axis) varied depending on the producer and the diame-
ter of the pellet, and were as follows:

— for pellets with a diameter of 6 mm, Fmnax ranged from 153.68 N (P5) to 395.42 N

(P3),
— for pellets with a diameter of 8 mm, Fmax ranged from 308.06 N (P4) to 574.32 N
(P2).
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3. lrrespective of the pellet diameter and water content, the values of the conventional
elastic modulus Eu in the uniaxial biomass compression process varied significantly,
from 82.27 MPa (P5 pellets) to 257.53 MPa (P2 pellets).

4. In dynamic strength tests of the analyzed pellets, conducted using the Tumbler 1000
device, the highest strength was observed for P3 and P5 pellets (over 98%), and the
lowest, for P4 pellet (95.7%), because it contained the largest amount of dust and
crumbs.

5. The analyzed pellet samples contained a low amount of ash. After biomass combustion,
the highest residue content was observed in P4 pellets — 0.55%, and the lowest, in
P1 - 0.31%.
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ANALIZA WYBRANYCH CECH JAKOSCIOWYCH PELETOW
WYTWORZONYCH Z SUROWCA DRZEWNEGO

Streszczenie. W artykule przedstawiono analiz¢ wiasciwosci energetycznych, mechanicznych oraz
chemicznych peletow wytworzonych z surowca drzewnego. Pelety wg. informacji producenckich
wyprodukowano z twardego drewna rozdrobnionego do frakcji o grubosci okoto 1 mm i o dlugosci
do 3-4 mm oraz z surowica odpadowego-trocin. Pomiary wybranych wiasciwos$ci przeprowadzono na
peletach o srednicy 6 i 8 mm. Okreslono trwato$¢ mechaniczna, wilgotnos¢, straty okruszenia, ilo$¢
popiotu, warto§¢ opatowg oraz zawarto$¢ makrosktadnikéw i metali cigzkich. Warto§¢ opatowa pele-
tow o zawartosci wilgotnosci od 7,48% do 6,76% i zawartosci popiotu od 0,31% do 0,55% byta
w zakresie od 17,71-19,18 MJ-kg! i §wiadczyta o korzystnym wykorzystaniu energetycznym bada-
nego surowca. Na podstawie przeprowadzonych badan stwierdzono, ze wiasciwo$ci mechaniczne
peletow wytworzonych zaréwno z trocin jak i z twardego drewna predysponujg je do zastosowania
jako paliwo kottowe. Badane materiaty spelnialy wysokie jako$ciowe normy obowigzujace dla pele-
tow drzewnych stosowanych do celow nieprzemystowych i przemystowych.

Stowa kluczowe: biomasa, pelety, wytrzymato$¢ mechaniczna, warto$¢ opatowa
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