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Abstract. The necessity of using renewable energy sources and limiting the current consumption of fossil fuels
was emphasized, among others by changes in production technology. The approach of sustainable development in
current energy systems is extremely important, especially in the case of plant-based fuels (biofuels). Poland is a
country, where the share of renewable energy sources is still relatively small, and there are ongoing discussions
on abandoning coal-based energy and the final shape of energy policy. In addition, the use of biomass from
agricultural areas is not too large, although there is a potential for them in the sustainable biomass production plant
and this would enable the development of the underdeveloped regions of the country. The most commonly used
solid biofuel are briquettes made of vegetable waste, which, with the appropriate production technology, allow to
obtain heat with a combustion value similar to that of hard coal. The article presents the preliminary results of
laboratory tests of physical properties of fuel briquettes made of wood waste. The research was carried out on three
types of wood shavings: pine, oak and hornbeam measuring their density depending on the type of wood and the
size of the chip fraction in the pressing process. It has been shown that the size of the raw material fraction has an
influence on the obtained density of fuel briquettes. The aim of the research was to determine the suitability of the
studied waste wood materials for energy purposes for the production of briquettes. Attention was drawn to the fact
that biomass for energy purposes is one of the steps to sustainable energy production and reduction of fossil fuel
yield.
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Introduction

In 2012, the document “The future we want” was created at the conference “Rio + 20” in Rio de
Janeiro, containing the framework of planned Sustainable Development Goals. It provided the basis for
the document “Transforming our world: Agenda for Sustainable Development — 2030 adopted on 25-
27 September 2015 at the UN forum. It contains 17 Sustainable Development Goals included in five
groups [1]. In the group called “Raw Materials Triad” the topic: “Climate, Energy” was highlighted due
to increasing energy needs and depletion of fossil fuels, which are the main reason for global climate
change. The goals of “Sustainable Development” adopted by the United Nations resulted from the
efforts of the EU countries to reduce CO- and reduce the greenhouse effect. The EU countries were the
first to adopt legislation convergent with a UN resolution aimed at protecting the environment and
reducing fossil fuel extraction. Stimulating the development of renewable energy sources (RES) is
conducive to supporting the implementation of the idea of sustainable development. The development
of renewed sources is one of the guarantees of energy security [2; 3], increase in energy efficiency and
market competitiveness. The integration of these activities also contributes to improving the quality of
life of local communities and reduced pressure on the natural environment. Every one of us can quite
easily reflect over his/her energy use behaviour — related to transportation, direct household energy use
and indirect energy footprints related to consumption of food and other material goods [4]. It has been
accepted by several researchers that the socio-economic and socio-demographic factors influence
societal energy use to a great extent, and while understanding the links is a complex task, implementing
interventions to bring about change is even more challenging [5-7]. Sustainable energy development in
the context of the renewable energy market can be realized when all activities are integrated at the local,
national and global levels and at various levels of this development: economic, social, psychological,
environmental, technological, political, legal and information. The development of alternative energy
sources is particularly noticeable in the transport sector [8-14], where more environmentally friendly
fuels are sought in terms of gas emissions from combustion processes in internal combustion engines.
In work [15] they examined the possibilities of improving the ecological parameters of an internal
combustion engine.

In recent years, the growing demand for biomass was the result of the introduction of the Directive
2009/28/EC of the European Parliament and of the Council on the promotion of electricity generated
from renewable energy sources. In future energy scenarios, biomass will play an important role in the
energy supply [16]. For Polish energy policy, the basic document is “Poland’s Energy Policy until
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2030”, adopted by the Council of Ministers on January 4, 2010. The use of renewable energy sources,
including biofuels, is one of six priority directions in Poland’s energy policy. In this area, the document
formulates three basic objectives:

e anincrease in the use of renewable energy in final energy consumption to 15% in 2020 and a
further increase in this indicator in subsequent years;

e achieving a 10% share of biofuels in the transport fuel market in 2020 and maintaining this level
in the following years;

e protecting forests against excessive exploitation for the purpose of obtaining biomass and the
sustainable use of agricultural areas for renewable energy, including biofuels, so as to avoid
competition between renewable energy and agriculture.

This article presents the preliminary results of laboratory tests on the physical properties of
briquettes from wood waste. For three types of wood shavings: pine, oak and hornbeam, with different
fraction sizes, density measurements were made depending on selected variable pressing parameters.
The main objective of the research was to determine the suitability of wood chips for energy purposes
in the briquetting process due to their density.

The use of agricultural biomass can significantly contribute to stimulating economic development
in rural areas through diversification of activities (new markets for agricultural raw materials, new types
of economic activity) and should constitute an important element of agricultural policy [17]. It is
assumed that the biomass obtained for this purpose will largely come from energy crops. Agricultural
residues represent a cheaper energy source than wood, but their use has some technical limitations [18-
20]. In addition to biomass from agricultural, importance is attributed to the use of forest biomass and
biomass contained in various types of industrial and municipal waste [21-24]. For example, Norway has
abundant forest resources and more than 40% of the land is covered by forests [25]. Biomass materials
from the forest have a great potential to provide suitable feed stocks for bioenergy [25]. One of the
ecologically safe methods of waste management is the use of their combustible fractions as fuels in high-
temperature combustion processes [26]. The chemical composition and physical characteristics of
individual types of biomass may differ significantly [27-29]. The chemical composition of biomass
depends on the physiological characteristics of plant species, as well as the development phase, plant
organ, variety, fertilization and chemical protection, soil richness in nutrients, date and manner of
harvesting, as well as transport and storage [30; 31]. Knowledge of the characteristics of plant raw
materials is of great importance from the energy point of view, because each parameter has an impact
on the course and efficiency of biomass burning [29; 32-34]. Therefore, biomass is a flexible energy
source that can be converted into various energy products to meet different demands [30]. Replacement
of fossil fuel with renewables including biomass is one of the ways to ensure sustainable development
[35; 36].

Renewable energy sources can help in the fight against climate change, but knowledge about their
impact on soil, air and water is also needed. The so-called method of carbon footprint is used in two
energy scenarios. The “100% scenario” assumes a total shift towards bioenergy, mainly in the form of
bioelectricity and first-generation biofuels. The “SDS-bio scenario” is based on the documents of the
International Energy Agency (IEA) and assumes a 9.8% share of bioenergy in total world energy
production. The results of the analysis indicate that the “100% scenario” of the transition to bioenergy
is not possible from the perspective of the use of water and land resources. The “SDS-bio scenario”,
when using the most efficient raw materials (sugar beet and sugar cane), would require the use of 11-
14% of global arable land and water resources, and would reduce CO; emissions and obtain 18-25% of
the current carbon footprint.

There are three main activities necessary to produce moulded solid fuel: drying, comminution and
moulding [37]. The diverse composition of plant briquettes requires testing of their physical,
mechanical, and chemical properties. In most cases, specially manufactured laboratory briquetting
presses are used for testing. Examples of such constructions are devices presented in scientific works by
Krizan [38] and Soos et al. [39]. The results of tests of physical properties and calorific values are the
basis for creating standards dedicated to briquettes with a specific raw material composition [32; 38-
43].
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The process of producing briquettes is carried out by means of screw or piston presses and is
associated with a change in pressure in the pressing chamber. The changes in briquette density
depending on the pressure in the working chamber are significantly affected by the diversity of the
physical and mechanical properties of wood chips, in particular the geometrical dimensions of the raw
material particles [38]. The RUF type briquettes are produced on a hydraulic press, in which the pressed
raw material is subjected to a pressure of 300 to 400 bar. Cylindrical briquettes are produced on
hydraulic or mechanical impact presses, in which it is possible to obtain a compression pressure of 400-
600 bar. The highest compression pressures of the charge material occur during the production of Pini
Kay briquettes on screw presses and amount to 1000-1100 bar. By using a combination of very high
pressure and heat treatment, a product with high resistance to mechanical damage, high moisture
resistance, high calorific value and long burning time is obtained.

During the production of wood briquettes, ecological supplements (no more than 2%) can be used.
The most frequently added supplement is lignin obtained from craft black liquor by precipitation in acid
medium. In [44] the results of studies on the relationship between the percentage of lignin in the process
of producing briquettes in order to increase their density and mechanical strength are presented. In the
production of briquettes, an important parameter affecting the briquette density is the humidity of the
input material. If the moisture content exceeds 14%, the briquette breaks into pieces [44]. The calorific
value of wood briquettes is within 4.5+5.0 kW-h-kg™. Such a high calorific value of the briquette is
obtained, on the one hand, due to the high density after pressing, on the other - due to the low final
humidity (usually less than 10%). Briquettes made of coniferous sawdust, thanks to the content of flour
meal, in the combustion process quickly reach maximum temperature. The briquette made of 100% bark
does not burn, but it smoulders giving heat, lasting up to 10+12 hours [45].

The heat of combustion of biomass therefore depends mainly on the percentage of cellulose,
hemicellulose, and lignin in its structure. The highest heat of combustion is characterized by extraction
compounds containing large amounts of resins and terpenes, however, their low content in biomass, not
exceeding 9.5%, causes only a small increase in the heat of combustion. High-calorie compounds
(resins, terpenes, waxes) in the highest concentration are found in coniferous wood, which causes that
the heat of combustion of these materials is higher compared to deciduous wood or herbal biomass [46].
The factor determining the high value of the heat of combustion is therefore the proportion of lignin in
relation to holocellulose. Dry (hardwood) wood contains 43-50% cellulose, 20-25% hemicellulose and
16-25% lignin, while dry (softwood) wood contains 35-44% cellulose, 25-30% hemicellulose and 27-
33% lignin [46].

When burning briquettes from wood waste, a low ash content (0.5+1.0%) is obtained. The emission
of carbon monoxide to the atmosphere during the combustion of fuel briquettes is minimal, the smoke
is colourless, transparent. The emission of soot, ash and other solid particles during briquette combustion
is practically zero. Despite these advantages, research is underway to determine the standards for
particulate emissions below 2.5 um [47]. However, the ash content does not depend on the burning
process, but on the source of the biofuel.

Materials and methods
Three groups of samples: pine, oak and hornbeam (Tab. 1), 9 replicates each were compared in the
study in order to verify the differences between them depending on the fraction size used.
Table 1

Content of structural components in various types of biomass,
data in relation to the dry state [48]

Type Lignin Cellulose Extractives
Pedunculated oak 24.67 46 -
Pine 18-26 37-45 8.81
Hornbeam 22 43 -

During the tests, the density of fuel briquettes samples was determined depending on the size of the
raw material fraction, type of wood, pressure value and speed of the compression cylinder piston. The
shavings used for the tests were created as a result of milling and planning boards of pine, beech and
oak [43]. Boards are made of wood after 6 months seasoning and then dried in the dryer. The moisture
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content of the boards was measured using a drying and weighing method and was 12%. Various wood
shavings did not mix with each other. Chips obtained from industrial boards provide stabilized wood
material. Therefore, all analyses regarding the age of the wood, its thickness or the place where the wood
sample came from, are omitted [43].

Chipped chips with 5, 10 and 15 mm lengths were used for the tests. The tested samples had a
diameter of 40 mm and a thickness of 50 mm. The chip size results from the recommended values
contained in PN EN 1SO 17225 [49] and specified in the range of 5+50 mm, while according to [50] the
chip size should be in the range of 6+15 mm. This is due to the fact that larger ones create the structure
of the briquette and generate formation of shaped connections, increasing strength. This is especially
important in the case of briquettes produced at a low process temperature, which weakly activates strong
joints at the contact points (plasticization of lignin and other binders). The chips were separated into
fractions according to PN-EN 1SO 17827-1 [51] and PN-EN ISO 17827-2 [52]. A set consisting of
63 mesh sieves was used 63; 45; 31.5; 15; 8; 5; 3.15; 2.5 mm.

The crushed material was subjected to drying in a SLW 115 laboratory dryer from Pol-Eko until
the moisture was completely removed. The drying process was carried out at 80°C. This level of drying
temperature was adopted, as it allows slow removal of water from biomass, and at the same time prevents
the release of other volatile components that can have a positive effect on the thickening process. Drying
was considered completed, when no changes were noted between the subsequent mass measurements.
Weight measurement was carried out at 2-hour intervals on a RADWAG WLC10/A2 balance. After
drying and milling, the material was stored in hermetically sealed containers. The diameter and height
of the briquettes were measured using a calliper with a display resolution of 0.01 mm and their mass
was determined on a RADWAG WLC10/A2 laboratory balance with an accuracy of 0.1 g. The material
after the drying and milling stage was stored in hermetically sealed containers.

The construction of a hydraulic testing device is shown below. It was made to determine the
properties of wood chip briquettes depending on the parameters of the working process. Research results
are also aimed at determining the direction of development of equipment for the production of briquettes.
Fig. 1 shows a scheme of the stand for testing the physical and mechanical properties of raw materials
for production of fuel briquettes. The stand consists of two main systems: work and registering. The
working system consists of: electric motor coupled with the main hydraulic pump (1,2), safety valve
(3), limiting the maximum pressure. The actuator is a double-acting cylinder (6), hydraulic valve (4), an

adjustable choke (5).
5
b —
> W

Wi X

\
Bl e L

Fig. 1. Scheme of the test stand: 1 — electric drive motor; 2-main hydraulic pomp; 3 — safety valve;
4 — hydraulic valve; 5 — adjustable choke; 6 — double-acting cylinder; 7 — working chamber

The measuring system is equipped with extensometric pressure sensors with a measuring range of
0.5+20 MPa and an accuracy of + 2%. The test stand is equipped with the following elements for
receiving, processing, and transmitting signals: multi-channel ADC converter with channel
multiplexing, 2-channel digital to analog converter (DAC), amplifier with individual gain factor. It is
possible to receive and process up to eight analog signals in the frequency range from 0 to 350 kHz. The
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construction of the station uses a 5 kW hydraulic pump that can generate a pressure of 21.0 MPa and a
flow of 40 I-min-1. Oil under pressure is fed to the servomotor, which is able to carry out the pressing
process in the chip pressing chamber at a pressure of up to 110.0 MPa, which is sufficient to obtain a
durable briquette structure.

During the analysis of the test results, a regression analysis was performed to fit the points from the
measurements of the straight line or n-th curve. Examples of regression results for individual studies
and selected runs are presented in Table 2 to Table 4.

Results and discussion

In first step testing the influence of pressure on the density of briquettes for different types of wood
were presented. 10 mm chips from three trees: pine, oak and hornbeam were used for the analysis. The
test results are shown in Fig. 2.
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Fig. 2. Influence of pressure on the obtained briquette density for three types
of biomass with a chip size of 10 mm

Analysis of the obtained results showed that with the same size chip briquettes made of pine and
oak have comparable densities. The sample made of hornbeam has a density lower by approximate
50 kg-m at a maximum pressing pressure of 100 MPa. In addition, a straight relationship between the
density and compression pressure is observed with a sample of pine chips. The results of the pooled
regression test for the dependent variables are presented in Table 2.

Table 2
Summary of regression results of sample density vs forming pressure for pine chip size of
10 mm: R = 0.87284385, R2 = 0.76185639, corrected R2 = 0.75884191,
value of t-Student statistics (1.79) = 252.73
Statistical Statistical t-Student
Parameter /] error B error (1.79) p-level
Constant term 0.643333 | 0.017120 37.57799 0.00001

Pressure 0.872844 | 0.054904 | 0.003333 | 0.000210 15.89757 0.00001

Further research concerns the dependence of the sample density on the raw material fraction. Pine
chips with a fraction size of 5, 10 and 15 mm were used. The results of this study are shown in Fig. 3.

The analysis of the obtained results shows that at low pressing pressure (60 MPa), with a decrease
in the fractional size, higher density of the briquette is obtained. The difference between the 5 and 15
mm fraction is 50 kg-m™. However, when the pressure increases to 100 MPa, the size of the fraction
practically does not affect the density of the sample. In the initial compression period, the feed elements
are moved, so that voids between them are eliminated. The increase in pressure at the end of the pressing
process leads to transition from the elastic behaviour of the charge material to plastic deformation, as a
result of which the briquette structure is hardened, and the shape is given.
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Fig. 3. Influence of pressure on the obtained briquette density of pine chips

Table 3
Summary of regression results of sample density vs forming pressure for pine chip size of
15 mm: R =0.95480797, R2 = 0. 91165825, corrected R2 = 0.91054000,
value of t-Student statistics (1.79) = 815.25

Parameter y Statistical B Statistical t-Student o-level
error error (1.79)
Constant term - - 0.659333 | 0.009627 68.48526 0.000001
Pressure 0.954808 | 0.033440 | 0.003367 | 0.000118 28.55266 0.000001

In the second step of the analysis testing on the influence of the number of pressing cycles on the
density of the briquette were presented.

To ensure the reliability of the results obtained, one type of raw material was used in the study —
pine, 10 mm fraction. The study was conducted with the following process parameters:

¢ Single cycle — pressing the input material until maximum pressure is reached,

o Double cycle — pressing the input material until maximum pressure is reached, loosening,
repressing at maximum pressure,

e Triple cycle.

The difference in the sample density for single and double cycles for each pressure value is
100 kg-m™. The results of this testing are shown in Fig. 4.
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Fig. 4. Dependence of sample density on the number of compression cycles for 10 mm pine chip
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Based on the analysis, we can see that the conditions of conducting tests depending on the pressing
cycle affect the obtained values of the density of fuel briquettes. The use of a triple compression cycle
does not significantly change the density compared to the double cycle, the density increases by approx.
20 kg-m*. Pressing fuel briquettes with a double cycle leads to a significant improvement in the density
of the samples obtained. However, the use of such a design solution for the pressing system should be
proceeded by an energy analysis of the station and the associated economic analysis of briquette
production.

Table 4
Summary of regression results of sample density vs forming pressure for pine chip size of 10
mm, double cycle: R = 0.45492357, R2 = 0.20695546, corrected R2 = 0.19691692,
value of t-Student statistics (1.79) = 20.616
Statistical Statistical | t-Student
Parameter p error B error (1.79) p-level
Constant term 0.867778 | 0.031469 27.57524 | 0.0000001

Pressure 0.45492 | 0.100193 | 0.001750 | 0.000385 4.54049 0.000020

Studies in the impact of the pressing cycle speed on the briquette density were carried out for one
type of raw material. The tests were carried out while maintaining a constant pressing pressure
p = 100 MPa and pine chips with a size of 10 mm. The results of this testing are shown in Fig. 5.

As it can be seen in Fig. 5, the pine chip cutting cycle should be carried out at the lowest possible
pressing speed, because higher density of the briquette is obtained. Obtaining the highest density of
briguette is associated with slow pressing of the chip, an increase in friction between chips and a higher
pressing temperature. Many technological factors (size fraction, moisture content, and others) have
major effects on the densification process of biomass to the form of high-grade solid biofuel [53]. It has
been shown that the density of the input material does not affect the mechanical properties of the
briquette: pine — 520 kg-m, hornbeam — 532 kg-m*, oak — 710 kg-m™. Conditions in the pressing
chamber during densification can significantly impact the resulting briquettes quality [54]. Despite the
advantages of pine briquettes, it should be remembered that the best fireplace briquettes are from
deciduous trees. The briquette burns with an even flame. Pine briguettes due to the resin they contain
during combustion pollute the hearth and chimney flues. In addition, the energy value of oak and
hornbeam briquettes is 10.6 GJ-m™, while of pine itis 7.8 GJ-m™.
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Fig. 5. Dependence of the sample density on the pressing speed for pine chips

When pressing one type of raw material at the same pressure, as the cycle speed increases, the
density of the briquette decreases. During low pressing speed, more heat is released as a result of friction
between the batch elements and the plastic deformation of wood chips is consolidated. As the research
by Szmigielski et al. shows [26], the thickening of fuels increases their bulk density, which helps reduce
the cost of product transport. The performed measurements and visualization of the results make it
possible to determine the working conditions of the pressing device and the physical properties of the
input material.
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Briquettes prepared from wood and municipal waste, which were characterized by a significant
range of obtained calorific values, are also subject to testing 7.4+18.2 MJ-kg™! [55]. The article shows
that sewage sludge has a stabilizing effect on the durability of the pellets. Emissions of NO, NO,, NOx
and HS to the atmosphere from the combustion of pellets from waste biomass were lower than the
emissions from the combustion of willow pellets [31; 55]. The briquetting process is a process of
compressing the material under high pressure, with generation of heat caused by friction forces between
pieces of compressed input material. As a result of this process, lignin is released, which is a binder for
briquetting. Lignin is plasticized as a result of pressure, humidity and temperature in the range of about
75-120°C. Therefore, when thickening biomass, one should strive to overcome its elasticity and
plasticize lignin. This will permanently deform the compacted material particles and create new
connections between them. In many works [18; 21; 23; 38; 53; 55], the authors confirm the importance
of testing technological parameters, such as the ironing pressure or temperature and pay attention to the
density of solid fuel obtained from wood waste in the form of briquettes.

Conclusions

According to the research and literature studies, selected biomass materials can be effectively used
as fuel for energy production and constitute one of the possibilities to stimulate and develop rural and
forest areas.

Based on the conducted research, the following detailed conclusions can be formulated:

1. Comparable densities of pine and oak briquettes result from the low compressive strength of these
wood species, respectively 47 and 52 MPa. Hornbeam with compressive strength of 66 MPa gives
briguettes with a lower density compared to pine and oak.

2. Based on the test results we can say that the best input material for the production of briquettes in
terms of energy expenditure for the obtained density of briquettes are pine chips with a fraction size
of 5 mm.

3. The density of the pine briquette, directly affecting its durability, should be obtained in a double
pressing cycle. Then the consolidation of the pressing process is observed by consolidating the
plastic deformation of the chips.

4. The highest density of the briquette is then obtained due to slow compaction of the charge material,
increase in friction between chips and increase in the pressing temperature.
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