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Abstract: The adaptation of lignocellulosic materials such as Cannabis sativa L. as a new renewable
energy source is linked to the fact that the technology must be developed to be able to adapt to local
market conditions. Bioenergy consumers are faced with this problem because, when it comes to
the selection of briquettes and pellets for energy production, there are only individual standards in
place. This research is intended to provide a better understanding of hemp product potential as a new
material that can be used in the production of pellets and briquettes for biofuel purpose. Nevertheless,
the anisotropic raw material interferes with the compaction process and may expose a poor durability
of the pellets and briquettes. The research that was conducted evaluated the conditions of the biofuels
by measuring the physical and chemical parameters. The ash content, compressive strength, and
durability of the samples were examined. The statistical data analysis was performed after the
strength tests on the prepared samples.
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1. Introduction
1.1. Classification of the Energy Sources

Traditional sources of energy such as coal, oil, and gas emit considerable amounts of
greenhouse gases and particulates when burned. The use of renewable energy instead of
fossil fuels facilitates the reduction of excessive environmental pollution. Globally, there is
an ongoing trend of modernization and adaptation of technologies using renewable energy
sources. There has been an increase in discussions about the use of waste materials in the
energy production sector in recent years [1,2]. General energy sources classifications [3]
presented in few doctoral thesis [4] allow for the identification of non-traditional power
sectors (renewable sources of energy), traditional power sectors (gas, coal), and nuclear
energy. Renewable energy sources also include wind power, waterpower, solar power,
geothermal power, biogas, and biofuels. The classification of energy sources according to
their origin and ability to be acquired is presented in Figure 1.

The intensities of occurrence of non-traditional and traditional energy sources are
more variable than expected. In Poland, it is possible to provide a high amount of biomass
to the market [5], which is most often used as a feedstock for biofuel production [6,7].
Biomass is the most important source of renewable energy in the present day, and it is
used in households, power plants, and heat plants throughout the world. Biomass is an
important and widely used source of energy in Poland, where it accounts for between 18%
and 22% of the country’s total energy production [4]. The evidence also shows that biomass
is an important and significant source of carbon dioxide sequestration and contributes
to the reduction of greenhouse gas emissions, as well [1], since it is a significant source
of carbon dioxide sequestration and therefore contributes to the reduction of greenhouse
gas emissions.
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Figure 1. Energy source classification in terms of origin.

The management of biomass in the form of solid biofuels for heating purposes fa-
cilitates decreasing the demand for fossil fuels in heating and cogeneration systems. In
this case, we refer to an effective material for producing cheap, eco-friendly renewable
energy [8]. Despite many advantages, the use of solid biofuels is still inconsiderable. Solid
biofuels have considerable potential for rural area developments, as they provide new
opportunities for the local agricultural and forest entrepreneurs. The condition of using
solid biomass at a greater scale requires specific physical and chemical material properties
to be acquired, and so the bioenergy plant selection criteria [2] and the parameters of the
biofuels made should be better investigated during the experimental studies.

1.2. Biomass of Agricultural Origin

Solid biomass of agricultural origin is acquired in agricultural areas. Despite crops
being grown for energy purposes, undoubtedly a larger proportion of solid biomass comes
from agricultural waste, especially from the surpluses and the residue produced during
agricultural production. Depending on the source of origin, biomass can be divided
into agricultural waste (e.g., straw and shoots) or that grown for energy purposes. The
classification is presented in Figure 2.
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Figure 2. Agricultural biomass division.

The most popular agricultural waste used in the Polish renewable energy sector is
straw. In traditional animal farming, which still dominated up to the early 1980s, there was
a high demand for that material which was, in vast amounts, used as bedding material.
Currently, a decrease in the animal population and a change in the animal farming methods
has resulted in an excess of straw and the problem of its adequate use. The chemical
composition of straw is similar to that of wood [5,9]. Straw contains 75% high-quality
components (cellulose and hemicellulose) and 25% low-value components (lignin, ash,
protein, and incrusting substances) [10,11]. As compared to coal, straw contains much less
sulfur and nitrogen, which, in the burning process, decreases the emissions of greenhouse
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gases to the atmosphere [12]. The straw also has a lower energy value compared to the
commonly applied traditional fuels, despite its low heat output.

The eco energy sector also includes plants grown for energy purposes, with their
specific calorific value. The biomass increases recorded over a short time are expressed with
the ratio of the energy of the biomass accumulated to their production expenditure [2,5].
In Polish conditions, the highest energy yield is recorded for the perennial cultivation
of basket willow (Salixs Sp.), poplar (Populus L.), giant miscanthus (Miscanthus sinensis
giganteus), Virginia fanpetal (Sida hermaphrodita rusby), or some grasses, e.g., reed canary
grass (Phalaris arundinacea). The average period of energy crop plantation functioning is
15–20 years [5].

Energy plantation profitability depends on the overall economic situation and the
actions of energy companies. Recent years have shown a decreasing interest in that type
of biomass from Polish planters and a growing interest in cheaper imported biofuels.
Such actions result from limiting cofiring and suspending special payments. As a result,
small energy plantations are liquidated. Their biomass can be replaced with available
and relatively cheap forest biomass. Some literature sources inform of an increase in the
production of perennial energy crops (2010—6 193 ha, 2011—7 619 ha, 2012—10 344 ha,
2013—11 509 ha) [2,4,5], which can be due to the launch of big private plantations by heat
and electricity producers.

1.3. Possibilities of Hemp Based Biofuels

In recent years, hemp plants have gained popularity and attention because of their
unique properties [8,13]. There are a variety of biofuels that can be produced using hemp
in an industry with a wide variety of biofuels [14]. Hemp fibers can also be used to make
lightweight concrete and hemp panels. The use of plant materials can lead to sustainable
development, and it has many benefits. The biomass from hemp consists of both fast-
growing fibers and oil-rich seeds. Hemp biomass yields range from 2 to 25 tons per hectare
depending on climate, soil quality, and cultivation practices [15,16]. The yields of hemp
biomass can be increased with further research and technological development, making
it an even more promising and sustainable feedstock [17]. Many different fields can be
applied to hemp, including both traditional and innovative fields. Innovations in the
hemp processing industry can also influence the development of new biofuels. In order
to determine whether hemp biofuels are biodegradable, studies have been conducted in
order to assess their biodegradability. Biofuels therefore have a smaller impact on the
environment and are thus an eco-friendlier choice than ordinary ones [8].

The ability of hemp to produce organic [18] and sustainable biofuels [14] has sparked
growing interest in the plant in recent years because of its potential applications. The
sustainable management of natural resources can be facilitated through the use of hemp
as a lignocellulosic raw material [19]. The management of lignocellulosic materials can be
improved in the future through innovative modifications. There are many uses for hemp
stems because they are strong and versatile. There is a polymer complex called lignin
embedded in the hemp cell wall, which provides strength and flexibility [10,20,21]. The
presence of lignin in lignocellulosic materials affects their performance significantly [22,23].
They are perfect for producing biofuels due to their environmentally friendly properties.
Furthermore, biofuels have been generated from this raw material in innovative ways.
In addition to creating biodiesel from hemp oil, oil residues can also be converted into
biomass for use as fuel.

Intensive scientific research on hemp continues to uncover new opportunities for
industries and the environment. It is evident that hemp could revolutionize a number
of industries and contribute to a greener future. Among the many studies conducted to
improve hemp, scientists have also studied its chemistry [24,25]. According to the results of
those studies, one of their biggest advantages is that they are lignocellulosic. The versatility
of their use can also mean that they are suitable for different applications, like cellulose and
lignin. The scientific literature suggests [18,26] that hemp (Cannabis sativa L.) biomass may
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be a promising biofuel source due to its rapid growth and lower pesticide requirements.
There are several ways to use hemp for biofuels, including the production of bioethanol,
biogas, and solid biofuels. Plant yields vary according to climatic conditions, soil quality,
and hemp variety, and they can provide sugars for fermentation. Despite these findings,
many factors must be considered to fully realize the potential of hemp as a biofuel source,
including economic, technological, and regulatory factors.

2. Materials and Methods
2.1. Material

The samples to be used in this study were pellets and briquettes made from hemp
stalks (Cannabis sativa L.). In a general sense, this demonstrates the potential of solid
biomass in the development of sustainable biofuels as an alternative. There have been a
wide range of applications for hemp in various types of industries to date. A number of
physical and chemical parameters have been studied in order to determine the potential
energy of raw material. Until recently, hemp stalks, also known as hemp straw, were
considered to be a waste material. The stalk of hemp consists of a wooden core and fibers
arranged on the stalk, called shives. It is possible to specify a wooden core with an unfilled
space inside of a hemp stalk.

The raw material that the pellets and briquettes were made of for the test was supplied
by a company called Cannabotanique. The samples were prepared using hemp stalks that
were 1.5 to 2.5 m high. The hemp that was used in the research was grown in Poland,
more specifically in the Mazowieckie Voivodeship, where it was grown on a plantation
situated in the center of the community. In Poland, hemp (Cannabis sativa L.) grown on a
plantation is regulated to include no more than 0.2% THC. Throughout its cultivation, this
plant was subjected to temperate climate conditions. During the cultivation period, the
average daytime temperature fluctuated in the range of 15–24 ◦C. The harvesting of the
crops was carried out using agricultural machinery that was specially designed to harvest
mature crops. The pellets and briquettes used in the research are presented in Figure 3.
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The principal part of hemp is the fibers, often several tens of centimeters long, form-
ing a long and thin structure. The combination of cellulose, hemicellulose, and lignin
determines a solid biofuel’s durability and elasticity through their interaction [19]. About
70–80% of a fiber’s cell wall consists of these compounds, which are the main structural
components. Since cellulose is present in fibers, fibers are able to maintain their elasticity,
strength and structural integrity. There is no doubt that lignin is essential for maintaining
the structural integrity of cells. The strength of hemp fibers comes from microscopic strands
of cellulose, called microfibrils, which are arranged along the fiber axis. Plant cells have
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water channels that contribute to the cell’s moisture balance. Fiber’s properties, such as
adhesion and moisture resistance, are also influenced by pectin and wax [27–30].

2.2. Materials Moisture Content

In order to maintain the moisture content of the tested product, the part of the raw
material that pellets and briquettes were made of was dried in a laboratory dryer at 105 ◦C
until it became dry matter. In general, in the lignocellulosic material compaction process,
to achieve the recommended moisture content of raw materials, the specifically designed
cuvette should be used [31]. In the literature, it is recommended to repeat the treatment
after two weeks in order to maintain a moisture content of 12% [32]. The calibration of a
laboratory cuvette filled with medium is necessary before measuring the moisture content.
It is important to note that different moisture parameters are required for the pelletizing
and briquetting processes.

Among the factors that can affect these values are the temperature and humidity levels
of the environment. To determine the weight of the samples, the moisture content of the
samples should be verified by measuring their weight before each test is conducted. The
test was applied to lignocellulosic samples in order to determine their moisture content [33].
Every sample of the material was again verified for moisture content before every test
was performed. The Radwag MAC 50 scale (Radom, Poland) was used to determine the
weight of the raw materials. These methods were applied in order to obtain accurate
measurements of the moisture content of the lignocellulosic samples.

2.3. Bulk Density of Solid Biofuels

Bulk density is one of the parameters that can be used to determine the quality of
pellets and briquettes. According to the accepted standards, the value should be between
1000 and 1400 kg·m3 [4]. Density can be calculated from the piston displacement and the
briquette’s volume. Considering the bulk density of solid biofuels, we can determine how
much mass is contained in each unit volume of the fuel. In addition to providing insights
into solid biofuel efficiency, this also shows how the fuel is transported and used. The
amount of space between particles and the presence of air are taken into account when
measuring this density. Through a comprehensive assessment, the solid biofuel storage
capacity can be gauged to make informed decisions. Solid biofuels have properties such as
bulk density, which determine how much mass they can contain within a specified volume.

The measurement of bulk density can be carried out by calculating how much mass
a space contains. Calculating the ratio of the mass of the tested substance to its volume
was carried out by analyzing its bulk density. The measurement of mass per unit volume
provides valuable insights into the properties and behavior of materials. The bulk density
of a substance is calculated by comparing its mass to its volume. The process requires
meticulous measurement and analysis, considering factors like the volume occupied by
the product itself, the spaces between its particles, and the presence of air in the volume.
In order to accurately assess bulk density, an empty, dust-free, and dry container must
be used. The container was weighed prior to measurement to establish a baseline. For
precision in weighing, an accuracy of ±10 g is typically maintained. In many applications,
including product handling, transportation, and industrial processes, attentiveness to detail
is essential in obtaining reliable data.

2.4. Ash Content

In order to determine the amount of ash in the raw material, the prepared samples were
incinerated. It appears that the measurement of ash is an important step in determining
the chemical composition of solids. The iron, silicon, aluminum, magnesium, calcium,
sodium, and potassium content can all be measured in relation to mineral saturation [23].
Measurements of ash are carried out after samples have been burned, following a systematic
process that involves several steps that must be repeated consistently and correctly. The
first step in preparing an ash sample is to burn the substance in a controlled environment
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to remove any contaminants. In order to determine the weight of the ash produced, a scale
should be used. The methodology also includes calibrating and controlling the apparatus
used for analysis. The calibration of apparatus is necessary for accurate and precise
measurements. Temperature and duration should be kept constant to ensure a standard
operating environment. Controlling these parameters is essential for the repeatability and
reliability of measurements. The muffle furnaces used for ash content measurements and
samples created during the burning process are also presented in Figure 4.
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To determine the degree of ash content, slow incineration and a muffle furnace were
used. To measure the ash content, sample specimens were prepared, burned, weighed,
inspected, and calibrated, and the apparatus used to measure the ash content was calibrated.
In accordance with the literature, it was recommended that the samples be dried before
use [34,35]. The next step was to weigh the samples and place them in the crucible, which
was followed by the burning process. The weight of each prepared sample was around
2 g. Muffle furnaces preheated to 805 ◦C were used to burn the samples [33,36]. It took
approximately two hours to determine the ash content. In order to cool down the burnt
samples in the desiccator, the crucible-incinerated samples were placed in the desiccator.
The next step was to determine the weight of the crucible along with the ash. Depending
on the initial sample weight, the results are either given as a percentage share or as grams
per unit. Several factors play an important role in determining the quality of the analysis
results, including precision, accuracy, and repeatability.

In order to ensure their optimal quality and effective use, the ash content in pellets
and briquettes must be determined for a proper evaluation of pellets and briquettes as solid
biofuels. The combustion process will affect pellets and briquettes based on conditions
such as duration and temperature. Considering the fact that pellets and briquettes contain
materials that are similar to one another, the same incineration conditions were applied
to them. There is a difference between the mechanical properties of these two types of
solid biofuels because they are not of the same consistency and density in respect to their
mechanical properties. The combustion process conditions require a set period of time, and
it takes about 6 h to achieve the end result for a full combustion of the sample.

2.5. Solid Biofuel Quality Characteristic

The pressure generated during the operation of pellet and briquette pressing varies
depending on the press’s technical parameters and the dimensions of the pellets and
briquettes. The literature provides a wide range of pressure per unit area recommendations
based on the data provided by various authors [4,31,37]. The range of pressures can range
from a few kPa to more than 100 kPa. The pressure required to produce briquettes from
wood waste should range from 45 to 60 MPa per unit area of the briquette [4]. Therefore, it
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is necessary to specify the correct pressure per unit area for the briquetting process, since it
is a complex and troublesome task. During the process, this also depends on the amount
of irregularity and the length of the fraction (how much the raw material has shrunk),
along with other factors such as the type of biomass and the moisture content [32,34].
All parameters play an important role in the production of strong durability. In the
literature, one can find data on the durability of briquettes produced from various raw
materials [38,39]. However, information on the durability of pellets and briquettes made of
shredded hemp is missing. A breakdown of the values of the coefficient of durability (Ψ)
of the briquettes made of various raw materials described in the literature is provided in
Table 1.

Table 1. Values of the coefficient of durability for briquettes made of various kinds of raw materials.

Biofuels Coefficient of Durability Ψ References

Twisted straw (0◦) 0.81 [37]
Twisted straw (5◦) 0.93 [37]

Twisted straw (10◦) 0.9 [37]
Twisted straw (20◦) 0.8 [37]

Corn stover as feed (15 tonnes, power-lift-mounted chaff-cutter) 0.75 [39]
Corn stover (20 tonnes, power-lift-mounted chaff-cutter) 0.81 [39]

Corn stover (15 tonnes, hammer mill) 0.88 [39]
Corn stover (20 tonnes, hammer mill) 0.88 [39]

The pellet and briquette quality is relevant for all the properties of the solid biofuel
and its performance, including durability. Durability is a basic parameter defining the
pellets and briquettes produced. In the past, the parameter used to be established with a
three-degree quality scale (very good, satisfactory, and unsatisfactory). In the applicable
literature, the pellets’ and briquettes’ durability are determined as a percentage mass
loss [40] or its absolute equivalent marked with the coefficient of durability [4]. Compliant
with the requirements of the European Committee for Standardization (CEN), durability
is defined with the coefficient of durability. The standard describes the parameter as a
measure of resistance of biodegradable energy carriers in a solid form to shock or wear
resistance while transported or handled. The coefficient of pellets’ and briquettes’ durability
can be calculated from Formula (1).

ψ =
mbpt

mpb
(1)

where mpbt is a mass of pellets or briquettes after the durability test, and mpb is a mass
of pellets or briquettes before the durability test. A method of gravitational shedding
and a compressive force that destroys the sample were used to determine the mechanical
properties of pellets and briquettes. In order to assess a sample’s resistance to gravitational
shedding, one uses the weight loss coefficient Ψ [41]. In order to test the quality of a batch
of solid biofuel, samples must be dropped from a height of two meters onto a steel plate at
least three times. After each drop of sample solution, the samples were required to be sifted
through a sieve after the procedure was completed. The mesh size of the sieve corresponded
to the diameter of the pellet or briquette used for the screening process [41,42].

The value of the destroying force required by an Instron 3369 testing machine (Nor-
wood, MA, USA) to destroy pellets and briquettes was determined experimentally. The
testing machine was equipped with up to two flat planes, which allowed the pellet and
briquette samples to be placed between them to be tested. Tests were carried out until
either the structure of the sample was destroyed by splitting in half or the force was clearly
diminished. The compressive strength of the samples was tested in longitudinal and ver-
tical positions in order to determine the average for all tested samples. In the next step,
statistical parameters were calculated based on data from the measurements. The Instron
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3369 testing machine used for strength analysis is presented from front and back views in
Figure 5.
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2.6. Granulometric Composition Test

Based on the assumptions of the research, the pellets and briquettes analyzed in
this study required fractionality tests at different stages of testing in order to prove their
fractionality. Sieves are particularly useful in the case of weight loss in solid fuel quality
characteristics where there is a need for sieving the solid biofuel. In order to determine
fractional composition based on the test results of the pellets and briquettes, the standards
were used in order to determine the fractional composition of pellets and briquettes after
part of the tests. The separation process was conducted using sieves whose mesh sizes were
predicted using the methodology [40]. The sieve separator with installed sieve baskets can
be seen in Figure 6.

Energies 2024, 17, x FOR PEER REVIEW 9 of 18 
 

 

use sieves that were capable of handling the lower and upper fraction sizes in the tested 
biofuel. The fractions were weighed after they had been separated. In order to determine 
the mass of the i-th fraction (mfi), a Radwag electronic scale with an accuracy of 0.01 g was 
used. An equation for determining the quantitative proportion of the i-th fraction (αfi) is 
presented in Formula 2. 

%
m

m
α

i
fi

fi
fi 1004

1

⋅


















=


=  

(2)

 
Figure 6. The sieve separator. 

2.7. Statistical Analysis 
The statistical analysis of the results was conducted using analysis of variance 

(ANOVA) as the chosen method. The methodology stipulates that statistical analysis must 
align with a specific statistical hypothesis [43]. To rigorously test hypotheses, it is crucial 
to gather data related to a particular parameter. ANOVA compares variance differences 
between two groups and within a group. The assumptions are validated through ANOVA, 
and the outcome is interpreted using the p-value, which indicates the probability. A p-
value below 0.05 signifies a significant difference between the groups, leading to the re-
jection of the null hypothesis. To assess homogeneity, ANOVA with Duncan’s post hoc 
test can be applied to the samples [43,44]. 

3. Results 
3.1. Material Characteristic 
3.1.1. Physical Analysis 

Among to the most important factors affecting hemp (Cannabis sativa L.), compaction 
process belongs the moisture content [13,14]. Natural lignin-cellulose materials have a 
high hygroscopicity, with influences all of their properties. A large amount of water is 
typically found in hemp after harvest, which needs to be dried under controlled temper-
ature and ventilation conditions. The hemp’s low moisture level maintains its flexibility. 
In accordance with the methodology, compression is performed on a test machine which 
has a compression plane. The content of moisture samples was analyzed before all tests. 
Tests were performed at an approximately 6% moisture content of the pellets and bri-
quettes. The results of the moisture content of samples are presented in Table 2. 

Figure 6. The sieve separator.



Energies 2024, 17, 2210 9 of 17

Measurements were conducted by placing pellets or briquettes in sieve baskets based
on the type of test. Screen separator shakes reflect the shock wave frequencies to which
pellets or briquettes can be expected to be exposed during transportation. To simulate road
transport conditions as closely as possible, the time (s) and amplitude of shaking (Hz) were
chosen. The solid biofuel was tested on a sieve with a mesh size of 0 to 8 mm for pellets,
and on a sieve with a mesh size of 0 to 16 mm for briquettes. It was decided to use sieves
that were capable of handling the lower and upper fraction sizes in the tested biofuel. The
fractions were weighed after they had been separated. In order to determine the mass of
the i-th fraction (mfi), a Radwag electronic scale with an accuracy of 0.01 g was used. An
equation for determining the quantitative proportion of the i-th fraction (αfi) is presented in
Formula (2).

α f i =

 m f i
4
∑

i=1
m f i

 · 100% (2)

2.7. Statistical Analysis

The statistical analysis of the results was conducted using analysis of variance (ANOVA)
as the chosen method. The methodology stipulates that statistical analysis must align with
a specific statistical hypothesis [43]. To rigorously test hypotheses, it is crucial to gather
data related to a particular parameter. ANOVA compares variance differences between
two groups and within a group. The assumptions are validated through ANOVA, and the
outcome is interpreted using the p-value, which indicates the probability. A p-value below
0.05 signifies a significant difference between the groups, leading to the rejection of the null
hypothesis. To assess homogeneity, ANOVA with Duncan’s post hoc test can be applied to
the samples [43,44].

3. Results
3.1. Material Characteristic
3.1.1. Physical Analysis

Among to the most important factors affecting hemp (Cannabis sativa L.), compaction
process belongs the moisture content [13,14]. Natural lignin-cellulose materials have a high
hygroscopicity, with influences all of their properties. A large amount of water is typically
found in hemp after harvest, which needs to be dried under controlled temperature and
ventilation conditions. The hemp’s low moisture level maintains its flexibility. In accor-
dance with the methodology, compression is performed on a test machine which has a
compression plane. The content of moisture samples was analyzed before all tests. Tests
were performed at an approximately 6% moisture content of the pellets and briquettes. The
results of the moisture content of samples are presented in Table 2.

Table 2. The results of moisture content of samples.

Biofuels Sample Weight, g Dry Matter Sample Weight, g Mean Moisture Content (SD) 1, %

Pellets
4.881 4.600

5.632 (0.174) a5.908 5.568
5.535 5.237

Briquettes
4.261 3.987

6.312 (0.175) b5.458 5.127
3.866 3.617

a,b—Homogeneous group; 1 SD—standard deviation.

The table presents moisture content percentages for biofuels in the form of pellets and
briquettes. There was a wide range of moisture content percentages between pellets and
briquettes, ranging from 5384% to 5757% for pellets and 6064% to 6441% for briquettes.
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Based on Duncan tests, the measured parameters of moisture content and biofuel type were
analyzed. The statistical analysis and Duncan test support the conclusion that there was
significant variation between the measured parameters and a correlation between them.
It is estimated that the average moisture content is around 5.64% in pellets and 6.27% in
briquettes. The amount of water contained in briquettes seems to be slightly higher than
that in pellets. However, the moisture content of pellets and briquettes is highly variable
between samples, thus suggesting that their production might differ in quality.

There was a significant effect on the correlations between the analyzed indicators,
which was further confirmed by the statistical significance value of p = 0.018. The empirical
value of F(1, 4) is 15.064. A correlation was found between the studied parameters by
fitting them into homogeneous groups. In the course of the analyses, the magnitude
α, characterizing the level of significance and expressing the probability of error in the
selection of the confidence factor, was taken into account. Taking into account the verified
residual hypotheses, the value of α was taken at a level equal to 0.05. The value represents
the difference between unity and 0.95 for confidence factor F, and thus F = 1 − α. According
to the calculated correlation coefficient of 0.018, there was a strong statistical correlation
between the variables. Statistical analysis results were also affected by the nature of the
problem and the accuracy of the average distribution. In addition, there was also the
possibility of statistical analysis at an α level of 0.03 or 0.01 [8,14,18].

In order to accurately characterize the raw material, the dimensional method was
used to determine the density. Methods for measuring density include preparing samples,
calibrating measuring instruments, performing measurements, and analyzing results in
order to obtain precise density values. An accurate determination of the density of a
substance is extremely important not only for the quality control of the product, but also
for conducting further research into the matter. In this analysis, the diameter and length of
the pellets and briquettes were measured in order to determine their quality. The density of
each solid biofuel was determined by the ratio between volume and weight. The summaries
of the volume density values for each solid biofuel are presented in Table 3.

Table 3. The measurement of density.

Biofuels Mass, g Volume, mm3 Mean Density (SD) 1, kg·m3

Pellets 1
0.731 2541.976

272.141 (22.574) a1.001 3468.126
0.674 2805.741

Briquettes
179.922 1,427,178.652

155.080 (23.886) b199.023 1,078,308.570
37.687 243,766.896

a,b—Homogeneous group; 1 SD—standard deviation.

The densities of pellets range from 240,222 kg·m3 to 288,629 kg·m3. In contrast, bri-
quette densities range from 126,068 kg·m3 to 184,570 kg·m3. Information on the geometric
dimensions and weights of pellets and briquettes was provided. On the basis of previous
measurements, this part calculates the volume and the volumetric density, as well. As a
result of these data, the physical characteristics of each solid fuel could be analyzed and
compared with one another more precisely and effectively. Additionally, the measured
parameters showed significant variation based on the statistical analysis conducted. There
was a strong correlation between them, as confirmed by the Duncan test. Based on the
correlation between the analyzed indicators, it was evident that the correlations were
significantly impacted, as indicated by the statistically significant value of p = 0.007, with
the empirical value of F(1, 4) = 25.374.

3.1.2. Determination of Ash Content

The analysis conducted on various forms of solid biofuel highlighted notable variations
in their dimensions. The discrepancy in dimensions can be attributed to several factors,
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including the source of the biofuel, the method of processing, or the composition. An
ash procedure was used to determine the proportion of ash present in the raw materials
examined. In a muffle furnace, raw materials were reduced to ash thoroughly at a consistent
temperature of 805 degrees Celsius to ensure complete combustion. The procedure takes
a designated amount of time to complete. The ash content within each sample could be
accurately determined in this controlled environment. According to the literature [45], ash
may contain mineral substances. It is possible to obtain biomass minerals either directly
from biomass or indirectly from external sources. The mineral content of ash is key to
determining its environmental impact, as well as its suitability for various applications. In
light of this information, it is imperative to analyze solid biofuels holistically and consider
all factors that affect their composition. The measured values of ash content are gathered
and presented in Table 4.

Table 4. The measured value of ash content.

Biofuel Dry Matter Sample Weight, g Weight of the Sample after Combustion, g Mean Ash Content (SD) 2, %

Pellets 1
4.600 0.188

3.611 (0.205) a5.568 0.198
5.237 0.201

Briquettes
3.987 0.146

3.526 (0.150) a5.127 0.204
3.617 0.132

1 Seven pieces; a—homogeneous group; 2 SD—standard deviation.

The ash content of pellets ranges from 3.351% to 3.852%, while that of briquettes
is between 3.414% and 3.738%. In order to determine the degree of significance of the
parameter studied, the obtained results were statistically processed using an analysis of
variance. Based on the ash content of the solid biofuels, the parameters determining
homogeneous group assignment were determined. The Duncan test did not confirm
significant differences between measured parameters based on the statistical analysis
performed. The correlations among the studied indicators showed no significant influence,
as evidenced by the p = 0.659, where F(1, 4) = 0.2265, corresponding to the empirical value
of F(1, 4) = 0.227.

3.2. Physical Analysis of Pellets and Briquettes
3.2.1. Longitudinal and Vertical Compressive Strength

The compressive strength of the raw material is its resistance to forces that may result
in deformation or destruction. In order to determine the extent of deformation of the
samples during the strength tests, forces applied to them in special planes were measured
to determine how much deformation occurred. It has been found that even if anisotropic
materials crack during stiffness tests, they still maintain high stress values during those
tests. Since the pellets and briquettes tested had an irregular fractional distribution, their
blades were arranged in a random manner. The tests were performed using a machine with
a compression speed of 5 mm per minute as a part of the testing process. Consequently, a
yield stress was introduced, which was measured up to the first big crack on the surface.
The results of the tests performed on prepared samples are presented in Table 5.

The compressive strength of pellets varies from 4.6 MPa to 8.4 MPa when applied longi-
tudinally, while it varies from 0.2 MPa to 1.0 MPa when applied vertically. The compressive
strength of briquettes varies between 0.6 MPa and 1.0 MPa under longitudinal pressure,
whereas it varies between 9.4 MPa and 12.5 MPa under vertical pressure. Longitudinal and
vertical tests were conducted to determine the compressive strength of each solid biofuel.
There was a difference in compressive strength between briquettes and pellets based on
the results. It was noted that pellets had stronger strength in the longitudinal direction. In
practice, pellets were stacked between the clamping plates to achieve the desired strength
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of measurement. Although this was the natural extrusion direction of the pellets once the
strength limit was exceeded, the single pellet tested broke. The briquettes had the opposite
strength to their alignment during their strength test. A higher strength of briquettes in
the vertical direction is certainly related to the briquette clamping direction. The briquettes
in this direction reached 12.5 MPa in strength. The results of further statistical analysis
revealed that they can be characterized according to the parameters. The average results
of the compressive strength on the solid biofuel with different pressure directions are
presented in Figure 7.

Table 5. The results of tests performed on prepared samples.

Biofuels Direction of Pressure Maximal Displacement, mm Mean Compressive Strength (SD) 1, MPa

Pellets

Longitudinal
1.958

6.2 (1.6) a1.833
2.167

Vertical
3.724

0.6 (0.3) b3.219
4.244

Briquettes

Longitudinal
10.817

0.7 (0.2) b15.136
13.703

Vertical
28.402

11.2 (1.3) c26.542
24.817

a,b,c—Homogeneous group; 1 SD—standard deviation.
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The average compressive strength of the solid biofuel when applied to different
directions of pressure was further analyzed statistically. The distribution of stresses defining
strength varied depending on the positioning of the solid biofuel. There were some cases
where the decline was more pronounced than in others. Statistics showed that, in some
cases, there was a significant variation in the measured parameters along with a correlation
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between them. It was found in most cases that there was a significant effect of correlation
between the examined indicators on the correlations, which was further confirmed by a
statistical significance value of p = 0.131. It has been found that the empirical value of F(3, 8)
is 46,545.

3.2.2. Durability Tests

Durability tests of selected pellets and briquettes were conducted in order to determine
the extent of mass loss. The samples that had been aggregated into compacted devices
based on the pelleting and briquetting techniques were put through a durability test to
determine their durability. In order to determine the durability of the solid biofuel, research
was conducted in accordance with the literature [4,40,42]. In accordance with research
methodology, durability tests were conducted in a shaking device at a given frequency and
time. The frequency interval in which the test was conducted was 20 to 30 Hz. In order
to measure the level of shattering, a measurement was taken every 5 min. In terms of its
natural properties, the solid biofuel’s structure exhibited anisotropic properties. The results
of durability testing on the solid biofuel samples are presented in Table 6.

Table 6. The results of durability testing on the solid biofuel samples.

Biofuels Sieve Size, mm Frequency, Hz Biofuel Mass, g
Coefficient of Durability Ψ

After 5 min After 10 min After 15 min

Pellets 6

20
50.198 1.000 0.996 0.994
48.456 0.998 0.997 0.995
47.223 0.997 0.997 0.997

30
50.164 0.995 0.994 0.993
49.222 0.996 0.995 0.993
49.325 0.996 0.993 0.993

Briquettes 10

20
198.538 0.993 0.993 0.992
184.741 0.993 0.992 0.991
189.665 0.995 0.991 0.990

30
178.445 0.989 0.988 0.988
190.242 0.990 0.988 0.988
189.111 0.990 0.989 0.989

The strongest coefficient of durability, Ψ = 1, was recorded for pellets produced from
hemp, which had the biggest quality factor. This meant that there was no shattering, or
that only a small amount of shattering occurred in the solid biofuel during the durability
test. Due to its size, the blend contained a significant amount of fine fractions, which
probably positively affected the quality of the pellets. A coefficient of durability of 0.988
was obtained from briquettes produced with a higher proportion of fractions ranging from
0 to 10 mm. The statistical characteristics of mass loss after 5, 10, and 15 min at 20 and
30 Hz are presented in Figure 8.

The study results were statistically analyzed, comparing the magnitude of the crumble
of solid biofuels during durability tests over a given time span. The Duncan test was used
as part of the statistical analysis, in order to separate the analyzed factors into homogeneous
groups based on the factors that were analyzed. The statistical analysis of all cases showed
differences between the measured parameters. The statistical significance value of the
measurement was very low, with p = 0.00002, and the empirical value of the F(9, 14.753)
statistic was 12.242.
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4. Discussion

The energy industry today faces the challenge of producing high-quality solid biofuel
from waste biomass. The literature review [4,37–39,42] concerns agricultural and forest
raw materials and the possibilities of their transformation to the form of briquettes, as well
as the properties describing the end-product solid biofuel. In order to provide biofuels in
satisfactory conditions, it is necessary to characterize both physical and chemical properties.
There is a wide range of literature [38,46] available on the characteristics of measuring
the strength and durability of biofuel. Additionally, the topic of biomass densification is
generating current interest due to research and interest from farmers and foresters. It was
noted that different research centers were interested in the densification of the biomass made
from agricultural waste (straw and plant shoots), dedicated crops (reed canary grass, giant
miscanthus, Virginia fanpetals, basket willow, poplar), and waste of sawmill origin (chips,
woodchips, and sawdust). The literature relentlessly emphasizes the benefits of using raw
materials for sustainable community development [7,17,47]. In the available literature,
however, no characteristics were found of the pressure densification of shredded residues.
The physical and chemical properties of hemp are gaining importance for the development
of solid biofuels and sustainable raw materials. Research on lignocellulosic materials
allows the optimization of processing technologies for hemp and other biomaterials to
improve biofuel yield and quality. Research into using hemp as a biofuel feedstock should
be intensified in order for bioenergy to continue to advance.

The literature disregards briquetting studies, especially for lignocellulosic residues
of non-homogenous materials [4,40,45]. There is also a possibility that innovations in the
hemp processing industry could also affect the development of new biofuels. The products
are therefore more environmentally friendly since they have less environmental impact.
Due to their environmentally friendly properties, they are perfect for producing biofuels
due to their excellent solid biofuel properties. Innovative modifications of lignocellulosic
materials will improve the management of raw materials in the future. As part of the
Section 3.1, the physical properties of hemp from which the solid biofuels were made
were analyzed. The structure of hemp can exhibit multiple phases, similar to that of
lignocellulosic materials. The moisture content of hemp (Cannabis sativa L.) raw material is
an important factor in its processing. It has been observed that under natural conditions,
hemp keeps a moisture content of approximately 0.09%, with a standard deviation of 0.04%.
The size and granulometric composition of the analyzed biofuel forms differed significantly.
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Raw materials were burned at 805 ◦C for a fixed time in a muffle furnace to determine
the ash content. In the literature, there is information that suggests that ash may contain
minerals [45]. According to the p-value of 0.659, there were no significant correlations
between measured indicators.

The compressive strength of solid biofuels was evaluated by stacking them vertically
and longitudinally. It was found that briquettes and pellets differed in compressive strength.
There was a significant strength difference between the pellets in the longitudinal direction.
In practice, the solid biofuels were stacked between clamping plates in order to achieve
the desired strength measurements. During the strength test, briquettes displayed the
opposite alignment to pellets. The higher strength of the briquettes when crimped in the
vertical direction is likely to be due to the way that they are compressed. Pellets had an
average longitudinal strength of 6.2 MPa and a vertical strength of 0.6 MPa. For briquettes,
the average strength was 0.7 MPa longitudinally and 11.2 MPa vertically. As a result of
these results, we find that briquettes with higher pressures in the vertical direction are
significantly stronger than pellets. Furthermore, a statistical analysis was conducted on
the average strength of the solid biofuel in different clamping directions. According to
statistics, some measurements showed a significant difference in parameters along with a
correlation between them.

To determine weight loss, selected pellets and briquettes were tested for strength. A
durability test was performed on the pelleted and briquetted samples using a shaking
device at a fixed frequency and time. As with pellets, the durability coefficient remained
high after 10 min of vibration at a screen size of 6 mm and frequency of 20 Hz. Using a
10 mm screen size and a frequency of 30 Hz, briquettes had a durability factor of 0.989 after
15 min. Briquettes were found to be less durable than pellets. The durability coefficient
of 0.988 was assigned to briquettes that contained more fine fractions. The empirical
F(9, 14.753) statistic of 12.242 and the very low p-value of 0.00002 provided evidence of
differences between the measured parameters.

5. Conclusions

This article presents results that offer various interpretations. Hemp samples were
discovered to contain approximately 0.09% moisture, with a standard deviation of 0.04%.
Furthermore, a density analysis highlighted differences in size and weight between pellets
and briquettes, crucial for quality control and further investigation. Optimal strength, tear
resistance, and flexibility in hemp are contingent upon this moisture level, alongside density
variations observed in pellets and briquettes, influencing quality control and subsequent
research efforts. An assessment of ash content indicated disparities between pellets and
briquettes, potentially containing mineral substances. Tightness tests revealed divergent
strengths between the two solid biofuel forms, with pellets exhibiting greater longitudinal
strength and briquettes showing higher vertical strength. Statistical analyses validated
these discrepancies and unveiled correlations between strength parameters, emphasizing a
noteworthy difference in durability favoring pellets.

Compression strength tests revealed differing strengths between pellets and briquettes,
with pellets excelling longitudinally and briquettes vertically. Statistical analyses confirmed
these disparities, highlighting pellets’ generally superior durability. Notably, briquettes
with a higher fine fraction content exhibited lower durability coefficients, a significant find-
ing according to statistical analysis. In conclusion, moisture control, density determination,
and strength analysis emerge as pivotal aspects in assessing the physical and mechanical
attributes of hemp biofuels. This article underscores the imperative for further research
aimed at optimizing processing techniques to enhance the performance and quality of these
solid biofuels.
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